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Preface
The 11th Society for Geology Applied to Mineral Deposits (SGA) Biennial Meeting hosted
by the Universidad Católica del Norte, was held in the coastal city of Antofagasta,
northern Chile between September 26 and 29, 2011. This was the first SGA Biennal
Meeting to be convened in the American continent and the first of its kind to be organized
in South America. The meeting represented a unique opportunity for the Society to
promote its activities, particularly in this part of the world where SGA is not well
represented.
The conference provided an international forum for the presentation of new research
and scientific advances in the study of mineral deposits. It was also a great opportunity for
the exchange of ideas and experiences, and for students to interact with leading scientists,
industry professionals and other students in a relaxed and informal atmosphere.
The South American continent is known for its rich abundance of diverse mineral
resources and its long mining history. For decades, the Central Andes of Chile, Perú,
Argentina and Bolivia has been regarded as an ideal place to study mineralization
associated to a subduction zone, and it is also one of the most important mining areas
with some of the largest mineral deposits in the world. On the other hand, Brazil with its
massive reserves of iron ore, is one of the best areas to study mineralization associated to
cratonic areas. The region is home to a large number of geologists dedicated to the
exploration and mining of mineral resources, and has serve as a natural laboratory to
countless students and researchers from all over the world. With this in mind, the
conference was arranged in 16 sessions organized in four major themes: 1) Ore Forming
Processes; 2) Styles of Mineralization; 3) Ore Deposits in South America; and 4) Applied
Geology. The Ore Forming Processes theme comprised four sessions: 1) Large Scale
Controls in Ore Genesis; 2) Dating of Ore Deposits; 3) Geochemistry of Ore Deposits; and
4) New Advances in the Study of Mineral Deposits. Styles of Mineralization focused on
diverse types of mineral deposits such as: 1) Porphyry Systems and related Mineralization;
2) IOCG and Magnetite-Apatite Deposits; 3) Deposits formed by Au-transporting Fluids in
the Earth´s Crust; 4) Mineral Deposits in Mafic-ultramafic Terranes; 5) Epithermal Systems;
6) Sedimentary- and Volcanic-hosted Ore Deposits; and 7) Supergene Deposits. The Ore
Deposits in South America theme included three sessions: 1) New Developments in
Cordilleran Evolution and Metallogeny; 2) Ore Deposits in South American Shields; and 3)
New Discoveries in South America. Finally, Applied Geology included 1) Energy Resources;
2) Geometallurgy; 3) Sustainability in mining and related Environmental Issues.
Additionally, six short courses and workshops were offered prior to the meeting, 1)
Understanding controls on mineralization: applied structural geology to exploration and
mining; 2) IOCG deposits; 3) Gold- rich porphyry systems: from petrogenesis to fluid and
exploration strategies; 4) Integration of field spectroscopy, ASTER and hyperspectral
technology for mineral resources exploration; 5) Skarn deposits; and 6) Sustainability in
mining: From the ore, through exploitation, towards final waste management. Ten field
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trips were organized as part of the SGA meeting. These field trips provide a unique
opportunity for participants to visit porphyry and manto-type copper, magnetite-apatite
IOCG and Au-Ag epithermal deposits from Chile, and other important mineral deposits
from Argentina and Bolivia.
The SGA2011 editorial committee received 354 extended abstracts from all over the
world. After careful review and editing by editors and the editorial board, 316
contributions were accepted and are included in this volume.
Finally, we would like to express our gratitude to the SGA council for their support in
the organization of this event; the first Biennal to be held in South America. Our sincere
gratitude to the Organizing Committee for their hard work and dedication, and to all
sponsors that provided financial support to the organization and to a number of students
that attended the meeting on fellowships. Special thanks to convenors of the different
sessions, for their editorial work and patience.
Our commitment was to make this meeting an enjoyable experience for all attendees,
and to contribute to the understanding of mineral deposits. This event was an outstanding
experience for all participants and an exceptional opportunity to discuss the future of
economic geology worldwide.
Let´s Talk Ore Deposits
Antofagasta 2011

Fernando Barra
Martin Reich
Eduardo Campos
Fernando Tornos
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Physical-chemical properties of the Au-bearing hydrothermal fluids from orogenic deposits of distinct age
and tectonic settings
P. S. Garofalo, D. Guenther, M. Fricker, D. Bersani.
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The role of crustal contamination in the genesis of Ni-Cu sulfide ores from the Cortegana Igneous Complex
(SW Spain)
R. Piña, F. Gervilla, L. Ortega, R. Lunar.
The distribution of the platinum group elements in the autonomous anorthosites in the South-Eastern rim of
the North-Asian craton, Russia
I. Buchko, S. Palessky.
Zn-, Mn- and Co-rich Chromian Spinel as Prospecting Tool: Constrains from the Bou Azzer Mining District
I. Fanlo, F. Gervilla, V. Colás, I. Subías, E. Mateo, S. Ara.
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Evolution of trace element concentrations in magnetite from a fractionating magmatic sulphide liquid: an
example from the Sudbury (Canada) Ni-Cu-PGE deposits
S. Dare, S-J Barnes, G. Beaudoin.
Talc- and serpentine-like "garnierites" in the Falcondo Ni-laterite deposit, Dominican Republic
C. Villanova-de Benavent, J. A. Proenza, S. Galí, E. Tauler, J. F. Lewis, F. Longo.
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Podiform chromitites from the Calzadilla de los Barros serpentinite, Iberian Massif, SW Spain
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Genetic Significances and Composition Characteristics of Olivine from the Huangshandong Mafic-ultramafic
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Orthomagmatic Fe-Ti-V mineralisation in Archaea-Proterozoic layered mafic intrusive complexes in Australia
P. Collins.
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D. Zhang, T. Zhou, F Yuan.
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New observations on the nature and setting of PGE mineralization in the northern Bushveld Complex, south
of Mokopane, South Africa
J. Smith, D. Holwell, I. McDonald, T. Pearton.
Multiple Sulfur and Iron Isotope Composition of Magmatic Ni-Cu-(PGE) Sulfide Deposits from Eastern
Botswana. M. Fiorentini, A. Bekker, O. Rouxel, B. Wing, W. Maier, D. Rumble.
Mineralogical significance of the system Pd-Se at 350oC
A. Vymazalova, M. Drabek, F. Laufek.
Petrology and geochemistry of the mafic-ultramafic Hamutenha intrusion (Kunene complex, SW Angola):
metallogenic implications
M. Campeny, J. A. Proenza, J. C. Melgarejo, L. Torró, A. O. Gonçalves.
Composition of the Marginal Rocks of the Rustenburg Layered Series, Bushveld Complex, South Africa
S-J Barnes, W. Maier, E. Curl.
Petrogenesis and Ni-Cu-PGE sulphide potential of the Bell Rock Range, Giles Complex, central Australia
R. Seubert, R. Keays, S. Jowitt.
Podiform chromitites as a possible mantle dynamics tracer
S. Arai, A. H. Ahmed.
Nb and REE at the Bailundo carbonatite, Angola
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Formation and Evolution of the Chromitites of the Stillwater Complex: a Trace Element Study
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Nb and REE mobilization at the Longonjo carbonatite, Angola
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Temporal Changes in the Magmatic, Volcanic, and Tectonic Settings of Magmatic Ni-Cu-(PGE) deposits
M. Lesher.
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S.2.5. Epithermal Systems
Ore formation and deposition environment of the Bantarhuni vein, Arinem deposit, West Java, Indonesia
E. Yuningsih, H. Matsueda.
The Perama Hill gold deposit, NE Greece: strontium, lead, and sulfur isotope signature of the hypogene
mineralization
R. Marschik, E. Schmidt, G. Falalakis, S. Hölzl.
Particular characteristics of mineral and geochemical associations of Asachinsky and Ainsky Au-Ag epithermal
deposits (South Kamchatka, Kuril Islands)
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Oxygen isotope zoning in massive silica replacement horizons as a guide to underlying veins, Ivanhoe
epithermal district, Nevada
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The epithermal Chaarat gold deposit, Kyrgyzstan - structurally controlled mineralisation related to the
Chatkal and Talas-Ferghana Fault systems
J. Kramer, S. Patel.
Selenium and precious metal-bearing minerals at "Don Sixto" mining project, Mendoza, Argentina
A. C. Mugas-Lobos, M. F. Márquez-Zavalía, M. Á. Galliski.
A new Ag-Au epithermal vein-type ore deposit, Azuca, Cordillera de Huanzo, southern Peru
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Epithermal-style Au-Ag mineralization in Cretaceous to Eocene felsic volcanic complexes, central British
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E. Bordet, C. J.R. Hart, L. McClenaghan.
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R. Khalmatov.
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M. Ageneau, D. R. Cooke, J. B. Gemmell, L. V. Danyuchevsky, J. Rutter.
Determining the origin of deep halloysite-kaolinite alteration, Cerro la Mina prospect, Southern Mexico
N. Jansen, B. Gemmell, Z. Chang, K. Roisin.
Geology, mineralogy and geochemistry of the Au-Mn Farallón Negro Rama Norte vein in the epithermal lowsulfidation Farallón Negro deposit, Argentina
F. Martinez, A. Fogliata, N. Montenegro, S. Hagemann.
The Mercurio project, Mesa Central, Mexico: discovery history
L. Echavarria, A. Marin, R. Manriquez.
Geology and mineralisation of the Au-Cu-Ag Canahuire epithermal deposit, Chucapaca Project, Southern
Peru
A. Santos, R. Baumgartner, A. Gaibor, M. Dusci, F. Azevedo, R. Gradim, P. Dunkley, D. DenBoer, R. Valer.
The hydrothermal evolution of the Quimsacocha high sulfidation Au-Ag-Cu deposit, Azuay Province, Ecuador
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S.2. 6. Sedimentary- and Volcanic-hosted Ore Deposits
Geological evidence for epigenetic mineralization of the Bafangshan-Erlihe Pb-Zn-Cu deposit in the FengxianTaibai metallogenic zone, western Qinling belt, Central China
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Adding geochemical rigor to the general basin-scale genetic model for sediment-hosted stratiform copper
mineralization
A. C. Brown.
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D. Genna, D. Gaboury, G. Roy.
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A. López-Ciriano, C. Biel, F. Prada-Orgaz, I. Subías, M. Gent, S. Torno-Lougedo.
Geology and mineralogy of the Cateruca BIF deposit (Huila province, Angola)
J. Sinués, I. Subías, I. Fanlo, J. Manuel.
The Francisco I. Madero Pb-Zn-Ag deposit: highly deformed and metamorphosed Jurassic Sedex deposit
G. Levresse, J. Tritlla.
Lower Ordovician oolitic ironstones: similarities between Valongo Anticline (Dúrico-Beirã area, Portugal) and
Châteaubriant Anticline (Armorican Massif, Brittany, France)
H. Couto, Y. Moelo.
Structure, stratigraphy and hydrothermal alteration at the Gavião orebodies, Aljustrel: reconstruction of a
dismembered ore-forming system at the Iberian Pyrite Belt and implications for exploration
J. Relvas, F. Barriga, J. C. Á. Pinto, J. Matos, C. Rosa, Z. Pereira.
Preliminary study of fluid inclusions and sulphur isotopes of the Tizapa ore deposit, Mexico
L. Torró, P. Alfonso, E. González-Partida, C. Canet, F. Gómez.
Geochemical and geological controls on mineralization in the Que-Hellyer Volcanics, Tasmania, Australia: the
Mount Charter and Fossey deposits
S. Wu, A. McNeill, B. Gemmell, K. Denwer.
Mineralogical characterisation of the Tizapa ore deposit, Mexico
P. Alfonso, L. Torró, C. Mesa, D. Parcerisa, J. M. Mata-Perelló, E. González-Partida, C. Canet, M. García-Valles.
Geological characteristics of iron ore deposits in the western Tianshan Mountains, NW China. Z. Zhang, W.
Hong, F. Li, Z. Wang, M. Liu.
Dissolution-collapse breccias in Chaqupacha carbonate-hosted Pb-Zn deposit, Central Tibet
H. Zhang, T. Yang, Z. Hou, Y. Song, Y. Liu, X. Wang, Z. Yang, S Tian, Y Wang, Q. Liu.
Late Strunian age: a key time frame for VMS deposit exploration in the Iberian Pyrite Belt
J. Matos, Z. Pereira, C. Rosa, D. Rosa, T. Oliveira, J. Relvas.
Principles of sequence stratigraphy in sedimentary-hosted ore: example in Fagundes area, Paracatu, MG,
Brazil
A. Santana, M. Auguste Dardenne, G. Oliveira, F. Baía.
Mineral chemistry of garnet as a guide to high grade manganese mineralization associated with
Neoproterozoic Otjosondo manganese deposit in the Damara Belt Namibia
A. Rozendaal, C. Fourie.
Volcanic Redbed-type copper mineralization in the Keshtmahaki, Southern Sanandaj-Sirjan Zone,
southeastern Iran
M. Boveiri Konari, E. Rastad, N. Rashidnejad Omran, S. Kojima.
S.2.7. The Cherry on Top-Supergene Ore Formation During Climate and Lanscape Evolution
Supergene copper isotope systematics at the Bayugo Cu-Au porphyry deposit, Philippines: fluid pathways
and exploration implications
D. Braxton, R. Mathur.
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The nonsulfide zinc deposit of Jabali (Yemen)
N. Mondillo, G. Balassone, M. Boni, B. Grist.
Gerhardtite (Cu-nitrate) formation and the relative timing of mineralization, Atacama Desert, Chile
E. Melchiorre.
Characterization of placer gold deposits from central Portugal: preliminary results
A. Ehser, G. Borg, D. P. S. de Oliveira, D. R. N. Rosa, R. Salgueiro.
Nonsulfide zinc deposits in southern Africa: a review
M. Boni.
Bauxite in Southern Italy: a new approach
G. Balassone, M. Boni, N. Mondillo, G. Rollinson.
The supergene enrichment at Chuquicamata revisited
M-C. Pinget, L. Fontboté, B. Dold, F. Ramirez, M. Vergara.
Rare earth elements as proxies of supergene alteration processes from the giant Imiter silver deposit
(Morocco)
J. Tuduri, O. Pourret, A. Chauvet, L. Barbanson, A. Gaouzi, A. Ennaciri.
Cenozoic exotic Cu mineralization in the Centinela district, Atacama Desert, Northern Chile)
M. Tapia, R. Riquelme, E. Campos, C. Marquardt, C. Mpodozis, R. Mora, C. Münchmeyer.
The unusual supergene Las Cruces copper ore deposit
N. G. Miguélez, F. Tornos, F. Velasco, J. C. Videira.
Geochemical simulations for the evolution and formation time of the supergene Cu mineralization of El
Teniente (Chile)
J. S. Salinero, M. Corbella.
Supergene copper deposits and minerals in the world-class SHSC deposits of the Central African Copperbelt
(Katanga, DRC)
T. De Putter, F. Mees, S. Decrée, S. Dewaele.
S3 - ORE DEPOSITS IN SOUTH AMERICA
S.3.1 New Developments in Cordilleran Evolution and Metallogeny
The Cerro Bayo epithermal Ag-Au district, Chilean Patagonia: 34 million years in the making
J. Poblete, T. Bissig, M. Rodríguez, R. Friedman, J. Gabites, J. K. Mortensen.
The Gondwana Supercontinent breakup and IOCG mineralization in the Central Andes
H. Chen, D. Cooke, M. Baker.
Arc dynamics and REE-SiO2 magma chemistry; a multidisciplinary model for arc metallogeny
T. Ireland.
Tectonic significance of the structure of the Collahuasi district porphyry Cu-Mo deposits
T. Ireland.
New LA-ICP-MS U-Pb zircon ages and Nd isotope data for the Teniente Plutonic Complex: implications for the
evolution of the El Teniente porphyry Cu-Mo deposit
M. Baker, D. Cooke, P. Hollings.
Variations in the Late Triassic Nicola arc and the tectonic environment of alkalic porphyry Cu-Au
mineralization, Quesnel Terrane, British Columbia, Canada
T. Bissig, S. Vaca, C. J.R. Hart, S. L.L. Barker
Phanerozoic gold metallogeny in the Colombian Andes
H. Leal-Mejía, J. Carles Melgarejo i Draper, R. P. Shaw.
S.3.2 Ore Deposits in South American Shields
40Ar/39Ar evidence for The Brasiliano (ca. 500 Ma) tectono-thermal event in the southern Gold-PGE
deposits hosted in the Minas Supergroup Iron-Formation
G. Olivo, D. Archibald, T. Ullrich.
Gold metallogeny in the Gurupi Belt, Brazil
E Klein
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Metallogenesis of Eastern Guiana Shield in Brazil
E. Klein, L. Rosa-Costa.
Constraints on the auriferous Moeda Formation metaconglomerate, Minas Gerais, Brazil: whole-rock
geochemistry and mineral chemistry of tourmaline
N. Koglin, A. A. S. Gomes Jr., A. R. Cabral, H. E. Frimmel.
The structure of the western Serra do Curral Range, Quadrilátero Ferrífero, and the tectonic control of highgrade Fe-orebodies
J. Sanglard, C. Rosière, V. Suckau, U. Amaral, H. Meireles.
Geological mapping of the aurifeous Rancho Novo area, Minas Gerais State, Brazil
Y. Ribeiro, S. Shinzato, L. Lobato, A. Corrêa Neto.
The BIF-bearing sequence from Morro Escuro Ridge, Santa Maria de Itabira, Minas Gerais, Brazil: main
petrographic and geochemical characteristics
F. C. Silveira-Braga, C. Rosière, G. Queiroga, V. Rolim, R. Pagung de Carvalho.
Origin of coexisting carbonates and iron oxides in the 2.42 Ga Gandarela Formation, Minas Supergroup,
Gerais, Brazil
R. Morgan, B. Orberger, C. da Mota Carvalho, P. François, C. A. Rosière.
Silicate and carbonate facies of the Cauê BIF, precursor of the supergene Fe-ore of the Alegria deposit, Minas
Gerais, Brazil
C. Rosière, T. Lima, J. P. Chiste-Costa, J. Pinho-Rocha, R. Morgan, B. Orberger, F. Rios, P. Brandão.
A mineralogical and textural comparison of different high-grade iron ore styles in the Iron Quadrangle, Minas
Gerais, Brazil
A. S Hensler, S. Gerd Hagemann, C. A. Rosiere.
Hypogene zinc-silicate mineralization in the Northern Extension of the Vazante Mine, Minas Gerais, Brazil
P. Slezak, G. Ribeiro Olivo, G. Diniz-Oliveira, M. A. Dardenne.
The BIF-bearing Morro Escuro Tectonic Slice, southern Espinhaço Range, Minas Gerais, Brazil
R. Pagung de Carvalho, V. Rolim, F. C. Silveira-Braga, C. Rosière.
From jaspilite to hypogene high-grade iron ore, Serra Norte Deposits, Carajás mineral province, Brazil: 3stage magmatic-meteoric hydrothermal fluid model
R. Figueiredo e Silva, S. Hagemann, L. Lobato, C. Rosière.
Geochronology and thermochronology of the gold mineralization of Turmalina Mine, Quadrilátero Ferrífero
Region, Brazil
M. E. Velásquez, C. C. Tassinari, J. M. Munha, A. Mateus, A. P. Chiquini, W. Campos, L. Lobato, R. Maria Belo.
S.3.3New Discoveries in South America
Discovery of the Frontera Cu-Au deposit at Los Pelambres, central Chile
J. Perelló, H. Brockway, H. Posso, R. Sillitoe, P. East, F. Matthews.
Geology of the Cretaceous Lascano-East intrusive complex: magmatic evolution and mineralization potential
of the Merín basin, Uruguay
F. Cernuschi, J. Dilles, A. Kent, G. Schroer, A. Raab.
Antilla: a supergene enriched porphyry copper deposit in the Andahuaylas-Yauri belt, Peru
J. Perelló, H. Posso.
Las Calandrias dome-related gold-silver discovery, Deseado Massif, Southern Argentina
G. Rodriguez, G. Gómez, N. Stoessel.
1.87 Ga Au quartz-alunite and Cu-Mo-(Au) adularia-sericite epithermal and Au-(Cu) porphyry mineralization
in the Tapajós Gold Province, Amazonian craton
C. Juliani, C. M. Echeverri-Misas, B. Lagler, G. Usero, C. M. Dias Fernandes, L. V. Soares Monteiro.
The Conceição do Mato Dentro Iron Formation Province in southeastern Brazil
V. Rolim, C. A. Rosiere.
Structural and intrusive setting of the Montañitas gold mineral systems, Eastern Andean Cordillera, Northern
Peru
T. Angerer, S. G. Hagemann, C. Villanes, J. O. Santos.
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S4 - APPLIED GEOLOGY
S.4.1. Energy Resources
Uranium mineralization in carbonaceous chert pebbles from Mesoarchean Mozaan Group conglomerates (~3
Ga, Pongola Basin, South Africa): trap or source rock?
B. Orberger, A. Hofmann, N. Hicks, R. Wirth, A. Tudryn, M. Megneng.
Medium-term uranium supply and demand economics
H. Frimmel, J. Mueller.
Geology and tectonic setting of Pasha-Ladoga and East-Anabar basins (Russia): implications for the formation
of unconformity-related uranium deposits
A. Kuptsova.
Mid-crustal anorogenic granite magmatism at Mt Isa: a spatial and geochemical study, and potential links to
Mesoproterozoic U-REE deposits
M. McGloin, A. G. Tomkins, C. M. MacRae.
Fluid geochemistry of geothermal systems in northern Chile
F. Aguilera, F. Tassi, O. Vaselli, T. Darrah, B. Capaccioni, R. Poreda.
Characterisation of uranium-vanadium mineralisation at Bigrlyi, Ngalia Basin, Australia
S. Schmid, J. Cleverley.
Magmatic-hydrothermal system associated to Planchón-Peteroa and Descabezado Grande-Quizapu-Cerro
Azul volcanic complexes
O. Benavente, F. Gutiérrez.

933

S.4.2. Geometallurgy, Sustainability in Mining and Related Environmental Issues
Geometallurgy: from ore to concentrate – a pilot study on the Cavanacaw Au deposit, Northern Ireland
S. Birtel, D. Sandmann, J. Gutzmer.
Controls on Au deportment in the Pebble Cu-Au-Mo porphyry deposit, Alaska
M. Gregory, J. Lang.
Preparation of a polished reference block for the identification of copper ores
C. Weissflog, J. Gutzmer, M. Magnus.
Mineral liberation analysis of lithium-bearing micas from the Eastern Erzgebirge, Saxony, Germany
D. Sandmann, J. Gutzmer.
Gallium - can future demand be met by geological and technological availability?
T. Dittrich, T. Seifert, J. Gutzmer.
Register of summer mixing in a pit lake of the Iberian Pyrite Belt (IPB): an exceptional phenomenon
E. Santofimia Pastor, E. López-Pamo, E. González-Toril, N. Gómez Miguélez.
Application and limitation of standard humidity cell tests at the Andina porphyry copper mine, CODELCO,
Chile
L. Weibel, B. Dold, J. Cruz.
Characterization of copper wad from the Lomas Bayas ore deposit, northern Chile
E. Campos, S. Kojima, M. S. Bembow, J. Gonzalez, D. Vega.
Using Forward Looking Infrared (FLIR) imagery to gauge thermal flux: preliminary method development and
evaluation applied to the El Tatio geothermal field
R. Malin, M. Franks, S. Pierce.
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Life-times and scales of Cu-Au-mineralizing magmatichydrothermal processes: Farallón Negro (Argentina)
Christoph A. Heinrich, Dimitri Meier, Michaela Erni, Albrecht von Quadt
ETH Zurich, Department of Earth Sciences, Claususstr. 25, Switzerland
Florencia Márquez - Zavalía,
CRICYT – CONICET, Av. Dr. A. Ruiz Leal, Parque Gral S. Martin, CC 330, 5500 Mendoza, Argentina

Abstract. The Farallón Negro Volcanic Complex
(Argentina) hosts one of the best-studied porphyry
copper – gold deposits, Bajo de la Alumbrera. Three
million years of extrusive and subvolcanic intrusive
activity prepared the ground for a climactic event of
porphyry Cu-Au mineralization, followed later by
epithermal base-metal – carbonate – gold ore deposition
in major veins cutting through the porphyry deposit and
the central neck of the volcano.
High-precision single-zircon age dating indicates that
multiple pulses of porphyry intrusion and Cu-Au veining
occurred within less than ~ 0.1 m.y., based on the
youngest grains in populations spanning ~ 1 million years
of zircon crystallization. This study shows that critical
interpretation of high-precision zircon dates can resolve
the geologically instantaneous emplacement and
solidification of a porphyry from the much longer lifetime
of the subjacent, crustal-scale magmatic system.
Discovery of high-temperature intermediate-density vapor
inclusions of low salinity and the new geochonology
confirm earlier interpretations that porphyry-Cu-Au ore
formation was driven by different parts of an inferred,
composite mafic – felsic magma chamber. The combined
data imply that the dacite porphyries and associated
brines were derived from the upper part of a layered
magma chamber, while the low-salinity Cu-mineralizing
ore fluid was sourced in the deeper, mafic or mixed parts
of the subjacent magma reservoir. The last magmatic
fluids, of similar low salinity, probably cooled to form the
epithermal veins by mixing with meteoric water.

as a partly eroded stratovolcano above Paleozoic
basement in the back-arc region of the central Andes,
this igneous complex is particularly suited for highprecision geochronology in a well-defined geological
framework. New high-precision dating of single zircon
grains from successive phases of mineralizing porphyry
intrusion resolves major age variations in single samples
of rapidly-cooled magma. Thus, zircon populations in a
single rock can yield geological information about the
deeper magma history as well as the emplacement age
of the porphyry. The results resolve apparent conflicts
among recently published observations and allow a
consistent interpretation of all geological, melt inclusion
and fluid-chemical data in a large ore-forming magmatic-hydrothermal system.

2 Volcanic history and magma evolution
Geological mapping by Llambias (1972), Proffett
(2003) and others, in conjunction with geochronology
by Ar-Ar and LA-ICPMS U-Pb dating (Halter et al.,
2004, Harris et al., 2004, 2008) has established that the
Farallón Negro Volcanic Complex is a complex, deeply
eroded stratovolcano intruded by multiple stocks of
essentially co-magmatic and mostly barren porphyry
stocks, as originally described by Sillitoe (1973). The
dated stratigraphy of andesitic flows, pyroclastic and
unaltered intrusions indicate a gradual buildup of a large
stratovolcano between 9.7 and 7.35 Ma, probably fed by
multiple dikes extending from a central intrusion of
equigranular monzonite. Volcanic avtivity was
terminated by an extensive dacite ignimbrite eruption
attending a partial caldera collapse (Halter et al., 2004).
After a quiescient period without extrusive activity
lasting some 0.3 m.y., a composite stock was emplaced
in multiple pulses of dacite porphyry. The Bajo de la
Alumbrera porphyry-Cu-Au deposit was formed by at
least two phases of intervening stockwork veining and
high-temperature potassic alteration, surrounding a
partly magnetite-altered barren core (Proffett, 2003).

Keywords: Porphyry copper, epithermal gold, magmatichydrothermal, fluid inclusions, zircon, geochronology,
Bajo de la Alumbrera, Farallón Negro, Argentina.

1 Different scales, different life times
Processes contributing to magmatic-hydrothermal ore
formation operate on different time scales, commonly
related to different scales in space. Thus, the formation
of a major ore province may be considered as a short
event compared to lithosphere-scale plate convergence
driving magma generation. On the other hand, the much
shorter life-time of an upper-crustal magma chamber
may be long compared with the duration of porphyry
emplacement and the formation of a copper-mineralized
vein stockwork.
This paper is an update of the geological and
geochemical history of the Farallón Negro Volcanic
Complex in northwestern Argentina, hosts to the worldclass porphyry-copper deposit of Bajo de la Alumbrera.
Being geologically young (Late Miocene) and isolated

3

High-precision zircon geochronology

The first and second porphyry associated with the two
intense phases of stockwork veining and Cu-Au
mineralization in the Bajo de la Alumbrera deposit were
originally suspected to differ in age by 1 m.y. (Harris et
al., 2008). The P2 and EP3 porphyries show clear cross-
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melt inclusions in plagioclase and quarz). Maximum Cu
contents in basaltic melt inclusions (up to ~ 3000, more
commmonly 200 ppm) show that the mafic magma
component contributed most of the Cu, and probably Au
and S. Microanalysis of all major phenocyst phases
shows that Cu behaved incompatibly with regard to
magmatic silicates and magnetite upon magma mixing
and partial crystallization. However, local saturation of a
magmatic sulfide melt extracted Au and Cu from the
silicate melt, in proportions that match those of the bulk
metal ratio of the Alumbrera deposit (Halter et al., 2005).
We therefore conclude that magmatic sulfides acted as a
transitory storage phase sequestering ore metals upon
magma mixing, and that this magmatic sulfide phase was
later decomposed when large-scale fluid saturation
occurred in the magma chamber below the deposit.

cutting relations in the field, with EP3 truncating veins
associated with P2. We used U-Pb analysis by ID-TIMS
after annealing and leaching of single zircon grains to
remove domains disturbed by later lead-loss (von Quadt
et al., 2011). The resulting zircon ages from both
porphyry samples are perfectly concordant, but span a
range of ages varying by far more than the analytical
uncertainty of the most precise individual grains. In both
porphyries, the ranges of all zircons vary between 7.1

Figure 1.
UPb results by IDTIMS from two
porphyries
associated with
two mineralizing
evens at Bajo de
la Alumbrera
(modified from
Quadt et al.
2011).

4

The nature and original phase state of the dominant
ore fluid is still unclear. Harris et al. (2003) found
hydrothermal quartz veins and small miarolitic quartz
clusters in the Bajo de la Alumbrera deposit containing
coexisting silicate melt inclusions and copper- rich brine
inclusions. These observations leave no doubt about the
simultaneous presence of felsic melts and saline fluids in
close proximity to the deposit. However, the comagmatic inclusion do not prove that this hypersaline
fluid is the dominant phase that introduced the metals to
the deposit. Mining and drilling presently expose about
0.5 km of vertical section Alumbrera. At Bingham
Canyon, similar brine and vapor inclusions dominate at
the level of the currently mined orebody, but deep
drilling to 1.5 km depth recovered barren vein samples
with fluid inclusions indicating that the primary input
was a single-phase fluid of intermediate density and
rather low-salinity (~7%; Landtwing et al., 2011).
We have unsuccessfully searched for intermediate-

and more than 8 Ma, defining an age interval of ~ 1 m.y
during which zircon crystallized in the subjacent magma
reservoir from which the porphyries were eventually
extracted (Fig. 1). The youngest grains from both
porphyries overlap within a small time interval between
7.126 ± 0.016 and 7.216 ± 0.018. These are interpreted
to date the ages of porphyry empacement within a
maximum time interval of 0.124 m.y., including
individual uncertainties. The two events of porphyry
emplacement and hydrothermal Cu-Au mineralization
are therefore indistinguishable in age, and may have
followed each other in even shorter succession.

3

Porphyry ore fluid: vapor or brine?

Silicate and sulfide melt inclusions

The new geochronology from Alumbrera is consistent
with observations of zircon antecrysts forming over
protracted periods in large and more deeply exposed
plutons (e.g. Schaltegger et al., 2009). In conjunction
with fluid and melt inclusion observations at Bajo de la
Alumbrera and observations from other pophyry-Cu-Au
ore systems (Landtwing et al., 2011), we can now update
the reconstruction of the crustal-scale magmatic to
hydrothermal history proposed by Halter et al. (2005).
LA-ICPMS microanalysis of silicate and sulfide melt
inclusions as well as magmatic phenocrysts show that
the compositional range of magmas in the FNVC was
created by mixing of magmas of basaltic and dacitic
endmember composition. The mixed nature of andesitic
magmas is demonstrated by the presence of
compositionally distinct melt inclusions in mafic
phenocrysts (dominantly basaltic inclusions in
amphibole) and felsic phenocrysts (dacitic to rhyolitic

Figure 2. LA-ICPMS
analyses and photomicrograh of high-temperature intermediate-density
fluid inclusions. Error
bars 1σ in assemblages.

density fluid in the deep
barren magnetite core at Bajo de la Alumbrera (D. Meier,
unpublished data), but found similar high-temperature
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Farallón Negro mine nearby. First results show that the
fluids have salinities between 3 and 6% NaCl (eq) and
detectable concentrations of Au, consistent with their
derivation from a fluid similar to the intermediatedensity fluid, after cooling and deposition of most of its
Cu content at greater depth.

fluids with very high Cu, S and Au content in the earliest
paragenetic stage of a steep, zoned quartz vein
containing a later overprint by quartz – sericite – pyrite
alteration (Fig. 2). Inclusion assemblages have consistent
proportions of liquid/vapor between 0.3 and 0.5, plusone
or two opaque daughter crystals. Their salinity is
between 5 and 10 wt% NaCl (eq), and homogenization
to the vapor phase occurs near or above 600°C. The
inclusions contain 1-3 wt% Cu and similar
concentrations of S, plus otherwise normal concentration
ratios of Na ~ K ~ Fe, significant Pb, and Au contents of
~ 1 ppm, similar to high-density vapor inclusions
analyzed by Ulrich et al. (2002).
The new geochronological data and the disovery of
low-salinity fluid inclusions of intermediate density and
high metal and sulfur content matche and refine the
system-scale model that was originally proposed by
Halter et al. (2005). Melt inclusion observations indicate
that the dacite porphyry magmas were derived from the
felsic magma which, because of its lower density, would
occupy the upper part of the subjacent magma chamber.
The narrow porphyry fingers sampled a long-lived
magma reservoir in which zircon crystallized throughout
a protracted time period, aided by mafic recharge. The
porphyries locally exsolved a high-salinity brine close to
the present level of exposure and occasionally trapping
some silicate melt droplets injected into quartz veins.
Each porphyry pulse probably solidified within
thousands of years at most, but possibly much faster
(Cathles and Shannon, 2007). The absence of feldspardestructive alteration (D-veins) truncated by later
intrusions indicates that the composite stock did not cool
below ~400°C between successive Cu-Au-mineralizing
intrusion events, indicating that successive intrusion
pulses followed each other within tens of thousands of
years or less, consistent with our recent geochronology.
The dominant source of Cu-Au-mineralizing ore
fluids most likely was the mafic magma, as indicated by
enrichment of Cu and Au in mafic melts and sulfides
exsolved during incipient admixture of felsic magma.
Thus, the locations of the dacite porphyry source and of
the Cu-S-Au-rich ore fluid source were spatially
separated in the upper and lower parts of the magma
chamber, respectively. Nevertheless, the events of
porphyry emplacement, vein formation and Cu-Au-ore
introduction were evidently coupled in time. A mutually
enhancing trigger may have been a last recharge of the
magma chamber by injection of mafic magma, causing a
convective overturn or the addition of volatiles including
some poorly-soluble CO2. Both effects would have
promoted large-scale fluid saturation and addition of
energy, driving the initiation of porphyry emplacement
from the magma chamber roof in multiple rapid pulses.

5

References
Cathles, L. M., and Shannon, R., 2007, How potassium silicate
alteration suggests the formation of porphyry ore deposits
begins with the nearly explosive but barren expulsion of large
volumes of magmatic water: Earth and Planetary Science
Letters, v. 262, no. 1-2, p. 92-108.
Llambias, E.J., 1972. Estructura del grupo volcanico Farallon
Negro, Catamarca, Republica Argentina. Revista de la
Asociacion Geologica Argentina 27 (2), 161– 169.
Halter, W.E., Bain, N., Becker, K., Heinrich, C.A., Landtwing, M.,
VonQuadt, A., Clark, A.H., Sasso, A.M., Bissig, T., and
Tosdal, R.M., 2004, From andesitic volcanism to the formation
of a porphyry Cu-Au mineralizing magma chamber: the
Farallon Negro Volcanic Complex, northwestern Argentina:
Journal of Volcanology and Geothermal Research, v. 136, p.
1–30.
Halter, W.E., Heinrich, C.A., and Pettke, T., 2005, Magma
evolution and the formation of porphyry Cu-Au ore fluids:
evidence from silicate and sulfide melt inclusions: Mineralium
Deposita, v. 39, p. 845–863.
Harris, A.C., Kamenetsky, V.S., White, N.C., van Achterbergh, E.,
and Ryan, C.G., 2003, Melt inclusions in veins: Linking
magmas and porphyry Cu deposits: Science, v. 302, p. 2109–
2111.
Harris, A.C., Allen, C.M., Bryan, S.E., Campbell, I.H., Holcombe,
R.J., Palin, J.M., 2004, ELAICP-MS U-Pb zircon
geochronology of regional volcanism hosting the Bajo de la
Alumbrera Cu- Au deposit: implications for porphyry-related
mineralization: Mineralium Deposita, v. 39, p. 46–67.
Harris, A.C., Dunlap, W.J., Reiners, P.W., Allen, C.M., Cooke,
D.R., White, N.C., Campbell, I.H., Golding, S.D., 2008,
Multimillion year thermal history of a porphyry copper
deposit: application of U-Pb, Ar-40/Ar-39 and (U-Th)/He
chronometers, Bajo de la Alumbrera copper gold deposit,
Argentina: Mineralium Deposita, v. 43, p. 295–314.
Landtwing, M. R., Furrer, C., Redmond, P. B., Pettke, T., Guillong,
M., Heinrich, C. A., 2010, The Bingham Canyon porphyry CuMo-Au deposit. III. Zoned copper-gold ore deposition by
magmatic vapor expansion: Economic Geology, v. 105, no. 1,
p. 91-118.
Proffett, J.M., 2003, Geology of the Bajo de la Alumbrera
porphyry copper-gold deposit, Argentina: Economic Geology,
v. 98, p. 1535–1574.
Schaltegger, U., Brack, P., Ovtcharova, M., Peytcheva, I.,
Schoene, B., Stracke, A., Marocchi, M., Bargossi, G.M., 2009,
Zircon and titanite recording 1.5 million years of magma
accretion, crystallization and initial cooling in a composite
pluton (southern Adamello batholith, northern Italy): Earth and
Planetary Science Letters, v. 286, p. 208–218.
Sillitoe, R.H., 1973. The tops and bottoms of porphyry copper
deposits. Economic Geology, 68, 799–815.
Ulrich, T., Günther, D., Heinrich, C.A., 2002. Evolution of a
porphyry Cu-Au deposit, based on LA-ICP-MS analysis of
fluid inclusions: Bajo de la Alumbrera, Argentina. Economic
Geology, 97, 1888– 1920.
Von Quadt, A., Erni, M., Martinek, K., Peytcheva, I., Moll, M.,
Heinrich, C.A., 2011, Zircon crystallization and the life times
of magmatic-hydrothermal ore systems. Geology, in press.

Outlook: Epithermal Au vein formation

Current research is focused on coupled thermal and
hydynamic modeling of the evolution of magma
chambers, and the fluid evolution of epithermal basemetal – Au – Ag veins that cut across all earlier phases of
intrusion and alteration within the Alumbrera mine, and
are exploited as underground gold resource in the
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If we had an additional page, I would like to include this
extra figure (updated from Halter et al., 2005) and
add some further references. That way, the paper
would become a nice update of current
understanding of the entire FNV complex.
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Multiple fluid sources involved in supergene recycling
of copper and precious metals in the hyperarid Atacama
Desert, Chile
Martin Reich
Department of Geology, Universidad de Chile, Santiago, Chile and Andean Geothermal Center of Excellence (CEGA),
Universidad de Chile, Santiago, Chile

Abstract. Weathering of the primary (hypogene) sulfide
mineralization in copper deposits from Northern Chile
produced several hundred meters of higher grade caps of
secondary Cu-sulfides, oxides, hydroxides, carbonates,
sulfates and chlorides. This supergene mineralization is a
reflection of the history of groundwater flow, tectonics,
landscape, and climate of the Atacama Desert. Within
this context, we propose that supergene enrichment was
the result of multiple cycles of Cu recycling dominated by
fluids of different sources. Radiogenic (U, Th, Ar), stable
(H, O, Cu) and fissiogenic/cosmogenic ( 36Cl, 129I) isotope
data suggest reworking and redox cycling of Cu during
supergene enrichment characterized by a first stage of
supergene chalcocite formation from acidic leach fluids of
meteoric origin down-flowing in a semi-arid climate (44 to
~9-5 Ma). Reworking of initial supergene copper
assemblage, during the Pleistocene, by rising neutral and
chlorine/iodine-rich deep saline waters under wellestablished hyper-arid climate conditions lead to the
formation of atacamite with extremely fractionated
compositions. In addition to the economic upgrading of
copper, resulting from weathering and re-precipitation of
copper minerals, supergene enrichment also caused
strong enrichment in trace metals such as silver and
gold.
Keywords. supergene,
metals, iodine

copper, Atacama,

oxidation and enrichment into the Pleistocene. We then
explore how climate and active tectonics have influenced
the development of supergene oxidation zones before
and after the onset of hyperaridity. Finally, we show that
in addition to the economic upgrading of copper,
resulting from weathering and re-precipitation of copper
minerals, supergene enrichment processes have also been
identified to cause strong enrichment in trace metals
contents, most importantly silver and gold.

2 Timing and fluid sources involved in
supergene enrichment
In the Cu deposits of the Atacama Desert, northern
Chile, the meteoric supergene enrichment stage covered
a long period extending from 44 Ma, and ending near
14-9 Ma with a step-wise onset towards the hyper-aridity
in the region (Sillitoe and McKee 1996; Mote et al.
2001; Rowland and Clark 2001; Bouzari and Clark 2002;
Hartley and Rice 2005; Arancibia et al. 2006; Reich et al.
2009a,b). This first stage of supergene oxidation peaked
between 21-15 Ma as the result of percolatingoxygenated meteoric waters in a semi-arid setting. This
was followed by a second stage of supergene oxidation,
dominated by saline waters, where the Cuhydroxychloride atacamite (Cu2Cl(OH)3) was formed
from uprising deep, old basinal brines and subsequently
preserved under hyper-arid conditions for the last 2 Ma
(Cameron et al. 2002, 2007; Reich et al. 2008, 2009a,b).
A “deep” origin for the solutions that precipitated
atacamite is supported by the following geochemical,
mineralogical and field evidence:
(i) Strong geochemical soil-rich surface anomalies
along the active faults that traverse copper deposits (e.g.,
Mansa Mina, Radomiro Tomic, Gaby, Spence and
Mantos Blancos), involving Cu, Mo, S, Re, Na, Cl, Se, I,
and Br, that are restricted to a few meters across the
active fault (Cameron et al., 2002; Palacios et al., 2005);
(ii) 36Cl isotopic data on gypsum-atacamite
assemblages from various copper ore deposits showing
low 36Cl-to-Cl ratios, comparable to previously reported
values of deep old groundwaters (Reich et al. 2008);
(iii) 129I isotopic data on iodine minerals (marshite,
CuI, iodargyrite, AgI) from supergene zones of copper
deposits (Chuquicamata), and on geochemically
anomalous soil samples above buried deposits (Spence).
The isotopic signature of iodine in these samples rules
out a meteoric origin, with signatures comprised between
fore-arc fluids and volcanic fluids.
(iv) Present-day geochemical and isotopic data of

precious

1 Introduction
In the Atacama Desert of northern Chile, supergene
enrichment of Cu deposits has been a principal factor in
this region becoming the greatest producer of Cu in the
world. Supergene enrichment zones were formed by
exposure of primary Cu sulfides to the effects of
oxidative weathering during moderate precipitation. As a
result, large amounts of secondary Cu-sulfides (e.g.,
chalcocite, covellite) and oxidized green Cu minerals
(e.g., atacamite, chrysocolla, malachite, etc.) have been
formed. Thus, the development of these enriched zones
is strongly coupled with the climatic evolution of the
region since the early Oligocene (Alpers and Brimhall
1988; Sillitoe and McKee 1996). Supergene enrichment
is traditionally believed to have ceased when arid
conditions, with significant pluvial precipitation,
changed to hyperarid. However, there is no consensus
about the onset of hyperaridity, which may have
commenced as early as 25 Ma (Dunai et al. 2005), or 1913 Ma (Rech et al. 2006), or as late as 3-4 Ma (Hartley
and Chong 2002; Hartley and Rice 2005).
Here, we provide new age constraints for supergene
enrichment in the Atacama region that extend supergene
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arid climate (44 to ~15-9 Ma). Reworking of initial
supergene copper assemblage, during the Pleistocene, by
rising neutral and chlorine-rich deep formation waters
under well-established hyper-arid climate conditions lead
to the formation of atacamite with extremely fractionated
Cu compositions. Essentially coeval chrysocolla formed
by dissolution of atacamite during short episodes of
wetter climatic conditions occurring in the latest
Pleistocene (Palacios et al. 2011).
In addition to the economic upgrading of copper,
resulting from weathering and re-precipitation of copper
minerals, supergene enrichment processes have also been
identified to cause strong enrichment in trace metals
contents, most silver and gold.
In the Atacama Desert of northern Chile, significant
amounts of “invisible” precious trace metals (Ag, Au)
have been documented in primary and secondary Cusulfides from Cu deposits (Vivallo and Henriquez 1998;
Kojima et al. 2003; Reich et al. 2009b). For example, the
high-grade, low-tonnage “Manto-type” Cu deposits of
northern Chile host 8-25 grams of Ag per ton (e.g.,
Mantos de la Luna, Susana/Lince and Buena Vista
deposits, Kojima et al. 2003), and more than one million
ounces of Ag have been produced as a by-product of the
main Cu-sulfide mineralization at the Mantos Blancos
deposit (Orrego et al. 2006). Despite this evidence, and
in the light of multiple cycles of supergene recycling of
copper in the region, the study of precious metal contents
in supergene (secondary) Cu minerals has been largely
overlooked in the past decades in Chile and elsewhere.
The first comprehensive database of SIMS, EMPA
and TEM analyses of trace metals (Ag, Au, As, Sb, Se,
Te) in supergene Cu-sulfides from various Cu deposits
reveals that trace-to-minor amounts of Ag and Au are
incorporated in supergene digenite as a function of the
As content (Reich et al. 2010). When the microanalytical
data for Ag, Au and As are plotted in log-log diagrams, it
is observed that the datapoints form wedge-shaped zones
with upper limits that separates samples with high and
low Ag/As (>~30 and <~30, respectively) and Au/As
(>~0.03 and <~0.03, respectively) ratios. Samples
plotting above the “wedge” zones contain nanoparticles
of metallic Ag and Au as detected by SIMS depth
profiling and TEM observations, while samples with
lower Ag/As and Au/As contain structurally-bound Ag
and Au (Reich et al. 2010).
Considering the fact that supergene copper
enrichment processes can be active from tens of millions
of years through progressive weathering of enrichment
blankets and multiple stages of Cu recycling, we
conclude that As-bearing supergene sulfides and other
secondary mineral phases may play a previously
unforeseen role in scavenging precious metals from
undersaturated (or locally slightly supersaturated)
solutions in arid to hyperarid areas.

groundwaters at the Spence deposit supporting a deep
origin for the water involved in supergene oxidation of
the pre-existing copper ores (Leybourne and Cameron
2006, 2008; Reich et al. 2008, 2009a,b).
(v) The 230Th-234U ages of gypsum intergrown with
atacamite in supergene veins from copper deposits
cluster at 240 ka for the Chuquicamata, 130 ka for the
Mantos Blancos and Spence, and 80 ka for Mantos de la
Luna and Michilla copper orebodies, indicating that
supergene Cu enrichment also occurred during hyperarid climatic conditions, when saline groundwater passed
up through and modified the pre-existing supergene Cu
oxide minerals (Reich et al. 2009a,b).
(vii) The first absolute (U-Th) gypsum dating of
paleoseismic activity along active faults in Atacama
region, coupled with submarine radiocarbon and high
resolution seismic profiling show that large earthquakes
have occurred episodically at a rate in the order of 1:40
to 1:50 with respect to the very large subduction
earthquakes during the latest Pleistocene–Holocene
period. Field observations at the Salar del Carmen Fault
in the Mantos Blancos deposit provide striking examples
of advective transport along faults in hyperarid areas that
indicate forcing of groundwater along faults and
fractures to areas of lower pressure, typically towards the
surface (Vargas et al. 2011).
These findings indicate that climate and active
tectonics have influenced the development of supergene
oxidation zones not only before, but also after the onset
of hyperaridity in the Atacama region. In addition, we
conclude that multiple sources of fluids (e.g., deep
formation waters, fore-arc fluids, volcanic fluids and
meteoric water) were involved in multiple cycles of
supergene enrichment and oxidation.

3 Recycling of copper and precious metals
in the Atacama region
When coupled with the existing age constraints for
supergene enrichment and oxidation in the region, new
copper isotope data is most consistent with multiple
cycles of supergene leaching and oxidation of Cu that
started at 44 Ma and continued at least until the late
Pleistocene. Our new Cu isotope data of hypogene and
supergene minerals from the Late Paleocene Spence CuMo porphyry in the Atacama Desert of northern Chile
shows that chalcopyrite displays a restricted range of
δ65Cu values within the values reported for primary
porphyry Cu sulfides (+0.28‰ to +0.34‰) (e.g., Mathur
et al. 2009). Supergene chalcocite samples show heavier
and remarkably homogeneous δ65Cu values, between
+3.91‰ and +3.95‰, consistent with previous models
of Cu leaching and enrichment in porphyry systems.
Secondary Cu minerals from the oxide zone show a
wider range of composition, varying from +1.28‰ and
+1.37‰ for chrysocolla to very light Cu isotope
signatures reported for atacamite between -5.72‰ to 6.77‰ (Palacios et al. 2011).
These data suggest reworking and redox cycling of
Cu during supergene enrichment of the Spence Cu
deposit, characterized by a first stage of supergene
chalcocite formation from acidic, isotopically-heavy
leach fluids of meteoric origin down-flowing in a semi-
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Metallogenic interpretation of geodata at regional scale
Sergei Cherkasov
Russian-French Metallogenic Laboratory, 11-2 Mokhovaya str., Moscow, 125009 Russia
Abstract. The concept of metallogenic geodata
interpretation is built on the basis of combination of
conceptual and stochastic approaches, with quantitative
evaluation of regularities in the ore objects’ position in
relation with different sets of predictive criteria. Case
studies include unique research conducted for large
territories using detailed (for regional scale) geophysical
data. The metallogenic analysis produces predictive
maps as well as new data for understanding the genesis
of specific ore deposits. Non-conventional models of oreforming factors are being confirmed by the fact of match
between expected and received results.

2 Procedure
2.1 Selection of the model and identification of
the signatures for ore objects
Selection of the model and corresponding identification
of the signatures is always undertaken based on expert
evaluation. Nevertheless, there are few things that
should be taken into account. The most important is
proper correlation of scales. For instance, small dykes
known as an ultimate ore control for sulfide coppernickel deposits cannot be considered as part of the
model because they will not produce any anomaly at a
regional scale. Another requirement is evenness or
uniformity of data in terms of analytical methods as well
as in terms of precision. In a case, where any
signature(s) of ore objects is defined using precise or
very detailed data available just for some part of the area
under study, such a signature will not always be
registered in other parts, where quality of data is
different. And, in geophysical part of the model (if
applicable), physical properties of the model’s elements
have to be generalized as at regional scale we always
deal with a lot of superimposed anomalies, and such
anomalies cannot be divided to anomalies of single
objects, especially of ones at the depth, because of very
high degree of uncertainty.

Keywords. Metallogeny, data interpretation

1 Introduction
Over the last few decades, two major approaches have
been developed for metallogenic interpretation of
geodata as conceptual and stochastic ones (KnokxRobinson and Groves 1997). The conceptual approach is
built on the basis of modeling either ore forming
processes or ore controlling structures, whereas the
stochastic approach uses pure statistic analysis (as a rule,
different kinds of multifactor analysis) of geological,
geophysical, and other data. Both ways contain pros and
cons. Modeling is more easily accepted by geologists,
but usually lacks a specific expression in geophysical
and geological data layers. Statistics can take into count
any features expressed in multi-disciplinary information,
but the result often if not easily understood or is distant
from
geological
or
metallogenic
concepts.
Philosophically speaking, the reason for this is difference
between the purpose of metallogeny and nature.
Metallogeny seeks any processes or features dedicated to
ore formation or location, and the nature does not have
ore as a goal or target. To have it in a simple way, any
processes or structures considered at regional scale, as
well as their expressions in different geodata layers, can
be just indirectly connected with metallogenic features.
To establish such a connection, one has to try to combine
conceptual and stochastic approaches. In order to
achieve the goal, the following steps should be
sequenced: (1) selection of model corresponding to the
scale and nature of the data available as even
information layer(s) for the whole territory under
consideration, (2) listing as wide as possible the set of
signatures that reveal elements of the model in the
available data set, (3) statistical quantitative evaluation
of the signatures as probable predictive criteria against
the different types of reference ore objects, and (4)
testing the predictive criteria against the different types
of reference ore objects, and (5) verification of the model
on the basis of correspondence between observed and
expected results.

2.2 Evaluation of the predictivity criteria
For a proper evaluation, all signatures of the ore objects
should be presented either as polygons, lines, or points.
Evaluation of signature is undertaken based on
calculating probabilities distributions functions (PDF).
For each interval of distance between reference object
and sign, ratio I (expected PDF)/I (observed PDF) is
being defined with I=-Log(Pi), where Pi – probability of
the reference object’s location in the interval i.

Figure 1. Evaluation of signatures and criteria using modeling
of their spatial distribution.
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spatially limited areas, characterized by the highest
probability of ore occurrences, for exploration, based on
available regional data. From preliminary analysis,
margins of crystalline shields have been chosen for
detailed studies, specifically – Anabar along the northern
margin of the Aldan shield, Yenisei ridge, and southeastern margin of the Fennoscandian shield. 697 known
ore deposits and occurrences of 33 commodities have
been considered as reference objects. Models of heatflow systems as energy sources for ore-forming
processes (Cathles et al. 2003; Cherkasov et al. 2008)
have been chosen for conceptual interpretation of the
results. Initial data used for analysis included geological
maps at 1:1M scale, gravity (Bouguer anomalies, grid
1x1 km, with 0.8 mGal accuracy) and magnetic (ΔT,
grid 1x1 km) data, and database of reference objects.

The result is shown in Figure 1. Expected PDF is
calculated using software developed for modeling spatial
distribution of reference objects and signatures. Case
"Bad" demonstrates full coincidence of PDF, which
means that specific signature cannot be used as a
criterion. Also, this figure defines intervals that can be
used as buffer zones of criteria (Iobser/Iexpect>1). All the
criteria can be grouped in 5 groups: sedimentary (host
sediments), metamorphic, magmatic, tectonic (faults),
and geophysical. These groups have been evaluated
using Pearson’s criterion against entropy inside of each
group. The result shown for gold-bearing deposits of
Yenisei ridge in Fig. 2 demonstrates 4 classes of criteria,
and class 4 is just out of consideration. The most
reliable criteria are metamorphic ones (class 1), but we
can use them only for areas with basement outcrops.
Class 2, which also is quite reliable, contains
geophysical and tectonic criteria that can be used
everywhere.

Figure 3. Areas of study (shown with inserts of gravimetric
maps)

Sets of predictive signatures have been defined based
on selected model, and contained different
transformations of geophysical data, indicating margins
of crustal irregularities, and faults of different ranks. All
the signatures have been evaluated as predictive criteria,
and the following results of metallogenic analysis have
been obtained:
 The first group of ore objects corresponding with the
model includes deposits of magmatic origin, namely Cr, Cu, Ni, and PGE within basic-ultrabasic massifs; Ti,
Fe, V, and P within gabbro and anorthosite complexes;
and P, Fe, and REE within carbonatite-alkali-ultrabasic
complexes. It is necessary to note here, that, in this case,
the results indicate complexes of host magmatic rocks.
 The second group includes rare elements within syenite
and alkaline granite complexes, Sn, W, and Mo in skarn;
Ве, W, Mo, and Sn in both, greisen and vein-stockwork
hydrothermal systems; gold-bearing deposits within
terrigenous units; gold-silver and gold-quartz veinveinlets deposits; gold-sulfide (Lebedinsky) and
porphyry (Ryabinovsky) ores; and copper sandstone
deposits.
Following further analysis, the results demonstrate a
difference in ore-forming mechanisms for different types
of ore deposits in the second group. The energy (matter?)
source of ore-forming process is located deeper for
carbonatite–alkali-ultrabasic complexes, whereas for
skarn deposits it is located at shallow depth. An
unexpected result was obtained for gold-sulfide and
porphyry ores – nearly all of the reference objects of this

Figure 2. Evaluation of signatures and criteria using modeling
of their spatial distribution.

Although tectonic criteria are definitely connected
with ore objects, the presence of too many faults in the
area complicates their use, which is seen from low value
of Pearson’s criterion.
2.3 Different types of ore deposits and
verification of the model
When dealing with different types of ore deposits, not all
the types correspond with a specific model, and different
types can correlate with different sets of predictive
criteria. To clarify these issues, each type is being
characterized by number of reference ore objects
correlating with each set.
Verification of the model done based on metallogenic
analysis. Correspondence of specific types of reference
objects with different sets of predictive criteria confirms
the model as a whole, and, moreover, provides new data
for a deeper analysis.

3 Case study: ore deposits in the slopes of
crystalline shields
Extensive research has been conducted on over 25% of
the former USSR territory (Fig. 3) during 2004-2009
with the purpose to analyse a possibility to define
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Earth crust at our time be a signature of structures
related with processes working during the ore
formation?

type are located in the zones of anomalously high
correlation coefficient between density of different crust
layers, which indicates a strong connection of the
deposits with through-crustal structures. An example of
predictive map for Yenisei ridge is shown in Figure 4.

5 Conclusion
Independently of the questions discussed in the previous
section, a statistically proved fact is: at least 11 genetic
types of ore objects can be targeted using model of heat
source and geophysical data. Moreover, the method and
technology for quantitative evaluation of any features
expressed in and kind of geodata can be used as
predictive criteria for different types of ore objects.
Finally, the obtained results provide new information for
understanding the genesis of endogenic ore deposits
from the point of ‘engine’ of the ore-forming process –
heat source, which in many cases can be traced by its
geophysical signature.
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4 Discussion
The proposed approach to metallogenic interpretation of
geodata produces not just results expressed in
quantitative evaluation of predictive criteria and
predictive maps, but also results pertinent to genetic
questions. Metallogenic model based on energy source
for ore-forming process works in several specific cases.
In these cases, the influence of the source on Earth crust
was so strong, that all the subsequent events could not
eliminate its geophysical signature. Nevertheless, the
question of why different types of endogenic ore
deposits correspond to different sets of criteria was not
resolved. Is it just about ratio between petrophysical
characteristics of host rocks, and the rocks influenced by
the energy source, or do these parameters reflect basic
difference in the ore-forming processes from the point of
heat source? During the research, an attempt was made
to use satellite imagery for metallogenic purposes.
However, nobody was able to propose a suitable model
for their use in metallogenic analysis. But, recently, ring
structures seen on the satellite images have been
interpreted as areas of degassing. Can the degassing of
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Metallogeny of Western Pacific submarine volcanic arcs
Mark Hannington
Department of Earth Sciences, University of Ottawa, Canada, K1N 6N5

Abstract. Mapping of submarine arc-backarc systems in
the western Pacific is greatly enhancing current models
of arc metallogeny, with implications for exploration on
land. In particular, comparisons of the formation
conditions, tectonic settings, and likelihood of
preservation of magmatic-hydrothermal systems at the
active volcanic fronts of submarine arcs, in intra-arc rifts,
and in deeper back-arc basins sheds light on the timespace relationships of diverse mineral deposit types.
Juxtaposition of different mineral deposits is particularly
common in structurally complex arc-backarc systems that
are affected by ridge subduction, oblique collisions,
opposing subduction zones, and rapid changes in stress
regimes (e.g., from compressional to tensional and back
to compressional). Microplate tectonics that characterize
the western Pacific today were also likely important in
many Paleozoic active margins, as well as in Archean
and Paleoproterozoic granite-greenstone belts. New
details emerging from high-resolution swath bathymetry
of active volcanic arcs are revealing important clues to
their complex structure, magmatic evolution, and
metallogeny at a scale which is increasingly applicable to
land-based exploration.

now emerging about the internal architecture of the
submarine portions of these arcs provide important
lessons for exploration in similar terranes on land. This
paper examines the structure and metallogeny of a
number of different arc segments from New Zealand to
the Japanese islands and places recent discoveries of
submarine mineral deposits in the context of the regional
tectonic and magmatic history.

2 Arc stratovolcanoes
The major intraoceanic volcanic arcs of the western
Pacific have a individual strike lengths on the order of
1,000-2,000 km. As many as 45 submarine arc
stratovolcanoes occur on the Izu-Bonin arc, 52 on the
Mariana arc, and more than 90 have been found along
the Tonga-Kermadec arc. 80% are submarine. Most of
the 90 known or suspected submarine volcanoes along
the Tonga-Kermadec arc were only discovered in the last
decade, during extensive regional mapping. The
volcanoes are typically large cones with basal diameters
of ~30 km and heights of 1 to 2 km above the
surrounding sea floor. Many have large summit calderas,
the largest 5 to 6 km in diameter, which formed as a
result of massive submarine volcanic eruptions.
Hydrothermal vents are common in these summit
calderas. However, the largest hydrothermal systems are
restricted to the largest and deepest calderas (e.g.,
Brothers volcano on the Kermadec arc; the Sunrise
deposit in the Kita-Bayonnaise caldera of the Izu Bonin
arc). The hydrothermal fluids show clear evidence of the
direct input of magmatic volatiles, similar to magmatichydrothermal systems in subaerial volcanic arcs, and the
deposits commonly have distinctive epithermal
characteristics. Several compelling examples of
submarine epithermal-style mineralization, including
gold-base metal veins, have been found on submarine
arc volcanoes, and this type of mineralization may be
more common than is presently recognized. Shallow
water depths and lower confining pressures at the
summits of the volcanoes result in subseafloor boiling,
which may lead to vertically extensive stockwork
mineralization rather than seafloor massive sulfide
deposits. Samples of apparent submarine porphyry-style
mineralization also have been recovered from a tonalite
exposed by collapse of a volcano in the northern IzuBonin arc (Ishizuka et al. 2002), suggesting that
epithermal-style mineralization or VMS deposits might
be forming elsewhere above submarine porphyry
systems. Emergence of the active volcanic front, as a
result of tectonic uplift during collision, or submergence
of the volcanoes during arc rifting also may lead to
overprinting of dramatically different styles of
mineralization.

Keywords. submarine volcanic arcs, regional
metallogeny

1 Introduction
The late Cenozoic volcanic arcs of the western Pacific
are fertile and attractive exploration environments, with
gold and copper production and reserves of more than
15,000 t Au and 115 million tonnes Cu (Garwin et al.
2005). The majority of the gold and copper is contained
in porphyry and epithermal deposits, some of which are
still forming (e.g., Ladolam deposit on Lihir island).
VMS deposits of similar age are abundant but still
mostly offshore. The latter are forming in strongly
extensional settings, which on land typically lack
significant porphyry Cu systems (Sillitoe 2010).
However, ongoing exploration of the offshore is
revealing a spectrum of ore deposit types, including
porphyry, epithermal and VMS, that are closely
juxtaposed by complex plate interactions.
Ten major volcano-plutonic arcs and associated backarc systems form the complex border of the Pacific plate
from Kamchatka to New Zealand (Kurile islands,
Japanese arc, Izu-Bonin arc, Mariana arc, Ryukyu arc
and Okinawa Trough, Luzon-Philippines arc, Indonesia
archipelago, Melanesian arc, New Hebrides and Fiji
Basin, Tonga-Kermadec arc). They have a cumulative
strike length of almost 20,000 km, representing 80% of
the world's active marginal basins (Bird 2003). The arcs
are constructed on both continental and oceanic crust
with an expected half-life on the order of 25 Ma. Their
present
configuration
reflects
episodic
plate
reorganization over that time frame, resulting in a
correspondingly complex metallogeny. Details that are
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Figure 1. Geometry of plate boundaries in several arc and back-arc settings of the western Pacific region: (A) Izu-Bonin and
Mariana intraoceanic arc and back-arc trough; (B) Lau Basin and Tonga-Kermadec intraoceanic arc and back-arc basin, (C) Manus
and Woodlark Basins; (D) Okinawa Trough intracontinental back-arc basin. Abbreviations mentioned in the text: KB, KitaBayonnaise volcano; M, Monowai Seamount; TVZ, Taupo Volcanic Zone; IZ, Izena Cauldron.

to continental basement and dominantly submarine to
subaerial hydrothermal systems (TVZ) occur in the
space of only a few tens of kilometers. In the eastern
Manus Basin, distinctive Cu-Au-rich polymetallic
massive sulfides (e.g., Solwara 1 deposit) are associated
with calc-alkaline submarine volcanism caused by the
northward subduction of the Solomon microplate and
rifting of older arc crust. Less than 100 km away, in the
adjacent New Ireland Basin, an alkaline volcanic arc
(Tabar-Feni island chain) has developed in the old forearc crust of New Ireland and hosts the world’s largest
epithermal Au deposit on Lihir island. Submarine
volcanoes of similar composition immediately south of
Lihir host an eroded stockwork of gold-rich polymetallic
veins at 1,000 m water depth with many similarities to

3 Arc rifting
Large-scale hydrothermal activity is also closely
associated with initial rifting of thickened arc crust.
Manifestations of the earliest stages of arc rifting have
now been found in depressions located immediately
behind the Izu-Bonin arc, along the propagating tips of
the northern and southern Mariana trough, in the eastern
Manus Basin, in the Coriolis the Tonga-Tofua arc. Here,
back-arc spreading with high-temperature hydrothermal
activity is very closely juxtaposed to shallow submarine
arc volcanoes, each with dramatically different styles of
seafloor mineralization. In the southern Havre trough of
New Zealand, a fore-arc graben, a volcanic arc, and an
active back-arc rift, as well as the transition from oceanic
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the mineralization on Lihir (Petersen et al. 2002).
Rifting of continental crust is occuring in the
westernmost Woodlark Basin, where seafloor spreading
is propagating into the margin of Papua New Guinea.
Here, the late stages of intra-arc rifting and associated
felsic magmatism locally overlap with seafloor
spreading, and four completely different styles of
"submarine" mineralization are found in very close
proximity, including orogenic quartz veins in highly
sheared greenschist facies rocks exposed on the Moresby
detachment fault, low-temperature seafloor hydrothermal
activity in the crater of Franklin Seamount, epithermalstyle alteration and mineralization in dacite breccias
from a submarine diatreme complex (?), and intense
quartz-epidote alteration in granodiorite and diorite
intrusive rocks in a fragment of arc crust caught in the
opening rift. Remarkably similar alteration and
mineralization are represented on the nearby islands
(Misima and Woodlark) and in the easternmost part of
the Papuan Peninsula (e.g., Morobe gold district).
Similar rifting occurs at the southern end of the Okinawa
Trough back-arc basin, which is propagating into
northernmost Taiwan.
Early-stage rifting of arc crust can also lead to the
development of large caldera-like seafloor depressions,
such as the DESMOS cauldron in the eastern Manus
Basin, the Monowai caldera in southern Tonga, and the
Izena cauldron in the Okinawa Trough. These structures
have many similarities to the caldera-like depressions
that host some large VMS districts (e.g., Hokuroku Basin
of Japan). Unlike the small calderas on many arc
stratovolcanoes, which are products of caldera-forming
eruptions, rift-related “cauldrons” appear to be mainly
structural features that are floored by andesite and basalt
and likely underlain by large subvolcanic intrusions
capable of driving large-scale seafloor hydrothermal
systems.

continental shelf. This has an insulating effect that
enhances the high heat flow associated with rifting and
helps to preserve the contained sulfide deposits.
In areas of more complex microplate interactions,
back-arc spreading can be highly asymmetric. Both
volcanic arcs and back-arc rifts are also affected by
features on the subducting plate (e.g., fossil ridge
segments or seamount chains), which can have a major
impact on the locations of magmatic and hydrothermal
activity along the arc. Abundant evidence of these
features is found in seafloor mapping throughout the
western Pacific region, where they cause arc
segmentation, locally enhanced magmatic activity, and
abrupt transitions from broad zones of crustal thinning to
deeper back-arc basins. A number of authors have
suggested that similar features were tectonic triggers for
the formation of major mineral districts in subaerial
magmatic arcs, causing similar changes in local stress
fields, asthenospheric upwelling, and rise of magma into
arc transverse fault zones.

4 Back-arc basins
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Copper exploration in Chile: best geosciences needed
for ore discovery in a mature terrain
Sergio L. Rivera
Exploraciones Mineras Andinas S.A
Apoquindo 4775 Of. 602. Las Condes. Santiago. Chile
Abstract. The analysis, from the geologic perspective, of
two recent exploration discovery cases in Chile highlights
its key role in exploring mature areas. New ideas,
generated from the best available geosciences
knowledge, expands the search space and re-opens the
potential for new discoveries in a very complex and
evolving exploration environment.
In adverse conditions for Greenfields exploration in
2008 Codelco discovered the Casualidad IOCG type
deposit. Systematic application of geological ideas,
starting from regional targeting, through identificationexamination of areas of interest and subsequent
discovery drilling, was based on the use of frontier
genetic concepts and derived critical factors. Continued
research helped to establish relations between IOCG and
porphyry systems, as well as vertical and lateral
alteration-mineralization zonation, thus adding new
knowledge and expanding the exploration horizons for
these copper deposits in similar metallogenic
environments.
In 2005 Codelco conducted an exploration program
looking for the southern extension of the Andina mine, at
the giant Rio Blanco-Los Bronces District. As the main
result La Americana deep ore body was discovered. Its
dominant mineralization style is different from the most
typical magmatic and hydrothermal breccias controlling
high grade bodies, exploited within the district and shows
a consistent porphyry type mineralization-alteration
zoning which can be reconstructed following a more than
1.5 km vertical mineralized column. This mineralizationalteration style was not previously recognized and all the
genetic models were based mostly in the breccia events.
The new geologic data permits to establish a new
framework for relations between different styles of
mineralization in porphyritic systems and to extrapolate
these new ideas to explore along the Miocene porphyry
belt, as well as in similar mineralized environments in the
Andean region.
It is due to new ideas that mineral exploration
survives during dry periods of low discovery rate. This is
a fundamental matter to take into account in the
exploration strategies of mature terrains like Chile. The
application of geosciences, at the edge and one step
ahead of the state of knowledge, allows for discoveries
both in Greenfield as well as in Brownfield environments.
Extensive collaboration between industry and research is
a prerequisite to reinforce the pipeline with the most
productive new ideas based on the best geosciences
development.
Keywords. copper exploration; Chile, ore discovery,
Casualidad IOCG deposit, Rio Blanco-Los Bronces
district, La Americana copper deposit, applied
geosciences, Brownfield exploration; Greenfield
exploration, industry-investigation collaboration
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Regional metal zonation in the Central Andes: tin
versus copper
Bernd Lehmann
Mineral Resources, Technical University of Clausthal, 38678 Clausthal-Zellerfeld, Germany
Abstract. The Central Andes is a textbook example of
ore formation at an active continental margin. Base-metal
porphyry systems mark short-lived regional episodes of
change in subduction style/stress regime on a general
background of quasi-continuous subduction. The
transition from normal to flat subduction, i.e., lithospheric
hydration at low magmatic activity, is favorable for the
formation of large copper porphyry systems in the outer
arc. The oxidized mantle-dominated fluid reservoir with
recycled seawater is tapped by deep strike-slip structures
which develop in response to changes in plate
convergence. Tin porphyries occur during transition from
flat to normal subduction, and/or during delamination of
thickened continental crust, in the inner arc when flow of
hot asthenospheric mantle into the expanding mantle
wedge leads to large-scale melting of the continental
crust and subsequent fractional crystallization under
reducing conditions of a mostly continental fluid reservoir.
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1 Introduction
The full spectrum of interplay between exogenic (ocean
currents, climate) and endogenic processes (tectonics,
magmatism, mineralization) is nowhere better exposed
than at the Andean margin. Spectacular ore deposits
mark time intervals with extreme reaction progress of
major petrogenetic processes.
The Central Andes host the largest copper resource in
the world and also host some of the historically largest
tin and silver deposits. The base and precious metal
deposits of the Central Andes are controlled by quasicontinuous subduction along the western South
American continental margin since at least 100 Ma. The
major copper porphyry systems formed in between 3141 Ma (northern Chile) and 5-10 Ma (central Chile, NW
Argentina). Major tin porphyry/granite systems with a
silver-rich epithermal superstructure developed in
between 25-14 Ma in Andean Bolivia and southernmost
Peru. The regional metallogenic zoning pattern and the
punctuated nature of major ore formation is a matter of
both basic research and economic importance.

El Teniente 5-7 Ma

Figure 1. Giant porphyry/epithermal deposits of the Central
Andes and their present-day geotectonic setting. Seafloor age
pattern from Müller et al. (1997). Downcast triangle locates tin
porphyry/granite systems (14-25 Ma); upright triangles are for
copper porphyry systems of 32-42 Ma and 5-10 Ma intervals.
Small solid triangles are recent active volcanoes.

However, the mirror image of that crust can be observed
back to about 100 Ma west of the mid-Pacific ridge. The
seafloor age pattern defines an interval of 40-100 Ma
with relatively slow subduction rates of 2-4 cm/year.
Since 40 Ma, the spreading rate is 8-12 cm/year in the
SE Pacific. The seafloor map also indicates relics of old
ocean plateau crust in the SW Pacific (Ontong-Java
Plateau, and others), which is related to the central
Pacific mid-Cretaceous superplume (Larson 1991). This
thick oceanic crust must have reached the central part of
the South American continental margin at about 40 Ma
when a magmatic gap in the volcanic arc system occurs
(James and Sacks 1999). The gap is attributed to a
change from normal to flat subduction due to greater
buoyancy of the oceanic plateau crust which shuts off
volcanism by closure of the mantle wedge. Volcanism
sets in again at around 25 Ma in the innermost arc
(western Bolivia) with re-establishment of normal
subduction. The volcanic zone then broadens westward
as hot asthenospheric material flows into the expanding
mantle wedge until the present-day position of the
volcanic arc is reached at approximately 15 Ma. This
reconstruction applies to latitudes 18-27°S, but is
different both north and south of this segment. Central

2 Geodynamic setting: the Pacific
perspective
The geological evolution of the Central Andes is best
recorded in the Pacific Ocean. The isochron map of
ocean floor ages provides quantitative information on
seafloor spreading since about 100 Ma (Müller et al.
1997). The oldest oceanic crust at the trench off the
Central Andes is about 45 Ma old; older crust is already
subducted (Fig. 1).
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Peru and central Chile/NW Argentina have flat
subduction during the last 10 Ma (no volcanism)
because of ongoing subduction of the buoyant Nazca
and Juan Fernandez Ridges, respectively. The ages of
porphyry systems in these different segments correlate
with the corresponding slab regimes.

the magnetite-pyrite-anhydrite mineral assemblage.
The transition from normal to flat subduction seems
to be favorable for the formation of large copper
porphyry systems. Reduced magmatic activity during
ongoing fast subduction allows large-scale lithospheric
hydration and oxidation by slab-derived fluids. This
reservoir can be tapped by suitable stress fields, such as
margin-parallel shear-zones from oblique convergence.
The build-up of a mantle/lower crustal fluid reservoir by
slab dehydration will lead to metal enrichment of those
components soluble in oxidized highly saline high-T
aqueous fluids, such as Cu, Zn and Au (but not Sn).

3 Copper porphyry systems
The giant copper porphyry deposits of northern Chile
form a 600 km N-S trending belt controlled by a major
strike-slip fault zone (Domeyko fault) (Fig. 1). The ore
deposits are associated with multiphase felsic intrusions
of the age interval of 31-41 Ma (Sillitoe 1988).
Stockwork copper mineralization is located in zones of
potassic and phyllic alteration, and is enhanced by
supergene enrichment of mostly Miocene age (Mote et
al. 2001). The most spectacular example is the
Chuquicamata complex (31-35 Ma; Ballard et al. 2001)
which is approximately 14 km long and which has a total
copper resource of >11 billion tonnes with an average
grade of 0.76% Cu (cutoff at 0.2%) distributed over
several mineralization centers. The production to date
totals about 40 million tonnes of copper, i.e., close to
400 billion USD at current market value.
The porphyry intrusions formed in the beginning and
during the flat subduction interval in northern Chile with
much reduced magmatism (no volcanic rocks known in
between 40 and 25 Ma). They are controlled by the
regional strike-slip structure of the arc-parallel Domeyko
fault system which reflects the stress field at the plate
boundary. Changes in plate convergence (velocity,
coupling and obliquity of plate motion) are thought
responsible for repeated change in direction of shear
movement. The main porphyry pulse around 32 Ma is
characterized by a switch from dextral transpression to
sinistral transtension (Reutter et al. 1996) allowing
tapping of fluids from the hydrated mantle/lower crust.
A second major copper porphyry province is in
central Chile and northwestern Argentina, with the giant
El Teniente, Los Pelambres and Bajo de la Alumbrera
copper deposits (Fig. 1). These porphyry systems have
an age of 5-10 Ma and occur in a geodynamic setting
characterized by present-day flat subduction, probably
connected to the buoyant Juan Fernandez Ridge. The
change from normal to flat subduction was established at
10-15 Ma, i.e., the copper porphyry formation was
during/shortly after establishment of the flat slab regime.
A similar situation also applies to the central Peruvian
flat slab segment, where several large copper porphyry
intrusions formed around 10 Ma, including La Granja
and the giant epithermal Yanacocha gold deposit which
is probably related to a porphyry system at depth.
The origin of porphyries and metals both in the
northern and central Chilean copper porphyry systems is
dominantly the mantle with lower crustal contributions
as deduced from positive εNd data of 2 ± 2, initial
87
Sr/86Sr ratios around 0.704 and initial 187Os/188Os ratios
<1 (Maksaev 1990; Mathur et al. 2000; Skewes and
Stern 1995). The melt systems were oxidized, as
deduced from the general magnetite-series character
(Fe2+/Fe3+ >1) of the volcanic-arc sequence and the early
potassic alteration (magmatic-hydrothermal fluids) with

4 Tin porphyry/granite systems
The inner arc (about 300 km east of the present-day
volcanic arc; Fig. 1) from southermost Peru to
northernmost Argentina hosts the Andean tin belt with
two of the largest hard-rock tin deposits in the world
with about 1 Mt Sn resource each, i.e. Llallagua (highgrade veins mined out, now low-grade porphyry-style
with 0.5% Sn) and San Rafael (high-grade vein style
with current reserves of 14 Mt @) 5.3 wt.% Sn + 0.16%
Cu). San Rafael is associated with a 25-Ma-old
peraluminous leucogranite porphyry stock (600 x 900 m
large), Llallagua is in a 21-Ma-old rhyodacite porphyry
(700 x 1000 m in size). There are a number of other
major tin systems within the time bracket of 14-25 Ma,
some with volcanic suprastructures and epithermal
overprint partly preserved such as the 14-Ma-old Cerro
Rico de Potosi which grades from a tin porphyry in
deeper parts to a giant high-sulfidation epithermal silver
deposit in the upper part (historic production of about
50,000 t Ag, and remaining resource of 142 Mt @ 174
g/t Ag). The tin belt is within a more than 10-km-thick
Lower Paleozoic shale-sandstone sequence overlying
unexposed Precambrian gneiss basement.
An intriguing feature of the Bolivian tin porphyry
deposits is the fact that they are not in highly evolved
felsic rocks, as typical for tin deposits in general
(Lehmann 1982), but in subvolcanic rhyodacite stocks.
However, melt-inclusion studies have shown that the tin
porphyries are the result of mixing of andesitic to
basaltic melt and highly evolved silicic melt (Dietrich et
al. 2000). The most fractionated silicic melt system can
only be interpreted from the melt inclusions and is not
exposed. All tin deposits in the Andean tin belt have
strong
quartz-sericite-tourmaline
alteration,
and
hydrothermal boron enrichment is a diagnostic feature.
The vein systems also have early pyrrhotite (commonly
altered into pyrite), and the unaltered igneous rocks have
ilmenite-series affinity, i.e. reflect a relatively reduced
melt environment. The neodymium isotope composition
of the porphyry intrusions (εNd –5 to –11) indicates an
origin from the continental crust with a variable mantle
component (Lehmann et al. 2000).
The transition from flat to normal subduction and/or
slab breakoff (Haschke et al. 2002), i.e., flow of hot
asthenospheric mantle into the expanding mantle wedge,
with melting of the overlying continental crust in the
inner arc and subsequent intracrustal fractionation, is
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Figure 2. Variation plot for boron and titanium abundances in
quartz-hosted melt inclusions (filled symbols) and bulk rock
(open symbols) from the El Salvador copper porphyry and the
Cerro Rico de Potosi, Llallagua and Chorolque tin porphyry
systems. From Wittenbrink et al. 2009: 116). See Dietrich et al.
(2000) for other systematic trace element enrichment/depletion
patterns in melt inclusions from Bolivian porphyry systems.

Figure 3. Boron and neodymium isotope ranges for the El
Salvador copper porphyry system (bulk rock εNd data from
Maksaev 1990) and the Cerro Rico de Potosi, Llallagua and
Chorolque tin porphyry systems (bulk rock εNd data from
Lehmann et al. 2000). For reference data see Wittenbrink et al.
(2009).
Evolutionary cycles during the Andean orogeny: repeated slab
breakoff and flat subduction? Terra Nova 14:49-55
James DE, Sacks IS (1999) Cenozoic formation of the Central
Andes: a geophysical perspective. Soc Econ Geol Spec Publ
7:1-59
Larson RL (1991) Latest pulse of Earth: evidence for a midCretaceous superplume. Geology 19:547-550
Lehmann B (1982) Metallogeny of tin: magmatic differentiation
versus geochemical heritage. Econ Geol 77:50-59
Lehmann B, Dietrich A, Heinhorst J, Métrich N, Mosbah M,
Palacios C, Schneider HJ, Wallianos A, Webster J,
Winkelmann L (2000) Boron in the Bolivian tin belt. Miner
Deposita 35:223-232
Maksaev V (1990) Metallogeny, geological evolution, and
thermochronology of the Chilean Andes between latitudes 21°
and 26° South, and the origin of major porphyry copper
deposits. PhD dissertation, Dalhousie University, Halifax, 554
p
Mathur R, Ruiz J, Munizaga F (2000) Relationship between copper
tonnage of Chilean base-metal porphyry deposits and Os
isotope ratio. Geology 28:555-558
Mote TI, Becker TA, Renne P, Brimhall GH (2001) Chronology of
exotic mineralization at El Salvador, Chile, by 40 Ar/39 Ar dating
of copper wad and supergene alunite. Econ Geol 96: 351-366
Müller RD, Roest WR, Royer JY, Gahagan LM, Sclater JG (1997)
Digital isochrons of the world’s ocean floor. J Geophys Res
102:3211-3214
Reutter K-J, Scheuber E, Chong G (1996) The Precordilleran fault
system of Chuquicamata, northern Chile: evidence for
reversals along arc-parallel strike-slip faults. Tectonophysics
259:213-228
Sillitoe R (1988) Epochs of intrusion-related copper mineralization
in the Andes. J South Amer Earth Sci 1:89-108
Skewes MA, Stern CR (1995) Late Miocene mineralized breccias
in the Andes of Central Chile: Sr- and Nd-isotopic evidence for
multiple magmatic sources. Soc Econ Geol Spec Publ 5:33-42
Wittenbrink J, Lehmann B, Wiedenbeck M, Wallianos A, Dietrich
A, Palacios C (2009) Boron isotopw composition of melt
inclusions from porphyry systems of the Central Andes: a
reconnaissance study. Terra Nova 21:111-118

favorable for the formation of large tin porphyry/granite
systems. Large-scale intracrustal melting concomitant
with uplift will also be triggered by delamination of
thickened continental crust from underthrusting during
flat subduction (DeCelles et al. 2009). The main
ingredients for the formation of tin deposits are extended
fractional crystallization under reducing melt conditions
(Lehmann 1982). Reducing melt conditions are given for
peraluminous ilmenite-series granites, which develop
from partial melting of thick sedimentary sequences with
organic carbon (Takagi and Tsukumura 1997). Melt
inclusions from Bolivian tin porphyry systems show
systematic enrichment and depletion patterns for many
trace elements such as As, B, Cs, Li, Ta, Ti i.e. closedsystem behavior (Dietrich et al. 2000, Lehmann et al.
2000). Reconnaissance boron isotope data on melt
inclusions show a recycled seawater signature in the
Chilean copper porphyry systems (positive δ11B),
whereas the Bolivian tin porphyry systems have melt
inclusions with a distinctly upper crustal fluid source
(negative δ11B) (Wittenbrink et al. 2009).
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The minerals industry, universities and researchers:
different needs, mutual dependence
Noel C. White
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Abstract. The minerals industry, universities and
researchers form three key parts of a mutually-dependent
relationship; each needs the others. Unfortunately,
understanding of the needs and pressures faced by the
other parties is not widespread. The boom and bust
cycles faced by industry put their personnel under
extreme short-term pressure, but there remains a longterm fundamental need for trained staff and new ideas.
Universities provide graduates, but wild fluctuations in
demand from employers make it very difficult to attract
students in bad times; better high-level relations with
companies could help. Researchers provide data and
especially ideas, insights and new tools that are crucial to
the continuing success of exploration, and through that,
of the entire industry. To satisfy that need they need
access and support; however, their methods in seeking
that support are commonly ineffective. All parties need to
understand better the needs and pressures the other
parties have to deal with, and the negative impact on all
of failure. There need to be corresponding changes in
how each sector behaves in its dealings with the others.
All parties should to improve their performance. All will
benefit if they do.

is needed, insufficient money to keep staff, and too much
work loaded on the few staff that remain. Loss of
corporate knowledge is a major problem created by each
bust, causing inefficiencies during the next ramp-up of
exploration activities through the need to rediscover
what was known previously by former staff. But
sometimes that knowledge can be recovered by reestablishing links with academic groups who worked onsite prior to the bust, if a relationship between industry
and academia had previously been developed.

Keywords. minerals industry; research, universities

1 Introduction
A fundamental challenge for the minerals industry is
how to manage a long term industry that suffers shortterm cycles. Related researchers and educators have the
problem that their work requires cooperation and support
from and interaction with the industry, including during
times when the focus of industry attention is elsewhere.
The long-term health of each of these parties requires
that they understand that they cannot survive alone: each
is dependent on the others, and receives benefits from
them (Fig. 1). Each needs to understand how dependent
they are on the others, but also how dependent the others
are on them, and manage their relations accordingly.
The following sections summarise each of the three
key sectors; the pressures that drive them, their
dependencies, and why the others need them. With
appreciation of the symbiotic relationship, each sector
can give and receive greater support.

Figure 1. Relationships between the minerals industry,
universities and researchers; each provides and receives
benefits from the others

While the industry is principally focused on its
technical and commercial objectives, it is dependent on a
consistent supply of trained staff to do the work, and on
new technical insights to stimulate new ideas leading to
discoveries. Some companies have taken a long-term
view of recruiting only to have the well-trained and
experienced graduates they have cultivated over several
years seduced away by companies with a purely shortterm self-interested outlook. For the situation to
improve, high standards need to be practiced across the
entire industry.
Industry people often complain that, unlike in
previous times, graduates are now reluctant to work in
remote areas. This change coincides with centralizing of
education in major cities, general social change, and
reduction in opportunities for student employment. In the
past, students eagerly sought vacation employment in
mines and exploration projects as a way to earn some
money, and to experience an adventure away from their
usual
environment. This
short-term exposure
familiarised them with work in remote areas; many
enjoyed the experience so were keen for similar work
after graduation. When companies stopped this kind of

2 The minerals industry
The minerals industry regularly goes through tumultuous
times, with boom, followed by bust, followed by boom
again. In boom times there is always plenty of work and
generally plenty of money to do the work, but too few
people to do it. The environment is data-rich but lacks
the human resources to capitalise fully on those data. In
bust times there is not enough money to do the work that
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company management to encourage a corporate culture
that supports universities and students. In that supportive
culture it is possible for lower-level company managers
to provide various forms of support; without approval
from their senior managers, their ability to be supportive
is limited.

short-term employment they removed the opportunity for
students to try the life-style before they finally
committed to their profession. The students who enjoyed
this type of work stayed in relevant courses; ones who
did not like it changed. Today lack of opportunity to
experience the life-style early in their training means
many graduate with no awareness of what working in the
industry entails, and some who graduate are simply not
suited to the work. While this problem is not entirely of
the industry’s making, it has been exacerbated by the
action (or inaction) of the industry; the solution lies
squarely with the industry.
Supporting the education and research sectors is
fundamental to the long-term survival and progress of
the industry; it is easy for industry people to say it is not
their business, but it is certainly one of the key
requirements needed for the industry to conduct its
business effectively. Most companies recognise their
need to meet international best practice in safety and
environment; they should do the same in their approach
to relevant education and research. A pro-active and
supportive approach to universities and researchers is in
the interest of companies, and can encourage both to
focus on outcomes needed by industry.

4 Researchers
Researchers generate knowledge and ideas; both are
important for exploration and mining. Our knowledge of
new deposits styles usually comes from discovery
followed by research into the characteristics and controls
on the deposits, followed by application of these insights
in exploration leading to more discoveries. It is easy to
overlook the fact that even our oldest ore deposit models
are barely 50 years old, and the newest are being
developed today. All are constantly evolving as new
insights are found; discoveries come from new models,
but also from refinements of old ones. Changes in
awareness of key deposit characteristics are crucial for
maintaining discovery rates needed to ensure we find the
resources needed for the future of both our industry and
our society. Research is also crucial for finding new tools
that can be applied in exploration, aiding in the
discovery of the next generation of deposits. It is also
crucial for finding better, more economical methods for
mining and extraction that will be needed in the future.
Some researchers want to pursue their own interests
irrespective of ultimate applications, but most want to
work on projects that will benefit society. Companies
ultimately support what benefits their shareholders, but
corporate interests are wider than commonly perceived.
That means they may provide in kind support and access
for academic researchers, even for work that has no clear
relevance to them as part of general support for
universities, but they are not likely to make substantial
financial contributions to that work. However, when
research is focused on industry-relevant objectives that
are well-presented and credible in terms of objectives
and personnel, support is commonly available. This
means researchers need to understand what companies
do and how they do it so they can design projects that are
relevant and credible. Researchers do not have an
automatic right to be supported by companies; to get
support they need to have clear and achievable
objectives, a realistic program, and they need to
convince company people that they deserve support.
Then it will come.
When researchers fail to get support from companies,
they commonly blame the companies for lack of interest
in research. Very often the problem lies in the research
proposed, how it is presented, lack of credibility of the
researchers, or simply ignorance of how and to whom to
present the proposal. This was addressed in White
(1979): simply sending a research proposal to the
company’s head office is doomed to fail. The key to
success is to have a technically sound and realistic
proposal that is clearly and succinctly stated, and
presenting that to a person in the company who can act
as a champion for the proposal, ensuring that it is
presented in a positive way to the key decision-makers.
Various organisations, notably AMIRA International, act

3 Universities
Universities are education providers, but attitudes vary
widely between institutions and between departments in
these institutions. In some there is no interest in the
employability of their graduates, whereas others
recognize the importance of their graduates’ career
opportunities. All universities focus on student numbers
as one measure of the viability of the university and the
courses it offers. For most students the period in
university is a brief one, and they need to prepare for life
after graduation; consequently many students are
attracted to courses that can deliver jobs. During mineral
industry boom times, courses that lead to employment in
the minerals industry can provide a path to well-paid
positions, and student numbers rise; during bust times
student numbers drop and the viability of courses is
questioned. It would help both universities and the
industry if the supply of graduates could be made more
stable, but this outcome will only be possible with help
from industry, and requires a long-term commitment.
It is in the interest of universities to cultivate an
awareness of potential employment for their students,
and to develop good relations with companies.
Companies can provide access to deposits for
educational field trips, student projects and research,
vacation employment for students, and ultimately, jobs
for graduates. Involvement by students with companies
familiarises them with possible employment, makes
them aware of skills and training needed to be
employable, and elevates their general level of
awareness of the companies. There are excellent
examples of close and mutually-beneficial relationships
developed between enlightened companies and
outwardly-looking universities.
In developing good relations between universities
and compnies, senior university administrators have a
role to play. They can develop relations with senior
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as brokers who can bring researchers and potential
company sponsors together in support of collaborative
research projects; researchers should carefully consider
the major benefits of using them. In many exploration
campaigns, and in all mining environments, the minerals
industry generates far more geological, geochemical and
geophysical data than could be ever generated by most
government research grants. Collaborations between
industry, where time is at a premium, and academia,
where there is time to process and interpret such data in
detail, can be extremely beneficial if mutual trust and
respect can be developed between the potential
collaborators. But trust needs to be earned and
confidences and abilities must be respected on all sides
for such relationships to grow.

5 Conclusions
Companies, universities and researchers all have
different objectives, and are judged against different
criteria. But close and mutually-supportive relationships
are in the interest of all three. Companies should take a
longer-term approach and elevate these relations to the
same status as their social, safely and environmental
obligations. Educators need to be aware that education is
for something, and having potential for employment is a
great attraction to students. Researchers need to focus on
real and practical outcomes, and communicate better, not
only to their peers, but to the end-users who will apply
their results. All parties need to improve their
performance. All will benefit if they do.
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Abstract.
Sequence
and
chemo-stratigraphic
correlation of the Roan Group between the Zambian
and Congolese parts of the central African Copperbelt
indicates that the former represents the basin fringe and
the latter a more basinward setting. In Zambia, where
the condensed host succession is autocthonous around
a series of basement inliers, the entire section is
preserved and comprises four sequences beneath a
major transgressive surface at the base the Mwashia
Subgroup that marks the base of sequence 5. In this
framework, the classical stratiform ores formed around
the position of a major redox boundary at the base of
sequence 1 (the Ore Shale). Sequence 1 was
generated in response to rift climax, and is enveloped
by underlying permeable syn-rift clastics, and an
overlying succession of post rift carbonate and
evaporites (sequences 2, 3 and 4) that formed longlived top seal that trapped circulating basinal brines. In
the DRC, the Roan Group is ubiquitously dismembered
and occurs as mega clasts within anticlinal cores and
locally thrust sheets. In our model, this disruption
represents mobilisation and dissolution of a major salt
unit that formed between sequences 1 and 2 in this
more basinward setting. The similarity of the mega
clasts of Mines Series that form the Congolese ore
bodies across the 300 km strike length of the belt,
indicate that as in Zambia, the ores formed as stratiform
sheets.

exposed around the fringes of basement inliers it is <3
km thick, and comprises a thin (<1 km) basal syn-rift
clastic sequence overlain by a succession of marginal
marine shales and carbonates. Age constraints are
relatively poor; a basement granite that is
unconformably overlain by the basal Katangan clastics
has yielded a U-Pb zircon age of 877 ± 11 Ma
(Armstrong et al. 1999); and correlates of gabbroic
intrusives in the middle part of the succession have
been dated at 760-735 Ma (Key et al. 2001). This gives
a period of >100 Ma within which to deposit <3 km of
strata, indicating that even if considerable periods of
non-deposition occurred, sedimentation rates were
generally low at least for the post-rift succession.
The character the Roan Group changes markedly
across the border with the DRC. In the Congolese part
of the system there is no basement exposed, and the
general level of exposure is of the Nguba and
Kundelungu Groups that overlie the Roan. Through the
central part of the Congolese Copperbelt the Roan
Group is exposed within the cores of anticlinal fold
hinges and is ubiquitously dismembered, occurring as
mega-clasts, locally termed écaille, within polymictic
breccias. The ore bodies are hosted by a stratigraphic
interval termed the Mines Series, mega clasts of which
have the same basic architecture across the 300 km
wide mineralized belt. This comprises two stratiform
orebodies separated by a barren carbonate termed the
RSC, which in less altered areas clearly formed as a
laterally extensive stromatolitic reef.

Keywords. stratiform sediment-hosted Cu, Copperbelt,
Zambia, Congo

1 Introduction

2 Current stratigraphic/ore genetic model
for the Zambian Copperbelt

The stratiform sediment-hosted Cu deposits of the
central African Copperbelt are hosted by the
Neoproterozoic Katangan Supergroup. This succession
is exposed in the arcuate Lufillian Fold Belt between
the Archean Kalahari and Congo Cratons in south
central Africa, and is considered to have formed in an
intra-cratonic to passive margin setting. The ore
deposits are hosted in the basal Roan Group, and where
this succession is relatively intact in Zambia where it

The classical stratiform Zambian Copperbelt (ZCB)
orebodies are clearly folded and therefore predate
deformation of the Katangan succession. However, the
timing of mineralisation is a contentious issue, and
essentially the entire range of potential genetic models
for ore formation, from syn-genetic exhalative to synmagmatic replacement have been proposed at some
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and sampling of diamond drill cores, to produce
sequence and chemo-stratigraphic models for each belt.
In the ZCB, where the succession is clearly
autocthonous, we can identify seven sedimentary
sequences below the Grand Conglomérat. A
pronounced δ13C excursion of >10‰ to values of <5‰ in the three upper sequences from the Mwashia
Subgroup below the Grand Conglomérat, confirms that
this unit represents the Sturtian glacial event (e.g.,
Bodiselitsch et al. 2005; Wendorff and Key 2009) that
is recognised in Cryogenian sections worldwide (e.g.,
Macdonald et al. 2010). A lower negative δ13C
excursion of that peaks in the base of sequence 4 is
interpreted to record the Bitter Springs stage, which
occurs prior to the Sturtian glacials in a number of
other Cryogenian sections where, as is the case in the
Roan Group section in Zambia, it is not associated with
glacial strata. The lowest δ13C excursion present, in
which values fall to <-20‰ at the base of sequence 1,
is interpreted to represent the oxidation of organic
carbon associated with the mineralisation process
(Selley et al. 2005), and as such, to have no
significance for regional correlation.
The nature of the Roan Group sequences in the
ZCB changes up section, with accommodation for the
lowermost two sequences, which host the bulk of the
copper ores, generated by half-graben development
during active extension. The subsequent sequences 3
and 4 record denudation of tectonically-generated relief
and evolution to a laterally extensive, low-relief, basin
margin carbonate platform during a period of tectonic
quiescence. The transgression that marks the base of
sequence 5, which is coincident with the base of the
Mwashia Subgroup, is particularly significant because
it involves flooding of an established carbonate
platform which would normally have been able to keep
up with all but the most dramatic relative sea level
rises. We interpret this to signify a resumption of
tectonically
generated
accommodation
which
controlled the uppermost three sequences and may
reflect the onset of the breakup of Rodinia.
In the case of the DRC, conventional lithostratigraphic correlation has always been hampered by
the stratal disruption of the Roan Group, and by the
fact that the basement is not exposed through the
central part of the belt, leaving doubt as to how much
of the total stratigraphic section is exposed. To address
this problem, we have used the major transgression that
marks the base of sequence 5 in Zambia, and is also
recognised as the base of the Mwahsia Group in the
DRC (e.g., Cailteux et al. 1994), as an upper datum for
stratigraphic comparison. On this basis there are 4
sequences below the basal sequence 5 boundary in the
Zambian section, and three in the DRC. The sequence
stratigraphic model is supported by the chemostratigraphy, in that the Bitter Springs Stage negative
δ13C excursion that peaks in the base of sequence 4 in
the ZCB is also present at the same level in the DRC.

time. Our model (Selley et al. 2005) invokes metal
precipitation in the subsurface that commenced during
diagenesis, but may have persisted until the early
stages of basin closure/inversion. This process was
facilitated by a basin architecture which comprised; a
basal oxidised, clastic succession that was permeable
and readily allowed circulation of intra-basinal fluids;
overlain by extensive sheets of carbonates and
associated evaporites which formed a hydrological seal
that remained intact until late in the basin history. This
allowed the development of a long-lived,
hydrologically closed system in which convecting
basinal brines could interact with, and scavenge metals
from, rift phase clastic sediments, any volcanic units
present and probably also basement, and precipitate
them at the major redox boundary at the base of the
seal package, the organic rich Ore Shale (Hitzman et al.
2010).

3 Current stratigraphic/ore genetic model
for the Congolese Copperbelt
The stratal disruption of the Roan Group in the DRC
makes basin analysis difficult, however the unit is
widely considered to be allocthonous (e.g., Kampunzu
and Cailteux 1999; Porada and Berhorst 2000). In this
model, the succession is interpreted to have been
tectonically emplaced from the south on evaporite
lubricated thrusts. It is largely based on the tectonic
relationship of the Roan Group at the NW end of the
Congolese part of the copperbelt, where the
mineralised Roan Group strata are thrust emplaced
over the Kundelungu Group (e.g., François 1973;
François and Cailteux 1981), who estimate the
magnitude of tectonic transport in this region to be
around 50 km. However, the total magnitude of
tectonic transport across the Congolese Copperbelt has
been proposed to be in the order of ~150 km (e.g.,
Kampunzu and Cailteux 1999; Porada and Berhorst
2000), with the clear implication that the Roan strata in
DRC originated in central Zambia, and have been
tectonically transported across the autocthonous
Zambian part of the system.
Regardless of the structural setting, the fact that the
mineralised Mines Series mega-clasts that host the ores
in the DRC have the same architecture across the 300
km strike length of the belt, clearly indicates that the
ore zones formed prior to the brecciation as laterally
extensive stratiform sheets. The current model for
stratigraphic correlation of the Mines Series with the
Roan Group in Zambia interprets it as a correlate of the
main mineralised level there, the Ore Shale (e.g.,
Cailteux et al. 1994).

4 Sequence and chemo-stratigraphic
correlation of the Roan Group between
Zambia and the DRC
In order to address the question of the correlation of the
Roan Group from Zambia into the DRC, we have used
palaeo-bathymetric cycles defined by vertical facies
changes in sections constructed from detailed logging
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5 Implications of the Roan correlation
scheme

Kaputo, Barry Kazadi, Mike O’Sullivan, Wofram
Schuh and Stanislas Sebagenzi in the DRC.

The major implication of our regional sequence and
chemo stratigraphic correlation scheme for the Roan
Group between Zambia and the DRC are as follows:
(1)
As the sequences thicken up from Zambia in
the DRC, this confirms that the former is a basin fringe
and the latter a more basinward part of the system.
(2)
As there are only three sequences exposed in
the DRC below the sequence 5 basal boundary,
sequence 1, which includes the Ore Shale at its base
that hosts the bulk of the mineralisation in Zambia, is
not exposed in the DRC. We propose that the sequence
will be present in the subsurface as a thickened, more
basinal succession below the base of the Mines
Subgroup.
(3)
In the basin fringe sections of sequence 1 in
Zambia, sub-wave base dolomitic siltstones form the
lower part of the Ore Shale but the unit becomes
progressively more evaporitic up section, and is
ultimately overlain by abundantly evaporitic intertidal
sabkha deposits known locally as the Rokana
Evaporites Member. By implication, we propose; that
in the more basinal part of the system in the DRC, this
process would have led to the formation of a major
saltern unit which underlies sequence 2; we concur
with
Jackson
et
al.
(2003)
that
the
dissolution/migration of this salt body led to
disaggregation of the sequences above it (which clearly
included the already mineralised Mines Series which
we interpret as sequence 2), and in many cases, upsection transport of the resultant mega clasts within salt
walls and diapirs; that this explains the bulk of the
stratigraphic disruption of the Roan Group in the DRC,
which in our view is broadly autocthonous.
(4)
In terms of implications for the regional
setting of the mineralisation, our work predicts that
there are two mineralised levels in the Katangan Basin,
one below, or laterally equivalent to, the major level of
salt (the Ore Shale in Zambia) and one above it (the
Mines Subgroup in the DRC).
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Magnetite-Apatite and IOCG deposits formed by
magmatic-hydrothermal evolution of complex calcalkaline melts
Fernando Tornos
Instituto Geológico y Minero de España, Spain
Abstract. The geology and geochemistry of the coeval
magnetite-apatite and IOCG deposits of the Central
Andes are consistent with the ores being produced by
evolving magmatic-hydrothermal systems associated
with arc-related calc-alkaline magmatism. The magnetiteapatite deposits derive from the crystallization of waterand volatile-rich iron oxide melts that separated from
intermediate composition silicate magmas. They show a
vertical continuum from deep seated large plugs to
pegmatite-like and extrusive bodies and lack evidence of
fractional crystallization processes; it is unlikely that the
magnetite-apatite systems represent the roots of the CuAu deposits. IOCG deposits formed during the magmatichydrothermal evolution of similar crystallizing silicate
melts, and they also show vertical zoning. Late
hydrothermal remobilization of IOCG ores by basinal
brines produced the shallower
hematite-Cu-Au
mineralization. Both ore systems formed from
contaminated magmas, being the variable incorporation
of Fe-P-Si-rich crustal rocks the ultimate cause of the
generation of immiscible iron oxide melts.

dominate east of this structure, whereas basement rocks
of Paleozoic age and intrusive rocks of Permo-Triassic
and early Jurassic age are abundant west of the fault.
There is a close spatial and chronological association
between mineralization, plutonism and strike slip
movement of the Atacama Fault System (130-100 Ma),
with no age difference between the different styles of
mineralization and magmatism.
A second belt is located ca. 300 km east in the
present-day volcanic zone in the Andes, and includes
only recent (<5 Ma) magnetite-apatite deposits.
This study presents an integrated preliminary model
for the magnetite-apatite and IOCG deposits in the area,
suggesting that both styles of mineralization are part of
equivalent magmatic-hydrothermal systems.

2 The magnetite-apatite mineralization
The magnetite-apatite deposits of the Coastal Cordillera
of Chile include major ore bodies such as Marcona,
Algarrobo, or Romeral, containing more than 4000 Mt of
magnetite ore; the most significant deposit of the Andean
Cordillera is El Laco (>1 Gt). Due to shallow levels of
erosion, only the subaerial tops of the Recent deposits
are exposed, whereas the Mesozoic ones show complete
variation from deep to shallow systems.
The mineralization is here interpreted to be of
magmatic origin despite it was modified by subsequent
hydrothermal processes. Key arguments for such an
hypothesis include: (a) the minor extent of hydrothermal
alteration apart from in the easternmost deposits that
show widespread silica-alunite hydrothermal alteration;
(b) the presence of melt and fluid inclusions in the host
rocks and ore that are consistent with the separation of a
water-rich immiscible iron oxide magma from a parental
silicate melt; (c) the texture and structure of the
orebodies, resembling either pegmatite or (sub)-volcanic
rocks; (d) the very different structure of the magnetite
ore and the host rocks that precludes the ores being
formed by replacement; (e) the high temperatures of
δ18O isotope equilibrium (>500ºC).
The integrated data suggest that these deposits
probably represent a continuum that intruded at different
depths. Deposits such as Algarrobo and Romeral are
very similar to Kiruna and are interpreted to have formed
at depths of ca. 1-3 km, probably within the one fluid
phase field. Deposits formed at shallower levels, such as
Carmen or Fresia, have well developed pegmatite-like
structures and are interpreted to have crystallized
synchronously with the exsolution of a fluid phase. This
is evident from the presence of melt inclusions
containing silicate glass coexisting with gas- and brine-

Keywords. IOCG, magnetite-apatite, isotope
geochemistry, melt inclusions, fluid inclusions

1 Introduction
Magnetite-apatite and copper-gold deposits (IOCG)
coexist in several provinces worldwide, such as the
Skellefte and Cloncurry districts or the Central Andes.
All these deposits share features such as hydrothermal
alteration dominated by alkali feldspar (both albite and K
feldspar), actinolite/calcic pyroxene, and magnetite with
low proportions of quartz and sulfides, the common
presence of minerals rich in volatile or fluxing elements
such as P, F or B, and significant enrichment in U and
REE.
The origin of both magnetite-apatite and IOCG
deposits has been the subject of major research but
debate continues. Magnetite-apatite deposits are
interpreted to be derived from the crystallization of Tipoor iron oxide melts (Nyström and Henriquez 1994) or
as hydrothermal replacements (Hitzman et al. 1992),
whereas the IOCG deposits are thought to be derived
from fluids exsolved from crystallizing intrusive rocks
(Tornos et al. 2010) or the circulation of basinal brines
(Barton and Johnson 1996).
In Chile, all the studied IOCG and most of the
magnetite-apatite deposits are located in the Coastal
Cordillera, hosted by primitive basalt to andesite of late
Jurassic to early Cretaceous age or related intrusive calcalkaline rocks. The mineralization is always associated
with second order structures linked to the large N-S
striking Atacama Fault System. Mesozoic igneous rocks
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model. Values for the IOCG deposits (-10 to +6‰) are
similar to those of the porphyry copper deposits of the
Andes (-13 to +12‰), indicating a common origin for
boron, probably derived from the basement and the
subducting slab. The sulfur isotopes indicate variable
sources of sulfur. In the most proximal deposits
(Candelaria and Tropezón), sulfur with signatures close
to 0‰ could be derived from the igneous fluids whereas
in more distal deposits such as Mantoverde there is
probably a major influence of the host rocks (Marschik
and Fontbote 2001; Benavides et al. 2007).
On a 87Sr/86Sr i–εNd i diagram (Fig. 1), the ores and
related igneous rocks define a mixing trend between a
rather primitive and a more evolved end member,
reflecting that the primitive magmatic rocks that
dominate in the Coastal Batholith were contaminated by
underlying continental crust. Significant crustal
contamination in the IOCG deposits is confirmed by the
Os and Pb isotope signatures and the presence of
hercynite and enclaves of metasedimentary rocks in
mineralizing intrusions such as the Tropezon Stock.
Andesite hosting the El Laco deposit shows even greater
crustal contamination. By contrast, Jurassic to
Cretaceous andesite of the Coastal Cordillera shows a
juvenile signature that is attributed to extension and near
stationary subduction (Lucassen et al. 2006); the
Mesozoic magnetite-apatite deposits also show primtive
signatures.

rich fluids (Velasco and Tornos 2009). Some other
deposits are interpreted to have formed in a subvolcanic
environment, or even as extrusive bodies.
Experimental work (Philpott 1967) has shown that
iron-rich melts can exsolve from silicate magmas
containing high Fe contents, and this process is
significantly enhanced by the presence of P or other
fluxing agents (F, B), or by mixing/assimilation of silicarich rocks. In this process, water and volatiles are
strongly fractionated into the iron-rich phase. In sulfurpoor environments, Ti also fractionates into the iron-rich
phase but in sulfur-bearing ones, Ti remains in the
silicate melt (Tornos et al. submitted). Melt inclusion and
field data indicate that these rocks are oxidized and
sulfur-rich; at El Laco, anhydrite is widespread in melt
and fluid inclusions or in magmatic-hydrothermal veins
with diopside and magnetite. These data suggest that iron
oxide melts were fluid-rich and Ti-poor and attained
fluid saturation during ascent. Exsolved fluids –
dominantly in the vapour phase – mixed with surficial
water leading to the formation of large zones of acidsulfate alteration (Tornos et al. 2011) and the
replacement of earlier magnetite by hematite. This
alteration is especially abundant in the shallowestformed deposits and postdates the feldspar-actinolite
alteration that dominates near the deep seated magnetite
mineralization.

3 The IOCG deposits
As for the magnetite-apatite deposits, the IOCG
mineralization seems to also represent a vertical
continuum from deep intrusion-related to more distal
orebodies (Sillitoe 2003). The working model suggests
that the deep part (e.g., Tropezón) of these systems is
dominated by magmatic-hydrothermal processes similar
to those that form porphyry copper deposits, with ore
bodies that include tourmaline breccia pipes and zoned
Cu-Mo mineralization. They are related to a zone of
actinolite-magnetite alteration hosted by a large halo of
K-Ca-Fe alteration. In the shallower deposits, no
tourmaline breccias have been described but tourmaline
is common in the deep parts of the deposits. If the
proposed model proves to be correct, the deposits in the
Punta del Cobre district overlie a hidden intrusion.
The broadly synchronous hematite-rich deposits are
related to major structures and typically show sericitechlorite-carbonate alteration (Benavides et al. 2007),
indicative of lower temperatures and pH; they usually
overprint earlier magnetite-rich alkaline-calcic alteration
(Rieger et al. 2011) suggesting that the hematite-rich
mineralization resulted from the hydrothermal
remobilization of pre-existing ore.

Figure 1. Initial Sr and Nd isotope signatures of the
mineralization and related igneous rocks in the IOCG and
magnetite-apatite deposits compared to those of nearby
igneous rocks and porphyry copper deposits. Data from Stern
and Skewes (1995), Parada et al. (1999), Marschik et al.
(2003), Lucassen et al. (2006), Stern et al. (2010) and Tornos et
al. (2010).

The tentative model proposes that the genesis of the
magnetite-apatite and IOCG systems of the Andes is
controlled by the variable contamination of primitive
melts with continental basement. The presence of IOCG
and magnetite-apatite deposits that mostly formed in a
short time span in a restricted area suggest that the
ultimate cause of mineralization is of only regional
extent. The favoured model is that the ore formation is
related to contamination of juvenile melts by variable but

4 Discussion and conclusions
Different studies have proposed that magnetite-apatite
and IOCG deposits formed in a vertical continuum. The
interpretation here is that they represent different
manifestations of an unusual magmatic-hydrothermal
evolution formed at equivalent depths and similar ages.
δ11B values of tourmaline are consistent with this
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critical amounts of Fe- (and P)-rich crustal rocks. The
most likely candidate is the iron-rich oxidized shallow
marine siliciclastic sedimentary rocks of early
Palaeozoic age that are found in the basement through
the Andes.
The magnetite-apatite deposits represent true
immiscible melts separated from the parental silicate
magma. Probably, the key for forming the magnetiteapatite deposits is the assimilation of small but critical
amounts of the Fe and P-rich sediments. Contamination
by even small amounts of such rocks should favour
immiscibility and is also consistent with the presence of
silica-rich globules and immiscible iron oxide in melt
inclusions in El Laco and Carmen de Fierro.
The IOCG deposits seem to be related to discrete
intrusions with a high degree of contamination – evident
from the radiogenic and δ11B isotopes and the high Mo
contents – equivalent to that of the most crustal porphyry
copper deposits. These magmas were able to exsolve Ferich fluids but not to separate iron oxide melts. Intrusions
showing the most primitive signatures, such as those in
the Copiapó area, do not form major IOCG deposits.
This model explains why the magnetite-apatite ores
lack Cu-Au mineralization. The absence of fractional
crystallization inhibited the exsolution of metal-rich
fluids while the high SO4/H2S ratio of these melts did not
allow sulfides to precipitate. However, accompanying
silicate magmas related to IOCG mineralization were
oxidized enough for enrichment of Cu and Au, as well as
Fe, in the residual melt.
The Mesozoic magnetite-apatite and IOCG deposits
formed during a major tectonic change in the Early
Cretaceous following an adjustment in the convergence
vector of the Nazca Plate with the South American Plate,
with subduction evolving from orthogonal to oblique.
The onset of the Atacama Fault System as a strike slip
fault was related to this process. Synchronously, there
was a change in the style of magmatism, which gradually
evolved from volumetrically large, fissure-dominated,
flood-like andesite-basalt of Late Jurassic to Early
Cretaceous age to the intrusion of the Coastal Batholith
that was emplaced as several large lacoliths (Grocott
and Taylor 2002). Transcurrent deformation focused
magmatic activity along pull apart structures and
favoured longer residence times and interaction with
continental crust. This relationship of IOCG deposits
with major geotectonic changes in the Andes is similar to
that proposed by Kay and Mpodozis (2002) for the
porphyry copper deposits.
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Abstract. Most porphyry copper deposits worldwide are
the products of arc magmatism related to subduction of
oceanic lithosphere, but many deposits not directly
related to subduction are now recognized in eastern
Tethys (China, Vietnam, Iran, Pakistan), in the southwest
Pacific (Papua New Guinea, Fiji), and in the North
American Pacific margin (United States). These deposits
are associated with magmas that have similar
compositions to those in oceanic and continental arcs,
but formed by the partial melting of metasomatized lower
crustal rocks in response to a variety of post-subduction
processes. In western China and northern Vietnam, three
belts of deposits are known (Yulong, Ailoshan-Red River,
Gangdese); all are spatially distributed in distinct linear or
curvilinear patterns related to extensional or transcurrent
structures. In the western United States, deposits are
more widely distributed and structural control is not
prominent. Analysis of the distinct distribution patterns in
western China may lead to recognition of new
exploration models for porphyry copper in the western
United States.

deposits were emplaced in continental crust 10-70 Ma
after the cessation of subduction-related continental arc
magmatism.
In Tibet, three main groups or belts of deposits are
known (Fig. 1). The Yulong belt (46-35 Ma) is localized
by transcrustal strike-slip faults and the deposits may
have formed in transpressional zones between some of
the major faults. Yulong is the largest of the deposits,
containing at least 7 Mt of Cu (Hou et al. 2007).

Keywords. porphyry copper, Tethys, North America,
subduction, extension

1 Newly recognized deposit models
Although most porphyry copper deposits worldwide are
the products of arc magmatism related to subduction of
oceanic lithosphere, recognition of porphyry deposits
not directly related to subduction is an increasingly
prominent topic. Richards (2009) and Hou et al. (2011)
provide cogent reviews.
Non-subduction porphyry copper deposits are similar
to those in magmatic arcs. They have a wide variety of
Au and Mo grades and the associated magmas are
generally hydrous, oxidized calc-alkaline to alkaline
rocks that show evidence for partial melting of
protoliths that contain hornblende, as exemplified by
relatively elevated (Sr/Y). The grade and tonnage
distributions for these deposits are not significantly
different than for subduction-related deposits.

Figure 1. Map showing Cenozoic post-subduction porphyry
copper deposits and prospects, porphyry belts, and magmatic
assemblages in southwest China. Deposits are stars and
prospects are circles. Cross-hatched magmatic assemblages
(Yulong – YMA and Ailoshan-Red River – ARRMA) are highK shoshonitic to alkaline, and related to transcurrent faulting.
Medium gray magmatic assemblage (Gangdese - GMA) is
high-K calc-alkaline to shoshonitic and related to crustal
extension. Light gray magmatic assemblage (PMA) is
peraluminous and related to continental collision. Stippled
magmatic assemblage (UMA) is potassic to ultrapotassic.
Heavy gray dashed line is continental margin.

The Ailoshan-Red River belt (40-26 Ma) is also
related to a major transcrustal strike-slip fault zone that
has accommodated the migration of Indochina away
from the collision of India with Asia. Machanqing,
which contains about 300Kt of Cu, is the largest deposit
(Peng et al. 1998).

2 Spatial distribution of deposits in
magmatic belts
Prime examples of these deposits are in the western
USA and in southwest China (Tibet). In each case, the
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assemblage, which is dominated volumetrically by the
San Juan volcanic field. To the south, the MogollonDatil magmatic assemblage is petrologically similar to
the San Juan field, but no porphyry copper prospects are
known there.

In contrast to the first two belts, the plutons
associated with the Gangdese belt (26-10 Ma) formed in
an extensional setting, in grabens that trend at right
angles to the former continental margin, but are in an
elongate zone parallel to the former continental margin.
Qulong, with at least 8 Mt of Cu, is the largest deposit
in the belt (Yang et al. 2009), but newly discovered
porphyry mineralization below Jiama (primarily a skarn
deposit with at least 4 Mt of Cu) suggests that it may
become as large (Tang et al. 2010).
The porphyry copper belts are found within distinct
magmatic assemblages (fig. 1). The Yulong assemblage,
emplaced into the Qiangtang terrane (Precambrian
crystalline rocks overlain by Paleozoic-Mesozoic
marine sedimentary rocks), is largely intrusive, with a
few associated volcanic remnants. The plutons are
mostly shoshonitic and high-K calc-alkaline, with some
more alkaline rocks in the southern part.
The Ailoshan-Red River assemblage is distinctly
more alkaline, consisting of syenites, monzonites,
granites, and mafic alkaline rocks, along with a few
carbonatite complexes. Again, few associated volcanic
rocks remain.
The Gangdese assemblage is petrologically similar
to the Yulong assemblage, about equally divided
between high-K calc-alkaline and shoshonitic
compositions. It is intruded into the Lhasa terrane,
which is made up of Precambrian crystalline rocks
overlain by Paleozoic-Mesozoic marine sedimentary
rocks and intruded by the Cretaceous to Paleocene
Andean-style Gangdese batholith. Two other groups of
rocks are shown on Figure 1, a largely Paleocene
assemblage of peraluminous collision-related granites
to the south of the Gangdese belt and a very widespread
assemblage of small potassic and ultrapotassic
intrusions that formed sporadically in the Neogene.
In the western U.S., the geologic setting is somewhat
more complex. The most important deposits formed in
an Eocene belt (Bingham-Battle Mtn. trend) that is at
right angles to the former continental margin (Fig. 2).
This belt may be related to a Precambrian suture. The
deposit at Bingham, Utah, with a pre-mining resource
of nearly 30 Mt of Cu, is the largest deposit in the belt
(Ballantyne et al. 1996).
Another group of Oligocene and Miocene prospects
in the Rocky Mountains and Great Basin is distributed
throughout areas characterized by large ignimbrite
fields. An Eocene to Oligocene group of prospects in
the Great Plains Margin metallogenic province is
restricted to the easternmost part of the Cordillera.
These deposits too, can be related to distinct
magmatic assemblages. The Bingham-Battle Mountain
belt is part of what has been termed the interior
andesite-rhyolite assemblage (43-20 Ma) by Ludington
et al. (1996, 2001). It is referred to as the Great Basin
magmatic assemblage on Figure 2. These rocks are
mostly volcanic, although numerous plutons are
present. Andesite and other intermediate-composition
lava flows were produced throughout the life of this
assemblage, but the most voluminous rocks are dacite
and rhyolite ash-flow tuffs that were erupted from about
35 Ma onward. A group of prospects in Colorado (Fig.
2) occur in the Central Rocky Mountains magmatic

Figure 2. Map showing Cenozoic post-subduction porphyry
copper deposits and prospects, porphyry belts, and magmatic
assemblages in western USA. Deposits are stars and prospects
are circles. Stippled magmatic assemblages (Southwest
Laramide - SLMA and Northern Rocky Mountains NRMMA) are calc-alkaline and related to Late Cretaceous to
Paleocene shallow subduction. Light gray magmatic
assemblages (Great Basin - GBMMA, Colorado - CMA, and
Mogollon - MMA) are high-K calc-alkaline and non-orogenic.
Diagonally hatched magmatic assemblage (Great Plains
Margin - GPMMA) is also non-orogenic, but represents a
deeper melting zone. Gray dashed line is continental margin.

All three of these magmatic assemblages are broadly
similar. Most of the rocks have high-K calc-alkaline
compositions. Their origin is related to rollback of the
subducted Farallon plate after 45 Ma (Humphreys
1995). Hot asthenopheric mantle then flowed into the
wedge of enriched lithosphere above the collapsing slab
fragments, causing the formation of mafic melts, which
hybridized with continental crust to form magmas of
these large silicic ignimbrite fields (Chapin et al. 2004).
Another group of porphyry deposits is in central and
southern New Mexico, in rocks that are here termed the
Great Plains Margin assemblage (after McLemore
1996; equivalent to Rocky Mountain alkalic province of
Mutschler et al. 1985). These rocks, like those in the
Ailoshan-Red River assemblage are primarily alkaline,
and formed from about 36-25 Ma, during or just after
the onset of extensional tectonics (Kelley and
Ludington 2002). These rocks are also the result of slab
rollback, but at significantly deeper levels.

3 Geochemistry and genesis
Most of the intrusions associated with Tibetan postsubduction porphyry copper deposits have a consistent
geochemical and isotopic signature. They have high-K
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calc-alkaline compositions (65-70% SiO2) with a wide
range of εNd(t) (-10 to +5) and positive εHf(t) values (+4.5
to 7) (see Hou et al. 2011). Initial strontium ratios are
intermediate between juvenile oceanic signatures and
purely crustal signatures (0.705–0.708). They are
interpreted to have formed by partial melting of
thickened young mafic lower crust or delaminated lower
crust, but also incorporate modest amounts of
asthenospheric mantle. The breakdown of amphibole
releases fluids that lead to the elevated oxidation state
and high H2O content considered necessary for the
development of porphyry systems.
In the United States, the compositions of the plutons
associated with the porphyry copper deposits are similar
to those in Asia. There is little isotopic data, but a
compilation by Barton (1996) demonstrates that εNd(t)
values greater than -5 are rare in the Cenozoic.
Nevertheless, the models invoked for magmatism are
similar to those described above. The igneous activity is
generally ascribed to partial melting due to upwelling of
asthenopheric mantle after slab collapse and perhaps
delamination (Humphreys 1995).
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4 Are there unrecognized opportunities in
western North America?
Given the premise that these two provinces are
analogous, are there unrecognized opportunities for the
discovery of Cenozoic porphyry copper deposits in the
western United States? There have been no important
(post-Laramide) discoveries there for at least 30 years.
The most prospective area is probably the BinghamBattle Mountain belt (Fig. 2), because of its proven
productivity. Poorly documented prospects in this belt
include the Spruce Mountain district (Nevada), where 80
Mt of low-grade porphyry copper ore was delineated in
the 1980s (La Pointe et al. 1991). Butte Valley is a
buried porphyry copper prospect (Branham and Brown
2001) that contains at least 50 Mt @ 0.6% Cu. Several
other districts in eastern Nevada and Western Utah
might merit re-examination.
Another area where analogies with China suggest reexamination is the Great Plains Margin. Like the
Ailoshan-Red River assemblage in China, the area is
characterized by a mixture of high-K calc-alkaline and
distinctly alkaline rocks and by a mineral deposit
assemblage of Fe, Fe-Au, and Cu-Au skarn deposits,
possibly porphyry Au deposits, and a few porphyry Cu
deposits (Xu et al. 2007; McLemore 1996).
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Abstract. The Okhotsk-Chukotka volcanic belt (OChVB)
formed over 25 Ma from the middle Albian to the
Cenomanian at the boundary of the continental
Verkhoyansk-Chukotka and the Koryak-Kamchatka
collages of terranes as a special tectonic unit of the
Earth’s crust composed of subaerial volcanic rocks
extending for 3000 km. In regard to the oceanic margin,
the inner, outer, and flank zones of the OChVB have
been
recognized.
Porphyry
copper–molybdenum
deposits are concentrated in the inner zone. The outer
zone is characterized by gold–silver ore mineralization
and a variety of tin deposits. Silver-base-metal deposits
(Dukat, Lunny, Arylakh) are confined to the rift-related
volcanic trough that complicates the OChVB between the
Yana-Kolyma and Omolon terranes. The large Kupol,
Dvoinoi and Svetly deposit were discovered in recent
years.

1 Introduction
J.R. Spurr (1916), an eminent American geologist,
designated within the Cordillera and Andes “the great
silver channel” that extended from Oregon to Tierra del
Fuego.
Several such ore “channels” of Cenozoic and late
Mesozoic age had been identified by the mid-19th
century. The OChVB controls the “great gold–silver
channel” extending for 3000 km. The Okhotsk–
Chukotka volcanic belt (OChVB) and related worldsignificant gold–silver belt do not yield to the Andean or
the Balkan–Carpathian metallogenic belts (Sidorov et al.
2009). Despite a 50-year history, the exploration and
evaluation of the overwhelming majority of the known
gold–silver deposits and prospects remain at a very
initial stage. The territory of the OChVB is still poorly
studied.

Keywords. volcanic belts, gold, silver, deposits, genetic
features

Figure 1. Volcanic belts and gold-silver deposits in Northeast Russia. Comparative characteristics of foreign and Russian (OChVB)
epithermal gold–silver deposits in the diagram concentrations–reserves. Data on foreign deposits are given after Laznicka (2006).

epithermal mineralization and their links to porphyry
copper ores remain ambiguous. At the same time, many
epithermal gold and silver deposits were discovered in
recent years in the Pacific ore belt (Indonesia, Peru,

Most of the established occurrences and geochemical
anomalies have not been deeply explored; no highquality geophysical survey aimed at the discovery of
hidden ore bodies has been conducted; and the roots of

34

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Japan, Chile, Argentina, Papua New Guinea) (Fig. 1). In
economic significance, these deposits occupy third place

after the gold-bearing conglomerate and the deposits
hosted in greenstone belts (Frimmel 2007).

Figure 2. Tectonic elements and location of Au–Ag deposits of the OChVB.

structural elements: (1) the main arc that extends from
the lower reaches of the Ul’ya River to the coast of the
East Siberian Sea (about 2000 km), called the Taui–
Chaun Arcocline, (2) the West Okhotsk, and (3) the East
Chukotka flank zones (Fig. 2).

The following gold–silver deposits are known in the
OChVB: Dukat, Lunny, Arylakh, Gol’tsovy, Tidit,
Dzhul’etta, Nyavlenga, Valunisty, Dvoinoi, Kupol,
Evenki group, Karamken, Khakandazha; and gold- and
silver-bearing porphyry copper–molybdenum ore fields:
Vecherny, etc., Ol’khovsky group, Tanyurer group,
Erguveem group, and Koni-P’yagin group (Fig. 2). In
addition, a few tens of prospects and more than 2000
showings were inventoried in the OChVB. The large
Kupol and Dvoinoi deposits in the western Anadyr sector
and the Svetly deposit in West Okhotsk flank zone in the
OChVB were discovered in recent years.

3 The OChVB ore-bearing structural
elements
The Okhotsk sector is the largest part of the outer zone
of the OChVB (Fig. 2) and it is characterized by a great
diversity of volcanic fields, including ore-bearing ones,
widespread intrusive magmatism, and numerous
intrusive-volcanic ring complexes. The most important
epithermal gold–silver deposits, as well as porphyry tin–
silver and copper–molybdenum deposits and occurrences
are related to these complexes and regional and
supraregional lineaments, which controlled the formation
of volcanic fields (Volkov et al. 2006).
The Omsukchan Lineament Zone is a segment of the
large N–S-trending Omsukchan Suture traced by
geophysical data (Vashchilov et al. 2003) for about 300
km having a width of 30–60 km and spatially coinciding
with the Omsukchan Range. The Omsukchan Zone is
distinguished by epithermal Ag and Ag-base-metal
deposits, including the unique (Ag –15000 t) Dukat
deposit (Fig. 2 and 3).

2 Zoning of the OChVB
The OChVB is a tectonotype of marginal continental
volcanic–plutonic belt and the largest element of the East
Asian system of such belts. They are composed of
subaerial calc-alkaline and partly subalkaline volcanic
series (high-Al basalt–andesite–dacite–rhyolite) up to 5–
7 km thick and intrusions close to the volcanics in
composition and age, often batholith-type and mostly
multiphase (gabbro, diorite, predominant granodiorite
and associated tonalite, quartz monzonite, granite).
The OChVB formed over 25 Ma (Belyi 1994) at the
boundary of the continental Verkhoyansk–Chukotka and
Koryak–Kamchatka collages of terranes. The volcanic–
plutonic belt reaches 3000 km in extent, and its average
width is 200 km (Fig. 2). The belt consists of three

35

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Figure 3. Localization of the Dukat Au–Ag deposit in the structure of the Kakhovka volcanic–plutonic center.

magma chambers as vigorous energetic centers and
sources of fluids and ore components, including Au and
Ag, recovered from country rocks. The consecutive
manifestation of geological events related to these causes
resulted in the formation of inherited, rejuvenated, and
often regenerated hypabyssal and near-surface
(epithermal) deposits.

The Omsukchan Zone is closely related to the evolution
of the OChVB and consists of (1) the rift-related
Omsukchan Trough extending for 250 km along an
azimuth of 345° NNW from the headwaters of the Sugoi
River to the Burgali River (left tributary of the Kolyma
River) and (2) the Tumany–Viliga segment of the
OChVB (60–65 km along the strike of volcanic belt).
Six volcanic-plutonic centers are known in the
Omsukchan Zone: Kakhovka, Mandychen, Central
Omsukchan, Upper Sugoi, Tap, and Lower Dzhagyn.
These centers are accompanied by systems of
interrelated local magnetic and gravity anomalies.
Judging from the abundance and concentrically zoned
arrangement of silicic subvolcanic bodies and dikes in
three separate local areas in the central part of the
Kakhovka volcanic–plutonic center (Fig. 3), they belong
to the feeding systems of three large multiple
paleovolcanoes - Dukat, Koridor, and Mandychen which eroded to various extents. The internal structure of
paleovolcanoes is emphasized by concentrically zoned
outcrops of diorite, porphyritic diorite, granodiorite and
local arcuate zones of Au-Ag and Ag mineralization.
Such an arrangement is expressed most distinctly in the
Dukat complex paleovolcano, where arcuate zones frame
a small (6-8 km) intrusive dome that hosts the unique
Au-Ag deposit (Fig. 3).
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Conclusions
The formation of large gold–silver deposits may be
caused by several factors: (1) localization of them in the
zone of the main suture of the OChVB, particular
segments of which are related to the system of deep
faults; (2) increased thickness of the Earth’s crust with
prevalence of terrigenous complexes with primary
sulfide disseminations; (3) intensity, recurrence, and
various depths of magma sources ranging in ore districts
from the asthenosphere to the granitic crustal layer; (4)
formation of large intermediate palingenetic granitic
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Host rock volume change during alteration promotes
self-sealing of hydrothermal systems
Mathijs A. Booden, Jeffrey L. Mauk
School of Environment, University of Auckland, New Zealand
Abstract. Altered host rocks that surround hydrothermal
mineral deposits exchange elements with hydrothermal
fluids to produce alteration minerals. The changed
mineralogy affects the altered rock’s density and volume
and this in turn affects the potential of a hydrothermal
reaction to proceed. An increase in rock volume closes
fluid pathways and inhibits further reaction, whereas a
volume decrease has the opposite effect. In adulariasericite epithermal deposits, K-metasomatism dominates
mass change, where illite and adularia are the principal
K-bearing phases. Formation of illite generally decreases
host rock volume, whereas proximal adularia formation
increases the rock volume. Carbonation may further
increase rock volume or offset illite-related volume loss.
In orogenic deposits, proximal alteration involves
carbonation, sulfidation and sericitization. In each case,
proximal net volume effects in appear to be in the order
of 5-10% expansion. Therefore, proximal host rock
alteration provides a first-order control on hydrothermal
fluid flow; host rock alteration leads to volume expansion
that promotes sealing of the fault fracture networks that
provide the main conduits for hydrothermal flow.
Keywords. hydrothermal alteration,
epithermal, orogenic Au, fault-valve

molar

and orogenic Au deposits.

2 Volumetric effect of alteration
During hydrothermal alteration, the precipitation of
alteration minerals is coupled with the dissolution of preexisting minerals. The mass, volume and density changes
associated with alteration reactions can be calculated
based on molar mass and volume data and stoichiometric
coefficients. Since the hydrothermal fluid and its
dissolved reactants and products are absent before and
after the alteration event, only the solid phases are taken
into consideration. The molar volume change percentage
(ΔV) is defined as the percent difference between the
respective products of the stoichiometric coefficients and
molar volumes of reactants and products.
ΔV (%) = 100(Σxp i.Vi-Σxri.Vi)/(Σxri.Vi)

(1)

Here, xri and xp i are the stoichiometric coefficients of
reactant and product minerals and Vi the associated
molar volumes. We calculate percent volume changes for
alteration reactions based on the thermodynamic dataset
of Holland and Powell (1998) for 1 bar and 25 °C.
Although the datasets are valid at standard P-T, the
relative molar volumes of minerals are comparable at
other pressures and temperatures (Berman 1988), and
therefore the calculated volume changes are typically
within 1% of the actual volume change under
hydrothermal conditions (Stanley et al. in press). As the
dataset uses molar volumes derived for ideal mineral
formulae, we use ideal formulae even where more
complex compositions may occur in nature.

volume,

1 Introduction
Hydrothermal ore deposits commonly show textural
evidence for repeated phases of mineral deposition. Such
cyclicity in fracture-related deposits has been linked to
the hydrothermal sealing of fluid pathways. In this faultvalve model, buildup of hydrostatic pressure eventually
ruptures the sealed fault, triggering an earthquake, a
sudden pressure drop in the hydrothermal fluid and the
precipitation of new vein fill (Cox et al. 2001; Sibson et
al. 1988).
Deposition of vein minerals may be the most striking
aspect of hydrothermal sealing. A potentially significant
additional factor in self-sealing processes is alteration of
host rocks. Intensely and pervasively altered host rocks
commonly surround hydrothermal veins and such rocks
record significant mass change relative to unaltered
equivalent rocks (MacLean 1990). Mineral replacement
reactions and the net loss or gain of elements can change
the volume and density of a rock (Gresens 1967), which
affects rock permeability by narrowing or expanding
fluid pathways (Barnes 1997). This in turn directly
affects the continuation of hydrothermal reaction: a
hydrothermal alteration process that increases rock
volume is self-limiting, whereas a contraction of rock
volume promotes further percolation of the fluid. In this
paper we show that volume increases associated with
hydrothermal alteration at shallow to deep crustal levels
exert a first-order control on permeability for epithermal

3 Hydrothermal alteration
Adularia-sericite epithermal deposits form at shallow
crustal levels (~0-2 km), representing a distal end
member type among magmatic-related hydrothermal
deposits (Hedenquist and Lowenstern 1994). Epithermal
gold deposits are commonly associated with extensional
tectonic regimes (Simmons et al. 2005). In contrast,
orogenic gold deposits form at intermediate to deep
crustal levels in association with deep-crustal fault zones
at up to 15-20 km depth in compressional or
transpressional settings, commonly in greenschist-facies
rocks (Goldfarb et al. 2005; Groves et al. 1998).
Epithermal and orogenic gold deposit types and the
associated alteration reactions consequently represent
contrasting shallow to deep crustal environments.
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Table 1 Representative alteration reactions.
Adularia-sericite epithermal

ΔV%

3Albite => Muscovite + 6Quartz

-7.7

Albite => Adularia

8.9

5Diopside + 2Albite => Chlorite + 13Quartz

-4.6

5Enstatite + 4Albite => 2Chlorite + 16Quartz

10.2

by K-mica or adularia, with contrasting volumetric
effects. The replacement of albite (representing
plagioclase) by K-mica is associated with a ca. -7.7%
volume decrease, whereas plagioclase replacement by
adularia is associated with an 8.9% volume increase. The
replacement of plagioclase + mafic minerals by chlorite
has mixed effects: replacement of clinopyroxene is
associated with a volume decrease, whereas the
alteration of orthopyroxene yields a volume increase. A
net volume change percentage can be calculated for a
particular alteration process provided that the mineralogy
of the protolith and the altered rock are known. We
applied simple norm calculations intended to reproduce
mineral assemblages that may approximate those in
unaltered, illite-altered and adularia-altered andesite,
based on a typical dry andesite bulk composition. We
assume that in altered rocks, Fe+Mg reside in chlorite,
that all remaining Al reacts with hydrothermal K to form
either illite or adularia, and that Na and Ca are
hydrothermally removed. On this basis, complete
alteration of an unaltered dry plagioclase + pyroxene
andesite to an illite-altered equivalent rock results in a
ca. -4% volume decrease. Conversely, altering the same
rock to an adularia-altered equivalent composition
results in a ca. 8% volume increase. Intense adulariaalteration occurs proximal to epithermal veins whereas
illite may be the dominant K-bearing phase up to km’s
from veins (Simpson and Mauk in press). Consequently,
the volumetric effect in the direct vicinity of main fluid
pathways is host rock expansion. Calcite alteration can
additionally increase volume due to the addition of
carbonate. Assuming an illite-altered rock in which Ca is
retained in the form of calcite instead of removed, a
norm calculation as per the above yields a ca. 8%
volume increase relative to equivalent unaltered
andesite. Volume increases would be even greater in
altered rocks that on balance gained Ca. This shows that
distal altered rocks in adularia-sericite deposits can also
expand, depending on the relative proportions of illite
and calcite, where initial illite-related volume loss can be
offset by subsequent calcite-related volume gain.
In orogenic deposits, carbonation, sulfidation and
sericitization all occur. As shown above, the volumetric
effect of sericitization is a slight volume loss.
Carbonation and sulfidation, in contrast, lead to
substantial volume increases. In individual alteration
reactions, volume increases are in the order of 10-40%
(Table 1). As for adularia sericite altered rocks, a net
volume change can be estimated based on an estimate of
mineral proportions in unaltered and equivalent altered
rocks. We assume a chlorite + albite + epidote + quartz
mineralogy for an unaltered greenschist of intermediate
composition. For altered equivalent rocks we assume
that 1) all Ca forms calcite or 2) all Ca forms
ankerite/dolomite, with remaining minerals principally
chlorite, muscovite, paragonite and quartz. Calcitealtered rock shows a ca. 7.5% volume increase relative
to unaltered equivalent rock, and dolomite-ankeritealtered rock a ca. 9.5% volume increase. Sulfidation can
further increase these values. The expanding effect of
carbonation and sulfidation appears to outweigh the
more limited volume decrease due to sericitization.

Orogenic Au
Titanite => Calcite +Rutile + Quartz

40.9

3Tremolite + 2Epidote =>
3Chlorite + 10Calcite + 21Quartz
3Chlorite => 2Muscovite + 15Pyrite + 3Quartz

35.7
10.9

3Chlorite + 15Calcite =>
2Paragonite + 15Dolomite + 3Quartz

9.4

In adularia-sericite epithermal deposits, alteration
mineralogy is zoned (e.g. Buchanan 1981). Potassium
metasomatism is the dominant alteration process,
through the dissolution of Na and Ca and the
precipitation of K-bearing phases adularia (KAlSi3O8)
and illite (e.g. K-mica KAl3Si3O10(OH)2) (Giggenbach
1984). Intense K metasomatism can occur in close
proximity to epithermal veins to form adularia and silica
(potassic alteration), whereas illite or interstratified illitesmectite predominates away from epithermal veins.
Chlorite is the main mafic phase and quartz is
ubiquitous. Calcite is also common, but it typically
overprints other alteration minerals, and may occur
largely in barren late-stage veins that formed in response
to collapse of the geothermal system (Simmons et al.
2005).
Host rock alteration surrounding orogenic gold
deposits depends on host rock composition and
metamorphic
grade.
In Archean
intermediate
composition greenschist-facies host rocks (Eilu et al.
1998), distal alteration is characterized by pervasive
calcite precipitation and the destruction of primary
silicates and oxides, which are replaced by chlorite +
albite + rutile + quartz. More proximally, calcite may be
replaced by mafic carbonates including dolomite and
ankerite. Proximal alteration typically involves bleaching
due to the dissolution of mafic sheet silicates and the
predominance of muscovite ± paragonite. It is further
characterized by dissolution of K-feldspar and possibly
albite, and by the precipitation of up to 10% vol.
sulfides, principally pyrite. Quartz is stable throughout
the entire alteration halo (Eilu et al. 1998). Comparable
replacement reactions have been recognized in
Phanerozoic orogenic gold deposits in Australia and
New Zealand (Craw et al. 2009; Bierlein and Maher
2001).

4 Alteration reactions
Table 1 lists calculated volume changes associated for
representative alteration reactions that could occur in an
intermediate composition host rock in either the
epithermal or orogenic environment. In adularia-sericite
epithermal deposits hosted in plagioclase + pyroxene
andesite, abundant igneous plagioclase can be replaced
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5 Discussion
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In epithermal and orogenic Au deposits, the host rocks
proximal to hydrothermal veins may expand by 5-10%.
Two possible effects are: first, the sealing of fluid
pathways into host rocks from the main conduit inhibits
further hydrothermal percolation and host rock
alteration. This effect limits the width of an alteration
halo. It may help to explain the comparatively restricted
lateral extent of adularia altered rocks (Simpson and
Mauk in press). Self-sealing of fluid pathways into host
rock might additionally lead to more extensive migration
of a fluid along the plane of the primary conduit, and so
enhance the lenticular shape that characterizes many
orogenic gold deposit alteration haloes.
Second, host rock expansion will exert a first-order
control on hydrothermal fluid flow by inhibiting
hydrothermal circulation. Thus, the cyclic patterns of
hydrothermal veins likely reflect not only sealing of the
conduit by precipitation of vein minerals, but also
sealing of the conduits by host rock expansion. It is
likely that both processes contribute at different rates,
e.g. rapidly sealing a conduit by precipitation followed
by slower consolidation as the host rock expands. A key
research question is what the relative rates are of host
rock expansion and precipitation in the conduit.
Furthermore, the effect of host rock expansion depends
on the width of the alteration zone relative to the
adjacent conduit. For example, a 5-10% volume increase
in a 10 m wide alteration zone would seal or
significantly limit the permeability in a 0.5 to 1 m wide
vein. As noted above, the width of an alteration zone
may be self-limiting by the magnitude of volume
increase. Consequently, an alteration process that entails
a relatively smaller volume increase could be more
effective at sealing a main conduit if the alteration halo
reaches a greater extent than for a high-volume increase
process.
Although proximal adularia alteration in adulariasericite epithermal deposits involves a volume increase,
intermediate to distal illite alteration involves a slight
volume loss as long as no significant carbonation occurs.
Illite-alteration consequently promotes non-channelized
fluid flow and indeed, K metasomatized rocks with illite
or interstratified illite-smectite can extend over 100m-km
scales away from epithermal veins (Simpson and Mauk
in press). Such rocks also experience a net mass loss
during alteration (Booden et al. in press). This lost mass
is commonly offset, at least in part, by precipitation of
late carbonate, which leads to a subsequent volume
increase.
In conclusion, hydrothermal alteration reactions that
occur proximal to orogenic and epithermal Au deposits
lead to significant volume increases that in turn inhibit
fluid flow in fault-fracture networks in shallow to deep
crustal levels. Repeated opening of fault-fracture
networks is required to offset sealing caused by mineral
precipitation in veins, as well as volume expansion in the
adjacent host rocks.

This work was supported by New Zealand Foundation
for Research, Science and Technology grant 3623344.
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Abstract. Qiagong skarn deposit is genetically related to
monzogranite porphyry formed during the initial collision
of India-Asia continent. Based on petrological and
petrochemical results, this paper discusses the origin of
the granitic rocks and their geodynamical setting. The
results imply that the granites in this area are derived
from both mantle and continental crust. The crustal
source is amphibolite and hornblende eclogite, with rutile
and plagioclase in residual phases. The mantle source of
the monzogranite porphyry is via upwelling through the
tearing window of the subducted Neo-Tethys slab.

as a result of the India-Asia main collision stage (Hou et
al. 2006a).
The granites include coarse biotite monozonitic
granite (BMG), monzogranite porphyry (MGP), quartz
porphyry (QP) and aplite (AP). BMG mainly outcrops
in the south and west of the district, and comprises part
of a large granite pluton. MGP is closely related to Fe,
Cu, Pb (Zn) mineralization (Xie et al. 2009a) and
outcrops in the south part of the deposit. QP outcrops in
the east part of the deposit, whereas AP occurs as
vein/dyke in MPG and BMG.
The iron skarn occurs in the contact zone between
MGP and K1t as irregular layers along the limestone.
The skarn is dominated by exoskarn, characterised by a
mineral assemblage of garnet, quartz, calcite, epidote
and actinolite. Minor (thin) endoskarn is also found
occasionally, bearing a mineral assemblage of garnet,
diopside and wollastonite at the outer zone of MGP.

Keywords. geochemistry, petrogenesis, Qiagong skarn,
initial collision, metallogenesis

1 Introduction
Qiagong Fe (Cu, Pb, Zn) skarn is genetically related to a
monzogranite porphyry with a U-Pb age of 68.8 Ma
(Xie et al. 2009a) - slightly after the beginning of the
India-Asia collision which commenced at 70 Ma (Yin
2000). Compared with the porphyry system in East
Gangdese, the lithologies of the intrusion and related
mineralization are different in Qiagong. The U-Pb age
of the porphyry implies a much older mineralizing event
at middle Gangdese (Xie et al. 2009a). Based on
geological, petrological and petrochemical results of the
granitic rocks (including monzogranite porphyry, biotite
monozonitic granite, and aplite) in the area, this paper
discusses the petrogenesis of these granites and the
implications for their geodynamic setting.

Figure 1. Geological map of Qiagong Skarn Deposit (based
on Hubei Geological Survey 2008)
1-Quaternary; 2-Linzizong Group; 3-Takena Formation; 4middle-coarse biotite monzogranite; 5-rhyolite porphyry; 6monzogranite porphyry; 7-Skarn; 8-Iron ore body; 9-Sampling
location.

2 Geology
Qiagong Deposit is located in Xietongmen County,
Tibet, China. Qiagong together with Nazha, Jiangga,
Jiugang, Sinongduo, Jiaduobule and Chazangcuo
comprises a NNE trending skarn-belt in the Middle
Gangdese metallogentic belt.
At Qiagong (Fig.1), much of the area is covered by
the Cretaceous Takena Formation (mostly limestone and
partly siltstone), Eocene Linzizong Group volcanic
rocks and granitic intrusions. The Lower and middle
Linzizong Group (E1-2 L) volcanics outcrop in this area,
including the Dianzhong (E1d) and Nianbo Formations
(E2n). The Linzizong Group, caused by the partial
melting of the subducted Neo-Tethys slab itself (Mo et
al. 2003) or the mantle wedge above the slab (Chung et
al. 2005), lies unconformably on the Takena Formation

The boundary between the BMG and MGP are
obscured and their field relations are thus unresolved.
QP intruded into MPG. MGP and QP have a Zircon UPb age of 68.8 ± 2.2 Ma and 64.6 ± 1.6 Ma, respectively
(Xie et al. 2009a), whereas BMG has a U-Pb age of
50~54 Ma determined by SHRIMP (Li GM unpublished
data). The intrusive sequence of these granitic rocks is
temporally MGP – QP – BMG – AP.
Geological evidence shows that skarn alteration and
mineralization at Qiagong Deposit are closely related to
MGP, and that QP may also have contributed. BMG was
emplaced after the skarn formed, but it seems to have
had little influence on the deposit.
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3 Samples and analytical results

pattern diagrams (Fig.2), Cs, Rb, Th, U and K, and REE
(Eu excluded) are strongly enriched, with Ba, Ta (Nb),
P, Zr, Ti having negative anomalies. BMG and AP are
strongly negative in Sr.
Chondrite-normalized REE patterns of these rocks
are LREE enriched with slight (MGP) or strong (MPG
and AP) negative Eu anomalies.

Study sample locations are marked on Figure 1, and
include locations on BMG, MGP and aplites. The
analysis of major, trace and REE element, and Pb-Sr-Nd
isotope composition were conducted in the Beijing
Research Institute of Uranium Geology (BRIUG) with
corresponding national standards. Results of analysis are
summarized in Table 1. Trace and rare earth element
patterns are show in Figure 2.

4 Discussion
4.1 Source and residual phase

Table 1. Summary of analytical results from Qiagong skarn
deposit granitic rocks
MGP
BMG
AP
MGP
BMP
AP
MGP
BMG
AP

Al2 O3

SiO2

CaO

K2O

Na2O

TiO2

15.22
13.69
14.21

69.89
73.86
73.22

2.05
0.53
0.45

3.45
5.19
5.31

4.61
4.72
4.89

0.35
0.11
0.10

P2O5

Fe2O3

FeO

MnO

LOI

MgO

0.11
0.03
0.02

0.66
0.46
0.58

1.79
0.76
0.55

0.06
0.08
0.05

0.49
0.26
0.22

0.87
0.04
0.03

Ga

(La/Yb) N

Mg#

δEu

Nd/Hf

εNd

15.60
15.07
16.16

8.15
5.97
5.75

32
3
4

0.84
0.12
0.08

8.20
6.14
6.05

-3.5
-3.6
-3.6

87

MGP
BMG
AP

Sr/86Sr

0.707305
0.736410
0.738209

208

Pb/ 204Pb

38.942
38.934
39.126

207

Pb/204Pb

206

15.653
15.633
15.634

The Pb isotope composition of these rocks shares
features of the Linzizhong Group volcanics (Mo et al.
2003) and lamproites in south Tibet (Miller et al. 1999;
Ding et al. 2003). Both are considered to have a source
from enriched mantle under the Tibetan continental crust
during collision. εNd of these granitic rocks is negative
with high SiO2 and 87Sr/86Sr values, revealing a
significant influence of components from the continental
crust. The higher Mg#, lower 87Sr/86Sr and SiO2 of MGP
than BMP and AP, suggests that MGP has more mantle
source than the other two.
Though more crustal components contribute to AP
and BMG, they are lower in Al and less enriched in Ba,
Sr and Eu than MGP. Plagioclase accumulation may be
the most reasonable explanation for this.
On a Nb/Ta vs Zr/Sm diagram (Fig. 3), the three rocks
plot in the area of amphibolite and hornblende eclogite
melting. A hydrous environment caused by dehydration
of the subducted Neo-Tethys slab under the Asia plate,
made rutile stable and it remained as a residue phase
(Hou et al. 2005) that leads to the Ti negative anomalies
in deriving melt. The partial melting of amphibolite
leads to Ta and Nb negative anomalies in the melt.

Pb/204Pb

18.657
18.656
18.827

All in average; MGP- monzogranite porphyry, 5 samples;
BMG- biotite monozonitic granite, 4 samples;
AP-aplite, 4 samples; Mg# =MgO/(MgO+FeO)×100;
εNd=[(143Nd/144Nd)Sample/0.512638 – 1 ] ×104

Figure 3. Nb/Ta vs Zr/Sm diagram for intrusive rocks of
Qiagong skarn deposit (based on Condie 2005; melting fields
from Foley et al. 2002)

Figure 2. Trace and rare earth element patterns of
monzogranite porphyry (A), biotite monzogranite (B) and
aplite (C) in Qiagong skarn deposit.

4.2 Tectonic setting implication
Major element features of these granitic rocks range
from porphyries associated with Cu-Au metallogenesis
in arc environment (Kerrich et al. 2000) to adakite-like
porphyries of the southern Tibetan continental collision
zones (Gao et al. 2007). The Nd/Hf rate values are less
than 10, while HFSE is not low relative to LILE for
almost all the samples implying that they cannot be
explained as subduction-derived (Pearce et al. 1999).

In TAS Classification, the rocks all classify as
rhyolites (granite). In the Irvine and A/NK vs A/CNK
classification: MGP is peraluminous and high K calcalkaline, while BMG and AP are both metaluminous,
but high K calc-alkaline and shoshonite respectively.
MGP has the highest MgO and Mg#.
On primitive mantle-normalized trace element
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On a tectonic discrimination diagram by R1-R2
(Batchelor and Bowden 1985), AP and BMG plot in the
‘non-orogen’ A-type granite area, but are not typical Atype granites due to their low Ga concentration (<20
ppm). MGP samples plot mainly in the destructive
active plate margin and late orogen area.
The convergence rate of the Indian to Asian plates
increased rapidly at 70 Ma (Lee and Lawver 1995),
meanwhile the subducted Neo-Tethys slab rolled back
(Chung et al. 2005). This was then followed by its
break-off at about 54~50 Ma (Leech et al. 2005). Hou et
al. (2006b) proposed a model of the upwelling of hot
asthenospheric materials contributing the Tibetan
plateau through a tearing window in subducted India
plate. This was caused by the diachronous breaking off
of the Neo-Tethys slab. For MGP, a new “tearing
window” model is also suitable. As the Neo-Tethys slab
was subducting at a low angle (Ding et al. 2003), it was
unable to reach the depth and temperature required to
induce partial melting of the mantle wedge above it or of
itself. So the Dianzhong Formation volcanics would not
happened until the slab came to roll back at 70 Ma.
When the roll-back happened, the difference in roll-back
rate of different parts of the slab, leads to tearing of the
slab due to differential inclinations. The underlying
mantle upwelled through the tearing window and
contributed to crust that lead to the mantle source feature
of MGP.
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4.3 Metallogenesis during initial collision
Metallogenesis during the initial Indian-Asian
continental collision phase has been confirmed in the
eastern margin of the zone, by deposits such as the
Lailishan Sn skarn in Yunnan province. However, fewer
deposits are seen in the Gangdese belt. The
mineralisation-related granites in East collision zone
have a crustal source related to thickening (Hou et al.
2006a). The Qiagong skarn deposit is part of a NNEtrending polymetallic metallogenic belt, which is
genetically related to an upper Cretaceous to Paleocene
monzonite granite porphyry. The porphyry at Qiagong
has an older U-Pb age (Xie et al. 2009a) and is different
in origin, thus implying a different tectonic setting
compared to the Gangdese porphyry belt.
The presence of skarn and epithermal deposits in the
area,exemplifies the strong mineralizing potential of an
initial collision related granite. Petrochemistry and fluid
inclusion results also provide evidence for the
mineralizing events of this area. The inclusion results
show high Cu, Pb and Zn content in the porphyry
derived fluid (Xie et al. 2009b) and their mineralizing
potential. Skarns are spatially related to the porphyry
mineralization (e.g. Franchini et al., 2000), so represent
additional ore potential in the region.
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discolored Rotligede sandstone, following by the black
Kupferschiefer and Werra clayey dolomite (Wodzicki
and Piestrzyński 1994). The deposit is crossing
mentioned above strata and its thickness is ranging from
0.4 up to 26 m. Over 140 different ore minerals have
already
been
identified.
Chalcocite,
bornite,
chalcopyrite, covellite, tennantite and silver minerals
accompanied by pyrite, galena and sphalerite are the ore
minerals major in the deposit. Sulphides are
characterized by their light Sulphur G34S ranging from 10‰ to -45‰ (Piestrzyński 2007).

Abstract. Mineral zonation is discussed in both the scale
of minerals and the scale of the deposit. Although
zonation of ore minerals is very rarely observed, because
of the low-temperature association, however some
crystals show perfectly zoned structures that are also
refect in their chemical composition. Mineral zonation at
the deposit scale is visible in a central ore body
composed of chalcocite that is surrounded by bornite with
minor chalcopyrite and galena. Mineral zonation helps
understand problems of mineral genesis.
Keywords. Kupferschiefer, mineral zonation, SW Poland

1 Introduction
Stratiform copper deposit was discovered in 1957 in the
Lubin ore district and mining commenced in 1968 (Fig.
1). The Rudna mine (R in Fig. 1) was opened in 1974.
The world class Lubin-Sieroszowice mining district is
owned by the public mining company KGHM Polska
Miedź S.A. During 50 years of mining operation, over
one billion tons of ore grading 1.8-2.0% of copper and
45-60 ppm of silver were extracted. The mining area
occupies 400 km2, but the geological deposit stretches
over 1000 km2 of the Fore-Sudetic Monocline. Close to
the mining area there is a reserve field (G in Fig. 1).
Although gold and PGM's were discovered by Kucha
(1973), however an economic concentrations were firs
reported in 1994 during routine mineralogical sampling
and described by Piestrzyński et al. (2002). Rote Fäule
(RF) was reported in the time of deposit discovery. The
RF is recognized as synsedimentary and early diagenetic
oxide facies controled by fine dispersed hematite in the
Kupferschiefer and Werra limestone strata. The position
of the primary RF is shown in Figure 1. The secondary
oxidation system (SOS), responsible for precious metals
enrichment, was described by Piestrzyński et al. (2002).
SOS is younger in comparison to the RF.

Figure 1. Simplified map of the Lubin-Sieroszowice IOCG
deposit, SW Poland (without Cenozoic strata).

3 Mineral zonation

2 Geology

At the mine scale there is vertical zonation observed,
however in some section only a half-symmetric zonation
can be documented. In general, the vertical distribution,
going from the bottom to the top of the deposit, is as
follows: pyrite – chalcopyrite – bornite – chalcocite –
bornite – chalcopyrite – galena – sphalerite – pyrite.
Such a zonation is typical of the central part of the
deposit, e.g., Rudna Mine (R in Fig. 1) (Pieczonka et al.
2007). In the eastern and western flanks symmetric
zonation is usually not complete. Horizontal zonation is

The extent of the Permian sediments markes the
southern border of the deposit (Fig. 1). Other borders
are based on last positive drill holes characterized with
an accumulation index of 50 kg/m2 of copper plus silver
equivalent, with 0.7% Cu as a cut-off. The deposit is
located on a redox interface that intersects
penacordantly the Lower and the Upper Permian strata,
composed of white arenitic sandstone that is partly
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these conditions is contained in some ore minerals (Fig.
4, 5, 6).

widely discussed in the literature (Oszczepalski 1989;
Oszczepalski and Rydzewski 1987; Pieczonka et al.
2007); however this zonation is not well documented
(Piestrzyński 2007). Oszczepalski (1989) suggested that
metal zonation is related to the Rote Fäule. But if we
take into account a rot sandstone of the Rotliegendes
strata, that lies slightly below the Kupferschiefer, it is
quite clear that metal zonation depends on a local
environment developed on the redox barrier only
(Piestrzyński 2008). Horizontal zonation is well visible
in Figure 2, which is a geostatisticaly calculated map
based on quantitative measurements of ore minerals in
chip samples collected from 276 profiles and 204 drill
cores. The central part of the ore body is occupied by
chalcocite, whereas the western and eastern flanks are
dominated by chalcopyrite and pyrite associated with
minor galena. The same, central position in the
Kupferschiefer is occupied by high values of the
hydrogen index (Kotaraba et al. 2007). Hydrogen index
is defined by a following ratio: mg HC/g TOC.

25Pm

Figure 3. Zoned crystal of dolomite, HCl-etched. Reflected
light, dolomite ore, Lubin Mine.

25Pm

Figure 4. Relationship of diagenetic dolomite crystal to the
ore mineralization represented by tennantite, bornite and
chalcopyrite. Reflected light, dolomite ore, Lubin Mine.

Figure 2. Symmetric zonation of dominating minerals in the
sandstone ore, Lubin-Sieroszowice mining district. The broken
line indicates extent of mineralized white sandstone.

25Pm

Figure 5. Botroidal textures of bornite (bn) and pyrite (py)
developed in magnetite - ilmenite grain replaced by pyrite.
Reflected light, sandstone ore, Lubin Mine.

Zoning is reflected very well in mineral textures (Fig. 3,
4, 5, 6, 7). Digenetic dolomite crystals show their
internal habits after H2S etching (Fig. 2). Such a
zonation confirms unstable conditions that took place
during host rock transformation. The best information on

Botryoidal textures of mix-valency sulphur-bearing
phaces containing Fe, Cu and As represent the low
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temperature stage of deposit formation (Kucha,
Piestrzyński 1991). Dark zones visible in figure 6 are
related to S+6-rich phases. Zoned tennantite shows high
variation of its chemical composition and changes from
pure tennantite (points 1, 3, 5, 7 in Table 1) to Sb-rich
compositions (points 2, 4, 6, 9, 11, 14 in table 1). The
areas between the analytical points 13 – 8 and close to
points 11 – 12 show colour variation. These places are a
metasomatic reactive front where antimony is
substituted by arsenic. Iron and zinc, which are typical
elements of tennantite group in thes deposit show low
variation in this zoned crystal (Table 1).
Table 1. EDS composition (in wt.%) of a zoned tennantite
crystal from Lubin Mine.
Sample
AP-k1/1
AP-k1/2
AP-k1/3
AP-k1/4
AP-k1/5
AP-k1/6
AP-k1/7
AP-k1/8
AP-k1/9
AP-k1/10
AP-k1/11
AP-k1/12
AP-k1/13
AP-k1/14

S Kα
29.11
27.17
29.31
29.13
30.00
27.44
29.89
28.49
28.30
29.14
27.66
28.33
29.19
27.95

Sb Lα
2.55
18.40
2.51
9.30
0.94
17.37
0.62
7.09
9.30
3.65
10.69
7.10
3.42
14.83

Fe Kα
4.06
3.00
4.88
3.97
5.35
3.07
4.86
4.34
4.41
5.15
4.19
4.66
4.63
3.49

Cu Kα
41.04
38.00
40.94
39.49
40.97
37.66
41.33
40.81
39.64
40.43
39.45
40.59
41.47
38.19

Zn Kα
4.04
4.67
3.00
3.85
2.49
5.08
2.80
3.49
3.27
2.65
3.51
2.88
2.90
4.40

As Kα
19.02
8.14
19.04
13.83
19.80
8.51
20.08
15.17
14.34
18.31
13.60
15.51
17.67
10.42

Figure 7. BSE picture of zoned tennantite; + = 1-14 analytical
points, see Table 1.
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Figure 6. Botryoidal textures of copper sulphides in pyrite.
Reflected light, sandstone ore, Lubin Mine.

3 Discussion
The metasomatic front observed in some ore minerals
proves the presence of unstable condition during deposit
formation. It is reflected in both mineral zonation and
formation of such low-temperature phases like
thiosulfates. Horizontal zonation shows the character of
symmetric phenomenon and probably depends on the
direction of fluid flow and the hydrogen index in the
Kupferschiefer horizon.
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A classification of uranium sources
Maurice Pagel
Département des Sciences de la Terre, Université Paris-Sud XI, UMR IDES CNRS-UPS 8148, Bât 504, 91405 Orsay
Cedex, France
Abstract. The source of uranium and associated
metals is an important issue in prospecting. A genetic
model of formation of uranium deposits implies
knowledge of the source. Therefore, the sources of
uranium and associated metals must be studied in
different geological contexts. The concept of fertility was
introduced by Marcel Moreau in 1966 for granitic rocks
having average U content higher than the crustal
average, this uranium being located in uraninite crystals
easily leachable in oxidizing conditions. In this extended
abstract a genetic classification of the different uranium
sources is proposed: (1) the active sources, (2) the
immediate passive sources, (3) the time-postponed
passive sources, (4) the transitional passive sources
and (5) the pre-mineralized sources. It is emphasized
that a succession of pre-concentrations could occur and
that all metals do not necessarily come from the same
source.

2 The various categories of
sources illustrated by examples

the quantity of uranium in the glass which will make a
fertile rock. In sedimentary basins and soils, the
diagenetic and pedological alterations can remobilize
uranium and a large part is then in sites of adsorption
(Zielinski et al. 1986; Pagel 2009), thus easily leachable
in particular by acidification of pH. It is the case, in
particular, when volcanic components are present in
sedimentary basins, which during devitrification are
going to release the uranium. Finally, some uranium
deposits are directly formed by magmatic processes
(Cuney 2008). So the few examples presented above
show that the nature of sources is very varied and the
purpose of this article is to propose a new list of sources
and to illustrate the processes which end up in the
formation of these various sources on representative
cases.
In this extended abstract, a genetic classification of
the various sources into 5 categories is proposed:
- The active sources are those where the formation
process drives to economic concentrations of uranium.
It is the case of partial melting which may form
important concentrations but also of fractional
crystallization.
- The immediate passive sources are the ones whose
formation ends up directly into easily leachable
significant contents in uranium.
- The time-postponed passive sources are formed
at first by uranium concentrations superior to the
average but the uranium is located in minerals difficult
to leach. With time, their metamictization increases
significantly their solubility.
- The transitional passive sources are rocks rich in
uranium since their formation but uranium was
redistributed during an episode of fluid circulation and,
in that case, the process of sorption plays a major role.
- The pre-mineralized sources are those
concentrations with no economic value remobilized to
form the economic concentration.
This classification does not have to hide that it can
have a succession of preconcentrations and that the
deposit results from two processes for example an active
source which will be remobilized by superficial
alteration (example of Rössing in South Africa).
These various sources are now to be discussed with
the presentation of significant uranium systems based
on my personal experience or taken from the literature.
quoted active sources result from partial melting
(Rossing) or from fractional crystallization (Ilimausacq,
Bokan Mountain).

2.1 The active sources

2.2 The immediate passive sources

The active sources result from a process which drives
directly to the formation of a deposit. The most usually

These sources have been recognized for a long time in
France where uraniferous veins and episyenites were

Keywords. uranium, sources, classification, genetic
model, fertility

1 Introduction
The elaboration of a genetic model of formation of an
uranium deposit implies knowledge of the source, the
transport and the deposition of uranium and associated
elements and gangue minerals. The source is often little
studied because numerous studies focus on the deposit
itself. It is often observed that rock sources have
average uranium contents higher than the crustal
average which is estimated at 3-4 ppm. The concept of
fertility was proposed by Marcel Moreau (Moreau et al.
1966) for granitic rocks having high uranium contents,
this uranium being leachable. Furthermore, in these
granites, crystals of uraninite are present (Ranchin 1971;
Cuney 1978). This uraninite is easily leachable in
oxidizing conditions (Brookins 1968). At the same time,
Pagel (1981) showed that some U-rich granites in the
Hercynian Chain could not be fertile granites at the time
of the mineralizations in the Massif Central. Indeed,
these granites are rich in thorite and uranium is retained
in this mineral where it is located in substitution to
thorium. But thorite being a mineral which loosens its
crystal lattice by metamictization through time, the
uranium then becomes leachable (Pagel 1982a,b).
Volcanic equivalents exist but in that case, it is mainly
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these deposits, zirconium is present in pitchblende in
replacement of uranium and the content in Hg is low (no
more than a hundred of ppm) but these two elements are
witnesses of a volcanic source, U resulting from
devitrification and alteration of volcanic material. From
mineralogical and geochemical data on the Lodève basin
(France) and on the Tim Mersoï Basin (Niger), the
general characteristics of this type of sources are listed
below. In both basins, the presence of volcanic material in
sediments is indicated by: (1) detrital grains of quartz
with glass inclusions which arise from the erosion of
volcanic complexes, (2) sediments (Tim Mersoï) or
cinerites rich in analcime (Lodève). Analcime is a
diagenetic mineral of volcanic glasses occurring during
the burial and (3) a synsedimentary volcanic material
represented by ghosts of volcanic shards. In fact, the
volcanic material in these basins is often underestimated
because, although it is preserved in sediments deposited
in low energy environment, in high energy sediments, it is
very difficult to recognize because of reworking.
The study of the glass inclusions in Tim Mersoï and
Lodève basins showed that magmas are rich in uranium
but can be of different nature. In the Tim Mersoï basin,
the magma is alkaline whereas, in the Lodève basin, it is
cal-alkaline with lower U values.
In both basins, U-mineralizations are younger than
the stratigraphic age. For the Akouta deposit located in
Visean sediments an age of 197 ± 63 Ma has been
obtained by Turpin et al. (1991) whereas an age of 172 ±
2 Ma was obtained by Lancelot et al. (1984) in the Mas
d’Alary deposit hosted by Permian sediments in the
Lodeve basin.
It is certain that devitrification began before these U
ages. Induced fission track mapping and the images by
cathodoluminescence show that U is distributed on Fe-TiMn oxides and organic matter. The fraction of mobile U
is very important in these sediments sometimes reaching
about 100%.
The role of the Precambrian lateritization in the
genesis of the unconformity-type uranium deposits have
been discussed by Pagel (1991). Lateritization released
uranium from especially resistant minerals, which
resulted in a preconcentration zone (transitional zone)
where a large proportion of uranium is absorbed on Fe
and Ti oxi-hydroxides as in recent laterites. If an acid Clrich brine such as characterized by fluid inclusions
studies is circulating in this zone, the uranium desorbed
and the brine is enriched in uranium. It has been also
demonstrated that U-bearing minerals are altered by the
oxidizing brine, especially in fracture zones in the
basement. However, one of the key parameters for the
high tonnage and grade of these deposits is related to the
laterite profile. Compared to recent laterites, a U
depletion is noticed below the Athabasca sandstones. It
should be also pointed out that Au and Ni, which are
enriched in laterites, are associated with U in areas
where the basement is richer in these elements.

located in granites rich in uranium, on the order of 20
ppm. In a granite, uranium and thorium cannot enter the
essential minerals because of their high valency and of
their ionic radius. They will enter then accessory
minerals. During the crystallization of granites, if the
paragenesis of accessory minerals consists of monazite zircon - apatite, the resulting magma will be enriched in
U.
If 50% of the uranium in the granite is contained in
crystals of uraninite of 100μm, one crystal of uraninite
will be observed in a thin section or two. This means that,
to detect uraninite, you need to use backscatter electrons
on a SEM and not an optical microscope.
For Cuney (1978) « the transfer of uranium from more
refractory accessory minerals to uraninite during the
deuteric evolution is a critical step which not only
increased the uranium content in the altered rocks but also
makes uranium more readily leachable by later
hydrothermal solutions».
The circulation of oxidizing, superficial or deep fluids
will induce leaching of uranium which can precipitate in
the rock source (deposits of Massif Central for example)
or outside (leaching of granites of Massif Central and
precipitation in a deltaic environment rich in organic
matter for the Coutras deposit (Meunier et al. 1989).

2.3 The time-postponed passive source
They were proposed for the first time by Pagel (1982)
for potassic subalkaline granites. In that case, a large
part of the uranium is in thorite (60%) and during the
crystallization of magma, only some grains of uraninite
form at the end of crystallization. This uraninite is
richer in Th than the uraninite of the leucogranites.
The association of accessory minerals is very
different with, in particular, besides zircon and apatite,
the presence of allanite, titanite and thorite.
These Hercynian thorites have lost large quantities of
uranium. By working on Alpine thorites in the Ano
Vrondou massif in Greece, we found stochiometric
thorites (Coucoulis 1982; Pagel 1982b). Numerous
recent works on the metamictisation confirm that Ubearing silicates lose uranium after a certain irradiation
time.
It should be possible to model the functioning of the
time-postponed passive sources with the condition of
studying well the process of metamictization of
accessory U-bearing silicates minerals and the
associated phenomena (fracturing, increase of volume).
The alpha-decay dose necessary for metamictization
increased exponentially with the age of the specimen
(Lumpkin and Ewing 1988).

2.4 The transitional passive sources
These sources form at a certain moment of the geologic
history following modification of previous sources. They
will be illustrated by two very different examples, on the
one hand by deposits located in volcano-sedimentary
basins and on the other hand by the unconformity related
type uranium deposits. Deposits of uranium are known in
siliciclastic formations with very specific geochemical
associations of U-Zr-Mo-V-Zn-(Hg) (Pagel 2009). In

2.5 The pre-mineralized sources
The existence of uranium pre-mineralization at the origin
of deposits is extremely difficult to demonstrate.
However, the isotopic composition some common lead,
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with high 207Pb/206Pb, is a strong argument for the
presence of uraniferous preconcentrations. For example
on the Rabejac deposit (Lodève Basin, France), Lancelot
and Vella (1989) showed that, in this deposit, a Permian
preconcentration existed.
In the pre-mineralized sources, U-rich placers can also be
considered because it is the mechanical sorting of
uraninite grains which constitute the mineralization.

Pagel M (1982a) The mineralogy and geochemistry of uranium, thorium
and rare earth elements in two radioactive granites of the Vosges,
France. Mineral Mag 46:151-163
Pagel M (1982b) Successions paragénétiques et teneurs en uranium des
minéraux accessoires dans les roches granitiques: guides pour la
recherche de granites favorables à la présence de gisements
d’uranium. In: Les méthodes de prospection de l’uranium, OCDE,
Paris, 445-456
Pagel M (1991) Laterization and paleogeomorphology: Their roles in
the genesis of unconformity-type uranium deposits of
Saskatchewan, Canada. In: Source, Transport and Deposition of
Metals, Pagel and Leroy (eds), Balkema, Rotterdam, pp 331-332
Pagel M (2009) A review of the sources of uranium and associated
elements in sediment-hosted U-Zr-Mo-V-Zn-(Hg) deposits. In:
Williams et al. (eds) Proceedings of the 10th SGA Meeting,
Townsville, Australia, pp 601-603
Ranchin G (1961) La géochimie de l’uranium et la differentiation
granitique dans la province uranifère du Nord-Limousin. Thèse
d’Etat, Nancy, 394 p
Turpin L, Clauer N, Forbes P., Pagel M (1991) U-Pb, Sm–Nd and K-Ar
systematics of the Akouta uranium deposit, Niger. Cheml Geol
87:217-230
Zielinski RA, Bush CA, Spengler RW, Szabo BJ (1986) Rock-water
interaction in ash-flow tuffs (Yucca Mountain, Nevada, USA).
Uranium 2:361-386

3 Conclusion
The source of metals is one of important issues in Uprospecting. This importance is especially true for
strategic prospecting. In tactical prospecting, the relations
are much more vague. We saw that, if the U content is
high, it must be associated with its mineralogical
distribution. The leaching of uranium indeed strongly
depends on accessory minerals and, for some silicates, of
their metamict state.
In granitic rocks, the order of crystallization of
accessory minerals is particularly important. In the
immediate passive sources, uraninite is available during
the hydrothermal events in the last orogenic stages.
It has been recognized that one or more stages of
anatectic/metamorphic, hydrothermal or supergene
enrichment follow the precursor to make ore (Nash
1978).
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Arc-continent collisions: their role in the generation and
preservation of mineral deposits
Richard Herrington
The Natural History Museum, London, UK
Dennis Brown
Instituto Ciencias de la Terra “Jaume Almera” CSIC, Barcelona, Spain
Abstract. In cases of simple accretion, arc-continent
collision zones preserve previously formed deposits. The
obduction of ophiolites from the overlying oceanic plate is
a common feature, accompanied by the accretion of all or
parts of the entire volcanic arc and its mineral
endowment. The subsequent ingress of continental
material to the subduction channel can change the
budget of contributed components from the slab to the
mantle wedge and in some cases it appears that
magmas enriched in metals such as gold could be
generated. There is also some evidence that the
physical effect of the ingress of the less dense
continental crust itself could cause subduction shallowing
or even stalling leading to the generation of anomalous
magmas. Arc reversal is a feature of many arc-continent
collisions, effectively turning passive continental margins
into active continental arcs. This arc reversal may also
result in melts being sourced from more fertile, previously
metasomatised, mantle which has further implications for
metallogenesis. The actual collision itself is also shown
in some cases to be linked to formation of orogenic gold
deposits and in rare cases post-collision extension can
lead to further magmatic activity linked to mineral deposit
formation.

(Dewey 2005), with the recognition that the majority of
ophiolites become preserved by obduction on to passive
continental margins (e.g., Cawood and Suhr, 1992; Carlile and
Mitchell 1994), complete with their mineral deposit
endowment. It follows therefore, that in a similar fashion,
volcanic arc sequences can be accreted on to the continental
margin (e.g., Brown et al. 2006), a process which again
preserves the mineral deposits already formed in the arc rocks.
During arc-continent collision, a key aspect to be
considered is the tectonic response of the subduction system.
This response appears to be quite variable in examples studied
in the geological record and thus there is a variable response
expressed in the mineral deposits formed during and after
collision.
Three important scenarios can be identified in the
geological record, shown graphically in Figure 1, which appear
to have major implications for the formation of mineral
deposits (Herrington et al. in press):
1) Accretion and subduction polarity reversal (arc
reversal)
2) Accretion and subduction jump
3) Accretion and post collision extension
It is also noted that in orogens involving oblique convergence,
much of the continued shortening is accommodated along
favourable oriented strike-slip faults adding further
complexities to the scenario.

1 Introduction
Although studies of the relationship between arc-continent
collision and the generation of mineral deposits are rare (e.g.
Mitchell 1985), it has been recognised that processes
associated with arc-continent collision could play a significant
role in the formation of some orebodies (e.g., Solomon 1990).
Dewey (2005) observed that arc-continent collision can
generate very short orogenies largely as a result of the
buoyancy-driven impedance to the continued subduction of
continental crust, noting that arc or supra-subduction ophiolite
obduction can occur followed by subduction zone jump and/or
reversal. Subduction reversal is also recognised as one of the
most effective ways to change an accretionary continental
margin into an active continental arc above a sub continental
subduction zone (Clift et al. 2003). This change in subduction
character will have a profound effect on the magmatic systems
that are active in the arc and, de facto, the mineral deposits
forming in the crust now above the subduction zone.
Tectonically, subduction reversal may also result in major
changes in the state of stress in the growing orogen as the
compressive forces of mountain building are reorganised (Clift
et al. 2003), leading to profound changes that can also affect
mineral deposit formation.
Arc-continent collisions are fundamental mechanisms for
the growth of continents (Taylor and McLennan 1985; Rudnick
and Fountain 1995; Hoffman 1988). Therefore in its very
simplest terms, the arc-continent collision can preserve any
mineral deposit already formed in accreted arc rocks or
microcontinent fragments docked to the continental margin.
Obduction in particular is important for ophiolite preservation

2 Effects of arc-continent collision on
mineralisation
2.1 Arc-continent collision and the subduction
of the continent margin
During the collision of a continental margin with an arc, the
ingress of continental derived sediments and finally the
continental crust itself can have both geochemical and physical
effects on the subduction and the nature and chemistry of the
melts formed. Melts are generated largely in the mantle wedge
but may be contaminated by components from the descending
subducting slab, either as volatile inputs or more rarely as
possible direct slab melts. An example of the former scenario is
found in the Banda arc, magma contamination by subducted
continental-derived sediment is linked to the formation of goldrich VMS deposits (Scotney et al. 2005; Herrington et al.
2011). A further example is the Uralides where the latter stages
of continental subduction in the Magnitogorsk arc are marked
by the generation of K-rich magmas, potentially partly slabderived melts, which can be linked to porphyry Cu-Au deposits
(Gusev et al. 2000, Herrington et al. 2005).
As the arc and continent collide, obduction of some of
the oceanic rocks occurs and this is a key mechanism for the
preservation of ophiolites and their mineral deposits. Some or
all of the arc rocks may also become accreted to the continental
margin and this is a major mechanism for the growth of
continental crust (Clift et al. 2003). This collision process is
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then likely followed by one of the three previously mentioned
scenarios and these are discussed below.

2.2 Scenario 1 – Subduction polarity reversal
In the first scenario of accretion and arc reversal, which may be
the norm (Dewey 2005), subduction direction reverses and the
once passive continental margin becomes an active destructive
margin. A new continental arc will develop and there is
evidence that in arcs formed in this way this flip is the trigger
for major Cu and Au deposits to form as in the case of the
Philippines (Barley et al. 2002). It appears that the flip, if
inboard of the previously formed intra-oceanic arc, might allow
the melting of a mantle which has already been modified. This
results in magmas more fertile for the formation of large
magmatic-hydrothermal Cu and Au deposits (e.g. Solomon
1990, McInnes et al. 2001). A reversal like this is modelled in
the case of the New Britain Trench which is related to the
complex collisions of plates in southwest Pacific.

2.3 Scenario 2 – Subduction jump
In the second scenario, obduction and accretion will occur but
perhaps due to the mechanical competence of the oceanic slab
attached to the continent, arc reversal is resisted and any
shortening is accommodated on other subduction zones
outboard of the former subduction zone. There was no arc
reversal in the case of the Urals, and in this case the old arc
died and the formation of magmatic-related mineral deposit
formation ceased. Shortening across the Urals palaeocean was
then accommodated on a second inboard arc where new
mineral deposits formed (Herrington et al. 2005).

2.2 Scenario 3 – Post-collision extension
The third scenario may be rare but at least in one case of the
Tasman Fold System, arc-continent collision was marked by
obduction of primitive supra-subduction rocks including
boninites. In this case, collision was followed by slab
detachment and extension on the continental block of the
passive margin. This extension led to the formation of
submarine basins or grabens in which the volcano-sedimentary
sequences of the Mount Read volcanics developed,
accompanied by the formation of VMS deposits (Crawford et
al. 2003). It is possible that the magmatism responsible for the
giant Grasberg porphyry copper deposit could have developed
in such a setting (Cloos et al. 2005). A similar scenario is
suspected for many of the Paleozoic Central Asian porphyries
unpublished CERCAMS data.).

Figure 1. Simplified cartoons showing the broader-scale
results of arc-continent collision: a) shallowing of subducting
continental margin and generation of contaminated and slab
melts; b) Obduction of oceanic crust and arc followed by arc
jump inboard; c) Obduction of oceanic crust/arc followed by
arc reversal; d) Detachment of downgoing slab followed by
extension on the continental plate. See text for more detailed
discussion.
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3 Summary
Arc-continent collision is most critical as a mechanism for the
preservation of supra-subduction zone ophiolite-hosted mineral
deposits and those formed in intra-oceanic arcs. In addition,
the effects of the onset of collision can also subtly change
magma chemistry in the intra-oceanic arc during its waning
stages, affecting the associated mineral deposits. During the
tectonic processes of the actual collision, orogenic gold
deposits may form.
The common result of arc-continent arc collision is arc
reversal which is potentially one of the most important
processes for the formation of continental arcs and their
associated mineral deposits. Such continental arcs host major
porphyry Cu-Au-Mo and epithermal Au-Ag deposits.
Lastly, in rare cases, post collisional settings may be
suitable sites for the formation of some VMS and porphyry CuAu deposits.
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Exhumation contrasts and their implications for gold
camp styles across the West Qinling Orogenic Belt,
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a diverse range of more than 50 gold deposits,
irregularly distributed within east-trending thrust and
suture zones in central China (Fig. 1). With the great
number of discoveries of gold in the region during
the last three decades, the WQO now represents one
of the most important and prospective gold provinces
in China (Mao et al. 2002; Chen et al. 2004).
Although classification is somewhat problematic
in the region, both Carlin-type and orogenic gold
deposits are recognised, with the Dashui and Liba
deposits typical of the two types, respectively (Fig.
1). Both deposit types are strictly structurally
controlled and spatially limited to within 3 km of
intrusions.
However,
the
mineralization
characteristics of the two are distinctive: the former is
hosted in limestone close to the Ge’erkuohe pluton
(porphyritic granodiorite), whereas the latter type is
found in low-grade Devonian metamorphosed
sandstone and siltstone, close to the Zhongchuan
pluton (biotite monzogranite). The mineralization
style comparison is presented in Table 1. The
immediate question posed by this disparity is why the
mineralization character varies so much within the
WQO. What may have controlled the distribution of
these two deposit styles at the economically
accessible surface?
Addressing these questions will both improve our
understanding of the tectonic evolution of fertile gold
belts and contribute to the design of improved
exploration strategies for gold resources in the WQO
and elsewhere.

Abstract. New themochronological data will improve
our understanding of the exhumation history of the
West Qinling Orogen (WQO), Central China, which
hosts significant gold resources. Two gold camps
within the WQO, the Ge’erkuohe-Dashui Camp (GD
Camp) and Zhongchuan-Liba Camp (ZL Camp) were
chosen to represent the two contrasting mineralization
styles. The former hosts several Carlin-like gold
deposits, including Dashui, Sanfenchang, and
Gongbei deposits; the latter accommodates several
orogenic gold deposits, including Liba, Jinshan, and
Maquan. Our preliminary results reveal significant
differences in the magnitude of post-mineralisation
exhumation between the two areas: in the GD Camp,
the Ge’erkuohe pluton was emplaced close to surface
in the Late Triassic, whereas in the ZL Camp The
Zhongchuan pluton was emplaced deeper in the crust
(between 4 and 5 km) and has experienced significant
post-emplacement exhumation to bring it to its
currently exposed level. This occurred at relatively
stable rates from Late Cretaceous to Miocene time,
but the resolution of our data does not rule out
temporary stasis and episodic exhumation outside this
time window. These differing exhumation histories
suggest that the different styles of gold deposit
reported in these two regions may primarily reflect
varying depth within the mineralizing system. If this
proves to be the case, the regional exploration focus
may be improved by resolving the relative postmineralization exhumation of a camp to better predict
the style of mineralization that might be expected.
Keywords. West Qinling, (U-Th)/He
thermochronology, exhumation comparison

1 Introduction
The western part of the Qinling Orogen (WQO) hosts
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Table 1. Comparison between the Ge’erkuohe-Dashui gold Camp and the Zhongchuan-Liba gold Camp
Deposit
Dashui

Liba

Intrusion
Gold
Alteration
Host rocks
Structure
Ge’erkuohe visible gold Silicification, Triassic shallow NWW reverse fault,
marine
(Secondary Hematization,
cut by N-trending
sediments
secondary dextral
enriched) Carbonification,
Jarositization
reserve faults
Zhongchuan fine gold in Sericitization,
Devonian
NW reverse fault,
cavities of/ silicification, metamorphosed secondary NWW
between
chloritization,
sandstone and
sinistral faults
sulfides
carbonification
siltstone

Timing
T3- J1

Classification
Oxidized
Carlin-type or
Carlin-like gold
deposit
~215Ma Orogenic gold
deposit
(Zeng et
al., 2010)

Figure 1. a) Simplified regional map of the West Qinling area; b) and c) Mine scale geological map of the Dashui and Liba gold
deposits. Insert in a) shows the location of the study area. Mine scale geological map are presented to show the intimate spatial
association between the mineralization and intrusion.

2 Thermochronology

reference therein). Preliminary data for the Ge’erkuohe
pluton were introduced in an abstract by the authors in
this volume, but a wider range of data from the region are
presented here in Table 2.
The SHRIMP U-Pb ages from the Zhongchuan and
Ge’erkuohe plutons are 219.5 ± 2.1 Ma and 213.7 ± 2.7
Ma, respectively. A muscovite 39Ar-40Ar age of 215.0 ±
1.2 Ma for the Zhongchuan pluton indicates that this
body experienced rapid cooling immediately postcrystallization from ~219 to ~215 Ma. Further cooling to
below the ~200 °C retention temperature of helium in
zircon, however, did not occur until ca. 100 Ma,
indicating either slow cooling or thermal stasis in the
mid-crust between ~215 and ~100 Ma. Further cooling
proceeded gradually, at rates of no more than 2.5°C/Ma,
with the body passing through ca. 70°C only 50.8 ± 7.0

Utilizing temperature-sensitive radiometric dating
techniques (thermochronometry) to reveal a record of
low temperature, upper crustal process can elucidate the
timing and duration of shallow mineralization processes,
the rate and magnitude of exhumation experienced, and
the corresponding preservation potential in prospective
regions (McInnes et al. 2005).
Samples were taken from the Zhongchuan pluton and
Ge’erkuohe granodiorite dykes (Fig.1). Zircon and
apatite were handpicked for SHRIMP U-Pb dating and
(U-Th)/He dating to resolve the thermal history of
samples from ~900°C (zircon Pb closure temperature) to
200 ± 20rC (zircon He closure temperature) and 70 ±
10rC (apatite He closure temperature) (Fu et al. 2010 and
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away much of the mineralization. Any similar, shallow
deposits in the region would have also been significantly
eroded and further gold discoveries are more likely to be
of the mesozonal orogenic-style, like the Liba deposit.

Ma ago (Table 2; Fig. 2).
Table 2. Thermochronological results of the samples from
Zhongchuan and Ge'erkuohe plutons

4 Conclusions

Closure SHRIMP Ar-Ar on U-Th/He Fission U-Th/He
Temp. zircon
muscovite dating track on dating
Zircon Apatite Apatite
Intrusion 900±50°C 350±50°C 200±50°C ~110°C 70±20°C

Although based on a limited dataset, the preliminary
thermochronological results reported here indicate
contrasting exhumation histories between the GD and
ZL, with the latter having experienced a much greater
magnitude of post-mineralization exhumation. This
disparate history may account for the marked contrast of
reported mineralization styles between the two camps. It
follows that exploration targeting shallow gold
mineralization is likely to be more effective in the GD
area, while further gold discoveries in the ZL Camp are
more likely to be deeper-level orogenic-style deposits.

Zhongchuan 219.5±2.1 215.0±1.2 99.7±7.2 64.2±2.7* 50.8±7.0
Ge’erkuohe 213.7±2.7

211.5±15.7

214.3±27.4

All data are reported in 2σ error, blank means no data available.* refers
to Zheng et al. (2004)

In contrast to this episodic history, concordance of
zircon U-Pb and zircon (U-Th)/He ages from the
Ge’erkuohe pluton indicate that the Ge’erkuohe pluton
experienced rapid post emplacement cooling at ~213 Ma
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Figure 2. Thermochronological curves of the samples from
Zhongchuan and Ge’erkuohe plutons

3 Exploration implications
If the styles of mineralization likely to be present in an
area are established, exploration can be more effectively
targeted. In the GD Camp, this study indicates that the
Ge’erkuohe pluton and the associated Carlin-like gold
deposits have remained in the shallow part of the crust
since emplacement of the pluton. This is consistent with
the porphyritic texture of the Ge’erkuohe pluton and low
reported mineralization pressure (0.5-7 kbar from fluid
inclusion study: Yan et al. 2000). It is unlikely that the
GD Camp hosts orogenic-type gold deposits analogous to
those in the ZL camp, even if favourable host lithologies
are present at the surface. Higher exploration priority in
this region should instead be given to further shallow
gold mineralization of Carlin-type or epithermal or
epizonal orogenic origins. By contrast, the minimum ~5
km of post-mineralization exhumation in the ZL Camp
(taking 45°C/km as geothermal gradient since
magmatism occurred), would have displaced or stripped
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Abstract. It is now widely accepted that contrasts in
composition, rheology, evolution and sub-continental
lithospheric mantle (SCLM) architecture observed at
craton margins leads to the localisation of many
Proterozoic-Phanerozoic mineral deposits on the margins
of the old Archean cratons. However, the Archean
cratons themselves are composed of amalgamated
terranes and lithospheric blocks that came together via
Archean tectonic processes. Subsequent ‘suture’ zones
between these blocks provided a major control on postcollision mineralisation events. Like the craton margins of
the modern Earth, these ancient terrane boundaries form
major lithospheric discontinuities and SCLM geometry
contrasts. As a result, this [now] intra-cratonic
architecture provides a major control on the location of
many Archean mineral deposits. This work, based on a
craton-scale study of the Yilgarn Craton of Western
Australia, maps the lithosphere using Sm-Nd isotopes
from granitoids. This method allows the imaging of the
micro-cratonic blocks that make up the Yilgarn Craton. It
can be shown that the major gold, nickel and iron
systems cluster within terranes of specific affinity, and
along paleo-craton margins between these old blocks.
This work shows that the intra-cratonic architecture can
be effectively imaged and used to identify prospective
regions/belts within a large craton. It also shows that
lithospheric architecture is a fundamental control on the
location of gold, nickel and iron mineral systems.

gold, nickel and iron, corresponds to the margins of preexisting lithospheric blocks or terranes that make up the
craton. This study presents the isotopic mapping of these
lithospheric blocks and thereby images intra-cratonic
paleo-sutures and craton margins. These sites are intracratonic exploration targets.

2 Method
This method was originally developed by Geoscience
Australia (Champion and Cassidy 2007) in relation to
the spatial distribution of gold and nickel in the Yilgarn
Craton of Western Australia. The method itself involves
sampling granites and felsic volcanics and performing
U-Pb geochronology, whole-rock Sm-Nd and wholerock geochemistry. The Sm-Nd data, in the form of εNd
or depleted-mantle model ages, can be plotted spatially
and used to produce contour maps. These maps image
the changing composition, source and age of the crust.
Sharp variations in εNd potentially highlight margins
between individual crtaonic blocks which amalgamated
to form the Yilgarn Craton. However, such features
could also be due to varying processes of melt
generation (geodynamics?) within a domain. The map
shown in Figure 1 contains data collated by Geoscience
Australia, including 41 new data points for the southcentral Yilgarn, an important area in the gold and nickel
history of the craton, and previously poorly represented.

Keywords. lithospheric architecture, gold, nickel, iron,
Sm-Nd, craton-margin, Yilgarn, Archean

3 Lithospheric architecture of the Yilgarn

1 Introduction

The Yilgarn Craton is divided into a number of terranes
(see Figure 1). Here, results from Sm-Nd mapping are
presented for the principal mineralised terranes: the
Murchison (MD) and Southern Cross Domains (SCD) of
the Youanmi Terrane (YT), and the Kalgoorlie Terrane
(KT) of the Eastern Goldfields Superterrane (EGS).

Lithospheric architecture has been shown to be a major
control on the location of world-class mineral camps
and deposits at the continental scale (Begg et al. 2009;
Begg et al. 2010). It is widely accepted that cratonic
blocks and their margins control the location of major
mineral systems in space and time (Begg et al. 2009).
However, there is clearly potential for large-scale
mineralisation within cratonic blocks as demonstrated
by large nickel, gold, base metal and iron deposits found
within many Archean terranes. The host rocks for these
deposits were formed before, during. or shortly after
craton amalgamation, but before cratonisation itself. As
a result the distribution of mineral deposits, specifically

3.1 Youanmi Terrane – Murchison Domain
The Murchison Domain of the YT displays a belt of
relatively juvenile crustal material (εNd +1.08 to -1.32)
that trends NE-SW across the northern part of the
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domain.

Figure 1. Sm-Nd isotope map of the Yilgarn Craton of Western Australia. The terrane-domain structure of the Yilgarn is shown by
the top right map (colours are for clarity and do not correspond to Sm-Nd). Greenstone sequences discussed in the text are shown by
abbreviated names: SS – Sandstone; MC – Marda Complex; SC – Southern Cross; FO – Forrestania; LJ – Lake Johnston; RAV –
Ravensthorpe; AW – Agnew Wiluna; and KAL – Kalgoorlie.

This is surrounded by more evolved crust (εNd -1.67 to 4.72). This belt is considered to be a failed rift (Ivanic et
al. 2010) and underlies the majority of the greenstones
in this region.

The more evolved regions of this terrane to the west are
likely due to mixing of mantle-derived material (KT) and
evolved crust (YT) during volcanism, plutonism and
tectonism associated with craton amalgamation.

3.2 Youanmi Terrane - Southern Cross Domain

4 Discussion

This domain appears to be made up of two lithospheric
‘blocks’. In the north, covering the greenstones north of
Southern Cross (e.g. Marda, Sandstone), is an evolved
terrane (εNd -1.82 to -5.12). The region south of the
Marda belt is more juvenile, recording intermediate Nd
values (εNd -0.06 to -3.09). This indicates a crustal
origin, but with a lesser degree of recycling and/or a
more recent episode of mantle input. Conversely, this
area of crust may have formed later than the northern
region (this is supported by younger model ages). This
intermediate southern region is bound to the west by the
more evolved Southwest Terrane (εNd -2.12 to -4.06),
and to the east by the more juvenile KT. This indicates
two potential craton-margin environments decreasing in
age to the east.

The crustal architecture outlined above has significant
implications for the location of major gold, nickel and
iron camps and provinces in the Yilgarn Craton.
4.1 Gold
Gold deposits of the Yilgarn Craton typically follow
lines of steep εNd gradient which represent the interface
between relatively juvenile and evolved regions. These
‘boundaries’ could represent paleo-cratonic margins or
domains within terranes which underwent different
processes (i.e. subduction, burial, rifting). The largescale hydrothermal systems that drove gold
mineralisation used lithospheric-crustal scale structures
related to the lithospheric architecture. This relationship
can be seen in the MD, SCD and KT. In the MD, gold is
concentrated internal to, and on the margins of, the riftlike juvenile architecture. Large, terrane-scale structures,
which mirror the geometry of the rift architecture,
localise gold at the regional scale. In the SCD, the
Southern Cross gold belt occurs along a major structure
between two isotopically coherent regions; the evolved
Southwest Terrane (west) and intermediate south SCD
(east). Again, gold is concentrated at this architectural

3.3 Kalgoorlie Terrane
The KT runs alongside the SCD to the east of the Ida
fault. This terrane comprises crust that trends from
intermediate Sm-Nd (min εNd -3.69) in the west, to
juvenile (max εNd +3.31) in the east. The juvenile nature
of much of the terrane is indicative of significant mantle
input in the formation of 2.8-2.6 Ga felsic igneous rocks.

56

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

BIF sequences. The large-scale structures seen in gold
systems are also fundamental in iron, as these control
the localisation of hydrothermal systems that lead to the
hypogene alteration needed to upgrade the thick BIFs to
iron deposits (e.g., Koolyanobbing, Windarling).

interface, and is localised by large-scale faulting
controlled by pre-existing architecture. In the KT, the
gold is concentrated N-S along the interface between
juvenile and moderately evolved regions. This interface
could represent a cratonic boundary between the west
and east Yilgarn Cratons. Alternative, it could indicate a
significant difference in geodynamics leading to
different processes of melt generation. These three major
gold belts are clearly controlled by pre-existing
lithospheric architecture, in tandem with major
structures. This relationship is due to a number of
factors: (1) deep-seated magmatism that drives largescale hydrothermal systems is controlled by lithospheric
architecture, i.e. the geometry of the lithosphere controls
where melts can rise and decompress; (2) lithosphericscale structures, controlled by pre-existing weaknesses,
control the localisation of hydrothermal systems. Hence,
the heat source for the hydrothermal system, the goldfluid source and localising structures, are all controlled
by pre-existing cratonic architecture.

4.3 Nickel
There are two known nickel provinces in the Yilgarn
Craton: (1) Norseman-Wiluna belt in the KT (2.7 Ga);
and (2) South SCD (~2.9 Ga). Lithospheric architecture
controls the formation and location of these systems by
controlling the style and location of komatiite
volcanism. A detailed analysis of nickel occurrences in
space and time within the Yilgarn Craton using Lu-Hf
isotopes is provided by Mole et al. (this volume).
4.4 Other resources
There is potential for lithospheric architecture to affect
many other mineral systems. For example in the MD,
vanadium (Windimurra, Barrambie) and Cr-Cu-Ni-PGE
mineralisation (Narndee) (Ivanic et al. 2010) is hosted by
large layered intrusions (LLIs) whose spatial occurrence
appears to be controlled by the margins of a ‘failed-rift’
in this region (see Figure 1).

4.2 Iron
Iron deposits of the Yilgarn Craton mirror the behaviour
of gold systems in two ways: (1) they are controlled by
major, terrane-scale structures, the location and size of
which are controlled by lithospheric architecture; and (2)
they appear to cluster along isotopic interfaces between
relatively juvenile and evolved regions. However, in
contrast to gold, iron systems show a strong spatial
association with older, more evolved terranes (Figure 1).
This is best demonstrated in the MD, where iron and
gold are associated with major regional structures.
However, gold is typically localised within or on the
edge of the juvenile region, with iron confined to the
evolved side of the margin. The central SCD,
specifically the Marda belt, shows how iron deposits can
also be concentrated internal to evolved blocks, away
from steep εNd gradients. However the main belt (south
Marda) may form along a >3.0 Ga E-W cratonic margin
later destroyed by multiple regional granitoid pulses.
The localisation of iron deposits in the more evolved
areas correlates with regional variations in banded iron
formation (BIF) facies. For example, BIF in the poorlyendowed, but relatively juvenile, south SCD are granular
facies iron-formations, which show characteristics of
proximal deposition at mid-ocean ridges (e.g. black
smokers), continental margins or other recently active
volcanic sites (Lascelles 2007). Such BIF are interbedded with high MgO komatiites (nickel bearing) and
basalts. In contrast BIF in the central SCD are thicker
and finely laminated, indicating formation by turbidity
and density currents of suspended colloidal particles
over large areas of the ocean floor. This facies is
associated with lower-Mg basalts and minor, thin
komatiites. It is possible that the older, more evolved
and stable cratonic regions were the sites of relatively
gentle, low-flux volcanism and represent much more
stable environments for the accumulation of thick BIF
sequences. In contrast, the relatively juvenile region
represents an active, unstable environment where rapid
emplacement of komatiitic and high MgO basalts, as
well as associated hydrothermal systems, led to thinner

5 Summary
The Archean Yilgarn Craton of Western Australia is
comprised of a number of lithospheric blocks or terranes.
The paleo-margins of these cratonic blocks, as well as
their composition and evolution, are fundamental, firstorder controls on the location of world-class Archean
nickel, gold and iron belts, camps and provinces.
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Abstract. Komatiite-hosted nickel deposits of the Yilgarn
Craton form within two regions during two distinct
periods. The oldest occur in the south of the Southern
Cross domain and were emplaced between 3.0-2.8 Ga.
The youngest are hosted by the highly-prospective
Norseman-Wiluna belt komatiites which were erupted
between 2.7-2.6 Ga. This study aimed to investigate
whether variations in lithospheric architecture can explain
the location and timing of komatiite magmatism and, by
proxy, associated nickel sulfide formation. An integrated
program of U-Pb and Lu-Hf analyses were performed on
crustally-derived rocks. This data have been plotted as
time-resolved Lu-Hf maps that record the changing
architecture of the craton in space and time. These maps
show that, at the time of komatiite eruption and nickel
sulfide formation, the ‘host’ terrane was of a juvenile
nature, and proximal to a lithospheric margin. Evolved
terranes far from a margin mainly comprised basalts and
minor, thin komatiite, with no known nickel sulfides.
These observations indicate that the lithospheric
architecture of a craton has a major control on the
occurrence of komatiites and their characteristics,
including their ability to form nickel sulfides.

project aims to achieve this by mapping the exposed
lithosphere of the well-constrained and nickel-rich
Yilgarn Craton of Western Australia.
There are two prospective regions for komatiitehosted nickel in the Yilgarn: (1) the Norseman-Wiluna
belt of the Kalgoorlie Terrane (KT); and (2) the south
Southern Cross domain (SCD). As well as occurring in
two separate terranes, these komatiites have different
crystallisation ages; KT komatiites are dated at ~2.7 Ga
(Kositcin et al. 2008), and the south SCD lavas at 3.0-2.8
Ga (Witt 1999). This suggests that these two komatiite
sequences formed independent of each other. Hence,
shared features of the lithospheric architecture at 2.9 Ga
and 2.7 Ga may provide a set of fundamental criteria that
define the large-scale controls on the location and
genesis of komatiite-hosted nickel sulfide camps.

2 Method
This method evolved from pioneering work at
Geoscience Australia (Champion and Cassidy 2007) and
GEMOC in Sydney (TerraneChron®; Griffin et al.
(2004)). It involves the regional sampling of granites and
felsic volcanics which were dated by U-Pb SIMS (using
SHRIMP) on zircon and subsequently analysed for LuHf isotopes via LA-ICP-MS. This approach yields a
time-resolved, regional set of Hf isotope information
which can be plotted spatially. This allows the
production of a series of ‘time-slices’ representing the
lithospheric architecture of the craton at a given time.

Keywords. nickel, lithosphere, architecture, komatiites.

1 Introduction
One of the primary controlling factors in the location of
major mineral provinces through time is the evolution
and mobilisation of the cratons and underlying subcontinental lithospheric mantle (SCLM). Recent work on
the lithospheric architecture of the modern earth
demonstrates the fundamental control of Archean
lithospheric boundaries on the location of major nickel
camps through time (Begg et al. 2010). However, many
of the world’s premier nickel deposits occur within
Archean terranes and these deposits would have been
controlled by a completely different set of ‘cratons’; the
first micro-continents. If we can image Archean cratons
in the same detail as geophysical methods do for modern
lithospheric architecture (Begg et al. 2009), it would be
possible to identify prospective regions for [now] intracratonic Archean magmatic mineral deposits. This

3 Results
Figure 1 shows the Lu-Hf isotope data plotted spatially
using the εHf notation: positive values indicate depleted
mantle input, and negative values imply crustal
recycling. As a result these maps show the evolving
lithosphere of an Archean craton. In terms of individual
Lu-Hf analyses, errors were typically 0.5-1.0 ε units.
Mappable values were gained using median values of the
176
Hf/177 Hf ‘array’. This method accounts for potential
mixing of end-members and fractionation effects.
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Figure 1. Lu-Hf isotope maps of the Yilgarn Craton of Western Australia. (a) 3.1-2.8 Ga; and (b) 2.8-2.6 Ga εHf time-slices with
average MgO (+SD) and nickel deposits shown. (c) and (d) show the same maps with channelised/unchannelised flows mapped.
Greenstone sequences discussed in the text are shown by abbreviations in (a): SS – Sandstone; MC – Marda Complex; SC – Southern
Cross; FO – Forrestania; LJ – Lake Johnston; RAV – Ravensthorpe; AW – Agnew Wiluna; and KAL – Kalgoorlie.

3.1 Lithospheric architecture at 3.1-2.8 Ga

3.2 Lithospheric architecture at 2.8-2.6 Ga

At 3.1-2.8 Ga (period of komatiite eruption in the
Youanmi Terrane (YT)), the central-south Yilgarn
comprised four isotopically distinct regions (Fig. 1a).
The central region (underlying the Marda greenstones)
shows an evolved signature (εHf = -7.21 to -4.88, mean
of -5.88), indicating that this crust is long-lived (TDM
~3.79-3.46 Ga). The region to the southwest (Southwest
Terrane) is also evolved (mean of -0.02), although to a
lesser extent than the Marda area. In contrast, the crust to
the south (εHf = +5.85 to +1.46, mean of +2.91) and
north (εHf = +6.86) of the Marda greenstones,
encompassing the Forrestania, Lake Johnston and
Ravensthorpe greenstone belts and the Sandstone
greenstone belt, respectively, display more juvenile
signatures, indicating mantle input and a younger source
(TDM 3.10-3.00 Ga). The intermediate Southwest Terrane
and juvenile south Yilgarn form a craton margin
environment at this time.

By 2.8-2.6 Ga (period of komatiite eruption in the
Eastern Goldfields Superterrane (EGS)), the YT appears
to have amalgamated into a more isotopically
homogeneous terrane. However, the isotopic variations
apparent at 3.1-2.8 Ga are still evident, albeit in a less
pronounced manner. The Marda belt at the centre of the
region remains evolved (εHf = -10.03 to -0.98, mean of 5.23), with little/no change in εHf, although this region
has expanded to the south. The southwest region has also
become more evolved, displaying a crustal Hf signature
(Ave εHf -2.18). Similarly, the relatively juvenile
northern and southern regions identified at 3.1-2.8 Ga
persist despite having evolved, and now show
intermediate crustal Hf signatures (south εHf = -3.14 to 0.47, mean of -1.37; north εHf = -2.73 to +0.3, mean of 1.51). In contrast to the YT, which displays an older,
more evolved signature to varying extents (overall mean
εHf = -2.90), the EGS displays a much more juvenile
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inturn are fundamentally controlled by lithospheric
architecture. The Walter Williams formation in the
central KT and komatiites of the Southern Cross belt are
slightly displaced from their proximal craton margins,
this results in high MgO magmas, but no channelized
flows, and as a result no nickel sulfide deposits.

signature (εHf mean of +2.49) indicative of depleted
mantle input and a younger source age (TDM 2.92-2.85
Ga). These data indicate that crust of the EGS was
extracted from the depleted mantle ~1.0 Ga after the
oldest YT crust.

4 Discussion

4.2 Crustal recycling vs. mantle input

4.1 Architectural controls on komatiite
volcanism and associated nickel deposits

The maps of Figure 1 can also be used to show (1) heat
input into the crust; and (2) the type of processes active
in an area at a given time. For example, the areas with
εHf >0 indicate mantle input and as a result high heatflux and thin crust. These areas are often mineralised.
Conversely, areas with εHf <0 indicate crustal reworking
dominated by underplating and/or burial processes
which lead to reduced heat flow and thick crust. These
areas are typically unprospective for nickel sulfides.

The Lu-Hf isotope time-slices (Figure 1) show that the
two known prospective regions of the Yilgarn craton
have two features in common: (1) a craton margin
setting; and (2) they are associated with juvenile crust
(εHf >0) at the time of komatiite emplacement. The
juvenile nature and younger TDM of the crust indicates
the area was influenced by mantle material, most likely a
mantle plume. It also indicates the lithosphere was likely
thinner than that of the proximal evolved block. Such
terranes are typically underlain by thinner SCLM
relative to evolved terranes (Begg et al. 2010), which
often sit above old, refractory and thick lithospheric
roots. This contrasting geometry between evolved and
juvenile terranes causes an impinging plume to be
channelled upward and outwards into the shallow,
juvenile region closest to the margin. Voluminous
decompression melting occurs and large percentage (3050%) melts form and rise through the thin crust along
trans-lithospheric discontinuities related to a local
extensional regime. Due to the thin, juvenile crust, little
storage, fractionation and/or assimilation occur and
melts are erupted extremely hot and primitive. In
contrast, regions with older, evolved cratonic
architecture form thicker lithosphere, which obstructs
ascending melts. This, coupled with a lack of translithospheric pathways, results in magmas which are
fractionated and erupted as basalts-rhyolites.
This relationship is clearly shown in the SCD at 2.9
Ga. Two greenstone groups formed at this time: (1)
Forrestania, Lake Johnston and Ravensthorpe all occur
within a juvenile terrane that formed a craton-margin
with the neighbouring and more evolved Southwest
Terrane; (2) the Marda Belt to the north formed over
evolved, re-worked lithosphere. These two regions have
contrasting litho-stratigraphic sequences that correlate
with the architectural differences of their host terranes.
The Marda belt is made up of a thick basaltic sequence,
with thin, sheet-flow facies komatiites and thick BIF.
This belt is presently considered unprospective for
nickel. However, the belts to the south contain abundant,
thick komatiites and minor BIF and host a number of
active nickel mines. This relationship is repeated at 2.7
Ga between the KT and YT and results in a komatiite
belt that runs N-S (parallel to the craton margin) and
contains some of the world’s premier nickel deposits.
Figure 1 (c-d) also shows that there is a strong
correlation between the occurrence of channelised
komatiites and economic nickel sulfides. Channel
formation is strongly associated with eruption rate
(Huppert and Sparks 1985) which is controlled by
magma temperature, composition and ascent rates, which

5 Summary
This study shows that lithospheric architecture has a
first-order control on the location and characteristics of
komatiite volcanism and prospectivity. As well as
constraining lithospheric properties, the Hf isotope
mapping can also be used to infer regional heat-flow in
space and time, and by proxy lithospheric thickness. This
technique has significant potential as an exploration tool
for use in large unexplored cratons/terranes.
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Diverse gold systems in Argentina
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Abstract. Argentina contains a variety of gold systems
including: epithermal low-sulfidation (e.g., Cerro
Vanguardia) and high-sulfidation (e.g., Veladero),
porphyry (e.g., Bajo de la Alumbera), orogenic (e.g.
Incahuasi), Carlin-like (e.g., Gualcamayo), and
polymetallic (e.g., Huemules). There are currently three
major gold districts with significant production: (1)
Farallon Negro Volcanic Complex in the Sierras
Pampeanas in the Catamarca province (Bajo de la
Alumbrera Au-Cu and Farallón Negro Au-Ag-Mn
deposits), (2) El Indio-Pascua gold belt at the
international border between Argentina (San Juan
province) and Chile (Veladero Au and Pascua-Lama Au
deposits), and (3) Deseado Massif in the Santa Cruz
province (Cerro Vanguardia, Martha, San Jose, and
Manantial Espejo deposits).
Argentina is an emerging exploration and mining country in
South America with several well known and established
mining areas and deposits. However, new concepts, such
as the existence of an orogenic gold belt in the eastern
part of the Andes, the recognition of Carlin-like gold
mineralization, and epithermal low-sulfidation gold
mineralization during Permian/Triassic epoch may provide
completely new targets for gold exploration and mining.

turbidite-hosted orogenic gold mineralization, e.g.,
Incahuasi in the Puna, (2) Devonian with granite gneiss
hosted mesozonal orogenic gold mineralization, e.g.,
Candelaria in the Sierras Pampeanas, (3) Jurassic with
epithermal low-sulfidation Au-Ag mineralization, e.g.,
Cerro Vanguardia in the Deseado Massif, (4) PermianTriassic with epithermal low-sulfidation Au-Ag
mineralization, e.g., Casposo in the Cordillera Frontal,
and (5) Miocene with porphyry Cu-Au mineralization,
e.g., Bajo de la Alumbrera and Agua Rica in the Sierras
Pampeanas, Lindero in the Puna or San Jorge in
Cordillera Frontal; Carlin type mineralization, e.g.,
Gualcamayo in the Precordillera; epithermal highsulfidation Au mineralization, e.g., Veladero in the
Cordillera Real, and low-sulfidation epithermal Au
mineralization, e.g., Farallón Negro and Alto de La
Blenda in the Sierras Pampeanas (Fig. 1).
2.2 Diverse types of gold deposits
The most important gold system in Argentina is arguably
the epithermal low-sulfidation one (Fig. 1), with major
districts (from north to south) in the Farallón Negro
Volcanic Complex (Farallón Negro and Alto de La
Blenda deposits), Casposo-Castaño area (Casposo
deposit), Cordón de Esquel vein district (Esquel deposit),
and Deseado Massif (Cerro Vanguardia, San José,
Manantial Espejo deposits among others).
Gold producing epithermal high-sulfidation deposits
are new and rare with the most prominent example the
Veladero deposit and the future Pascua-Lama deposit at
the Chile-Argentina border in the El Indio-Pascua Lama
gold belt. Inactive epithermal high-sulfidation deposits
include Famatina (La Mejicana), La Porteña and Los
Menucos, whereas Diablillos represents an advanced
exploration project (Fig. 1).
Producing porphyry Au deposits in Argentina are
scarce when compared to epithermal low-sulfidation Au
deposits that are in production. The only producing gold
deposit is Bajo de la Alumbrera. Advanced Au porphyry
exploration projects include e.g. Lindero, Taca Taca, José
María, Nevados del Famatina, Agua Rica, El Altar and
San Jorge (Fig. 1).
The first Carlin-like Au deposit discovered in
Argentina is Gualcamayo in the north of the San Juan
province (Fig. 1), which recently started production
(pers. comm. Walter Soechting 2010).
Orogenic gold systems in Argentina are identified in
two mineralization epochs: (1) in the Ordovician
turbidite-hosted quartz veins host mesozonal gold
deposits (Skirrow et al. 2000). For example, the north-

Keywords. Argentina, gold systems, gold deposits, gold
districts

1 Introduction
In the past five years Argentina has become one of the
favourite mining and exploration areas in South
America for a diverse range of gold systems through
space and time. The aim of this contribution is to
provide an overview about the diversity of gold
mineralization and also to introduce some of the major
mining and exploration gold camps in Argentina. The
information provided is based on an extensive review of
the national and international literature including wwwsites of major companies that operate in Argentina and
experience of the authors working and visiting a range
of gold systems in Argentina.
Currently there are approximately 23 significant
major and junior companies operating in Argentina that
exploit gold in deposits, have advance exploration
projects and/or exploration areas.

2 Gold systems in Argentina
2.1 Time epochs related to gold deposits
In Argentina there are five important epochs that contain
major gold systems (Fig. 1): (1) Ordovician with
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deposit and San Jose, Manantial Espejo, and Martha
deposits (Fig. 1) and numerous other epithermal low
sulfidation Au-Ag advanced projects. The Deseado
Massif is characterized by low sulfidation Au-Ag
mineralization in a Late Jurassic back-arc environment
with bi-modal basaltic-rhyolite volcanism. Gold
mineralization is dominantly encountered in multistage
fracture filling, stockwork and disseminations. The most
important hydrothermal alteration types are silicification,
argillization,
sericitization
and
propylitization
(Schalamuk et al. 1997).

west of Argentina contains numerous now abandoned
turbidite gold quartz vein deposits, e.g., El Torno,
Eureka, Minas Azules and Farillón in the Rinconada
district in the Sierra de La Rinconada (Jujuy province).
In the north of the Catamarca province, near the border
with the Salta province, the Incahuasi deposit (currently
inactive) is hosted by the same Ordovician Santa
Victoria Group turbidite sequence and also controlled by
quartz vein and breccias as the deposits in the Rinconada
district (Fig. 1).
(2) In the Devonian metamorphosed schists, granites
and gneisses host the currently inactive Candelaria and
Sierra de Las Minas and Ulapes deposits in the Córdoba
province (Skirrow et al. 2000; Fig. 1). The Andacollo
deposit in Neuquén province (also currently inactive) is
hosted by tonalites and granodiorites (Fig. 1).
There are presently no producing Au bearing
polymetallic lodes but the Fortuna, Santa Máxima and
Río Oro areas in Patagonia represent advanced
exploration projects (Fernández et al. 2008). The
advanced Pinguino project in Santa Cruz province
contains indium-rich, base metal (Zn) Ag-Au style of
mineralization, which may represent a new variation of
epithermal low-sulfidation Au-Ag system in the Deseado
Massif (Fogliata and Hagemann 2011).

4 Conclusions and outlook
Argentina is an emerging exploration and mining country
in South America. Unlike its neighbours Brazil, Chile and
Perú it did not experience the intense exploration activity
during the gold boom periods in the 1980’s and 1990’s
and mid 2000. This makes it an ideal country to invest in
exploration and mining, which is reflected in the
significant increase in major and junior companies now
actively exploring and mining for a variety of different
gold systems. The world-class Bajo de la Alumbrera
porphyry Cu-Au and the giant Veladero epithermal highsulfidation Au deposits are evidence that the geological
potential for significant gold mineralization is enormous.
Low-sulfidation style Au-Ag deposits, arguably at present
the most important gold system in Argentina, formed
during three different time periods indicating that the
potential for gold mineralization is not confined to one
single epoch, rather spans the Permian/Triassic, Jurassic to
Miocene, a 300 Ma golden time window for epithermal
and, by extension, porphyry/skarn-type Au mineralization.
New concepts, such as the existence of an orogenic gold
belt in the eastern part of the Andes, as well as the
recognition of Carlin-like gold mineralization may
provide completely new targets for exploration and
mining.
Academic research on the different gold systems and
styles of gold mineralization throughout Argentina is
currently limited, therefore, significant opportunities and
synergies exist for both industry and academia in
unravelling the location and characteristics of further
significant gold systems.

3 Major gold districts in Argentina
Presently, there are three major gold districts in
Argentina that contain producing gold deposits:
(1) Farallón Negro Volcanic Complex in the Sierras
Pampeanas (Catamarca province) with the gold
producing Bajo de la Alumbrera and Farallón
Negro/Alto de la Blenda deposits (Fig. 1). The Farallón
Negro Volcanic Complex is located in the northern part of
the eastern Sierras Pampeanas, close to the SW-NE
trending Tucuman lineament. It is characterized by high K
calc-alkaline
to
shoshonitic
plagioclase-biotite
(hornblende)-phyric dacitic porphyries intruded into
volcanic andesitic complex. There are two styles of
mineralization, which formed during the Late Miocene:
Porphyry Cu-Au, e.g., Bajo de la Alumbrera, and
epithermal low-sulfidation Au-Ag-Mn, e.g., Farallón
Negro deposit;
(2) El Indio-Pascua gold belt with the Veladero and
Pascua Lama deposits in the Cordillera Frontal (Fig. 1).
This area is characterized by Miocene magmatic rocks
which are confined between to reverse faults. The highsulfidation Veladero Au deposit is hosted by Late
Oligocene and Middle Miocene volcanic and
volcaniclastic rocks and minor Permian rhyolitic
pyroclastic rocks. Gold mineralization is centered on a
N-NW elongated high-siliceous (alunite) zone
(Charchaflie et al. 2007). The hydrothermal alteration is
made up of three zones, silica-rich, argillic, and outer
propylitic zones. The Pascua Lama Au-Ag deposit is
hosted by several hydrothermal breccia bodies. The style
of mineralization is defined by breccias, veins and
disseminations. The hydrothermal alteration is
characterized by advanced argillic, minor vuggy quartz,
argillic and propylitic alteration (Deyel et al. 2004); and
(3) Deseado Massif in the Santa Cruz province with
the presently operating world-class Cerro Vanguardia
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Metallogeny and the emergence of Sub-Continental
Lithospheric Mantle
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Australia
Abstract. Subduction processes, critical for the formation
of many magmatic and hydrothermal ore deposits,
appear to have been active since about 3.9 Ga. However,
the environment to preserve such deposits did not exist
until the emergence of the Sub-Continental Lithospheric
Mantle (SCLM) between 3.5-3.0 Ga. As a residue of high
temperature plume melting, pristine SCLM is depleted
(Fe-poor), buoyant, refractory and has very high viscosity.
Mapping of both crust and mantle, supported by Hfisotopic studies, indicates that Archean SCLM underlies
the majority of continental crust.
The physical properties, architecture, and metasomatic
history (linked to prior subduction) of the SCLM has had
a profound influence on the location, style and
preservation potential of many ore deposit types.
Fragmentation of SCLM provided backarc and
pericratonic basins that are the setting for many
magmatic
and
hydrothermal
deposit
types.
Translithospheric faults became conduits and hosts for
magmas and ore fluids. Stable continental shelves
emerged to host giant bedded deposits, and the mobility
of metals in continental sediments gave rise to new styles
of ore deposits.
The arrival of the SCLM resulted in a proliferation of
potential ore deposit settings, and provided a means to
preserve mineral deposits beyond the next tectonic
accident.

deposits in the Paleoproterozoic.
It is our hypothesis that the emergence of SubContinental Lithospheric Mantle (SCLM) in the early to
middle Archean had a dramatic influence on plate
tectonics, potential ore-forming environments, and
metallogeny (e.g. Kerrich et al., 2005). Combined with
mantle plumes, biological evolution and rise of
atmospheric oxygen, the arrival of SCLM heralded a
new dawn for the formation and preservation of ore
deposits.

2 Early “Plate” Tectonics
Paleomagnetic,
geochemical,
tectonostratigraphic,
isotopic and seismological evidence indicates that plate
tectonics has operated since at least 3.2 Ga (Cawood et
al. 2006; Dilek and Polat 2008), but possibly as early as
the Hadean (summarized in Condie and Kroner 2008;
Shirey et al. 2008). The 3.8 Ga Isua greenstone belt in
Greenland preserves geology probably associated with
plate tectonic processes (Dilek and Polat 2008).
However, this early tectonics was possibly dominated by
the interaction between small platelets. The structural
and stratigraphic fabric of later Archean terranes is more
sympathetic with a trend towards dominantly horizontal
forces associated with modern-style plate tectonics (e.g.,
Van Kranendonk et al. 2007), most likely involving
increasingly larger plates. Significant accretionary and
collisional processes are evident by the end of the
MesoArchean (e.g., Schmitz et al. 2004; Cawood et al.
2006).

Keywords. Sub-Continental Lithospheric Mantle, SCLM,
metallogeny, ore deposits, preservation

1 Introduction
There are no preserved significant Paleoarchean
magmatic or hydrothermal ore deposits. The 3.315 Ga
Spinifex Ridge Porphyry Cu-Mo deposit and 3.24 Ga
Sulphur Springs VHMS deposit, both in the Pilbara
craton, Australia, are among the oldest preserved
deposits of their type. They formed at a time of high
crustal heat flow, when vertical tectonic features obscure
evidence for horizontal tectonics (Bedard et al. 2003;
Van Kranendonk et al. 2007). Lateral (plate) tectonics is
readily obvious from around 3 Ga. Associated deposits
include the 2.95 Ga orogenic gold deposits in the
Barberton Greenstone Belt and the 2.89-2.82 Ga placer
gold deposits of the peri-cratonic foreland
Witswatersrand Basin. Neoarchean terranes host many
giant ore deposits, including VMS (e.g., Kidd Creek),
magmatic nickel sulphide (e.g., camps of the NorsemanWilluna Belt, Yilgarn craton), orogenic gold (many
camps in the Superior and Yilgarn provinces), and
convergent-margin-related
porphyry
gold
(e.g.,
Boddington, Yilgarn craton). The diversity and
abundance of preserved deposit types increases
significantly from the Neoarchean onwards, including
the emergence of large sediment-hosted base metal

3 Emergence of SCLM
A cross-discipline (geophysical, geological, and
geochemical) approach to mapping the crust and SCLM
suggests that perhaps more than 70% of modern SCLM
is likely to have an Archean parentage (Begg et al.
2009). This is supported by a global compilation of
zircon Hf-isotope data that suggests more than 60% of
modern continental crust existed by the end of the
Archean, but has mostly undergone extensive
tectonothermal reworking (Belousova et al. 2010).
Identification of a pristine Archean SCLM comprised of
depleted (Fe-poor) dunite/harzburgite is consistent with
an origin as a residue formed by high degree partial
melting of large, hot mantle plumes (Arndt et al. 2009;
Griffin et al. 2009). The residue is relatively buoyant,
refractory, and extremely anhydrous, resulting in very
high viscosities. Re-Os isotopic studies of sulphides
from SCLM peridotites (e.g., Griffin et al. 2004) are
consistent with most Archean SCLM forming between 33.5 Ga. This finding is consistent with the record of PGE
contents in komatiites (Maier et al. 2009), which are
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with intracratonic and pericratonic basin development
(facilitated by fragmentation of SCLM, perhaps along
older translithospheric boundaries) during Late
Paleoproterozoic supercontinent break up, this led to the
proliferation of giant sediment-hosted base metal
systems.
Continued episodic plume impact and melting,
melting of subduction-related metasomatised mantle,
tectonic reactivation of translithospheric shears, and
transport of metals in low temperature crustal fluids, has
given rise to a diversity of deposits (e.g., Ni-Cu-PGE
sulphide, IOCG, orogenic Au, sediment-hosted base
metals, stratiform Cu, various redox-controlled U
deposits in continental settings) in environments with
high preservation potential. Many of these deposit types
could not have formed without the geologic settings and
environments provided by the interaction of plate
tectonic processes with SCLM-derived cratonic
lithosphere, and almost certainly none would be
preserved without it.

steady from about 3.0 Ga, possibly indicating that
stirring and homogenisation of the mantle by major
plume activity was completed by that time.

4 SCLM interaction with Plate Tectonics
The emergence of rigid, buoyant SCLM forced a
dramatic change on plate tectonics, with a trend towards
larger plates as SCLM domains amalgamated to form
cratons, localizing subduction on their margins, and
facilitating the transfer of stress during accretionary and
collisional events. Forces associated with subduction
rollback were able to fragment some cratons, forming
backarc basins (documented at 3.0 Ga and widespread
by 2.7 Ga; Condie and Kroner 2008) and intracratonic
basins with high geothermal gradients. Plate tectonic
forces enabled the generation of, or reactivation of,
translithospheric faults. The trend towards larger plates
may have also favoured the onset of the supercontinent
cycle, a significant influence on the development of
metallogenic patterns and epochs (e.g., Kerrich et al.
2005).
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Metallogeny can be viewed within the context of these
supercontinent cycles, the presence of cratonic SCLM
and geodynamic environment. Metallogenic fertility in
the convecting mantle and/or SCLM for both Cu and Au
is influenced by subduction disruption (collisions,
polarity flips, flat slab episodes), and is linked to the
genesis of porphyry Cu-Au-Mo, epithermal Cu/Au (e.g.,
Solomon 1990; Richards 2009), and possibly Iron Oxide
Cu-Au (IOCG) deposits. Along with volcanic –hosted
massive sulphide (VHMS) base metal deposits, it is
likely that these deposits, perhaps with exception of the
IOCGs, have been forming for as long as there has been
plate tectonics (about 3.9 Ga). However, most are
destroyed by collisional and accretionary crustal
thickening. The emergence of SCLM provided a
mechanism to focus mantle plume melting, and to
transfer the melts via translithospheric faults to the upper
crust. Most importantly, tectonic segmentation of SCLM
provided pericratonic/backarc environments with a high
probability of preservation. Such environments, common
from 3 Ga onwards, provided ideal settings for forming a
diversity of deposit types, including mafic-ultramafic
hosted “craton-margin” Ni-Cu-PGE sulphides (Begg et
al. 2010), Banded Iron Formations (BIF), VHMS, and
Orogenic Au; all of which are found in the Neoarchean
lead up to the first supercontinent, which existed from ca
2.65 to ca 2.45 Ga.
Cratonic growth by amalgamation of SCLM
domains, Fe-rich seawater from abundant mantle plume
mafic magmatism, significant oxygenation of the
atmosphere from ca. 2.45 Ga, and stable continental
shelf environments within the supercontinent, conspired
to deposit the huge Granular Iron Formations (GIF) seen
in the Pilbara, Kaapvaal and Sao Francisco cratons. This
removal of Fe from ocean waters, plus the continued rise
of atmospheric oxygen levels (Farquhar et al. 2010),
favoured the mobilisation of base metals in low
temperature crustal fluids (Leach et al. 2010). Coupled
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Deposit-scale characterisation of hydrothermal
systems: a holistic view of gold mineralisation at
Plutonic Mine, Western Australia
Guillaume Duclaux, Robert Hough
CSIRO Minerals Down Under Flagship, ARRC, PO Box 1130, Bentley, WA 6102, Australia
Michael Gazley
Barrick (Australia Pacific) Limited, Locked Bag 12, Cloisters Square, Perth WA 6850, Australia
School of Geography, Environment and Earth Science, Victoria University, PO Box 600, Wellington, New Zealand
Sam de Beer, Ray Swanson, Mike Taylor
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Abstract. Characterisation in 3-D of hydrothermal
systems at multiple scales is increasingly important to our
understanding of ore deposit genesis and gold grade
targeting in deposits. A holistic representation of the
available data can be achieved by integrating
observations and analyses made at different scales into a
general model.
Here we examine how spatial data integration at the
deposit scale offers an important insight for our
understanding of gold mineralisation at the Plutonic Gold
Mine in Western Australia. A large-scale 3-D model has
been built using existing lithological, mineralogical and
geochemical data. The observed grade distribution
indicates that at the deposit scale gold concentrates in
the Mine Mafic Package along planar structures. We
interpret these structures as a late slaty cleavage
enhancing the porosity of the gold-mineralised Mine
Mafic Package and creating pathways for hydrothermal
fluids.
This study highlights the potential of thorough data
integration and detailed characterisation of gold
residence and spatially related alteration in existing
mines.

Australia. Plutonic is located at the SW end of the
Plutonic Well Greenstone Belt (PWGB), a NE-trending,
50 km long, 10 km wide Neoarchaean granitegreenstone terrane within the Marymia Inlier (Fig. 1).
This paper first introduces (section 2) the reader to
the modelling methodology, how multiple data types are
integrated and used to build a holistic view of the mine.
Then, in section 3 we first discuss the results obtained
from these observations at the deposit scale (section
3.1), then, focusing on a selected domain of the Plutonic
deposit, we propose a tectonic interpretation for the
grade distribution (section 3.2). Finally, we conclude our
study (section 4) with some thoughts about future work
on extending this approach to the whole deposit, and on
integrating meso- and micro-scale data to the general
model of Plutonic.

Keywords. deposit-scale study, data integration, portable
XRF, cleavage, hydrothermal gold.

1 Introduction
Because of the rapid increase in volumes of data
acquired in large ore deposits there is a need to develop
more efficient data amalgamation strategies. These
strategies should facilitate a seamless integration of
multiple spatial data types, and the generation of 2-D
and 3-D snapshots of various geologic features at
multiple scales in order to better assess the controls and
extent of mineralisation as an aid in ore quantification
and exploration targeting.
In this study we have used a multi-scale approach to
re-examine the spatial repartition of gold mineralisation,
and their relations with geological structures,
lithological and geochemical contacts, and fluid
circulation pathways through selected parts of the
Plutonic Gold Mine (Plutonic) in Western Australia.
Plutonic has a total endowment of 9.5 million ounces
of gold (Fallon et al. 2010). The mine is owned and
operated by Barrick Gold Australia Pacific, and is
located approximately 800 km NE of Perth, Western

Figure 1. Location map of the Plutonic Mine (modified after
Gazley et al. 2011b).

2 Building a deposit-scale view of Plutonic
2.1 Development of a data integration workflow
A major challenge is the integration of data from (i)
25000 borehole surveys and logs (ii) 1.5 million Au
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The grade shells, extrapolated from the extensive
dataset used to generate the mine-scale model, have a
visible preferred planar orientation. These planar fabrics
are striking around 125˚N and dipping between 50 and
65˚ toward the NE.

assays, and (iii) more than 30000 face channel data and
(iv) around 67000 multi-element portable XRF analyses
that were collected in several different formats. To
successfully integrate the available geological and
geochemical data into a general 3-D modelling
framework we required a data management workflow.
This workflow developed is based on a collection of
executable scripts, converting the different data formats,
controlling the quality of the data, and storing the
reconciled information into a database. This database has
then been used to facilitate post-processing of the data. It
also simplified data selection and integration in series of
2-D or 3-D frameworks for improving the understanding
of the deposit.
2.2 Design of a mine-scale 3-D model
With all the data stored into a single database it was then
possible to export all of the necessary information into a
format suitable for building a 3-D model. We used
Leapfrog™ as a platform to visualise the data in 3-D and
combine them with existing shape files and wireframes
(Fig. 2). This model was used as a base for computing
grade shells and determining a tectonic evolution model
for part of Plutonic (section 3.1).

Figure 3. Gold grade shells (0.1, 0.3, 0.5 and 1 ppm)
illustrating the general distribution of disseminated
mineralisation in the upper part of Plutonic.

3.2 Tectonic interpretation of the model
We interpret the planes described above as relicts of a
late schistosity or a slaty cleavage direction crosscutting
the Plutonic Mine Mafic Package. Slaty cleavage
generally develops perpendicular to the direction of
maximum shortening in the rocks (Ramsay 1967). This
mechanism requires (1) plane strain deformation and (2)
some volume loss. As a consequence, the mine mafic
package inherited of a strong mechanical anisotropy and
an enhanced porosity along these planar fabrics.
Therefore, these cleavage planes represent a major
weakness direction in the Mine Mafic Package.
We propose that the grade shells illustrated in Figure 3
represent a cleavage direction that developed
perpendicular to the direction of maximum finite
shortening in the rocks and could be related to the
tectonic activity of the MMR fault (a major sinistral
strike slip fault located to the south of Plutonic - Rowe et
al. 2002). The nature of the cleavage planes suggests that
these fabrics could have acted as a plumbing system,
driving gold-bearing hydrothermal fluids upward and
controlling the large-scale distribution of the gold in the
Plutonic mineral system.

Figure 2. 3-D representation of the Plutonic Mine Mafic
Package along gold assay data.

Moreover, the extensive portable XRF data set was
used to resolve the lithostratigraphy of the Mine Mafic
Package in 3-D according to the work of Gazley et al.
(2011a, 2011b).

4 Conclusions
3 Discussion

The mine-scale observations seem to indicate that the
large scale distribution of gold at Plutonic is controlled
by an existing cleavage fabric enhancing the porosity of
the Mine Mafic Package and creating pathways for
hydrothermal fluids. At the lode scale, Gazley et al.
(2011b) demonstrated that within the Mine Mafic
package competency contrast at lithostratigraphic
boundaries is a key control on gold mineralisation.
This study provides a framework for data integration at
multiple scales. Future work will be to integrate mesoand micro-scale observations to the current model and
investigate the key parameters for gold mineralisation at
the Plutonic.

3.1 Insights into the mine-scale model
A first visual inspection of the spatial distribution of the
Plutonic gold assays within Leapfrog™ indicates
mineralisation at Plutonic is localised in the Mine Mafic
Package, a sequence of amphibole facies mafic rocks
(see Gazley et al. 2011a for details). The 3-D model also
enabled us to identify structural trends for the
mineralisation. Figure 3 presents the calculated gold
grade shells for the upper part of the deposit, in the
vicinity of the Plutonic open pit. They illustrate the
spatial distribution of gold in the Mine Mafic Package.
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Paleoproterozoic late tectonic NYF-pegmatite-hosted UTh ± REE-Y-Nb mineralization, northern Saskatchewan:
products of AFC and hybridization processes
Michelle A. McKeough, David R. Lentz
Department of Earth Sciences, University of New Brunswick, P.O. Box 4400, Fredericton, NB E3B 5A3
Abstract. In northern Saskatchewan, granitic pegmatites
intrude
Wollaston
Group
Paleoproterozoic
metasedimentary rocks and interfolded granitoids that
unconformably overlie late Archean gneiss; all of which
have been subjected to deformation during the protracted
1.86 to 1.71 Ga Trans-Hudson Orogeny. U-Th-REEpegmatite intrusions and fracture-controlled uranium
mineralization
characterizes
the
U-Th±REE-Y-Nb
occurrences at the Kulyk, Eagle, and Karin Lake
properties in the Wollaston Domain. These mineralized
pegmatites range from simple granitic to more complex
mineralogy, involving bimetasomatic interaction with the
host rocks (hybridization); saturation of U-Th±REE-Y-Nb
occurs at the margins of the hybridized pegmatites,
linking them genetically. The petrographic and whole-rock
geochemical analysis of the mineralized simple granitic
and hybridized pegmatites infers assimilation and
fractional crystallization during ascent of these
leucogranitic magmas that were enriched in U, Th, REEs,
Y and Nb. These are rare-earth element class, NYF
pegmatites, and are interpreted to have formed in a synto post-collisional tectonic setting. Therefore, partial melts
were generated at depth and coalesced as they intruded
to higher structural levels in the domain. This tectonic
setting agrees with U-Pb geochronology of these granitic
pegmatites, which constrains them between peak to late
metamorphic events ca. 1.81 Ga during the TransHudson Orogeny.

2 Geology and mineralization
The Wollaston Domain is one of several
tectonostratigraphic domains that encompass the Hearne
Province of the Churchill Craton in Saskatchewan. The
Kulyk, Eagle and Karin Lake properties are underlain by
north-northeast-trending Paleoproterozoic Wollaston
Group metasedimentary rocks, and interfolded anatectic
granitoid rocks that overlie late Archean granitic gneiss.
The metasedimentary rock of the Wollaston Group is
parautochthonous to allochthonous over older granitoid
gneiss, where weak zones between the Archean granitoid
and Paleoproterozoic metasediment units exist. This
sequence has been subjected to multiphase deformation
during the 1.86 to 1.71 Ga Trans Hudson Orogeny
(THO), producing upper amphibolite to granulite facies
metamorphism in the region (Yeo and Delaney 2007).
The high-T metamorphic events during the THO
generated partial melting of recycled lower crustal
materials, producing syn- to late tectonic granitoid
magmas. Variably mineralized pegmatite intrusions and
fracture-controlled uranium mineralization characterizes
these U-Th±REE-Y-Nb occurrences near the ArcheanPaleoproterozoic contact.
The majority of the mineralization at Karin Lake is
primary, within late tectonic differentiated pegmatitic
dikes and sills; however drillcore shows U-mineralized
fractures cutting graphite-rich Lower Wollaston Group
pelitic gneiss, indicating later U remobilization. At
Kulyk and Eagle Lake, syn- to post-deformational
pegmatite intrusions exploit foliation parallel trends in
metasedimentary rocks, and utilize low pressure regions
of primary fold structures and fault intersections. The
majority of the mineralized pegmatites at Kulyk and
Eagle Lake are “hybridized”, as a result of host rock
interactions, which are commonly zoned and concordant
with the regional NE gneissosity; field in situ gamma-ray
spectrometry data also provide evidence that U and Th
are enriched in hybridized zones (McKeough et al.
2010), analogous to the late-tectonic pegmatites in the
Grenville Province (Lentz 1991).

Keywords. uranium, pegmatite, hybridization, northern
Saskatchewan, Wollaston Domain

1 Introduction
In
northern
Saskatchewan
U-Th±REE-Y-Nb
mineralization is associated with granitic pegmatite
dikes, sills, and lenses that intrude the Wollaston
Domain. The relevant part of the Wollaston Domain is
located approximately 200 km north of La Ronge and 45
km southeast of the Key Lake U Mine, and has been the
focus of substantial geological exploration since the mid1950’s. The Kulyk, Eagle and Karin Lake properties,
held by Eagle Plains Resources, have mineral
occurrences predominantly of monazite and/or allanite
and lesser xenotime, with variable amounts of U, Nb,
and Y hosted in late-tectonic granitoid and pegmatite
intrusions. The purpose of this study is to characterize
and determine spatial and temporal relationships
between late-tectonic pegmatites that host U-Th±REE-YNb and their genesis with respect to the basal Wollaston
sequence.

3 Petrography
Granitic pegmatites are mainly composed of K-feldspar
and albite with variable amounts of quartz and biotite.
The primary accessory mineral assemblage includes
monazite, apatite, zircon, xenotime, magnetite, ilmenite,
uraninite-uranothorite
(sometimes
replaced
by
uranophane), fluorite, pyrite, garnet, molybdenite, and
others. The main U-, Th-, and REE-bearing minerals are
monazite, zircon, and uraninite-uranothorite. Hybridized
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reflect extreme crystal fractionation of these melts
coupled with complex hybridization processes. The
locally hybrid border zones of a pegmatite reflect
bimetasomatic melt-host rock reactions that enhance
high-field strength element (HFSE) saturation,
explaining intrapegmatite HFSE variations. The
enrichment of Ca, Mg, and Fe in hybridized pegmatites,
forming the hybrid border phases of zoned and unzoned
leucogranitic pegmatites, results from interaction
between the hydrous pegmatitic melt and the host rocks,
although some Fe may be metasomatically introduced.
Therefore, CaO, MgO, and FeOt were selected to form a
‘hybridization index’ of CaO + MgO + FeOt (Lentz
1996), for comparisons with U + Th, TREE + Y, and Nb
content of the pegmatites (Fig. 2). Spearman’s Rank
coefficients show a moderate to strong correlation of
hybridization effects on U, Th, REEs, Y, and Nb
concentrations in pegmatites, confirming that the
fixation of these elements in the hybrid zones is related
to the bulk compositional effects that hybridization has
on the saturation of U-, Th-, and REE-phases.
Preliminary U-Pb geochronology on monazite
crystals from a mineralized granitic pegmatite at Karin
Lake yielded an age ca. 1807 ± 10 Ma. This coincides to
the 1.81 Ga deformational event that defines one of the
peak thermal pulses during the THO, when simple
thickening of the crust was coincident with thinning of
the lithosphere (Schneider et al. 2007).

pegmatites are locally zoned, with an inner core
consisting of feldspar and quartz with lesser amounts of
biotite and amphibole; the outer margin “hybrid zone”
consists of biotite and/or Ca- amphibole, pyroxene, and
magnetite or ilmenite. Uranium mineralization is
concentrated within hybrid contact zones and biotite
metasomatic reaction zones along the pegmatite margins.
The concordant hybridized pegmatites are more
mineralogically complex than the discordant pegmatites,
suggesting that the concordant pegmatites have reacted
more completely with host rocks and locally became
saturated in U-Th±REE-Y-Nb. This is similar to latetectonic uraniferous NYF pegmatites of the Grenville
Province (Lentz 1996).

4 Geochemistry and geochronology
Whole-rock geochemical analyses of 30 pegmatites from
the region exhibit compositional variations in simple
granitic to complex pegmatites. Pegmatites enriched in
REEs and Nb, Y, and F correspond to the NYF class of
rare-element pegmatites as defined by Cerny (1991).
Chondrite-normalized REE patterns (Figure 1) of these
NYF pegmatites are mainly LREE-enriched with
moderate negative Eu anomalies (average Eu/Eu* =
0.44). This trace-element signature corresponds to an
extremely fractionated crustal A-type magma typically
related to the NYF pegmatites and granites characterized
by Ercit (2005), who suggests that the evolution of these
patterns is owed to the fractionation of feldspar and
accessory minerals of LREE-enriched solidus phases,
such as monazite and allanite.
Most of the pegmatites sampled show notable
enrichment of U, Th, Nb, Y, and REEs, with samples
containing up to 1527 ppm U, 720 ppm Th, and 1470
ppm ΣREE. Geochemical variations in the granites and
pegmatites generally reflect assimilation and fractional
crystallization (AFC) of these leucocratic magmas,
which caused enrichment in incompatible elements
during their ascent through the crust.

Figure 1. Chondrite-normalized REE patterns for rareelement NYF pegmatites in the Kulyk, Eagle, and Karin Lake
regions of northern Saskatchewan.

Figure 2. CaO + MgO + FeOt (Hybridization Index) versus U
+ Th and TREE + Y (A) and Nb (B) plots illustrating the
effects of hybridization on U, Th, and REE mineralization in
pegmatites using data from this study. Spearman’s Rank
correlation coefficients are reported at a 95% confidence
interval for the relevance of the trends.

Extreme compositional differences are evident
between the pegmatites (interpegmatite) and within any
particular pegmatite (intrapegmatite); these variations

Schneider (2007) also showed that concordant
igneous and metamorphic dates define a later thermal
episode at 1.77 Ga that was coeval with anatexis and
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penetrative crustal reworking, whereby hydrothermalmagmatic events produced undeformed pegmatites. It is
possible that remobilization of U, Th, and REEs into
earlier structures had also occurred during this later
metamorphic event.

Yeo GM, Delaney G (2007) The Wollaston Supergroup,
stratigraphy and metallogeny of a Paleoproterozoic Wilson
cycle in theTrans-Hudson Orogen, Saskatchewan. In Jefferson
CW, Delaney G (eds.) EXTECH IV: Geology and Uranium
Exploration TECHnology of the Proterozoic Athabasca Basin,
Saskatchewan and Alberta GAC-MDD Spec Pub 4:89-118

5 Conclusions
In the Wollaston Domain, syn- to late-tectonic
mineralized and non-mineralized pegmatites developed
during high-grade metamorphism throughout the Trans
Hudson Orogeny. Preliminary U-Pb geochronology on
monazites from a mineralized granitic pegmatite
constrains it to the peak to late metamorphic events ca.
1.81 Ga.
Mineralogical and whole-rock geochemical analysis
of 30 pegmatites from the region infers that AFC
processes enriched these magmas in incompatible
HFSEs during coalescence and ascent to emplacement
depths, generating rare-element NYF pegmatites. These
simple granitic to more complex, hybridized pegmatites
from the basal Wollaston sequence can be enriched in UTh±REE-Y-Nb, and typically form concordant to the
regional fabric. The mineralized hybridized pegmatites,
formed by bimetasomatic interaction with the wall rocks,
are enriched in U, Th, and REEs primarily along the
margins of the pegmatites; fixation of these elements in
the hybrid zones is related to the bulk compositional
effects that hybridization has on the saturation of U-, Thand REE-phases.
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Preliminary petrogenetic and geodynamic controls on
magmatic-hydrothermal Cu and Au mineralisation of
Guadalcanal, Solomon Islands
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Abstract. The island of Guadalcanal, Solomon Islands
(SW Pacific) is located at the intra-oceanic convergent
boundary between the Pacific and Australian Plates.
Guadalcanal is host to the >2 Moz Au low-sulphidation
epithermal deposit at Gold Ridge, the Koloula Cu
Porphyry deposit and 15 known porphyry-epithermal
style occurrences. Arc magmatism is temporally
subdivided by a hiatus during the Mid-Upper Miocene
caused by the collision of the Ontong Java Plateau and
reversal of the subduction zone polarity; mineralisation is
associated with early Miocene and Plio–Pleistocene calcalkaline arc rocks. Plio–Pleistocene mineralisation was
controlled by NNE–SSW arc-normal transpressional
structural corridors and pull-apart basins located in
central and western Guadalcanal. The corridors likely
developed in response to ‘indenter’ style tectonics of a
young oceanic basin subducting to the west of
Guadalcanal. Whole rock geochemistry of arc magmas
shows an increase in Sr/Y over time to adakite-like
signatures, implying the gradual installation of a fertile
hornblende-rich root. Sodic magmas and elevated Sr/Y in
western Guadalcanal indicate the greater role of
amphibole fractionation and suppression of plagioclase
during crustal evolution due to more hydrous magma.
The source of volatiles may be linked to greater slab flux
coincident with the margin of the Woodlark Basin
‘indenter’.

the evolution of a mature intra-oceanic arc.

Figure 1. Locality and regional tectonic map of the Solomon
Islands and Guadalcanal

2 Arc evolution and tectonic framework
Initial growth of the magmatic arc on Guadalcanal was
installed upon the, now uplifted, N-MORB basement.
Magma genesis occurred due to subduction of the Pacific
Plate to the SW beneath the Australian Plate margin
along the Vitiaz or North Solomon Trench (NSTS).
Magmatism occurred until the early Miocene (Petterson
et al. 1999) initially producing island arc tholeiites and
eventually more evolved calc-alkaline rocks. A hiatus of
magmatism and widespread unconformable carbonate
deposition occurred after the collision of the Ontong
Java Plateau (OJP) with the NSTS. The ~33 km thick
plume-related OJP ‘choked’ the subduction zone and
stopped subduction of the Pacific plate. Magmatism was
reinitiated ~6.4 Ma (Petterson et al. 1999) after reversal
of the subduction zone polarity had been triggered and
the Australian plate began subducting to the NE beneath
the now isolated Solomon Island Arc Block (SIAB). Late
Miocene to present day magmatism is seemingly
attributable to this phase of subduction occurring at the
South Solomon Trench System (SSTS) to the SW of
Guadalcanal. Contained within the down-going slab is
the young (5–0.5 Ma) Woodlark oceanic basin. The basin
has its southern rifted margin adjacent to the westernside of Guadalcanal and is coincident with an arc-normal
fracture zone offshore the western coast of Guadalcanal.
The paucity of geochronological data, both for
Guadalcanal and the Solomon-Bougainville arc in

Keywords. Solomon Islands, Guadalcanal, tectonics,
porphyry, petrogenesis

1 Introduction
Guadalcanal island (5,300 km2) is located in the NW–
SE trending Solomon–Bougainville arc system, SW
Pacific (Fig. 1). The diverse geology of Guadalcanal
records the ~45 Ma complex magmatic and geodynamic
evolution at the intra-oceanic oblique convergent
boundary between the Pacific and Australian plates. It is
the world’s youngest example of subduction zone
polarity reversal, believed to be one possible factor in
enriching the ‘fertility’ of arc magmas (Solomon 1990).
The region notably contains the Panguna porphyry
deposit (Bougainville) 600 km NW along the strike of
the arc; Guadalcanal itself is host to the Gold Ridge
Mine (37.5 Mt at 1.73 g/t Au) low-sulphidation
epithermal deposit and the Koloula, Mbina and Poha
porphyry prospects (Chivas and McDougall 1978) along
with 15 known porphyry–epithermal style deposits and
occurrences. The geology of Guadalcanal allows for the
examination of the interplay between mineralisation,
magma chemistry, structure and tectonic setting during
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also found within core samples 10 km NNE of Koloula.
This foliated zone most likely corresponds to the earliest
deformation, related to dextral, arc-normal shearing. A
regular fracture pattern corresponding to Riedel shears
(R and R’) is superimposed upon the complex. To the
NNE, away from the trench, the level of erosion
becomes progressively higher within the porphyry
environment. At the furthest extent of the corridor, the
Gold Ridge low-sulphidation deposit is hosted by
permeable volcanogenic sediment that filled a supracrustal pull-apart basin. Structures indicate the basin had
begun to invert at the time mineralising fluids utilised
the Riedel shears (R) as crustal pathways along the
eastern side of the corridor. As a result mineralisation
and grade distribution shows a strong NW–SE fault
control.
We propose that the corridors are indicative of
regional strain partitioning due to the subducting hot,
young, buoyant Woodlark Basin acting as an indenter
immediately to the west of Guadalcanal, and
corresponding to a submarine fracture zone. This would
have induced a dextral shear component in the peripheral
zones on the overlying plate. The transpressional regime
was likely terminated by increased coupling of the SIAB
with the Pacific plate which caused clockwise rotation of
the principal stress to an E-W orientation (Hackman
1980). Whilst the overall arc was under a state of
compression during 4–2 Ma (Cowley et al. 2004) the
transpressional component created the necessary crustal
pathways for magma emplacement and mineralising
fluids on Guadalcanal.

general, will be addressed during further work on this
project. However, the few absolute dates and
stratigraphic relationships suggest clear temporal
associations of porphyry–epithermal mineralisation. The
first phase of low grade Cu porphyry mineralisation
(Chivas and McDougall 1978) occurred at the end of
magmatism in the early Miocene. The second phase of
higher grade Cu-Au porphyry and Au epithermal
deposits occurred in the Plio–Pleistocene, likely between
2.5–1.7 Ma (Chivas and McDougall 1978).

3 Structural controls on Plio-Pleistocene
mineralisation
Compilation of geological maps, remote sensing and
fieldwork demonstrates the distribution of PlioPleistocene magmatic centres and associated Cu and Au
mineralisation is principally limited by two discrete
major arc-normal, NNE–SSW trending, dextral
transpressive corridors in west and central Guadalcanal
(Fig. 2). Several volcanic centres and epithermal
mineralised zones lie along minor parallel corridors
offset from the main zones and along early Pliocene
NW–SE NE–SW fault pairs.
We suggest that the importance of these transpressive
zones is shown through their regional and mine-scale
controls on mineralisation, best expressed in the central
corridor which, over 25 km, contains 3 known porphyry
deposits and the Gold Ridge Mine. Rapid uplift and
tilting of Guadalcanal at the SSTS allows for observation
of the structural impacts at various levels of erosion in
the crust. Closest to the trench, at Koloula, the deep
plutonic roots are exposed. Late-stage porphyry
emplacement is restricted to rhombohedral intrusive
complexes at fault jogs with pull-apart basin structures.
Porphyry and associated diorite stocks crosscut a
strongly foliated zone running parallel to the corridor

4 Preliminary petrogenetic controls on arc
magmas associated with ore deposits
Whole rock chemistry (XRF) from volcanic and
intrusive suites associated with mineralisation shows that

Figure 2. Schematic overview of Guadalcanal showing relationships between arc-magmatism, Plio-Pleistocene structures and
mineral deposits. Lithology, certain structures and mineralisation after Hackman (1980), company reports and survey data.
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corridor due to being volatile rich and outside the
plagioclase stability field (e.g., Smith et al. 2009;
Petterson et al. 2011).
We propose that the additional volatiles in the
western corridor magmas are strongly related to the
fracture zone at the margin of the Woodlark Basin. Slab
flux proxies e.g. Ba/La, indicate much greater fluid input
to the western corridor. Hydrothermally altered oceanic
crust can add ten times more water into the mantle
wedge (Ito et al. 1983). It is therefore possible that the
deep crustal faults at the margin of the Woodlark Basin
which drove the dextral transpression and distribution of
Cu & Au mineralisation acted as a catalyst for alteration
of the down-going slab and resulted in the more hydrous
magmas of the western corridor.

the earliest tholeiitic arc magmatism switched to
magmas of a low-K, calc-alkaline, Nb-enriched
signature, associated with the phase of Early Miocene
porphyry emplacement and coincident with the
termination of stage 1 arc growth. Magmas from the
second stage of arc growth show medium-K calcalkaline affinities, relative enrichment of LILE, a
steepening of N-MORB normalised multi-element trace
diagrams and typical arc magma Nb depletion.
Additionally there is a clear geochemical provincialism
between the Plio–Pleistocene magmas of the central
Guadalcanal and western Guadalcanal corridors. Western
Guadalcanal shows relatively steeper fractionation
curves for FeO (total) CaO and Na2O; distinctive sodic
type magmas (Na2O−2>K2O); relative depletions in Sc,
V, Y; relatively elevated Zr and V/Sc.
Sr/Y values of magmas show a progressive increase
over time towards an “adakite” signature (Defant and
Drummond 1990) or the vector for amphibole
fractionation (Fig. 3). Western Guadalcanal magmas also
show a trend to much higher Sr/Y (max = 154) values in
comparison to Central Guadalcanal (max = 60).
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Figure 3. Sr/Y versus Y showing trend of magmas towards
the “adakite” field over time and overprinting in the west.

Whilst a model of slab melt contribution for the
“adakite-like” signature of magmas of Guadalcanal has
been previously invoked (Schuth et al. 2009), the
observed phenomenon can be attributed to the varying
role of amphibole within their evolution. The timescale
of migration towards “adakite-like” Sr/Y is in strongest
agreement with the installation and partial re-melting of
an amphibole–rich ‘fertile’ arc-root e.g., Richards
(2009). This is mirrored in the occurrence of porphyryepithermal mineralisation over time. Similarly, the Plio–
Pleistocene addition of slab melts derived from the
subducted margin of the hot, young Woodlark Basin
appears to be an acceptable means for superimposing
elevated Sr/Y in the western corridor given its proximity
to the basin margin. DeLong et al. (1975) correlated
sodic arc magmas to the subduction of ridges and
fracture zones at a high angle and suggested they act as
pathways for slab melts. However, this study suggests
that the geochemical variation (particularly that of Na,
Sr, Y, V and Sc) is best described through a model of
amphibole fractionation during the crustal evolution of
magmas. Magmas of western Guadalcanal did not
fractionate plagioclase to as great an extent as the central
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Regional prospectivity analysis of orogenic gold
mineral systems in central Victoria, Australia
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Abstract. Prospectivity analysis using a combination of
empirical and conceptual modelling indicates that the
spatial distribution of orogenic gold endowment in central
Victoria is controlled by an interplay between regional
geological features acting at different scales. On the
broad regional scale, the gold province is located in the
accretionary orogen which underwent rapid thickening
and metamorphism of ‘juvenile’ oceanic crust in SilurianDevonian. On the sub-province / metallogenic belt scale,
gold endowment is mostly controlled by overall deep
crustal architecture (volume, composition and thermal
history of tectonically thickened oceanic crust, presence
in the lower crust and geometry of older cratonic blocks,
abundance and distribution of deep crustal-scale faults).
Within metallogenic belts, distribution and endowment of
gold ore fields / camps is mostly controlled by more
detailed properties of regional geological structures (3D
geometry of crustal-scale faults and regional folds).
Information on 4D crustal architecture and tectonic
evolution is essential for better understanding of regional
mineral systems and development of robust predictive
mineral prospectivity models at the mineral province to
ore field scales.

2 Regional geology and summary of gold
mineralisation
2.1 Geological setting
The Palaeozoic Western Lachlan Orogen (including the
Stawell, Bendigo and Melbourne zones) formed along
the convergent Pacific margin of Gondwana from the
Cambrian to the Early Carboniferous. It has experienced
three major orogenic events: the Benambran (~455 to
425 Ma), Bindian (~415 to 410 Ma) and Tabberabberan
(~390 to 380 Ma) orogenies (Vandenberg et al. 2000,
Champion et al. 2009).
At the current erosional level, the Western Lachlan
Orogen is dominated by regionally deformed Cambrian
oceanic and arc-related volcanic and interbedded
sedimentary rocks, overlain by Cambrian to Devonian
turbidites and associated pelagic shales, intruded by
Silurian to Devonian granites and covered by Late
Devonian to Quaternary sedimentary and volcanic rocks.
The age of turbidites broadly decreases from west to
east, from Cambrian in the Stawell Zone to Ordovician
in the Bendigo Zone and to Silurian and Devonian in the
Melbourne Zone.
The age of the oldest major regional deformation, as
well as regional metamorphic grades at the current
surface, also decrease from west to east. Western parts of
the Stawell Zone were first deformed in the Cambrian,
during the Delamerian Orogeny (~500 to 490 Ma). The
major Benambran Orogeny and a more localised
Bindian tectonic episode affected both the Bendigo and
Stawell zones. The Tabberabberan Orogeny affected
parts of the Bendigo and Stawell zones and it was the
main tectonic event in the Melbourne Zone.

Keywords. orogenic gold, GIS, prospectivity analysis,
3D, Victoria

1 Introduction
Prospectivity analyses based on empirical spatial
relationships between mineral deposits and regional
geological features, on one hand, and geological
concepts on ore deposit formation, on the other, have
long been used for regional exploration targeting
(Bonham-Carter 1994, Carranza 2008). Recently,
prospectivity analysis research has increasingly focused
on the mineral systems approach (Wyborn et al. 1994)
as a unifying conceptual framework for the development
of more effective exploration targeting methods and
models (Hronsky and Groves 2008, McQuaig et al.
2010).
In this paper, we analyse likely regional controls on
the scale and spatial distribution of orogenic gold
deposits in the Western Lachlan Orogen of central
Victoria (Australia) and consider implications of the
inferred relationships between major gold deposits and
regional geological features for exploration targeting in
the region.

2.2 Orogenic gold deposits
Spatial distribution of gold deposits in the Western
Lachlan Orogen is highly heterogeneous, forming
regional metallogenic belts within the orogen and
deposit clusters (ore fields) within the belts. The
Bendigo Zone is by far the most endowed metallogenic
belt, which has produced more than 2000 t of gold
(Phillips et al. 2003) and hosts 23 ore fields with >1 t of
pre-mining primary gold endowment, including Bendigo
(>630 t Au), Ballarat (>106 t Au) and four other ore
fields with >30 t Au (Lisitsin et al. 2010). The Stawell
Zone has produced more than 200 t of gold, mostly from
the west, and hosts the Stawell ore field (>155 t Au) and
five other ore fields with >1 t of pre-mining primary
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(Sawatzky et al. 2009).

gold. Total historic production from the Melbourne Zone
is more than 130 t, mostly in the Walhalla-Woods Point
belt in the east.
Most primary gold deposits, accounting for over 95%
of total historic primary gold production, are
characterised by free gold in quartz veins with minor
sulphides and ferroan carbonates. They can be classified
as mesozonal orogenic gold deposits of Groves et al.
(1998). In the Bendigo and Stawell zones, this
mineralisation mostly formed during late stages of the
Benambran Orogeny (~440 Ma), with a lesser event at
420–400 Ma, while in the Walhalla-Woods Point belt of
the Melbourne Zone it was introduced at ~375 Ma
(Bierlein et al. 2001).
Several gold deposits in the Bendigo Zone (including
the >65 t Fosterville goldfield) are classified as epizonal
orogenic deposits of Groves et al. (1998). They are
characterised by refractory gold within sulphide grains
and antimony-enriched gold-quartz-pyrite-arsenopyrite
and gold-quartz-stibnite mineralisation, formed at ~375
Ma (Bierlein et al. 2000).

4 Conceptual mineral system model
Based on the literature review on the geology and
genetic models of orogenic gold deposits, we accepted
the following as the critical components of the orogenic
gold mineral system in the Western Lachlan Orogen (cf.,
Wyborn et al. 1994; Hronsky and Groves 2008;
McCuaig et al. 2010):
(1) Metal, fluid and ligand source(s) – hydrous volcanic
and sedimentary rocks in the lower and middle crust,
possibly, originally enriched in gold (Keys and Scott
1976); (2) Energy source – regional metamorphic
thermal events, associated with rapid crustal thickening
and mantle processes; (3) Focused fluid pathways – a
combination of major faults and interconnected foldrelated fault and fracture meshes; (4) Metal deposition
factors – rapid P-T fluctuations of mineralising fluids,
fluid-wallrock interactions, possibly assisted by fluid
mixing.
The presence of all four components, indicated by
associated mappable targeting criteria, is required for the
formation of gold deposits. Deposit preservation factors,
often unrelated to the original mineral system, are also
essential parameters of mineral prospectivity.

2.3 Deep crustal architecture
Interpretation of deep seismic reflection data indicates
broad similarities in the crustal architecture and
geological history of the Stawell and Bendigo zones, as
opposed to the Melbourne Zone (Williams et al. 2008;
McLean et al. 2010; Willman et al. 2010; Cayley et al.
2011). The Stawell and Bendigo zones are composed of
tectonically thickened Cambrian volcanic and associated
sedimentary rocks (up to 8 km thick in the Stawell Zone
and up to 25 km in the Bendigo Zone), overlain by
strongly folded turbidites (up to 6 km thick in the
Stawell Zone and up to 16 km in the Bendigo Zone).
In contrast to the Stawell and Bendigo zones, the
Melbourne Zone has only a thin layer of volcanic rocks
in the lower crust, overlain by up to 15 km of
moderately folded sedimentary rocks.
The Melbourne Zone and the eastern Bendigo Zone
are underlain in the lower crust by Proterozoic? to
Cambrian continental crust of the Selwyn Block, while
the Stawell Zone is underlain by the Delamerian crust.
A series of deep listric faults in the Western Lachlan
Orogen extend from the current surface to the lower
crust (>15 km deep) and some – to the mantle.

5 Critical targeting criteria
The following likely targeting criteria, grouped by
critical components and processes of the mineral system,
were tested by analysed in this study:
(1) Metal and fluid source – thickness of hydrous
volcanic and sedimentary rocks in the lower to middle
crust, weighted by interpreted proportions of mafic
volcanic rocks; (2) Energy – surface regional
metamorphic grades, interpreted P-T conditions of
hydrothermal fluids, enhanced ‘connectivity’ with the
mantle (distribution of mantle-derived magmatic rocks
broadly coeval with gold mineralisation, regions with no
older cratonic bocks in the lower crust); (3) Pathways surface exposures of crustal-scale faults and axes of
regional folds, modelled sub-surface geometry of crustal
faults (changes of slope and strike, intersections of the
boundary between volcanic rocks and turbidites in the
middle crust; depth to fault from the surface), boundaries
of older cratonic blocks in the lower crust; (4) Metal
deposition – distribution of alluvial gold deposits.
Direct metal deposition factors and their likely
mappable targeting criteria (e.g., mineralogical and
geochemical anomalies, reactive host rocks, structural
dilation sites) are considered to be critical at a more local
scale (McCuaig et al. 2010) than the scales of this
analysis. Also, GIS datasets representing those metal
deposition factors are characterised by severe
heterogeneity of regional data coverage and resolution,
which could bias predictive models against underexplored areas. Therefore, targeting criteria representing
the metal deposition processes were not included in this
analysis.
Critical deposit preservation factors in the region are
represented by the distribution of post-mineralisation

3 Method
The prospectivity analysis involved the following major
steps: (1) Compilation of a preliminary conceptual
model of the orogenic gold mineral system in the
Western Lachlan Orogen; (2) Identification of likely
targeting criteria deemed representative of critical
mineral system processes; (3) Compilation of GIS
datasets of mappable proxies for the targeting criteria;
(4) Analysis of spatial association between known gold
deposits and the GIS proxies; (5) Testing alternative
statistical models of prospectivity modelling; (6)
Definition of a regional exploration targeting model.
GIS prospectivity analysis has been conducted in
ESRI ArcGIS™ 9.3 (using Spatial Analyst™ and
Geostatistical Analyst™), assisted by SDM 9.3
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6 Discussion
The spatial distribution of gold deposits in central and
western Victoria suggests that a combination of regional
geological features controlled the scale and location of
gold endowment at several different scales.
On the broad regional scale, the most productive part
of the Victorian gold province coincides with the
Western Lachlan Orogen, probably due to its tectonic
evolution in the Palaeozoic as an accretionary orogen,
with Cambrian-Ordovician oceanic crust tectonically
thickened and accreted to the Cambrian Delamerian
Orogen and affected by two major regional thermal
events.
On the metallogenic belt scale, gold endowment
appears to be mostly controlled by large-scale
heterogeneities of the overall deep crustal architecture of
the Western Lachlan Orogen (volume, composition and
thermal history of tectonically thickened oceanic crust;
degree of ‘connectivity’ with the mantle; abundance and
distribution of deep crustal-scale faults). In particular,
most of known gold endowment occurs in the Bendigo
Zone, with the largest thickness of mafic volcanic rocks
which directly overly the mantle (Willman et al. 2010).
Within metallogenic belts, distribution and
endowment of gold ore fields is mostly controlled by
more detailed properties of regional geological
structures (3D geometry of crustal-scale faults and
regional folds; possibly, geometry of older cratonic
blocks in the lower crust).
At the province to metallogenic belt scales,
prospectivity analysis is strongly influenced by regional
tectonic models and mineral systems models – due to
natural limitations of statistical data support at those
broad scales.
At the metallogenic belt down to camp and deposit
scales, statistical spatial data analysis becomes
increasingly important in the prospectivity analysis and
exploration targeting. Because of the inherent
complexity and uncertainties of tectonic reconstructions,
mineral system models and ‘mappable’ prospectivity
criteria deemed representative of essential components
of the mineral system, alternative scenarios and
interpretations need to be tested and uncertainties –
appropriately characterised to ensure the robustness of
predictive prospectivity models.
Information on the 3D crustal architecture and
regional tectonic and thermal history is essential for
better understanding of regional orogenic gold mineral
systems in the Western Lachlan Orogen and the
development of robust predictive mineral prospectivity
models for the region. Even at the camp scale, regional
mineralisation controls would be much more difficult to
identify and understand without a well-constrained
regional 3D model.

78

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

The role of source and compositional diversity in
determining the igneous metallogeny of the
Tasmanides, eastern Australia
Phillip Blevin
Industry & Investment NSW, 516 High Street, Maitland, NSW, 2320, Australia
Abstract. Intermediate to felsic magmatism in the
Tasmanides of eastern Australia exhibit age- and regionspecific variations in silica content, compositional
evolution, isotopic maturity and oxidation state. The most
unevolved igneous rocks comprise those from primitive
arc settings in the Lachlan Orogen (LO) and New
England Orogen (NEO) and are both associated with CuAu. Strongly fractionated and evolved I-type granites of
various ages occur in specific regions within individual
orogens and show a marked disconnect between
compositional evolution and isotopic maturity. Magmatic
oxidation states also vary markedly, with a general trend
of more reduced rocks occurring in areas characterised
by older, metasedimentary-dominated protoliths.

mineralisation within these hydrothermal systems varies
from proximal in Cu–Au centred systems to the more
distal base-metal zones in W–Mo–Bi centred systems
(e.g., Kidston, Australia). Such an approach has a
predictive capacity in being able to recognise potential
for particular metallic element associations in poorly
explored igneous domains, and by reinterpreting underexplored hydrothermal systems through the recognition
of metal zoning patterns.

2 Igneous metallogeny of the Tasmanides
The Tasmanides of eastern Australia are the result of
several orogenic cycles. Five principal tectonic cycles
(600-490, 490-430, 430-380, 380-350 and 350-230 Ma)
have been recognised, each commencing with a period
of extension and ending with a phase of contractional
orogensis (Champion et al. 2009). Intermediate to felsic
magmatism associated with these cycles is related to a
diverse metallogeny that reflects their variable degree of
compositional evolution and character.

Keywords. granites, metallogeny, Tasmanides, tin, gold,
molybdenum, mineral deposits

1 Igneous metallogenic classification
Granitic rocks can be classified according to
metallogenic potential using a scheme based on
compositional character, degree of compositional
evolution, degree of fractionation, and oxidation state
(Blevin et al. 1996; Blevin 2004). This scheme is based
on empirical and theoretical considerations and
satisfactorily describes the known distribution of graniterelated mineralisation. The degree of compositional
evolution can be monitored by the K/Rb ratio (Blevin
and Chappell 2010). A granite can be regarded as
compositionally evolved if its chemistry is no longer
consistent with a direct derivation from mantle materials.
The relative oxidation state of the magma is of
paramount importance in controlling the partitioning
behaviour of many ore elements. Oxidation state is
largely inherited from source although the effects of wall
rock interaction can be locally important. Also, there is a
general trend to lower relative oxidation state in granites
from arc settings through continental margin settings to
those of continental interiors. As a consequence, S-types
are almost invariably reduced.
Another important feature of granite-related mineral
systems is the presence of element zonation at local to
district scales. This can be used to interpret relationships
between igneous suites and ore deposits. Deposit
zonation and mineral occurrence data can be used to
recognise magmatic-hydrothermal “districts”. Within
these districts, the most intrusion-proximal, high
temperature metal associations include Cu–Au, Cu–Mo,
Mo, W–Mo–Bi, Sn–W assemblages and systematically
relate back to the compositional features of the related
igneous suites. Gold is associated with all these core
metal associations. The location of economic gold

2.1 Lachlan Orogen
The Ordovician igneous systems of the Lachlan Orogen
(LO) comprise arc volcanics and related intrusions and
represent the unevolved, oxidised end-members of the
igneous metallogenic compositional spectrum within the
Tasmanides. Most mineralised Ordovician igneous units
fall in the trachytic portion of the total alkali-silica
(TAS) diagram and plot within the very-high-K
(shoshonite) field on K2O–SiO2 diagrams. The rest plot
along typical calc-alkaline BADR trends on TAS plots
and fall into the medium- to high-K fields on K2O–SiO2
plots. Transitional suites between these two trends are
not common. Both compositional and isotopic data
support an unevolved mantle origin for Ordovician
magmatism. However, the Mg# of the magmas are
relatively evolved and indicate that they represent fusion
products of variably enriched mantle materials. In
addition to their unevolved nature, the high relative
oxidation state of Ordovician units clearly distinguishes
them from subsequent magmatic episodes in the LO. The
major metallogenic association of these rocks is that of
porphyry Cu–Au.
Post-Ordovician
granite-dominated
magmatism
comprises a substantial proportion of the present
exposed area of the LO. Numerous metallogenic
associations exist, and many of these associations have
Au present. The majority of Siluro-Devonian I-type
granites however are too felsic and not oxidised enough
to develop porphyry Cu–Au deposits, and not
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fractionated and oxidised enough for porphyry Mo
systems. World class Sn and Sn–W systems are
associated with some I- and S-type granites (Ardlethan,
Renison, Cleveland, Mt Bischoff, King Island, Kara and
Zeehan). The Carboniferous granites of the north-eastern
LO have Mo–W, Sn and Au metal associations
reminiscent of I-types of the New England Batholith and
the Carboniferous I-types of far north Queensland
(Kidston, Red Dome). Some strongly fractionated
intrusions are present, and these in combination with
their association with the Sydney Basin have positive
implications for geothermal exploration.

2.3 Northern Queensland
Granites of Cambro-Ordovician, Silurian–Devonian and
Permo-Carboniferous ages are developed in the northern
sections of Tasmanides and intrude both Proterozoic and
Palaeozoic terranes. Most of north Queensland’s
intrusion-related mineralisation is associated with I- and
S-type granites of the Kennedy Igneous Province. These
voluminous Permo-Carboniferous granites are typically
high-K, high SiO2 (>70%) and often fractionated. Atypes are also present but are unmineralised. The
mineralisation is dominated by Sn and/or W deposits and
related base metal systems. W–Mo–Bi and Au deposits
are associated with more oxidised I-type granites. The
granites of Cape York are similar in many ways to the
similarly aged Siluro-Devonian granites of the LO (and
Siluro-Devonian of the Ravenswood Batholith), and
their metallogenic potential is considered to be similar.
A significant break in the compositional character of
granite magmatism occurs just north of Townsville from
more evolved granites in the north, to less evolved and
fractionated granites to the south. Cu–Mo–Au centred
systems dominate in the oxidised, more unevolved
Permian of the Ravenswood Batholith.

2.2 New England Orogen
The granites of the southern New England Orogen fall
into two distinct groups in terms of K/Rb. The Clarence
River Supersuite (CRSS) has K/Rb ratios around 250 to
350, while all other supersuites have markedly lower
K/Rb ratios. The Moonbi Supersuite (MSS) granites are
similar in terms of compositional evolution to that of the
Carboniferous I-types of the Georgetown–Herberton
region of far north Queensland. The MSS consists of
oxidised, high-K hornblende–biotite (±augite) granites
characterised by pink K-feldspar, titanite and magnetite.
By contrast, the Uralla Supersuite, though classified as Itype, has characteristics transitional between typical Sand I-type granites, and may be regarded as ilmeniteseries granites. Highly fractionated leucogranites are Itype in character. The Permian leucogranites are
oxidised while some of the Triassic examples are either
oxidised or reduced.
Four age groups of granite are present within the
northern
NEO:
Middle–Late Devonian; midCarboniferous–Early Permian; Late Permian–Late
Triassic; and Early Cretaceous. Devonian igneous rocks
of the northern NEO, such as the Mount Morgan
Tonalite Complex (MMTC) share with the Ordovician of
the LO the most unevolved compositions and highest
K/Rb ratios of all intrusive igneous units in eastern
Australia. The MMTC has trace element and REE
signatures indicative of an island arc derivation. The
presence of a reasonably continuous compositional range
within the MMTC suggests fractionation of magmas
sourced from the fusion of basalt as the most likely
origin.
Post-Devonian magmatism in the northern NEO
comprises moderately evolved compositions (200<
K/Rb <400). Granites of the Yarrol Province and the
Urannah Batholith are on average less compositionally
evolved in terms of K/Rb than granites further to the
south (i.e., have many units with K/Rb values between
300 and 400). As a group, the granites of the northern
NEO are overwhelmingly I-type, lack significant zircon
inheritance and are isotopically unevolved. Cu–Au
mineralisation dominates all the age groups but is
generally low grade. Intriguingly, the oxidation states of
most of the intrusive rocks in this region, with the
exception of the Urannah Batholith, may not be as high
as otherwise expected. The region has potential for Aurich systems, Mo, and Ag. Evolved fractionated I-types,
and sporadic A-types of Permo-Triassic and Cretaceous
age are also present, though minor.

3 Synthesis
A high degree of correlation exists between the
compositional character of intermediate to felsic igneous
rocks and their associated metallogeny. However, there
is a clear disconnect between compositional evolution of
these suites and their isotopic maturity. Highly
compositionally evolved suites associated with Sn and
W mineralisation can be isotopically primitive (mantle
like) or highly mature (indicative of derivation from old
metasedimentary protoliths). In areas like the southern
NEO, these isotopically primitive “tin granites” must
have been derived from young materials rapidly
reworked within the crust during the Palaeozoic. The
cause of their evolved compositional character is still
unclear, but suggests derivation from specialised
enriched sources. The controls on whether granitic rocks
generate mineralisation are less well defined, let alone
understood, but physical processes during crystallisation
and other factors such as wall rock chemistry, tectonic
setting at the time of emplacement and preservation are
important.
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Gold deposits of Western Siberia and Eastern
Kazakhstan: types and ages of mineralization, correlation
with magmatic events
Evgeniy Naumov, Alexander Borisenko, Konstantin Kovalev, Yuriy Kalinin, Geliy Fedoseev
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(Sekisovskoe), Au-Q (Balazhal, Boko), Au-Sb-Hg (KyzylChar, Vera-Char) and other types. Recent detailed
isotopic-geochronological studies have revealed a clearer
scheme of the development and evolution of magmatism in
this region (Vladimirov et al. 2008; Lyons et al. 2002).
However, the absence of data on the age of gold
mineralization of Eastern Kazakhstan makes it difficult to
correctly correlate it with the occurrence of granitoid and
mafic magmatism. With this aim, we used 40Ar/39Ar dating
of sericite from various types of ores from gold-ore
deposits in this region (analyses were performed in the
Analytical center of the IGM SB RAS, Novosibirsk). For
analysis we selected newly formed sericite from ore vein
and veinlets and/or from pervasively hydrothermally
altered terrigenous and magmatic rocks, consisting of relict
and newly formed quartz, sericite, and gold-bearing
arsenopyrite. The oldest age (306.6 ± 3.8 Ma) was
established for the ores of the Sekisovka gold-telluride
deposit. This deposit lies within the Rudnyi-Altai belt,
within hydrothermally altered gabbro-diorites. The age of
mineralization distinctly correlates with small intrusions of
plagiogranites and diorites of the Kunush complex and
paleovolcanic structures of similar ages (306.7 ± 8.7 and
299 ± 2.3 Ma U-Pb SHRIMP; Vladimirov et al. 2008).
According to the U-Pb data, the age of contact zones
between plagiogranite and porphyries with molybdenum
mineralization in the black-schist series at the Zherek goldsulfide deposit is 309 ± 3.5 Ma (U-Pb analysis were
performed in the Center of Isotope Researches of VSEGEI,
St. Petersburg). The 40Ar/39Ar age of mineralization of
hydrothermally altered endocontact zones with goldsulfide mineralization is 286.7 ± 3.4 Ma. Of a younger age
is the gold-sulfide (Au-As) mineralization widely spread
within Eastern-Kalba and Kalba-Narym belts and localized
among carbonaceous terrigenous rocks. The age of Au-As
mineralization of Bolshevik deposit is 285.6 ± 3.3 Ma.

Abstract. The junction of Caledonides and Hercynides
structures in West Siberia and Eastern Kazakhstan, which
were defined as a single Ob-Zaisan fold zone, host
abundant and various types of ore systems. For age
determination Ar/Ar (sericite) and U-Pb (SHRIMP) methods
were used. Three basic age boundaries of formation of ore
mineralization are established: Late Carboniferous, Early
Permian and Early Triassic. Our data suggest the similarity
of metallogeny of the two gold-ore regions and a single
trend of evolution of magmatism and ore formation. As to
the age aspects, these regions in magmatism and
metallogeny correlate with similar structures of NW China
and Central Asia. The age of all large Au-As deposits in this
region fits within a narrow time interval: 285±3 Ma
Keywords. Western Siberia, Eastern Kazakhstan, gold
deposits, age of mineralization

1 Introduction
The junction of Caledonides and Hercynides structures in
West Siberia and Eastern Kazakhstan, which were defined
as a single Ob-Zaisan fold zone (Matvievskaya 1969), host
abundant and various types of ore systems, including goldarsenic (Au-As), gold-telluride (Au-Te), gold-quartz (AuQ), gold-mercury (Au-Hg), etc. They are localized in two
major ore regions: Eastern Kazakhstan (Shcherba et al.
2000) and Ob-Salair (Sotnikov et al. 1999).

2 Gold deposits of Eastern Kazakhstan
In that region gold mineralization is localized in the
structures of Rudnyi Altai, Kalba-Narym, East Kalba and
Chara belts (Fig. 1) that are affected by granitoid and
mafic magmatism of various ages (Ermolov et al. 1983,
Vladimirov et al. 2008). Gold mineralization is represented
by Au-As (Bakyrchik, Suzdal, Zherek), Au-Te
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Figure 1. Location of gold and Cu-Ni deposits in Ob-Zaisan fold zone (after Surkov 1986; Sokolov 1990; Chuangru 1996; Vladimirov et
al. 2008).

The age of the main gold-ore stage of Suzdal deposit,
dated using sericite from quartz-sericite-pyritearsenopyrite metasomatites, is 281 ± 3.3 Ma. At the Suzdal
deposit, within a zone of early metasomatic Au-As
mineralization, one can observe younger antimony and
antimony-ore cluster-veinlet mineralization, whose sericite
is dated at 248.3 ± 3.4 Ma. This conforms to the time of
formation of trachybasalt-trachyrhyolite association in the
Semeitau volcano-plutonic structure (248.2 ± 0.5 Ma,
Lyons et al. 2002), which is in the ore field of this deposit.

In brecciation zones of metasomatic gold-arsenic ores
there are veinlets of lepidolite whose age 241.9 ± 2.7, quite
close to the stage of emplacement of the Monastyrskii
complex granitoid intrusions with Li-Ta metallogenic
specialization. Moreover, the Suzdal deposit hosts dikes of
altered granite-porphyries dated at 257.8 ± 2.1 Ma (U-Pb
SHRIMP), containing redistributed gold-polysulfide
mineralization. The muscovite-dated younger age of AuAs mineralization from the Daubai (Belaya Gorka) deposit
is 254.3 ± 3.1 Ma, and is most likely related to contact
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3 Ob-Salair gold-ore region
A similar sequence and age of formation of gold
mineralization was revealed in the Ob-Salair gold-ore
region, with localization in the Early Paleozoic structures
of NW Salair, which were activated in the Middle
Paleozoic, and in hercynides of the Kolyvan-Tomsk fold
zone. This region abounds in mafic rocks and granitoid
complexes related to the Late Hercynian and Late Permian
– Early Triassic stages of intraplate magmatism (Shcherba
et al., 2000; Fedoseev et al. 2005). The earliest type of ore
mineralization is Au-Te, represented by quartz veins and
stockworks with chalcopyrite, galena, sulfosalts of Cu, Ag,
and Pb, tellurides of Pb, Ag, Au, and Hg
(Novolushnikovskoye deposit, gold-quartz stockworks at
the Salair and Ursk deposits, etc.) According to our data,
the age of this mineralization is 299.8 ± 2.7 Ma (40Ar/39Ar
age). It is preceded by the Cu-Mo-porphyry mineralization
in the apical part of the Novolushnikovsky plagiogranite
intrusion. A younger (with respect to Au-Te)
mineralization is Au-As mineralization represented by
quartz-arsenopyrite veins, stockworks and zones of
phenocrysts of arsenopyrite mineralization (Baturinskoe,
Larinskoe, Legostaevskoe). It is younger relative to the Ob
Complex granitoids (252-249 Ma 40Ar/39Ar ages; Fedoseev
et al. 2005) and younger than quartz veins with Au-Te
mineralization. The terminal stage of hydrothermal activity
in this region is related to Hg and Au-Hg mineralization,
which overprints the Triassic (241.6-238 Ma 40Ar/39Ar
ages; Fedoseev et al. 2005) dikes of dolerites and
lamprophyres (Semiluzhenskoe Au-Sb-Hg deposit).

4 Conclusions
Our data suggest the similarity of metallogeny of the two
above-discussed gold-ore regions and a single trend of
evolution of magmatism and ore formation. As to the age
aspects, these regions in magmatism and metallogeny
correlate with similar structures of NW China and Central
Asia. The age of all large Au-As deposits in this region
(Muruntau, Kumtor, Suzdal, Zherek, Khatu, Saerbulak) fits
within a narrow time interval: 285 ± 3 Ma.
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Geodynamic influences on the genesis of Archean
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Abstract. The Archean gold-rich VMS deposits of the
Abitibi greenstone belt occupy a stratigraphic position
and volcanic setting that differs from other base metalbearing VMS deposits in the belt in terms of interpreted
tectonic setting and evolving geodynamic architecture in
the inferred arc–back-arc–style environment. Specifically,
the first gold-rich VMS-forming episode was related to
early extension-subsidence and major transitional felsic
volcanism in the central part of the Blake River group at
about 2702-2701 Ma. Extension and associated
transitional to calc-alkaline migrated eastward to form the
gold-rich VMS deposits of the Doyon-Bousquet-LaRonde
camp at 2698-2697 Ma, at which time the Cu-Zn deposits
of the Noranda Mine Sequence were being deposited in
the more mature, tholeiitic to transitional mafic-dominated
extensional setting. Defining the specific timestratigraphic intervals, the geological settings and the
footprint of the gold-rich VMS deposits of the Abitibi are
key aspects of exploration models for these valuable
polymetallic deposits.

the presence of regions with favourable gold “heritage”.
Approximately 90% of the VMS gold in the ABG is
hosted in VMS deposits of the BRG, which is bounded
by the Porcupine-Destor and Larder Lake-Cadillac fault
zones in the north and south, respectively. These two
crustal-scale structures that account for 86% of the entire
AGB gold production and reserves (all gold deposit
types: Dubé et al. 2009), defining the Southern Abitibi
gold belt.

2 The Abitibi greenstone belt
The AGB, which is known for its endowment in VMS,
magmatic Ni-Cu-PGE, and orogenic gold deposits,
formed over a period of approximately 150 Ma (27902640 Ma), with a coherent volcanic-sedimentary
stratigraphy that spans 100 Ma. Eight distinct episodes
of major arc - back arc-style submarine volcanic activity
have been defined: 1) ~2790 Ma; 2) ~2758 Ma; 3) 27502735 Ma; 4) 2734-2724 Ma; 5) 2723-2720 Ma; 6) 27192711 Ma; 7) 2710-2704 Ma; 8) 2704-2695 Ma (Goutier
et al., 2010). The tholeiitic-komatiitic and locally calcalkaline volcanic rocks resulted from extension-related
melting and successive plumes from mantle sources and
from melting of underplated mafic crust or from
subduction-related magmas (Ayer et al. 2010). The
southern AGB underwent a series of diachronous
regional north-south shortening, extension and
transpressive episodes, with slightly older but similar
events occurring in the northern part of the AGB (Ayer et
al. 2010).
Ninety VMS deposits, totalling ~810 Mt of ore were
formed in the AGB over a period of approximately 45
Ma. In general, the oldest VMS deposits are slightly
richer in Zn and Ag, whereas those in the youngest units
are richer in gold. The two most gold-rich VMS deposits

Keywords. Abitibi, gold-rich VMS, Archean

1 Introduction
Six of the world’s richest and largest gold-rich
volcanogenic massive sulfide (VMS) deposits are
located in the 2704-2695 Ma Blake River Group (BRG)
of the Abitibi greenstone belt (AGB), including the two
largest ever found (Horne: 54 Mt, 328 t Au, and
LaRonde Penna: 79 Mt, 291 t Au). The AGB and other
VMS districts around the world show that there is a
distinct provinciality controlling the distribution of goldrich VMS deposits (Huston 2000), which implies district
and deposit-scale primary geological control(s) on the
gold enrichment in VMS deposits. Moreover, clusters of
Au-rich VMS located in well endowed gold belts suggest
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hosted in a mafic, tholeiitic to transitional bimodal
volcanic package. The gold-rich VMS deposits of the
Doyon-Bousquet-LaRonde camp, farther to the east,
formed at about the same time, although in a different
environment characterized by transitional to calcalkaline, intermediate to felsic flow-domes and
associated volcaniclastic rocks. The fourth timestratigraphic interval (2696.7 to 2695 Ma) is dominated
by felsic volcanic rocks and mafic-intermediate
pyroclastic rocks. It includes several tholeiitic rhyolite
units (and synvolcanic plutons) which host the youngest
VMS deposits of the AGB.
The VMS deposits of the Noranda camp, especially
those located in the Noranda Mine Sequence, define the
archetypal “Noranda-type” VMS deposits, which were
preferentially formed near tholeiitic to transitional
effusive centers and are associated with discordant
chlorite alteration “pipes” and sericitic haloes. The VMS
deposits that are located outside the Noranda Mine
Sequence (e.g., Horne and Bouchard-Hébert) are
generally larger, tabular in shape and were formed, at
least in part, by sub-seafloor replacement of felsic
volcaniclastics rocks. They are associated with
extensive, concordant to locally discordant sericite and
quartz alteration envelopes and proximal zones of
chlorite ± carbonate alteration of varying intensity.
The DBL camp is characterized by an exceptional
concentration of gold-rich volcanogenic and intrusionassociated mineralization forming disseminated, semimassive and massive sulfide lenses and veins that are
locally rich in base metals. These gold-rich lenses and
veins are hosted in a steeply dipping, southward-facing
homoclinal sequence of dominantly transitional to calcalkaline intermediate to felsic volcaniclastic units and
are associated with widespread sericitization, discordant
garnet-biotite-sericite±quartz-chloritoïd-rutile alteration
assemblages and proximal aluminous alteration zones.

(Horne and LaRonde Penna), which are hosted in the
BRG, are also among the largest VMS in the AGB. Both
these deposits are part of gold-rich VMS deposits
“clusters”; the 14 Mt (~76 t Au) Quemont deposit is
situated approximately 700 m from the Horne deposit,
whereas the 16 Mt (~ 120 t Au) Bousquet 2-Dumagami
and the 7.5 Mt (~40 t Au) Bousquet 1 deposits are
situated less than 1 and 3 km from the LaRonde Penna
deposit, respectively.

3 VMS and gold-rich VMS deposits of the
2704-2695 Ma Blake River Group
The VMS deposits of the BRG (31 deposits totalling
~375 Mt) are grouped in two mining camps; the Noranda
camp in the central part of the BRG, and the DoyonBousquet-LaRonde (DBL) camp in the eastern part (Fig.
1). The 2704-2695 Ma volcanic rocks of the BRG locally
conformably overlie the volcanic rocks of the 2710-2704
Ma Tisdale assemblage in the western part of the BRG.
No conformable contacts are exposed in the eastern part
of the BRG, however inherited zircons were found in
felsic rocks (e.g. 2721 Ma inherited zircons in 2698 Ma
rhyolites at LaRonde Penna: Mercier-Langevin et al.
2007).

Figure 1. Location of the felsic volcanic centres, VMS camps
and deposits of the Blake River Group of the Abitibi
greenstone belt. Modified from Goutier et al. (2010).

4 Inferred geodynamic setting and
influences on the genesis and location
of gold-rich VMS deposits in the BRG

The BRG consists of a number of structurally
bounded blocks that comprise homoclinal panels and
complexly folded assemblages. Extensive and very
precise U-Pb geochronology in the BRG has allowed the
differentiation of four VMS-bearing time-stratigraphic
intervals in the BRG (McNicoll et al. 2008; Goutier et al.
2010). The first time-stratigraphic interval (2704.0 to
2701.7 Ma) is associated with the formation of a
tholeiitic lava plain and large felsic centres that were in
some cases formed in graben structures. The Horne and
Quemont gold-rich VMS deposits are associated with
felsic volcanism in this early volcanic event. The second
time-stratigraphic interval (2701.7 to 2699.3 Ma) is
characterized by mafic-dominated bimodal volcanism in
the central part of the BRG and by the emplacement of
large synvolcanic plutons. The lowermost and oldest CuZn VMS deposits of the Noranda Mine Sequence are
associated with this volcanic episode and formed in a
graben or trap-door style depression east of the Flavrian
synvolcanic pluton. The third time-stratigraphic interval
(2699.3 to 2696.7 Ma) is the most prolific in terms of
VMS deposits genesis. It includes the youngest Cu-Zn
VMS deposits of the Noranda Mine Sequence, which are

The gold-rich VMS deposits of the BRG are found in
distinctly different volcanic and structural settings from
other “conventional” VMS deposits in the district. The
Horne and Quemont gold-rich deposits are separated in
time and space from the Noranda Mine Sequence Cu-Zn
VMS; both deposits are located in the southern part of
the Noranda camp in fault-bounded structural blocks
separated from the slightly younger Cu-Zn deposits (Fig.
1). The Bousquet Formation, which hosts the gold-rich
VMS deposits of the DBL camp, was coeval with the
volcanic rocks that host the Cu-Zn VMS of the Noranda
Mine Sequence but is distinguished by its transitional to
calc-alkaline affinity and dominantly felsic composition.
The Bousquet Formation and its deposits are thought to
have been formed in a volcanic complex at the periphery
of the central part of the Blake River Group, possibly in
an area characterized by thicker crust basement and
closer to an inferred arc (immature or early arc-rift
stage). Recent dating in the Noranda and DBL camps
indicates that Horne and Quemont similarly formed
during an episode of early extension-subsidence and
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stratigraphic intervals related to arc extension are viewed
as an important guide to exploration for gold-rich VMS
in ancient volcanic belts. The concentration of gold-rich
VMS deposits in the eastern BRG highlights a region
with favourable gold “heritage”, where gold deposits of
multiple ages and styles are formed throughout the
evolution of the belt.

transitional felsic volcanism at Noranda (2702-2701 Ma:
McNicoll et al. 2008). Extension, VMS-related
hydrothermalism and transitional to calc-alkaline
volcanism had migrated eastward to the DBL camp by
2698-2697 Ma, at which time Horne and Quemont had
already formed and the Cu-Zn deposits of the Noranda
Mine Sequence were being deposited in the more
mature, tholeiitic to transitional, mafic-dominated
extensional setting as schematized in Figure 2 (Monecke
et al. 2008; Mercier-Langevin et al. 2010).
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Figure 2. Schematic and hypothetical model of the Blake
River Group evolution, with the formation of gold-rich and
Cu-Zn VMS at different times and places in response to
evolving extensional setting and subsidence. See text for
discussion. Modified from Mercier-Langevin et al. (2007).

Despite obvious limitations of reconstructions of
Archean volcanic complexes, analogies can be made
with the architecture and evolution of modern volcanic
arcs. The many different volcanic and tectonic settings
of convergent margins along the western Pacific are
often viewed as important analogs for the structural and
metallogenic evolution of some of the most important
Precambrian volcanic belts (Hannington et al. 2005),
including the AGB. The BRG gold-rich VMS deposits
were formed during early extension episodes in a setting
that is thought to have been transitional between arc and
back-arc regions. Active marginal basins of similar size
and representing similar stages of this evolution are well
represented in the western Pacific today, such as in the
Eastern Manus Basin, where arc and back-arc–type
volcanism overlap (“transitional arc-rift environment”).
Intermediate to felsic volcanic rocks are common in this
area and are locally associated with an “Abitibi-style”
suite of mineral deposit types, comprising gold-rich
massive sulfides and advanced argillic alteration
assemblages. Such modern analogs help better
understand the possible primary geometries and
relationships among submarine rock sequences that host
similar ore deposit types. In particular, specific time-
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Secular changes in earth processes: their impact on
metallogeny
David L. Huston
Geoscience Australia, GPO Box 378, Csnberra, ACT 2601, Australia
Abstract. The secular distribution of most classes of
mineral deposits is not uniform, rather being either
episodic and/or restricted in time. The distrubution of
volcanic-hosted massive sulphide deposits and lode gold
deposits, among others, is highly episodic, being mainly
associated with supercontinent assembly. Other deposit
types are mostly associated with supercontinent breakup. The distributions of several other groups of deposits,
such as paleoplacer and hydrothermal uranium deposits,
is controlled by the redox characteristics of the surficial
waters, which were progressively oxidised after the first
Great Oxidation Event, which began at about 2450 Ma.
Changes in the salinity of seawater may have affected
the potency of derived fluids to transport metals and the
mechanism of ore formation of syngenetic deposits. The
likelihood of preservation, which is controlled by rates of
erosion and tectonic destruction, is the main reason that
deposits formed at high crustal levels, such as porphyry
and epithermal deposits, and deposits formed in oceanic
crust, are rarely preserved more than a few hundred
million years into the geologic record. These factors are
important controls on the metallogeny of mineral
provinces.

periods of supercontinent break-up. Some groups of
deposits, such as shale-hosted zinc deposits correspond
to both periods of supercontinent assembly and break-up
(Leach et al. 2010).
Periods of supercontinent assembly and break-up,
though relatively short, are tectonically the most active
part of the supercontinent (or Wilson) cycle. During
assembly convergent margins are most active, favoring
deposits that form in magmatic arcs (e.g., porphyry and
epithermal deposits), backarc basins (volcanic-hosted
massive sulphide deposits) and collisional zones (lode
gold deposits). During break-up, rifts become more
important, favouring deposits formed within extensional
basins.

3 Impact of the oxidation of the
atmosphere on metallogenesis
One of the most important event affecting the Earth in
all of its geological history is the Great Oxidation Event.
This event, which involved a progressive oxidation of
the
atmosphere,
occurred
in
the
earliest
Paleoproterozoic. It is best recorded by the progressive
decrease in mass independent fractionation of 33S
relative to 32S, which began at about 2450 Ma and was
completed by about 2090 Ma (Farquhar et al. 2000).
The Great Oxidation Event has had the largest effect
on metallogeny of any event during Earth's history. Prior
to this event, surficial fluids on Earth were reduced, and
under these conditions, iron is relatively soluble,
uranium is insoluble, and sulfide minerals, such as
pyrite, are stable (Huston and Logan 2004; Cuney
2010). These conditions allowed the development of
uraninite-pyrite paleoplacers, which are restricted in
time to before 2200 Ma (Cuney 2010). Moreover, iron
was soluble in the weathering profile, producing soil
profiles leached in iron (Rye and Holland 1998) and
iron-enriched surficial fluids.
After the initiation of the first Great Oxidation Event,
the atmosphere progressively became more oxidised,
possibly with a second oxidation event that occurred at
~600 Ma, bringing atmospheric oxygen levels to present
day values (Farquhar et al. 2010). Under these
conditions, uranium is soluble in many types of
hydrothermal fluids, including some basinal brines, so
after ~2000 Ma all uranium deposits are hydrothermal in
character (Cuney 2010). The earliest examples of
sediment-hosted zinc-lead deposits, which in many
cases for from oxidised H2S-poor fluids, also postdated
the Great Oxidations Event (Leach et al. 2010). These
conditions have also resulted in supergene processes that
are critical in enriching some deposit types and forming
new deposit types such as non-sulphide zinc deposits.

Keywords. secular changes, metallogeny, tectonic
cycles, atmosphere and hydrosphere composition,
mineral deposit preservation

1 Introduction
It has been known for several decades that the
distribution of ore deposits through time is not uniform
(e.g., Myer 1988; Lambert and Groves 1981; Groves et
al. 2005). Certain periods of Earth's history are marked
by abundant mineral deposit formation, yet other
periods are virtually free of mineral deposits. Moreover,
many deposit types formed only during restricted parts
of Earth's history, and the characteristics of some types
of deposits have changed with time. These secular
changes in metallogeny relate both to tectonic cycles
and to secular changes in the composition of the
atmosphere and hydrosphere. The purpose of this
contribution is to summarise how global metallogenesis
has been affected by these processes.

2 Tectonic cycles and metallogenesis
Many types of ore deposits, including volcanic-hosted
massive sulphide deposits, Mississippi Valley-type
deposits (Huston et al. 2010; Leach et al. 2010) and lode
gold deposits (Goldfarb et al. 2001), are characterised by
periodic peaks in abundance that correspond to periods
of supercontinent assembly. In contrast, other types of
deposits, for example sediment-hosted copper (Hitzman
et al. 2010) and iron-oxide copper-gold (Groves et al.
2010) deposits, have peaks that commonly correspond to
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4 The influence of the composition of
seawater on metallogenesis

factor of 1.5-2 between the Neoproterozoic and Jurassic.
Limited studies that have inferred Proterozoic to
Archean seawater compositions from fluid inclusion
support this interpretation, possibly indicating an even
larger decrease in salinity (Huston et al. 2010).
This change has several potential implications for
metallogenesis and metallogenic studies. For example,
older seawater-derived fluids, including some basinal
brines, would have been more saline, making them more
potent hydrothermal fluids. Moreover, the presence of
more dense, high salinity ambient seawater has
implications for the behaviour of hydrothermal fluids as
they vent on the seafloor. Finally, secular changes in
seawater salinities should be considered when using
halogen ratios in determining hydrothermal fluid
sources.

One of the more important effects of the first Great
Oxidation Event was the progressive oxidation of the
oceans. This process, which probably lasted hundreds of
millions of years, was progressive, although the exact
details are debatable. Most workers conclude that
initially an oxic, iron-poor surficial layer formed, with
the bottom waters at least initially iron-rich and reduced
(Huston and Logan 2004; Farquhar et al. 2010).
However, at about 1800 Ma, some workers (Canfield
2004; Farquhar et al. 2010) infer that the bottom ocean
waters progressively became sulfidic, only becoming
oxic after the second oxidation event. Alternatively, the
ocean column progressively became oxic and iron-poor
(Huston and Logan 2004).
Prior to the first Great Oxidation Event and for
several hundred million years afterward (to ~1850 Ma)
oceanic bottom waters were iron-rich, probably from
input of Fe2+ from both hydrothermal venting and
terrigenous weathering (Holland, 1973; Huston and
Logan 2004; Bekker et al. 2010). Upwelling of these
bottom waters into more oxidised waters on continental
shelves resulted in the deposition of extensive Superior(aka. Hamersley-type) banded-iron formations during
the very latest Archean and the Paleoproterozoic
(Holland 1973). After about 1800 Ma, deposition of
banded-iron formation virtually ceased, with only
limited deposition during Neoproterozic glaciation
events or associated with seafloor hydrothermal activity
(Bekker et al. 2010).
The conversion of banded-iron formation into high
grade hematite iron ore is also the consequence of
secular changes in the atmosphere and hydrosphere. In
the Hamersley Basin in Western Australia, this
upgrading is interpreted to have occurred in response to
the flow of basinal hydrothermal fluids at ~2010 Ma
(Müller et al. 2005). These fluids, which were oxidised
as they formed after the first Great Oxidation Event,
dissolved silica and carbonate, but not iron, leaving high
grade direct shipping hematite ore (Taylor et al. 2001;
Thorne et al. 2004).
Changes in the redox structure of the oceans through
time have also produced some unusual wrinkles in the
metallogeny of some deposit types. As an example, the
oldest known ore deposit, sensu stricto, in the world is a
~3480 Ma barite deposit, and many of Earth's earliest
(3500-3200 Ma) volcanic-hosted massive sulphide
deposits contain abundant barite (Huston and Logan
2004), an observation that appears at odds with anoxic
early oceans. However, for a restricted period during the
Paleoarchean, the upper layer of the ocean appears to
have been sulphate-rich, probably as the result of rainout of sulphate produced by photolytic dissociation of
then-atmospheric SO2 (the same process producing
mass-independent 33S fractionation).
Another important change in the composition of
seawater that has significant implications for
metallogenesis is an apparent decrease in salinity with
time, particularly in the Neoproterozoic to Mesozoic
period. Based on the abundance of halite deposits,
Knauth (2005) inferred a drop in seawater salinity by a

5 Preservation of deposits
Until relatively recently, the epithermal-porphyry clan of
ore deposits was considered to be an almost exclusively
Mesozoic to Cenozoic phenomenem (e.g., Meyer, 1988),
but discoveries of older deposits (e.g., prophyry copper
deposits in the Ordovician (440 Ma) Macquarie Arc,
New South Wales and Paleoarchean (3320 Ma) North
Pilbara Terrain, Western Australia: Thorpe et al. 1992;
Cooke et al. 2007) indicate that these deposits have
probably developed at least episodically through most of
Earth's history. The present secular distribution of this
deposit clan is probably the result of a greater likelihood
of preservation of younger rocks, particularly as these
systems typically form in the upper parts of magmatic
arcs, which are highly susceptible to erosion.
Hannington et al. (2005) describe the presence of
black smoker deposits, the modern analogues of ancient
volcanic-hosted massive sulphide deposits, in a large
variety of tectonic settings along both convergent and
divergent margins. In fact, until recently, the vast
majority of black smokers had been found in divergent
settings such as oceanic spreading centres. As the
preservation potential of oceanic crust is low - virtually
all will be subducted (geologically) shortly after
formation - it is likely that most volcanic-hosted
massive sulphide deposits have been lost and the
preserved record is strongly biased to deposits that
formed along convergent margins. It is probable that
similar preservation factors affect many deposit types
and that metallogenic records are an imperfect
representation of ore forming processes.

6 Conclusions
Many mineral deposit types have either episodic or
restricted distributions in time. This distribution, is the
consequence of many factors, including tectonic cycles,
the oxidation of the atmosphere and hydrosphere, other
secular changes in the composition of surficial fluids,
and the likelihood of preservation. The complex
interplay of these factors, and probably others, must be
considered to understand controls on the metallogenesis
of mineral provinces.
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Abstract. Simple Sb deposits consist on veins formed
mainly with stibnite, quartz with traces of Au and Hg.
These deposits occur in shear zones usually in syn/postorogenic geotectonic environments. Our study is an
overview of the features and distribution of this kind of
deposits in Mexico. Besides the classical simple-Sb
veins, in central and southern Mexico, some stratabound
ore deposits were found. They are generated by the
intersection of these simple-Sb veins with diagenetic
evaporites. All the deposits recognized during this study
have a similar geological setting and a very simple
paragenesis. In addition, the major districts studied seem
to be contemporaneous and none of them present a clear
correlation with magmatic events.

chalcedony and calcite. Very large euhedral crystals of
stibnite are commonly found, some being as much as 50
cm long, 10 cm wide, and 8 cm thick. Some brown,
yellow and more rarely white antimony oxides, are
formed by oxidation of the hypogene sulphide phase.

Keywords. simple-Sb, Mexico, diagenesis, TSR,
magmatic arc, post-orogenic ore.

1 Simple Sb deposits
Simple Sb deposits occur in shear zones related to the
fold dynamic of the host orogen developing in nonmetamorphosed country rocks at low temperatures (Dill
et al. 1998). Their mineralogy is rather simple and made
up of stibnite and arsenopyrite with small amounts of
Pb–Cu–Zn minerals in a quartz-rich matrix and with a
low Au content. Mineralizing fluids are generated by
metamorphic dehydration, and zones of structural
weakness channeled the hydrothermal fluids during
regional deformation (Boiron et al. 2001; Neiva et al.
2008). The source of metals is thought to be the orogenic
crust (Marcoux et al. 1988; Neiva et al. 2008).

2 Simple Sb deposits in Mexico
Figure 1. Simple Sb deposits distribution in Mexico (A)
FVTM: Faja Volcánica Trans Mexicana; SMOc: Sierra Madre
Occidental; (B) Terrane distribution; Lines: present day crustal
thickness isopachs (in km) and trench position (Molina-Garza
et al. 1993). Filled stars are deposits hosted in silicoclastic
formations. Open stars are deposits hosted in limestones.

As can be seen in Figure 1, Simple Sb deposits in
Mexico are distributed in a linear zone along the eastern
limit of the Sierra Madre Occidental (SMOc). This
alignment is not related to the distribution of the SMOc
(Oligocene to Miocene) and the Trans Mexican Volcanic
Belt (FVTM; Miocene in age) volcanic cover (Fig. 1A).
All deposits are located in Oaxaquia continental crust
and in the Mixteco terrain to the south. There are no
direct correlations between deposits distribution and
crustal thickness (Fig. 1B). Despite of their wide
regional distribution, most of these deposits share similar
geological features. They are located in stratigraphic and
structural traps in Triassic to upper Jurassic rocks. The
primary paragenetic sequence is restricted to stibnite,

2.1 Northern veins deposits
In northern Mexico (El Antimonio District, Sonora), the
antimony deposits are hosted in Triassic siliciclastic,
Lower Jurassic carbonate rocks and granodioritic
intrusives (Paleocene in age). The ore is found in veins
of various orientations. The veins are larger within the
siltstones formation. The stibnite veins apparently avoid
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the limestone even where it is abundant. No
mineralization is known within the Permian limestone.
Most of the veins in the sedimentary rocks are parallel or
nearly parallel to the stratification. The veins are
generally emplaced in transcurrent inverted fault (Fig.
2A). The paragenesis consists predominantly of coarsegrained milky-white quartz, stibnite and minor
chalcedony and Sb-oxides. Silver and native gold are
found in some veins, but it seems to be related to a late
hydrothermal event (El Palo Verde; White and Guiza
1949).

continental crust, particularly in Jurassic sedimentary
units, the mineralizing fluids flowed along reverse or
transcurrent faults, no direct relationship with
magmatism could be established and they present simple
paragenesis based on stibnite and quartz with or without
calcite. The timing of mineralization seems to be always
during the transition between orogen compression and
post orogenic extension. All these deposits form a welldefined curved linear zone, (parallel to the subduction
trench) that is narrow compared to the width of the
orogen, particularly in Central Mexico.
In Mexico the propagation of the Laramide orogenic
front is directly related to the subduction evolution and
more specifically to the flat subduction episode in
central Mexico. Subduction zones act as an element
recycling mechanism at crustal scale. There is a relation
between the thermal structure of the subduction zone
and the efficiency of the volatile elements transport
(Abbott and Lyle 1984; Staudigel and King 1992). Cold
oceanic plates are subducted faster than the hot ones, and
the volatile elements are retained longer in the
subducting cold slab, being easier delivered to a deeper
mantle zones or at great distances from the trench.
Bebout et al. (1999), show that antimony is not released
from the subducting sediments and basaltic materials
until the plate reaches the amphibolitic metamorphic
grade. When that happens, the rock suffers a depletion of
Sb of about 90%. This is even more drastic in a
subduction front prograde context, where the
displacement is fast enough to not allow plate
dehydratation and or melting (Humpreys et al. 2003).
This should be reflected on a selective enrichment of
antimony in a restricted parts of the metasomatized
mantle wedge, which will vary depending on the thermal
regime or the subduction angle. The flat subduction
slabs reach the temperature needed for the Sb expulsion
farther than no flat ones, so the Sb is released at greater
distances from the trench.
Sb presents calcophile affinity, is moderately-volatile
and is considered one of the most mobile metals after the
Hg (Laznicka 1999). This suggests that Sb should have a
low assimilation degree in the mantle wedge or in the
crustal rocks. So, high Sb percentage should be released
during the last orogenic magmatic phase and drive to the
surface, if there are the channels needed for it.

2.2 Central and southern stratabound deposits
Most central and southern, simple Sb deposits (Wadley,
San Luis Potosi; Soyatal, Queretaro; Tejocotes, Oaxaca)
are hosted by Middle and Upper Jurassic limestone in
anticlines and shear faults particularly where limestone
is overlain by shale, which acted as an impermeable cap
for ascending fluids. However, some small Mexican
deposits in limestone that have been examined by the
authors are not overlain by shales. In Los Tejocotes
(Oaxaca, White and Guiza 1945) and Wadley (San Luis
Potosi) the Sb mineralization emplacement is controlled
not only by these structural traps, but also is associated
with a diagenetic event and is chemically controlled by
sulphate reduction in anhydrite horizons. The simple
mineralization paragenesis is formed by stibnite in
chalcedony and calcite gangue. Minor pyrite is
disseminated in the chalcedony. It is common to find the
stibnite altered to stibiconite and other antimony
hydroxides.
The few post orogenic magmatic intrusions in the
area are mineralized (i.e. Ag-Pb-Zn-veins), but this event
seems to post-date the Sb mineralization.

3 Age of simple Sb deposits in central
Mexico
The lack of minerals suitable for traditional radiometric
dating in the paragenetic sequence complicates the
determination of depositional ages. So far none of the
simple-Sb Mexican deposits have been dated, but at least
in the Wadley deposit (Central Mexico), the magmatic
and structural regional evolution allows to constrain the
timing of mineralization. The mineralized mantos are
folded but not the antimony crystals. The folding event is
dated in the area at ca. 65 Ma (Fitz-Díaz 2011). The
transcurrent faults, which are the feeder channels of
mineralizing fluids, are developed during the transition
between the compressive to extensional regimes. This
fact is evidenced by the non-symetrical folding
development in the two sides of each fault. Both mantos
and transcurrent faults are crosscut by normal faulting
which was intruded by magmatism dated at ca. 42 Ma.
So we suggest that the mineralizing episode occurred
between 62 and 42 Ma during the transition from
compression to post orogenic extension.

5 Conclusions
Most Sb deposits in Mexico are simple Sb type, and
share common features. All the studied deposits are
developed over the same geologic and paragenetic
framework, and are independent of crustal thickness.
The more important districts apparently have similar
mineralization ages (Paleocene to Eocene), and are all
emplaced in post-orogenic geotectonic environment. The
distribution of these deposits is restricted to a thin
regional antimoniferous belt (antimoniferous Mexican
belt). These facts suggest a common origin of the major
part of Sb-deposits in Mexico. The formation
mechanism may include two factors; i) a very restricted
crustal or mantel wedge Sb-enrichment by the fluids
derived from the subducting slab metamorphism, and ii)
the presence of crustal discontinuities acting as channels

4 Genetic model
All Mexican antimony deposits recognized in this study
present common features. They are hosted in the
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for these fluids. The curvature of the lineation of these
Sb deposits in Central Mexico is consistent with the flat
subduction described for this zone. With these insights,
the authors conclude that these deposits were formed
after the last Laramide compression event, in the early
extensional stages (post-orogenic context), possibly
favoured by roll-back or rupture of the subduction slab.
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Figure 2. Schematic cross sections of selected deposits.
Economic mineralizations in red: (a) Cross section of El
Antimonio district, Sonora, North Mexico. Ore is hosted by
stibnite-quartz veins, within Triassic siliciclastic sequences,
that are intruded by Paleocene and Eocene granodioritic
intrusions; (b) Cross section of Wadley mines, San Luis Potosí,
Central Mexico. Ore is accumulated both in stibnite-quartz
veins and diagenetic evaporite levels (now calcite with variable
H2S contents) in yellow, within an Oxfordian aged limestone
overlain by a Tithonian shale.
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Metal zonation in the world-class Gejiu Sn-Cu
polymetallic deposit, SW China
Yanbo Cheng, Jingwen Mao
Faculty of Earth Science and Mineral Resources, China University of Geosciences, Beijing, 100083, P.R. China
Brian Rusk
School of Earth and Environmental Sciences, James Cook University, Townsville, 4811, Australia
Abstract. The Gejiu Sn-Cu polymetallic deposits
comprise the largest Sn ore district in the world. The
metal association within ore deposits within the Gejiu
district are zoned upward and outward from granitic
central zones. Generally, W+Be+Bi deposits lie in the
granite interior; Sn+Cu-dominated deposits lie at the
margin between granites and the host limestones; and
Pb+Zn deposits occur distally in the surrounding
limestone host rocks. We conclude that this zoning
pattern results from temperature decrease as the fluid
progresses up and out from its magmatic source region.

Red River Fold Belt in the southwest (Fig. 1). The main
sedimentary sequence exposed in the ore field are
carbonate rocks, clastic rocks and basalts of PermianTriassic (Fig 1) age. Carbonates of the mid-Triassic
Gejiu and Falang Formations are the most important orehosting strata. Numerous faults dissect the Geiju district.
Most ore bodies are located east of the NS-trending
Gejiu fault, which divides the district into two parts. A
group of EW-trending faults with their subordinate
fractures are the most important ore-controlling
structures (Fig 1). Ore-related magmas are Late
Cretaceous granitoids; mainly porphyritic granites in the
north and equigranular granites in the south.

Keywords. geology, meal zonation, Gejiu Sn-Cu deposit,
SW China

1 Introduction
Numerous studies show that Sn-mineralized granites
commonly display a zonal distribution of metals
outward from the granite source (Audetat et al. 2000 and
references therein). Commonly, Sn-, W-, Mo- dominated
deposits occur proximal to the intrusion and Zn-, Pb-,
Sb ± Ag-dominated deposits occur distally (Lehmann
1990; Pirajno 1992; Audetat et al. 2000). Such metal
zonation may be caused by sequential metal
precipitation from the same parental fluid caused by
progressive cooling and/or fluid mixing during outward
migration (Heinrich and Ryan 1992).
The world class Gejiu Sn-Cu polymetallic district is
the largest tin district in the world (Mao et al. 2008), and
is located on the western margin of south China block
(Fig. 1). Four major Sn-Cu ore-fields (i.e., Malage,
Songshujiao, Laochang and Kafang) are present in the
Gejiu district and combined contain at least 300 Mt tin
ore (with an average grade of 0.8%), 300 Mt copper ore
(with an average grade of 1%) and 400 Mt Pb+Zn ore
(with an average grade of 12%). As it displays a well
developed metal zonation both vertically and
horizontally around the granites in about 600 km2, the
Gejiu Sn-Cu and base metal deposits is one of the best
examples to study the issue of metal zonation. Zonations
observed on a deposit scale reflect a broader district
scale zonation in the Geiju district.
In this paper, we describe the characteristics of metal
zonation and mineralization assemblages in several
representative deposits of Gejiu area, and discuss the
implications of this zonation on the deposit genesis.

Figure 1. Geological map of the Gejiu Sn-Cu polymetallic
district (Modified from Cheng et al. 2010)

The four major ore-fields contain dozens of deposits
of varying sizes. Most of these deposits are mined for
either Sn or Cu, and some are mined for Pb, Zn, W, Bi,
Mo, Nb, Ta, Be, Fe, Au and Ag. Almost all of these
deposits are hosted by the limestone of Gejiu Formation
and confined to within 2000 m vertically or horizontally
from the granite margins. Ore deposits within the
granites comprise mineralized chlorite + k-feldsparaltered granites and disseminations within massive

2 Geological background
Gejiu is located at the western end of the Cathysia block,
adjacent to the Yangtze Craton to the northwest and the
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close to the contact with the host limestones and
sometimes within the skarn. Be-Bi mineralization is
most common around the highly equigranular granite,
but W in scheelite is developed in both equigranular and
porphyritic granites. Gangue minerals include quartz or
feldspar pegmatite, garnet and diopside.
(2) Central Cu-Sn zone
Copper and Sn are the most abundant metals in the
district and are abundant at Malage, Yinjiadong,
Songshujiao, Gaofengshan, Wanzijie, Zhulin, Xinshan,
and Jinguangpo Sn-Cu deposits (Fig. 2 and 3). Almost
90% of the Cu-Sn reserves in Gejiu area are located in
these deposits. It is valuable to emphasize that tin and
copper orebodies are commonly found together in the
majority of the ore district, except in the Kafang deposit.
In the Cu-Sn ore zonation, generally, the copper
orebodies are distributed beneath the tin orebodies (Fig.
3b). Alteration is represented by tremolite, epidote,
chlorite and phlogopite.
(3) Exterior Pb-Zn zonation
Outwards of the Cu-Sn zone is the Pb-Zn zone (Fig.
3b). Examples include Shuitangzhai Pb-Sn deposit,
Bainidong Pb-Zn deposit, Xinzhai Pb deposit and
Goujiezi Pb deposit. Two episodes of Pb mineralization
are suggested by field occurrence (308 Geological Party,
1984), and the above-mentioned deposits belong to the
early stages. A later Pb mineralization stage exists as
veins both in wall rocks and granites with no tin
mineralization. Alteration minerals include spessartine,
rhodochrosite and minor rhodonite.

quartz - muscovite greisens. These ores are dominated
by Sn mineralization, accompanied with minor Cu. Ore
deposits outside the granites in Gejiu Formation include
skarns at the contact between granites and limestones;
massive sulfide-cassiterite ores within skarns distal to
granites in carbonate interlayers; sheeted veins
containing skarn minerals, retrograde minerals and large
amount of tourmaline; mineralized faults and shear
zones; and stratiform oxidized ores hosted by carbonate.
The oxidized ores mainly contain hematite and limonite
and are attributed to weathering of primary ores.

3 Metal zonation
Deposits at Geiju are zoned outward from W+Be+Bi
± Mo ± Sn deposits in the granite interior, to Sn+Cudominated deposits at the granite margin, and Pb+Zn
deposits in the surrounding host rocks in the eastern
district (Fig. 2). Metal zonation is developed both
vertically and horizontally (Fig. 2 and 3).

4 Discussion and conclusion
Controversies have lasted for a long time about the
genesis of the Gejiu tin-copper polymetallic district, and
the arguments mainly concentrate on whether the deposit
is a SEDEX or granitic intrusion-related deposit (Qian et
al. 2009; Qin et al. 2006; Zhang et al. 2007 and
references therein). Figures 2 and 3 demonstrate that the
metal zonation occurs both vertically and laterally away
from the various granitic bodies. The general sequence
of zonation is upward and outward from W-BeBi±Mo±Sn to Cu-Sn to Pb-Zn at the periphery.
Mineralization styles change consistently upward as
well, from disseminated in granite outward to skarn in
the contact, and to oxided orebodies and then to veins in
limestones distal to granites. As shown above, in Gejiu
area, the metallic elements exhibit clear zonations
around granitic updomings vertically and horizontally,
strongly suggesting a close genetic relationship between
magmatism and mineralization. This strongly suggests a
genetic link between magmatism and mineralization
which is supported by geochronologic constraints from
Re-Os ages on molybdenite from the Kafang deposit,
which indicates a mineralization age of 83 Ma, much
younger than the age of the host carbonates, and
correlating closely with the age of the granites (Cheng et
al. 2010).

Figure 2. Horizontal mineralization zonation of Gejiu ore
district (from 308 Geological Party 1984).

(1) Interior W-Be-Bi± Mo ± Sn zone
This mineralization dominates on the top of the
granites or in the wall-rocks nearby. Examples of this
style of mineralization include Baishachong Be deposit,
Laochang Be deposit, Xinshan W deposit and Xinshan
Bi deposit. Tungsten is generally more abundant and
more widespread than Be and Bi (308 Geological Party
1984). Generally, the Be in beryl and Bi in bismuthite
are discontinuous and occur near the top of the granites
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The metallogenic evolution of Proterozoic Laurentia:
influence of the world’s first supercontinent on its major
mineral provinces
Sally Pehrsson, Neil Rogers and David Corrigan
Geological Survey of Canada, 601 Booth St, Ottawa, ON, K1A 0E8, Canada
Abstract. The late Palaeoproterozoic marks major
changes in the Earth’s evolution, with the oxygenation of
the atmosphere and assembly of the first true
supercontinent. These events influenced the formation
and preservation of a number of world-class metallotects.
The Trans-Hudson Orogen represents one of Earth’s
earliest orogens to have clearly evolved through a
complete Wilson Cycle. This orogen records the ca. 150
Ma history of Manikewan Ocean, from its opening at ca.
2.07-1.92 Ga, to its closure in the interval 1.92-1.80 Ga
and the formation of the Supercontinent Nuna.
The paleogeography of the Manikewan Ocean between
1.92-1.89 Ga, with the relationships between the Lynn
Lake - La Ronge, Flin Flon and Snow Lake arcs and
associated marginal basins to the surrounding continental
blocks, likely greatly influenced the formation and
preservation of massive sulphide mineralisation. The
resulting tectonic collage is a highly folded analogue of
the high aspect ratio accretionary belts that typify the
Appalachian districts that form host to the Buchans and
Bathurst mining camps.

mineral endowments in numerous differing orogenic
settings. The Trans-Hudson Orogen in Laurentia records
the ca. 150 Ma history of Manikewan Ocean, from its
opening at ca. 2.07-1.92 Ga, to its closure in the interval
1.92-1.80 Ga. Following terminal collision of the
Superior craton with the Churchill collage orogenesis
shifted to Nuna’s outboard margins, with establishment
of a long lived external orogen (Yavapai – Matzatzal –
Labradorian) on the drifting supercontinent’s southern
flank. The markedly different late Palaeoproterozoic –
early Mesoproterozoic histories on Laurentia’s western
and northern flanks reflect early successful (protoAustralia) or failed (Siberia) rifting of Nuna.

Keywords. Palaeoproterozoic, Trans-Hudson orogen,
Nuna, Manikewan Ocean

1 Introduction
The late Palaeoproterozoic period is a tipping point in
Earth evolution, with the confluence of two major
geodynamic events: oxygenation of the atmosphere
(Anbar and Knoll 2002) and assembly of Earth’s first
true supercontinent, Nuna (Griffen et al. 2008). The
broad coincidence of these major events dramatically
influenced the formation and preservation of mineral
deposits in the time period 2.0-1.4 Ga, against a
backdrop of progressive crustal growth, amalgamation
and breakup (Hoffman 1988). This framework favoured
the development of diverse mineral deposit types that in
Laurentia gave rise to a number of world-class
metallotects: 1) the Trans-Hudson and Rhinelander Ladysmith VMS and Circum-Superior Ni-Cu-PGE
districts that are related with the amalgamation phase; 2)
the Athabasca-Thelon unconformity-hosted U and
concurrent Jerome-Bagdad VMS districts, formed by
alternate stages of peripheral margin orogenesis during
supercontinent drift and 3) the Sullivan SEDEX district
associated with Nuna’s protracted break-up stage.
Nuna was formed by closure of an interior ocean, the
Manikewan (Stauffer 1984), and aggregation of
numerous Archean cratons, microcontinents and arcs,
between 2.0 and 1.7 Ga (Fig. 1). It involved nearly 70
cratonic blocks and microcontiental fragments, more
than double that of Rodinia, and distinctly smaller
blocks than those the present day, yielding distinct

Figure 1. Distribution of Trans-Hudson related terranes.
Sutures: BeS=Bergeron suture; BS=Baffin suture; BiS=Big
Island Suture.

2 Mineralisation related to the assembly of
the Nuna supercontinent
The 1.97-1.87 Ga early accretionary phase of interior
ocean closure (Fig. 2), involved three lithotectonic
domains: i) peri-Churchill; ii) Reindeer Zone and iii)
peri-Superior. The peri-Churchill realm records
progressive outward continental growth by accretion,
initially of Archaean to Palaeoproterozoic microcontinents (i.e., Hearne craton) and subsequently by arc
terranes (e.g., La Ronge – Lynn Lake arc) to the Slave –
Rae (Corrigan et al. 2009). The Reindeer Zone, in
contrast, is characterized by oceanic arcs, back-arc
basins, oceanic crust and ocean plateaus that were
formed during the closure of the Manikewan Ocean, and
the accretion of the micro-continental Sask Craton,
along with a series of other smaller Archaean crustal

97

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

siliciclastic. Deposits hosted by arcs built on the large
peri-Churchill microcontinents (e.g., Hanson, Lynn
Lake – La Ronge) are bimodal mafic, felsic and felsic
siliciclastic types with overall more evolved Pb isotopic
signatures and/or Zn-Cu-Pb rich metal budgets. Those
hosted by thinner microcontinental fragments, such as
the mafic and bimodal mafic deposits of the world-class
Flin Flon district, are Cu-Au or Cu-Zn-rich and have
variable Pb isotopic signatures reflecting degrees of arcrifting. In contrast, the deposits of the Snow Lake
district, which were built on a small peri-Superior
microcontinent, are Zn-rich, bimodal felsic deposits
with a moderately evolved Pb isotopic signature. These
characteristics reflect significant interaction with highly
evolved Superior basement rocks.
The Nuna-related VMS districts actually preserve
nearly as great a contained metal endowment as the
major Archean districts, and have some of the world’s
greatest concentration of deposits per square kilometre.
Similarly to Archean deposits, these VMS districts
record a typically short time period, ca. 10 Ma, between
the time of deposit formation and accretion.
Preservation and possibly formation of these districts,
appears to be preferentially associated with
microcontinental substrates. Arc segments of the
Reindeer Zone with the most juvenile isotopic
signatures and thinnest substrates host less contained
metal, suggesting that oblique collision of numerous
small, buoyant Archean plates and microcontinents
facilitated accretion and preservation (Fig. 2).
After 1.88 Ga plate reorganization and accretion
caused the Manikewan Ocean to contract in earnest;
leading to the terminal collision of the Superior,
Wyoming and North Atlantic cratons with the Churchill
collage and Fort Simpson – Hottah terranes outboard of
the Slave craton (Corrigan et al. 2009). Within
Manikewan’s internides this period of active closure
between 1.87 to 1.80 Ga is associated with renewed
subduction and arc – craton collisions that generated
new base metal metallotects. Siliciclastic felsic VMS
deposits formed within the related successor arcs (i.e.,
McIvenna Bay, Sherridon) and Ni deposits were
localized in suture proximal mafic magmatism related to
slab break-off following arc – craton collision (e.g.,
Lynn Lake, Rottenstone, Namew, Deschambault).

fragments (Lucas et al. 1996; Corrigan et al. 2005).
Reworked continental marginal basins and passive
margins of the peri-Churchill and peri-Superior realms
form the host to MVT (e.g., Esker), sediment-hosted Cu
(e.g., Wollaston) and possible SEDEX deposits (i.e.,
Marmorilik). These deposits formed immediately prior
or coeval to early accretionary orogenesis, just before or
at the initiation of major basin inversion phases. Ni-CuPGE deposits of the Cape Smith, Thompson Nickel Belt
and Rankin districts are hosted in continental back-arcs
of the peri-Superior and peri-Churchill realms that
formed in response to subduction during closure of
narrow seaways that separated the pericratonic realm
microcontinents from the Manikewan Ocean proper. NiPGE deposits are also associated with periods of
extension within the peri-cratonic arcs themselves (i.e.,
El, McBratney). Near simultaneous accretion, back-arc
rotation and extension across much of the Manikewan
collage at 1.88 Ga may be related to a period of
microplate re-organization attendant on the accretion
phase (Corrigan et al. 2009; Fig. 2).

Figure 2. Schematic paleogeography of the Manikewan
Ocean and surrounding cratons coincident with Flin Flon
mineralisation. Arcs of the Lynn-La Ronge, Flin Flon and
Snow Lake belts formed proximal and distal to older cratonic
fragments, influencing preservation of their contained VMS
deposits. Am - Amer group; B - Burwell arc; Bf - Bravo
formation; FF - Flin Flon; GFtz - Great Falls tectonic zone; Ke
- Ketyet group; M.I. - Meta Incognita micro-continent; Pe Penrhyn group; Pi - Piling group; STZ - Snowbird Tectonic
Zone; TA - Tasiuyak domain; TNB - Thompson Nickel Belt.

3 Post Nuna assembly mineralisation
Nuna at its maximum extent attained only a transient
stability. Following closure of the Manikewan Ocean,
subduction shifted to the southern and eastern (present
co-ordinates) outboard margin with the establishment of
a long-lived (1.8 to 1.5 Ga) external orogen stretching
from the southwest United States to Baltica. Cessation
of assembly initiated marginal subduction with
transitory upper plate coupling and orogenesis. Periods
of steeper marginal subduction triggered continental arc
– back-arc magmatism that hosted successive phases of
siliciclastic felsic VMS mineralization in the Jerome –
Bagdad – Willow and Montauban districts. Intervening
periods of shallow subduction with strong upper plate
coupling allowed far-field reactivation within the
amalgamated interior, where long-lived, flat-lying

Within the Reindeer Zone the paleogeography of
Manikewan Ocean and relationships between the Lynn –
La Ronge, Flin Flon and Snow Lake arcs with
surrounding continental blocks greatly influenced the
formation and preservation of VMS mineralization
(Corrigan et al. 2009). The resulting tectonic collage
represents a highly folded analogue of the high aspect
ratio accretionary belts that typify the Appalachian
districts, which host the Buchans and Bathurst mining
camps (Rogers et al. 2007; van Staal et al. 2009).
Four types of VMS deposits are found within the
accreted pericratonic and oceanic arc terranes: mafic
nascent arc, bimodal mafic, bimodal felsic, and felsic
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Ocean the involvement of numerous cratonic blocks and
microcontiental fragments would have tended to restrict
ocean current development. It is however the second
order constraints that dictate where mineralization
actually occurs within an overall tectonic setting. For
VMS mineralisation these types of constraints include
the distribution of volcanic centres and rate of
volcanism, as these control whether suitable convection
systems form. For the Appalachians at least there is also
a link with overall spreading rates controlling whether
mineralisation occurs within the arc or back-arc
environment (Rogers et al. 2007). The final factor for
the development of an ore deposit is preservation. Some
environments may readily produce mineralisation, but
are highly unlikely to be preserved during continental
assembly (i.e., ocean ridges). For Nuna aggregation, the
rapid accretion by oblique collision of buoyant
microcontinental blocks facilitated the preservation of
mineralised sequences.

intracontinental basins (e.g., Athabasca, Thelon) formed
due to mantle-downwelling and subsidence over the
core of Nuna. Reactivation of older internal sutures and
foreland structures, deep palaeo-weathering and erosion
of uranium-rich Nuna intrusions generated the main
uranium mineralizing events of the world-class
Athabasca uranium district. Orogenic gold deposits
related to 1.85-1.65 Ga late-stage Nuna assembly and
interior reactivation include the world-class Homestake
mine in South Dakota, the New Britannia district of
Snow Lake, Manitoba and the Meadowbank, Meliadine
and Cullaton deposits of the Churchill Province,
Nunavut.
Attempted rifting at the triple junction between
Siberia, Laurentia and North Australia – Mawson was
centred on the present day Coppermine coast. A failed
arm between Siberia and Laurentia is associated with
1.74-1.68 Ga mafic magmatism and marine
transgression of the Dismal Lakes basin. An active
intracontinental rift ultimately successfully formed
between Australia and western Laurentia, generating the
setting conducive to formation of the c. 1.47 Ga world
class Sullivan Pb-Zn district.
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4 Preservation of metallotects during
supercontinent aggregation
Laurentia and the products of Manikewan Ocean closure
are amongst the most stable entities resulting from Nuna
amalgamation; persisting as they did through all the
successive supercontinent cycles. The transition to
Palaeoproterozoic supercontinent aggregation that is
recorded within the Trans-Hudsonian history of
Laurentia ultimately enabled the formation and
preservation of multiple world class mineral districts.
The spatial and temporal distribution of these
multiple metallotects illustrates the control of large scale
tectonic processes on types of mineralisation. Although,
large scale tectonic events associated with
mineralisation, such as arc formation, are universal
within certain geodyamic settings, ore generation and its
subsequent preservation as a mineral deposit are rare
events dependent on the specific interplay between
several direct and indirect tectonic drivers.
That multiple styles and periods of Nuna-related
VMS mineralisation exist, dictate that not only are there
first order tectonic environments conducive to ore
genesis, but the prevailing additional constraints
encourage preservation. For VMS mineralisation an
extensional tectonic setting is a prerequisite, along with
palaeoenviromental conditions that enable sulphide
formation. For mineralisation forming at the seafloor
(i.e., VMS, SEDEX) a reducing water column is highly
advantageous for sulphide precipitation. Such conditions
may reflect global seawater chemistry and/or more
regional features like ocean basin palaeogeography.
Within the analogous Appalachian Orogen periodicity of
VMS formation corresponds with Iapetus and its
marginal/successor basins having a restricted east – west
orientation (Rogers et al. 2006). These circumstances
are favourable for the development of a stratified water
column as the lack of a temperature contrast across the
basin negates ocean circulation. For the Manikewan
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The Carlin gold system in Nevada: a perfect storm
resulting from ideal crustal architecture, metasomatized
lithospheric mantle, and tectonic trigger
John L. Muntean
Nevada Bureau of Mines and Geology, MS178, University of Nevada Reno, 1664 N. Virginia St., Reno, NV USA 89557
Jean S. Cline, Adam C. Simon
Department of Geoscience, University of Nevada Las Vegas, 4505 Maryland Parkway, Las Vegas, NV USA 89154-4010
Abstract. The Eocene in the Great Basin was a period of
profuse magmatism and hydrothermal mineralization that
produced the world’s second largest concentration of
gold: the Carlin-type gold deposits (CTGDs) in Nevada. A
comprehensive magmatic-hydrothermal model for the
origin of CTGDs is presented that relates gold deposition
to crustal scale processes imposed upon Nevada’s
distinctive geologic setting during a change from shallow
subduction to renewed magmatism coincident with the
onset of extension. Upwelling asthenosphere impinged
on strongly modified lithospheric mantle, generating
magmas that released aqueous fluids with high Au:Cu at
depths of >10 km. Upon ascent these fluids underwent
phase changes, and mixed with meteoric water and, near
the surface, dissolved and sulfidized reactive, Fe-bearing
carbonates, leading to deposition of Au-bearing pyrite.
Release of ore fluids from their source magmas at >10
km explains a lack of zoning in CTGDs. In contrast,
porphyry deposits are strongly zoned due to steep
temperature gradients caused by release of hightemperature fluids from magmas at <4 km.

temporal and spatial link between ore formation and
magmatism that was previously apparent, we recently
published a comprehensive magmatic-hydrothermal
model for CTGDs (Muntean et al. 2011), which for the
first time 1) describes the formation of a primitive ore
fluid and tracks that fluid through Au deposition, and 2)
relates the fluid and CTGDs to subduction processes and
deep crustal magma evolution affected by a change in
tectonics (Fig. 2). Key data that led to the model include
geochronologic data, which demonstrate the formation
of CTGDs tracked the southwestern sweep of Eocene
magmatism in time and space across Nevada. In
addition, recent O, H, and S isotope data are consistent
with mixing of magmatic fluids with evolved meteoric
waters. New LAICPMS and EPMA microanalyses of
ore-stage pyrite demonstrate that Au co-precipitated
with As, Hg, Tl, Te, Cu, and Sb, an elemental suite that
is consistent with transport by magmatic aqueous
vapour. Here we highlight various aspects of our model
that relate to large-scale controls on ore genesis.

Keywords. gold, Carlin, magmatic-hydrothermal,
Nevada, geochemistry, petrology, tectonics

2 Ideal crustal architecture
An essential first step in the origin of CTGDs was the
formation of basement-penetrating rift structures that
controlled development of favorable upper crustal
structures and stratigraphy. Faults that formed during
Proterozoic rifting of western North America were
critical in controlling subsequent patterns of
sedimentation,
deformation,
magmatism,
and
hydrothermal fluid flow. Following active rifting a
predominantly carbonaceous, carbonate shelf-slope
sequence formed along the margin. Reactivation of the
underlying basement faults formed second-order basins
with variable sedimentary facies, including carbonate
debris flow breccias that are important hosts to CTGDs.
The early Mississippian Antler orogeny, the first in a
series of compressional events, thrust deepwater
siliciclastic and basaltic rocks eastward over the
carbonate shelf-slope forming the Roberts Mountain
thrust fault. The compressional events reactivated
underlying basement rift structures forming fault
propagation folds and other features consistent with
structural inversion. An optimal setting for the formation
of CTGDs was established: structural culminations of
highly fractured, reactive carbonate rocks were located
above fault zones linked to underlying basement rift
structures and capped by less reactive rocks.

1 Introduction
The Eocene in the Great Basin of western North
America was a period of intense hydrothermal activity
brought on by a shift from shallow subduction and
compressional tectonics to renewed magmatism
coincident with extensional tectonics. This shift in
tectonics resulted in the world’s second largest
concentration of gold: the Carlin-type gold deposits
(CTGDs) in Nevada. CTGDs are hydrothermal
replacement bodies hosted primarily by lower Paleozoic
miogeoclinal carbonate rocks, in which gold (Au)
occurs in solid solution or as submicron particles in
pyrite. The four largest clusters of CTGDs in Nevada
(Carlin trend, Cortez, Getchell, Jerritt Canyon; Fig. 1),
accounting for >95% of Au in CTGDs, share many
features, including ore paragenesis and chemistry,
indicating common processes led to their formation.
However, these ubiquitous features have not been
sufficiently diagnostic to yield a widely accepted genetic
model. Two end-member genetic models are: 1)
magmatic-hydrothermal models, in which Au was
derived from magmas; and 2) amagmatic models,
wherein Au was sourced from the crust by meteoric or
metamorphic waters (Cline et al. 2005).
Based on new data that demonstrate a closer
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3 Metasomatism of the lithospheric mantle

near brittle-ductile transition, forming long-lived,
batholithic-sized intrusions below CTGDs. Supercritical
fluids were then tapped from the roof zones of these
plutons during extensional reactivation of the high-angle
faults linked to underlying basement faults. Periodic
release of fluid and magma during faulting is supported
by numerous syn-ore dikes in the Carlin trend and at
Cortez. We emphasize that tapping of fluids from
magma bodies at ~10 km is significantly deeper than
fluid release from magmas associated with porphyry
Cu-(Au) and associated skarn deposits, which typically
form at depths of <~4 km. Shallow release of hightemperature fluids from magma bodies associated with
porphyry and skarn deposits results in large temperature
gradients and strong zoning patterns in metals, ore
mineralogy, and hydrothermal alteration. Such zoning
patterns are absent in CTGDs.
The ascending ore fluid is interpreted to then have
undergone critical phase changes that enhanced Au
transport. First, the supercritical fluid would have
separated into immiscible brine and vapour, with vapour
constituting most of the fluid mass. Significant S, Au,
Hg, As, Tl, Te and Cu would be transported by the
vapour, whereas Fe, Ag, Pb, and Zn would partition
strongly into the brine. Had Fe remained in the S- and
Au-bearing vapour, pyrite would have precipitated
during fluid ascent, destabilizing Au-sulfide complexes,
hampering transport of Au to the surface (Heinrich et al.
2004). The rising hot Au-bearing vapour plume then
entrained meteoric water, causing the ore fluid to evolve
into a ~250°C liquid without further phase separation.

An east-dipping subduction zone was established along
the western margin of North America by the middle
Triassic. Back-arc magmatism in northeastern Nevada
began in the Jurassic with emplacement of lamprophyre
dikes parallel to the underlying basement fabric. During
175 m.y. of arc magmatism, the mantle wedge was
likely hydrated, oxidized, and metasomatized by fluid
transport of incompatible elements, including As, Sb, Tl,
Cu and possibly Au. Mafic cumulates forming at the
base of the crust could have as much as 20% of the
water in the original flux of arc magma.
These early magmas may have fractionated a Au-rich
sulfide residue during evolution of the subcontinental
lithospheric mantle (SCLM). Modelling the evolution of
the Au/Cu ratio by using the R-factor concept indicates
for reasonable mass ratios of silicate melt to sulfide,
fractionation of small amounts of sulfides during arc
magmatism will leave behind a sulfide residue with
relatively high Au/Cu ratios compared to the silicate
melt in the rising magma (Richards 2009). This
modelling assumed the sulfide-silicate melt partition
coefficient for Au is greater than that for Cu in the
mantle, which is supported by published sulfide:silicate
melt partition coefficients that range up to 19,000 for Au
and 1,400 for Cu, based on analyses of coexisting
sulfides and MORB glass. By 65 Ma magmatism had
ceased in Nevada due to shallowing slab. During flat
subduction, slab-derived fluids, likely formed As and
Sb-rich serpentinite at the base of the SCLM.

5 Efficient gold deposition

4 Rollback of the flat slab and generation
of high Au/Cu magmas and ore fluids

Key to the formation of CTGDs was an effective
depositional mechanism. Au occurs in arsenian pyrite in
replaced wall rocks; open-space deposition of Aubearing pyrite is rare, indicating fluid/rock reaction was
the main cause of Au deposition. Within 1-3 km of the
surface, the ore fluid, now acidic because of
disassociation of carbonic acid, infiltrated and dissolved
reactive carbonates. Deposition of Au was caused by
reaction of the ore fluid with Fe2+ released from
dissolving carbonates to form pyrite. Loss of sulfide
from the ore fluid destabilized Au-sulfide complexes
and resulted in incorporation of Au and other trace
metals in pyrite. Studies indicate the Au dominantly
occurs as structurally bound Au1+, forming likely by
extremely efficient adsorption of Au1+ onto negatively
charged pyrite surfaces from fluids that were not
necessarily saturated with respect to Auº.

Rollback or delamination of the shallow-dipping slab
renewed magmatism at ~45 Ma, which swept
southwestward at a high angle to the continental margin.
The base of the hydrated, metasomatized SCLM with
elevated Au/Cu was exposed to upwelling
asthenosphere, resulting in the formation of voluminous,
CO2-, Cl-, S-, and Au-bearing, hydrous basaltic
magmas, at an fO2 of probably around FMQ+1. The
basaltic magmas underplated and partially melted the
overlying continental crust, forming hydrous, S- and
Au-bearing, high-K, calc-alkaline magmas of
intermediate composition. The magmas ascended and
may have formed transitory magma chambers prior to
volatile saturation, where we propose fractionation of
monosulfide solid solution (mss) would have
preferentially incorporated Cu over Au and further
increased the Au/Cu ratio of the ascending melt.
Experimental data at a fO2 of ~FMQ+1confirm that mss
preferentially sequesters Cu relative to Au. As the
magmas continued their ascent, they would have
reached volatile saturation with a supercritical CO2- and
HS2-bearing aqueous fluid with high Au/Cu, and a
salinity of likely between ~2-12 wt.% NaCl equiv., at
depths of probably 15-16 km.
Based on published studies of Eocene calderas,
plutons and dikes as well as aeromagnetic data, large
volumes of magma likely stalled at depths of ~10 km,

6 The Carlin end-member
The magmatic-hydrothermal processes we have
proposed are not unique to Nevada, and a major
question from both a scientific and a practical
exploration point of view is why more CTGDs have not
been found around the world. The apparent restriction of
CTGDs to Nevada represents a convergence of these
processes with an ideal geological setting that is specific
to Nevada – a deformed, carbonate-bearing, continental
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margin that was underlain by SCLM, which was
modified during subduction. This convergence created
an ideal system for the formation of CTGDs. The
critical trigger was the rollback of the flat slab that
caused the asthenosphere to impinge on strongly
hydrated and trace metal-enriched SCLM, resulting in
profuse magmatism. Au-bearing aqueous fluids were
generated, transported, and focused into reactive
carbonate wall rocks. Rather than searching for regions
with all the features of CTGDs companies need to look
for similar architectures and evolved SCLM with
subsequent post-subduction crustal-scale thermal events.
In addition to the CTGDs, the giant Bingham Canyon
porphyry Cu-Au-Mo and the Mount Hope Climax-type
porphyry Mo deposits, the Battle Mountain Au
skarn/distal-disseminated deposits, and the Round
Mountain epithermal Au deposit also formed in the
during middle Tertiary in the Great Basin. The large
number and variety of ore deposits that formed are an
indication of multiple evolutionary paths for magmas
and their evolved ore fluids.
We propose a spectrum exists between the Carlin
end-member, defined by the four large clusters of
CTGDs in Nevada, and deposits that resemble CTGDs,
which are commonly referred to as Carlin-like or distaldisseminated deposits. These deposits tend to be
smaller, can contain significant Ag and base metals,
have a close spatial association with coeval porphyry
and skarn mineralization, and are found worldwide.
Similar to Johnston and Ressel (2004), we suggest the
spectrum is a function of the size and depth of
emplacement of the causative intrusions.

Figure 2. Schematic cross-section from mantle to surface
(looking east) depicting points of mode discussed in the text.
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Indosinian mineralization in the Xiong’er Terrane, China
and its tectonic significance
Xiaohua Deng, Yanjing Chen
Key Laboratory of Orogen and Crust Evolution, Peking University, Beijing 100871, China
Junming Yao, Yali Sun
Guangzhou Institutes of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
Abstract. The East Qinling region in China, hosting
several tens of Mesozoic magmatic-hydrothermal Mo
deposits, is one of the largest molybdenum belts in the
world. The Zhifang deposit is a molybdenum deposit
recently discovered in Songxian County, Henan province.
Five molybdenite samples from the deposit yielded ReOs model ages ranging from 241.2 ± 1.6 ~ 247.4 ± 2.5
Ma; an isochron age of 246.0 ± 5.2 Ma (2σ, MSWD =
7.4), and a weighted average age of 243.8 ± 2.8 (2σ,
MSWD = 5.5). This shows that Mo mineralization
occurred during the Indosinian Orogeny. Unusual and
different deposit types have been discovered in the East
Qinling molybdenum belt, such as carbonatite-hosted,
orogenic and porphyry Mo deposits, all associated to the
Indosinian Orogeny. The Re-Os age of the Zhifang Mo
deposit shows that molybdenum mineralization is not
related to the Yenshanian magmatism, or the PaleoMesoproterozoic volcanic-hydrothermal event. During the
Mesozoic collision between the North China Craton and
South China Block (Indosinian Orogeny), crustal slabs
containing the carbonate-shale-chert sequences of the
Guandaokou and Luanchuan Groups were thrust
northwards beneath the Xiong’er Terrane along the
Machaoying fault. Metamorphic devolatilisation of this
underthrust slab probably provided the ore-forming fluids
to develop the Zhifang Mo deposit.

information insights on the ore formation processes and
the Indosinian mineralization.

2 Regional geology
The Zhifang Mo deposit is located on the southern
margin of the North China Craton in the Xiong'er
Terrane. It is bounded to the south by the LuanchuanMachaoying fault system and to the northeast by the
San–Bao fault (Chen et al. 2006; Chen et al. 2004). The
main lithostratigraphic units of the Xiong'er Terrane are
the Taihua Supergroup (basement) and the Xiong'er
Group (supracrustal cover). The Taihua Supergroup is a
high-grade metamorphic sequence from amphibolite to
granulite facies rocks, and comprise of the Beizi Group
greenstone belt (>2.5 Ga), the Dangzehe greenstone belt
(2.55~2.3 Ga) and the passive margin succession of
graphite schist, marble and iron-formation rocks of the
Shuidigou Group (2.3~2.2 Ga) (Chen and Zhao 1997;
Xu et al. 2009). The Xiong'er Group is a well-preserved
unmetamorphosed
volcanic
sequence
that
unconformably overlies the metamorphic basement
(Taihua Supergroup) and is overlain by Mesoproterozoic
carbonate rocks (Chen et al. 2006; Chen et al. 2004). The
volcanic rocks are dominated by basaltic andesite,
andesite, dacite and rhyolites with minor intermediate to
silicic tuff and mafic to felsic sub-volcanic rocks (He et
al. 2009). Subsidiary faults of the Maochaoying fault are
common in the Xiong’er Terrane, especially NE- to
NNE-trending compressive shears, which served as
major conduit systems and control the locations of ore
deposits and shallow intrusions (Chen et al. 2009a). The
lithostratigraphic units discussed above are intruded by
Mesozoic (Jurassic to Cretaceous) granitoids, such as the
Huashan complex and a number of mineralized
porphyries, diatremes and breccia pipes (Fan et al. 2011).

Keywords. Indosinian mineralization; molybdenite Re-Os
isotope age; Zhifang Mo deposit; orogenic Mo deposit;
East Qinling Orogenic belt

1 Introduction
The Qinling area, located in the central China on the
southern margin of the North China craton, is an
important metallogenic belt hosting Au, Ag, Pb–Zn, W
and Sb deposits, as well as the most important Mo ore
district, with measured reserves of 6,000,000 tonnes of
Mo metal (Chen et al. 2000; Li et al. 2007; Mao et al.
2008). The major deposits in East Qinling belt are
associated with Mesozoic porphyry/skarn systems, and
have been the target of several exploration programs. In
the last decade, a number of vein-type Mo deposits were
discovered in the East Qinling Mo belt, such as the Dahu
(Li et al. 2011), Zhaiwa (Deng et al. 2008a) and Zhifang
(Deng et al. 2008b) quartz vein systems, and the Tumen
fluorite vein system (Deng et al. 2009). Dating of these
vein-systems have provided ages ranging from
Paleoproterozoic to Cretaceous, and are possibly related
to the multiple tectono-thermal events in the East
Qinling belt (Chen et al. 2009b).
This paper reports Re-Os molybdenite ages obtained
for the Zhifang molybdenum mineralization, and provide

3 Ore geology
The Zhifang quartz-vein Mo deposit is hosted by the
Jidanping Formation of the Xiong’er Group, which
consists of dacites and rhyolites interlayered with
basaltic andesites and andesites (Wen et al. 2008). The
Zhifang deposit is controlled by NE-, NW-, and minor
NS- and EW-trending faults. The latter control the
emplacement of quartz veins and are interpreted as a
subsidiary fault system of the regional Machaoying fault
(Liu et al. 2007). Six mineralized bodies have been
explored at Zhifang, including K1, K2, K3, K4, K5 and
K6. Ore is structurally controlled and form vein,
stratiform and/or stratiform ore bodies. Individual ore
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mineral-bearing inclusions, interpreted to be products of
intense fluid boiling. Thermometric measurements of
fluid inclusions from the middle stage indicate
homogenization temperatures from 250 to 360°C,
salinities from 0.01 to 20.70 wt.% NaCl equiv, and
mineralization depths from 6 to 8 km under hydrostatic
pressure (Deng et al. 2008b), suggesting metamorphic
hydrothermal conditions (Chen et al. 2007); and (3) the
Zhifang deposit is located in the Qinling orogen, and
emplaced during the transition episode from oceanic
subduction to intra-continental collisions. Hence, spatiotemporal consistency indicates that the Zhifang deposit
can be classified as an orogenic deposit.

bodies vary from 100 m to 2800 m in length and 0.97 m
to 8.19 m in thickness. In the dipping direction, the
explored ore bodies extend to over 550 m below the
surface. The Mo grade of the deposit changes from
0.07%–0.16%, with an average of 0.12%. The ore bodies
are associated to potassic alteration, and are
characterized by a complex mineral assemblage (Liu et
al. 2007; Wen et al. 2008). Based on mineral
assemblages and crosscutting relationships three
mineralization stages can be identified: (1) an early
stage, characterized by fractured or deformed quartzveins and minor pyrite; (2) a middle stage represented by
the formation of quartz + molybdenite + pyrite +
chalcopyrite + galena + sphalerite, associated to early
stage fractures; and (3) a late stage, typified by
occurrence of quartz, carbonate and minor pyrite.

4 Sampling and analytical procedures
Five molybdenite samples were selected from the
Zhifang deposit for Re-Os dating. Three samples (ZF-08,
ZF-10-1 and ZF-10-2) occurred as lumpy or pellicular
molybdenite and were obtained from the K4 orebody
(Fig.1). Samples ZF-14 and ZF-16 are disseminated
molybdenite from the K5 orebody. Samples were
separated using gravitational and magnetic methods and
then handpicked under a binocular microscope (purity
>99%). For this study, an improved Carius-tube
digestion-ICP-MS method was used (Sun et al. 2010).

5 Results

Figure 1. Different types of ores and molybdenite
Molybdenite sample (ZF08) occurring as massive-lumpy in
quartz vein; B. Molybdenite sample (ZF10) occurring as
pellicular in quartz vein; C. Disseminated molybdenite flakes;
D. Molybdenite flakes in quartz
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Rhenium and Os concentrations range from 3.98 to
29.84 ppm and from 10.21 to 77.47 ppb, respectively.
Three samples occurred as massive-lumpy yielded model
ages of ranging from 243.9 ± 1.8 to 245.2 ± 1.8 Ma (2σ),
with a weighted mean age of 244.5 ± 1.2 Ma and a mean
square of weighted deviation (MSWD) of 0.61 (Fig. 2).
Other two samples occurred as disseminated yielded
model ages of ranging from 241.2 ± 1.6 to 247.4 ± 2.5
Ma (2σ). The nearly identical model age suggest that the
analytical results are reliable.

6.2 Indosinian mineralization
Several studies of mineral deposits in the area, show a
strong correspondance with the Indosinian orogeny. Zhu
et al. (2011) reported a molybdenite Re-Os isochron age
of 214.4 ± 7.1 Ma for the Wenquan porphyry Mo
deposit, west Qinling orogen; the Huangshuian Mo-Pb
deposit yielded four molybdenites Re-Os model ages
from 206.3 to 212.8 Ma, with a weighted mean age of
209.5 ± 4.2 Ma (Huang et al. 2009). Li et al. (2011)
reported Re-Os model ages ranging from 215.4 ± 5.4 Ma
to 255.6 ± 9.6 Ma for the Dahu Au-Mo deposit,
Xiaoqinling area and Wang et al. (2010) obtained a 232
± 11 Ma Re-Os isochron age for the Majiawa Au-Mo
deposit, Xiaoqinling area. Gao et al. (2010) presented a
molybdenite Re-Os isochron age of 239 ± 13 Ma for the
Qianfanling quartz vein Mo deposit in east Qinling
orogen and 230 Ma to 240 Ma Re-Os ages for the
Daxigou and Maogou quartz vein Mo deposits. We have
also obtained Re-Os isochron ages of 246 ± 10 Ma and
242 ± 12 Ma for the Badaogou and Xiangchungou quartz
vein Mo deposit, respectively (Deng unpublished data).
Several molybdenum deposits occur in the Xiong’er
Terrane associated to the Indosinian orogeny. Indosinian
molybdenum deposits are complex and diverse, and
include the unusual carbonated-hosted Mo-Pb deposit

6 Discussion
6.1 Ore genesis
The Re-Os ages of the Zhifang Mo deposit shows that
molybdenum mineralization is not related to the
Yenshanian magmatism (emplaced during 115~156 Ma,
Chen et al. 2009a), or the Paleo-Mesoproterozoic
volcanic-hydrothermal event (most of the Xiong’er
volcanic rocks formed at 1.78~1.75 Ga, with minor felsic
volcanic rocks erupting at ~1.45 Ga, He et al. 2009).
Accordingly, we consider that the Zhifang Mo deposit is
an orogenic-type deposit (Chen et al. 2006; Deng et al.
2008b). Further evidences that supports this conclusion
includes (1) ore bodies occurring as veins or stratiformlike, and controlled by subsidiary faults of the
Machaoying fault; (2) three types of fluid inclusions
were recognized in quartz and calcite, such as CO2-rich
fluid inclusions, aqueous inclusions and daughter
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with a possible mantle source signature (Xu et al. 2010),
orogenic molybdenum deposits, and porphyry deposits
(Zhu et al. 2011). Different deposit types have been
discovered in East Qinling orogen during Indosinian is
important
for
understanding
the
Indosinian
mineralization and its tectonic setting, and also widening
exploration ideas and goals in the future.

Geology in China 35:1250-1266 (in Chinese with English
abstract)
Deng XH, Li WB, Li N, Mei M, Zhang Y (2008b) Fluid inclusion
constraints on the origin of Zhifang Mo deposit Songxian
county, Henan provine. Acta Petrol Sin 24:2133-2148 (in
Chinese with English abstract)
Deng XH, Mei M, Yao JM (2009) Study of fluid inclusions and ore
genesis of the Tumen Mo-fluorite vein deposit, Henan
province. Acta Petrol Sin 25:2537-2549 (in Chinese with
English abstract)
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SHRIMP monazite U–Th–Pb geochronology. Gondwana Res
doi:10.1016/j.gr.2010.1012.1013
Liu GY, Wen SP, Tian KQ, Wang FR, Zhao YL (2007) Isomerism
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from Re-Os dating of Mesozoic molybdenum deposits in the
East Qinling-Dabie orogenic belt. Geochim Cosmochim Acta
72:4607-4626
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characteristics and ore-prospecting direction of Zhifang
molybdenum deposit in Songxian. China Molybdenum
Industry 32:14-17 (in Chinese with English abstract)
Xu C, Kynicky J, Chakhmouradian AR, Qi LA, Song WL (2010) A
unique Mo deposit associated with carbonatites in the Qinling
orogenic belt, central China. Lithos 118:50-60
Xu XS, Griffin WL, Ma X, O'Reilly SY, He ZY, Zhang CL (2009)
The Taihua group on the southern margin of the North China
craton: further insights from U-Pb ages and Hf isotope
compositions of zircons. Miner Petrol 97:43-59
Zhu LM, Zhang GW, Chen YJ, Ding ZJ, Guo B, Wang F, Lee B
(2011) Zircon U-Pb ages and geochemistry of the Wenquan
Mo-bearing granitioids in West Qinling, China: Constraints
on the geodynamic setting for the newly discovered Wenquan
Mo deposit. Ore Geol Rev 39:46-62

Figure 2. Molybdenite Re-Os weighted average ages
from the Zhifang deposit
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K-Ar mica/illite and Rb-Sr sphalerite dating and
geotectonic setting of Late Variscan and Post-Variscan
sulphide and uranium mineralizations of the Bohemian
Massif (Czech Republic)
Bohdan Kříbek
Czech Geological Survey, Klárov 3, 118 21 Prague 1, Czech Republic
Abstract. Based on the K-Ar muscovite/illite and Rb-Sr
sphalerite
dating,
base
metals
and
uranium
mineralization of the Bohemian Massif originated during
(1) the Westphalian and Stephanian, (2) Lower to Middle
Permian, and (3) Lower Triassic periods. The origin of the
first stage of mineralization can be related to the short
period of post-collisional collapse and extension of
Variscan belt. The second stage of mineralization is
related to the late Stephanian and Permian
transpressive-transtensive reconstruction of the Variscan
crust and the third stage coincides with the period of
Mesozoic reactivation of brittle structures.

Příbram consists mostly of uraninite in carbonate and
quartz gangue. At Rožná, the shear zone-hosted uranium
(uraninite and coffinite) mineral assemblage forms the
main economic mineralization but a pre-uranium Fe-ZnPb-Ag sulphide and a post-uranium Pb-Zn sulphide
mineralization also occurs at the deposit.
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1 Introduction
CBP

The Bohemian Massif is a part of the Variscan belt of
Central Europe (Fig. 1). The formation of numerous vein
and shear-zone hosted deposits of gold, base metal and
uranium is linked to the Variscan and post-Variscan
stages of development of the Massif. By now, the gold
and uranium mineralizations have been dated with
precision (Anderson 1987; Zachariáš and Stein 2001),
whereas the ages of base metal deposits are unknown.
Therefore, the K-Ar analysis of various grain-size
fractions of illite and muscovite from hydrothermal
alteration zones and Rb-Sr isotope analysis of sphalerite
and carbonates were used in this study to determine the
age of the base metal deposits. The results obtained are
discussed with respect to the temporal relations of
hydrothermal events and structural development of the
Bohemian Massif.

MUNCHEN

Kutná Hora
Pb-Zn-Cu
District
Rožná
uranium
District

Ćelina,
Mokrsko
gold deposits

Kašperské hory
gold deposit

100 km
WIEN

PRE-PERMIAN CRYSTALINE BASEMENT
OF THE BOHEMIAN MASSIF
GRANITOIDS
POST-PERMIAN SEDIMENTARY COVER
STUDIED ORE DEPOSIT

OTHER DEPOSIT DISCUSSED IN TEXT

CBP CENTRAL BOHEMIAN PLUTON

Figure 1. Simplified geological map of the Bohemian Massif,
location of the studied deposits and location of deposits
discussed in text.

3 Methods

2 Studied deposits

K-Ar age data were obtained from the <1μm, <3μm and
<5 μm separates of eight illite/white mica-rich samples.
K-Ar dating was performed by Actlabs Laboratories,
Canada. Data were stored and processed by a HewlettPackard MX-21-E data system. Details of analytical
procedures are given in Kapusta et al. (1997). For Rb-Sr
studies, rock powders were dissolved in a mixture of
HF, HNO3 and HClO4. Before decomposition, all
samples were spiked with 85Rb-84Sr mixed solution. Rb
and Sr were separated using conventional cationexchange techniques. Total blanks were 0.01–0.05 ng
for Rb and 0.3–0.7 ng for Sr. Accuracy of the
measurements of Rb and Sr contents was ± 0.5%,
87
Rb/86Sr 1.0%, and 87Sr 86Sr 0.007% (2s). Isotope ratios

Hydrothermal alteration products were studied in the
Kutná Hora, Příbram and Rožná districts (Fig. 1).
The mineralized system of the Kutná Hora district
consists of Fe-Zn-Pb-Ag sulphide veins and zones of
mineralization. The major minerals include pyrite,
pyrrhotite, arsenopyrite, Fe-rich sphalerite and galena.
The deposit is often compared with the Freiberg deposit
in Germany.
Base metal and uranium mineralization in the
Příbram district are confined to NE–SW-striking 1st order tectonic lines. The sulphide mineral assemblage
consists of Ag-rich galena, Fe-poor sphalerite,
tetrahedrite, chalcopyrite, Ag minerals and barite.
Slightly younger vein-type uranium mineralization at
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The K-Ar age of illite from the Příbram base metal
deposit is approximately the same as that of uranium
mineralization elsewhere throughout the Bohemian
Massif (280–260 Ma; Anderson 1987), corresponding to
the Lower to Middle Permian time interval.

were determined on a Finnigan MAT 261 thermal
ionisation mass spectrometer. Sr isotopic ratios were
normalized to 88Sr/86Sr = 8.37521. Rb-Sr dating was
performed by Actlabs Laboratories, Canada.

4 Results
0.75

# 338, T = 276.40 ± 2.8 Ma
Initial 87Sr/86Sr = 0.70694 ± 7

4.1 K-Ar illite/muscovite dating

# 339, T = 330.0 ± 4.3 Ma
Initial 87Sr/86Sr = 0.70771 ± 15

0.74

The K-Ar age data on illite/muscovite in hydrothermal
alterations group into three distinct intervals:
(a) 314 ± 18 to 298 ± 8 Ma: The Kutná Hora base metal
deposit and pre-uranium base metal mineralization at the
Rožná deposit (3 samples).
(b) 274 ± 7 to 268 ± 7 Ma: The Příbram base metal
deposit (2 samples) and 277 ± 5 to 264 ± 4 Ma (uranium
mineralization, Rožná deposit (2 samples).
(c) 233 ± 5 to 227 ± 5 Ma: Post-uranium base metal
mineralization at the Rožná deposit (2 samples).
At Kutná Hora and Příbram, differences in age
determination in different grain size fractions (< 1 μm,
<3 μm, <5 μm) are relatively small (6–8 Ma) and age
spectra are flat. Differences in age determination in
hydrothermally altered rocks associated with the
uranium mineralization at Rožná are slightly higher (11
Ma) and K-Ar data of different size fractions distinctly
decrease with decreasing size. The inclined spectra are
suggestive of incomplete homogeneity of the K-Ar
system.

# 339
Sphal
Sphal

# 338
# 337

Sphal

87

Sr 0.73

______
86

Sr

0.72

# 337, T = 223.8 ± 2.4 Ma
Initial 87Sr/86Sr = 0.70698 ± 7

Carb

0.71
Carb

0.70

0

2

4

87

86

6

Rb/ Sr

8

10

Izochron # 339 Sphalerite I - Siderite
Izochron # 338 Sphalerite II - Ankerite
Izochron # 337 Sphalerite II - Ankerite

Figure 2. Rb-Sr isochron diagram for sphalerite and
carbonates from the Příbram deposit.

The fan-shaped array of isochrons of sphalerite in
association with carbonate indicates different ages of
sphalerites and different initial 87Rb/86Sr ratios. The high
age calculated from the #339 isochron (330 ± 4.3 Ma) is
interpreted as being due to an admixture of clay minerals
in siderite, while the low age of the #337 isochron (223.8
± 2.8 Ma) is ascribed to opening of the isotopic system.
Only the #338 isochron age (276.4 ± 2.8 Ma)
corresponds well with the K-Ar illite age (274 ± 7 Ma to
268 ± 7 Ma) at the Příbram base metal deposit and is
likely to correspond with the minimum age of local
mineralization. The Příbram type mineralization is partly
located directly in Variscan granitic rocks of the Central
Bohemian Pluton (CBP; Fig. 1) but depositional
temperatures of the base metal mineralization are
relatively low (Th = 100–280°C; Žák and Dobeš 1991).
This indicates that this type of base metal mineralization
is separated in time from the peak of Variscan
magmatism in this area (from 351 ± 11 to 343 ± 6 Ma;
Holub et al. 1997). According to the results of the K-Ar
and Rb-Sr dating, the time interval between the
formation of the base metal and uranium mineralization
is small.
The K-Ar age of illite from the pre-uranium base
metal mineralization at Rožná (307.6 ± 6.0 to 304.5 ±
5.8 Ma) corresponds with age data from the Kutná Hora
deposit. Fluid inclusion, paragenetic, and isotope data
suggest that pre-uranium mineralization formed from
reduced low-salinity metamorphic or magmatic fluids at
temperatures close to 300°C (Kříbek et al. 2009).
Therefore, this mineralization can be classified as a
“Kutná Hora” type.
K-Ar data from hydrothermal alteration of the
uranium stage corresponds with the previously published
U-Pb ages on uraninite (280–260 Ma; Anderson et al.
1988). The Th data on primary, mostly aqueous,

4.2 Rb-Sr dating of sphalerite
Three samples of sphalerite and carbonates (siderite and
ankerite) from various paragenetic stages in the Příbram
deposit were analysed. The 87Rb/86Sr values for
sphalerite and carbonates differ markedly from one
another (Fig. 2). The isochron #339 of sphalerite I
associated with siderite yielded the age of 330 ± 4.3 Ma.
Isochrons #338 and #337 of sphalerite II in association
with ankerite yielded the ages of 276.4 ± 2.8 Ma and
223.8 ± 2.8 Ma. The initial 87Rb/86Sr ratios for the older
sphalerite I and the younger sphalerite II differ and could
indicate either a different source of hydrothermal fluids
or an interaction and local re-equilibration and
equilibration with wall rocks.

5 Discussion
5.1 P-T conditions of mineralization in relation
to the age of their formation
At Kutná Hora, the K-Ar muscovite age corresponds to
the Westphalian and Lower Stephanian. Fluid inclusion
data indicate that the mineralization was formed at
relatively high temperatures (Th = 190–340°C), which
corresponds to the results of the sphalerite-galena
sulphur isotopic thermometry (430 ± 100°C; Žák et al.
1996). The high temperature of formation and low
salinity of solution (NaCl eq = 2–8 wt.%; Žák et al.
1991) indicates that this type of mineralization has a
direct link to the Variscan magmatism and
metamorphism.
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Triassic and Jurassic onset of a new rifting cycle that
preceded and accompanied the stepwise break-up of
Pangea. Major elements of this break-up system included
the southward-propagating Arctic–North Atlantic and the
westward-propagating Neothetys rift systems (Ziegler
and Dèzes 2006). Mineralization is probably associated
with several periods of reactivation of the older
Stephanian to Early Permian brittle structures. Wide
range of salinities and O, C, S isotope characteristics of
carbonates and sulphides indicate mixing of residual
brines (“shield brines”) with meteoric water during the
formation of this mineralization type (Kříbek et al.
2009).

inclusions trapped in carbonates of uranium
mineralization range between 152°C and 174°C, and the
total salinity ranges over a relatively wide interval of 3.1
to 23.1 wt.% NaCl eq.
The K-Ar age of illite from the post-uranium
sulphide mineralization at Rožná indicates a stage of
Mesozoic (Middle to Late Triassic) mineralization. The
fluid inclusion characteristics of this mineralization are
highly variable (Th = <100–178°C; 3.2–25.5 wt.% NaCl
equiv.).
5.2 P-T conditions of mineralization in relation
to the age of their formation
Hydrothermal vein and shear zone-hosted deposits of the
Bohemian Massif can be divided into four groups:
(1) Gold deposits (not discussed in detail in this
extended abstract) dated at 342.9 ± 4 Ma (molybdenite,
Re-Os) and 339–338 Ma (Ar-Ar, Zachariáš and Stein,
2001). P-T conditions, fluid inclusions composition and
O, C, S isotope characteristics indicate the metamorphic
origin of gold mineralization (Zachariáš et al. 1997).
These orogenic-type gold deposits are believed to have
been formed during the period of Variscan synorogenic
extension (340 and 325 Ma; Franke 2006).
(2) The Kutná Hora base metal deposit (Freiberg
type) is related to the short period of post-collisional
collapse and extension of the Variscan belt. Its origin
must have been controlled by a high heat flow (thermal
doming) in the neighbourhood of “younger granitoids”
(320–290 Ma) which are widespread in Western and
Central Europe. Fluid inclusion, paragenetic, and isotope
data suggest that pre-uranium mineralization formed
from reduced low-salinity metamorphic or magmatic
fluids at temperatures close to 300oC (Žák et al. 1996).
This type of mineralization was formed without obvious
control by distal field tectonics and coincides in time
with the 300 ± 15 Ma metalliferous event in the French
Massif Central (Bouchot et al. 2005).
(3) The age of base metal deposits of the Příbram
type and uranium mineralization (Příbram and Rožná
deposits) overlaps with, or is slightly younger than, the
period of the Stephanian-Early Permian wrench-induced
collapse of the Variscan belt (305–280 Ma; Ziegler et al.
2006). Continental dextral shears, such as the TornquistTeisseyre fracture zone, were linked by secondary
sinistral and dextral shear zones in the territory of the
Bohemian Massif (Pitra et al. 1999). This deformation
probably reflects a change in the Condwana-Laurussia
convergence from oblique collision to a dextral
translation (Arthaud and Matté 1977). High salinity of
hydrothermal fluids together with Pb and Sr isotope
evidence show that the base metal deposits of the
Příbram type were formed during very deep crustal
circulation of high-δ18O fluids possibly from the lower
crustal reservoirs (Žák et al. 1991) whereas the
formation of uranium mineralization is associated with
the shallow infiltration of oxidized basinal brines of the
Upper Stephanian and Lower Permian basins, mixed
with meteoric water, into the crystalline basement
(Kříbek et al. 2009).
(4) Small base metal deposits and remobilization of
uranium are thought to have taken place during the
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Tectonics and Metallogeny 5:175-178
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Re-Os dating of molybdenite mineralisation from
Turkish porphyry copper prospects
Daniel Marinov
Cardero Group, 1920 - 1188 West Georgia Street, Vancouver, BC, Canada V6E 4A2
Fernando Barra
Departamento de Geología, Universidad de Chile, Plaza Ercilla #803, Santiago, Chile
Firuz Alizade
Anatolia Minerals Development Ltd, Çetin Emeç Bulvarı, 8. Ankara, Turkey

paragenesis and associated alteration of the samples
analysed are given in Table 1. Samples were analysed at
the Re-Os Geochronology Lab, University of Arizona,
Tucson, Arizona, USA.

Abstract. Five new Re-Os molybdenite ages for four
porphyry copper-molybdenum±gold prospects from
Turkey constrain the timing of mineralisation systems in
this region. The ages of the studied prospects are
between 46.4 – 51.1 Ma (i.e., early to middle Eocene)
and 26 Ma (Late Oligocene). The oldest porphyry
mineralisation is the Kabataş prospect (51.1 Ma) followed
by the emplacement of the Çopler prospect at about 46.9
to 46.4 Ma. The Gelemiç prospect in western Turkey has
Re-Os molybdenite ages of 46.4 Ma, same as Çopler.
Re-Os dating of Cevizlidere yielded a 26 Ma age, which
is the youngest porphyry mineralisation reported in
Turkey. Total Re and 187Os concentrations for
molybdenites range from 4,754 to 169 ppm and from
2,334 to 82 ppb, respectively. The samples from Çopler
and Kabataş show very high Re and Os concentrations
and are among the highest reported for porphyry Cu-Mo
deposits. The deposit with the highest Re and Os
concentrations is Çopler, and the lowest concentrations
are found in Gelemiç. The ages determined support the
formation of porphyry copper mineralisation in Turkey
during the Alpine orogeny. In general, the ages of
porphyry copper deposits in the Alpo-Himalayan province
range from ~90 Ma at Elatzite, Bulgaria, to ~9 Ma at
Rosia Poieni, Romania. The ages also show that
porphyry copper mineralization occurred continuously
between these two dates.

Figure 1. Sample location map
Table 1. Description of molybdenite samples
Property
Cevizlidere
Kabataş

Keywords. molybdenite, Re-Os dating, Turkey

Çopler

1 Introduction

Çopler

This study examines the age of the hydrothermal
systems and the associated mineralisation from four
porphyry Cu-Mo±Au prospects in Turkey (Fig. 1).
The Re-Os isotope system has been recognized as a
geochemical tool for directly dating sulphide minerals.
Re and Os are chalcophile and siderophile elements and
hence are concentrated in sulphide minerals rather than
in associated silicate phases. Molybdenite is particularly
useful for this method because it has high concentrations
of Re (in the parts per million to wt percent range) and
essentially no initial or common osmium. As a result,
the Os present in molybdenite is almost entirely the
product of the decay of 187Re.
Molybdenite samples were obtained from Gelemic,
Kabatas, Cevizlidere and Copler. Summaries of

Gelemic

Age (Ma)
Late
Oligocene
(26)
Early
Eocene
(51.1)
Middle
Eocene
(46.9)
Middle
Eocene
(46.4)
Middle
Eocene
(46.4)

Comments
Potassic alteration, molybdenitequartz vein in dacite porphyry;
from drill core (KIZ001)
Potassic alteration, molybdenitequartz -clay vein in dacite
porphyry; from drill core
Quartz - molybdenite- vein in
metasediments nearby porphyry
Barite-molybdenite±fluorite
epithermal vein in
metasediments nearby porphyry
Greissen, float Quartz molybdenite vein from adit
dump

2 Analytical procedure
The analytical procedure employed in this study was the
same as that described in Barra et al. (2005).
Approximately 0.05 to 0.1 g of pure molybdenite was
handpicked and loaded into a Carius tube. Spikes of
185
Re and 190Os were added, along with 8 mL of reverse
aqua regia (three parts of HNO3, 16N, and one part of
HCl, 10N). About 2 to 3 mL of hydrogen peroxide
(30%) were added to ensure complete oxidation of the
sample and spike equilibration. The tube was heated to
240°C for approximately 8 h, and the solution was later
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timing relationships between the deposits that form the
cluster are poorly understood.
Re-Os molybdenite dating from the Cevizlidere
prospect yielded an age of 26 Ma, which is the youngest
age reported so far for porphyry mineralisation in
Turkey.

subjected to a two-stage distillation process for osmium
separation. Osmium was later purified using a
microdistillation technique and loaded on platinum
filaments with Ba(OH)2 to enhance ionization. After
osmium separation, the remaining acid solution was
dried, and the residue was dissolved in 0.1N HNO3.
Rhenium was extracted and purified through a two stage
column using AG1-X8 (100–200 mesh) resin and loaded
on platinum filaments with BaSO4. Samples were
analysed by negative thermal ion mass spectrometry
(NTIMS) on a VG 54 mass spectrometer. Molybdenite
Re-Os ages were calculated using a 187Re decay constant
of 1.666 x 10–11 a–1. Uncertainties were calculated using
error propagation, taking into consideration errors from
spike calibration, the uncertainty in the rhenium decay
constant (0.31%), and analytical errors. All rhenium and
osmium in molybdenite samples were measured with
Faraday collectors.

Table 3. Age data, tonnage and grade of selected porphyry
Cu-Mo-Au deposits and prospects of Western Tethyan
porphyry belt (modified after USGS 2008). In cursive; ages
obtained from this study.

3 Results
Five Re-Os analyses of molybdenite samples from four
porphyry prospects from Turkey are reported in Table 2.
Total Re and 187Os concentrations for molybdenites
range from 4,754 to 169 ppm and from 2,334 to 82 ppb,
respectively. The samples from Çopler and Kabataş
show very high Re and Os concentrations and are among
the highest reported for porphyry Cu-Mo deposits. The
deposit with the lowest Re and Os concentrations is
Gelemiç (Table 2). The Re-Os molybdenite ages of the
prospects studied here range from ~26 Ma to 51 Ma. The
oldest porphyry mineralisation is at Kabataş (51 Ma),
which predated the emplacement of the Çopler porphyry
at about 46 Ma. The Gelemiç prospect in western Turkey
also has Re-Os molybdenite ages of 46 Ma. The
youngest molybdenite is from Cevizlidere (26 Ma),
which is the youngest age of porphyry mineralisation
reported in Turkey.

Cevizlidere
Kabataş
Çopler
Çopler
Gelemic

Weight
(g)
0.034
0.052
0.051
0.060
0.053

Total Re
(ppm)
656.3
2602.2
4753.9
3775.3
168.5

187

Os
(ppb)
178.7
1394.4
2334.4
1836.4
82.0

Age
(Ma)

Rosia Poieni
Bolcana
Meiduk
Reko Diq
Sar Cheshmeh
Rovina
Sungun
Skouries/Fisoka
Saindak
Kadjaran
Buchim
Cevizlidere

9.2
10
11
11.5
12.5
14.9
14.9
19
21
22
23
26.0 ±
0.2
35.5
46.4 ±
0.3
46.5 ±
0.3
51.1 ±
0.4
52.5
59
59
71
83.5
84
84.6
89.5
90
92

Recsk
Gelemic
Copler
Kabatas
Gümüşhane
Güzelyayla
Ulutaş
Derekoy
Veliki Krivelj
Majdanpek
Bor
Assarel
Medet
Elatsite

Table 2. Re-Os data for molybdenite from Turkish porphyry
Cu-Mo prospects.
Prospect

Deposit/
Prospect

Age
(Ma)
26.0±0.2
51.1±0.4
46.9±0.3
46.4±0.3
46.4±0.3

Tonnage
(Mt)

Cu
(%)

431
90
180
2,420
1,200
228
740
568
440
1,700
150
445

0.55
0.30
0.83
0.51
1.20
0.20
0.66
0.35
0.41
0.27
0.30
0.38

700

0.66

80
186
140
221
750
1,000
800
354
244
350

0.50
0.30
0.27
0.24
0.44
0.60
0.84
0.44
0.37
0.39

Mo
(%)

Au
(g/t)
0.25
0.03

0.03

0.27
0.27
0.42

0.02
0.47
0.06

0.65
0.35
0.11
0.28

0.02

0.01

0.01

0.07
0.35
0.39
0.20
0.10
0.26
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Porphyry copper deposits and prospects in the Western
Tethys can be grouped in four belts of late Cretaceous to
Paleocene (92-59 Ma), early to middle Eocene (52-36
Ma), late Oligocene (26–23 Ma), and early to late
Miocene (22–9 Ma) age (Table 3). The only known
world class porphyry deposits in the region are emplaced
with two main episodes at ~84 Ma (Bor-Majdanpek,
Timok magmatic belt, Serbia) and at ~11 Ma (Sar
Cheshmeh in Iran). The concept of porphyry copper
districts, or porphyry clusters, has long been recognized
and used in exploration programs, but the genetic and
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Re-Os molybdenite geochronology from Michiquillay
and Galeno porphyry copper deposits, Cajamarca, Perú
Daniel Marinov
Anglo American Exploration Peru S.A., Piso 9 – 371 Calle Esquilache, Lima Peru 27
Currently at Cardero Group, 2300 - 1177 West Hastings Street, Vancouver, BC, Canada V6E 2K3
Abstract. Seven new Re-Os molybdenite ages for
Michiquillay and one for El Galeno porphyry Cu-Au-Mo
deposits from Northern Peru constrain the timing of
porphyry systems in this region. The ages of the studied
prospects are between 17.43 – 21.85 Ma (i.e., early
Miocene). The oldest porphyry mineralisation is the
Michiquillay prospect (21.85 Ma) followed by the
emplacement of the Galeno mineralisation at 17.43 Ma.
187
Total Re and Os concentrations for molybdenites range
from 810 to 127 ppm and from 153 to 29 ppb,
respectively. The sample from Galeno shows relatively
high Re and Os concentrations, whereas the lowest
concentrations are found in the oldest (21.85 Ma) dated
sample at Michiquillay. The ages determined support the
formation of porphyry copper mineralisation in the
Cajamarca region during the Miocene metallogenic
epoch. In general, the ages of porphyry copper-gold
deposits in this part of the Miocene belt range from ~22
Ma at Michiquillay, to ~11 Ma at Cerro Corona and
Yanacocha. The ages also show that porphyry copper
mineralisation occurred continuously between these two
dates. The large porphyry copper deposits in the
Peruvian Miocene belt were emplaced within two main
episodes at ~16-20 Ma (Michiquillay–Galeno–Rio Blanco)
and at ~7-11 Ma (La Granja–Toromocho).
Figure 1. Location of the Michiquillay and Galeno deposits

Keywords. molybdenite, Re-Os dating, Perú

Table 1. Description of molybdenite samples

1 Introduction

Sample
ID

This study examines the age of hydrothermal systems
and the associated mineralisation from Michiquillay and
El Galeno porphyry Cu-Au-Mo prospects from Northern
Perú (Fig. 1). Prior to the current study, several attempts
have been made to date the magmatic and hydrothermal
activity in the Miocene metallogenic belt of central and
northern Perú (e.g., Noble and McKee 1999).
The Re-Os isotope system has been recognized as a
geochemical tool for directly dating sulphide minerals.
Re and Os are chalcophile and siderophile elements and
hence are concentrated in sulphide minerals rather than
in associated silicate phases. Molybdenite is particularly
useful for this method because it has high concentrations
of Re (in the parts per million to wt percent range) and
essentially no initial or common osmium. As a result,
the Os present in molybdenite is almost entirely the
product of the decay of 187Re.
Molybdenite samples were obtained from 7 drill core
samples (Michiquillay) and one surface sample
(Galeno). Summaries of paragenesis and associated
alteration of the samples analysed are given in Table 1.
Samples were analysed at the Re-Os Geochronology
Lab, University of Arizona, Tucson, Arizona, USA.

Age
(Ma)

Michi-1

19.39

Michi-2

20.24

Michi-3

19.90

Michi-4

20.00

Michi-5

20.12

Michi-6

21.85

Michi-7

18.68

Galeno-1

17.43

Comments
Molybdenite±chalcopyrite vein in
inter-mineral feldspar porphyry
(PF2); phyllic alteration
Molybdenite-pyrite vein in intermineral feldspar porphyry (PF2);
phyllic alteration
Quartz-molybdenite-chalcopyrite
vein in inter-mineral feldspar
porphyry (PF2); phyllic alteration
Quartz-molybdenite±chalcopyrite
vein in early quartz porphyry (PQ1);
potassic alteration
Molybdenite vein in quartz porphyry
(PQ2); sericite-chlorite alteration
Molybdenite vein in quartzite
nearby PQ1 and PQ3
Molybdenite vein in quartzite
nearby PF2
Quartz-molybdenite±chalcopyrite
vein

2 Results
The analytical procedure employed in this study was the

113

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

copper districts, or porphyry clusters, has long been
recognized and used in exploration programs, but the
genetic and timing relationships between the deposits
that form the cluster are poorly understood.

same as that described in Barra et al. (2005).
Molybdenite Re-Os ages were calculated using a
187
Re decay constant of 1.666 x 10–11 a–1. Uncertainties
were calculated using error propagation, taking into
consideration errors from spike calibration, the
uncertainty in the rhenium decay constant (0.31%), and
analytical errors. All rhenium and osmium in
molybdenite samples were measured with Faraday
collectors. One duplicate/control sample (PMD002A)
was manually separated from sample PMD002 as a
monomineral molybdenite and sent to Geospec
Consultants Ltd. Edmonton, Canada. Seven Re-Os
analyses of molybdenite samples from Michiquillay and
one from Galeno porphyry copper deposits from
Northern Peru are reported in Table 2. Samples
PMD001 and PMD002 will be the most inaccurate but
we would still expect them to be within error of each
other (± 0.5%). Total Re and 187Os concentrations for
molybdenites range from 810 to 127 ppm and from 153
to 29 ppb, respectively. The sample from Galeno shows
relatively high Re and Os concentrations, and the lowest
concentrations are found in the oldest (21.85 Ma) dated
sample at Michiquillay (Table 2). The Re-Os
molybdenite ages of the studied porphyry mineralisation
range from ~17.43 to 21.85 Ma (i.e., early Miocene).

Table 3. Age data, tonnage and grade of selected porphyry
Cu-Mo-Au deposits and prospects of the Miocene metallogenic
belt in Peru (modified after USGS 2008). In cursive; ages
obtained from this study.
Deposit
Prospect
Aguila
Toromocho
Cerro
Corona
Yanacocha
La Granja
Tantahuatay
Pashpap
Magistral
Cañariaco
Conga
Rio Blanco
Galeno

Table 2. Re-Os data for molybdenites from Michiquillay and
Galeno porphyry Cu-Mo-Au prospects.
Sample ID
Michi-1
Michi-2
Michi-2a
Michi-3
Michi-4
Michi-5
Michi-6
Michi-7
Galeno-1

Total Re (ppm)
706.92
722.79
735.7
306.59
569.08
601.71
127.27
183.13
809.96

187

Os (ppb)

143.56
153.27
155.0
63.92
119.23
126.85
29.14
35.83
147.89

Galeno-1
Michiquillay

Age (Ma)

Age
(Ma)

Tonnage
(Mt)

Cu
(%)

Mo
(%)

Au
(g/t)

5
7.5
10.5

34
2,152
300

0.85
0.46
0.3

0.03
0.02
-

0.25
0.5

11
12
13.4
14.7
15.3
15
15.8
16

320
3,000
375
141.6
270
820
641
1,257
863

0.56
0.79
0.45
0.51
0.45
0.3
0.57
0.47
0.38

0.01
0.04
0.06
0.02
0.01

0.93
0.04
0.375
0.79
0.11
0.11

445
737

0.65

0.02

0.16

737

0.65

0.02

0.16

737

0.65

0.02

0.16

17
17.43 ±
0.09
20.02 ±
0.10
(K-Ar)

19.39 ± 0.10
20.24 ± 0.10
20.20 ± 0.08
19.90 ± 0.10
20.00 ± 0.10
20.12 ± 0.10
21.85 ± 0.11
18.68 ± 0.09
17.43 ± 0.09

Michi-1
Michi-6

18.68 ±
0.09
21.85 ±
0.11
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The oldest porphyry mineralisation is at Michiquillay
(21.85 Ma), which predated the emplacement of the
Galeno porphyry at about 17.43 Ma. Michiquillay is also
the oldest age of porphyry mineralisation reported in the
Miocene metallogenic belt in Perú.
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Re-Os molybdenite dating from the Michiquillay
prospect yielded ages between 18.68 and 21.85 Ma,
which is the oldest age reported so far for the Miocene
porphyry metallogenic belt in Perú. Life span of the
Michiquillay hydrothermal system was about 3 Ma,
which is an evidence of a multiple porphyry phase,
long-lived system.
Porphyry copper deposits and prospects in the
Miocene metallogenic belt in Perú can be grouped in
three clusters; late Miocene (11-5 Ma), middle Miocene
(16-12 Ma), and early Miocene (22–15 Ma) age (Table
3). The only known world class porphyry deposits in the
region are emplaced with two main episodes at ~16-20
Ma (Michiquillay-Galeno-Rio Blanco) and at ~7.5-12
Ma (La Granja-Toromocho). The concept of porphyry

114

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

SIMS U-Pb zircon age constraints on the ages of synvolcanic Iron Oxide and Zn-Pb-Cu-(Ag-Au) sulphide
deposits, Garpenberg, Bergslagen, Sweden
Nils F Jansson
Luleå University of Technology
Rodney L Allen
Boliden Mineral AB, Luleå University of Technology
Abstract. The timing of Palaeoproterozoic magmatism in
the Garpenberg area in the Bergslagen region of the
Fennoscandian shield has been constrained by SIMS UPb zircon dating of metamorphosed igneous rocks.
Igneous crystallization ages of 1895 ± 4 Ma for a synvolcanic rhyolite porphyry intrusion and 1893 ± 3 Ma for a
rhyolitic pumice breccia constrain the age of volcanism.
Granite and microgranodiorite intrusions are dated at
1895 ± 3 Ma and 1894 ± 4 Ma, respectively. A rapid
geological evolution from emplacement of volcanics, their
burial to 2-5 km depth and intrusion by granitoids is thus
suggested. The U-Pb zircon ages constrain the timing of
sulphide and iron oxide mineralization in the Garpenberg
area. The rhyolite porphyry intruded into a syngenetic
iron formation. Consequently, its crystallization age
provides a minimum age for syngenetic iron oxide
deposits at Garpenberg. The Zn-Pb sulphide deposits are
accompanied by strong hydrothermal alteration. Units
formed prior to alteration yield similar igneous
crystallization ages to intrusions that cross-cut the
alteration zones. It is concluded that the polymetallic
sulphide deposits formed within the same age-span as
the dated units at 1893 ± 3 Ma.

1 Introduction

Figure 1. Regional geological map of the Garpenberg area
modified after Allen et al. (2003). Outlined names denote
mines and ore fields. SIMS U-Pb zircon concordia ages from
this study are given. Grid is Swedish National Grid RT90.
Inset shows position of Bergslagen (‘BR’) and Garpenberg
(‘g’in the Fennoscandian shield).

Bergslagen is a major mining district within a multiply
deformed and metamorphosed Palaeoproterozoic
igneous province in the Fennoscandian shield. It hosts
more than 6000 iron oxide and polymetallic sulphide
deposits (Stephens et al. 2009). Most deposits are hosted
by limestones or their skarn-altered equivalents in
extensive successions of hydrothermally altered and
metamorphosed felsic volcanic rocks (Allen et al. 1996).
These supracrustal rocks occur in folded inliers that are
enclosed by multiple generations of Svecokarelian
granitoids.
The metamorphosed Garpenberg Zn-Pb-Ag-(Cu)(Au) deposits form one of the largest concentrations of
base metal sulphide ores in the region with reserves,
resources and mined tonnage of ~ 80 Mt (Fig. 1).
Extensive exploration programs by Boliden Mineral AB
complemented by scientific investigations have yielded
a cornucopia of information on the Garpenberg deposits
and their geologic framework. As a result, Garpenberg is
one of the best known mineralized areas in Bergslagen
in terms of stratigraphy, timing of mineralization, extent
of tectonic
remobilization of
mineralization,
hydrothermal alteration and structure.

The Garpenberg sulphide deposits are similar to
amphibolite-facies metamorphosed VMS deposits in the
style, mineralogy and chemistry of associated
hydrothermal alteration observed in volcaniclastic units,
with the exception of intense silicification observed
close to the ore-zone (Vivallo 1985; Allen et al. 2003).
Furthermore, ore formation can be linked to the
evolution of a large marine volcanic system with the
sulphide ores forming by sub-seafloor replacement
shortly after a caldera-forming event. On the other hand,
the most important ore bodies at Garpenberg formed by
replacement of limestone and are associated with skarns
that are partly similar to those observed in intrusionrelated skarn deposits (Zetterqvist and Christoffersson
1996). Due to the overprint by medium grade regional
metamorphism, it is uncertain whether the skarns
formed in conjunction with ore formation or during
metamorphism of the ores. These relationships have
prompted on-going research to determine to what extent
the Garpenberg polymetallic deposits represent contact
metasomatic skarn deposits (Geijer 1917; Zetterqvist
and Christoffersson 1996), metamorphosed syngenetic
exhalative VMS-deposits (Vivallo 1984, 1985) or

Keywords. Bergslagen, Garpenberg, Radiometric dating
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magmatic crystallization for these units constrain the
age of ore formation. In addition, they are all juvenile
volcanic rocks or coherent intrusions, whereby the risk
of contamination by detrital zircons during sedimentary
transport is minimized. Consequently, these units were
regarded as suitable for radiometric dating.

metamorphosed sub-seafloor, replacement-type VMS
where the ores formed at around 1.89 Ga but the skarns

2 Geochronology
Samples were acquired from outcrop and drill core.
After crushing and washing, zircon crystals were handpicked and mounted in epoxy resin along with
Geostandards zircon 91500 1065 Ma reference. After
drying of the epoxy, the sample mount was polished.
The mounted zircon grains were studied in transmitted
and reflected light and back-scatter electron and
cathodoluminescence view.
A 30 nm gold coating was applied to the mount prior
to analysis. U/Pb geochronology on zircon was carried
out at NORDSIM at the Natural History Museum of
Stockholm, Sweden, using the Secondary Ion Mass
Spectrometry (SIMS) technique. All analyses were
performed with a Cameca IMS 1280 high massresolution SIMS instrument. A c. 6 nA O2- primary ion
beam was used with an aperture producing an ellipsoidal
spot of c. 15-20 μm size. The Pb/U ratios were
calibrated against the 91 500 reference.
Concordia diagrams for zircon U-Pb data were
constructed and ages were calculated using the Isoplot
program of Ludwig (2003). Concordia and weighted
average ages are given at the 2-sigma level for zircons
except for where otherwise stated. Reported MSWD for
concordia ages are for concordance and equivalence.

Figure 2. Simplified surface geological map of the
Ryllshyttan deposits, showing the truncation of the
hydrothermal alteration envelope as well as the position of the
dated units. Grid is Swedish National Grid RT90.

formed later during regional metamorphism around
1.85-1.87 Ga (Jansson and Allen 2011; Jansson 2009;
Allen et al. 2003).
Since little radiometric dating has been performed in
the Garpenberg area, a project was initiated to add
constraints to the age of the deposits and their host
stratigraphy by U-Pb dating of igneous zircon from key
stratigraphic units and intrusions. The approach is
essentially indirect dating of the ore deposits, using the
robust zircon U-Pb system to date units whose agerelationship to mineralization and alteration has been
confidently established by field-relationships.
To exemplify: at the 1 Mt Ryllshyttan Zn-Pb-Cu(Ag)+magnetite deposit in the deeper stratigraphic
footwall of Garpenberg, a F2 folded, pre-syn D1,
discordant zone of K-Mg-Fe±Si alteration, wherein
rhyolitic rocks are replaced by biotite-almandine±quartz
schists,
accompanies
polymetallic
sulphide
mineralization (Fig. 2). This alteration type overprints a
syn-volcanic rhyolite porphyry with peperitic margins.
The alteration envelope is truncated by a
microgranodiorite intrusion, which is unaffected by this
alteration type. Thus, the polymetallic sulphide
mineralization at Ryllshyttan is post rhyolite porphyry
but pre microgranodiorite.
The microgranodiorite is co-magmatic with
stratigraphically higher dacite porphyry intrusions
intruding the host succession of the Garpenberg Norra
polymetallic deposit (Fig. 1) (Jansson and Allen 2011).
Allen et al. (2003) showed that whereas the stratigraphic
footwall of Garpenberg Norra and a major caldera-fill
rhyolitic pumice breccia in the stratigraphic hangingwall are affected by moderate-intense K-Mg-Fe±Si
alteration, the dacite porphyries are at most weakly
altered. Thus the Garpenberg sulphide deposits are postrhyolitic pumice breccia but syn-pre-dacite porphyries.
From these relationships, it follows that the ages of

3 Discussion and concluding remarks
Zircon U-Pb concordia ages are presented in Fig. 3. The
majority of analyzed zircon crystals are euhedral,
oscillatory zoned and show no difference in 207Pb-206Pb
age between core and rim, nor do they display any
textural evidence of inheritance, such as xenocrystic
cores (Jansson and Allen 2011). They are thus
interpreted as juvenile, magmatic zircon, and their ages
are interpreted as ages of magmatic crystallization.
The sampled igneous rocks span a range from
metamorphosed juvenile volcanic rocks (syn-volcanic
intrusions and juvenile pyroclastic deposits) to
metagranitoids, yet display similar U-Pb zircon ages.
These U-Pb zircon ages corroborate earlier
interpretations of a rapid evolution of volcanism and
plutonism in the Bergslagen district (e.g., Allen et al.
1996; Stephens et al. 2009). More importantly, units
showing different temporal relationships to sulphide ore
formation and associated hydrothermal alteration yield
similar zircon U-Pb ages. Consequently, it is concluded
that most if not all sulphide deposits in the Garpenberg
inlier formed around 1890-1895 Ma. Granitoid plutons,
porphyritic rhyolites and dacites also intruded into the
volcanic succession at about the same time.
207
Pb-206Pb ages of titanite crystals resembling
primary igneous titanite from the granite,
microgranodiorite and co-magmatic dacite porphyry
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The discrepancy between zircon and titanite ages at
Garpenberg suggests that the closing temperature of
titanite was exceeded during Svecokarelian regional
metamorphism at around 1.87-1.85 Ga.
Titanite is frequently observed as an accessory phase
in skarn associated with ores. Radiometric dating of
skarn titanite has been considered for determining
whether the skarn associated with the ores formed at the
syn-volcanic stage around 1.89 Ga or during regional
metamorphism at around 1.85-1.87 Ga. However, the
present results cast doubt on the effectiveness of this
method, as significant regional metamorphic titanite
resetting is indicated. Thus, regardless of whether the
skarns hosting titanite formed at the syn-volcanic stage
or during regional metamorphism, the discrepancy
between zircon and titanite ages revealed by the
metamorphosed igneous rocks suggests that radiometric
dating of skarn titanites are unlikely to yield conclusive
skarn ages.

intrusions yield significantly younger ages with a
weighted average at 1858 ± 14 (n = 59) (Jansson and
Allen 2011).
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This age is similar to the age of regional
metamorphism in Bergslagen (Stephens et al. 2009).
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Fluid inclusions and Rb–Sr isotopic dating of the
Wangpingxigou Pb-Zn deposit, Henan Province, China
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Abstract. The Wangpingxigou Pb-Zn deposit is the
largest vein-type deposit located to the north of the
Checun-Lushan fault along the southern margin of North
China Craton. Fluid inclusion study indicates that from
the early, middle to late stage of mineralization,
homogenization temperatures of fluid inclusions
decrease from 280 ~ 386°C, through 180 - 350°C, to 120
- 230°C; salinities vary from 3 - 7 wt.% NaCl equiv., 3.55 17.43 wt.% NaCl equiv., to 3.06 - 13.51 wt.% NaCl equiv.
Calcite daughter minerals in fluid inclusions can be
recognized in the middle stage of mineralization. Fluid
inclusions with contrasting salinities are homogenized to
divergent phase at similar temperatures, which
demonstrates that it was fluid-boiling that resulted in the
release of CO2 and rapid precipitation of ore-forming
material. Five sphalerite grains from Wangpingxigou
sulfide ores yield an Rb-Sr isochron age of 117 ± 27 Ma.
In conclusion, the ore-forming fluids of the
Wangpingxigou deposit are of CO2-H2O-NaCl±CaCl
system. It is a typical orogenic-type Pb-Zn deposit formed
during transition from collisional compression to
extension and can be genetically addressed using the
tectonic model for collisional orogeny, metallogeny and
fluid flow (CMF mode1).

some clues on the origin of this deposit.

2 Regional geology
The Wangpingxigou Pb-Zn deposit in the Waifangshan
area, is located north of the Checun-Lushan fault along
the southern margin of North China craton. The main
lithostratigraphic units in the area are the Taihua
Supergroup (basement) and the Xiong'er Group
(supracrustal cover). The Taihua Supergroup is a highgrade metamorphic sequence from amphibolite to
granulite facies rocks, and comprise of the Beizi Group
greenstone belt (>2.5 Ga), the Dangzehe greenstone belt
(2.55-2.3 Ga) and the passive margin succession of
graphite schist, marble and iron-formation rocks of the
Shuidigou Group (2.3-2.2 Ga) (Chen and Zhao 1997;
Xu et al. 2009). The Xiong'er Group is a well-preserved
unmetamorphosed
volcanic
sequence
that
unconformably overlies the metamorphic basement
(Taihua Supergroup) and is overlain by Mesoproterozoic
carbonate rocks (Chen et al. 2006; 2004). The volcanic
rocks are dominated by basaltic andesite, andesite,
dacite and rhyolites with minor intermediate to silicic
tuff and mafic to felsic sub-volcanic rocks (He et al.
2009). The lithostratigraphic units are intruded by
Mesozoic (Jurassic to Cretaceous) granitoids, such as
the Taishanmiao complex and Donggou granite
porphyry (Ye et al. 2006).

Keywords. fluid inclusion, single-grain sphalerite Rb-Sr
dating, Wangpingxigou Pb-Zn deposit, East Qinling
Orogenic belt

1 Introduction

3 Ore geology

Unlike their big relatives, SEDEX and MVT Pb-Zn
deposit-types, vein-type Pb-Zn deposits are often
ignored because of their small scales and diverse
occurrences. However, in the last few years, numerous
vein-type Pb-Zn deposits have been discovered in the
East Qinling orogenic belt, which include several large
to super-large Pb-Zn ore deposits, such as
Wangpingxigou, Tieluping (Chen et al. 2004) and
Lengshuibeigou (Qi et al. 2007). These vein-type Pb-Zn
deposits possess important economic value and huge
exploration potentials.
Here we report fluid inclusion data and metallogenic
characteristics of the Wangpingxigou Pb-Zn deposit in
Henan province, China. We also dated this deposit by
the single-grain sphalerite Rb-Sr method and we provide

The Wangpingxigou vein-type Pb-Zn deposit is hosted in
the Jidanping Formation of the Xiong’er Group, which
consists of dacites and rhyolites interlayered with
basaltic andesites and andesites. The Wangpingxigou
deposit comprises several parallel ore bodies which are
controlled by an EW-trending fracture zone. Ore bodies
are structurally controlled and are grouped in two types:
vein and stratiform. The P4 is the largest orebody and
extends for about 1330 m. P4 Pb and Zn grades are
5.80% and 3.70%, respectively, with 428,600 tons of
lead and zinc metal; 68% of the total amount of metal
content of this deposit.
The ores consist mainly of sulfides (sphalerite,
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wt.% NaCl equiv., to 3.06-13.51 wt.% NaCl equiv. In
the intermediate stage, when most of Pb and Zn
precipitated, the calcite daughter minerals in fluid
inclusions can be recognized. The CO2-H2O fluid
inclusions coexist with vapor and liquid-rich fluid
inclusions. Fluid inclusions with contrasting salinities
are homogenized to divergent phase at similar
temperatures, which demonstrates fluid-boiling that
resulted in the release of CO2 and rapid precipitation of
ore-forming material. Regarding the metallogenic
characteristics, we attribute the ore genesis of the
Wangpingxigou Pb-Zn deposit to orogenic deposit.

galena, pyrite) and quartz and carbonate minerals
(calcite, dolomite). Based on mineral assemblages and
crosscutting relationships of the ore veins, three
mineralization stages can be identified: (1) an early
stage, characterized by fractured or deformed quartzveins and minor pyrite; (2) a middle stage, represented
by sphalerite – galena – pyrite – quartz - chalcopyrite,
associated to early stage fractures; and (3) a late stage,
characterized by the occurrence of quartz, carbonate and
minor pyrite.

4 Sampling and analytical procedures

5.2 Single-grain sphalerite Rb-Sr dating

About 16 quartz and sphalerite samples and 20 their
slices were selected for fluid inclusion studies and one
sphalerite sample for Rb-Sr dating. The Rb–Sr isotopic
analyses of single-grain sphalerite were performed at the
Laboratory for Radiogenic Isotope Geochemistry,
Institute of Geology and Geophysics, Chinese Academy
of Sciences. Microthermometric measurements of fluid
inclusion were conducted using a Linkham THMSG600
heating-freezing stage in the State Key Laboratory for
Metallogenic Dynamics, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences.

The single-grain Rb-Sr analytical technique was
employed on sphalerite to date the Pb-Zn mineralization
of the Wangpingxigou deposit. Five sphalerite grains
from sulfide ores yielded an Rb-Sr isochron age of 117
± 27 Ma with the initial 87Rb/86Sr value of 0.7227 ±
0.0050 (Fig. 2), significantly higher than those of
Yanshanian intermediate-felsic porphyries and granite
plutons. This age agrees with the Re-Os model age (116
± 1.7 Ma) of Donggou Mo deposit and the 40Ar-39Ar
plateau age (110 Ma) of the Sanyuangou Pb-Zn deposit
located in Waifangshan district (Ye et al. 2006). This
suggests that the Mo-Au polymetallic deposits in
Waifangshan area were formed at the same time.

5 Result and discussion
5.1 Fluid inclusion

Table 1. Single grain sphalerite Rb–Sr analytical data of

Microthermometric study of fluid inclusions indicates
that the ore-forming fluids are of CO2-H2O-NaCl±CaCl
system. Three types of fluid inclusions were identified
within hydrothermal sphalerite (Figure 1A, 1B) and
quartz (Fig. 1C, 1D): CO2-H2O type, daughter mineralbearing, and NaCl-H2O type. CO2-H2O type fluid
inclusions are mainly observed in the early stage. The
daughter mineral-bearing type fluid inclusions occur
associated with the early and intermediate stage of
mineralization, and the daughter minerals are mainly
calcite.

the Wangpingxigou Pb-Zn deposit
Sample

Grain

Rb
ppm

Sr
ppm

WP-3

1

0.36

0.1

WP-3

2

3.48

22.6

0.4554

0.724292

0.000018

WP-3

3

0.1

0.1

3.1549

0.726407

0.000028

WP-3

4

3.1

0.3

27.6867

0.768966

0.000015

WP-3

5

0.1

0.6

0.5802

0.724245

0.000010

87

Rb/86 Sr

8.1453

87

Sr/86Sr

0.741235

2σ
0.000022

Figure 2. The Rb-Sr isochron age of single-grain sphalerite
from the Wangpingxigou Pb-Zn deposit, Henan province.
Figure 1. Photomicrographs of fluid inclusion types from
sphalerite (A,B) and quartz (C,D).

6 Conclusion

From early to late stages, homogenization
temperatures of fluid inclusions decrease from 280386°C, through 180-350°C, to 120-230°C; salinities
vary from 3-7 wt.% NaCl equiv., through 3.55-17.43

In conclusion, the Wangpingxigou deposit was formed
in Cretaceous. It is a typical case of orogenic-type PbZn lodes formed during transition from collisional
compression to extension and can be genetically
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addressed using the tectonic model for collisional
orogeny, metallogeny and fluid flow (CMF mode1).
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Age and source constraints on granitoid magmatism
hosting Au-Ag ± W mineralisation at Lutzkan and Ruy
plutons, Bulgaria
Irena Peytcheva
Geological institute, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
Albrecht von Quadt
Institute of Geochemistry and Petrology, ETH Zurich, CH-8092 Zurich, Switzerland
Momchil Dyulgerov, Rossen Nedialkov
Faculty of Geology and Geography, Sofia University “St. Kliment Ohridski”, 1000 Sofia, Bulgaria
Abstract. The Lutzkan magmatic complex (Lutzkan and
Ruy plutons) in W Bulgaria hosts Au-Ag±W mineralisation
of economic interest. The granitoids are I-type, calcalkaline, mainly metaluminous in composition, fairly
enriched in K, Rb, Ba, Cs, Sr, U, Th and LREE.
Estimation of intensive variables (T, P) yields <8 km level
of magma emplacement. The granitoids are dated by IDTIMS U-Pb method at 334.1 ± 1.2 Ma (titanites) and
332.57 ± 0.60 Ma (zircons), applying the “chemical
abrasion” technique and the double spike solution
ET2535. εHf zircon values from +3 to -10 define a
crustal-dominated source of the magma. The
geochemical characteristics and zircon inheritance imply
melting of lower-middle crustal materials with mixed
crust-mantle origin, and the basement 588.3±1.6 Ma old
metagranitoids are a possible candidate (εHf between +6
and +11 at time of formation and +0.5 to +5.5 at 330 Ma).
The gabbro-diorites of the Lutzkan pluton belong also to
the basement units with their Cambrian age (537 ± 1.6
Ma) and mantle-dominated island-arc geochemical
characteristics.

2 Geological setting and petrology
The Lutzkan magmatic complex belongs to the Kraishte
tectonic zone of Bulgaria (Fig. 1). The rocks of the
magmatic complex intrude amphibolite facies
metamorphic rocks with presumed Precambrian age and
Lower Paleozoic low-metamorphic carbonaceous
metasediments, metaandesites and metabasalts deposited
in a deep marine environment (Zagorchev et al. 1995).
The intrusive rocks of the Lutzkan complex are covered
by Permian sediments and overlain and intruded by
Paleogene volcanic rocks and dykes.

Keywords. Au-deposits, Variscan, granite, U-Pb dating,
titanite, zircon, Hf isotopes

1 Introduction
The Variscan belt in Eurasia is recognised as potentially
gold-bearing, hosting world-class orogenic (e.g.,
Muruntau, Uzbekistan) or intrusion-related (e.g.,
Mokrsko and Petrackova Hora, Czech Republic) gold
deposits. Compilations about the Variscan magmatism in
Europe usually miss the Balkan part of the belt but now
it is well known that Carboniferous-Permian (C-P)
magmatism is widespread in Bulgaria, Serbia and N
Greece. We present geochronological and isotopegeochemical data about the Lutzkan magmatic complex
(LMC) comprising two bigger plutons - Lutzkan an Ruy
in Western Bulgaria, about 50 km W of the capital Sofia
(Fig. 1). LMC hosts the “Zlata” (means “gold”) vein
type Au-deposit that was mined in the last century. The
EurOmax Resources company is exploring a license in
the region of the Lutzkan magmatic complex since 2004
and recently published inferred resources of 91.2 million
tonnes at a grade of 0.70 grams per tonne of gold and a
cut-off grade of 0.30 g/t Au in one of the target areas.

Figure 1. Schematic map of the tectonic zones of the Balkan
Peninsula and the location of the Lutzkan magmatic complex.

Traditionally the Lutzkan pluton is regarded as a
complex magmatic body, built up by several phases.
Melanocratic gabbro-diorite varieties were considered as
the first intrusive phase, which was followed up by
granites and leucocratic aplitic granites. Alkaline syenite
and granite porphyries are described as the last
magmatic phase (Belev 1960). The Ruy pluton has
mainly granitic composition. Prior to this study, the age
of the Lutzkan and Ruy plutons was considered Lower
Carboniferous (Dragov 1960) or Ordovician-Silurian
(Belev 1960; Zagorchev and Moorbath 1988).
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with the more leucocratic character and the smaller
modal amount of biotite in the rocks.
The vein rocks from the region of the Ruy pluton
show some differences compared with the other
granitoids, being less enriched in Rb, Ba and Th and
revealing a slight Nb and Ta negative anomaly.

Field and petrological studies show that Lutzkan and
Ruy plutons share many common features. They are
built up by two main rock phases/types: one coarsegrained and a second one fine-grained aplitoid. The
contacts between them are in most cases transitional in
intervals of several tens of centimetres to meters. In
some cases (Ruy pluton) the contacts are sharp. The first
intrusive phase is composed by a coarse- to mediumgrained, porphyroid K-feldspar-bearing, amphibolebiotite monzogranite to granodiorite. Accessory phases
are apatite, titanite, zircon, allanite, Fe-Ti oxides. The
second phase is leucocratic, medium- to fine-grained,
equigranular. The repartition of the two granitoid types
in the Lutzkan pluton is on relatively bigger areas with
different morphologies. In the Ruy pluton the distinction
of the two phases is clearer due to the existence of crosscutting contacts between them. These geological,
petrographic and morphological interrelations between
the two phases let us suppose their intrusion in a short
time interval.
The rocks from Lutzkan pluton are characterized
with more important amphibole and biotite contents,
whereas the rocks from Ruy are clearly more
leucocratic. Existence of schlieren of mafic minerals and
MME in Lutzkan pluton is evidence for processes of
magma mingling and mixing, thus participation of mafic
component was involved in the evolution of the rocks.
The dyke suite, which follows the intrusive granitoid
magmas differs in both plutons. In Ruy pluton it is
uniform and comprises aplites and pegmatites. In
Lutzkan pluton the dyke phases are highly variable and
include aplites, pegmatites, granite-porphyries, syeniteporphyries and potassic peralkaline syenite and granite
porphyries. Recent field observations revealed basic
dykes of gabbroic to diorite compositions in the western
parts of the Lutzkan pluton, which intrude the biotite
granodiorite. At the same localities strong variations
and rapid facial changes exist from “common”
granodiorite towards more mesocratic, amphibole- and
biotite-rich, varieties. In the latter we observed mafic
magmatic enclaves (MME), pointing to possible mixing
of basic and acid magmas.
Estimation of intensive variables (T, P and fO2) of
magma crystallization yields <8 km level of
emplacement of the Lutzkan granitoids, with a P range
of 0.23 – 0.29 GPa (Al-in-amphibole).

4 U-Pb conventional and in situ dating
Conventional single zircon and titanite U-Pb analyses by
the ID-TIMS technique were used for precise dating of
the Lutzkan and Ruy plutons and their dyke varieties,
applying the “chemical abrasion” pre-treatment (e.g.,
Mattinson 2005) and the double-double ET2535 spike.
They were combined with in situ LA-ICP-MS analyses
of selected zircon grains.

Figure 2. Concordia diagram for zircons of sample Tr11a of
Lutzkan pluton.

3 Rock chemistry
The granitoids from Lutskan and Ruy plutons are
essentially acid, with a limited range in SiO2 content
between 63% and 73%. They are mainly high-K calcalkaline, metaluminous, fairly enriched in K2O, Rb, Ba,
Cs, Sr, Th, and with important U content up to 21.4 ppm.
Granitoids display fractionated trend of REE, LaN/LuN
varying between 13 and 17, and moderate Eu negative
anomaly (0.68-0.69). On spidergrams the granitoids
show pronounced LILE enrichment, with positive Cs,
Rb, Th, U anomalies and weak negative anomalies of
Nb, Ta and Ti. With the transition toward more
compatible elements the trend becomes less fractionated.
Ruy pluton presents less important enrichment in LIL
elements, and notably in Cs. This could be explained

Figure 3. Concordia diagram for zircons of sample AvQ244,
Ruy granite.

Back-scattered electron (BSE) and cathodoluminescence
(CL) images of zircons from granite sample Tr11a reveal
strong metamictisation and inclusions of Th and U
phases. The morphology of some zircon grains is defined
by the two bipyramids, evidence for crystallization from
highly evolved and alkali-rich magma. Conventional UPb analyses are affected by the presence of inherited
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cores and radiogenic lead loss during Alpine time. A
concordant age of 334.1 ± 1.2 Ma was obtained
analyzing two titanites of the same sample (Fig. 2). Insitu LA-ICP-MS analyses on selected zircon crystals
yield an age interval of 300-330 Ma for the magmatic
zones. Inherited cores are not very common and are
dated in the interval 520-650 Ma.
Zircons of the Ruy pluton are also discordant and Urich. Their chemical abrasion allowed defining a
Concordia age of 332.6 ± 0.6 Ma (Fig. 3). The gabbrodiorites of Lutzkan pluton reveal a Cambrian age (537 ±
1.6 Ma) and can be correlated with the rocks of Struma
Diorite Formation/Struma Unit (Lilov 1981; Kunov
2002), which are exposed S of the Trun region. They
clearly belong to the basement units.
We also dated a metagranite (AvQ-307) with MME
from the high-grade metamorphic basement, applying
the chemical abrasion ID-TIMS technique. The zircons
yielded a Concordia age of 588.3 ± 1.6 Ma.
Most ID-TIMS U-Pb single zircon analyses of the
dacite dyke AvQ243 in the Ruy pluton show discordant
ages and point to a Variscan (335 Ma) or Cadomian (560
Ma) inherited component. Few zircon analyses reveal
Eocene magmatic ages (39-42 Ma).

7 Conclusions
The granitoids of LMC are Carboniferous with an age of
334.1 ± 1.2 Ma (titanites) and/or 332.57 ± 0.60 Ma
(zircons). Isotope-geochemical characteristics and zircon
inheritance define them as I-type granites and imply
melting of a substrate with mixed crust-mantle origin.
Subordinate input of mantle components could explain
the presence of MME and the chemical heterogeneity of
the rocks of Lutzkan pluton. The magma was moderately
reduced (Fe-Ti oxides as accessories), and fairly
enriched in K, Rb, Ba, Cs, Sr, U, Th and LREE. The
intrusion level is estimated as hypabissal. All these
characteristics, together with the published data about
Au-Ag±W mineralization (quartz veins and stock-work
veining with minor sulfides developed in the roof parts
of the plutons and in the hornfelses around/on top of the
granitoids) favor the model of the newly defined (e.g.
Lang and Baker 2001) Intrusion Related Gold Systems.
Additional studies on the character of the fluids will be
necessary to support this hypothesis.
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Age corrected Hf-zircon isotope data for the Lutzkan
granite (sample Tr11a) show a mixed crust-mantle
isotope signature with εHf between +0.6 and +2.6. This
value might be a result of melting of former mantledominated source additionally influenced by the
inheritance of the 540 Ma old cores with mantle
characteristics. For the microgranitic dyke (sample Tr12)
we obtained crustal εHf zircon values between -3.4 and 10.1. In the zircons of the basement metagranite εHf
varies between +6 and +11 at time of formation and +0.5
to +5.5 at 330 Ma. Strontium isotope data of Zagorchev
and Moorbath (1988) are used to calculate age corrected
initial ratios 87Sr/86Sr of 0.7073 to 0.7089.
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6 Mineralisation
High-grade mineralisation (Au-Ag-W) at the mined
deposits of “Zlata” and “Krushov Dol” is interpreted to
have formed peripheral to or in the roof of the Lutzkan
intrusions (Dragov 1960). It is hosted by NNE-striking
quartz-sulphide veins dipping steeply to the W-NW (e.g.,
Milev et al. 2007). The Euromax Resources Ltd has been
exploring a license in the region of the Lutzkan
magmatic complex since 2004. Euromax classifies these
deposits as Intrusion Related Gold (IRG) deposits with
gold mineralisation related to the CO 2-rich gold bearing
fluids produced by the cooling of the intrusion at depth
(www.euromaxresources.com). The company described
quartz sulphide veins and stockwork with K-feldspar and
sericite-silica alteration zone in the periphery of the
mined deposits, as well as in and around the Ruy pluton
(e.g., in the hornfelses that were formed in the Lower
Paleozoic low-metamorphic rocks around the granite).
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In situ LA-ICPMS U-Pb zircon dating of the host rocks of
the Sossego and Bacaba iron oxide-copper-gold
deposits, Carajás Mineral Province, Brazil
Carolina P.N. Moreto, Lena V.S. Monteiro, Roberto P. Xavier, Carlos Roberto de Souza Filho
Department of Geology and Natural Resources, University of Campinas, 51 João Pandiá Calógeras, Campinas, Brazil
Tony I.S. Kemp
School of Earth and Environmental Sciences, James Cook University, Townsville, QLD 4811, Australia
Abstract. The world-class Sossego and the Bacaba iron
oxide-copper-gold deposits are located in the southern
margin of the Carajás Domain, Carajás Mineral Province,
along a regional WNW-ESE-striking shear zone. In the
Sossego deposit, U-Pb LA-ICPMS zircon data for the
host Granophyric Granite and the Sequeirinho Granite
returned dates of 2740 ± 26 Ma and 3010 ± 21 Ma,
respectively. In the Bacaba deposit, zircons from the
Bacaba Tonalite and the Serra Dourada Granite yielded
dates of 3001 ± 4 Ma and 2860 ± 22 Ma, respectively.
These dates are interpreted as the igneous crystallization
age of the host rocks and could represent one of the
oldest magmatic events recognized in the Carajás
Domain. The 3.0 Ga old Sequeirinho Granite and Bacaba
Tonalite and the 2.86 Ga old Serra Dourada Granite are
interpreted to largely predate the genesis of the Sossego
and Bacaba deposits. A genetic link with these intrusive
rocks is unlikely because the Sossego and Bacaba
deposits might represent different portions of the same
hydrothermal system, which is hosted by the younger
2.74 Ga Granophyric granite (Sossego deposit). In this
context, these deposits could be mainly controlled by
important crustal discontinuities, such as regional shear
zones, rather than be associated with a particular rock
type.
Keywords.
IOCG
deposits,
geochronology, Carajás Mineral
Craton

of ~3.0 Ga basement rocks and the ~2.76 Ga
metavolcano-sedimentary units of the Carajás Basin.
The Sossego deposit is hosted by the Sequeirinho
Granite, Granophyric granite, felsic metavolcanic rock
and gabbro. The Bacaba deposit is hosted by the Serra
Dourada Granite, the Bacaba Tonalite and gabbro. These
host rocks were intensely affected by sodic, ironpotassic, chloritic, epidote-rich and carbonate
hydrothermal alteration.
This report presents results of in situ LA–ICPMS U–
Pb zircon geochronological analyses of hydrothermally
altered samples of the granitic host rocks of the Sossego
and the Bacaba IOCG deposits. The results provide new
insights into the metallogenesis of IOCG deposits and
the Archean magmatism of the CMP, revealing the
existence of magmatic events so far unconsidered for
the northern sector of the CMP.

2 Geochronology of IOCG deposits in the
Carajás Mineral Province
Available geochronological data for the IOCG deposits
and their host rocks are still scarce. Additionally, dating
of ore-related minerals has given different ages even for
a single deposit. In general, Pb-Pb dating yields older
model ages (~2.7 Ga) and suggests metal sources from
the Carajás Basin units and temporal relationships with
the 2.74 Ga granites (e.g. Planalto Granite). More robust
and precise geochronological data (U-Pb SHRIMP II
monazite; Re-Os molybdenite) have pointed to an
important metallogenic event at 2.57 Ga (Réquia et al.
2003; Tallarico et al. 2005), which correlates to 2.57 Ga
granites (e.g., Old Salobo and Itacaiúnas granites).
However, granites of this age are very limited and in fact
occur only close to the Cinzento shear zone. Except for
the occurrence of the Old Salobo Granite in drill cores
from the Salobo deposit, no clear spatial association
between IOCG deposits and granitic magmatism of this
age has been demonstrated in the province.

LA-ICPMS
U-Pb
Province, Amazon

1 Introduction
The Carajás Mineral Province (CMP), located in the
southern part of the Amazon Craton, represents one of
the best-endowed mineral provinces in the world. It
hosts different mineral deposits (e.g. iron, manganese,
gold, chrome–PGE) and includes numerous deposits
assigned to the iron oxide–copper–gold (IOCG) class of
deposits (e.g., Salobo, Gameleira, Igarapé Bahia,
Sossego, Alvo 118, Bacaba).
Although the genetic models of the Carajás IOCG
deposits highlight the importance of Neoarchean and
Paleoproterozoic granitic intrusions as a source of heat
and fluids for the development of the hydrothermal
systems, not all deposits show clear spatial and temporal
association with coeval granitic rocks. The Sossego and
Bacaba deposits are hosted, among other rocks, by
granitic intrusions, which allow the investigation of the
role of the granites on the genesis of these deposits.
The Sossego and Bacaba deposits are located along a
WNW–ESE-striking shear zone that defines the contact

3 U-Pb LA-ICPMS results
The U–Pb LA–ICP–MS zircon data (Fig. 1) for the
Bacaba deposit were acquired at the Geochronology
Laboratory of the University of Brasília according to the
method described by Bühn et al. (2009). Zircons from
the Sossego deposit were analysed from 30 micrometer
thick petrographic thin sections by the U–Pb LA–
ICPMS technique at James Cook University, Australia.
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The analyses comprised four hydrothermally altered
samples from drill cores of the granitic rocks that host
the Sossego and Bacaba deposits. In the Sossego
deposit, thirteen zircon crystals from a sodically altered
sample of the Granophyric Granite rendered an upper
intercept age of 2740 ± 26 Ma (MSWD = 11.4; Fig.
1A). Seventeen zircon grains from the Sequeirinho
Granite with sodic and potassic alteration resulted in an
upper intercept age of 3010 ± 21 Ma (MSWD = 0.81;
Fig. 1B). In the Bacaba deposit, forty seven zircons
from a potassically altered sample of the Bacaba
Tonalite yielded an upper intercept age of 3001.2 ± 3.6
Ma (MSWD = 0.81; Fig. 1C), while twenty four zircon
crystals from the Serra Dourada Granite with sodic
alteration and sillicification rendered an upper intercept
age of 2860 ± 22 Ma (MSWD = 0.81; Fig. 1D). These
dates are interpreted as the timing of the igneous
crystallization of the host granites.

4 Discussion and conclusions
The ~3.0 Ga ages obtained for the Sequeirinho Granite
and Bacaba Tonalite represent the oldest magmatism
recorded in the CMP. Similar Archean ages in the
Carajás Domain were attributed only to the
crystallization of the igneous protolith of granulites that
are part of the Carajás Basin basement. These rocks
could have been broadly coeval with the ca. 2.93-2.98
Ga TGG suites identified in the Rio Maria granitegreenstone terrane, located in the southern portion of the
CMP (e.g., Arco Verde and Caracol tonalites).
The 2.86 Ga Serra Dourada Granite is older than
other granitic rocks in the Carajás Domain, such as the
widespread 2.76 to 2.74 Ga syntectonic alkaline granites
(e.g., Plaquê, Planalto, Estrela and Serra do Rabo
suites). However, the 2.86 Ga ages could be related to
magmatic events characterized in the Rio Maria granitegreenstone terrane (e.g., 2.86 Ga Xinguara, Mata Surrão
and Guarantã granites). The ~3.0 and 2.86 Ga ages
provide evidence that these magmatic events were much
more extensive than previously considered in the CMP.
The 2.74 Ga Granophyric granite has the same age as
the 2.76 to 2.74 Ga syntectonic alkaline granites widely
recognized at Carajás.
The ~3.0 Ga TDM Nd model ages and the evolved Nd
isotope signatures obtained for the Sequeirinho,
Granophyric and Serra Dourada granites and for
hydrothermally altered and ore sample from the Sossego
and Bacaba deposits (Moreto et al. 2011) suggest that
the hydrothermal fluids responsible for the genesis of
these deposits have strongly interacted with
Mesoarchean rocks (e.g., Sequeirinho Granite, Bacaba
Tonalite and Serra Dourada Granite) or with younger
rocks derived from Mesoarchean sources (e.g., 2.74 Ga
Granophyric granite).

Figure 1. 206 Pb/238U vs. 207Pb/235U diagrams for (A)
Granophyric granite with sodic alteration; (B) Sequeirinho
Granite with sodic and potassic alterations; (C) Bacaba
Tonalite with potassic alteration; (D) Serra Dourada Granite
with sodic alteration and silicification.
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High-salinity metalliferous fluids have been previously
reported in the Sossego and Bacaba deposits (Monteiro
et al. 2008a and b). The source of hypersaline brines
from unmixing of magmatic fluids has been considered
of fundamental importance for the genesis of IOCG
deposits worldwide (Perring et al. 2000; Pollard 2001
and 2006; Beardsmore 1992; Adshead 1995; Mark et al.
2004; Mustard et al. 2004), although in the CMP
chlorine and boron isotopes combined with Cl/Br Na/Cl systematics, suggested a significant participation
of residual evaporative fluids that may have mixed with
ascendant magma-derived brines (Xavier et al. 2008).
Nevertheless, the relationship between crystallization of
the granitic intrusions and generation of hypersaline
fluids should be evaluated in the Bacaba and Sossego
deposits.
The record of such old Mesoarchean host rocks (ca.
3.0 and 2.86 Ga) for the Sossego and Bacaba deposits
could imply that the ~3.0 Sequeirinho Granite and
Bacaba Tonalite and the 2.86 Ga Serra Dourada Granite
were not responsible for, or related to, the establishment
of the IOCG-forming processes. This is likely because
the Sossego deposit is hosted by the younger 2.74 Ga
Granophyric granite and, as the Sossego and minor CuAu deposits (e.g., Bacaba, Alvo 118, Castanha) were
formed in the same IOCG hydrothermal system
(Monteiro et al. 2008a and b), it is also improbable that
the Bacaba deposit formed at 2.86 or 3.0 Ga.
The ca. 440 Ma lower intercept ages obtained in the
Concordia diagrams for the Granophyric, Sequeirinho
and Serra Dourada granites (Fig. 1) have not been
previously recognized in the CMP. In the Araguaia Belt,
which borders the CMP to the east, the granitic
magmatism is represented by small 550 Ma old granites,
which are significantly older than the lower ~440 Ma
intercept ages. Therefore, the radiogenic Pb loss around
440 Ma is at the moment enigmatic.
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The Nolans Bore rare earth element-phosphorousuranium-thorium deposit: geology, age and origin
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Abstract. The Nolans Bore deposit, located in the Aileron
Province of south-central Northern Territory, is an
emerging Australian rare earth development. It consists
of steeply northwest dipping apatite veins hosted by
~1806 Ma granite gneiss. A preliminary ~1240 Ma U-Pb
age for apatite may correspond to a major global period
of alkalic magmatism between 1300 and 1130 Ma,
including emplacement of the Bayan Obo deposit in
87
86
China. Low εNd and Sr/ Sr in the mineralisation is
reminiscent of modern EM-1 ocean island basalts and
may indicate a link to carbonatitic magmatism. Oxygen
isotope thermometry indicates
a mineralisation
temperature of 410°C, with δ18O fluid of ~8.0‰.
Fertilisation of the mantle to produce the EM-1 source
may relate to subduction associated with convergence
along the southern margin of the North Australian Craton.

1595 and 1565 Ma (Collins and Williams 1995; Vry et
al. 1995; Williams et al. 1996; Rubatto et al. 2001). The
Reynolds Range has a northwest-southeast grain defined
in large part by shear zones and faults which have been
dated at ~333 Ma (Cartwright et al. 1999).

Keywords. REE deposits, carbonatite, geochronology,
apatite, Nolans Bore, EM-1, U Pb Nd Sr O isotopes

Figure 1. Regional geology of the southern Northern Territory
showing the location of the Nolans Bore deposit.

3 Deposit geology

1 Introduction

The Nolans Bore deposit (Fig. 2) contains a JORCcompliant mineral resource of 30.2 Mt at 2.8% rare earth
oxide, 12.9% P2O5 and 0.020% U3O8. It consists of
REE-bearing fluorapatite veins hosted by granite gneiss,
pegmatite and meta-sedimentary rocks (schist, phyllite,
andalusite hornfels, garnet-cordierite-biotite-quartz
granofels, sillimanite-biotite-cordierite-orthoclase granofels and tourmaline-bearing quartzite: Stewart 1981).
These rocks were intruded by granites that correlate with
the 1806 ± 4 Ma Boothby Orthogneiss and the 1778 ± 8
Ma Napperby Gneiss (Collins and Williams 1995;
Worden et al. 2008). Much of the deposit is covered by
thin (<5 m) alluvial sand and gravel.
At surface (Fig. 2a), the deposit consists of eastnortheast- to northeast-trending and steeply (65-90°)
northwest-dipping fluorapatite veins (Fig. 2b) and
breccias within strongly kaolinitised rock with a granitic
gneiss protolith. As the kaolinitic zones do not persist
with depth, this rock is interpreted to have formed as the
consequence of weathering processes. The veins vary in
thickness from 0.3 to 75 m and are concentrated in a
northern zone and a southern zone. The northern zone is
at least 700 m long and up to 200 m wide. The southern
zone is narrower (50-100 m) and irregular, although it
extends for at least 1000 m along strike (Fig. 2).

The Nolans Bore deposit is an emerging Australian rare
earth element (REE) deposit in line to commence
production in the next few years. Although the main
commodities present at Nolans Bore are REEs, this
deposit also has significant byproduct phosphorous and
uranium, and high concentrations of thorium. This
contribution describes the geology of the deposit,
presents constraints on its age, and discusses its origin
based on radiogenic and stable isotope data.

2 Regional geology
The Nolans Bore prospect is located near the southern
margin of the Reynolds Range, in the Aileron Province
of south-central Northern Territory (Fig. 1). Supracrustal
rocks in the Reynolds Range are divided into two units:
the 1840-1810 Ma Lander Rock beds (Claoué-Long et
al. 2008) and the ~1780 Ma Reynolds Range Group
(Smith 2001). The Lander Rock beds comprise
(meta)turbiditic rocks that range in metamorphic grade
from greenschist to granulite. These rocks are
unconformably overlain by metaquartzite, slate, schist
and marble of the Reynolds Range Group.
Granite intruded the area between ~1820 and ~1770
Ma (Young et al. 1995; Collins and Williams 1995; Vry
et al. 1996), with subsequent high-grade metamorphism
and minor granite and pegmatite emplacement between
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3 The age of mineralisation
Dating the veins has been difficult. Sm-Nd isochrons for
skarn assemblages yield conflicting ages, and the U-Pb
system in silicate minerals is strongly disturbed (Maas et
al. 2009). By contrast, U-Pb systematics for apatite
separates provide internally consistent U-Pb ages.
Twelve sub-mg fractions have 224-689 ppm U, Th/U
~15 and measured 206Pb/204Pb of 83-97. After correction
for common Pb (Stacey-Kramers Pb growth curve), nine
fractions from two samples yield a well-defined
discordia between 1240 ± 15 Ma (95% CL) and the
origin (~0 Ma, Fig. 3), implying modern Pb loss from a
~1240 Ma system. Three fractions from a third sample
define a second discordia with an upper intercept at 946
± 16 Ma. The ~1240 Ma age is interpreted as a minimum
age of mineralisation, with the maximum age
constrained at ~1806 Ma by the orthogneiss that hosts
the apatite veins.

Figure 2. (A) Surface geology and (B) cross section of the
Nolans Bore deposit (shown on A).

Four styles of REE mineralisation are present at
Nolans Bore: (1) massive fluorapatite veins that typically
contain 4-6% rare earth oxides and constitute most of the
resource, (2) high-grade (7-10% REO) zones found in
cheralite-bearing, apatite-poor kaolinitic zones marginal
to the veins, (3) apatite-allanite-epidote zones hosted by
calc-silicates, and (4) low-grade stockwork zones in
gneiss and kaolinitised rock adjacent to the veins and
mylonite zones. The main difference between the ore
types is the REE/P ratio, which is higher in the highgrade cheralite-dominated zones. In the veins, the apatite
is generally fine-grained, although local zones are
coarse-grained with grains up to 15 mm. Locally the
apatite has been brecciated, with coarse clasts (up to 15
mm) in a fine-grained matrix. Mineralogically, most of
the REEs are hosted by cheralite, a phosphate deficient
monazite group mineral. Only about 30-35% of the
REEs are hosted in the crystal structure of apatite.
Although apatite is the dominant mineral in the veins,
the paragenesis is complex, with calcite-allanite veinlets
cutting apatite. The apatite contains abundant inclusions
of thorite, Th-Ce silicates and rare-earth element fluorocarbonates. The calcite-allanite veins contain minor to
trace quantities of rare-earth element fluorocarbonates,
barite, uranium silicate minerals and monazite.
Two groups of alteration assemblages have affected
the wall rocks to the Nolans Bore deposit. The first
group, characterised by an assemblage of diopside with
lesser garnet, is localised within a few metres of apatite
veins and is interpreted as the primary assemblage
accompanying apatite veining. A second group is
dominated by kaolinite and is restricted to the upper
parts of the deposit, suggesting a supergene origin
supported also by oxygen and hydrogen isotope data.

Figure 3. Wetherill concordia diagram showing discordia
established by apatite separates from samples 2007080001-25
and 2007080001-31.

4 The origin of mineralisation
Oxygen isotope analyses of two coexisting garnetdiopside pairs yielded a preliminary temperature of
~410°C, with δ18Ofluid of ~8.0‰ (calculated using
AlphaDelta calculator: http://www2.ggl.ulaval.ca/cgibin/isotope/generisotope.cgi). This temperature is
consistent with the calc-silicate assemblage that
characterises the alteration assemblage, and δ18Ofluid is
consistent with a magmatic origin for the fluids.
Sr and Nd isotope ratios show inter-mineral
disequilibrium for any likely age, suggesting deposition
from different ore fluid batches and/or post-deposition
disturbance. Apatite and other low-Rb minerals (e.g.,
calcite, allanite, diopside) provide initial 87Sr/86Sr of
0.7048-0.7067. εNd values at 1240 Ma show a wide range
(-12.1 to -4.1). The relatively unradiogenic Sr combined
with low εNd requires an old LREE-enriched source with
long-term Rb depletion, of the type observed in some
Archean granulite terranes and inferred for the sources of
carbonatites and EM-1 type oceanic basalts (e.g. Eisele
et al. 2002). An origin of the high-temperature ore fluids
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5 Discussion and conclusions
Based on the U-Pb data for apatite, we infer a minimum
age of ~1240 Ma for the emplacement of the apatite
veins. This minimum age is younger than the high-grade
metamorphic fabrics in the host rocks (assigned to the
~1590 Ma Chewings Orogeny), which are cut by the
apatite veins, providing qualitative support for the age.
Available Sr-Nd isotopic data favour a strongly
LREE-enriched magmatic source similar in character to
carbonatites and/or EM-1 type basaltic and ultrapotassic
rocks. Nolans Bore is interpreted as a magmatichydrothermal deposit related to alkaline, probably
carbonatitic, magmatism. Isotopically, Nolans Bore is
broadly similar to the (relatively) nearby, ~1130 Ma
Mordor alkaline complex, which is characterised by
overlapping εNd (calculated at 1150 Ma) of -9 to -12
though somewhat higher initial 87Sr/86Sr of ~0.710
(Nelson et al. 1989). Generation of the (lithospheric?)
mantle source for Nolans Bore and Mordor may have
involved re-fertilisation of the mantle linked to
subduction with a minimal (Nolans Bore) or small
(Mordor) input of terrigenous sediment (as indicated by
initial 87Sr/86Sr). Tectonic reconstructions propose
subduction along the southern margin of the North
Australian Craton for much of the Paleoproterozoic.
Although strictly a minimum, the ~1240 Ma Nolans
Bore age is broadly similar to the ages of lamproite at
the Argyle diamond mine in the Kimberley Province of
Western Australia (~1178 Ma: Pidgeon et al. 1989), the
Mudginberri phonolite dyke in the Pine Creek Orogen
(Page et al. 1980), and a period of global carbonatite
magmatism between 1300 and 1130 Ma (Pidgeon et al.
1989; Jaques 2008). It also corresponds to ages of 12351210 Ma reported for carbonatite dikes associated with
the Bayan Obo deposit in China (Smith and Wu 2000).
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Abstract: Re-Os data for molybdenites from the
Karkonosze massif (KM) provide ages of molybdenite
crystallization from 326 ± 1 to 310 ± 1 Ma with one
molybdenite at 213 ± 1 Ma. Older molybdenite ages
reflect two periods of post-magmatic pneumatolytic and
hydrothermal activity during Visean-Westphalian time
and the much younger molybdenite may indicate
hydrothermal mineralization connected with tectonic
activity in the Intra-Sudetic fault zone on the southern
margins of the Zechstein basin in the Upper Permian.
Keywords. molybdenite,
Bohemian Massif

Re-Os,

granite,

2 Molybdenite mineralization and Re-Os
results
Preliminary Re-Os results for molybdenite samples from
the Karkonosze massif were presented in Mikulski and
Stein (2007); here we present additional Re-Os ages for
molybdenites from five different quarries located in the
Karkonosze massif and in its eastern metamorphic cover
(Fig. 1).
Two molybdenite samples were collected in the
Szklarska Poreba Huta quarry in the western part of the
KM close to its contact with the Góry Izerskie
metamorphic cover. Quarry exposures include finecrystalline aplogranite and medium- and coarse-grained
crystalline monzogranites that are locally cut by aplite
veins, pegmatite bodies, and quartz veins and veinlets
with Sn-W-Mo-Bi mineralization, and U-Th and REE
mineralization. Here, single molybdenite rosettes and
aggregates occur in narrow quartz veinlets and as
disseminations in Karkonosze aplogranite. Aplogranite
hosting quartz veinlets is silicified, sericitized,
chloritized and albitized. One molybdenite (MDID-866)
occurs with wolframite, scheelite, cassiterite, native
bismuth, Bi-sulfosalts, and sulphide minerals (pyrite,
pyrrhotite, chalcopyrite, and sphalerite). This
molybdenite yields a Re-Os age of 323 ± 1 Ma (Table 1).
A second molybdenite (MDT-990) from this quarry
occurs as large cystals (up to 1 cm diameter) in quartz-K
feldspar pegmatite druse. The Re-Os age of this
molybdenite is distinctly younger at 310 ± 1 Ma.
Molybdenite from the Michałowice quarry (MDID-755)
occurs as single isolated blades (<3 mm), as small
aggregates of crystals (up to 5 mm in diameter) in
pegmatites, in quartz veins, and on fracture surfaces
within a coarse-grained porphyritic granite. Molybdenite
is associated with wolframite, ferberite, scheelite,
chalcopyrite, pyrite, native bismuth, bismuthinite,
thorite, ucholite, gummite, galena, stolzite and tungsten
minerals. Within the granite porphyry, ilmenite is
commonly present with rutile. Molybdenite from the
Michalowice quarry yields a Re-Os age of 315 ± 1 Ma.
Molybdenite from the abandoned Lomnica Górna
granite quarry near Jelenia Góra (MDID-697) occurs in
cataclased glossy-white quartz veins (1 to 3 cm) and
quartz pockets in granite. Molybdenite aggregates are
composed of thin hexagonal blades. They are associated
with pyrite and ilmenite, and occur in cataclased quartz
veins in Karkonosze granite. Bi-minerals are uncommon.

Sudetes,

1 The Karkonosze granite massif
The Karkonosze granite massif (KM) is the largest
exposed granite massif in the Western Sudetes (Fig. 1).
Located in the SW part of the Sudetes, the massif
straddles the border between Poland and the Czech
Republic. The KM is classified as a post-collisional
intrusion of S-type and I-type granites (e.g., Duthou et al.
1991). In the Polish part of the KM three main textural
types of Karkonosze granite are distinguished by
Borkowska (1966): porphyritic coarse- and mediumgrained granite (central type granite), equigranular fineand medium-grained granite (range type granite) and
aplogranite (granophyre type granite). The KM is cut by
numerous syn-plutonic (composite) and late mafic dykes
(Borkowska 1966). The values of εNd(320) vary from –7 to
–4 for the porphyritic granite, –4 to –3 for granodioritic
hybrids, and –2 to –1 for lamprophyre dykes (Slaby and
Martin 2005). Two main mechanisms played a
prominent role in the KM magma differentiation: (1)
mixing of coeval mafic and felsic magmas at the early
stages of pluton formation and (2) fractional
crystallization of the more evolved melts. Kennan et al.
(1999) suggested that low 87Sr/86 Sr ratios in the KM
indicate that granites did not result from melting of the
gneisses exposed in the Karkonosze-Izera region. Within
the KM there are numerous localities with locally
abundant W-Sn-Mo-Bi mineralization, including some
with associated Th-U-REE mineralization. Although
molybdenum was never mined, some prospects,
particularly Szklarska Poręba Huta (Fig. 1), were the
object of limited Mo prospecting and drilling (e.g.,
Gajda 1960; Karwowski et al. 1973; Mikulski 2007).
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few cm in size. Molybdenite associated with clear quartz
and feldspar yields a Re-Os age of 213 ± 1 Ma.

Molybdenum ochres and Fe-hydroxides are common.
The sample from Lomnica Górna yields a Re-Os age of
326 ± 1 Ma.

Table 1. Re-Os data for molybdenite from Karkonosze massif
and its E-metamorphic cover. 1– Szklarska Poreba Huta
quarry; 2– Michałowice abandoned quarry; 3– Lomnica Górna
abandoned quarry; 4– Kowary Fe-U mine dump; 5– Szklarska
Poreba Huta quarry; 6– Kowary Fe-U mine dump; 7–
Miedzianka abandoned Cu deposit
187

(Sample)

Re, ppm

1. MDID-866

0.1808 (4)

0.6141 (2)

323 ± 1

2. MDID-755

8.540 (7)

28.26 (2)

315 ± 1

3. MDID-697

36.34 (3)

124.24 (5)

326 ± 1

4. MDID-685

22.42 (2)

73.48 (6)

312 ± 1

5. MDT-990

0.3257 (6)

1.0599 (5)

310 ± 1

6. MDT-997a

2.9700 (9)

9.718 (4)

312 ± 1

7. MDT-998

0.225 (1)

0.5042 (2)

213 ± 1

Os, ppb Age, Ma

Footnotes to Table 1:
(1) Assumed initial 187Os/188Os for age calculation = 0.2 ± 0.1
(2) Absolute uncertainties at 2σ for last digit indicated
(3) Decay constant used for 187Re is 1.666 x 10-11yr-1 (Smoliar
et al. 1996) and age calculated using 187Os = 187 Re (eλt – 1)
(4) Blanks are Re = 0.72 ± 0.01 pg, total Os = 0.730 ± 0.002
pg, 187Os/188Os = 0.257 ± 0.001
(5) 2σ ages include all analytical and 187Re decay constant
error

Figure 1. Location of molybdenite samples collected for ReOs dating. Abbreviation: ISF – Intra-Sudetic Fault.

Two molybdenites (MDID-685 and MDT-997a) were
collected from the dump at the abandoned Kowary Fe
and U mine, located in the contact zone between the
Variscan Karkonosze granitoid massif and its eastern
metamorphic cover. Molybdenite occurs in fractures in
calc-silicate (skarn-like) rocks as curved blades and
aggregates up to 3 cm in diameter. Molybdenite is
commonly associated with fine- and medium-grained
euhedral arsenopyrite which forms irregular aggregates
up to a few cm in size.
Chalcopyrite and pyrrhotite are less frequent.
Arsenopyrite may contain inclusions of galena and rarely
of Bi minerals. Molybdenite and arsenopyrite are
accompanied by gangue quartz and carbonates which
together infill fractures in skarn-like rocks. The second
molybdenite (sample MDT-997a) occurs as tiny blades
which formed a small single aggregate (<0.5 cm in size)
associated with pyrite in fractured quartz-K-spar
pegmatitic rock. These two molybdenite samples both
yield Re-Os ages of 312 ± 1 Ma.
Molybdenite from the Miedzianka Cu deposit located
in the eastern metamorphic cover of the KM was dated
(MDT-998). The main ore mineral in the deposit is
chalcopyrite which occurs within numerous, small quartz
veins that cut Lower Palaeozoic
volcanicmetasedimentary rocks.. Other minerals of potential
economic importance include chalcocite, bornite,
covellite, malachite, tetrahedrite, bornite, arsenopyrite,
sphalerite, galena, pyrite, pyrrhotite, uraninite, nasturane,
and less common silver minerals such as argentite or
proustite. Quartz associated with chlorite, hornblende,
diopside, epidote, barite and calcite form the gangue
minerals. Molybdenite is very rare there, however its
thick wafers on massive quartz vein may reach up to a

3 Discussion
The Re-Os ages for molybdenites from quartz veins and
cataclastic fractures in the Karkonosze massif and its
eastern metamorphic cover yield ages of 326 to 310 Ma,
except for one molybdenite sample from the Miedzianka
deposit, which yielded an age of 213 ± 1 Ma.
Most of these Re-Os molybdenite ages reflect postmagmatic pneumatolytic and hydrothermal activity
during two separate stages (older – 326-323 Ma; younger
– 315-310 Ma). Both are attributed to local postmagmatic pneumatolytic and hydrothermal activity
during Visean-Westphalian time within the European
Variscan belt. According to Pin et al. (1987), Duthou et
al. (1991), and Mierzejewski et al. (1994), the Rb-Sr age
for the older porphyritic type Karkonosze granite is ~330
Ma, and for the younger granite is ~310 Ma. The
40
Ar/39Ar method reveals an age for the porphyritic
granite of 320 ± 2 Ma and for the medium- and finegrained granite of 315 ± 2 Ma (Marheine et al. 2002).
One of our dated molybdenite samples from the
Szklarska Poreba Huta quarry and our sample from the
Lomnica Górna quarry yield Re-Os ages of 323 ± 1 Ma
and 326 ± 1 Ma, respectively. We suggest that
molybdenite crystallized from fluids locally derived
from the hosting aplogranite.
Our second molybdenite sample from the Szklarska
Poręba quarry and samples from the Michałowice quarry
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and the Kowary mine yield distinctly younger Re-Os
ages of 315 ± 1 Ma and 310 ± 1. We suggest that these
molybdenites reflect post-magmatic hydrothermal
processes associated with younger medium- and finegrained granites which were dated by Marheine et al.
(2002) at 315 ± 2 Ma.
The youngest molybdenite at 213 ± 1 Ma reflects a
period of hydrothermal fluid ingression that may be
associated with renewed tectonic activity along the
regional Intra-Sudetic fault zone in the southern part of
the Permian-Triassic Zechstein basin.
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Abstract. South Siberia is part of the large cobalt-bearing
Altay-Sayan province. Three main types of hydrothermal
cobalt ores are recognized in this province: Ni-Co-arsenic
(Ni-Co-As), Co-sulfoarsenic (Co-As), and Cu-Cosulfoarsenic-sulfosolts (Cu-Co-As). Analysis of the
relationships among the different types of hydrothermal
cobalt mineralization at deposits of the Altay-Sayan fold
area shows that Co-As, Ni-Co-As, and Cu-Co As ores
were formed during separate stages. Ore associations
are usually separated by intrusions of dikes of dolerite or
syenite. Cobalt ore formation in most ore cluster also is a
multiple-stage process associated with mafic and
granitoid magmatism
of
different
ages. New
geochronological data and analysis of the relationships
between cobalt mineralization and magmatism in ore
clusters of the Altay-Sayan fold area has shown a close
spatial and time connection of cobalt mineralization with
mafic and granitoid intrusions, as well as with mafic
dikes.

syenite, or granitoid intrusions among hornfelses and
skarns. Due to study of the fluid inclusions in quartz and
carbonates temperatures of the ore-forming process were
determined between 300 and 350°C.
Ni-Co-As (±Bi, Ag) deposits are widespread in the
Altay-Sayan region, occurring in Tuva (Khovu-Aksy,
Askhatin-Gol, Khuren-Taiga, Kyzyl-Ouk), Altay,
Khakasia and NW Mongolia. These deposits formed at
temperatures between 270 and 350°C (Borisenko et al.
1984) and consist of arsenic minerals (niccolite,
cobaltite, rammelsbergite, skutterudite, fahlore with
subordinate loellingite, safflorite, Ag and Sb
sulphosalts).
Cu-Co deposits occur in the Tuva (Uzun-Oi,
Mogenburen, Kaat-Taiga), Khakasia (Kharadgul,
Butrakhta), NW Mongolia, SE Altay and other regions of
the Altay-Sayan province. Cu-Co deposits mostly occur
peripherally to the Ni-Co-As and Co-As deposits. They
are characterized by low temperature (70-230°C by fluid
inclusion study of calcite) and by the presence of Cusulphosalts and sulphides, such as pyrite, chalcopyrite,
galena, and sphalerite. Ni and Co minerals occur as
sulphides, sulphoarsenides and arsenides.

Keywords. South Siberia, cobalt, age, magmatism,
hydrothermal, ore

1 Types and distribution of hydrothermal
cobalt deposits at South Siberia

2 Age of the cobalt mineralization and
magmatic rocks

South Siberia is included in the geological structures of
the Ural-Mongolian fold belt, which contains three main
cobalt-bearing provinces: Central Asia (Altay-Sayan),
Tien Shan and Ural. The hydrothermal cobalt deposits of
the Altay-Sayan province have been the most
investigated concerning their geology, genesis, and oreproduction. Within this province occur the Tuva, Altay,
Eastern Sayan, Western Mongolia, Khakasia, and
Kuzbas ore clusters, where different types of
hydrothermal cobalt mineralization may be either
dominant or associated with other types of ore (for
example, magnetite in the Abakan ore cluster, Sn-W and
Ag-Sb in the Yustid cluster, Cu at Chergak).
Three main types of hydrothermal cobalt ores are
recognized in the Altay-Sayan fold area (Russia): Ni-Coarsenic (Ni-Co-As), Co-sulfoarsenic (Co-As), and CuCo-sulfoarsenic-sulfosolts
(Cu-Co-As).
Typical
examples of Co-As deposits in the Altay-Sayan province
are Vladimirovskoe (NE Altay), Karakul, Karaoug (SE
Altay), and the cobalt skarn mineralization in the KhovuAksy deposit (Tuva). The ore bodies are sulfide–
sulfarsenide zones or veins with cobaltite, glaucodot,
Co–Ni arsenopyrite, pyrrhotite, pyrite, chalcopyrite
(principal minerals), as well as loellingite, bornite,
galena, sphalerite and other sulfides. They are usually
localized at exocontacts of gabbro–granite, gabbro-

Tretiakova et al. (2009) have shown that hydrothermal
cobalt mineralization is spatially and temporally related
to mafic and alkali-mafic intrusions and can be
subdivided into four stages: (i) Early Devonian (D1), (ii)
Late Devonian-Early Carboniferous (D3-C1), (iii)
Permo-Triassic, (iv) Jurassic Cretaceous.
The Early-Devonian stage (D1) is represented by NiCo-As mineralization of the Minusa Depression: the
carbonate-arsenic veins of the Abakan ore cluster (dated
at 416-413 Ma by the Ar-Ar sericite dating) and the
Berikul deposit where it is associated with the Early
Devonian dolerite dikes. In this region the age of the
mafic and alkali-mafic rocks ranges from 400.9 ± 6.8 to
406 ± 2.2 Ma (Vrublevskii et al. 2003). Similar ages
(412-403 Ma) were determined with the Ar-Ar method
on sericite from carbonate-arsenic veins in metasomatic
rocks of the large Khovu-Aksy deposit (Tuva). This
period is characterized by the widespread occurrence of
mafic (sills and dikes of dolerite and gabbro) and
granitoid (dikes and stocks of granosyenite; 416 Ma, UPb zircon dating by SHRIMP) intrusions in Tuva.
The Late Devonian – Early Carboniferous stage (D3C1) of cobalt mineralization is recognized in different
regions of the western part of Altay-Sayan province. The
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geochronological data show that this stage includes: (i)
Co-As deposits of the Yustid ore cluster (Karakul,
Karaouk and Chaganburgazy deposits) with ages of
349.8 ± 3.9 Ma (Ar-Ar muscovite dating); (ii) Cu-Co-As
mineralization of the Khovu-Aksy deposit with an age of
383.7 ± 4.7 Ma (Ar-Ar sericite dating); (iii) the Kharagul
deposit in the Abakan ore cluster with an age of 379.9 ±
3.8 Ma (Ar-Ar sericite dating).
In other regions (Tien Shan, Eastern Kazakhstan,
Morocco) there is also a Mesozoic stage, which has not
previously been identified in the Altay-Sayan province.
The similar Ni-Co-As ore at Bou-Azzer deposit
(Morocco) has a Late Carboniferous age (306-308 Ma),
while the age of Ag-Ni-Co mineralization in the western
part of deposit is 215 Ma (U-Pb, Ar-Ar and Sm-Nd
methods) (Levresse et al. 2004; Oberthur et al. 2009;
Essaraj et al. 2005). Mesozoic age was also ascertained
for the Aktepe deposit in the Tien Shan. The age of
uraninite from veins with Ni-Co-Bi-Ag-U mineralization
is 278 ± 7 Ma (U-Pb method, Kabo et al. 1992) while the
syn-ore sericites have Ar-Ar ages ranging from 285.4 ±
3.9 to 271.8 ± 2.8 Ma.
Mesozoic ages for the Altay-Sayan cobalt-bearing
province are clearly defined by geological and
geochronological data. In this province two age stages
are recognized – Permo-Triassic and JurassicCretaceous.
The Permo-Triassic mineralization occurs in the
Southeastern part of Altai, Eastern Tuva and
Northwestern Mongolia. It formed during two main
periods: 258-250 and 242-240 Ma. The Ni-Co-Bi-Ag-U
mineralization in the South Chuya Ridge (SE Altai,
Russia) formed during the first period. The Askhatingol
Ni-Co-As deposit in Yustyd depression (SE Altai,
Russia) and the Baytayginskoe deposit in Western Tuva
were formed during the second period. In these deposits
cobalt mineralization is usually associated with dike
complexes of dolerites (255.2 ± 3.4 Ma, Ar-Ar),
lamprophyres (250.8 ± 4.5 Ma, U-Pb SHRIMP) and
stocks of granites and granosyenites (241.5 - 238 ± 2.5
Ma, U-Pb SHRIMP).

gersdorffite veins of the Mogenburen Cu-Co-As deposit
are considered to have formed at 175.3 ± 2.0 Ma from an
Ar-Ar age of sericite associated with the mineralization
(Fig.1). In the Ulatay Choz ore cluster the cobalt-bearing
mineralization is associated with alkali-mafic rocks and
carbonatites of Cretaceous age (117.2 ± 1.3 Ma, Ar-Ar
sericite dating), as well as with dolerite and lamprophyre
dykes and granosyenite intrusions.

3 Geochemical evidence for the
relationships with magmatism
The close time correlation between hydrothermal Co
mineralization and mafic magmatism agrees well with
our data on He isotopic composition of ore-stage fluid
inclusions from quartz and calcite of the Ni–Co–As and
silver–nickel–cobalt arsenide deposits (3He/4 He): Bou
Azzer, 6.16–1.75; Tamdrost, 7.07; Aktepe, 4.65–2.84,
which show a high percentage of mantle He in
hydrothermal fluids (10 to 50.5%). The high Hg content
of Co ores (Hg-silver, silver amalgams, Hg-sphalerite,
Hg-gold, potarite PdHg) also suggests that ore originated
from a mantle source. The same applies to the high Pt
and Pd content of ores (up to 1.65 ppm).
We also use Pb and Sr isotopes to improve our
understanding of the relationship between Co
mineralization and magmatism. For the Khovu-Aksy
cluster, we determined the Pb isotopic composition of
galena from carbonate–arsenide veins at the KhovuAksy deposit and Pb-containing sulfosalt–sulfarsenide
ores at the Uzun-Oi deposit. Additionally, we
determined the Pb isotopic composition of Early
Devonian dolerites from the the Torgalyg complex (D3–
C1), which may be genetically related to Co deposits, and
of Lower Devonian siltstones. The Pb isotopic
compositions of galena from carbonate–arsenide veins of
the Khovu-Aksy deposit plot between the Pb isotopic
fiels of dolerite and Lower Devonian siltstones,
corrected for time-integrated decay at 400 Ma (i.e., the
age of the mineralization) (Fig. 2). The Pb isotopic
signature of the sulfosalt–sulfarsenide mineralization of
the Uzun-Oi deposit plots between the Pb isotope
compositional fields of dolerite and siltstones corrected
for time-integrated decay at 350 Ma (i.e., the age of the
mineralization). Therefore, results of the Pb isotope
study suggest that lead of the Mesozoic cobalt ores
originated from mixed sources, which comprised both
mafic magmatic rocks and associated fluids coeval with
the mineralization and Devonian host terrigenous rocks
and black shales.
Similar conclusions can be drawn based on the Sr
isotopic composition of barite and fluorite associated
with the Co deposits. The 87Sr/86Sr values of barite and
fluorite vary over quite a wide range (0.7035-0.7140). It
is significant that the least radiogenic Sr isotopic
compositions (i.e., closest to the magmatic end-member)
occur in barite and fluorite from Co occurrences of the
South Chuya area (0.7035–0.7065) and barite from the
Khovu-Aksy (0.7042–0.7057) and Vladimirovskoe
(0.7051–0.7072) deposits, which are the deposits
showing the most pronounced relationship to mafic and
alkaline mafic magmatism. In contrast, the 87Sr/86Sr
values increase to 0.7069-0.7140 in barites and fluorites
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Figure 1. Ar-Ar age spectrum of sericite from Mogenburen
Cu-Co-As deposit.

The
youngest
hydrothermal
cobalt-bearing
occurrences are associated with the Jurassic-Cretaceous
stage. Mineralization formed at this stage is localized
within the Jurassic conglomerates of the Karginsky
graben (SW Tuva, NW Mongolia). The tennantite-
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from deposits located within carbonate (Askhatin-Gol)
or terrigenous rocks.
The high PGM content of the ores is important
evidence that the Co mineralization is related to mafic
magmatism. High Pt (up to 1 ppm), Pd (up to 1.65 ppm),
and Rh (up to 0.014 ppm) contents have been measured
in ores of different types of Co deposits.

Borisenko AS, Lebedev VI, Tyulkin VG (1984) Forming
conditions of hydrothermal cobalt deposits. Nauka,
Novosibirsk 172 p
Essarraj S, Boiron MC, Cathelineau M, Banks DA, Benharref M
(2005) Penetration of surface-evaporated brines into the
Proterozoic basement and deposition of Co and Ag at Bou
Azzer (Morocco): Evidence from fluid inclusions. J African
Earth Sci 41:25–39
Goverdovsky VA (2004) Geodynamic position of MiddlePaleozoic series of Altay. Russ Geol Geophys 45:212-221
Kabo AE, Kovalenker VA, Rusinov VL (1992) Aktepe ore field –
new point of silver-arsenic mineralization. Geol Ore Deposit
34:67-81
Lebedev VI (1998) Ore-magmatic systems of cobalt-arsenic
deposits. SB RAS, Novosibirsk 256 p
Levresse G, Cheilletz A, Gasquet D, Reisberg L, Deloule E, Marty
B, Kyser K (2004) Osmium, sulphur and helium isotopic
results from the giant Neoproterozoic epithermal Imiter silver
deposit, Morocco: evidence for a mantle source. Chem Geol
207:59–79
Oberthür T, Melcher F, Henjes-Kunst F, Gerdes A, Stein H,
Zimmerman A, El Ghorfi M (2009). Hercynian age of the
cobalt–nickel–arsenide–(gold) ores, Bou Azzer, Anti-Atlas,
Morocco: Re–Os, Sm–Nd, and U–Pb age determinations. Econ
Geol 104:1065–1079
Tretiakova IG, Borisenko AS, Naumov EA, Lebedev VI (2009)
The hydrothermal cobalt deposits of the Altay-Sayan fold area
(Russia): age and relationships with magmatism. In: Williams
P et al. (eds) Proceedings of the 10th Biennial SGA Meeting,
Townsville pp 297-299
Vrublevskii VV, Gertner IF, Polyakov GV, Izokh AE,
Krupchatnikov VI, Travin AV and Voitenko NN (2004) Ar–Ar
isotopic age of lamproite dikes of the Chuya complex, Gorny
Altai. Doklady Earth Sci 399A:1252–1255

Figure 2. Pb isotopic composition of the rocks and ores of
Khovu-Aksy deposit: 1 - Co mineralization; 2 - Ag–Pb–Zn,
Pb–Zn; 3 - Sb–Hg; 4 - change in the isotopic composition of
rock Pb with radiogenic accumulation; 5 - mixed isotopic
composition.

4 Conclusions
Hydrothermal cobalt deposits of South Siberia occur in
three main provinces: Central Asia (Altay-Sayan), Tien
Shan and Ural. As a rule, different types of cobalt
mineralization localized in the same ore cluster and
occurrences are zoned, commonly in the sequence:
arsenic Æ sulphosaltsÆ Pb-Zn (Co-bearing) Æ barite.
Geological, isotopic, and geochronological data acquired
for different Co-bearing ore clusters (Abakan, KhovuAksy, Yustyd, Aktepe, and others) highlight a multistage
evolution of magmatism and mineralization and establish
a time correlation of Co mineralization with mafic,
alkaline mafic, and granitoid complexes. Such spatialtime connections are recognized also in cobalt-bearing
provinces in the Tien Shan (Aktepe deposit: Kabo et al.
1992), Morocco (Bou Azzer deposit: Oberthur et al.
2007), and Canada (Cobalt deposit: Andrews et al.
1986). Isotopic (Pb, Sr) and geochemical data suggest
that ores originated both from temporally associated
igneous rocks and fluids (Ni, Co, As from mafic rocks;
Hg, Sb from alkaline mafic rocks; Bi, W, Sn from
granites) and host metasedimentary rocks (Ni, Co, Pb,
Sr, and other elements).
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The 40Ar/39Ar age of the Libertade Sn deposit, Rondônia
tin province, Brazil
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Abstract. The Liberdade Sn-deposit is formed by a Snlode type hydrothermal system in a brittle-ductile shear
zone enclosed in the rapakivi granite of the Alto
Candeias Intrusive Suite (ACIS). The ore is associated
with greisen and quartz veins/veinlets of variable
40
39
thickness. The
Ar/ Ar method was applied to
muscovite from the greisen and yielded a plateau age
of 1308 ± 5 Ma, interpreted as the age of cooling of the
ore-hydrothermal system (closure temperature of
muscovite is about 350 ± 50 ºC). However, because the
age of the ACIS lies between 1346 and1338 Ma and
40
39
the Ar/ Ar age of the Sn Liberdade mineralization is
1308 ± 5 Ma, we suggest that the mineralization is
rather related to intrusion of the Saint-Laurenço
Caripunas Intrusive Suite (age between 1309 and 1346
Ma). The ore-hydrothermal system was strongly
controlled by shear zones, which may have formed
during
forceful
magma
intrusion.
Additional
geochronological (U-Pb and Sm-Nd), stable isotopes
(O, S, H) and fluid inclusions data are foreseen in the
frame of the current project and will bring further
information about the metallogenesis of the Liberdade
Sn-deposit.
Keywords. 40Ar-39Ar
Rondônia Tin Province

age,

Liberdade

2008 the Liberdade mine was paralyzed. Currently, the
METALMIG Company opened again exploratory
activities with new pits. The following study focuses
on the geology and 40Ar/39Ar methodology applied to
the hydrothermal system of the Liberdade Sn deposit.

Sn-deposit,

1 Introduction
The Rondônia Tin Province (RTP) is located on the
southwestern border of the Amazonian Craton and
hosts about seven rapakivi granite suites emplaced
during successive magmatic episodes between 1606
and 974 Ma (Priem et al. 1966, 1971; Isotta et al. 1978;
Bettencourt et al. 1999). However, the most important
Sn, W, Nb, Ta, F, topaz and beryl ore are related to at
least three magmatic episodes occurred between ca
1314 and 974 Ma and represented by regional units
known as the São Lourenço-Caripunas Intrusive Suite
(1314-1309 Ma), the Santa Clara Intrusive Suite (10821074 Ma), and the Young Granites of Rondônia (995991 Ma; Bettencourt et al. 1999; Priem et al. 1971).
These magmatic systems hosted primary mineralization
of greisen-type, topaz-quartz vein, stockworks/veinlets,
breccias and pegmatites bodies (Kloosterman 1968;
Bettencourt et al. 2005; Souza 2003).
The Liberdade Sn deposit, located in the Campo Novo
district in the southwest part of the RTP, was
discovered in 2005 and has produced about 15 tons/ore
(Fig. 1). However, due to the global economic crisis of

Figure 1. Deposit Tin Mine Liberdade: a) the Paulo Amanso
hole; b) the digs big hole.

2 Geology
The Liberdade Sn deposit is characterized by a Sn-lode
type hydrothermal system (Fig. 2), associated with a
NE-SW brittle-ductile shear zone enclosed in the
rapakivi granite of the Alto Candeias Intrusive Suite
(ACIS). The ore is associated with greisen and quartz
veins/veinlets of variable thickness. The cassiterite
crystals occur disseminate or form zoned euhedral
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crystal aggregates (Fig. 3). The greisen is coarse- to
medium-grained and consists of quartz, muscovite,
fluorite, arsenopyrite, pyrite, ilmenite, cassiterite,
monazite, zircon, allanite, thorite and xenotime.

Figure 2. The main mineralized quartz vein with cassiterite,
embedded in ACIS granite.
Figure 4. Spectrum of Ar-Ar ages obtained in muscovite
from greisens of the Liberdade tin deposit

4. Discussion and conclusions
According to Bettencourt et al. (1999), the Sn-deposits
associated with the ACIS (1346 – 1338 Ma) might be
related to intrusion of the Younger Granites of
Rondônia (995 – 974 Ma). However, the 40Ar/39Ar age
of the Liberdade Sn-deposit greisen (1308 ± 5 Ma)
allows us to discard a relationship between
mineralization and the Younger Granites of Rondônia
and suggests the following hypothesis: the Sn-ore is
associated with the São Laurenço–Caripunas Intrusive
Suite (1309 – 1346 Ma, Bettencourt et al. 1999), which
hosts polymetallic ore and would be intrusive in the
ACIS. The ore-hydrothermal system was strongly
controlled by shear zones, which may have formed
during forceful magma intrusion. Additional
geochronological (U-Pb and Sm-Nd), stable isotopes
(O, S, H) and fluid inclusions data are being collected
in the frame of the current project and will bring further
information about the genesis of metallogenic process
in the Liberdade Sn-deposit.

Figure 3. Massive aggregate of cassiterite.

3

40

Ar/39Ar geochronology

The 40Ar/39Ar geochronological investigation was
carried out at the Queen's University, Department of
the Geological Sciences & Geological Engineering,
with neutron irradiation carried out at the McMaster
Nuclear Reactor (Hamilton, Ontario, Canada). The
40
Ar/39Ar method was applied to muscovite from the
greisen system and yielded a plateau age of 1308 ± 5
Ma (99% of 39Ar released), regarded as the age of
cooling of the hydrothermal system responsible for Sn
ore to about 350 ± 50ºC (corresponding to the
muscovite closure temperature, Fig. 4).
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Chronology of mid-Cenozoic magmatism and
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Abstract. New field mapping, geochemical, and
40
39
combined
U-Th/Pb-He,
Ar/ Ar,
and
Rb-Sr
geochronological studies provide insights into the timing
and evolution of silicic magmatism and mineralization in
the central N-S trending Bolaños graben, in the southern
sector of the world's premier epithermal Ag province of
the Sierra Madre Occidental, Mexico. The ~10 Ma
volcanic pile consists of Oligocene (29-28 Ma, zircon UPb) rhyolitic ignimbrites interbedded with resedimented
pyroclastics, followed by a pulse of bimodal magmatism
including crystal-poor rhyolitic ignimbrites (e.g., Alacrán
40
39
ignimbrite, 23.1 ± 0.5 Ma, Ar/ Ar) and domes (~24-22
40
39
Ma,
Ar/ Ar), and basaltic lavas. Capping this
succession is the non-welded Chimal Tuff (18.4 Ma,
40
39
Ar/ Ar) followed by a ~200 m thick volcanic-derived
sedimentary sequence. Epithermal mineralization postdates dome emplacement, which is confirmed by a Rb/Sr
illite age of 20.57 ± 0.5 Ma from the related phyllic
alteration. Ore veins occur mostly along E-W and NNE
faults that are cut by the N-S graben bounding faults,
which were responsible for exposing mineralization rather
than controlling it. A U-Th/He zircon age of 15.4 ± 0.9 Ma
from a host ignimbrite unit dated at 26.2 ± 0.24 Ma
(zircon U/Pb) records post-volcanic exhumation of the
succession due to the graben-forming extensional
faulting.

1 Introduction
The Sierra Madre Occidental (SMO) of western Mexico
is the youngest and most continuous Silicic Large
Volcanic Province in the world (SLIP, Bryan 2007) and
hosts the world’s largest epithermal silver province. The
spatial-temporal distribution of epithermal deposits
(mostly low and/or intermediate sulfidation) is
intimately related to the SMO igneous activity (Staude
and Barton 2001; Camprubí and Albinson 2007;
Camprubí 2009). The SMO volcanic province is part of
a larger Cretaceous-Cenozoic volcano-plutonic belt
related to the subduction of the extinct Farallon plate
beneath the North America plate, and to the long
extensional tectonics that culminated with the opening
of the Gulf of California (Ferrari et al. 2007).
The SMO consists of a ~1 km thick sequence of
mainly rhyolitic ignimbrites with minor rhyolitic domes
and basaltic-andesitic lavas emplaced between ~38 and
~18 Ma. However, in the southern SMO, silicic volcanic
activity was concentrated in two main pulses of
ignimbrite “flare up” in the Oligocene (~31.5-28 Ma)
and Early Miocene (~23.5-20 Ma) (Ferrari et al. 2002).
The geographic and age distribution of epithermal
deposits in Mexico mimics the evolution of SMO
magmatism. Mineralization also occurred in pulses that

Keywords. Sierra Madre Occidental, silicic magmatism,
epithermal mineralization, illite.
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ignimbrite unit host to the Zuloaga vein dated at 26.2 ±
0.24 Ma (U/Pb zircon).
Illite characterization included mineralogical studies
using X-ray diffraction (XRD) and optical microscopy.
The XRD analyses were carried out on a X-Ray
diffractometer equipped with parallel beam geometry
and CuKa radiation, operated at 40 kV and 40 mA at a
scanning rate of 1°2q/min. The samples were prepared
for separation of the clay fraction by gently crushing the
rocks to sand size, followed by disaggregation in
distilled water using an ultrasonic bath.

can be related to the SMO ignimbrite pulses, with the
majority of epithermal deposits formed during the
Oligocene (Camprubí et al. 2003; Camprubí and
Albinson 2007; Camprubí 2009).

2 Chronology of volcanic units and
epithermal mineralization
In the southern SMO, a volcanic pile broadly coeval with
extension is exposed along the 140 km long, N-S
trending Bolaños graben walls, hosting polymetallic
intermediate- and low-sulfidation epithermal deposits
(San Martín de Bolaños [SMB], and Bolaños [BOL]).
The excellent exposure of the volcanic pile in the area,
plus the existence of well-developed epithermal
mineralization,
allows
a
three-dimensional
characterization of the volcanic architecture and its
relationship with graben structures and mineralization,
making this locality a good area to assess the timing of
magmatism and mineralization.
The exposed volcanic pile in the central part of the
Bolaños graben spans at least ~10 Ma (Fig. 1). The
lower part of the succession yielded Oligocene (29-28
Ma) U-Pb zircon ages, and is dominated by rhyolitic
ignimbrites interbedded with resedimented pyroclastics.
The upper part of the succession is bimodal, formed by
dominantly crystal-poor (<5% crystals) rhyolitic
ignimbrites and domes, and basaltic lavas. Included in
the upper part are the Alacrán Ignimbrite (23.1 ± 0.5 Ma,
40
Ar/39Ar) and rhyolitic domes (~24-22 Ma, 40Ar/39Ar)
emplaced along the N-S trending faults of the Bolaños
graben. These rocks are characteristic in being generally
undersaturated in Zr, having low zircon yields, and
contain high proportions of antecrystic zircons
(clustering at ~29 Ma, Bryan et al. 2008; Fig. 1). This
Early Miocene succession is interbedded with basaltic
lava flows, with the younger ones typically containing
olivine phenocrysts. At the top of the erupted pile is the
non-welded Chimal Tuff (18.4 Ma; 40Ar/39Ar), followed
by a ~200 m sedimentary sequence deposited inside the
graben.
Zircon inheritance was assessed by a "double dating"
approach, in which zircon ages and chemistry are used
mainly as probes of the age and composition of crustal
sources involved in silicic magma generation, and
40
Ar/39Ar ages are considered as eruptive/emplacement
ages for the igneous units (see Bryan et al. 2008). The
inherited zircon populations are characteristic in having
very high U+HREE contents, particularly for the
rhyolitic domes and the Realito, Carboneras, and Alacrán
ignimbrites (Fig. 1). The domes and particularly the
Alacrán Ignimbrite contain virtually or close to 100%
inherited antecrystic zircons, and U contents as high as
1.1 wt. % for the Alacrán Ignimbrite (out of scale in Fig.
1).
Constraints on the timing of mineralization are given
by an Rb/Sr illite age of 20.57 ± 0.5 Ma for the
mineralization at SMB, which we obtained from the
phyllic alteration related to mineralization, and confirms
a fission track date of gangue fluorite (20.8 ± 1.07 Ma,
Scheubel et al. 1988). Post-mineralization exhumation
of the volcanic host succession is probably recorded by
our U-Th/He zircon age of 15.4 ± 0.9 Ma from an

Figure 1. U-Pb age vs. U concentration diagram, and table
showing the chronology of events. Symbols in the graph
represent zircon ages. Four rhyolitic ignimbrites at San Martín
de Bolaños are grouped in the diagram (light blue squares).
Lines showing 40Ar/39Ar, Rb/Sr, and U-Th/He ages are given
for comparison. Volcanic units in the table are listed in
stratigraphical order, with the oldest at the bottom. Note the
difference between U-Pb and 40Ar/39Ar ages for ignimbrites
and domes (tabulated data), highlighting the presence of
inherited zircons. The high U character shown in the graph
corresponds to older zircons (inherited) listed in the table. Key:
SMB=San Martín de Bolaños; BOL=Bolaños.

Different clay size fractions (<2μm, <1 μm, and 2-1
μm) were obtained by centrifugation based on Stoke’s
Law, and the decanted suspensions were placed on a
glass slide. Following XRD analyses of air-dried
samples, the oriented clay-aggregate mounts were placed
in an ethylene–glycol atmosphere at 30–40°C overnight
prior to additional XRD analyses. Illite crystallinity (IC)
is defined as the "full width at half maximum” of the
basal 10Å XRD illite peak (Frey 1987; Arkai 2002)
expressed in º∆2θ values. Accordingly, the
hydrothermally-formed,
K-bearing,
phyllosilicate
minerals analyzed here to build the Rb-Sr isochron (Fig.
2) are illite with IC (in º∆2θ ) results for <2 μm air dried
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as in the Alacrán Ignimbrites and associated domes) and
the complete inherited population indicates that there
were crystallization events during the time of
mineralization.

samples as follows: AR186 = 1.1, AR108 = 1.6, AR160
= 1.3, AR165 = 0.56.
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Figure 2. Rb–Sr isochron diagram (87Rb/86Sr vs 87Sr/ 86Sr)
from the <0.2 μm size fraction for illite sampled in the phyllic
alteration related to mineralization.
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3 Discussion and conclusions
The main N-S Bolaños graben faults have been
considered as conduits for the Alacrán ignimbrite and
mineralizing fluids, and that mineralization was closely
associated with rhyolitic domes (Aguirre-Díaz and
Labarthe-Hernández 2003). Our fieldwork and age data
shows that mineralization post-dates dome emplacement
and that ore veins are located mostly along E-W normal
faults at San Martin de Bolaños, and NNE-SSW faults at
Bolaños. Such faults are cut by the N-S graben faults,
which have exposed mineralization rather than
controlled it. This is also confirmed by the mid-Miocene
exhumation age that we obtained.
Very poor crystal contents (<5%) of rhyolitic domes
and a number of ignimbrites, combined with low zircon
yields, high antecrystic zircon content, undersaturation
in Zr, and Zr dissolution modelling indicate rapid
magma generation and eruption for the ignimbrites and
domes, with magma residence times <30,000 yrs (see
Bryan et al. 2008).
A key conclusion from our data is that the Early
Miocene rhyolites are the result of remelting of highly
differentiated granitic rocks ± mush formed during the
SMO magmatic phases that occurred immediately
before. This shows that the magmas involved in the oreforming hydrothermal system, immediately before the
mineralization event, were particularly different than
older and post-mineralization igneous events, and this
may have special metallogenetic implications. The
highly differentiated U-rich crust, the source for silicic
magmas, and the mode of emplacement of the latter,
may have generated fertile, ore-bearing magmas. By
looking at Figure 1, it is notable that the inherited zircon
content (high U contents) increases in the volcanic units
emplaced just prior to the mineralization event
(registered by our 20.5 Ma Rb/Sr age), which postdates
the rhyolitic domes and Alacrán Ignimbrite, and predates the Chimal Tuff. Interestingly, inherited zircons in
the Chimal Tuff with age equivalent to the
mineralization event have high U contents (not as high
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Re-Os and U-Pb geochronology of large Xintianling
skarn-type scheelite deposit, Nanling Range, China
Rongqing Zhang, Jianjun Lu, Jinchu Zhu, Rucheng Wang, Jun Chen
State Key Laboratory for Mineral Deposits Research (Nanjing University), School of Earth Sciences and Engineering,
Nanjing University, Nanjing 210093, China
Jianfeng Gao
Department of Earth Sciences, University of Hong Kong, Hong Kong SAR, China
Abstract. The Xintianling deposit, located in the Hunan
Province, Nanling Range, is one of the largest skarn-type
scheelite deposits in China. It is spatially associated with
a granite pluton, which was emplaced in two stages,
based on geological investigations and geochronological
results. The first stage consists of a fine- to mediumgrained biotite granite which yielded a 165.0 ± 3.1 Ma UPb zircon age by SHRIMP. The second stage consists of
a fine-grained biotite granite which yielded a 154.5 ± 0.5
Ma U-Pb zircon age by LA-ICPMS. The two granites
have similar accessory mineral assemblages possibly
indicating a similar magmatic source. Molybdenites
187
187
associated with the skarn ore stage yield a
Re- Os
isochron age of 161.8 ± 2.2 Ma, which is
contemporaneous
within
uncertainty
with
the
emplacement of the older stage granite. The Xintianling
deposit is a typical example of the Jurassic W-Sn oreforming event between 160 and 150 Ma in the Nanling
Range of the South China Block.

related to the first and second stage granites, whereas
the Pb-Zn mineralization being related to the third stage
granite (Mao et al. 1995; Li et al. 2004; Jiang et al.
2006). The important Furong Sn deposit is associated
with a granite of the second of the three magmatic
pulses that formed the Qitianling batholith (Zhu et al.
2009). The Xintianling granite is also a multistage
composite pluton and it is, therefore, important to
determine which stage of the Xintianling granite pluton
the scheelite mineralization is related to.
In this paper we focus on the geochronology of the
Xintianling granite and of the associated skarn-type
scheelite deposit by high-precision isotopic methods.

Keywords. Re-Os dating, U-Pb dating, skarn scheelite
deposit, Xintianling, Hunan Province

1

Introduction

China holds the largest resources of tungsten in the
world, with 65.5% tungsten reserves and 85.2%
tungsten production according to USGS (2011). The two
main tungsten mineralization types in China are quartzvein-type wolframite and skarn-type scheelite. Up to
2010, the scheelite reserves represented 70.4% of the
total tungsten reserves in China. The Hunan Province is
a world famous district hosting many large to giant WSn deposits, such as the Xintianling W deposit, the
Shizhuyuan W-Sn-Mo-Bi deposit, the Jinchuantang SnBi deposit, the Huangshaping Pb-Zn-W-Mo deposit, the
Furong Sn deposit, the Yaogangxian W deposit, the
Xianghualing Sn deposit, the Xianghuapu W deposit,
the Hehuaping Sn-W-Pb-Zn deposit and the Baiyunxian
W deposit (Fig. 1).
Molybdenite Re-Os dating as well as SHRIMP and
LA-ICPMS zircon U-Pb dating methods have been used
extensively to constrain mineralization ages of
hydrothermal ore deposits and emplacement ages of
granitoids (Selby et al. 2002; Peng et al. 2008; Li et al.
2004; Zhu et al. 2009). Many multi-stage composite
plutons crop out in the southern Hunan Province, such
as the Qianlishan stock, the Laiziling stock and the
Qitianling batholith. The W-Sn deposits are generally
related to a specific stage of felsic magmatism. For
example, the Qianlishan granitic stock was emplaced in
three stages, with the W-Sn-Mo-Bi mineralization being

Figure 1. Regional geological map of Southern Hunan.
Legend: 1, Sinian-Cambrian slate and meta-sandstone; 2,
Devonian to Trassic limestone and shale; 3, Upper Triassic to
Tertiary sandstone and siltstone; 4, Indosinian granite; 5,
Yanshanian granite; 6, Yanshanian granite porphyry; 7, Fault;
8, Ore deposit.

2

Geological settings

The Xintianling scheelite deposit is located to the
northeast of the Qitianling batholith, in the city of
Chenzhou, Hunan Province, South China. The
geographical coordinates of the ore district are
112°54′22″-112°57′11″ E, 25°38′45″-25°41′15″ N. The
total resource of the deposits, which has been explored
since 1957, is 0.33 Mt of WO3 with an average grade of
0.37%.
The exposed lithologies in this area are dominantly
Carboniferous limestone, dolomitic limestone, dolomite,
sandstone and shale. The Lower Carboniferous consists
of the Yanguan Stage, Shidengzi Member, Ceshui
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LA-ICPMS U-Pb methods respectively. Analyses were
carried out in the Chinese Academy of Geological
Sciences in Beijing according to the methods established
by Black et al. (2003) and Hou et al. (2009).
Molybdenite Re-Os isotopic work on the ten samples
was carried out in the Re-Os laboratory at the National
Research Centre of Geoanalysis in Beijing. The detailed
analytical methods were described in Du et al. (2001 and
2004) and Qu and Du (2003). The decay constant of
187
Re of 1.666×10−11 y-1 used in this study has an
absolute uncertainty of ±0.017 (Smoliar et al. 1996).

Member, and Zimenqiao Member. The Yanguan stage
consists of a >80 m thick dolomitic limestone in the
lower part and 30 m thick sandstone and shale in the
upper part. The Ceshui Member consists of sandstone
(150-220 m) and shale (30-90 m). The Zimenqiao
Member is mainly composed of dolomite. Upper and
Middle Carboniferous dolomitic limestone of the Hutian
Group (250-280 m) crop out to the east of the deposit.
Impure limestone of the Shidengzi Member (200-300 m)
hosts the major skarn ore bodies.
The granitic rocks occurring in the ore district include
mainly fine- to medium-grained biotite granite, which
yielded biotite K-Ar ages between 142.6 and 149.4 Ma
(Bi et al. 1988), fine-grained biotite granite, and dikes of
granite-porphyry, quartz-porphyry and aplite crosscutting the granite. Ore bodies are located in the contact
zone between the fine- to medium-grained biotite granite
and the Shidengzi limestone (Yin et al. 1994). A Rb-Sr
isochron of fluid inclusions using crush-leach method in
quartz from scheelite-quartz veins yielded a 157.4 ± 3.2
Ma age (Cai et al. 2008) and the 40Ar-39Ar plateau age
for zinnwaldite from the skarn is 157.1 ± 0.2 Ma (Mao et
al. 2006).
Ore minerals in this deposit are mainly scheelite,
molybdenite and bismuthinite, with minor amounts of
pyrite, galena, marmatite, cassiterite, chessylite,
pyrrhotite and limonite. The gangue minerals in the ores
are predominantly garnet, diopside, quartz and calcite,
with trace amounts of idocrase, wollastonite, feldspar,
sericite, chlorite, tremolite, actinolite, epidote,
tourmaline and fluorite. The ore displays disseminated
and massive textures.

3

4

Results

4.1 Zircon U-Pb ages
Twelve magmatic zircons from sample QT85 were
analyzed. The results indicate that U concentrations are
highly variable, ranging from 678 to 6656 μg/g. Thorium
contents range from 371 to 2953 μg/g, and the Th/U
ratios vary between 0.33 and 1.04. U-Pb isotopic results
give a single and concordant group with a weighted
mean 206Pb/238U age of 165.0 ± 3.1 Ma and a mean
square weighted deviation (MSWD) of 1.4.
Thirty-two magmatic zircons from sample XTL09
were analyzed. Thirty-one of these zircons have high U
(314-2214 μg/g) and Th concentrations (109-1531 μg/g),
with Th/U ratios between 0.30 and 1.16. Only one zircon
has low Th (57 μg/g) and U (79 μg/g) contents with a
Th/U ratio of 0.72. Nine analyses of zircons were
rejected because of their discordant ages. The remaining
23 analyses yielded a weighted mean 206Pb/238U age of
154.5 ± 0.5 Ma with a MSWD of 0.77.

Sampling and analytical methods

4.2 Molybdenite Re-Os ages

One fresh, massive, fine- to medium-grained granite
sample (QT85), composed by quartz (33-34%),
plagioclase (34-35%), orthoclase (25-26%) and minor
biotite (3%), was collected from the Hongxin
mineralized section for zircon separation. The main
accessory minerals are fluorite, samarskite, pyrophanite,
apatite, rutile, magnetite, zircon, monazite, xenotime,
galena, pyrite, wolframite, scheelite, uraninite and U-rich
thorite. Zircons are commonly achromatic, euhedral,
elongated and range between 120 and 250 μm in length
with an average length to width ratio of 1:3.
Another sample (XTL09) of fresh, massive, finegrained granite, consisting of quartz (34-35%),
plagioclase (32-34%), orthoclase (29-31%) and minor
biotite (2%), was collected from the Aobei section for
zircon separation. Main accessory minerals are fluorite,
samarskite, pyrophanite, rutile, ilmenite, apatite,
magnetite, zircon, monazite, galena, scheelite and U-rich
thorite. Zircons in this granite are achromatic, euhedral,
elongated to granular with sizes between 50 and 130 μm
and length to width ratios of 1:1 to 1:3.
Ten samples of molybdenite were separated from the
W-bearing garnet skarn and quartz vein of the Xiufeng
mineralized section. The molybdenites are disseminated,
dot-like and granophyric and predominantly coexist with
garnet, quartz, scheelite and pyrite.
The zircons separated from the two granite samples
(QT85 and XTL09) were analysed with SHRIMP and

Total Re and 187Os concentrations of ten molybdenite
samples vary from 43.969 to 110.001 μg/g and from
75.53 to 185.8 μg/g respectively. All samples have a
relative narrow range of Re-Os model ages varying from
160.5 ± 2.2 to 163.8 ± 2.4 Ma, with a weighted mean age
of 162.0 Ma, showing excellent reproducibility. A nearly
zero intercept confirms that all the 187Os in the
molybdenite is radiogenic and that the molybdenite
contains no measurable common Os. This indicates that
the model age for the molybdenite samples is reliable.
The samples yield a well-constrained 187Re-187Os
isochron, which corresponds to an age of 161.8 ± 2.2 Ma
(MSWD=1.12). These two ages are interpreted as the
age of molybdenite crystallization during the formation
of the Xintianling skarn-type scheelite deposit.

5

Conclusions

In this work we report the first high-precision ages of the
multistage Xintianling granites and of the associated
skarn-type scheelite deposit. The first-stage fine- to
medium-grained biotite granite was emplaced at 165.0 ±
3.1 Ma. The second-stage fine-grained biotite granite
was emplaced at 154.5 ± 0.5 Ma. Both granites have
similar accessory mineral assemblages, possibly
indicating a similar magmatic source. Molybdenites
yield a 187Re-187Os isochron age of 161.8 ± 2.2 Ma,
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which is indistinguishable within error from the granite
age of 165.0 ± 3.1 Ma. This suggests that the scheelite
mineralization formed contemporaneously with, or
shortly after, the intrusion of the first-stage granite. The
Xintianling W deposit is a typical example of a Jurassic
W-Sn ore event formed between 160 and 150 Ma in the
Nanling Range of the South China Block.

IIA, IIIA, IVA, and IVB iron meteorites. Science 271:10991102
USGS (2011) US Geological Survey Mineral commodity
summaries. Tungsten, pp 176-177
Yin SS, Wang CL (1994) Xintianling scheelite deposit in
Chenzhou country. Hunan Geol 13:205-211 (in Chinese with
English abstract)
Zhu JC, Wang RC, Zhang PH, Xie CF, Zhang WL, Zhao KD, Xie
L, Yang C, Che XD, Yu AP, Wang LB (2009) Zircon U-Pb
geochronological framework of Qitianling granite batholith,
middle part of Nanling Range, South China. Science in China
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Assessing the longevity of porphyry Cu-Mo deposits:
examples from the Chilean Andes
Fernando Barra
Departamento de Geología y Centro de Excelencia en Geotermia de los Andes (FONDAP-CEGA). Universidad de Chile,
Santiago (Chile)
Abstract. Recent geochronological work for the Toki
cluster in the Chuquicamata district, Chile indicates that
molybdenite mineralization occurred within a very short
period of time, probably within 2 Ma and synchronously
at ~38 Ma. Mineralization preceded the emplacement of
the Chuquicamata deposit (35-31 Ma) and indicates that
porphyry mineralization occurred episodically over a
period of several Ma in the Chuquicamata district.
Geochronological data for the Escondida district shows
that Escondida Norte was emplaced first at 37-38 Ma,
followed by Escondida (36-35 Ma). Zaldivar appears to
have formed over a larger time span (37-35 Ma). At the
Collahuasi district (Quebrada Blanca, Rosario, Ujina)
combined
analytical
techniques
indicate
that
emplacement of these deposits occurred at 37-35 Ma,
within a time span of 2 to 3 Ma. Late Miocene – Early
Pliocene porphyry copper deposits are represented by
the large Los Pelambres (12-10 Ma), El Pachón (~8 Ma),
San Felipe – Pimentón (12-10 Ma), Rio Blanco – Los
Bronces (9-5 Ma) and El Teniente (5-4 Ma). Most
porphyry Cu-Mo deposits formed within several short
pulses of mineralization over time spans of 2-4 Ma Within
a porphyry district deposits can form at the same time or
episodically within a period of 2-5 Ma.

subject to Pb loss and in some cases zircons can have an
inherited component. The 40Ar/39Ar system is a strong
tool to determine the thermal history of a mineral, but it
can also be subject to thermal resetting or Ar
inheritance. The Re-Os isotopic system can also be
subject to disturbance, in particular Re loss will result in
older ages. Pb loss or inheritance can be assessed by
Concordia plots and Ar loss or inheritance by means of
step heating diagrams. On the other hand, Re loss
cannot be determined from a single analysis and
replicate analyses or a set of paragenetically similar
molybdenite samples need to be dated in order to assess
their possible disturbance (Barra et al. 2003). Another
way to assess the reliability of a molybdenite date is by
comparison with ages determined using other isotopic
systems (U-Pb, 40Ar/39Ar), although this method is less
reliable due to different closure temperature for different
minerals and dating systems.

Keywords. geochronology, Re-Os molybdenite, porphyry
Cu-Mo deposits, Chile

1 Introduction
The Re-Os isotopic system has proven to be a very
valuable tool in determining the age of molybdenite
mineralization once the suitability of samples has been
established (Barra et al. 2003). The Re-Os isotopic
system coupled with the 40Ar/39Ar and U-Pb techniques
are used to establish the evolution of hydrothermal
systems from crystallization to hydrothermal alteration
and mineralization. The development of single zircon
dating techniques such as SHRIMP, LA-ICPMS and the
more precise CA-ID-TIMS has resulted in a dramatic
increase of U-Pb zircon ages from magmatic system,
including porphyry systems (see Chiaradia and Schütte,
this volume). Although in situ U-Pb dating techniques
provide dates with an associated error relatively large
(>1%) in comparison with the more precise 40Ar/39Ar
ages and Re-Os molybdenite ages, they yield useful
constrains on the age of crystallization of porphyry
systems in those cases where there is evidence of
inheritance and hence conventional U-Pb dating is not
applicable.
It is important to highlight that these three isotopic
systems can be subject to disturbance. For example,
minerals that are suitable for U-Pb dating could be

Figure 1. Metallogenetic belts in the Central Andean
Cordillera (modified from Camus 2003)

2 Longevity of porphyry Cu-Mo system
In the central Andes of Chile five porphyry Cu-Mo belts
have been identified (Fig. 1; e.g., Sillitoe 1988). These
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have been recognized in Chile. The Chuquicamata
district includes the RT, Chuquicamata, the exotic Mina
Sur and the Toki cluster (Toki, Quetena, Genoveva,
Miranda, Opache and the recently discovered Polucktur;
Rivera et al. 2006). Re-Os molybdenite ages indicate that
the Toki cluster occurred within a very short period of
time, probably within 2Ma and synchronously in Toki,
Quetena and Genoveva at ~38 Ma, Opache is slightly
younger at ~37 Ma and Miranda is the youngest at ~36
Ma (Barra et al. in review). The cluster preceded the
emplacement of the Chuquicamata deposit (35-31 Ma).
At the Escondida district three episodes of Mo
mineralization are observed in the main Escondida
deposit, whereas only two have been identified so far in
the Escondida Norte deposit (Romero et al. 2011). The
data indicate that the Escondida porphyry system may
have cooled at a slower rate, because the lifespan of the
larger Escondida deposit is apparently long in
comparison with the Zaldívar and Escondida Norte
deposits. The magmatic-hydrothermal lifespan of the
Zaldívar-Escondida Norte area is regarded to be
approximately 1–2 Ma, as indicated for several major
porphyry deposits (Maksaev et al. 2004; Sillitoe and
Perelló 2005; Campos et al. 2009). In contrast to these
deposits, the larger Escondida porphyry system has a
characteristically protracted history with at least three
pulses of primary mineralization spanning 4–5 Ma
(Romero et al. 2011).
Further north, at the Collahuasi district (Quebrada
Blanca, Rosario, Ujina) available geochronological data
from combined analytical techniques (U-Pb, 40Ar/39Ar
and Re-Os) indicate that these deposits formed at the
same time as deposits from the Toki cluster. Quebrada
Blanca has radiometric ages between ~38 and 37 Ma,
whereas Rosario – Ujina are slightly younger with ages
of 37 – 35 Ma (Maksaev et al. 2009). Emplacement of
these deposits occurred between 35-37 Ma, and within a
time span of 2 to 3 Ma.

belts are parallel to the Pacific margin and their ages
reflect the migration of the magmatic arc since the
Cretaceous.
Although all five belts have productive deposits, the Late
Eocene – Early Oligocene and the Late Miocene –
Pliocene belts contain some of the largest porphyry CuMo deposits in the world.
2.1 The Late Eocene - Early Oligocene belt
The Late Eocene – Early Oligocene belt hosts several
porphyry copper deposits, among which are some of the
most important copper deposits in Chile, such as
Chuquicamata, Escondida and Collahuasi deposits.

2.2 The Late Miocene - Early Pliocene belt
This belt hosts the large El Teniente, Los Pelambres – El
Pachón deposits, and the recently discovered San Felipe
– Pimentón cluster (Toro et al. 2006). The San Felipe –
Pimentón cluster hosts several apparently minor deposits
(e.g., Novicio 14-16 Ma; Vizcachitas 12-10 Ma;
Pimentón ~10 Ma; Amos-Andrés ~10-8 Ma; West Wall
~9.8 Ma; Toro et al. 2006, 2009; Ortuzar et al. 2009).
Within this porphyry belt a general age trend is observed
with older deposits to the north (Los Pelambres 12-10
Ma, Bertens et al. 2006; El Pachón 9.2–8.4 Ma, Bertens
et al. 2006; San Felipe – Pimentón cluster 12–10 Ma,
Toro et al. 2009) and younger to the south (Rio Blanco –
Los Bronces 6.3–4.3 Ma, Deckart et al. 2005; El
Teniente 6.3–4.3 Ma, Maksaev et al. 2005; Cannell et al.
2005).
Figure 2. Geochronology of the Chuquicamata district (from
Barra et al. in review)

3 Conclusions

The tendency of porphyry copper deposits to occur in
clusters has long been recognized in the American
Southwest province (Titley 1982) and several examples

Numerical modeling on fluid circulation, and heat and
mass transfer associated to the emplacement of plutons
at shallow depths indicate that hydrothermal systems are
short-lived events, ranging from tens to a few thousands
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of years. Field studies and the available
geochronological data presented here for several
porphyry Cu-Mo deposits of the central Andes, indicate
that in general single deposits formed by multiple
intrusive events within periods that range between 2 and
4 Ma. Furthermore, within a porphyry district several
deposits can form at the same time (e.g., Toki cluster,
San Felipe – Pimentón cluster) or a gap of a few Ma can
occur before the emplacement of a second porphyry
system (e.g., Escondida district).
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Challenges in dating magmatic-hydrothermal events of
porphyry systems
Massimo Chiaradia, Philip Schütte
Department of Mineralogy, Section of Earth and Environmental Sciences, University of Geneva, Rue des Maraîchers 13,
1205-Geneva, Switzerland
Abstract. Geochronology is a fundamental tool to
construct genetic models for porphyry systems. The
combined use of different geochronometers (most
frequently U-Pb, Re-Os and Ar/Ar) allows us in principle
to pinpoint the timing of the different magmatichydrothermal stages at these deposits. Recent technical
and methodological advances in the above-mentioned
dating tools (especially U-Pb) allow achieving
unprecedented internal precisions, which open new
avenues but also raise new challenges for data
interpretation. In this work we discuss some major
questions that should be addressed when using
combined U-Pb, Re-Os and Ar/Ar tools to date the
magmatic-hydrothermal evolution of porphyry systems.
Keywords. porphyry systems, dating, U-Pb,
Re-Os

40

Ar/Ar methods is good enough to discriminate events at
the x0 ka scale as relevant for the above life spans, there
are some critical technical issues that must be addressed
in order to better understand our ability of
discriminating ages of magmatic and hydrothermal
stages of porphyry systems with the currently available
techniques.
Under this point of view three major questions are to
be addressed: (i) what do U-Pb zircon ages tell us about
the emplacement age of an intrusion, (ii) how
confidently can we compare radiometric ages from
different isotopic systems (i.e., U-Pb, Ar/Ar, Re/Os to
mention the most common ones), and (iii) what is the
effect of repeated intrusions on the interpretation of
combined U-Pb, Re-Os and Ar/Ar age data.

39

Ar/ Ar,

2 Emplacement age of intrusions inferred
from zircon U-Pb dating

1 Introduction
Geochronology is a key factor for the elaboration of
genetic models of ore systems. By outlining temporal
relationships between different deposits at a regional
scale, geochronologic studies may also contribute to the
definition of metallogenic belts, which have been widely
used as a successful exploration concept, e.g.,
throughout the Andes. Dating ore deposits thus
represents a key application to support mineral
exploration activities at the deposit, district, and
regional scale.
A relevant proportion of the world’s Cu and Au
endowment is hosted by porphyry Cu and porphyryrelated ore deposits. These ore deposits represent
complex geologic environments where mineralizing
events are related to evolving magmatic and
hydrothermal systems (e.g., Sillitoe 2010). Uraniumlead zircon dating has been used to assign definite ages,
within a specific analytical uncertainty, to the
emplacement of pre-, syn-, and post-mineral intrusions
at porphyry Cu deposits. These ages, in conjunction
with data generated from other isotopic systems
(notably Ar/Ar and Re-Os), may also be used as a
reference to calibrate the timing of hydrothermal
processes of alteration and mineralization and finally the
lifetime
of
magmatic-hydrothermal
processes
responsible for mineralization.
Thermodynamic constraints on cooling rates of
intrusive bodies emplaced at known depths (Cathles et
al. 1997) indicate a short duration of the hydrothermal
system associated with them (few hundreds of ka at the
very maximum). Data on active and recent geothermal
systems suggest duration of several tens of ka to form
sizeable deposits (Simmons and Brown 2008). Whereas
the current internal precisions of the U-Pb, Re-Os and

Improved analytical procedures in the application of UPb
isotope-dilution
thermal
ionization
mass
spectrometry (ID-TIMS) have increased the precision
and accuracy of individual zircon analyses (e.g.,
Mattinson 2005; Schoene et al. 2009), introducing new
challenges to accurately interpret the temporal evolution
of porphyry systems from such high-resolution datasets.
The crystallization of individual zircons sampled from a
given pluton may now be dated at an internal precision
as high as <0.1% by means of double-double spike U-Pb
ID-TIMS geochronology preceded by chemical abrasion
(CA-ID-TIMS of Mattinson 2005). For silicic plutons,
such analyses often reveal a series of discrete (not
overlapping within error), concordant (or close to
concordant) ages, indicating protracted zircon
crystallization (xeno-, ante-, and auto-crysts) and
incremental pluton assembly over a 104 to 106 years
time range (e.g., Miller et al. 2007); this also refers to
porphyry and porphyry precursor intrusions (e.g.,
Schütte et al. 2010; Fig. 1).
The identification of zircon auto-, ante-, and
xenocrysts is improved if individual zircon grains ages
are supplemented by trace element, Hf isotope data and
textural analyses (Schoene et al. 2010), or if additional
minerals with a lower U-Pb closure temperature (e.g.
titanite) and crystallized from the same evolving magma
are dated at a similar precision (Schaltegger et al. 2009).
Such approaches may also help to identify possible
contributions to the zircon U-Pb age scatter observed in
a given sample as a result of hydrothermal zircon
crystallization (a potential problem in mineralized
systems) rather than of magmatic processes.
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representing a geologically significant emplacement age
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age of a protracted period of zircon crystallization
associated with crustal magmatism. Additionally, due to
the statistical operation of calculating a weighted mean
age, the associated age uncertainty will underestimate
the real length of protracted zircon growth (Fig. 1) and
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Therefore, evaluating single-zircon age distributions
and the respective uncertainties, in addition to the
weighted mean age, may allow drawing more accurate
conclusions with respect to deposit-scale geologic
processes and the life span of porphyry systems.
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The formation/re-equilibration of ore and alteration
minerals at different temperatures in a porphyry system
has led to the widespread use of combined
geochronological tools to date different magmatichydrothermal stages of porphyry systems. The most
commonly used tools are U-Pb in zircon to date the
intrusive events, Re-Os in molybdenite to date the
sulfide mineralization stages, and Ar/Ar to date different
hydrothermal alteration stages according to the differing
closure temperatures of the analysed minerals.
Whereas all these geochronological tools have a high
internal precision (<0.2%), comparison among them
must consider uncertainties in the decay constants,
tracer calibrations, and ages of secondary standards (for
Ar/Ar). This raises the external uncertainty of the Ar/Ar
system to ~2.5% (Kuiper et al. 2008) and that of Re-Os
to 0.5% (e.g., Selby et al. 2007) to perhaps 1%
(Begemann et al. 2001), whereas the external
uncertainty of the U-Pb system may remain as low as
~0.15% when an interlaboratory calibrated doubledouble spike tracer solution is used and because the U
decay constants are those with the highest precision
presently known (Begemann et al. 2001).
In particular the accuracy of Ar/Ar ages relies on the
correct age of the standard used as a neutron fluence
monitor in the reactor. A systematic offset between U-Pb
and Ar/Ar ages from the same magmatic rocks, with no
apparent geological cause for it, has raised the
awareness that either the neutron fluence monitor age is
too young or the decay constant value used is too high
(Min et al. 2000). Therefore, using different standard
ages (or decay constant values) results in different ages
of the sample and may dramatically change
interpretations on the apparent life duration of the
magmatic-hydrothermal system (e.g., Parry et al. 2001).
Alternatively one should apply the largest (~2.5%)
possible external error to Ar/Ar dates when comparing
them with U-Pb and Re-Os dates, resulting in a dramatic
(and unwanted) loss of age resolution for the
hydrothermal stage compared with the magmatic stage.
Intercalibration between the Re-Os and U-Pb systems
seems to be good (Selby et al. 2007) and, therefore,
comparison between dates of these two systems should

CA4
CA2
CA3

CA8

14.2
CA7

Figure 1. A – Example of ID-TIMS single-zircon U-Pb
analyses revealing age scatter (15.30 ± 0.14 to 14.85 ± 0.22
Ma) that may be attributed to protracted zircon crystallization
(and, possibly, Pb loss, although zircons were chemically
abraded; Chaucha porphyry Cu system, Ecuador; Schütte et al.
2010). B – Same sample illustrating high-precision original
measurement (blank error bars) and simulated low-precision
measurement (dark gray errors bars, obtained from multiplying
original errors by four). On statistical grounds, the lowprecision age data suggest the presence of a single age
population (MSWD = 1.17) where a weighted mean age of
15.11 ± 0.10 Ma may be obtained (error range indicated in
light gray). The latter age may misleadingly be interpreted as
“emplacement age” of the intrusion but underestimates the full
time range of zircon crystallization and crustal magmatism. All
errors at 2-sigma level.

Because zircon antecrysts are variably incorporated
from partly crystallized portions of incrementally
constructed plutonic systems at depth this implies that in
most felsic intrusions zircons do not represent a single
age population and, consequently, a weighted mean age
to constrain “intrusion emplacement” becomes
meaningless at the high precision currently achievable
by the CA-ID-TIMS U-Pb technique. However, dating
the same zircons discussed above with a lower precision
than that achievable with state-of-the-art CA-ID-TIMS
and double-double spike tracer solution will produce
larger uncertainties on individual zircon grain ages (up
to >1%), preventing us from resolving different zircon
age populations with confidence. These lower precision
data may suggest the presence of an apparent single age
population (indicated by an MSWD around unity) such
that a statistically significant weighted mean age may be
calculated (Fig. 1). However, considering the above
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4 Effects of repeated intrusive pulses in
porphyry systems
Many recent geochronological studies of porphyry
systems have highlighted that large porphyry systems
are associated with several intrusive pulses, occurring
over a range of a few Ma. These pulses can be identified
by U-Pb dating of zircons, which virtually indicate the
timing of magma crystallization. Eventually related ore
events can be recorded by Re-Os dates of molybdenites.
In contrast, lower closure temperature minerals dated by
the Ar/Ar technique will largely be subject to resetting
under the sustained thermal anomaly caused by the
repeated intrusions and tend to record only the final,
waning stage of the multi-pulse magmatic-hydrothermal
system. If not supported by accurate field studies of
cross-cutting relationships among repeated cycles of
magmatic and hydrothermal events and by accurate UPb dating of the various intrusive events this may lead to
the erroneous interpretation of an “anomalously” long
single magmatic-hydrothermal system.

5 Concluding remarks
Accurate dating of magmatic-hydrothermal events is
of fundamental importance for reconstructing the
genetic evolution of porphyry systems and evaluating
their life duration. Continuous developments and
refinements of the currently most used and reliable
geochronological tools (U-Pb, Re-Os and Ar/Ar) may
potentially lead to new and more realistic models of
porphyry systems while, at the same time, raising new
questions and challenges. Future work needs to
concentrate on the attempt to achieve a reliable
intercalibration of the different isotopic systems used to
date the different stages of the porphyry magmatichydrothermal systems and an improved understanding
of the meaning of U-Pb zircon ages in the context of
protracted crystallization and magmatic recycling
processes. It is also useful to keep in mind that crosscutting relationships observed in field outcrops and drill
cores represent the most robust type of evidence against
which relative geochronologic results may be calibrated
as a first integrity test.
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1.2 Ore geology

Abstract. The Wulasigou Cu deposit is hosted as veins
controlled by NW-directions structure in the Devonian
volcanic-sedimentary basin of the Altay orogenic belt.
The hydrothermal ore-forming process can be divided
into the early, middle and late stage, represented by
pyrite-quartz, polymetallic sulfide-quartz and carbonatequartz veinlets, respectively. The fluid inclusion
geochemistry indicates that the metallogenic fluid system
evolved from CO2-rich, metamorphic to CO2-poor,
meteoric fluids and that a significant CO2-escape must
occur during the evolution. The metal precipitation was
resulted from fluid boiling, CO2-escape and transient
oversaturation. The estimated trapping pressures of
boiling FIs assemblage range from 60 to 220 MPa at the
40
39
depth of 6-8 km. Mica Ar/ Ar geochronology indicates
he orogenic mineralization occurred in Triassic epoch
ranging of about 220 Ma. Based on the above, we
conclude the Wulasigou Cu deposit is likely an example
of orogenic Cu systems formed in collision orogeny; and
a new metallogenic model is proposed to interpret the
formation of the Wulasigou Cu deposit.

According to the mineralogical assemblage and
crosscutting relationships, veining and alteration
processes can be divided into the early quartz-pyrite
(Fig. 2A, 2B and 2G), the middle polymetallic sulfides
(Fig. 2C, 2D, 2E and 2H) and the late carbonate-quartz
(Fig. 2F and 2I), respectively.

Keywords. Wulasigou Cu deposit, CO 2-rich fluid,
orogenic lode deposit, Altay orogenic belt
Figure 1. Geological map of the Abagong ore belt and the
Wulasigou deposits (modified after Geological Team 706 of
the Xinjiang Bureau of Nonferrous Metals 2000)

1 Regional geology and ore geology
1.1 Regional geology

2 Fluid inclusion study

The Wulasigou Cu deposit occurs as veins in the Kelan
Devonian-Carboniferous fore-arc basin (Fig. 1) and is
hosted in the Devonian volcanic-sedimentary strata.
Faults in the Kelan basin are mainly NW-trending
and present as boundaries of different stratigraphic units.
The Keyingong and Hongdun faults divide of the
Silurian and Devonian strata, whilst the Abagong and
Altay faults separate the Kangbutiebao and Altay
formations. The Abagong fault also controls the location
of the Dadonggou, Wulasigou and Qiaxia Pb-Zn
deposits, the Wulasigou Cu deposit, the Sarekuobu Au
deposit and the Tiemurt Pb-Zn-Cu deposit (Fig. 1).

2.1

Petrography and classification

Four compositional types of FIs are observed (Fig. 3).
These are, in decreasing order of abundance, aqueous
(type W), aqueous-carbonic (type C), pure carbonic (type
PC), and solid-bearing (type S) inclusions.
2.2

Microthermometry

The microthermometry results are presented in Table 1
and Figure 4.
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Figure 2. Ore geology of the Wulasigou deposit. AMetamophosed quartz (Q1) in the early stage; B-Quartz veinlet
(Q1) parallel to mylonitic schistosity; C-Massive ore
accompanying with chloritization and epidotization; D-Lensoid
quartz (Q2) in the middle stage; E-polymetallic-quartz vein in
the middle stage; F-Quartz-calcite vein in the late stage; GRecrystalled Quartz (Q1) in the early-stage with undulose
extinction and marginal milling (under crossed polarizers); HQuartz in massive ore accompanying with chloritization and
epidotization under crossed polarizers; I-the late stage quartzcalcite (Q3+Cc) veins under crossed polarizers.

Figure 4᧪Histograms of Th and salinity of FIs

2.3 Laser Raman spectroscopy
Laser Raman spectroscopic detection reveals that the
CO2 phase generally contains variable traces of CH4 and
N2 (Fig. 5A, B and D).

Figure 3᧪Microphotographs of typical FIs. A-the W-type
fluid inclusion in the early stage; B-the C-type fluid inclusion
in the middle stage; C-the C-type fluid inclusion in the middle
stage; D-the S-type fluid inclusion in the middle stage; E-the
S-type fluid inclusion in the middle stage; F-the PC-type fluid
inclusion in the middle stage; G-the C1 and C2-type fluid
inclusions with different ratio of vapor and liquid in the middle
stage; H- boiling fluid inclusion association in the middle
stage.

Figure 5᧪Representative Raman spectra of FIs. A-the C-type
fuid inclusion in the early and middle stage containing main
CO 2; B-the C-type fuid inclusion in the early and middle stage
containing N 2 or/and CH4 , in addition to CO2; C- the C-type
fluid inclusion in middle-stage quartz containing minor H 2O, in
addition to CO2; D- the PC-type fluid inclusion in the middle
stage containing CH4, in addition to CO 2; E- the W-type fluid
inclusion in the middle stage containing rare CO2; F-H 2O
spectrum of W-type fluid inclusion in the late stage

Table 1. Microthermometric data of FIs. Notation: Tm-first ice
melting temperature; Tm,cla -melting of carbonic hydrite; Th,CO2homogenizatio temperature of carbon dioxid; Tm,ice-fina lice
melting temperature; Th-total homogenization temperature

3

40

Ar/39Ar geochronology

One Mica sample from the deposit yield 40Ar-39Ar
isotopic plateau ages ranging from 219.83 ± 2.25 Ma
(MSWD = 14.20); the correlating 39Ar/36Ar-40Ar/36Ar
normal isochrones of 220.74 ± 2.59 Ma (MSWD =
16.39) and initial values of 40Ar/36Ar of 173.0 ± 352.3;
The correlating 36Ar/40Ar-39Ar/40Ar inverse isochrones of
219.56 ± 2.49 Ma (MSWD = 15.08) and initial values of
40
Ar/36Ar of 388.9 ± 187.2. The initial values are greater
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boiling followed by fluid mixing.
(3) The Wulasigou Cu deposit is an orogenic Cu system
formed in the Triassic of about 220 Ma arc-continental
collision setting.

than the modern atmospheric argon (295.5), showing the
existence of excess argon in the sample, which result in
the older plateau ages. However, the normal isochrones
and inverse isochrones can represent the actual ages after
systematic error corrections. This shows that the
orogenic mineralization occurred in Triassic epoch
ranging of about 220 Ma.

4 Discussion
4.1 Fluid boiling and mixing
The coexistence of different type FIs with similar
homogenization temperatures in a small microscopic
domain strongly suggests that the fluid boiled at least in
the middle stage.

Figure 7. Genetic model for the Tiemurt Pb-Zn-Cu deposit
(modified after Chen et al. 2004) (A) The CMF (collisional
orogeny, metallogeny and fluid flow) model showing the
relationships between A-type subduction, ore-hosting
structures, granitoids and porphyries. (B) The P-T-t path for
collisional orogeny showing three-stage geodynamic process
and the P-T conditions for fluid generation, petrogenesis,
metallogenesis. (C) Cartoons illustrating a three-stage
formation process of an ore deposit in D-zone, with figures C1,
C2 and C3 corresponding to those in Figure B, respectively.
Abbreviations: BDL, brittle-ductile transition level; Pf, fluid
pressure; Ps, structural overpressure; Pl, lithostatic pressure;
Pw, hydrostatic pressure; ΔT, change in temperature; ΔPs,
change in structural overpressure.


Figure 6. Plot of temperature vs salinity of FIs, showing fluid
evolution

4.2

Metallogenetic pressure and depth

The trapping pressure of boiling FIA ranges from 80 to
260 MPa, which correlates well with an alternating
overlithostatic-hydrostatic fluid system at the depth of 89.6 km.

4.3
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Metallogenic type

The fluid-system evolved from CO2-rich early-stage,
through boiling and CO2-escape, to CO2-poor late-stage.
Thus the Wulasigou deposit is formed by metamorphic
fluids and genetically as orogenic class, due to the CO2rich, low salinity, mesothermal fluids are well accepted
as metamorphic in origin and diagnostic of orogenic
mineral systems (Groves et al. 1998; Goldfarb et al.
2003; Chen et al. 2007; Pirajno 2009).
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5 Conclusions
(1) TheWulasigou deposit is structurally-controlled. Oreforming process includes early-stage pyrite quartz veins,
middle-stage polymetallic sulfide-quartz veinlets and
late-stage carbonate-quartz veinlets, respectively.
(2) Four types of fluid inclusions are identified at the
Wulasigou Cu deposit, i.e. aqueous, carbonic, carbonicaqueous and solid-bearing FIs. In the middle stage,
coexistence and similar homogenization temperature of
carbonic, aqueous and solid-bearing fluid inclusions
indicate that metal precipitation resulted from fluid
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Chemical elements mobility at Guamanes shear zone in
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along anisotropies on the rocks. The Cambrian
formations Cruz del Eje and Pichanas (basement) show
widthwise this belt lithologies associated with areas with
less effort represented by gneisses, while the areas most
affected by the shear stress are represented by
protomylonites and mylonites. There are also granitic
bodies in the region which shows different degrees of
deformation and aplites. The general arrangement of the
rocks is N-S, with slight strike variations to the NE and
NW. Similarly behavior shows quartz veins.

Abstract. Statistical and mass balance studies were
performed in order to understand how chemicals interacts
with each other and their mobility when are affected by
shear deformation events that resulted in the formation of
quartz veins with base metals sulfides and gold in the
framework of an orogenic ore model.
Keywords. shear zone, element chemical mobility,
basement, metaliferous deposits

1 Introduction

2 Statistical analysis

The aim of this work is to link and understand how the
shear deformation affects the distribution of chemical
elements in the hosted rocks and their influence in ore
mineral deposition. The study area is located in the
Candelaria District, northern province of Córdoba,
Argentina within the mountain of Sierra Grande.
Throughout the Phanerozoic, this region of the
Eastern Sierras Pampeanas has experienced successive
episodes of deformation resulted of the amalgamation of
successive terrain to the western Gondwanan margin.
These events have generated shear zones in the basement
rocks causing a high range of deformation over
preexisting rocks. Different degrees of deformation were
detected in migmatites, gneisses, schist, granites and
aplites. They define in the cataclastic series rocks
(Higgins 1971), from protomylonites to mylonites. In
particular during Achalian orogeny (Devonian –
Carboniferous), consequence of accretion of Chilenia
terrain, a system of quartz veins was generated with base
metal sulfides and gold from 390 to 360 Ma (Skirrow et
al. 2000). These events bring with them the formation of
an intense West-verging homoclinal folding whose
wavelength part from a centimeter to kilometer scale and
the development of tensile and compressive stress. There
are little mining development left in the region of which
the closest and that influence the workplace are: La
Higuerita, Estancia La Laguna, El Patacón, Quebrada de
Cristo y el Torno.
This work focused on the study of shear bands within
the Guamanes shear zone (Martino 2003), whose
arrangement is N-S and was originated in the Ordovician
during Famatinian orogeny (oblique accretion of the
Precordillera terrain) to a depth of about 15 km or more,
and then was upgraded and reactivated during Achalian
orogeny (Devonian) 380 Ma (40Ar/39Ar; Lyons et al.
1997) and thus show features of a brittle-ductile rheology
dissolution and subsequent reprecipitation of minerals

We carried out sampling of these rocks and quartz veins
along a transect of approximately 3 km long, followed by
a geochemical and statistical analysis. The samples were
analyzed in Actlabs Laboratories from Canada, by 48
elements + Au and in order to make a statical
comparison, the rocks were arranged in four lithologic
groups: migmatites and gneisses, protomylonites and
mylonites, aplites and granites and mineralized quartz
veins.
We performed a bivariate correlation study of the
elements that calculates the Pearson correlation
coefficient. This coefficient ranges between -1 and 1
according to the degree of correlation.
1) Gneiss-migmatite group
We defined positive correlations (>0.9 coeficient)
for pairs of: TiO2-V, Ag-Pr, Mo-Ge, Ga-Y, Li-Y, Sm-Eu,
Sm-Yb, Eu-Yb and Yb-Lu; negative correlation (-0,9)
were defined by: Ga-Sm, Ga-Eu, Zr-Sm y Zr-Eu.
2) Protomylonite-mylonite group
Correlations were observed >0.9 for pairs: Na2OSr, P2O5-Y, Au-W, As-W, Th-La, Ga-Zr, La-Ce, Sm-Eu
y Yb-Lu.
3) Granite-aplite group
Some positive correlations > 0.9 are preserved in the
pairs: MgO-FeOT, FeOT-TiO2, FeOT-V, TiO2-V, As-Be,
As-Hg, As-Se, Be-Sb. The negative correlation >-0.9 was
only detected in the La-Ce pair.
4) Quartz veins group
Some positive correlations >0.9 are displayed in
pairs : Al2O3-K2O, K2O-TiO2, K2O, TiO2-W, Pb-Zn, NiCo, Bi-Sn, U-Mn.
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3 Method of the reconstituted mass

and local gneiss. On the other hand, in the region is
detected an increase of Cd, Co, Cu, As and Au.
Particularly Cd and Cu tend to concentrate in the
rocks with greater deformation (protomylonites and
mylonites), although As and Co do not behave the same
way and are concentrated in the quartz veins. The As in
combination with Fe and S form arsenopyrite. It is very
likely that the As had been leached by hydrothermal
action of the rocks of the area, especially from
protomylonites and mylonites which are those with
higher permeability.
As for the impoverished minority elements, they are:
Sr, V, Y, Th, Pb and Zn respect to the regional gneiss.
Locally this pattern is repeated where the Y, Sc, V, and
Pb are depleted in the protomylonites and mylonites
regarding to local gneiss. Only Th and Zn increased. In
the case of granites and aplites, no correlations were
observed very marked. However, it distinguishes that
locally there is an increase in CaO, P2O5 and TiO2 while
decreasing FeOT, Na2O, SiO2 and Al2O3. MgO and K2O
shows variant values.

On the other hand, the method of the reconstituted mass
(MacLean 1990; Mac Lean and Barrett 1993) to
understand the chemical mobility of elements, taking into
account the original rock mass, thereby obtaining real
ratings and not approximate. Considering the
metamorphic rocks of the Cambrian formation Cruz del
Eje and Pichanas as original rock or precursor, and the
rocks that belong to the shear zone/band Guamanes as
modified by hydrothermal alteration, we proceeded to
information processing.
The method of the reconstituted mass, generate a
reconstituted rock form an altered rock using a
normalization factor which depends on the protolith. This
factor must be a stationary element. In this work the sum
of rare elements is taken as the one with relatively
constant value.
The regional gneiss (gneiss that is outside of the study
area and was not relieved in the transect) was selected as
the unaltered rock, while the protomylonites, mylonites,
local schist and gneiss (rocks from the profile of this
work) awards the nature of rock altered by
dynamometamorphism. In the case of granites and aplites
we proceeded to group the materials on the same basis,
considering as unaltered rock the average value of the
regional granites that lie outside the study area, and in the
case of aplites, the regional lithotypes non-surveyed area.

Figure 2. Shows one of the considered groups (local
protomylonite ans mylonite respect to local gneiss) as example
of the analyzed by the reconstitute mass technical

4 Discussion and conclusions
From the correlation data, mass balance and microscopic
study, it appears that for the lithotypes, gneiss,
protomylonites, mylonites and granites, major trace
elements are interpreted as likely to participate in
minerals like feldspar, plagioclase, biotite, muscovite,
garnet, apatite, zircon and minerals form the clay group.
Veins with high values of Cu, Zn, Pb, As and Au, which
in combination with F and S, are attributed to sulfides
and sulfosals found such as pyrite, galena, sphalerite,
chalcopyrite, bornite and arsenopyrite. Also the roof of
the vein and the country rock concentrate the highest
values of As found, according to the site of investigation.
From the viewpoint of the hydrothermal solutions, it
is interpretated that they circulated favored by areas
where the rocks were further deformed and higher
effective permeability (protoymlonites and mylonites)
and thus were affected by chemical exchange and
leaching from the basement rock whereas the gneiss in
dilatants sites acted mainly as host rocks of the solutions
and depositional site.

Figure 1. Schematic drawing where is illustrated in the upper
half, impoverishment and enrichment of elements in the gneiss
and mylonite protomylonites local to the regional gneissic rock
(precursor rock). Bold items are marked with a common
behavior. To the bottom half, the enrichment and
impoverishment of elements between altered rocks.

By comparing different groups each with the data
obtained is resolved that regionally there is a depletion of
major elements in the deformation zone with the
exception of K2O, AL2O3 and FeO respect to regional
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There is no a single model that explain the ore
genesis. This would combine the orogenic model and the
intrusions enriched in gold (Goldfarb et al. 2001; Lang
and Baker 2001). The features that make it similar to the
genetic models proposed are:
Achalian reactivation of the shear band promoted the
movement of fluids through the rocks with higher
permeability. There rocks acted as a possible source of
supply, especially silica, which migrated in solution and
then crystallized with sulphides, oxides and
circumstantially gold in dilatants zones forming veins.
Although at the macroscopic level is not seen a
visible change, chemistry can be used as a tracer to find
the mineralization in association with detailed features,
where gneiss and less preferably protomylonites are the
main lithologic traps. This characteristic is typical in
systems of orogenic belts. They also have increases in
K2O and As to the mineralized sites.
Moreover, during the deformational event the
circulating water could have generated material leaching
from a and b. and granitic rocks and thus also involve
the proposed magmatic imprint Mutti et al. (2007, 2009).
Other features that support a character of
mesothermal orogenic or related to intrusion is data from
studies of fluid inclusions in quartz produced by
González and Mas (1998) giving values of temperatures
between 262ºC and 370ºC. Mutti et al. (2009) quote
values between 225 ºC and 324ºC, with an average of
278.59ºC and Varela (pers. comm. 2010) 220ºC and
310ºC. In this regard Mutti et al. (2009) and Varela (2010
pers. comm. 2010), provide values of salinity in the range
from 7.5 to 12 wt.% NaCl equiv. and 5 to 7 wt.% NaCl
equiv., respectively, which supports the idea of a
magmatic source. However, the CO2 content of the
solutions in Varela (pers. comm. 2010) indicate an initial
magmatic stage and metamorphic fluids in the end.
Furthermore, isotopic analysis of δ18O in the fluid for
the pair quartz – sericite, gives values from 12 to 16.2‰
and δD between -104 a -125‰ for González y Mas
(1998). Mutti et al. (2009) provided δ18O values between
5.0 and 10.06‰, and δD between -61.84 and -126.43‰.
Due to the value of δD, the data do not fall within the
field of magmatic water. According to Skirrow et al.
(2000), this would be an important product of degassing
of magmatic water or meteoric water circulation at depth.
On the other hand, Mutti et al. (2007) provide δ34S
isotope values of sulfide whose average value is in the
range 5.5 to 10‰ (CDT). These values are slightly higher
than the S isotope derived from the magmatic source and
also above the recognized range for Au deposits
associated with intrusions. In the study by Skirrow et al.
(2000), the values presented δ34S isotopes are consistent
with those of Mutti et al. (2007), who conclude that the S
is derived from the metasedimentary rock by leaching.
Consequently it is assumed that there is a mix source
of water where interact magmatic water from Achalian
magmatism and/or metamorphic and meteoric waters that
circulated at depth close to the 5 km and heated and have
been capable of leaching chemicals during Devonian

reactivation of the shear, from host rocks (gneisses,
protomylonites, mylonites and granites) in the region and
trapping at least some of its components in solution in
distant sites to the low permeability rock and at steep
slope sites within diametric folded structures.
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Geology of the Ordovician ooidal ironstones at the
Iberian Range (NE Spain)
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Abstract. Three Ordovician ironstone levels occur in the
Aragonian Branch of the Iberian Range, near the vicinity
of Luesma village. The mineralogy is the same in all of
them and it consists mainly of magnetite, haematites,
goethite, chlorite, quartz and apatite, with rutile,
maghemite, pyrite, zircon and muscovite as accesory
minerals. Whole rock major and trace elements have
been analysed and compared with other similar samples
from other localities. There is a negative correlation
between FeO(t) and SiO2. The content of P2O5 varies
from 0.4 to 3.0 wt.% and it correlates directly with CaO.
HREE are more fractionned than the LREE since apatite
picked up LREE during ore formation homogeneizing
them. From electron probe microanalysis the chlorite that
appears in these levels can be included in the Fe-rich
chamosite type. The three ironstone horizons show
similar mineralogical, textural and geochemical
characteristics. Probably the primary minerals were
goethite, haematite, magnetite and chamosite. During
anchimetamorphism much of the magnetite and
chamosite were recrystallized or formed.

in Alpine chains, such as the Iberian Range, conforming
two parallel, elongated Palaeozoic massifs: the so-called
Aragonian and Castilian Branches. Outcrops of Variscan
rocks occur here in the core of Alpine anticlinorial
structures, often bounded by high-angle reverse faults.
The study area is marked by abundant outcrops of
Palaeozoic rocks comprising a detrital, monotonous
Cambro-Ordovician sequence and an overlying
Devonian sequence showing a highly variable lithology
made up of limestones and shales, which occasionally
are calcareous. The Alpine sequence is composed of
Triassic red beds lying unconformably on the Variscan
basement, and overlain by Jurassic and Cretaceous
limestones that rest with planar unconformity either on
the Triassic red beds or directly on the basement. They
all show a dominant NW-SE tectonic direction.
The studied Ironstones occur in the Aragonian
Branch, in an Ordovician sequence, Llandeilo in age.
Three ironstone horizons have been identified in the
vicinity of Luesma village. The first two levels form part
of the Castillejo Formation, while the third one belongs
to the Fombuena Formation. The Castillejo Formation is
a 250 meters thick sequence that consists of an
alternation between marls, sandstones and quartzites.
The formation is divided in three members named from
base up: Marité, Alpartir and Sierra (Villas, 1983). The
first ore horizon occurs at the bottom of the Marité
member and the second one is located at the bottom of
the Alpartir member. The Fombuena Formation is a 80m
thick alternation between marls and sandstones and the
third ore horizon is at the lower portion of this sequence.

Keywords. geochemistry, Iberian Range, Ironstones,
Ordovician

1 Introduction
Ooidal ironstones are sedimentary rocks with >15% of
iron. Its presence is common in all the Ordovician
deposits of Southwestern Europe, North Africa and
eastern Canada.
According to Young (1989) three major peaks or
ironstone production can be distinguished: the early
Llanvirn, the early Caradoc and the early Ashgill. They
all are related to to eustatic sea-level rise that occurred
during that time.
The aim of this study is to describe the three
ironstone levels that outcrop near Luesma village in the
Aragonian Branch of the Iberian Range and to do a
preliminary study of their geochemistry.

2 Ore geology
2.1 Geological setting
Pre-Mesozoic rocks of Iberia crop out forming several
massifs related to both Variscan (Early Devonian to Late
Carboniferous times) and Cadomian (Late Proterozoic to
Earliest Palaeozoic time) tectonic settings. The larger
one of these is the so-called Iberian Massif. Smaller
massifs occur as variably reworked basement complexes

Figure 1. BSE image of the first ironstone horizon.

Pertinent to our discussion is that Bauluz et al. (1998)
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Samples have also been studied with a JEOL JSM6400 scanning electron microscope (SEM). Mineral
chemistry has been determined by means of a CAMECA
SX-50 instrument at the Universidad de Barcelona.
Operating conditions included accelerating voltage of 20
Kv and bean current between 15 and 20 nA.
Whole rock major and trace, including REE and
other high field strength elements, geochemistry was
performed at Actlabs Laboratories (Canada) using
Lithium Metaborate/Tetraborate Fusion.

proposed an evolutionary trend from diagenesis to lowgrade anchizone for Ordovician terrigenous sedimentary
rocks of the Iberian Range.
2.2 Ironstones
The first level of the three studied is the best preserved.
The original texture and the rounded form of the ooids
can be observed (Fig 1). In the second level ooids are far
less abundant and show deformation evidences. The
third level is by far the worst preserved: the ooids are
deformed and fragmented and the original lamination
has been replaced by chlorite in massive form.
Mineralogically these three levels of ironstones
mainly consist of magnetite, haematite, goethite,
chlorite, quartz and apatite, with maghemite, rutile,
zircon, pyrite and muscovite as accesory minerals.
Although magnetite is only abundant in the first level
(Fig. 2), occurring as isolated subhedral crystals in the
matrix (Calvo 2010).
Haematites and goethite usually occur as a matrix or
cement between the ooids but ocassionally small
elongated crystals up to 200 μm can be found in the core
of the ooids. Martitization processes are also very
frequent along the octahedral faces and crystal surfaces
of magnetite (Calvo 2010).
Chlorite is a minor component in the first level but
constitutes most of the ooids laminae in the second level
where it also can appear alternating with apatite. In the
third level, the ooids are mainly formed by massive
chlorite and some apatite remnants or small zircon
crystals can be found in the cores (Calvo 2010).

3.1 Lithogeochemistry
Samples with a Fe2O3 content of >15% were selected
since that is the minimum content for a sedimentary rock
to be defined as ironstone (Young 1989). Fe2O3 and FeO
content were recalculated to FeO(t) for comparative
purposes.
All the data of the mineralized samples of the three
ironstone horizons have been plotted in a Fe2O3 diagram.
They have also been compared to the ironstone data of
the Prague and Welsh Basins (Mucke et al. 2005) and to
the theoretical points of the different mineral phases
present in the Luesma levels (Fig. 3).

Figure 3. Comparison between ironstones of the Prague Basin
(triangles), Welsh Basin (diamond), Luesma mine (circles) and
the theoretical points (crosses) of magnetite (Mgt), haematite
(Hem), Fe Chlorite (Fe Chl) and quartz (Qz).

An important negative correlation can be seen
between these oxides. Also, there exists a marked
concentration around the Fe-Chlorite composition,
which confirms the important role of these minerals in
the studied formations. Therefore the Mgt/Hem, Qz and
Fe-Chl polygon reflects perfecly the mineralogical
composition of the analyzed samples.
P2O5 content varies from 0.4 to 3.0 wt.% in the three
studied horizons and it correlates directly (r=0.85) with
CaO, as expected taking into account the apatite
occurrence evidenced by microscopic means. Apatite
occurrence is characteristic of the majority of the
Phanerozoic ironstones.
Typically, the HREE are more fractionated than the
LREE resulting in increasing normalized REE contents
with increasing atomic number (Fig. 4). The LREE
portion of the patterns is subparallel, without any
recognizable location-dependent fractionation while
HREE show highly variable normalized values.

Figure 2. BSE image of the first ironstone horizon showing
disruption of the original lamination as a consequence of
magnetite recrystallization.

3 Methodology and results
Whole samples and clay fractions (<20 μm) have been
characterized by X-ray diffraction using a Philips
PW1729 diffractometer with a monochromatic CuKα
radiation and equiped with a X-ray diffraction analysis
program (Martin 2004). Fractions have been separated
by extraction of the supernatant liquid subsequent to
liquid and were analysed in oriented aggregates of airdried samples.
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Figure 4. Normalized REE patterns of ironstones from
Luesma mine.

3.2 Chlorite mineral chemistry
Fe/(Fe+Mg) is directly proportional to Al total or AlIV and
inversely proportional to Si. Si is inversely proportional
to Altotal. For the whole dataset, the number of the
interlayer cations is proportional to the number of the
octahedral vacancies. All the aforementioned tendencies
are the same throughout the Luesma deposit.
The structural formula of the chlorite calculated from
electron probe microanalysis is as follows:
(Fe2+4.21Mg0.53Al1.26)(Si2.75Al1.25)O10(OH)8
According to Mücke (2006) it can be included in the
Fe-Rich chamosite like the ones from Prague and Wales
Basin.

4 Discussion and conclusion
Except for the occurrence of magnetite and maghemite
in the first horizon, ironstones from the Iberian Range
show similar mineralogical and textural characteristics.
According to Mu cke and Farshad (2005) the Luesma
oolitic ironstones belong to the chamosite type and to the
moderately ferruginized chamosite subtype.
Under nearshore shallow conditions, probably the
primary minerals were goethite and haematite. In such a
conditions magnetite, chamosite and apatite were also
formed. Finally, during anchimetamorphism much of the
magnetite and chamosite were formed and/or
recrystallized.
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Mineralization of Sn-Ta-Nb oxides in Ponte Segade
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Abstract. In the Ponte Segade area (Galicia, NW Spain),
which is located in the Central Iberian Zone (Variscan
Orogen), rare-metals mineralizations (Ta-Nb-Sn-Li-BeCs) associated with strongly differentiated granites have
recently been discovered. Three types of mineralization
have been differentiated in this area: cassiterite-rich
quartz veins, pegmatites and albite-rich leucogranites.
The ore-bearing minerals occur as cassiterite, main
oxide, and members of the columbite-tantalite, wodginite
and pyrochlore series. These Ta-Nb minerals appear as
microinclusions in cassiterite or as small idiomorphic
crystals in the quartz veins that cut cassiterite.

an evolved granite-pegmatite system in northwestern
Spain, and the aim of this paper is to describe the
geological features and Sn-Ta-Nb mineralization of this
deposit.

2 Geological Setting
Ponte Segade Deposit is located in the NW of the Iberian
Peninsula (northern Galicia), between Viveiro (Lugo)
and Ortigueira (A Coruña) villages. Geologically, this
area is in the Iberian Massif which presents the
westernmost exposures of the European Variscides in the
southwestern limb of the arc described by this chain in
Western Europe. The belt has been divided into four
zones (Julivert et al., 1972) the inner one being the
“Central Iberian Zone” (CIZ) where Ponte Segade
deposit is located (Fig. 1), near the Cabo Ortegal
Allochthonous Complex. In the CIZ, two main units
were designated the Esquisto-Grauváquico Complex and
the Ollo de Sapo Antiform Unit (OSAU). The latter,
lower Ordovician in age, is composed of augen-gneisses,
porfidic schists, quarzites and slates. These rocks are the
core of an antiform developed during the D3 phase of the
Variscan Orogeny (Matte, 1968). Variscan synkinematic
S type granitoids intrude the OSAU, Ponte Segade
Deposit being related to these intrusions.

Keywords. Tantalum, cassiterite, pegmatite, Galicia,
Variscan Orogeny

1 Introduction
Nowadays, demand for the rare-metals, also known as
high-technology metals, is increasing due to their variety
of uses in new technologies. Among these rare-metals,
tantalum is in high demand owing to its use in capacitors
for wireless technology. Therefore, the study of raremetals deposits all over the world helps to improve the
criteria for their exploration and the current
understanding of rare-metals behaviour in magmatic and
hydrothermal systems.
The presence of rare-metals mineralizations
associated with highly evolved peraluminous granites
and pegmatites is known in the NW of Spain (e.g.:
Parga-Pondal & Lopez de Azcona, 1965; Fuertes-Fuente
& Martin-Izard, 1998; Fuertes-Fuente et al., 2000). This
work focuses on Ponte Segade deposit, a recently
discovered Sn-Ta-Nb mineralization probably related to

3 Ponte Segade Deposit
The Sn-Ta-Nb mineralized area of Ponte Segade
comprises of cassiterite-rich quartz veins, pegmatites
and albite-rich leucogranites that are the result of

Figure 1. Regional geological map showing where the studied area is located in the OSAU. Modified from SITGA & IGME
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synkinematic granites, and as sills or dikes emplaced in
the augen-gneisses of the Ollo de Sapo Formation.
These leucogranites often develop a halo of
tourmalinization at the contact with the augen-gneisses.
They are fine-grained leucocratic granites composed of
quartz, albite, muscovite and K-feldspar that is partially
replaced by albite and, more scarcely, garnet and apatite.
The main accessory minerals are beryl, elbaite, scattered
cassiterite (up to 1cm), Nb-Ta bearing oxides
(columbite-tantalite and wodginite series), arsenopyrite
and phosphates such as montebrasite, eosphorite and
goyazite.

magmatic differentiation from muscovite peraluminous
synkinematic granites widespread in the district. The
ore-bearing minerals occur as cassiterite and members of
the columbite-tantalite, wodginite and pyrochlore series.
3.1 Cassiterite-rich quartz veins
These veins are hosted by all the previously described
lithologies including the Ollo de Sapo Formation. They
have the highest proportion of ore-bearing minerals.
They often form tabular bodies with a very variable
thickness of between a few centimeters and 4 meters and
they occur as boudinage bodies in the augen-gneisses of
the Ollo de Sapo Formation. The veins are mainly
composed of quartz together with cassiterite (up to 4
cm), K-feldspar, muscovite, beryl, Ta-Nb bearing oxides
(columbite-tantalite, wodginite and pyrochlore series)
and, in lower proportions, chalcopyrite, sphalerite,
pyrite, bismuthinite, stannite, native bismuth and
urannite. Two different types of wall-rock alteration in
the vein selvages are developed, tourmalinization where
the augen-gneisses host the veins, and a greissen-like
one composed of quartz and muscovite, together with
cassiterite (up to 2 cm), beryl and arsenopyrite as
accessory minerals, where the veins crosscut the igneous
rocks (leucogranites and pegmatites).

4 Sn-Ta-Nb bearing minerals
The tin, tantalum and niobium minerals are present in
the form of cassiterite and minerals of the columbitetantalite, wodginite and pyrochlore groups. They nearly
always occur as inclusions of variable size (from 5 to
380 μm) inside cassiterite. Also, euhedral crystals
(between 50 and 500 μm) of these minerals along with
quartz fill millimetric veinlets that are in fact, sealing
fractures of the cassiterite. BS-SEM images of these
oxides show crystals with complex zoning patterns (Fig.
2).

3.2 Pegmatites
These are intragranitic bodies hosted by the albite-rich
leucogranites. According to their internal structure,
mineralogy and textural characteristics two groups have
been distinguished: zoned pegmatites and layered aplitepegmatites.
The zoned pegmatites are more abundant and occur
as tabular and lenticular bodies ranging from 1 cm up to
6 m in thickness. They show a poorly-developed
zonation with a border zone made up of comb-textured
crystals of muscovite, quartz and, in minor proportions,
beryl and cassiterite (up to 12 cm). The core zone is
richer in quartz together with K-feldspar, muscovite and,
as accessory minerals, cassiterite, Ta-Nb bearing oxides
(columbite-tantalite, wodginite and pyrochlore series)
beryl, apatite, arsenopyrite and molybdenite. A wall-rock
alteration (greissen-like), mainly composed of
muscovite and quartz, and, occasionally, with beryl and
cassiterite (up to 3 cm) as accessory minerals, is formed
around these bodies.
The layered aplite-pegmatites are scarcer with
thicknesses ranging from 1 to 5 meters. Their main
feature is the banded structure with layers varying
between 1 and 20 cm, the aplitic bands being the
thickest. These bodies are mainly formed by quartz,
albite, muscovite and K-feldspar and, as accessory
minerals, elbaite, montebrasite, apatite, eosphorite, beryl
and cassiterite, with the latter occurring as
submillimeter-size crystals disseminated in the aplitic
bands.

Ftn
Cst

50 μm

Figure 2. Characteristic zonation in a crystal of ferrotantalite
(Ftn) in cassiterite (Cst) from quartz vein. BS-SEM image.

The mineral chemistry of these minerals was
determined from electron microprobe analyses (EPMA)
using a CAMEBAX SX-100 at the Oviedo University.
More than 126 analyses were performed. The results
will be described in this section.
4.1 Cassiterite
EPMA data show high Ta contents (from 1 up to 12 wt%
Ta2O5), allowing us to classify this as tantaliferous
cassiterite. The highest values of tantalum concentration
(mean: 5.2 wt% Ta2O5; 0.5 wt% Nb2O5) occur in crystals
from the cassiterite-rich quartz veins. The lowest values
of Ta concentration are obtained in cassiterite from the
albite-rich leucogranites (mean: 2.2 wt% Ta2O5; 0.4 wt%
Nb2 O5).

3.3 Albite-rich leucogranites
This igneous rock occur in two forms, as a cupola at the
top of less evolved muscovite peraluminous
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4.2 Columbite-tantalite Group - (Fe,Mn)(Ta,Nb)2O6

which occurs in cassiterite-rich quartz veins, pegmatites
and albite-rich leucogranites. The ore-bearing minerals
are
tantaliferous
cassiterite,
ferrotantalite,
manganotantalite, manganocolumbite, ferrotapiolite,
wodginite
end-member,
ferrowodginite,
tantalowodginite and microlite. Both igneous rocks
(albite-rich leucogranites and pegmatites), which would
represent the magmatic or magmatic-hydrothermal
transition stage, and the quartz-vein system, which may
represent the hydrothermal stage, contain the Sn-Ta-Nb
oxides described. Thus, further research in the Ponte
Segade deposit may be helpful to investigate the extent
to which the hydrothermal transport of rare-metals such
as tantalum and niobium contributes to the enrichment
of these types of ore deposit.

From the EPMA data most of these minerals are
ferrotantalite,
with
a
lower
percentage
of
manganotantalite and, scarcer, ferrotapiolite and
manganocolumbite.
The highest tantalum and iron and lowest niobium
and manganese concentrations (mean: 67 wt% Ta2O5;
8.4 wt% FeO; 15.5 wt% Nb2O5; 5.9 wt. % MnO) are in
crystals from the cassiterite-rich quartz veins, whereas
the albite-rich leucogranites have crystals with the
lowest Ta and Fe (mean: 46.5 wt% Ta2O5; 7.7 wt%
FeO), and the highest Nb and Mn values (mean: 33.49
wt% Nb2O5; 8.38 wt% MnO). Titanium and tin are also
present in these minerals, the highest Ti content (mean:
2 wt% TiO2) occurring in crystals from cassiterite-rich
quartz veins. In pegmatites, these minerals have the
highest tin concentrations (mean: 2.4 wt% SnO2).
4.3 Wodginite Group - (Mn,Fe)(Sn,Ta,Ti,Nb)Ta2O8

Mic

EPMA data allow us to classify these minerals as
wodginite
end-member,
ferrowodginite
and
tantalowodginite (listed in order of abundance)
according to the classification of Ercit et al. (1992).
The highest concentration values of tantalum (mean:
70.9 wt% Ta2O5) and the lowest of niobium (mean: 6.39
wt% Nb2O5) are in crystals from the pegmatites,
whereas the albite-rich leucogranites and the cassiteriterich quartz veins have wodginite members with the
lowest Ta values (mean: 58.4 wt% Ta2O5) and the
highest of Nb (mean: 11.9 wt% Nb2O5). Mn and Fe
contents in wodginite series do not show any remarkable
differences between the ore-bearing rocks. With regard
to tin, the wodginite series from albite-rich leucogranites
has the highest content (mean: 13.3 wt% SnO2), while
that from cassiterite-rich quartz veins has the lowest one
(8.81 wt% SnO2). In the case of titanium, the opposite is
true (mean: 1.73 and 2.8 wt% TiO2, respectively).

Ftn

Cst

50 μm

Figure 3. The BS-SEM image shows the replacement of
ferrotantalite (Ftn) by microlite (Mic) in cassiterite (Cst).
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4.4 Pyrochore Group - (Ca,Na)2(Ta,Nb)2O6(O,OH,F)
Only microlite was identified from the EPMA. This
mineral replaces to some extent all the previously
described members of the columbite-tantalite (Fig. 3)
and wodginite series. The highest concentration values
of tantalum (mean: 82.7 wt% Ta2O5) and the lowest of
niobium (mean: 2.1 wt% Nb2O5) are in microlite from
the cassiterite-rich quartz veins, while that from the
pegmatites has the lowest Ta values (mean: 71.9 wt%
Ta2O5) and the highest of niobium (mean: 5.7 wt%
Nb2O5). Ca and Na contents in microlite do not show
significant variations between the ore-bearing rocks.
Fluorine and calcium concentrations in microlite
increase noticeably from the border to the core of the
cassiterite-rich quartz veins (mean: 1.2 to 2.1 wt% F,
respectively), however, low contents of manganese
(mean: 0.1 wt% MnO) were measured in microlites from
greissen-like alteration.
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5 Conclusions
The Ponte Segade deposit is a Sn-Ta-Nb mineralization
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Geochemical classification of placer and lode gold
deposits within the Northern Dome Rock Mountains of
the Quartzsite mining district, Arizona, USA
Christina M. Velasquez, Erik B. Melchiorre
Department of Geological Sciences, California State University San Bernardino, San Bernardino, 92407
Abstract. Gold from the Quartzsite mining district,
Arizona has a range of unique geochemical and mineral
inclusion signatures that readily lend themselves to the
study of placer gold provenance. Geochemical analysis
of placer and lode gold determined that unique
populations have elevated Te, W, Hg, Bi, and
combinations of these elements that serve as a
“fingerprint” to link placer gold to probable lode sources.
Placer gold grains also were observed to contain mineral
inclusions of unusual Te, Bi, Hg, and W minerals that are
also unique to specific lode deposits. Significantly, the
use of geochemistry and inclusions as tracers provide
agreement on potential lode sources for placer gold in
this district.

cemented by caliche, and lying directly above bedrock.

Keywords. Quartzsite, Arizona, placer gold, epithermal
gold, tellurium

1 Introduction

Figure 1. Quartzsite mining district, Arizona (red box).

Geochemical classification of placer gold has been
researched for over 100 years and in many districts (e.g.,
Lindgren 1911; Smith 1941). Later work to develop
tracers to identify the origin of placer gold deposits
utilized lead and strontium isotopes of the placer gold
(e.g., Aleinkoff et al. 1994). Recent research has also
examined the origins of placer gold deposits believed to
come from epithermal deposits (Saunders 2010). Others
have used lead isotope values to examine the genesis of
placer gold and its sources (e.g., Kamenov et al. 2007).
The identification of unique gold alloys formed from
hydrothermal systems has also been employed
(Chapman et al. 2009). Geochemical analysis has been
used in the Yukon to identify several populations of
placer gold and their specific sources within
metamorphogenic veins and intrusion-related veins
(Mortensen 2005).

2 Methods
2.1 Placer gold sampling
Placer gold samples were obtained by gravity separation,
using a Keene Engineering vibrostatic dry washer and a
wet-separation spiral wheel. Dense mineral separates
(black sands) were examined in the laboratory using a
binocular microscope. Magnetic minerals were removed
with use of a magnet. Placer gold and other unusual
minerals were hand-picked from the remaining sample,
and mounted in one-inch epoxy rounds for elemental
analysis.
Samples were examined using a combination of
instruments, including the scanning electron microscope
(SEM) to examine surface textures, energy dispersive xray spectrum analyses (EDS) to identify unknown
minerals and produce semi-quantitative geochemical
data, backscatter electron (BSE) imaging to capture
elemental variation within minerals, and electron
microprobe (probe) for detailed geochemical analysis.

1.1 Quartzsite, Arizona
The Quartzsite Mining District is located between the
Plomosa and Dome Rock Mountains in Arizona, USA,
approximately 20 kilometers east of Blythe, California
and 2 kilometers west of Quartzsite, Arizona (Fig. 1).
Igneous and metamorphic rocks ranging in age from precambrian schist and gneisses, to tertiary and quaternary
volcanics and alluvial deposits (Crowl, 1979, Jones
1915; Wilson 1961; Yates 1985) dominate the geology of
the Quartzsite Mining District. Lode gold occurs in
epithermal quartz- base metal sulfide-gold veins that
often display deep weathering. Lode deposits are hosted
by metamorphic quartz-epidote-schist. Placer gold
typically occurs in alluvial deposits that are well

2.2 Lode gold sampling
Samples of potentially gold-bearing lode deposits were
collected directly from the gold bearing quartz vein or
rich vein material from mine dumps. Lode deposit
samples were crushed to minus-150 mesh using a 4 inch
Sturtevant Jaw Crusher, and a Bico Pulverizer UA53
disk crusher. All samples were fire assayed and
geochemically analyzed by GEOLABS, Canada.
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3 Placer Au geochemistry
Electron backscatter images and element mapping show
that most of the gold has silver-depleted rims and
inclusions of unusual Te-bearing minerals (Fig. 2). EDS
and probe analysis revealed a complex suite of Temineral inclusions within the placer gold, including
HgTe (coloradoite), Bi2Te2S (tetradymite), AuTe2
(calaverite),
Ag3AuTe2
(petzite),
and
Bi2Te3
(tellurobismuthite). Other unique mineral inclusions
include pyrite, amphibole, and an as-of-yet unidentified
W-Te bearing mineral (Fig. 3).

Figure 3. Placer gold grain with inclusions of amphibole
(purple). Yellow channel is Au, red is Fe, and blue is Si.

Figure 2. Placer gold grain maps showing distribution of a)
Te, and inclusions of multiple Te-bearing phases, b) Ag, c) Au.
The brightness intensity for silver concentration is inversecorrelated due to color shade selection during analysis, and
post-processing of color is not possible. d) BSE image.

Figure 4. Detailed map of Oldman Tanque area, Quartzsite
District, AZ. Pink (medium grey) is quartz-epidote schist
bedrock, yellow (light grey) is gold-bearing alluvial deposits.
The three clusters of mine workings are identified by their
distinct Te-Bi geochemistry.

4 Lode Au geochemistry
Lode gold occurs within epithermal veins as native gold,
gold- and gold-silver-tellurides, and as micron-scale
inclusions within and coating sulphide minerals. Unique
mineral assemblages (e.g., petzite, coloradoite,
tellurobismuthite) occur within specific veins, permitting
the “fingerprinting” of potential lode sources of placer
gold. Preliminary ICP-MS work on this gold has also
indicated that elevated levels of the elements in these
unusual minerals (e.g., Hg, Te) are also present in the
gold alloy itself.

5 Discussion
The work to link the specific lode sources of placer gold
in the Quartzsite area is an ongoing part of my Master’s
Thesis. Geochemistry has proven invaluable in making
these connections, such as in the Oldman Tanque area
(Fig. 4). In this area, samples of the whole-rock lode
vein material from the three lode deposits were
determined to be geochemically distinct from each other
as either high Te/high Bi, low Te/high Bi, or low Te/low
Bi (Fig. 4). Analysis of placer gold from this area reveals
a majority of placer gold has elevated Te, low Bi, and
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inclusions of AuTe2 (calaverite) and Ag3AuTe2 (petzite).
This is consistent with an origin from the northern lode
deposit (Fig. 4). About 5-10% of the placer gold
(dependent upon where sampled) has elevated Te and Bi,
as well as inclusions of Bi2Te2S (tetradymite) and Bi2Te3
(tellurobismuthite), suggesting a lode source consistent
with the southwestern lode group (Fig. 4).
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Stichtite, and chromium mineralization within methanerich serpentinizing environments
Amanda Lopez, Erik B. Melchiorre
Department of Geological Sciences, California State University San Bernardino, San Bernardino, 92407, USA
Abstract. Stichtite (Mg6Cr2[(OH) 16|CO3]·H2O) is a rare
purple mineral from the hydrotalcite group. It is
commonly associated with Cr-rich serpentinites found
within ophiolite or greenstone belts and has been long
thought to be a weathering product of oxidizing
chromium ore bodies at shallow depths. Our work has
shown that stichtite is often cut by serpentinite veins,
suggesting stichtite formation is contemporaneous with
serpentinization. The specific serpentinite mineral
observed is low-temperature (50°C to 300°C) lizardite.
Chromium and magnesium numbers from chromites
associated with stichtite indicate formation within an
alpine-type serpentinization environment. Carbon and
hydrogen isotope values of stichtite suggest stichtite
forms in an abiogenic methane-rich environment. In
sum, stichtite appears to form in low-temperature
serpentinizing environments from the interaction of
abiogenic methane with chromite.

the Tunnel Hill and Stichtite Hill localities will hereafter
be referred to as Tasmanian stichtite

Keywords. stichtite, Australia, South Africa, chromium

2.3 Methods

2.2 South Africa
Stichtite from South Africa occurs within the Archean
Barberton greenstone belt (Cairncross and Dixon 1995;
Dann 2000). Stichtite samples were collected from a
road cut, near a turnoff to the New Amianthus Mine
(Kaapsehoop asbestos mine) in Barberton, South Africa.
South African stichtite is mined on a limited basis for
collectors and museums in small specimen mines, but is
mostly discarded from asbestos mines exploiting these
deposits.
Samples from the Barberton locality will hereafter be
referred to as South African stichtite.

Stichtite occurs at 42 documented localities around the
world (midat.org 2011). The two most famous and
productive stichtite localities are located in Tasmania,
Australia, and Barberton, South Africa.

Whole rock samples containing abundant stichtite were
collected from Tasmania and South Africa. Stichtite was
collected from the whole rock samples by crushing the
rock, examining pieces under a binocular microscope,
and hand-picking distinctive purple stichtite fragments to
make pure mineral samples for isotope analysis. Pieces
from the whole rock samples that included stichtite,
serpentinite, and other minerals were selected for EDS,
microprobe, and isotope probe analysis. These samples
were placed into a low-volatile epoxy and finely
polished using 0.2 μm grit. Single probe sections were
made for each sample location, two for Tasmanian
stichtite and two for South African stichtite.
Backscatter images and element maps were created
using the JEOL JXA-8500F microprobe. Carbon and
hydrogen isotope values were measured using both
standard carbonate extraction methods, and with use of
the CAMECA-IMS isotope probe at the University of
Hawaii. Samples analysed for hydrogen isotopes were
preheated to 70°C under vacuum to ensure
measurements represented hydrogen from the OH- group
and not the structural H2O.

2.1 Australia (Tasmania)

3 Results

Stichtite in Tasmania, Australia, occurs within midCambrian serpentinite bodies at both Stichtite Hill and
the Tunnel Hill Quarry (Petterd 1914; Bottrill and
Graham 2006). Samples from Tasmania came from the
Stichtite Hill and Tunnel Hill mining operations on the
western part of the island. Stichtite is commercially
mined at the Stichtite Hill locality for use as decorative
carvings and for ornamental use. Stichtite also occurs at
five lesser localities as accessory minerals (Burrett and
Martin 1989; Bottrill and Graham 2006). Samples from

3.1 Mineralogical examination

1 Introduction
Stichtite (Mg6Cr2[(OH)16|CO3]·H2O) is a purple mineral
from the hydrotalcite group, commonly associated with
Cr-rich serpentinites found within ophiolite or
greenstone belts (e.g., Ashwal and Cairncross 1997).
Stichtite has a hardness of 1.5-2 on the Moh’s hardness
scale and has a greasy, waxy, or pearly lustre. Stichtite
was long thought to be a weathering product of
oxidizing chromium ore bodies (e.g., Ashwal and
Cairncross 1997). Stichtite has economic use as an
ornamental, decorative, and dimension stone, especially
in large blocks of marbled purple stichtite and deep
green serpentinite.

2 Occurrences and methods

Tasmanian stichtite was positively identified based upon
elemental abundances and XRF patterns. South African
“stichtite,” however, was often found in other studies to
be misidentified (Fig. 1). A ternary plot of “stichtite”
samples (e.g., Ashwal and Cairncross 1997) reveals that
some are actually pyroaurite, Mg6Fe2(OH)16·CO3·4H2O,
with all other true stichtites plotting as iron-rich
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stichtites.
Backscatter images show a cross-cutting
relationship between the stichtite and serpentine (Fig. 2).
The fibrous growth habit of stichtite, physical
relationships to other minerals, and lack of
pseudomorphs after stichtite indicates this relationship
does not reflect later alteration. In all samples the
serpentine mineral cross-cutting stichtite was determined
to be lizardite.

Figure 3 Chromium versus magnesium number for chromites
from world stichtite localities, showing that stichtite formation
was in an alpine-type serpentinizing environment. Samples
from Tasmania and South Africa were analysed in this study.
Samples analyses for Mexico and Scotland sourced from
Ashwal and Cairncross (1997). Serpentinte fields after Dick
and Bullen (1984).

3.3 Isotope analysis
Figure 1 Ternary plot of Fe-Al-Cr for the hydrotalcite group
minerals from South Africa identified in the field as “stichtite,”
and “stichtite” from the literature.

Results of carbon and hydrogen stable isotope analyses
of Tasmanian and South African stichtites show values
consistent with formation in an abiogenic, serpentinizing
environment (Fig. 4). The isotope values show that it is
unlikely that the stichtite received C and H from a
source that was in equilibrium with the atmosphere, or a
biological source.

Figure 2 Composite element map of Cr, Si, and Mg, showing
stichtite (purple), chromite (red), and serpentine (light blue).
This sample from Stichtite Hill, Tasmania, clearly shows
serpentine cross-cutting chromite and stichtite.

3.2 Chromite analysis
Figure 4 Stable isotope values for stichtite samples are
consistent with methane from an abiogenic source and not an
atmospheric or biogenic source. Base plot after Whiticar
(1999).

Chromium and magnesium numbers for chromites in the
stichtite-bearing rocks indicate that all of these
serpentinites are alpine-type, placing further constraints
on the conditions of stichtite formation (Fig. 3).

4 Conclusions
Mineral geochemistry, ion microprobe data, crosscutting relationships, and C-H isotope values all suggest
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that stichtite formation is associated with methane rich
Alpine-type serpentinizing environments, and that
stichtite is not a weathering product of chromites within
the oxidation zone. Furthermore, lizardite-dominated
serpentinites indicates that these stichtites formed at
temperatures between 50°C to 300°C (Evans 2010).
Significantly, the carbon and hydrogen values of
stichtite are consistent with formation in this type of
environment. It is likely that stichtite has fairly faithfully
recorded the isotopic signature of methane in ancient
serpentinizing environments from the Archean (South
Africa) and Cambrian (Tasmania). This bears directly
upon the study of early Earth environments, and the
differentiation of biological vs. abiological signals in the
rock record.
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Geochemistry of the Batatal Formation, Gongo Soco,
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Abstract. Here we present reconnaissance geochemical
data from the Batatal Formation, Quadrilátero Ferrífero of
Minas Gerais, Brazil. The Batatal Formation is a pelitic
carbonaceous sequence that grades upward into the
banded iron formation (itabirite) of the Palaeoproterozoic
Cauê Formation. Our data indicate that the Batatal
sediments accumulated some Mo in an Fe-rich basin
under anoxic conditions with intermittent euxinic periods.
Measurements for Mo-isotopic compositions gave heavy
98/95
δ
Mo values (1.27–1.43‰), which are comparable to
those from the 2.5-Ga Mt. McRae Shale, Hamersley
Basin, Western Australia.
Keywords. Batatal Formation, geochemistry, δ
Quadrilátero Ferrífero, Minas Gerais

2 Gongo Soco and sample material
Gongo Soco is a high-grade soft hematite deposit hosted
by itabirite of the Cauê Formation. A location map can
be found in Cabral et al. (2003). The Cauê Formation is
immediately underlain by the Batatal Formation, which
consists mostly of grey sericitic phyllite, with black
carbonaceous phyllite. The carbonaceous phyllite has
variable proportions of chert, dolomite and pelitic
material. Some carbonaceous bands are marked by
rounded pyrite aggregates attaining ~1 cm across, here
referred to as ‘nodular pyrite’. Well-formed pyrite postdates the nodular pyrite. Both the nodular pyrite and the
late pyrite do not cross-cut any planar fabric (bedding
and tectonic foliation). Fine-grained pyrite (<0.1 mm)
occurs with graphite where the latter defines the tectonic
foliation in shear bands. Dolomite varies in grain size
from (1) micrometric crystals along chert laminae to (2)
millimetre-sized pockets that obliterate bedding. In both
cases, dolomite has a characteristically ‘cloudy’
appearance due to submicroscopic inclusions of
carbonaceous matter. This ‘cloudy’ dolomite is locally
replaced by anhedral pyrite of poikilitic fabric. Clear,
inclusion-free dolomite is found in pressure-shadow
domains on porphyroclastic ‘cloudy’ dolomite in shear
zones.
Drill-core samples of pelitic rocks were selected for
geochemical work: (1) whole-rock chemistry at
Acmelabs, Canada; (2) Re–Os ratios at the University of
Alberta, Canada; (3) δ13C (dolomite and carbonaceous
matter) and pyrite δ34S at the Czech Geological Survey,
Prague; (4) Mo-isotopic ratios at the Universität Bern,
Switzerland.

98/95

Mo,

1 Introduction
The Batatal Formation is a pelitic sequence of sericitic
phyllite, locally carbonaceous, that underlies a major
itabirite unit, the Cauê Formation, which hosts the
world-class iron-ore deposits of the Quadrilátero
Ferrífero of Minas Gerais, Brazil. The Batatal Formation
grades upwards into the Cauê Formation (Harder and
Chamberlin 1915; Dorr 1969). The age of the
metamorphosed banded iron formation (itabirite) and
the Batatal Formation is constrained between 2.58 and
2.42 Ga (Hartmann et al. 2006). The 2.58 Ga age comes
from a detrital zircon from the Moeda Formation, a
metasedimentary clastic sequence with Witwatersrandlike metaconglomerate, which is immediately
underneath the Batatal Formation. This age constraint
and the geological scenario suggest that the Batatal
Formation could record a ‘whiff of oxygen’, coeval with
that suggested for the 2.5 Ga Mount McRae Shale,
Hamersley Basin, Western Australia (Anbar et al. 2007),
before the ‘Great Oxidation Event’ (GOE; between 2.45
and 2.22 Ga; e.g., Bekker et al. 2004). However, the
Batatal Formation lacks basic geochemical studies. Here
we present reconnaissance geochemical data, including
some Mo- and Re–Os-isotopic determinations, from the
Batatal Formation at Gongo Soco.

3 Results
Total organic carbon (TOC) and total S contents (n=19)
are in the range 0.2–7.5 wt.% and 0.01–25.9 wt.% (Fig.
1a), respectively, with great variability in total S/TOC
ratios, from 0.01 to ~36. Total Fe/Al ratios (n=19) vary
from 0.3 to ~54, most of which exceed 1.0 (n=13).
Molybdenum abundances are between 3 and 18 μg/g,
with a mean value of 6.4 μg/g (n=19), which is
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correlative units with comparable δ98/95Mo signatures.

compatible with the average Mo content in ca. 2.56–
1.99-Ga black shales (8.8 μg/g, Yudovich and Ketris
1997). There is no correlation between Mo and TOC.
Instead, Mo is correlated with Si (Fig. 1b). Only closely
spaced samples, about 5 cm from each other (n=7), for
Re–Os work (below), hold a positive linear covariation
of Mo vs. TOC (Fig. 1c). There are no correlations for
Mo vs. Th and Mo vs. total S. All samples (n=19) have
high contents of As (14–197 μg/g) compared to the bulk
continental crust (2.5 μg/g As, Rudnick and Gao 2003).
Other metals, such as Bi (<0.1–4 μg/g), Cu (~2–319
μg/g), Sb (~2–159 μg/g) and Hg (~0.01–1.6 μg/g) are
also enriched relative to the bulk continental crust.
Bulk δ13C values for dolomite aggregates fall in the
range between approximately -10 and -2‰ (PDB, n=5),
whereas those for graphitic material are isotopically
lighter, with δ13C values between about -21 and -19‰
(PDB, n=5). Bulk δ34S values for aggregates of nodular
pyrite and late pyrite are clustered around zero,
extending from about -6 to 2‰ (CDT, n=12, Fig. 2).
Analyses for Re–Os ratios were performed in seven
samples (Table 1). Rhenium and Os contents vary from
~11 to 22 ng/g and from 618 to 1479 pg/g, respectively,
with fairly low Re/Os ratios, <200. Considerable scatter
on a Re–Os isochron diagram precludes obtaining a
precise age. Four of the samples analysed for Re–Os
ratios also had Mo isotopes determined (Table 1). Their
Mo-isotopic compositions are remarkably heavy (1.27–
1.43‰ δ98/95 Mo) in relation to continental background
values (~0.2‰ δ98/95Mo, Siebert et al. 2003).

4 Discussion
The Batatal Formation at Gongo Soco shows tectonic
and hydrothermal overprints, as indicated by graphitebearing shear bands and enrichments in As, Bi, Cu, Sb
and Hg associated with coarse-grained pyrite. This
metalliferous enrichment took place before the tectonic
event, which affected pre-existing coarse-grained
aggregates of nodular pyrite and late pyrite. These two
generations of pyrite are regarded as diagenetic. The
restricted range of pyrite δ34S values close to zero could
represent the diagenetic hydrothermal overprint (e.g.,
Partridge et al. 2008).
The diagenetic hydrothermal overprint is likely the
reason for the disturbance in the Re–Os isotopic system.
Assuming that Re mobility during the hydrothermal
overprint is the main source for the scatter on the Re–Os
isochron plot, a maximum of 6% enrichment or
depletion in 187Re would account for the observed
scatter. A similar mobility of Mo would have a minor
influence on the Mo-isotopic composition (not more than
0.2‰).
Locally, significant correlation between Mo and TOC
(Fig. 1c) reflects removal of sea-water Mo in association
with TOC (e.g. Anbar et al. 2007). Our heavy δ98/95Mo
values strikingly differ from average crustal Mo, but
coincide with those reported from the 2.5 Ga Mt. McRae
Shale (Duan et al. 2010). Although the age of the Batatal
Formation cannot be determined by our Re–Os study,
available geochronology indicates that the Batatal
Formation and the Mt. McRae Shale are roughly time-

Figure 1. Variation plots for: (a) total organic carbon (TOC)
vs. total S; (b) Si vs. Mo; (c) TOC vs. Mo for closely spaced
samples (Table 1).
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Table 1. Results of Re–Os- and Mo-isotopic ratios in selected samples from drill core FDGS-211, depth interval: 400.93–401.32
m, Gongo Soco. SE = standard error.

Sample
GSB13

Re
ng/g

± 2s

Os
pg/g

± 2s

1
2
5
7
8
9
10

21.78
17.21
21.54
10.79
11.22
17.11
15.06

0.07
0.05
0.07
0.04
0.04
0.05
0.05

1479
1214
1285
946
618
1061
748

6
5
6
4.0
3.2
5
4.3

187

Re/188Os

± 2s

114.1
111.6
146.9
79.56
167.2
140.9
194.9

0.4
0.4
0.5
0.31
0.6
0.5
0.8

Os/188Os

± 2SE

Mo
μg/g

δ98/95Mo
‰

± 2s

4.786
4.986
6.409
3.561
7.126
6.361
7.862

0.011
0.012
0.015
0.010
0.022
0.017
0.029

6.3
4.4
4.9
3.5
4.2
4.3
5.0

1.43

0.03

1.27
1.38

0.07
0.05

1.42

0.06

187
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Figure 2. Histogram of bulk δ34S values for aggregates of
nodular pyrite and late pyrite, Batatal Formation, Gongo Soco.

Acknowledgements
VALE is gratefully acknowledged for logistical and
financial support. This research was financially
supported from the Strategic Research Grant of the
Czech Geological Survey (MZP0002579801).

174

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Alteration mineral associations in the Newton gold
deposit, British Columbia
Lindsay McClenaghan, Melissa Gregory, Craig JR Hart
Mineral Deposit Research Unit, University of British Columbia, Vancouver, Canada
Mark Rebagliati
Amarc Resources Ltd., Vancouver,Canada

Abstract. The Newton bulk tonnage gold deposit is
characterized by disseminated sulfide minerals hosted
within a hydrothermally altered felsic ash tuff. The host
rocks were intruded by several phases of porphyritic
stocks and dykes. Three alteration assemblages have
been identified using a combination of macroscopic
observations, QEMSCAN and short wavelength infrared
TerraSpec analysis. The mineralized tuff is characterized
by two different alteration assemblages; silica-biotiteillite/sericite and silica-siderite-illite/sericite. The two
assemblages can be distinguished with TerraSpec data
using the shift in the H2O feature of the white mica
spectra between 1905 (siderite-bearing) and 1960nm
(biotite-bearing). These two alteration assemblages may
represent two pulses of Au-mineralizing fluids. The
majority of the intrusive units have a third alteration
assemblage containing kaolinite; these samples host
minimal gold, and show a characteristic AlOH absorption
feature between 2205nm-2210nm. This is in contrast to
the siderite-bearing and biotite-bearing tuffs which display
an AlOH absorption feature between 2199-2205 nm.
Downhole plots indicate that increases in gold grade
correspond with a shift in the AlOH absorption feature to
lower wavelengths.

mafic flows, greywackes and conglomerates,
intermediate to mafic volcaniclastics and felsic ash tuffs
and volcaniclastics which strike approximately to the
east and dip moderately to the southwest. These units
were intruded by small porphyry stocks and dykes of
felsic to intermediate composition. The felsic ash tuff
unit (Fig. 1a and 1b) is the dominant host rock for gold
mineralization, whereas the quartz feldspar porphyry
(QFP) and the greywacke host lower grades over shorter
intervals. Examples of significant gold contents within
the felsic ash tuffs and volcaniclastics unit are 99 m
grading at 2.76 g/t and 69 m grading 1.41 g/t. The felsic
ash tuff unit is commonly laminated with autolithic and
xenolithic fragments. Fragments of monzonite and QFP
occur in the volcaniclastic units and, therefore, indicate
several phases of intrusions and subsequent volcanism.
Uranium-lead dating by Oliver (pers. comm. 2010)
indicates that the felsic ash tuff and QFP are Late
Cretaceous in age.

3 Mineralization and alteration

The Newton bulk tonnage gold deposit is situated on the
Chilcotin Plateau in south-central British Columbia
approximately 110 km southwest of the town of
Williams Lake. Early-stage exploration between 1972
and 2006 targeted porphyry-style copper-gold
mineralization and intersected sub-economic copper
grades. The 2009 drilling program by Amarc Resources
successfully defined a new bulk tonnage style gold
system with local associations of elevated copper (>0.2%
Cu), silver (>10g/t Ag) and zinc (>0.5% Zn). The
mineralization is associated with a series of
hydrothermal alteration assemblages and herein are
differentiated using TerraSpec short wavelength infrared
spectrometry. The different alteration assemblages may
be related to different pulses of mineralizing fluids,
defining these pulses will contribute to an understanding
the genesis of the deposit.

Mineralization at Newton consists of fine-grained
disseminated sulfide minerals in hydrothermally-altered
felsic tuff and, to a lesser extent, monzonite and QFP
intrusions. Drill core logging and preliminary
QEMSCAN results identified two distinct hydrothermal
alteration assemblages in the felsic ash tuff unit, each
with an associated sulfide assemblage and can be
visually distinguished from each other by colour:
1. Silica-biotite-sericite/illite with marcasite (pyrite) +
sphalerite + chalcopyrite (Fig. 1a): develops a distinctive
green/yellow colour due to post-drilling oxidation.
2. Silica-siderite-sericite/illite with pyrite (Fig. 1b):
white in colour.
Both assemblages have minor K-feldspar/adularia.
Silification associated with the second assemblage varies
from moderate to abundant. The silica-biotitesericite/illite assemblage is paragenetically older than the
silica-siderite-sericite/illite assemblage. Both are
associated with the gold mineralization.
Alteration minerals in the monzonite and QFP units
include variable abundances of silica and sericite
commonly accompanied by blue/green clay spots that
replace primary mafic minerals (Fig. 1c).

2 Deposit geology

4 Short Wavelength Infrared Spectrometry

The Newton stratigraphic package is hosted within the
Stikinia terrane which is part of the Intermontane
tectonic belt. The main geological units at Newton are

A set of 203 samples were analysed with the TerraSpec
short wavelength infrared spectrometer (SWIR). This
sample suite consisted of all rock types and alteration
assemblages. TSG Pro software was used to process,

Keywords.
Newton,
short
wavelength
spectrometry, white mica, kaolinite, gold

infrared

1 Location and background
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samples with the blue/green clay minerals (Fig. 1c). The
TerraSpec did not readily detect the biotite and siderite
likely because they are present in abundances of <20%
based on preliminary QEMSCAN data.
The wavelength of the AlOH absorption feature was
plotted versus gold content (Fig. 2). The AlOH plot
shows that the majority of the porphyritic intrusive units
(monzonite and QFP) plot at higher wavelengths
between 2203-2210 nm and lower gold grades in
contrast to the tuff unit which plots between 2199-2205
nm and has a broader range of gold grades. The presence
of kaolinite results in the wavelength of the AlOH
feature moving to higher values (2205 nm-2209 nm),
and this occurs for the majority of the felsic intrusive
samples. The lower wavelength population is consistent
with illite/sericite dominant alteration which occurs in
the majority of felsic tuff samples.

analyse and interpret the spectral data set. The
wavelength features of focus were AlOH (2180-2228
nm), MgOH (2310-2350 nm), OH (and H2O) (13251520 nm), and H2O (1865-2015 nm). The illite
crystallinity (relative magnitude of spectral absorption
features) was also determined (Herrmann et al. 2001).
Various plots were constructed to compare gold, copper,
silver, zinc and arsenic grades with AlOH, MgOH, OH,
H2O and crystallinity.

Figure 2. Au versus AlOH plot showing a clustering of
various lithologies in distinct wavelength ranges. High grade
outliers have been excluded.

The wavelength of the H2O spectral feature also
changes in response to alteration assemblage,
particularly within the felsic tuff. A plot of H2O against
gold shows that the H2O absorption feature for the
green/yellow alteration type in the felsic tuff samples
plot at higher wavelengths between 1928-1960 nm (Fig.
3: area A). This shift to higher wavelengths is most likely
due to the presence of low amounts of biotite which were
identified in preliminary QEMSCAN data. These
samples have a range of low to intermediate gold
contents. The majority of the white tuff samples have an
H2O absorption feature that plots at lower wavelengths
between 1905-1925 nm (Fig. 3: areas B and C). This
shift in wavelength is possibly due to the presence of
carbonate (siderite) which was also identified in
preliminary QEMSCAN data. The felsic intrusive
samples also fall within this wavelength range. Areas B
and C in Figure 3 represent two data clusters in the
sideritic (white) tuff and felsic intrusion population due
to a narrow gap at intermediate gold contents. The data
indicate that there are two possible alteration
associations, one with high grade gold mineralization (C)
and one with low or no gold grade (B). The more
intensely silicified samples and the felsic intrusions plot
in area B with lower gold grades.
Figure 4 shows down hole plots of gold grade, AlOH
absorption feature and illite crystallinity values for drill
hole 9011. These plots show that there is a negative
correlation between AlOH absorption feature and gold

Figure 1 a. Felsic ash tuff unit with flow laminations,
disseminated marcasite and a silica-biotite-sericite/illite
alteration assemblage; 0.73g/t Au b. Felsic ash tuff unit with
silica-siderite-sericite/illite alteration and disseminated pyrite;
0.86g/t Au c. Monzonite unit with green clay spots and
feldspar phenocrysts that have been replaced by sericite;
0.06g/t Au.

5 Results
The SWIR TerraSpec data identified the dominant clay
alteration mineral as white mica in all the felsic ash tuff
and the majority of the felsic intrusive samples.
Kaolinite was also identified as the dominant or second
most abundant clay mineral in many of the intrusive
units. These kaolinite-bearing samples correspond to
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zinc values consistent with sphalerite identified in this
alteration assemblage. There are similar relationships for
silver, arsenic and copper. These trends suggest that gold
mineralization is associated with both biotite and siderite
alteration assemblages/events.

assay values; where AlOH wavelength decreases gold
grade increases. The general trend over the data set for
all drill holes show that the AlOH absorption feature
occurs at wavelengths <2204 nm over zones of higher
average gold concentrations (>0.3g/t). Higher AlOH
values >2204 nm are present at lower average gold
concentrations (<0.3g/t). Illite crystallinity positively
correlates with average gold grade. These trends can be
observed in other drill holes.

Figure 5. Gold and zinc plot, the data have been grouped by
alteration type. Two populations are visible: a linear trend at
low zinc values and scattered data in the shaded area at higher
zinc values. High grade outliers have been excluded.

6 Discussion
Figure 3. Au grade and H 2O plot showing three clusters of
data, A. B. and C. corresponding to the various alteration and
lithology types. High grade outliers have been excluded.

The TerraSpec SWIR data for the Newton samples have
implications for understanding both the alteration
mineral chemistry and the sequence of alteration events
associated with gold mineralization. The varying
aluminium content of white micas may cause shifts in
the AlOH spectral feature (Hermann et al. 2001). The
measured spectral feature range for AlOH at Newton was
from 2194.94-2209.78 nm, this could indicate the
presence of potassic micas and a low abundance of sodic
white micas (Herrmann et al. 2001). The exact mica
mineral compositions and their relative concentrations
will be refined further with X-ray diffraction analysis.
The two different alteration assemblages identified in
the felsic tuff samples, together with the two trends in
the gold versus zinc assay data could indicate two pulses
of gold mineralizing fluid. These pulses may have
resulted in a portion of the gold being linked spatially
and temporally with sphalerite mineralization and the
green biotite-bearing silica-illite/sericite alteration and
the other portion occurring associated with pyrite-rich
siderite-bearing silica-illite/sericite alteration.

Figure 4. Down hole plots of gold content compared with
AlOH spectral feature and illite crystallinity. The topmost plot
is a 2% moving average of gold grade for every sample (at 3 m
intervals) down hole where high grade outliers have been
removed. Felsic Tuff (Ft) Monzonite (Mz) Greywacke (Ep).
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The TerraSpec data identify several alteration
assemblages with different relationships to metal grade.
A plot of gold versus zinc shows two distinct trends (Fig.
5). There is an approximately linear trend at low zinc
values and steadily increasing gold grade. This trend
contains the majority of the samples with sideritic
(white) alteration consistent with the pyrite-dominated
sulfide assemblage. There is a cluster of data identified
by the shaded area (Fig. 5) that contains higher zinc
values uncorrelated with gold. More of the biotitebearing samples are located in the shaded area of higher
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Origin and evolution of fluids associated with the Cerro
Quema Au-Cu deposit (Azuero Peninsula, Panama):
evidence from microthermometry, O, H and S isotopes
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Abstract. The Cerro Quema Au-Cu deposit is located in
the Azuero Peninsula, Panama. Although the geology of
the area is not well known recent studies have only
focused on the economic potential of gold. In the present
work, mineralogical, fluid inclusion and stable isotope
data are presented in order to understand the origin and
evolution of the hydrothermal system of this Au-Cu
deposit.
Secondary fluid inclusions in magmatic quartz
phenocrysts
have
an average
homogenization
temperature (Th) of 205ºC and ice melting temperatures
18
(Tmi) are around -1.2ºC. δ O values of the fluid in
equilibrium with vuggy silica at 250ºC range from +1.5 to
18
+9.1‰. δ O values of the fluid in equilibrium with
34
kaolinite range from -5.70 to 14.07‰. The high δ S
values of alunite (≈+17‰) together with the negative
values of coexisting pyrite and enargite (≈-8‰) are
compatible with a magmatic hydrothermal origin of
alunite. Ore deposition took place from fluids of low
salinity (≈2% wt NaCl eq.) and moderate temperatures
(≈250°C). O and D data of silicates and sulfates suggest
a contribution of surface fluids during hydrothermal
alteration and ore deposition.
Keywords: Cerro Quema,
inclusions, H-O-S isotopes

Au-Cu

deposit,

Panama is a microplate situated in South Central
America and constitutes the youngest segment of the
land bridge between North and South American plates.
During the Late Cretaceous this region was
characterized by the subduction of the Farallon plate
beneath the Caribbean plate. Subsequently arcmagmatism developed on top of the Caribbean plate. The
Cerro Quema deposit is hosted by the fore-arc basin
rocks of this volcanic arc (Corral et al., in press).
The study area is constituted by volcanic and
volcaniclastic sediments interbedded with hemipelagic
limestones, submarine dacite lava domes and by
crosscutting basaltic-andesitic dikes, belonging to the
Río Quema Formation (RQF; Corral et al., in press),
representing a fore-arc infill sequence.
Present work is part of a project that includes the
geology of the area and the mineralogy and
geochemistry of the ore bodies. In this article,
mineralogical, fluid inclusion and stable isotope data from ore and alteration minerals- are presented in order
to understand the origin and evolution of the
hydrothermal system of Cerro Quema Au-Cu deposit.

fluid

2 Methodology

1 Introduction

A mineralogical study of the hydrothermal alteration has
been carried on surface and drill core samples using
optical microscopy, SEM-EDS and XRD. Stable isotope
analyses have been performed at the USGS laboratories
in Denver (USA). In order to determine the sulfur
isotopic composition of sulfates and sulphides, the
samples were combined with V2O5 and combusted in an
elemental analyser. The resulting SO2 flowed directly to
a Thermo Delta mass spectrometer for sulfur isotope
measurement (method of Giesemann et al., 1994).
Silicates were reacted with BrF5 (Clayton and Mayeda,
1963) and the resulting CO2 gas was analyzed using a
FinniganMAT252. Oxygen isotope analyses of alunite
and barite were performed by online high-temperature
carbon reduction. Microthermometric measurements of
fluid inclusions were carried out on a Linkam ThMSG600 heating-freezing stage.

The Cerro Quema Au-Cu deposit is located in the
Azuero Peninsula, SW Panama (Fig. 1). The deposit is
constituted by several mineable bodies named (from East
to West) Cerro Quema, Cerro Idaida, Cerro Quemita and
La Pava. The estimated total resources are 106 metric
tons with an average gold grade of 1.26g/t (Torrey and
Keenan, 1994).

3 Hydrothermal alteration
The Cerro Quema Au-Cu deposit is hosted by dacite lava
domes belonging to the Río Quema Formation. It is a

Figure 1. Location of the Cerro Quema Au-Cu deposit,
adapted from Corral et al., (in press).
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244 to 295ºC.

volcanosedimentary sequence consisting of volcanic and
volcaniclastic sediments interbedded with hemipelagic
limestones, which are intruded by submarine dacite lava
domes and crosscut by basaltic-andesitic dikes (Corral et
al., in press).
The mineral deposit is characterized by the presence
of a widespread hydrothermal alteration which
developed concentric alteration halos in the host rock.
The alteration is clearly fault controlled and follows E-W
trending regional faults (Corral et al., in press).
Results of the mineralogical study show an alteration
pattern composed of three zones:
An inner zone; characterized at the surface by
vuggy silica with hematite, goethite, barite,
pyrite and rutile. At depth it contains quartz,
alunite-natroalunite, aluminium phosphatesulfate minerals (APS), dickite, barite, pyrite,
enargite and rutile. This mineral paragenesis
corresponds to advanced argillic alteration.
- An outer rim; composed of quartz, kaolinite,
illite, smectite and interlayered illite-smectite in
both, surface exposures and at depth,
corresponding to an argillic alteration zone.
- A propylitic zone has only been observed in few
drill core samples, apparently unrelated to the
previous alteration zones. It is characterized by
pyrite, chlorite, epidote, calcite and siderite.
The ore minerals consist of disseminated auriferous
pyrite, enargite and a poorly developed stockwork of
quartz, pyrite, chalcopyrite and barite with traces of
galena and sphalerite. Gold occurs as disseminated
microscopic grains of native gold and as “invisible gold”
within the crystalline structure of pyrite, mainly
associated to the advanced argillic alteration zone
(Corral et al., in press).

5 Fluid inclusion microthermometry
Microthermometric data has been obtained from
secondary fluid inclusions in primary quartz phenocrysts
from the volcanic host rock affected by the advanced
argillic alteration. Due to the small size (mostly less than
5μm) only a few measurements could be made. Fluid
inclusions are biphase (L+V) at room temperature and
have an average homogenization temperature (Th) of
205ºC (n=35; σ= 18ºC) and an average melting ice
temperature (Tmi) of -1.3ºC (n= 27; σ= 1.3ºC).

6 Discussion
Assuming that secondary fluid inclusions in quartz
phenocrysts formed during the ore deposition-alteration
stages, the Th/Tmi data indicate that the hydrothermal
system was dominated by low salinity (up to 5% wt
NaCl eq.) and moderate temperature fluids.
With a mean deposition temperature of 250°C
(pyrite-alunite isotope geothermometry), the δ18O of the
fluid in equilibrium with vuggy silica, calculated from
the equation of Mathsuhisa et al., (1979), ranges from
+1.5 to + 9.1‰ (Fig. 2), suggesting the presence of
originally surface waters in the system during vuggy
quartz precipitation.

4 Stable isotope geochemistry
Stable isotopes ratios have been analyzed on the
characteristic minerals of the hydrothermal alteration
such as quartz, kaolinite, dickite, alunite, barite, pyrite
and enargite. Samples were collected from surface and
drill cores from the main mineralized bodies. The results
are shown in Table 1, Figure 2 and Figure 3.
18

Quartz
Kaolinite
Alunite
Barite

δ O
+10.4 to
+18.0 (n=28)
+14.0 to
+19.2 (n=25)
-1.6 to +9.8
(n=11)
+2.7 to +16.2
(n=7)

δD
–
-30 to -103
(n=27)

Figure 2. Oxygen and hydrogen isotope values (expressed in
‰) from different minerals from the alteration zone and their
calculated waters. PDMW: Present Day Meteoric Water, data
from Caballero (2010). ATMW: Arc-type Magmatic waters
(Giggenbach, 1992; Taylor, 1986). PMW: Primary Magmatic
Waters.

–
–

Table 1. Oxygen and hydrogen isotope data (expressed in ‰)
from different minerals from the alteration zone.

For kaolinite-dickite precipitation we have estimated
different temperatures based on the mineral assamblages
and/or isotopic arguments. Calculations have been
carried out using the equations of Gilg and Sheppard,
(1996) and Sheppard and Gilg, (1996). For a temperature
of 250ºC calculated δD and δ18O of hydrothermal fluids
during dickite formation range from -14 to -28‰ and

Taking into account the coexistence of alunite and pyrite
and assuming S-isotopic equilibrium, the δ34S values of
sulfides and sulfates (Fig. 3) could be used as a
geothermometer with the equation of Ohmoto and Rye
(1979). These isotopic pairs give a temperature between
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data of silicates and sulfates (quartz, kaolinite, alunitenatroalunite and barite) suggest an important
contribution of surface fluids during sulfate precipitation
and hydrothermal alteration.

from 10.6 to 14.0‰ respectively. For a temperature of
200ºC, δD and δ18O of hydrothermal fluids during
kaolinite formation range from -17 to -39‰ and from 9.0
to 13.6‰ respectively. Finally for a temperature of 25ºC,
δD and δ18O range respectively from -24 to -70‰ and
from -5.3 to -9.7‰. Calculated δ18O values suggest an
isotopic exchange of mineralizing fluids with the host
and the enclosing rocks, especially volcaniclastic
sediments and limestones, during kaolinite-dickite
formation.
The high δ34S values of alunite (≈+17‰) together
with the negative values of coexisting pyrite and enargite
are compatible with a magmatic hydrothermal origin of
alunite (Rye et al., 1992). The δ34S values of barite,
similar to alunite (Fig. 3), suggest a related sulfur source.
δ18O of alunite shows a wide range of values (-1.6 to
9.8‰), and fluids in equilibrium with alunite (using the
equation of Stoffregen et al, 1968) at a temperature of
250°C, range from -9.9 to +1.4‰. However, calculated
δ18O of fluids during barite precipitation (using the
equation of Lloyd, 1968; at 250ºC), range from -3.5 to
+5.3‰. These data suggest a mixing in different
proportions between surface and magmatic fluids during
alunite and barite precipitation.
The δ34S values of pyrite and enargite coexisting with
alunite, suggest an isotopic equilibrium between H2S and
SO42- in the fluids. If this is the case, coexisting pyritealunite pairs give an average equilibrium temperatures of
250ºC, which are slightly higher than the Th values
measured from the fluid inclusions. This difference
might be due to the pressure effect on the trapping
temperatures of the fluids during the mineralizing event.
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Figure 3. Sulfur isotope data (expressed in ‰) from different
minerals from the alteration zone.

6 Conclusions
The mineralogy and geochemical data of the Cerro
Quema Au-Cu deposit demonstrate that it formed due to
a high sulfidation hydrothermal system. Mineralization
is related to E-W trending faults that affected dacite lava
domes and andesites of the Rio Quema Formation. Ore
mineralogy is characterized by native gold, pyrite,
chalcopyrite, enargite, and minor amounts of sphalerite
and galena. Hydrothermal alteration is observed as
advanced argillic, argillic, and minor propylitic halos.
Ore deposition took place from fluids of low salinity
(≈2% wt NaCl eq.) and moderate temperatures
(≈250°C). Sulfur isotope data of sulfides and sulfates
indicate a sulfur source of magmatic origin. O and D
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Mineral deposits of the Lut Block, Eastern Iran
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Abstract. The oldest igneous rocks dated within the Lut
block are Middle Jurassic (165-162 Ma) granitoids
associated with Sn mineralization. Based on mineralogy,
-5
low values of magnetic susceptibility [(1 to 50) × 10 SI],
87
86
and high initial
Sr/ Sr = 0.7073-0.709, they are
classified as reduced S-type ilmenite-series granitoids.
The Late Cretaceous (75.2 Ma) Gazu granodiorite is calcalkaline, formed above a subduction zone, and is
associated with Cu porphyry mineralization. A younger
Middle Eocene to Early Oligocene (39-30 Ma.) episode of
magmatism was very important, and diorite, monzonite,
quartz monzonite, and granodiorite stocks of this age are
reported in different part of the Lut Block. Based on
mineralogy, high values of magnetic susceptibility [(400 to
-5
87
86
1600) × 10 SI], and low initial Sr/ Sr < 0.7057, they
are classified as belonging to the magnetite-series of
oxidized I-type granitoids. These originated above a
subduction zone. Different types of mineralization are
associated with Middle Eocene to Early Oligocene
granitoid including IOCG type (Qaleh Zari and Kuh Zar
mines), Cu-Au porphyry (Khopik, Maherabad, Tannurjeh,
Gazu), Au (Chah Shaljami, Arghash, Khonik, Hired). Iron
(Sangan), Pb-Zn (Chah Sorb and Ozbak Kuh). The Lut
block is an important area for future mineral exploration
and exploitation in eastern Iran.

also emplaced at 75.2 Ma (Fig. 1). In Early Paleocene
time Vaghi ignimbrite (61.6 Ma) and Late Paleocene
Junchi ignimbrite (56.7 Ma) were erupted. Granitoid
rocks of Middle to Late Eocene time (43.2-38.2 Ma) are
found at several locations within the Lut Block.
Granitoids younger than 33 Ma are not reported from
the Lut Block, but basalts are common (Karimpour et al.
2011).

Keywords.: Iran, Lut block, Mineralization, Isotopic
composition, magmatism

1 Geology, chronology and petrography
The Lut Block in eastern Iran extends over 900 km in a
north-south direction and is only 200 km wide in an
east-west direction (Fig. 1). It is confined by the
Nayband fault and Shotori Range on the west. The
eastern edge is bordered by the Sistan suture zone and
Nehbandan Fault. The northern termination of Lut
Block is the depression of Kavir-e-Namak and the Great
Kavir Fault. The Makran arc, including the Bazman
volcanic complex and the Jaz-Murian-Depression,
define the southern edge.
Sixty-five percent of the exposed rocks within the
Lut Block are volcanic and plutonic rocks. The
magmatic activity in the Lut block began in the middle
Jurassic 165-162 Ma and reached its peak in the
Tertiary. Volcanic and subvolcanic rocks of Tertiary age
cover over half of Lut block with up to 2000 m
thickness and formed due to subduction prior to the
collision of the Arabian and Asian plates (Camp and
Griffis 1982; Tirrul et al. 1983; Karimpour et al. 2011).
The oldest igneous rocks dated within the Lut block
are Klateh Ahani, Shah Kuh and Sorkh Kuh (165-162
Ma) Middle Jurassic granitoid rocks (Fig. 1). Bajestan
batholith and Bazman granodiorite are dated at 77 and
74.2 Ma (Upper Cretaceous). Gazu granodiorite was

Figure 1. Map showing the location, age and initial 87 Sr/86Sr
of granitoids within the Lut Block. Chah Shaljami
(Arjmandzadeh 2010); Maherabad- Khopik (Malekzadeh 2009;
Najmabad-Klateh Ahani (Moradi et al. 2011); Shah Kuh
(Esmalili et al. 2005); Bazman (Biabangard and Moradian
2008); Gazu (Tarkian et al. 1983); Shourab (Lotfi 1982);
Vaghi-Bajestan- Sorkh Kuh (Jung et al. 1983).

2 Mineralization
Eastern Iran, and particularly the Lut block, has a great
potential for different types of mineralization (Fig. 2)
because it contains extensive outcrops of Tertiary calcalkaline igneous rocks, but it is less explored than the
actively exploited porphyry copper deposits of Iran
(e.g., Sar Cheshmeh, Miduk, and Sungun) occurring in
the Sanandaj-Sirjan Middle to Late Miocene magmatic
belt in southwestern Iran, which is one of the main Cubearing regions in the world (Samani 1998). Sn
mineralization is reported within Klateh Ahani and Shah
Kuh granitoid rocks (Fig. 3). The Gazu granodiorite
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geometry of mineralization associated with both
stockwork and hydrothermal breccias. Paragenesis
involves specularite-quartz-gold-chlorite ± chalcopyrite
± pyrite ± galena ± barite. Specularite is fine grained
and forms 20 to 60% of the veins. In a few localities,
chalcopyrite and minor pyrite and galena are found.
SEM studies reveal that gold is fine grained (<40
microns). Propylitic alteration (Repidolite) covers a
large area. Silicification is found within the fault zones.
Albite-chlorite alteration is identified within the
intrusive. Gold grades are 0.07 – 36 ppm, Ag averages
20 ppm, As and Sb <30 ppm, Cu is mainly <50 ppm but
in some zones is up to 8000 ppm, Pb 50-3000 ppm, and
Zn 70-2500 ppm. Alanite (REE) and high W (450 ppm)
is found at deeper zones. Au(?) ore reserves are more
than 3 million ton at grades of 3.5 ppm (Karimpour and
Mazloumi 1998).

(75.2 Ma) contains Cu porphyry mineralization (Fig. 3).
The Cretaceous ophiolites are exposed in the eastern and
northern part of the Lut Block. Chromite and Cu-Au
massive sulphide mines are associated with the ophiolite
(Fig. 3).
The episode of Middle Eocene to Early Oligocene
(39-30 Ma.) was very important in term of magmatism
and mineralization. Diorite, monzonite, quartz
monzonite, and granodiorite are reported in different
parts of the Lut Block. The Maherabad and Khopik
gold-rich porphyry copper prospect area is located in the
eastern part of Lut block (Fig. 2). This is the first
porphyry Cu-Au prospecting area discovered in eastern
Iran. Based on the results of early stage exploration, Cu
is between 179- 6830 ppm (average 3200 ppm) and Au
is up to 1000 ppb (average 570 ppb). Fifteen
mineralization-related intrusive Upper Eocene rocks
ranging in composition from diorite to monzonite have
been distinguished. Monzonitic porphyries had a major
role in the Cu-Au mineralization (Malekzadeh 2009).
The Chah Shaljami high sulfidation Au prospecting
area is located 190 Km south of Birjand (Fig. 2).
Subvolcanic rocks have quartz monzonite to
granodiorite composition (33.3 Ma, Arjmandzadeh et al.
2010a,b).
The Qaleh-Zari specularite- rich Cu-Au-Ag deposit is
located 180 Km south of Birjand (Fig. 2). Host rocks are
mainly Tertiary andesite and andesitic basalts and some
Jurassic shale and sandstone. Three major sub-parallel
steep quartz veins are identified. The No.1 vein is about
650 m long and the No.3 vein is less than 500 m long.
The No.2 vein is traced for more than 3.5 km
horizontally along strike (N40° W) and more than 350
m down dip. Ore grade is 2 to 9% Cu, Ag 100 to 650
ppm, and Au 0.5 to 35 ppm. Propylitic alteration is
dominant and epidote is very abundant. Argillic
alteration is locally present. Silicification is mainly
found within the vein zone (Karimpour et al. 2005).
The Hired gold prospecting area is located 150 Km
south of Birjand, in eastern Iran (Fig. 2). Stockwork
mineralization is associated within the reduced
granitoids. Distal from the reduced intrusive rock, skarn,
replacement and vein type mineralization was formed.
Main alteration zones are: tourmaline-sericite,
tourmaline-chlorite-carbonate,
quartz-tourmalinesericite and propylitic. Propylitic alteration is dominant
and covers a large area. Tourmaline is mainly found
within the stockwork and nearby. The Au grade is
between 400 to 5600 ppb, As 100-3000 ppm, Sb 30-200
ppm, Pb 70-2000 ppm, Sn 30-850 ppm and Cu 60-800
ppm (Karimpour et al. 2009).
Different types of iron oxide deposits have been
identified along the east-west trending Sangan-Drouneh
Tertiary to Quaternary volcanic and plutonic belt in
northern Iran, including the Kuh-e-Zar specularite Au
deposit, Tannurjeh magnetite Au deposit, Saadat Abad
magnetite Cu-Au deposit, and Sangan magnetite deposit
(>450 Mt).
At Kuh-e-Zar, 75% of the exposed rocks are PaleoceneEocene rhyolite-rhyodacite-and andesite tuff. Quartz
monzonite, granodiorite, monzogranite and syenogranite
plutons and related dykes intrude the volcanic rocks.
Fifteen mineralized faults are identified that control the

Figure 2. Map showing the location of some mines and
prospecting areas within the Lut Block

Taknar magnetite-rich (Cu-Zn-Au-Ag-Pb) massive
sulfide deposit is located in northeast Iran (Fig. 2). It
was formed within the Taknar formation in Precambrian
time and later it was metamorphosed. It lies in the
Taknar Exotic block (15× 45 km). The Taknar formation
consists of slate, chlorite schist, sericite schist, metarhyolite-dacite and meta-diabase. Faulting (Taknar,
Rivash and other) truncated the original ore body. Four
exposed ore bodies are: Tak- I, II, III, IV. At Tak-III,
only stockwork is found and consists of quartz, pyrite,
chalcopyrite, chlorite ± sericite ± calcite ± minor
magnetite. Massive-layering is found only at Tak-I, II,
IV. Tak-I and IV consist of magnetite, chalcopyrite,
pyrite, chlorite, ± sericite ± calcite and minor sphaleritegalena-sulfosalts. Tak-II has more sphalerite and galena.
In both Tak-I and II, the amount of magnetite increases
upward and it reaches up to 80%. Chlorite is the
dominate alteration with minor sericite and calcite.

182

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

References

Taknar is a new type of magnetite-rich Cu-Au-Zn-Ag
massive sulfide deposit (Karimpour and Malekzadeh
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Sangan is a magnetite skarn deposit >450 Mt high
grade Fe, Low P. It is part of the Tertiary volcanicplutonic belt of Khaf - Doruneh. This belt hosts several
types of Iron oxides Au-Cu (IOCG) and Magnetite
deposits. Acid to intermediate calc-alkaline and alkaline
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abundant at Sangan. They formed at different episodes
in the Tertiary. Mineralization is associated within a
specific intrusive rock formed in Oligo-Miocene time.
The host rock at Sangan is Cretaceous carbonate.
Sangan contact skarn contains andradite, F-Cl-K richhastingsite, magnetite and calcite. Two main types of
distal skarn at Sangan are: 1- Ca-type: magnetite,
hedenbergite, ripidolite, Fe-actinolite, calcite pyrite ±
chalcopyrite ± pyrrhotite; 2- Mg-K type: Mg-rich
magnetite (4.5% MgO), phlogopite, dolomite,
clinochlore, tremolite, pyrite ± chalcopyrite ± pyrrhotite
(Karimpour 1994).
Figure 3 is the summery of Lut Block magmatism
and mineralization. In Jurassic time due to continental
collision S-type granitoids were intruded and they have
Sn-mineralization. The Cretaceous time ophiolite has
chromite, massive sulphide and magnesite deposits.
Gazu is a Cu-porphyry formed in Late Cretaceous (Fig.
3). The late Eocene and Oligocene is the most important
period for different types of mineralization (Fig. 3).
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Figure 3. Map showing the type of mineralization that
occurred in the Jurassic, Cretaceous and Tertiary periods.
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Thermo-mercury anomaly and halo-forming mechanism
of Changpo tin deposit, Dachang, Guangxi Province,
China
Xianrong Luo, Meilan Wen
China Institute of Hidden Ore Deposits Prognostication, Guilin University of Technology, Guilin, 541004, P.R. China
Baohong Hou
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Abstract. Study of thermo-mercury and ore halo-forming
mechanism was conducted in Changpo mining area of
Dachang, Guangxi Province, China. Mercury moved
along slip planes of structures. Three levels of mercury
anomalies can be recognized in the deposit from bottom
to top. Mercury concentration shows increasing trends
from stratified ore body in the lower part to vein-type ore
body in the middle level, and then to the veinlets ore body
in the upper part. In horizontal direction, the mercury
anomaly is higher in the central part and lower in the
margin of the stratified ore body; and higher in the margin
and lower in the center of the vein type ore body; as well
as higher at the bottom of the veinlets ore body. This
distribution indicates a dispersion path of mercury. The
transport path and halo formation demonstrates that the
mercury anomalies resulted from the ore-forming
hydrothermal system. Structures and some host rocks
provided favorable sites for the transportation and
conservation of mercury.

are dominantly quartz, potassium feldspar, tourmaline,
sericite and calcite.
The formation of the deposit resulted from a
hydrothermal system associated with a granitic intrusion.
It is also suggested that submarine volcanic activity
initially caused the formation of the stratified ore bodies.

Keywords. tin-polymetallic ore deposit, thermo-mercury,
ore halo-forming mechanism, Dachang

1 Introduction
Dachang tin field, located in central part of Danchi
polymetallic metallogenic belt that is trending N-W in
the northern Guangxi Province, consists of five major
ore fields: Mayang, Mangchang, Dachang, Beixiang and
Furongchang distributed from northwest to southeast
(Fig. 1). The Dachang tin-polymetallic ore field consists
of Changpo, Bali-Longtoushan, Lamo, Chashan and
Maopingchong deposits. Among them, Changpo is the
largest one.
The rocks in the area consist of siliceous rocks of
Liujiang group (D3l), carbonates of Wuzhishan group
(D3w), and Tongchejiang group (D3t). A late Yanshanian
granite stock intrudes at depth.
The major tin-polymetallic ore bodies in Changpo
occur in east limb of an reversed anticline consisting of
upper Devonian. The ore bodies are characterized as
stratified ore bodies (91# and 92#), stockwork vein type
orebodies (79#) and vein type ore bodies (38#) from
lower portion upward. About 80% ore reserves are from
the stratified ore bodies which show a confirm relation
with host rocks. The vein type ore bodies are controlled
by NE—SW structures. These veins intruded into
different strata and stratified ore bodies. Ore minerals in
these ore bodies are mainly pyrite, pyrrhotite, sphalerite,
arsenopyrite and a minor cassiterite; the gangue minerals

Figure 1. Simplified map of the Dachang tin ore field. P:
Permian limestone; C: carbonic limestone; D3: Upper
Devonian limestone and shale; D2: Middle Devonian limestone
and silicalite; D1: Lower Devonian shale and limestone; 1:
Tension and; 2: Overturned anticline; 3: anticline; 4: quartz
diorite porphyrite; 5: granite; 6: tin deposit; 7: Ore field; 8:
Ancient land; 9: Pressure twist fracture

2 Sampling and analytical method
102 samples were collected from one section on surface,
and 6 sections at underground which crossed the major
ore bodies. They were crushed, and sieved using a sieve
of 200 mesh. Then, they were measured under 400°C
using a mercury analyzer.

3 Thermo-mercury anomalies
The distribution of mercury in the area is closely related
to structure and igneous intrusions. Contents of mercury
are higher in these locations where are near a fault or a
junction of intrusion with fault. The features of mercury
anomalies are summarized as follows:
(a) Among well rocks, mercury value is 112-
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formed. An ideal ore-forming model is shown in the
Figure 3.
Given the characteristics of distribution above, it is
concluded as follows:
(1) Vertically, the concentration of mercury
becomes higher from the stratified ore bodies at
bottom tostockwork vein type ore bodies at
middle level and to thevein type ore bodies at
top.
(2) 2) Horizontally, the concentration of mercury of
the stratified ore bodies is higher in the central
part and lower in the margin; and that of the
stockwork veins are higher in the margin and
lower in the center; and it is higher at top, lower
at bottom for vein type ore bodies. It indicates
that the mercury migrates along structural slip
planes.

237ng/g in strata of sandstone, marlite and lentils
limestone than other strata because of a better ability for
transportation.
(b) Igneous intrusions have higher mercury content.
(c) Shales beneath and above ore bodies formed a
barrier for controlling mercury transportation.
(d) The content of mercury shows close
relationship with ore vein and fissures. For example, ore
body No. 92 at bottom contains more mercury than ore
body No. 9l at top because mercury can migrate easily
along fractures that are close to the ore body No. 92.
(e) In plane view, the mercury of the stratified ore
bodies is higher in the middle zone and lower in the
margin. In contrast the mercury of the stockwork veins is
higher in the margin and lower in the center. In veins, the
mercury is higher at the top and lower at the bottom. The
spatial relationship between mercury and ore bodies is
summarized in Table 2 and shown in Figure 2.
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Figure 2. The plane thermo-mercury figure of Cu pit,
Dachang. 1: Limestone and shale interbeded; 2: siliceous shale;
3: Limestone and marlstone; 4: big lentils limestone; 5: small
lentils limestone; 6: Thin striped limestone; 7: Wide striped
limestone; 8: silicolites; 9: plate shale; 10: Strata border; 11:
Thin veins and their numbers; 12: Ore-body and numbers; 13:
Survey lines in the NS direction; 14: Thermomercury >1000
ng/g; 15: Thermomercury 1000-600 ng/g; 16: Thermomercury
600-300 ng/g; 17: Thermomercury 300-l00 ng/g

4 Discussion and conclusions
Changpo deposit is a mesothermal tin-polymetallic
sulfide mineralisationj. Even if no mercury mineral has
been found, the concentrations of mercury in massive
ores are all over 1000 ng/g. It indicates that mercury is
hosted mainly in these sulfide ores that mainly consist of
jamesonite, pyrite, pyrrhotite, asenopyrite, marmatite
and stibnite.
Most ore bodies in the deposit occur in structural
fractures. These fractures, like slip planes, were good
pathways for transporting mercury vapor upward. The
mercury vapor, as one kind of volatilizes which
accompanied with magma and ore-forming fluid,
migrated along the structural fractures outward during
mineralization time and then released after the ore bodies
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Table 2. The content of mercury in the surrounding rocks and ore body
lithology
well rocks
away from
the ore body

well rocks
near to the
ore bodies

Ore mineral
associations

Muddy limestone within mud shale
Deep grey big lentils limestone
Light grey small lentils limestone
Thin striped limestone
Wide striped limestone
Silicolites
Biohermal limestone
Muddy limestone within mud shale
Deep grey big lentils limestone
Light grey small lentils limestone
Thin striped limestone
Wide striped limestone
Silicolite
Biohermal limestone
cassiterite, stibnite, pyrrhotite, arsenopyrite,
marmatite
pyrite, sphalerite, arsenopyrite, cassiterite
pyrite, marmatite, chalcopyrite, stibnite
stibnite, sphalerite, pyrite, chalcopyrite, arsenopyrite,
jamesonite
pyrite, arsenopyrite, stibnite, chalcopyrite, marmatite
stibnite, pyrite, sphalerite, arsenopyrite, jamesonite

intrusions

cassiterite, marmatite, stibnite, jamesonite,
arsenopyriteᇬsilver
granite
granite
diorite porphyry
diorite porphyry
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remarks
Hg᧤ng/g᧥
139.92
D33 a
141.16
D32d
0.40
D32c
14.84
D33 a
11.17
D32b
112.17
D33 a
41.58
D 31
151.13
D 21
517.97-2976.97
D33 a
0.80-321.00
D32d
261.90
D32c
10.85
D32b
675.72
D 31
Hanging side
D 21
lower plate
467.89-3367.99 vein ore-body in the fissure of
malstone
202.18-2976.50 Thin vein ore in the big lentils
limestone
38.22
Stratiod thin vein ore body in the
small lentils limestone᧤91᧥
Thin
vein ore body in the thin
202.18ᨺ1675.32
striped limestone
stratiform thin vein ore body in the
20.04ᨺ67.81
thin striped limestone (91᧥
1697.26
Stratoid net vein ore body int the
silicolites᧤92᧟᧥
892.83ᨺ1950.16 Stratoid net vein ore body in the
biohermal limestone᧤100᧟᧥
28.60
intensively weathered
7.78
intensively weathered
74.08
intensively weathered
1415.79
fresh᧨sphalerite scattered

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Chemical mass transfer during hydrothermal alteration
of carbonates in the Irish Zn-Pb orefield
Jamie J. Wilkinson, Helen L. Crowther, Barry J. Coles
Department of Earth Science and Engineering, Imperial College London, UK
CODES, Private Bag 126, University of Tasmania, Hobart, Australia
Abstract. Petrographic and geochemical data indicate
that breccias hosting ore in the Irish orefield largely
formed by a pseudobrecciation process involving
dissolution and replacement of Waulsortian diagenetic
dolomite during subseafloor hydrothermal fluid flow. Bulk
rock mass loss estimates based on immobile elements
average 33% indicating extensive net dissolution of
carbonate although significant open space was not
developed. Massive sulfide mineralization formed by
stratabound replacement of the dolomite pseudobreccia
involving further volume loss (30% of the replaced rock).
A total volume loss of up to 60% (Galmoy) and 50%
(Lisheen) is consistent with a marked thinning of the
Waulsortian biomicrite facies above massive sulfide. The
observed thickening of upper and supra-Waulsortian
facies in the trough developed above this zone is
interpreted to reflect infill of a seafloor depression up to
~90 m deep formed due to dissolution-driven subsidence.
During this process, net loss of Na, P, Mn and Sr and net
gain in Li, K, Fe as well as the ore-associated elements
typically occurred. Ce and Eu were added, implicating
reduced hydrothermal fluids; the LREE were typically
immobile or partially removed; and the HREE were
preferentially mobilized and transported beyond the scale
of sampling. This model implies mineralization initiated
during the latter stages of Waulsortian deposition at a
depth of approximately 150m below the seafloor.

their carbonate host rocks. We document significant
mass loss and element mobility, including fractionation
of the REE, and test the possibility that dissolution of
subseafloor carbonates led to subsidence of the seafloor.

2 Geology of study area
2.1 The Irish Midlands
The Irish Midlands Basin developed above the suture
zone of the former Iapetus Ocean during extension of the
southern Laurussian continental margin in the Lower
Carboniferous, approximately 350 million years ago.
Dominated by carbonates, the basin is notable because of
widespread dolomitization (Hitzman et al. 1998) and the
highest concentration of Zn mineralization in the Earth’s
crust (Singer 1995). Mineralization was the product of a
hydrothermal system that affected an enormous rock
volume, estimated to be in excess of 130,000 km3
(Wilkinson et al. 2005a, 2009). There is consensus that
this occurred during burial and diagenesis of the host
rocks although the exact timing and depth at which this
happened are controversial (e.g., Peace and Wallace
2000; Wilkinson et al. 2005a).

Keywords. dolomite, alteration, mass loss, Ireland, REE,
zinc

1 Introduction
The generation of porosity in the Earth’s crust is a
prerequisite for the formation of hydrothermal ore
deposits. In carbonate rocks that host base metal ores,
porosity may be generated via dolomitization and
brecciation, driven by chemical interaction between
hydrothermal fluids and their surroundings (Sangster
1996). In epigenetic ore deposits these processes
commonly generate open cavities, reflected in the
crustiform and banded textures of hydrothermal
minerals that precipitate. In sedimentary-exhalative
(Sedex) deposits, hydrothermal fluids interact with
poorly lithified clastic sediments undergoing a normal
burial diagenetic history, involving more subtle
processes of replacement, volume change and
compaction. The situation in which hydrothermal fluids
interact with carbonates undergoing burial has not been
extensively investigated.
In this study we present a quantitative model for the
formation of hydrothermal dolomite and associated
breccias in two structurally and stratigraphically
controlled ore deposits in Ireland that are believed to
have formed largely during burial and diagenesis of

Figure 1. Simplified geology of the Irish Midlands. Insets
show locations of ore zones and sampling traverses at the
Lisheen and Galmoy deposits.

2.2 Ore deposits in the Rathdowney Trend
This study focuses on the Lisheen and Galmoy ore
deposits in the Rathdowney Trend of the southern
Midlands Basin (Fig. 1) and builds on previous work that
provides a good understanding of geological
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were analysed by ICP-AES and ICP-MS for their major,
minor and trace element compositions.

relationships (Shearley et al. 1996; Hitzman et al. 2002;
Fusciardi et al. 2003; Lowther et al. 2003; Wilkinson et
al. 2005b). The deposits are hosted by coalesced
mudmounds of the Waulsortian Limestone Formation
that were dolomitized pervasively during early, seawaterrelated diagenesis (Gregg et al. 2001; referred to below
as Dol1). The upper parts of the mounds typically contain
argillaceous laminae (Hitzman et al. 2002), termed the
Upper Wavy Laminated Member (UWLM) at Lisheen.
Control of sedimentation by growth faults
immediately prior to and during Waulsortian deposition
has been suggested by variations in thickness of
sediment facies (Fusciardi et al. 2003), notably in the
UWLM which forms a distinct trough in the hangingwall
of the principal faults at Lisheen (Shearley et al. 1996).
Hydrothermal alteration, brecciation and mineralization
are focused in the hanging walls of the faults, the
principal hydrothermal conduits (Hitzman et al. 2002).

3.1 Spatial variations with respect to
hydrothermal feeder zones
In the Lisheen-1 samples, the REE, Cu and Mn are
roughly constant in hydrothermal dolomite immediately
above the sulfide orebody. Outside this, there is a
suggestion of an enrichment halo, fringing the ore zone.
Those elements most likely to be immobile (Al, Ti) are
variable but show a systematic increase with distance
that is mirrored by Co and K. The sulfide-associated
elements (e.g., As, Ni) are erratic but with some of the
highest values typically occurring close to the Derryville
Fault (Fig. 1). Ba is also generally high proximal to the
feeder fault, suggesting higher barite content in this area.
In the Galmoy-1 transect that crosses the Central
Fissure feeder structure in the CW ore zone (Fig. 1),
there is little evidence for a REE halo but Mn shows a
pronounced depletion immediately above massive
sulfide and a clear enrichment halo on the fringes of the
orebody. The immobile elements are elevated in the
dolomite immediately above the orebody, as are the oreassociated elements (As, Ba, Cd, Co, Cu, Ni, Pb and
Zn). Ni and Pb are most systematically zoned around the
Central Fissure. Ni concentrations are regarded as the
best indicator of proximity to feeder zones in these
deposits. Sr appears to show a broad zonation, being
uniformly low within the ore zone and increasing
outward to at least 300 m beyond the orebody.

2.3 Ore-hosting black dolomite matrix breccias
Ores are hosted by tabular breccia bodies, typically <30
m thick, that comprise millimeter to meter scale clasts of
Dol1 that vary from clast- to matrix-supported (Doyle et
al. 1992; Shearley et al. 1996; Hitzman et al. 2002;
Wilkinson et al. 2005b). Clast margins are commonly
highly irregular and diffuse and long axes are weakly
aligned subhorizontally with limited evidence for
rotation. The black matrix, which comprises 25-75% of
the rock volume in well-developed breccia, consists
primarily of finely crystalline, planar-euhedral dolomite
with intergranular porosity of 5-20%.
The black dolomite matrix breccias envelop massive
sulfides and extend up to 500 m beyond and 10 m above
mineralization (Shearley et al. 1996). They grade upward
and outward into several hundred meters of weakly
developed “breccia” that typically displays a
chickenwire-like texture of thin (<0.5-5 mm) irregular
dolomite seams (Hitzman et al. 2002). The nature of the
lateral transition into unmodified rock and the typical
lack of evidence for rotation or translation of fragments
indicate that the breccias formed largely in situ.
Petrographic observations show that the matrix dolomite
developed along grain boundaries, solution seams and
cracks, progressively replacing Dol 1 and partly infilling
developing secondary porosity (Hitzman et al. 2002;
Wilkinson et al. 2005b). Thus, the bodies can be
regarded primarily as pseudobreccias (Hitzman et al.
2002) formed largely by replacement of precursor
diagenetic dolomite by new dolomite spreading outward
from fluid microchannels, eventually leaving “islands”
or pseudoclasts of unreplaced dolomite in a matrix of
black hydrothermal dolomite. Some mechanical
reorientation of clasts and fault-related brecciation are
superimposed locally to produce rather complex,
composite textures.

3.2 Mass changes and element mobility
Aluminium, Ti and, to a lesser degree, the REE are
correlated in breccia samples and increase systematically
with alteration from the precursor Dol1 to breccia clasts
to breccia matrix, consistent with (approximately)
immobile behaviour during mass loss. Average
compositions of breccia matrix samples from each
transect and from the suite of clast samples were
compared with the unaltered Waulsortian Dol1 precursor
on isocon plots and mass transfer considered in relation
to the inferred immobile elements.
An example isocon plot from Lisheen illustrates the
element transfers associated with formation of the
breccia matrix (Fig. 2). This plot illustrates which
elements have been added to or removed from the rock
by hydrothermal fluids, taking into account bulk mass
changes. Zero net change is defined by Al and the LREE
(excluding Ce). The remaining elements fall into five
broad groups: Zn, Pb and those associated with the
precipitation of ore sulfides plus Li and K show strong
addition; Be, Fe, Cu, Ni, Ce and Eu show moderate
addition; the middle REE are marginally removed; P, Mn
and the HREE show marked removal; and Ca, Mg, Sr
and Na show strong removal. This last group are
essentially only present in dolomite and fall on the same
isocon indicative of proportional loss during alteration.
This confirms that net dolomite dissolution is
responsible for the bulk mass changes observed.
Calculated mass losses for matrix samples range
from 52-70% at Lisheen and from 79-85% at Galmoy.

3 Geochemistry of matrix dolomite
Matrix samples were drilled from six sampling transects
across four of the ore zones in the two deposits (Fig. 1).
Clast material was drilled from equivalent samples in the
Galmoy-1 transect for comparative purposes. These
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The suite of clast samples shows that less mass is lost
from these domains, typically around 40% of that in the
associated matrix. With a typical clast:matrix ratio of
50:50, these values correspond to average bulk mass
losses in the breccia intervals sampled of 37-60%. These
values may be overestimated by up to ~10% given the
observation of limited porosity development associated
with matrix formation.
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both show net removal, together with Mn, P and the dolomitehosted elements, in particular Na and Sr.

4 Discussion and conclusions
The significant mass loss estimates appear robust despite
the initial assumptions. Given that precursor and altered
material both predominantly comprise dolomite, the
calculated mass losses are approximately equivalent to
volume losses. Textural evidence shows that the breccias
were replaced subsequently by massive sulfide, normally
towards their base (e.g., Hitzman et al. 2002; Wilkinson
et al. 2005b) with a possible further volume loss of 30%
of the replaced interval. The general lack of open-space
textures implies that dissolution and mass removal did
not typically produce cavities but that grain boundary
dissolution was accompanied primarily by vertical
porosity collapse in a quasi-plastic manner. This is
interpreted to have led to progressive subsidence of the
overlying Waulsortian and can account for the broad halo
of white dolomite cemented breccia that occurs above
the black dolomite matrix breccias.
Restoration of a cross-section along the Lisheen-1
transect to its pre-alteration, pre-mineralization geometry
shows that the base of the UWLM is restored to an
approximately horizontal position. This implies that the
thickening of this unit in the hangingwall of the
Derryville Fault Zone can be accounted for by the
dissolution of the underlying Waulsortian and creation of
a syn-depositional seafloor depression into which this
facies was deposited. This model implies the onset of
hydrothermal activity in late Waulsortian times with
mineralization occurring at around 150 m below the
seafloor.
Hydrothermal dissolution was accompanied by
significant element mobilization with dispersion of Mn,
Sr, Na and the HREE beyond economic mineralization
providing potentially useful exploration indicators.
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Monitoring geochemical processes in BIF-hosted iron
ore, Yilgarn craton, by using a combination of whole
rock and in situ laser ablation ICP-MS analyses
Thomas Angerer, Steffen G. Hagemann
Centre for Exploration Targeting, University of Western Australia
Leonid V. Danyushevsky
ARC Centre of Excellence in Ore Deposits and School of Earth Sciences, University of Tasmania
Abstract. The BIF-hosted iron ore deposits in the lower
greenstone succession of the Koolyanobbing and Marda
belts (K and A deposits at Koolyanobbing and W2 deposit
at Windarling, respectively), Southern Cross domain,
Western Australia are products of similar, multiple
hypogene alteration ore-forming processes. During early
regional
very-low
(Windarling)
to
low-grade
(Koolyanobbing)
metamorphism,
LREE-depleted,
transition metal-enriched, Mg-Fe-carbonates (Ca-bearing
at Windarling) replaced quartz in BIF. Magnetite ore
formed by a subsequent mobilisation of carbonate, and
was related to hydrothermal fluid flow associated with
movement on faults, sheared contacts, and tight fold
zones. Contemporaneous and subsequent iron oxide
precipitation occurred in both deposits, magnetitedominated at Koolyanobbing and hematite-dominated at
Windarling. The latest hypogene stage caused
specularite-dolomite-quartz alteration, which reached Fe
grades of up to 68% only at Koolyanobbing Ca-P-(L)
REE-Y-enriched fluids were channelled through regional
D4-faults and possibly derived (partially?) from magmatic
sources such as the post-metamorphic Lake Seabrook
(Koolyanobbing belt) and Charity Well (Marda belt)
granites. Supergene upgrade in the weathering zone
involved (further) gangue leaching and goethitereplacement, which was most effective in carbonatealtered BIF and magnetite ore.

(by XRF and ICP-MS) and mineral geochemistry (by
laser ablation ICP-MS) data of rocks within the major
deposits at Koolyanobbing (namely the K and A
deposits) and Windarling (the W2 deposit). The aim is to
refine the uniformitarian model of iron ore genesis in
that region.

2 Hydrothermal alteration and
mineralization in BIF
There are significant differences between the geological
setting of BIF at the Koolyanobbing and Windarling
deposits. At Koolyanobbing ore is hosted in one, about
80 m thick, BIF located in highly schistose, greenschist
facies metamorphosed chlorite schists. At Windarling,
several thin, parallel BIF beds (7 - 20 m) surrounded by
sub-greenschist facies metamorphosed, incipiently
deformed basalts host the iron ore (Angerer and
Hagemann 2010).
The following alteration sequence and mineral
assemblage (provided in brackets) have been identified
in the Koolyanobbing K and Windarling W2 deposits:
least-altered BIF (mag1) → early carbonate BIF (mag2carb1) → residual magnetite ore by gangue leaching →
magnetite replacement at Koolyanobbing (mag3) →
hematite replacement at Windarling (hem2) → latecarbonate-specularite±apatite BIF (shem-mar1-carb2)
→ goethite-martite replacement and gangue leaching
(mar2-goe).
Least-altered BIF: Depending on the different
metamorphic grade, the mineral assemblages in leastaltered BIF vary from magnetite-recrystallized quartz at
Koolyanobbing to cryptocrystalline (jaspilitc) hematite±
magnetite-microcrystalline quartz at Windarling.
Carbonate alteration stages: In both deposits, two
stages of carbonate replacement of gangue quartz took
place and are observed in BIF and magnetite ore. In
Koolyanobbing, the early carbonate stage includes
siderite, magnesite (Ca depleted) and magnetite,
(Angerer et al. submitted), whereas in Windarling, Ferich dolomite (Ca enriched) and magnetite dominates. In
both regions, early carbonate alteration took place prior
to, or synchronous with, at least the latest stage of
regional metamorphism (Angerer and Hagemann 2010).
Late stage carbonate assemblages in both deposits are
complex (Fe-dolomite-specularite-martite-quartz-pyrite±
apatite±chlorite), typically hosted in post-metamorphic
veins, but also replacing gangue quartz and early
carbonate.

Keywords. Banded iron formation, Yilgarn craton,
hydrothermal alteration, magnetite, hematite.

1 Introduction
The banded iron formation (BIF) -hosted iron ore
deposits in the lower greenstone succession of the
Koolyanobbing
and
Marda
greenstone
belts
(Koolyanobbing and Windarling deposits, respectively),
Southern Cross domain, Western Australia, are amongst
the most important iron ore districts in the central part of
the Yilgarn craton (with a total of about 200 Mt highgrade Fe resource). Detailed structural, mineralogic and
geochemical investigations at the Koolyanobbing and
Windarling deposits (Koolyanobbing: Angerer and
Hagemann 2010; Windarling in prep) suggest that oreforming processes, including multiple carbonate
alteration, hypogene leaching and iron oxide
mineralisation, were very similar across the greenstone
belts and, comparing to a wider range of deposit, across
the Yilgarn craton domains (Angerer et al. 2010). As a
result a uniformitarian model of iron ore genesis in the
Yilgarn has been proposed (Angerer et al. 2010).
This contribution compares whole-rock geochemistry
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hydrothermal alteration stages: La/Ybn are lower in ore
than in BIF, which is related to the HREE-dominated
magnetite enrichment. The early siderite/magnesite-BIF
(ferroan dolomite-BIF in Windarling) has higher Y/Ho
than late-stage ferroan dolomite-BIF (54 and 40,
respectively).
Carbonate chemistry: Early Ca-poor carbonates at
Koolyanobbing have low REE content, whereas the late
dolomite show a high (L)REE content. At Windarling,
early recrystallised and late sparitic dolomite are both
REE-rich with a medium to high (M)REE content. There
are no significant differences in Y/Ho between the
carbonate species.

Hypogene magnetite, hematite, and specularitemartite ore: The residual magnetite ore below the
weathering front is an inevitable evidence of hypogene
leaching of quartz and carbonate gangue (Angerer and
Hagemann 2010). At Koolyanobbing, the strong
deformation of magnetite ore zones, compared to
surrounding BIF, and talc alteration halos surrounding
ore, indicate syn-deformational, syn-greenschist facies
metamorphic leaching of gangue minerals (Angerer and
Hagemann 2010). At Windarling, lepidoblastic and
anhedral-granoblastic hematite (<100 μm in size)
partially overprinted magnetite ore and replaced
carbonate, forming magnetite-hematite replacement ore.
These, Yilgarn-wide unique, hematite fabric types are
located in high-deformation zones, such as intra-BIF and
BIF-basalt-boundary shear zones, and indicate synductile, syn-metamorphic(?) iron ore mineralisation.
Magnetite ore
(and
magnetite-hematite at
Windarling) was overprinted by specularite and
associated martite close to late-stage faults, which
controlled the second carbonate alteration.
Supergene hematite-specularite-goethite ore: Direct
shipping ore at Koolyanobbing and Windarling is
dominantly hematite-goethite ore, including specularite
at Koolyanobbing. The lack of carbonate in the
weathering zone indicates the preferred localisation of
Mesozoic to recent supergene leaching of carbonate to
produce a high-grade supergene-modified hydrothermal
ore, in addition to hypogene ore (Angerer and Hagemann
2010).
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Whole rock major element oxides: The quartz-magnetite
BIF in the Koolyanobbing belt is characterized by low
Al2O3, CaO, MgO, P2O5 content. The early carbonate
assemblage caused a strong increase of MgO, MnO and
depletion of SiO2 due to the replacement of the entire
quartz content by carbonate. The late ferroan dolomite
alteration caused a major increase of P (observed in
Koolyanobbing where the dolomite is a rock-forming
constituent). Hypogene residual ore formation of
carbonate-altered BIF involved an increase of elements
such as Fe, Al, and P, an almost reversed decrease of
previously enriched Mg, Mn, Ca, and C and a further
depletion of Si. In replacement ore, Fe is increased
strongly. Supergene processes caused almost complete
depletion of all major elements except Al, P, and Fe. Iron
is enriched residually via gangue removal in leached
goethite-martite (±specularite) ore. Iron is added via
goethite-mineralization in replacement goethitemartite(±specularite) ore.
Whole rock REE-Y: Least-altered BIF displays a REE
signature with chondrite-normalised LREE-depletion
trend (La/Smn =4.4; Gd/Ybn=1.05), positive Eu anomaly
(1.8), and super-chondritic Y/Ho ratio (37), which are all
typical for Archean BIF (e.g., Bau and Dulski 1996). All
alteration zones show similar REE signatures indicating
that primary signatures, derived from traces of
phosphates, minor carbonate contamination, and
magnetite, were largely retained during ore formation.
However, subtle REE-Y variations characterise specific
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Figure 1. The MgO/Fe2O3 and SiO2/Fe2O3t ratios (wholerock) discriminate siliceous from Fe-Mg-(Ca) carbonatealtered samples (upper left and lower right populations,
respectively, separated by a point-dashed line). The concentric
dashed lines roughly separate low-, medium-, and high Fegrades.

Iron oxide chemistry: Spinel-group elements (Mg, Al,
Ti, Ga, Mn, Ni, Cu, Zn) in the various magnetite,
hematite, and goethite species indicate the iron oxide
evolution within the two deposits. Metamorphic
magnetite-1 in least-altered BIF in both deposits has
comparable trace element contents (Fig. 2a). In both,
Koolyanobbing and Windarling deposits, the hypogene
to supergene iron oxide evolution is characterised by a
decrease of Mg. The hydrothermal magnetite generation
in hypogene ore shows a contentious enrichment of Co
compared to magnetite-1 in least-altered BIF.
Hydrothermal and weathering-related martitisation of
magnetite does not involve element exchanges, except a
tendency to decease the Mg content. Rare Earth elements
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may be an indicator for the involvement of magmatic
fluids in the iron oxide precipitation (cf., Figueiredo e
Silva et al. 2009). Late-stage Ca-P-(Light) REE-enriched
fluids, possibly from the post-metamorphic Lake
Seabrook (Koolyanobbing belt) and Charity Well (Marda
belt) granites were channelled through regional D4-faults
and caused specularite-dolomite-quartz mineralization,
which reached, at Koolyanobbing, Fe grades of locally
up to 68%. The systematic depletion of the Y/Ho ratio
from 54 in early siderite-BIF (seawater-dominated fluid)
to 40 in late dolomite-BIF may be interpreted as a mix
with hydrothermal fluid of chondritic signature.
Alternatively, an unlikely variable behaviours of Y and
Ho during low-grade regional metamorphism cannot be
excluded (cf., Bau 1996).
In summary, despite differences in stratigraphic and
tectonometamorphic setting, the BIF-hosted iron ore
deposits in the lower greenstone succession of the
Koolyanobbing and Marda greenstone belts involved
similar, hypogene and supergene geochemical processes.
This supports the uniformitarian model for iron ore in
the Yilgarn craton proposed by Angerer et al. (2010).
Local variations in carbonate, silicate, and iron oxide
types, and in the magnitudes of hydrothermal alteration,
are results of differences in country rock chemistry (e.g.,
carbonate type), fluid-rock conditions (e.g., oxidation
state of fluids and rocks), and fluid conductivity in the
late stage structural fluid plumbing system (i.e.,
specularite imprint).

are very low (ΣREE <1 ppm) in magnetite and hematite
and patterns often inconclusive. In magnetite, a
chondrite-normalized HREE-enriched fractionation is
weakly defined, which turns into a flat but strongly
scattered fractionation in pseudomorphous martite and
supergene goethite. Rare earth elements in hydrothermal
hematite are lowest, which differs from enriched REE
signatures in hydrothermal hematite ore in some Carajas
deposits, Brasil (Figueiredo e Silva et al. 2009).
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4 The hypogene iron ore systems in the
Central Southern Cross Domain
During or pre early regional very-low to low-grade
metamorphism, LREE-depleted, transition metalenriched, super-chondritic Y/Ho, Mg-Fe-carbonates (Cabearing at Windarling) replaced quartz in BIF. This
hydrothermal fluid was most likely induced by
devolatilisation of mafic rocks in the vicinity of the BIF
and most effectively controlled by reactivated BIF/basalt
contacts. The formation of patchy, fault- and fold-hosted
magnetite ore was caused by a syn-deformational
mobilisation of carbonate. At Koolyanobbing, local
magnetite-growth took place and is related to a
subsequent local, late-metamorphic or hydrothermal
event. Similarly, at Windarling syn-deformational
precipitation of hematite, replaced quartz and carbonate
gangue, and formed high-grade magnetite-hematite ore.
The common Co enrichment in hydrothermal magnetite
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Metallogeny of the Variscan Klodzko-Zloty Stok
Intrusion and its metamorphic aureole (SW, Poland) –
an example of variable ore mineralization
Stanislaw Z. Mikulski and Stanislaw Speczik
Polish Geological Institute-National Research Institute, 4 Rakowiecka St., 00-975 Warsaw, Poland

Abstract. Due to low grade of exhumation the KlodzkoZloty Stok intrusion (KZSI) and its metamorphic rock
cover is an unique example of different type of ore
mineralization distribution around the Variscan granitoids.
The KZSI close to its core reveals a high temperature TiW oxide and As-Fe sulphide-arsenide and oxide
mineralization which change outwards through Cu-FePb-Zn
sulphide
to
distal
Pb-Sb-Fe
sulphide
mineralization. As a rule different types of sulphide ore
mineralization contains a high temperature refractory gold
captured mainly by arsenopyrite, loellingite and pyrite. In
fractured zones transported elements were trapped
preferentially by carbonaceous rocks from the
surrounding sedimentary pile. Moreover, along direct
contact between granitoids and carbonaceous rocks a
high temperature auriferous skarns of loellingitearsenopyrite and magnetite-pyrrhotite composition were
formed. To the contrast on intimate contact of granitoids
with amphibolites hornfelses , a high temperature titanitescheelite mineralization of veinlet-impregnation occurred.
Thermal influence alteration of sandstones caused
formation of pyrite rich beresites. Moreover, the origin of
contact-metasomatic
ore
mineralization
were
accompanied by ore precipitation in veins and stockworks
at a wide temperature range from 480 to 150°C during an
early and a late fracturing stages. The younger stages
also revealed variable concentration of gold. All those
observations strongly indicate that the whole KZSI and its
aureole is ferities in gold what is a good prognostic for
further exploration.

which were regionally metamorphosed in the
amphibolite facies and then affected by contact
metamorphism. On the NW aureole of KZSI where
mostly
sandstones
and
mudstones
(Lower
Carboniferous) were altered, dominate andalusite ±
cordierite hornfelses, pinite-biotite hornfelses and quartz
-pyroxene-plagioclase hornfelses. The metamorphic
complex of Klodzko (SW aureole) and southeastern
contact of KZSI were initially composed of various
gneisses, amphibolites with smaller enclosures of
silicate calcite rocks. Thus, western aureole is composed
mainly of garnet cordierite hornfelses, hercynitecorundum hornfelses, skarns, skarnoids, reaction
granitoids and various pyroxenes - plagioclase rocks
(Wierzchołowski, 1976). Due to subsequent magmatic
and postmagmatic activities , a high temperature , and
than, medium and low temperature ore mineralization
developed, practically around the whole KZSI.

Keywords: Metallogeny, gold, ores, granite, Sudetes

1 Geological settings
The Klodzko-Zloty Stok granite intrusion is located in
the Sudetes that constitute the north-eastern part of the
Saxothuringian Zone of the European Variscan belt.
Emplacement of the KZSI took place in Early
Carboniferous Middle Mississippian (Viséan) from ca.
343 to 329 Ma during early-plate collisional setting of
thickened Variscan crust (Mikulski et al. 2011 in press).
To the north, the core of KZSI as well as its metamorphic and sedimentary surrounding is separated from
Fore-Sudetic Block by major tectonic structure Marginal Sudetic fault (Figure 1). Along the eastern
limits of KZSI during Variscan deformations regional
shear zone developed (Złoty Stok-Skrzynka) up to 4 km
wide (Cymerman, 1996). Country rocks (Cambrian
through early Paleozoic) of KZSI are representing
sedimentary pile with maphic and felsic intercalations

Figure 1. Simplified geological map with location of ore
mineralization in the area of the KZSI: Abbreviation: 1 –
Klodzko-Zloty Stok Intrusion; 2 – metamorphic cover; 3 –
Zloty Stok-Skrzynka shear zone; 4 – Marginal Sudetic fault; 5
– ore prospect; 6 – abandoned gold mine

2 Metallogenic evolution of KZSI and its
metamorphic aureole
The variable type of ore mineralization that occurs in
different regions of KZSI and its contact aureole are
presented in Table 1 and on Figure 1.
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Table 1. The characteristic types of ore mineralization related to KZSI (Sudetes)
Location

status

Type of ore mineralization

Zloty Stok
Makolno
Ptasznik
Lutynia
Skrzynka
Droszków

abandoned mine
prospect
prospect
abandoned mine
prospect
prospect

skarns, replacement ore bodies, veins
contact metasomatic
veins, stockworks, contact metasomatic
veins
veins
veins, contact metasomatic

Geochemical
characteristic
As, Au, Fe
As, Au, W, Ti, Fe, Cu
W, Ti, Fe, As, Au
Pb, Zn, Fe, Cu
Fe, As, Au, W, Ti
As, Fe, W

Ore minerals
asp, lo, mg, po, py
asp, lo, sch, tit, cp
sch, tit, asp, lo, cp
ga, sf, py
asp, py
asp, py, sch, tit

Abbreviation: asp – arsenopyrite, lo – loellingite, mg – magnetite, po – pyrrhotite, py – pyrite, tit – titanite, sch – scheelite, cp –
chalcopyrite, ga – galena, sf – sfalerite

eastward the amount of loellingite and Au as well as the
intensity of serpentinization processes decreases.
To the contrary in this direction the amount of Cu, Pb
and Zn minerals increases. Arsenopyrite mineralization
(high in Co) found in salbands of Lutynka Pb-Zn
deposit shows similarities to arsenide mineralization
found in country rocks of Zloty Stok deposit and
provide important link between both mineralizations
(Speczik, 1994). Beside the long horizontal distance
from Lutynka and granitoid outcrops, the Lutynka ores
may be interpreted as farther Pb-Zn manifestation of the
same metallogenic process (Olszyński, Speczik, 1993).
This may be also suggested with respect to Mąkolno,
where limestones capping the granitoids are enriched in
Cu minerals (Muszer, 1997). Moreover in this area
strongly altered are also amphibolite and amphibolic
schists which contained relics of oxide-sulphide mineral
assemblages
of
primary
magmatic
origin
metamorphosed in amphibolite facies. In altered
amphibolites ilmenite is replaced by titanite, rutile and
leucoxene, pyrrhotite by pyrite, loellingite by
arsenopyrite and Fe spinels by sulphides. New
generation of ore minerals scheelite, titanite, Fe-, Cusulfides with traces of gold was also formed. W-Ti
mineral assemblages was discovered in the Ptasznik
roof pendant, which was in many places intruded by
porphyritic granodiorite dykes and subsequently
intersected by melanocratic and leucocratic dykes and
post-magmatic quartz veins of various strikes (Mikulski,
2000). It was further fragmented into smaller pieces
which were uplifted and shifted along regional shear
zones of NNW direction. The youngest deformations
resulting in a number of cataclasites, mylonites and
breccias enabled hydrothermal solutions to infiltrate the
intrusion and the country rocks. Scheelite-titanite
mineralization of veinlets-impregnation type originated
in zones of a strong silicification and K-feldspar
metasomatism at the temperature of about 460°C. W-Ti
mineralization preceded Au and As-, Fe-sulphidebearing quartz mineralization. The finding of tungstentitanite and arsenide type mineralization in
amphibolites, of the SE Klodzko-Zloty Stok granitoids
contact may suggest extensive and regional type of
mineralization. Moreover, along the NW contact aureole
of KZSI with Bardo Structure in Bardo Śląskie and
Dębowinka prospects auriferous sulfide mineralization
hosted by Upper Devonian-Lower Carboniferous
sedimentary rocks (Mikulski, 1999). These rocks along
contact
with
granitoids
underwent
strong
hornfelsization. In Bardo Ślaskie the contact-

Two major types of mineralization were found in the
investigated metamorphic rocks of the Zloty StokSkrzynka regional shear zone. The first type is related to
pre-Variscan regional metamorphism of volcanicsedimentary pile that was at places enriched in Fe, Ti,
Ni, and Cu. This type mineralization occurs in country
rocks of Zloty Stok deposit, salbands of the Pb-Zn
Lutynka deposit and metabasites of other locations, with
Fe-Ti oxides generally dominating over Fe-Cu-Ni
sulphides. The second type mineralization is related to
thermal and metasomatic influence of Klodzko-Zloty
Stok granitoids. Some pegmatitic dikes and veins with
rich loellingite/arsenopyrite mineralization (Zloty Jar,
Jaszkowa Gorna) are probably heralding skarn type and
metasomatic-hydrothermal forms of mineralization. Fluids related to granitoids migrated preferential1y along
tectonic fractures and affected strongly rocks that were
highly susceptible to metasomatosis i.e. dolomitic
marbles, amphibolites and brecciated rocks. The critical
process for rich arsenide ore formation was serpentinization of dolomitic marbles accompanied by
formation of several varieties of ca1c-silicate skarn-type
rocks (Mikulski, Speczik, 2008). These processes shown
profound vertical and horizontal mineral and metal
zonation with respect to the position to KZSI (Figure 2).
In the Zloty Stok deposit, Western Ore Field is
dominated by rich in Au loellingite mineralization
associated with diopside-tremolite-garnet skarns,

Figure 2. Zonal distribution of ore mineralization around the
KZSI and its aureole
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metasomatic auriferous arsenopyrite and pyrite
mineralization is associated with strong alteration of
country
rocks
(K-feldspatization,
silicification,
carbonatization, sericitization), (Mikulski, 1998). In
Dębowinka as a result of post-magmatic activities
formed beresites with auriferous pyrite mineralization of
veinlet-impregnation type (Mikulski, 1999). These
findings of auriferous ore mineralization along the
north-western contact of KZSI with slightly
metamorphosed sedimentary rocks from the Bardo Mts.,
indicates that the whole KZSI is fertile in gold.

3 Conclusions
The Kłodzko-Złoty Stok intrusion and its metamorphic
rock cover is unique example of different type of ore
mineralization distribution around the Variscan
granitoids, which survived due to a low level of erosion.
Changes in ore minerals compositions were recognized
in numerous outcrops distributed on the whole KZSI.
Moreover, ore mineralization found throughtout the
KZSI indicate specific zonal distribution that reflect
different interaction between postmagmatic mineralizing
fluids and variable composition country rocks. This
concerns especially different types of auriferous
mineralization recognized in the KZSI and its aureoles.
Around the core of KZSI with high temperature oxidized
granite (magnetite/ilmenite series) characterized by
moderate degree of differentiation following zones of ore
mineralization may be distinguished: W, Ti (±Au) → As,
Fe, Au → Pb, Cu, Zn and outward from the core → Fe,
Sb, Au → Ca. According to this scheme it is possible to
connect genesis of the polymetallic mineralization in the
KZSI and its surroundings.
The reconstruction of a spatial mineral zonation and fluid
plumbing systems in the less eroded areas like along the
western contact aureole of the KZSI and/or on the ForeSudetic Block the Marginal Sudetic Fault may suggest
good potential for auriferous ore mineralization that
survived under rocks cover. KZSI and rocks comprising its
contact metamorphic aureole contain all necessary
elements of mineral system for discovery of a new
economic gold mineralization.
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Abstract. REE mineralization at Maoniuping in Western
Sichuan Province, China, is associated with a
Himalayan-style carbonatite-alkalic intrusive complex.
Based on the results of petrography, microthermometry,
SEM/EDS, EPMA, LRM, LA-ICP-MS, PIXE of melt and
melt-fluid inclusions in fluorite, this paper discusses the
deriving mechanics and characteristics of primary
carbonatite fluid.

that have overprinted the intrusive complex (Xie et al.
2009).
We present
the results of petrographic,
microthermometric, LRM, SED/EDS, LA-ICP-MS and
PIXE analyses of fluorite-hosted melt inclusions and
hybrid melt-fluid inclusions from the pegmatite
carbonatite and porphyritic carbonatite phases at
Maoniuping. These data are used to define the
characteristics of the primary carbonatite fluid and its
genesis and mineralizing potential.

Keywords. REE, carbonatite, melt, fluid inclusions, LAICP-MS, PIXE

2

1 Introduction
Carbonatites are closely related to REE, U and Th
mineralization worldwide. REE deposits genetically
related to carbonatite are of considerable economic
significance. Carbonatites are also important sources of
Nb, P, Cu and fluorite. Studies of carbonatites can
provide information on mantle heterogeneity and
metasomatism, and on reactions that can occur between
mantle and crustal material (e.g., Tuttle and Gittins 1966;
Le Bas 1987; Twyman and Gittins 1987; Bell 1999;
Woolley and Church 2005). Carbonatite research has
advanced considerably since the 1950s, with regards our
understanding of carbonatite genesis, association with
silicate rocks and relationships to mineralization (Bell
1999 and references therein). Considerably less research
has addressed the compositions of carbonatite fluids
(e.g., Bell 1999; Fan et al. 2001; Rankin 2005; Xie et al.
2009), with the characteristics and origins of primary
carbonatite fluid still open to debate.
Maoniuping is a world-class REE deposit (with 1.2
Mt of REO grading on average 2.89 wt.% REO)located
in Western Sichuan Province, China. It is associated
with a Himalayan-style(stage?) carbonatite-alkalic
intrusive complex. The carbonatite intrusions include
medium-coarse to pegmatitic calcite carbonatite,
porphyritic calcite carbonatite and porphyritic
strontianite carbonatite. Previous investigations of the
geology and geochemistry of Maoniuping include Yuan
et al. (1995), Niu et al. (1996, 1997), Yang et al. (2000),
Wang et al. (2002), Xu et al (2003, 2004), Xie et al.
(2005, 2009) and Hou et al (2006, 2009). REE
mineralization occurs both as primary magmatic
minerals in the carbonatite and as hydrothermal phases
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Analytical results

2.1 Inclusion petrography
Petrographic analyses have revealed two main types of
primary inclusions in fluorite at Maoniuping: (1) Melt
inclusions (M-type); and (2) Melt-fluid inclusions (MLtype).
M-type inclusions can be divided into three sub-types
based on petrographic observations at room temperature.
M-I inclusions contain three or more solid phases, minor
liquid and no vapor bubble (Fig. 1a). Small interstices
between the crystals have been filled with aqueous fluid.
M-II inclusions contain a CO2 bubble and one or
more solid phase (Fig. 1b). The main solid phase in M-II
inclusions are bubble-bearing solid (glass?) inclusions at
room temperature. The CO2 bubble contains both liquid
and gas at room temperature and homogenizes by
critical behaviour when heated. M-III inclusions contain
several solid phases, a minor aqueous phase and a CO2
bubble at room temperature (Fig. 1c). The solid phases
occupy 85-90 vol.% of the inclusion. Fluorite
phenocrysts in the porphyritic carbonatite contain
coexisting M-I, M-II and M-III inclusions, and
comprising an M-type inclusion assemblage (Fig. 1d).
Two sub-types of ML inclusions have been identified
at Maoniuping: ML-I are brown-coloured inclusions that
contain several solid phases, brown net-like sulfate
minerals, an aqueous phase and a bubble when observed
at room temperature (Fig. 2a). ML-II contain several
solid phases that occupy 40-80 vol. % of the inclusion at
room temperature, and which coexist with an aqueous
phase and a bubble (Fig. 2b). Trails of secondary fluid
inclusions have crosscut some ML-II inclusion,
resulting in a decrease in the total volume of solid
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heated, some solid phases dissolved into the aqueous
phase first, then some solid phases melted. After melting
of the solid phases at 580-720°C, the inclusions
comprise only a liquid phase and a bubble (Fig. 3).

phases and the absence of net-like sulphate mineral in
the ML-II inclusions (Fig. 2c and 2d).

2.3 SEM/EDS and EPMA Analyses
SEM analyses of solid phases in ML-II inclusions were
reported in Xie et al (2009). Our new SEM and EPMA
analyses of solid phases in M-I, M-II and ML-I
inclusions in fluorite show that almost all the solid
phases are sulfates, including glauberite (Na2Ca(SO4)2) ,
kalistronite (K2Sr(SO4)), aphthitalite (K3Na(SO4)2,
syngenite
(K2Ca(SO4)2.H2O),
mirabilite
(Na2SO4.10H2 O), anhydrite (CaSO4) and celestite
(SrSO4). Minor CaCl2 and NaCl were also detected by
SEM/EDS in ML inclusions. Na2Ca(SO4)2 (with minor
Sr and K) is most common in both M and ML inclusions.
Figure 1. Photomicrographs of melt inclusions in fluorite. (a)
M-I inclusion; (b) M-II inclusion; (c) M-III inclusion; (d) Mtype inclusion assemblage (M-I + M-II + M-III) in fluorite
phenocryst. Abbreviations: V – vapor phase; S – solid phase;
LCO2 – liquid CO2 ; V CO2 – vapor CO2; LH2 O – aqueous phase; Fl
– fluorite.

Figure 3. Photomicrographs of ML-I inclusion (a) at room
temperature and (b) at Tm.

2.4 LA-ICP-MS and PIXE analyses
LA-ICP-MS analyses of M and ML inclusions show that
the inclusions are enriched in K, Na, S, Ca, Sr, Ba, Fe,
Mg, REE, Pb, Zn relative to the fluorite crystals that host
them (Fig. 4) . Minor Cu, Si and Cl in the inclusions
were also detected. The LA-ICP-MS spectrum for ML
inclusions shows that the aqueous phases are enriched in
Pb, Zn and Cu relative to the solid phases. LA-ICP-MS
analyses of fluid inclusions indicate that they have
higher Pb, Zn and Cu than the melt inclusions.

Figure 2. Photomicrographs of melt-fluid inclusions in
fluorite. (a) ML-I inclusion; (b) ML-II inclusion; (c) ML-I and
ML-II inclusion assemblage; (d) ML-I and ML-II inclusion
assemblage. Abbreviations: B – bubble; N – net-like sulfate; S
– solid phase; Fl – fluorite; trail – secondary fluid inclusions.

2.2 Microthermometry
Limited microthermometric data shows that the M-I
inclusions have Tm (melting temperatures) of 750940°C. Some homogenize (Th) to melt at 790-920°C;
All of the ML-II inclusions decrepitated at a temperature
lower than Tm, and the CO2 phase in the inclusions
homogenized via critical behaviour prior to
decrepitation. Some M-III inclusions survived to the
point where the solid phases melted (Tm = 750-920 °C),
but decrepitated prior to final homogenization of the
melt with the CO2 fluid.
ML inclusions from Maoniuping show complex
behaviour during heating experiments (Xie et al., 2009).
Most of them decrepitated prior to homogenization.
Measured Th values of ML inclusions were between 650
and 850°C in fluorite. These inclusions display critical
behaviour. Some inclusions did not homogenize. When

Figure 4. LA-ICP-MS spectra of fluorite-hosted ML-I
inclusion. (a) Na, Mg, Si, S, Cl and K spectra. Inset: inclusion
photomicrograph. (b) Ca, Fe, Cu, Zn and Pb spectra

The REE patterns obtained for the M and ML
inclusions display a LREE enriched pattern where as the
host fluorite has a LREE deplete pattern. PIXE analyses
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3.2 Fluid composition and mineralizing
potential
LA-ICP-MS results for M and ML inclusions has
revealed high K, Na, Ca, Sr, Ba, REE, Pb, Zn and Cu
concentrations, particularly in the aqueous phase of the
inclusions. This provides evidence for preferential
partitioning of base metals into the aqueous phase
implying that base metal mineralization could have
formed late in the magmatic-hydrothermal evolution of
the Maoniuping complex. High REE in the M and ML
inclusions provide strong evidence for a genetic link
between the carbonatite fluid and REE mineralization.
The REE partition pattern of M and ML inclusion are
more LREE enriched than host fluorite.

4

Conclusions

(1) Microthermometric, LRM, SEM/EDS, EPMA and
LA-ICP-MS results show that the primary carbonatite
fluid was a CO2-rich supercritical fluid with high SO42-,
K, Na, Ca, Fe, Mg, Ba, Sr, REE, Pb and Zn, and minor
Cu, Si and Cl. Sulfates dominated the residual
carbonatite melt.
(2) During evolution from carbonatite melt to carbonatite
fluid and the evolution from early to late stage
magmatic-hydrothermal activity at Maoniuping, LREE
and base metals partitioned into the CO2-rich fluid.
(3) High Pb, Zn and Cu in the carbonatite fluid implies
that carbonatites are not only important for REE
mineralization but could also be a source of base metals.
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Abstract. The Beaver Brook deposit is one of the largest
antimony deposits in the Americas and is located in the
Dunnage Zone of the Palaeozoic Newfoundland
Appalachians. Hydrothermal mineralisation is hosted by
faults and breccia zones that crosscut meta-sedimentary
rocks of Ordovician to Silurian age. The ore comprises
dominantly of stibnite with only subordinate amounts of
pyrite. The stibnite occurs as aggregates that display
stringer, bleb, clot, patch, seam, and disseminated
aggregate textures. These aggregates appear as infill of
open space, but also replace host rocks. Gangue
minerals are quartz and carbonates and occur in multiple
generations, but mineral paragenesis is generally marked
by an older mineralisation stage of quartz and pyrite,
followed by a younger stage of stibnite and carbonates.
Stibnite encloses irregular remnants of partly replaced
pyrite. Geochemical data for nine ore and one
concentrate samples confirm the presence of only very
low contents of gold in the stibnite ore (ø 0.5 g/t) and the
absence of significant concentrations of base metals.

petrographic and ore petrographic study. Representative
powder samples were prepared for geochemical
analyses at Activation Laboratories Ltd. (Ancaster,
Ontario, Canada).

3 Geology
The deposit is covered by an extensive surficial cover of
unconsolidated glacial and post-glacial sediments;
bedrock exposures are limited to brook sections. The
surficial cover is composed of till (hummocky
till/terrain, till blanket and till veneer), bog as well as
sand and gravel (Hender 1993; Liverman and Taylor
1990).
The Beaver Brook deposit is located within the
Dunnage Zone of the Palaeozoic Newfoundland
Appalachian orogen, close to the contact with the
Gander Zone. The Dunnage Zone, the central mobile
belt of this orogen, contains allochthonous arc-backarc
successions, which formed within the Iapetus Ocean,
whereas the Gander Zone represents a microcontinent
(Ganderia) derived from Gondwana (Valverde-Vaquero
et al. 2006).
The bedrock geology in the vicinity of the deposit
consist of an overturned sequence of Ordovician
siliciclastic marine shales (graphitic black chert and
shale), pebble greywackes, siltstones and sandstones,
which are overlain by a Silurian shoaling-upwards
sequence of grey to red shallow-marine shale and
calcareous sandstone and grey-green siltstone.
According to Lake and Wilton (2006) the Ordovician
rocks were imbricated and thrust over the Silurian as a
fault-bound
wedge.
The
Ordovician-Silurian
sedimentary rocks strike northeast-southwest, parallel to
the axial planes of local scale open folds, and exhibit
lower greenschist-facies metamorphism.
Near the deposit, the sedimentary rocks are intruded
by a large bimodal intrusive suite (gabbros, dioritesgranodiorites and granites) of Silurian age. The nature of
the contact between the sedimentary rocks and the
intrusive rocks is unclear because of limited exposure
(Lake and Wilton 2006). Several dark grey-green, finegrained mafic dykes were intersected by drill core at the
deposit, but these were not exposed in the underground
workings of the mine during the time of study.
The ore bodies of the deposit are structurally
controlled and hosted by the different meta-sedimentary
rock types. Antimony mineralisation is associated with
zones of silicification and brecciation of variable
intensity and appearance (fault breccias, stockworks,
fracture zones).
The mineralisation in the underground mine
workings comprises of massive stibnite aggregates that
fill open spaces in breccia-textured veins and breccia

Keywords. antimony deposit, stibnite, Beaver Brook,
Newfoundland

1 Introduction
Beaver Brook, located in central Newfoundland, is one
of the largest antimony deposits in the Americas and
currently mined by Beaver Brook Antimony Mine Inc.
The deposit was discovered in the late 1980s and
extends for a distance of more than 4 km, northwest of
the Gander River near the town of Gander. The
connected mill produces a high-grade concentrate (65
wt.% Sb metal) with low impurity levels (Stadnyk and
Ross 2009). Although the current operation has only
resources for an estimated ten-year period there is
excellent exploration potential around the presently
known extent of the orebody (Connelly and Rosart
2010). The deposit consists of three distinct zones:
Xingchang (West Zone), Hunan (Central Zone) and
Szechwan (East Zone; location of the current mine)
(Lake and Wilton 2006).

2 Methodology
The Beaver Brook mine was visited by the authors in
spring of 2009. During the stay the underground
workings of the mine were inspected and a total of 35
samples (including ore and host rock samples) were
collected at six sampling points. To complement the
sample set one large, random ore sample was collected
from the conveyor belt to the crusher and one
concentrate sample was collected from the bagging
machine in the mill.
This sample suite was subjected to a detailed
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The ores can be subdivided into two macroscopically
distinct mineralisation styles, a stibnite-rich type and a
pyrite-rich type. Stibnite mineralisation typically
cements the meta-sedimentary rock types and is
massively textured and coarse-grained or semi-massive
coarse-grained to fine-grained. It occurs as fracture
infill, or as breccia cement and forms stringers, blebs,
clots, patches, and seams. It also occurs disseminated.
Massive stibnite shows often anhedral grain shapes of
various grain sizes. Most stibnite displays compressive
strain textures, like pressure lamellae in different types
of style. These are en echelon deformation twins and
multistage off-set pressure lamellae with oblique microfractures. Curved pressure lamellae are less common.
Some stibnite shows no pressure lamellae, perhaps
because of recrystallization. Stibnite is often associated
with older quartz, older pyrite, and younger or coeval
carbonate (Fig. 2).

zones. The width of the antimony veins is up to 1 m, but
with significant pinching and swelling. Massive stibnite
is the only sulphide present in appreciable quantities,
accompanied by minor pyrite. Locally, pyrite can be
more abundant (referred to as “pyrite ore”). According
to Squires (2005) pyrite and stibnite represent separate
mineralization stages. The contacts of veins with the
wall rocks are sharp and associated with minimal wall
rock alteration. Gangue minerals are dolomite and
quartz. The latter occurs most commonly as fine-grained
“blue” quartz (Lake and Wilton 2006).

4 Petrography and mineralogy
The host rock samples can be subdivided into two
macroscopically distinct groups, black carbonaceous
shale and grey meta-sedimentary pelites to psammites
(Fig. 1). The black carbonaceous shale is often quartz-,
and also pyrite-rich and intensely deformed. Multiple
generations of epigenetic quartz occur as infill of gashes
and stringers. Stibnite-carbonate stringers cross-cut the
carbonaceous shale and pyrite occurs disseminated and
sometimes in elongated aggregates.

Figure 2. Stibnite (light grey) and carbonate (medium grey)
as stringer in carbonaceous shale. Along the selvage occur
small quartz crystals. Pyrite (small light dots) in carbonaceous
shale. Black areas are polishing pits (polished thin section,
reflected plane-polarized light).

The pyrite-rich stage of hydrothermal mineralization
(“pyrite ore”) forms massive to semi-massive aggregates
that may be associated with stibnite-bearing quartzcarbonate veins. Pyrite and marcasite both cement
fractured and brecciated meta-sedimentary host rock;
granular pyrite and marcasites locally also impregnate
relicts of host rock. Limited replacement of host rocks
by pyrite and marcasite is evident in intensively
mineralised samples. Associated with quartz-carbonate
veining or stibnite mineralisation the pyrite has often
euhedral to subhedral grain shapes. Pyrite is most
commonly euhedral when included in quartz, but
displays corroded grain outlines in stibnite. Pyrite also
can appear fractured with fractures filled by stibnite.
Both are good indicators for the age relationship
between stibnite (younger) and pyrite (older). Welldeveloped framboids in irregular clusters and minute
euhedral pyrite crystals were identified in the
carbonaceous host rocks.

Figure 1. Tectonic contact (centre of image) of brecciated
meta-sedimentary host rock cemented by stibnite
mineralisation (left) with weakly mineralised black
carbonaceous shale (right).

The grey meta-sedimentary host rock of the stibnite
ores can be further subdivided into two types. The first
can be classified as mudstone (argillite) to siltstone. The
second is quartz-rich and best described as quartz
wacke. Both types appear variably brecciated and
fractured, cross-cut by carbonate and quartz stringers
and veinlets. The latter are associated with stibnite. Host
rock breccia can be silicified, with multiple generations
of quartz stringers. Carbonates nearly always cross-cut
quartz in one or multiple stages. Only in one sample was
a quartz stringer generation observed to crosscut
carbonate-filled veinlets. In some samples a flaky
phyllosilicate, likely sericite, was found to corrode
carbonates. This mineral is likely the paragenetically
youngest member of the polyphase hydrothermal
mineral assemblage.
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5 Geochemistry

argues that the ore-bearing fluids were sourced from
metamorphosed Gander Zone rocks, which had been
overthrust by the allochthonous Dunnage Zone
sequences.

Bulk analyses of black carbonaceous shale that
comprises the hanging wall of the mineralisation and
meta-sedimentary host rock (mudstone/argillite to
siltstone) show no remarkable metal concentrations. In
one host rock sample, containing traces of stibnite, the
Au content was found to be 0.17 g/t. In all other samples
gold content was found to be <0.03 g/t. All bulk analyses
of host and hanging wall rocks show elevated Ca (up to
10 wt.%) and Mg (up to 5 wt.%) contents, which is a
good indication for the abundance of dolomite as main
carbonate mineral in the stringers, veinlets and fracture
fillings as described by Lake and Wilton (2006).
Samples of massive stibnite and one of disseminated
stibnite in grey meta-sedimentary host rock yield
variable Au contents ranging from <0.03 g/t to 0.88 g/t
(average 0.5 g/t, n = 10). Base metal and As
concentrations are negligible and mercury contents vary
from 316 to 842 ppb (average 590 ppb, n = 10). Au and
Hg contents show no apparent correlation. The massive
stibnite ores are marked by extremely low Ag contents
(0.14 to 0.25 g/t). A single sample of the pyrite-rich
assemblage contains <0.03 g/t gold, but somewhat
elevated Sb (2010 ppm), As (1010 ppm) and Hg (6010
ppb) contents. The stibnite concentrate was found to
have a Au content of only 0.40 g/t and a Hg content of
2960 ppb. Other elements are near or below the detection
limits.
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6 Conclusions
The Beaver Brook deposit is a structurally controlled
hydrothermal deposit marked by the abundance of only
antimony, with no appreciable amount of associated
metals, including Au, As, or Hg. A large uniform
reservoir is suggested to explain the uniformity of the
mineralization at Beaver Brook deposit.
Compared to other antimony-rich deposits it is
noteworthy that most of these deposits are additionally
gold- or mercury-rich. Monometallic Sb deposits, like
Beaver Brook, are rather rare, with the Yawan (Aiwan)
Sb deposit in Gansu, China having characteristics most
closely related to those encountered at Beaver Brook.
The genesis of mineralisation at Yawan is debatable
(metamorphic hydrothermal or marine sedimentaryhydrothermal), because of the lack of isotopic data and
fluid chemistry ore temperature data (The Editorial
Committee of the Mineral Deposits of China 1990). For
some of the worldwide Au-Sb deposits an orogenic
metamorphic-hydrothermal mineralisation (possibly
with coeval deep seated magmatic processes) is
proposed.
The results of a recently drilling program by
Mountain Lake Resources Inc. suggest the presence of
antimony-gold mineralization of possible economic
value at the Little River Property about 80 km south of
Beaver Brook deposit. Evans (1992) suggests the supply
of metamorphic fluids at deposits in the vicinity of
Beaver Brook as well as at Little River from orogenic
activity, which form epigenetic mesothermal and
epithermal gold deposits, which can also carry antimony
(Evans 1993; Evans and Wilson 1994). Evans (1992)
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Large sized gold specimens from the regolith
developed on the Pre-Ordovician basement in Central
Spain: chemical composition and fluid inclusion data
Santos Barrios Sánchez
Instituto Geológico y Minero de España, C/ Azafranal Nº 48, 1ºA, 37001, Salamanca, Spain
Lorena Ortega Menor
Dpto Cristalografía y Mineralogía. Facultad de Geología, Universidad Complutense de Madrid, 28040 Madrid, Spain
Rosa Mª Reguilón Bragado
Dpto Geología, Universidad de Salamanca, Plaza de los Caídos S/N, 37008, Salamanca, Spain
Abstract. Many gold samples have been found in the
regolith developed on the Precambrian basement that
outcrops in the Central Iberian zone of the Spanish
Variscan domain. Chemical analyses show that gold is
mostly of high fineness (Au>90-98 wt.%) and the highest
contents of Au are produced by supergene processes.
Fluid inclusions were studied in fragments of gold-bearing
quartz veins collected in the regolith. Gold infill open
spaces in quartz grains and is accompanied by clear
quartz crystals showing growth zones where two types of
water-bearing inclusions can be recognized, V and L.
The type V are vapour-rich inclusions in which the nonaqueous phase is composed by CO2 (88-93%), CH4 (5.511%) and N2 traces. Total homogenization occurs
between 290 and 312ºC (L) and between 340 and 350ºC
(V), The type L comprises liquid-rich aqueous inclusions
showing two populations: L1, (Vv/Vt: 20-25%, Th: 220240ºC, into L) are late primary inclusions whereas the
second population, L2 (Vv/Vt: 10-15%, Th: 160-200ºC,
into L) are secondary inclusions. The salinity values are
in the range 5.5 to 3 wt.% NaCl equiv. for both
populations. The fluid inclusion results obtained are
similar to the mineralizing fluids in gold-bearing quartz
veins hosted by late Variscan granites and their host
rocks across of the Iberian Zone of the Iberian Massif.

Many gold nuggets and gold specimens are found in
this area, and are hosted by the regolith developed in the
upper part of the Precambrian slates and greywackes.
This ore showing is locally known as Casas de D. PedroTalarrubias deposit, and the largest gold nugget (9.91 oz)
preserved in the Iberian Peninsula come from this area.
Previous works on this gold showing include those by
García-Guinea et al. (2005), Boixereu and Paradas
(2006) and Barrios et al. (2010).
Most of the samples collected in the ore showing are
nuggets made up only by gold, and occasionally, by gold
and quartz intergrowths. However, decimetric fragments
of quartz veins with visible gold have also been found.
This work presents the results of a fluid inclusion study
carried out in this gold-bearing quartz vein fragments.
The identification of primary inclusions in quartz related
to gold grains has allowed to identify the fluid
responsible for primary gold precipitation.

2 Au deposits and gold samples
Two types of gold deposits are recognized in the ore
showing: primary vein type mineralization and eluvial
and alluvial placers.
Gold bearing quartz veins are hosted by slates and
greywackes belonging to the SGC and are related to
shear structures (N80-100E/75-80S). These veins can be
observed in ancient mining works (probably of Roman
age) in the area, and are between 3-4 m length and 1-20
cm thick.
Quartz samples from the veins were studied under the
microscope and do not contain visible gold. However,
chemical analyses carried out for the elaboration of the
regional Metallogenic Map have shown values up to 1.3
g/t Au and 130 g/t As and Sb in the quartz veins (Tornos
et al. 2006).
The eluvial and alluvial deposits, not mined in
ancient times, consist of gold nuggets hosted by the
regolith that covers the SGC. There are two different
regoliths: a residual regolith from weathered SGC,
overlaid by a transported regolith formed by remnants of
Plio-Quaternary sediments.
The residual regolith has variable thickness, generally
below 25 cm, and is formed mainly by phyllosilicates,
fine-grained sand (quartz, feldspar, muscovite, rutile,
ilmenite), rubefied quartzite conglomerates, rounded and
angular quartz veins fragments and slate slabs.

Keywords. eluvial-alluvial gold, fluid inclusions, regolith,
schist-greywacke Complex, Variscan granites

1 Introduction
The Iberian Massif represents the westernmost outcrops
of the Variscan chain in Europe. Within the Massif, the
Central Iberian Zone is characterized by narrow
synclines of Paleozoic rocks and wide anticlines in
which Precambrian rocks outcrop. Numerous S-type
granite intrusions usually occur in the core of the
anticlinal structures. In this zone, different gold deposits
(late Paleozoic gold bearing quartz veins and Tertiary
and Quaternary placers) can be observed, most of them
already mined in ancient age principally by Romans.
The studied zone is located in the southern sector of
Central-Iberian Zone (UTM: 302.109, 4.332.808). The
outcropping materials are slates and greywackes of
Rifean/Upper Vendian age (Schist and Greywacke
Complex Domain, SGC from now on; Martínez Catalán
et al. 2004). This area is partially covered by PlioQuaternary alluvial deposits related to an active drainage
basin.
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Microprobe (CAMECA SX-100) in the "Severo Ochoa"
Scientific-Technological Center, Universidad de Oviedo.
Fluid inclusions were studied in fragments of goldbearing quartz veins (Fig. 1d-e) collected in the regolith
developed onto the SGC. Microthermometric
measurements were carried out on doubly polished
quartz sections, ~200 μm thick, at the Department of
Crystallography
and
Mineralogy,
Universidad
Complutense, Madrid, using a Linkam THMS 600
heating-freezing stage, which is connected to a TMS92
programmable thermal control unit (temperature range
between -190 and +600ºC). Pure CO2 and H2O
inclusions were used for calibration at the triple points (56.6ºC and -0.1ºC). Quantitative Raman analyses were
carried out with a DXR Raman spectrometer at the
Gottingen University (Germany).

The transported regolith is 50 cm thick and mainly
consists of rubefied quartzite conglomerates, quartz vein
fragments, red clays and fine-grained sand (with similar
composition to residual regolith) with abundant
millimetric to centimetric aggregates of iron oxides.
Gold nuggets between 0.1 and 2 g were collected
from both regoliths using a metal detector device
(Minelab 4500 GPX).
Gold samples can be grouped in three types:
1) Gold nuggets with variable size and shape, well
rounded and with a high transport degree. Sometimes
they are intergrown with primary quartz and show
reddish iron oxide stains (Fig. 1a). These samples were
classificated according to the Roundness (Powers 1953)
and Flattering Index (Giusti 1986).
2) Crystallized gold and angular-subangular gold
specimens with very low roundness, they preserve
angular forms due to very low transport and can be
intergrown with primary quartz (Fig. 1b-c).
3) Fragments of quartz veins intergrown with visible
gold (Fig. 1d-e) from eroded gold bearing quartz veins,
transported and accumulated in the regolith. Gold sizes
up 1cm and occur partially refilling fractures and open
spaces in quartz veins and sometimes within weathered
Sb-Pb phases. Other ore minerals observed in these
samples are native Cu and Cu-Au alloy, electrum,
jamesonite and aurostibite.

4 Gold chemistry
Au, Ag, Cu, Zn, Fe, As, Ni, Bi, Co, Pb, Sb, Se, Te, Hg
and S were determined in 130 gold analyses. Chemical
analyses show that gold is mostly of high fineness (Au
<90 wt.%) and contains 8-9 wt.% Ag average, thus
implying a primary character (Boyle 1979; Freyssinet et
al. 1989, 2005; Webster and Mann 1984). Very high
fineness gold (Au >98 wt.%) can be observed 1)
associated with iron oxides and weathered Sb-Pb phases,
2) in gold-rich rims, and 3) gold and phyllosilicates
infilling voids and fractures in gold nuggets. Gold grains
in fragments of quartz veins present Ag contents up to 18
wt.%.

5 Fluid inclusion study
Quartz veins mostly consist of polycrystalline aggregates
of quartz grains (Q1) containing abundant tiny secondary
fluid inclusions. Gold infill open spaces and fractures in
Q1 and is accompanied by clear quartz crystals (Q2)
showing growth zones.
Two types of water-bearing inclusions can be
recognized in Q2: vapour-rich inclusions (V) and liquidrich inclusions (L).
Type V inclusions are scant, occur either isolated or
in clusters only in the core of Q2 and they are likely
primary inclusions. They present three-phases at room
temperature and are vapour-rich (Vv/Vt=45-65%). The
non-aqueous part consists of CO2 (88-93%), CH4 (5.511%) and N2 traces. Homogenization temperatures for
the non-aqueous phases are between 20.1-24.5ºC (into
liquid). Clathrate melting occurs in a narrow interval
from 10.4 to 10.9ºC. These inclusions homogenize
between 290 and 312ºC into liquid phase, and between
340 and 350ºC into vapour.
Type L inclusions are liquid-rich aqueous inclusions
showing two populations according to their distribution,
total homogenization temperature and filling degree: L1,
with (Vv/Vt): 20-25% and L2, with (Vv/Vt): 10-15%.
No volatiles other than H2O vapour comprise the L
inclusions bubble. The L1 group is randomly distributed
within Q2 or isolated in the outer growth surfaces of Q2
crystals. The L2 inclusions occur along trails that cut
across the growth surfaces, indicating a secondary
character for these inclusions. In both populations, first

Figure 1. Different gold samples from Casas de Don PedroTalarrubias ore showing: gold nuggets (a), front and back of an
angular gold specimen with quartz vein (b, c) and fragments of
quartz veins intergrown with visible gold (d, e).

In the locations where gold was found, ditches were
made in the regolith to study the deposits and to sample
different layers. A portion of each sample was panned to
characterize the mineralogy and to obtain fine size gold.
However, no gold was found.

3 Analytical methods
Gold specimens were analyzed using an Electron
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without the support of Geological Survey of Spain.

melting of ice occurred at temperatures close to -21ºC,
pointing to NaCl and/or KCl as salts dissolved in water.
Final ice melting occurs between -3.4 and -1.8ºC for
both L1 and L2, indicating salinity values in the range
5.5 to 3wt.% NaCl equiv. Homogenization temperatures
occur between 120-244ºC (into liquid), showing two
modal intervals between 220-240ºC for L1 inclusions
and 160-200ºC for the L2 inclusions. Neither
microthermometric behaviour nor Raman analyses
indicate the presence of gases other than water vapour.
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6 Conclusions
Classification of gold nuggets according to the
Roundness (Powers 1953) and Flattering Index (Giusti
1986) indicates a mixture of gold nuggets from eroded
quartz veins both outcropping near-by (low transport)
and others transported within Plio-Quaternary sediments
(high transport).
Chemical analyses in gold specimens show that gold
is mostly of high fineness. However, Ag contents in gold
grains hosted by quartz veins fragments are higher than
those found in gold nuggets, because quartz preserves
gold from leaching. Low Ag contents for gold nuggets
indicate high transport degree and more intense leaching
process (McDonalds 2007).
Gold of very high fineness can be observed
associated with iron oxides and weathered Sb-Pb phases,
due to remobilization and reprecipitation during
secondary processes in later stages of the primary
mineralization.
Gold-bearing quartz veins were eroded and
accumulated in the regolith. Then gold underwent two
supergene processes: development of gold-rich rims by
Ag reaction with chlorides (Freyssinet et al. 1989;
Santosh 1994) and dissemination of fine size and
fineness gold among phyllosilicates, iron oxides and
other detritic minerals, all together infilling voids and
fractures in gold nuggets. This last type of gold could be
originated by partial dissolution and reprecipitation of
Au (Mann 1984; Youngson and Craw 1993).
Gold-bearing quartz veins hosted by late Variscan
granites and their host rocks occur across of the Iberian
Zone of the Iberian Massif (Roberts et al. 1991; Boiron
1996; Ortega and Vindel 1995; Ortega et al. 1996). The
mineralizing fluids range from early CO2-rich, C-H-O(N) fluid compositions to late H2O-dominated ones. The
fluid inclusion results obtained in this work are coherent
with these data and suggest that the gold-bearing quartz
vein fragments found in the Casas de D. PedroTalarrubias regolith could be eroded from late Variscan
gold veins.

Acknowledgements
We thank A. Rivas and I. Orea for lending a large
number of gold specimens and the Department of
Crystallography and Mineralogy of Universidad
Complutense de Madrid for the facilities given to SB in
the use of Microthermometry Laboratory. A.M. van den
Kerkhof is gratefully acknowledged for the performance
of the Raman analyses. This study could not be possible

204

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Ag-polymetallic deposits of the Kolyma-Verchoyansk
fold belt (Russia): mineral and geochemical
characteristics
Elena Anikina, Gennady N. Gamyanin, Nikolay S. Bortnikov
IGEM RAS, 119017 Staromonetny 35, Moscow
Abstract. The mineral composition and geochemical
features of Ag-polymetallic deposits of KolymaVerchoyansk fold belt has been studied. Three mineralforming ore stages have been recognized: 1) wolframitearsenopyrite-quartz; 2) cassiterite-sulfide-quartz; and 3)
silver-polymetallic mineralization. Textural and structural
differences of mineral aggregates in the various stages
reflect the change in the ore deposition mechanisms.
Sulfur isotope composition of mineral-forming fluids at
different stages was largely magmatic. Differences of
deposits are connected with local factors: conditions of
mineral precipitation, combination or separation of
mineralization of different types in space and degree of
manifestation of different types of mineralization within
the deposit.

dipping faults that controlled the distribution of
transverse granite belts (Fig. 1). The accretion processes
which took place along the Okhotsk active continental
margin lead to the reactivation of the north-west
trending regional faults. This results in the injection of
siliceous subvolcanic magmas and generation of fluids
responsible for the formation of Ag-Pb-Zn veins.

3 Mineral paragenesis
Three stages of formation of these deposits were
recognized: wolframite-arsenopyrite-quartz (I stage),
cassiterite-sulfide (II stage) and silver-polymetallic (II
stage). Each stage is characterized by typomorphic
mineral associations and paragenesis of minerals.
Earliest assemblages include quartz, arsenopyrite, pyrite,
cassiterite, bismuthinite. Cassiterite-sulphide aggregates,
consisting of siderite, pyrrotite, arsenopyrite, cassiterite,
pyrite, sphalerite, galena are next in a depositional
sequence. The late aggregates are composed of quartz,
galena, sphalerite, and sulfosalts.

Keywords. Ag- Pb-Zn deposit, mineral associations,
textures, sulfur isotopes

1 Introduction
Russian prospectors explored the Verkhoyansk region of
Sakha-Yakutia for silver as early as the 1770-1780s.
Comprehensive modern exploration efforts in the 1980s
and 2010s revealed that the Verkhoyansk province
contains significant silver reserves. The Prognoz and
Mangazeyskoye world-class deposits are located in this
area. The Prognoz indicated and inferred mineral
resources reported by MICON International Ltd. (2006)
are of 3.5 Mt at a grade of 636 g/t Ag and 2.21 Mt at a
grade of 551 g/t silver, respectively, based on a 100 g/t
silver cut-off grade. The Mangazeyskoe indicated and
inferred mineral resources are of 6.2 Mt estimated by
Silver Bear Resources Inc. (2009). The Kupol’noe
inferred mineral resources are of 2.9 Mt at a grade of
543 g/t Ag. The re-estimation of the silver deposits in
the Verkhoyansk province caused an intense study of
their mineral paragenesis, mineral chemistry, fluid
inclusions and stable isotopes in minerals. This paper
presents new data and previously reported results
(Anikina et al. 2010; Gamyanin et al. 1998, 2001).

Figure 1. 1 – Siberian platform; 2 – Verkhoyansk fold thrust
belt; 3 – Kolyma Omolon superterrain; 4-6 – Granite belts: 4 –
Longitudinal belts, 5 – Transverse belts, 6 – Granites dated at
95-106 MA; 7 – Fault; 8 – Thrust fault; 9 –Strike-slip fault; 10
– Ag-Pb-Zn deposits

2 Geological setting

4 Textures

The Kolyma-Verkhoyansk fold-trust belt, which extends
along the northeast margin of the ancient Siberian
platform on Sakha-Yakutia and North-Eastern territories
of Russia, hosts numerous vein Ag-Pb-Zn deposits.
The formation of silver-base metal deposits is related
to the activity of the granitoid magmatic-hydrothermal
systems. Their creation occurred at the collision of the
Kolyma-Omolon superterrane with the Siberian
continent. The later results in the formation of steeply

Differences in textural and structural features of early
and late stages should be emphasized. Mineralizations of
early stages (I, II) demonstrate massive, coarse-grain
textures. The mineralization of I and II stages has
resulted from the wall rock interaction with the fluid,
infiltrated and discharged along a system of small
fractures. Coarse-grained idiomorphic intergrowths of
mineral aggregates support the mineral crystallization
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Verhoyansk fold belt is widespread minerals of
significant variations of chemistry. Tennantitetetrahedrite series display the change in the
concentrations in Fe-Zn and Ag-Cu pairs (in wt.%): 06.2 Fe; 0.2-7.7 Zn; 0.7-50.5 Ag ; 0.-37. Cu. Tetrahedrite
associated with silver sulfosalts (pyrargyrite, miargyrite,
stephanite, andorite) have high silver contents. Electron
probe analysis reveal a considerable compositional
variation in stannite-kesterite zones where Fe contents
in adjacent zones can vary from 0.5 to 13.7 wt.%. A
considerable admixture of Bi in miargyrite (up to 22
wt.%), owyheeite (up to 6.1 wt.%), ramdohrite (to 8.2
wt.%) was detected. A nearly complete solid solution
between andorite and its Bi-analogue was revealed. This
study has shown that the maximum amount of mineral
of variable composition was formed during the last
stages of the mineralization processes under subsurficial conditions. The composition of minerals,
formed during the final stage, varies widely within the
same species. For example, the range of Ag content in
coexisting tetrahedrite lies within 10-20 wt.%. It is wellknown that the isomorphic capacity of minerals
increases at high temperature, but at the deposits studied
there are "uncommonly" wide variations of
compositions found in sulfides deposited at 150-280°C.
This can be caused by their non-equilibrium
crystallization.

from a relatively weakly supersaturated mineral-forming
solution.
For mineral aggregates of late stage (III) breccia,
rhythmically-zoned, banded, festoon (Fig. 2), cockade,
and crustified distinctly banded textures are
characteristic. The banding of aggregates is manifested
from the nano- to macro-level. Banded fabrics can be
caused by the alternation of bands composed of various
mineral associations, minerals, or the same minerals of
different composition. Multifold alternation of the bands
consisting of siderite, sphalerite, and galena was
observed. The alternation of bands composed of a same
mineral (carbonate, quartz, or sphalerite) but visually
different due to its colour, grain shape or size was
recorded as well. Cockade structures usually look rather
uniform: fragments of altered country rocks overgrown
with band of festoon-zoned carbonate that replaced with
festoon-zoned carbonate contained sphalerite and galena
inclusions and, finally, quartz-sulfosalts band.
Oscillatory zoning of individual grains was recorded for
carbonates (variation of the MgCO3/FeCO3/MnCO3
ratio), sphalerite (variation of the Fe content), kesteritestannite (variation of the Fe/Zn ratio) (Table 1), and
tennantite-tetrahedrite (variation of the Ag/Cu and Fe/Zn
ratio) mineral grains.

6 Distribution patterns of mineralization
Deposits studied exhibit some differences in their
characteristics. Typically, this is due to two main
reasons: 1) the combination or separation of products of
different stages of mineralization in the space, and 2)
unequal manifestation of mineralization of different
stages.
1) Products of mineralization of different stages can
be spatially separated. An example of such a separation
is the Mangazeyskoe deposit. In the central part of
Mangazeyskoe ore field, the wolframite-arsenopyritequartz mineralization is localized, cassiterite-sulfide
mineralization prevail on the south-western flank, and
silver-polymetallic is found on the north-eastern flank.
Despite this spatial separation, a superposition of
different types of mineralization takes place in some
cases. The Kupol'noe deposit is an example of a partial
separation of types of mineralization. Early associations
are located in the south-eastern part of the ore field.
Cassiterite-sulfide mineralization occurs at the northern
part of the ore field and spatially combined with the
association of silver-polymetallic stage, which form
separate ore bodies in the southern part of the ore field.
The Prognoz deposit is an example of combining all
three stages of mineralization, localized in a series of
latitudinal ore bodies.
2) The volume of a mineralization of each stage can
be both equivalent, and with prevalence of one of the
stages. Products of all stages of mineralization are most
distinctly and equally manifested at the Mangazeyskoe
deposits. In this case, a crystallization of mineral
aggregates in various structures leads to the formation of
"pure" associations of various stages. At the Prognoz
deposit, two types of mineralization corresponding to

Figure 2. Rhythmic-zoned festone siderite (Sid) with galena
(Gl)

The rhythmic–banded textures in the Ag-polymetallic
deposit can be formed due to two reasons. Coarsebanded textures are related to the dynamics of orehosting fractures. Thin-banded aggregates formed due to
changes in physicochemical properties of the mineralforming solution.
Table 1. Composition of stannite-kesterite
Zone
No
1
2

Cu

Ag

Zn

Fe

Sn

S

Total

30.2
29.6

0.3
n.d.

1.4 11.6
9.1 5.3

27.5
26.7

28.9
29.5

99.8
100.3

1
2

27.4
29.1

2.1
0.9

0.9 11.7
8.9 3.9

27.6
27.0

29.2
30.2

98.7
100.0

1

29.9

0.1

2.0 11.1

27.5

29.1

99.8

2

29.2

0.2

7.8

6.6

27.1

29.3

100.2

1.4 12.2
11.7 2.6

27.3
26.9

29.4
29.6

100.6
99.8

1
30.0
2
29.0
n.d. – not detected

0.2
n.d.

5 Mineral chemistry
A typical feature of multistage deposits of Kolyma-
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cassiterite-sulfide and silver-polymetallic type are clearly
manifested. Despite of the precipitation of these mineral
aggregates in a single structure, they clearly differ in
their textural and structural features because of the
formation with drastically different parameters of
mineral formation. A feature of the Prognoz deposit is
widespread bismuth mineralization formed as a result of
redeposition of Bi-minerals from the early stage. A
distinctive feature of the Kupol’noe deposit is oppressed
early mineralization and abundant silver sulfostannates.

4‰. Thus, evidence has been obtained that sulfur was
involved in mineral-forming system from two different
sources: magmatic sulfur from granite magma and
marine sulfate sulfur retained in terrigenous rocks
underlying and hosting ore bodies.

8 Discussion
Despite similar geodynamic formation conditions, spatial
division or combination of mineral associations and
degree of manifestation of various stages of a
mineralization on silver-polymetallic deposits of
Kolyma- Verkhoyansk belt define features of their
mineral composition.
The presence of rhythmically-zoned and banded veins
is an indication that vein formation has occurred
incrementally due to multiple reopening of fracture
arrays and oscillations of physical and chemical
parameters of fluids. The formation of these veins was
suggested to have been formed under subsurface
environments at low temperatures from moderate to high
salinity fluids. Fluid boiling can be responsible for
rhythmical vein fabrics and zonation of mineral
aggregates and grains. Variations of mineral
compositions within veins are usually interpreted to have
been the result of a change in fluid chemistry and
depositional temperature. Each increment of such veins
can be precipitated from compositionally contrasting
fluids penetrated into repeatedly reopened fractures due
to a different pulse of tectonic and hydrothermal activity.
The study of sulfur isotopes has allowed us to conclude
that ores of Ag-Pb-Zn deposits were formed as a result of
an input of fluids and components from different sources
in the mineral deposition site: (1) weakly mineralized
meteoric waters, (2) marine sulfate sulfur retained in
terrigenous rocks and (3) magmatic hydrothermal
solutions. Variations of the chemical and isotopic
composition of the mineral-forming fluid support that
the mixing of components occurred relatively quickly, at
or near the ore deposition site. Differences of deposits
are connected with local factors: conditions of mineral
precipitation,
combination
or
separation
of
mineralization of different types in space and degree of
manifestation of different types of mineralization within
the deposit.

7 Sulfur isotopes
The sulfur isotope composition in sulfides and sulfosalts
of various associations from silver-polymetallic deposits
has been studied. The majority of data points are
clustered near to 0‰ (Fig. 3). This indicates that for the
most part the sulfur in the mineral-forming systems was
derived from a uniform source, most likely magmatic.
Relatively high δ34S values typical for fluid of the last
mineralization stages can indicate the involvement of
oxidized forms of sulfur in an ore deposition site in a
subsurface environment. The negative δ34S values are
interpreted to have resulted from a fractionation of sulfur
isotopes between coexisting minerals during the mineral
crystallization. Results obtained indicate that the
granitoid related sulfur was a principal component of
ore-forming fluid deposited silver-polymetallic ores.

Figure 3. The sulfur isotope composition in minerals from

silver-polymetallic deposits (Prognoz, Kupol’noe and
Mangazeyskoe) and main sources of sulfur (ocean,
mantle and granitic rock).
Geological and geochemical studies have shown that
these deposits are related to different sources of sulfur.
The Prognoz deposit was formed as a result of
functioning of a long-living ore-forming hydrothermal
system characterized by the supply of magmatic fluids
and slightly mineralized meteoric water, which leached
components from the host rocks. During the formation of
Kupol’noe deposit, the medium-depth and hightemperature (mesothermal) ore-magmatic system
dominated by magmatic fluid passed into the near
surface medium-temperature hydrothermal system
dominated by modified low-salinity meteoric water. In
other words, the formation of the Kupol’noe deposit was
related to different ore-magmatic systems. A sulfur
isotopic composition at the Mangazeyskoe deposit has
shown that in spite of the multistage history of the
deposit, the sulfur of mineral-forming fluids at different
stages was largely magmatic with the δ34S value of 0 ±
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Re-Os geochemistry of wolframite from Jeřmanice W(Sn) mineralization, Bohemian Massif, Czech Republic
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Abstract. We present the preliminary Re-Os data from
W-(Sn) granite-related mineralization hosted in phyllites
near Jeřmanice, Bohemian Massif, Czech Republic.
Analyzed samples JerB-1 and JerC-1 have very low Re
and Os contents (23 and 54 ppt; 0.15 and 0.5 ppb,
respectively)
coupled
with surprisingly strongly
187
188
subchondritic
Os/ Os between 0.1040 and 0.1054.
These preliminary results may suggest unique behavior
of wolframite with respect to Re-Os isotopic system.
While the Os contents are similar to terrestrial basalts
(e.g., MORB etc.), it shows much lower Re contents and
187
188
Os/ Os similar to Martian meteorites (SNC) and
Eucrite Nuevo Laredo. Therefore, it is possible that
wolframites have a potential to retain primary, frozen ReOs composition reflecting Re-Os composition of the
primordial Earth’s mantle.
Keywords. Re-Os isotopes,
Jeřmanice, Bohemian Massif

tungsten,

crosscut by series of quartz dikes (up to 25 cm in
diameter). Phyllites occur at the contact with the Tanvald
plutone (two mica alkali-feldspar granite), which
represents part of the Late Carboniferous KrkonošeJizera batholith (318-314 Ma; Machowiak and
Armstrong 2007). The formation of quartz veins
(probably by crack and seal process) was accompanied
with strong tourmaline alteration of phyllites.
Tungsten mineralization (wolframite) is in the form
of solid solution of 59-79 mol.% ferberite and 20-31
mol.% hübnerite. It is irregularly distributed within
quartz veins, but mainly concentrated in the marginal
part of dike. Wolframite typically occurs in medium to
low temperature hydrothermal mineral systems,
pneumatolytically altered granites or greisens, and
granite pegmatites (e.g., Wood and Samson 2000). It is
predominantly associated with cassiterite, apatite, rare
tourmaline, stolzite (CaWO4), bismutine and rutile. The
younger growth of scheelite within cracks in wolframite
was observed.
Primary two-phase fluid inclusions (H2O-CO2, Dobeš
et al. 2007) were found in quartz from W-Sn
mineralization. These inclusions characterize the P-T
conditions at 320-360°C and 45 to 70 MPa (according to
Dobeš et al. 2007; Vondrovic et al. this volume).

wolframite,

1 Introduction
Most W-(Sn) deposits are spatially associated with
granitic plutons. Whether the granitic magma provides
the W directly via an orthomagmatic fluid or the W is
leached from the pluton and/or its host rocks at some
later time is still disputed (e.g., Wood and Samson
2000). However, in either scenario, the W is ultimately
derived from a fluid that has been equilibrated with the
granite. Deposition of W may occur in the granitic
pluton and/or country rocks.
The Re-Os isotopic system is commonly used for
geochronology and geochemical studies of hydrothermal
type of ore mineralization. Despite that wolframite is the
most common ore mineral of W-Sn mineralization; it has
never been analyzed for Re-Os contents and 187Os/188Os.
In this paper we present the first Re-Os data for
wolframite from Jeřmanice (Bohemian Massif, Czech
Republic) and discuss its Re-Os systematics.

3 Samples and analytical methods
3.1 Samples
Three fresh samples of massive, coarse-grained (up to 10
cm in length) and two fine-grained (up to 2 cm)
wolframite (Fig. 2) from quartz veins were collected
from Jeřmanice. Samples were crushed to grain fraction
sizes up to 2-4 cm. This fraction was cleaned in 1M HCl
and only clean wolframite grains without intergrowths
with quartz or another mineral were selected. Three
different aliquots were obtained: JerA and JerB from
coarse-grained and JerC from the fine-grained
wolframite. These aliquots were powdered to analytical
quality for Re-Os geochemistry.

2 Geological settings
The studied samples come from W-Sn ore from
Jeřmanice. Jeřmanice is located in the Lusatian Zone of
the Bohemian Massif, Czech Republic (Fig. 1). The
studied mineralization is hosted by lower Paleozoic
green-schist facies phyllites that are discordantly

3.2 Re-Os concentration estimation by LA-ICPMS
Wolframite has never been analyzed for Re-Os, thus the
concentration of Re and Os and its ratios are unknown.
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v.v.i. Wolframite powders (~1 g) were mixed with 185Re
and 190Os spikes and dissolved using Carius tube
technique (Shirey and Walker 1995) with ~4 g
concentrated HCl and 5 g concentrated HNO3 at 260°C
for 2-3 days. The wolframite digestion was accompanied
with a formation of yellow precipitate, most likely
tungstic acid. This was removed prior Re-Os separation
by centrifugation. Osmium was separated using solvent
extraction to CCl4 and back reduction to HBr (Cohen
and Waters 1996). The final fraction was purified by
microdistillation (Birck et al. 1997). Rhenium was
separated by anion exchange chromatography using AG
1x8 resin (BioRad). The samples were loaded into
columns in chloride form (1M HCl) and Re fraction was
collected by 6M HNO 3.
3.4 Rhenium and osmium mass spectrometry
Rhenium concentrations were determined on HR-ICPMS single-collector Element 2 (Thermo) at the Institute
of Geology AS CR, v.v.i. Desolvation nebulizer Aridus II
(Cetac) was used for sample introduction to enhance
higher and more stable signal. The isotopic fractionation
was corrected using a linear law and different 300 ppt Re
standard solution (NIST, E-Pond). For Os concentrations
and isotopic compositions, samples were analyzed as
OsO3- using a Finnigan MAT 262 thermal ionization
spectrometer with modifications for measuring negative
ions (N-TIMS) at the Czech Geological Survey. All
samples were measured using an electron multiplier in a
peak hopping mode. The samples were loaded with
concentrated hydrobromic acid onto Pt filaments and
dried. Ba(OH)2 activator was subsequently added for
electron production. The measured Os isotopic ratios
were corrected offline for oxygen and osmium mass
fractionation using 192Os/188Os = 3.08271 (Shirey and
Walker 1998). Osmium concentrations were calculated
using isotope dilution technique. After that, offline
187
Os/188Os correction for blank and spike contribution
was applied. Due to a very low 187Os contents, in-run
precision for 187Os/188Os was between ± 0.14 and 0.78%
(2σ). External precision for the 300 pg Os UMCP
standard solution (Johnson-Matthey) was 0.2% (2σ).

Figure 1. Simplified geological map of the Jeřmanice area
(based on Czech Geological Survey 1:50000 maps). Index map
shows position of the pluton in the Bohemian Massif.

To perform accurate Re-Os spiking, we analyzed
approximate Re-Os concentration in wolframite by laser
ablation ICP-MS (Element2, Institute of Geology AS
CR, v.v.i.). Semi-quantitative concentrations of Re were
obtained by calibrating against NIST SRM 612. Os
concentrations were determined from Re/Os ratios for
individual wolframite grains.

Table 1. Re-Os data for wolframite from the W-(Sn)
Jeřmanice mineralization
Sample
GPS
coordinates
Re (ppb)
Os (ppb)
Re/Os
187
Re/188Os
187
Os/188Os
Figure 2. Backscattered-electron image
wolframite (ferberite).

of Jeřmanice

JerB-1

JerB-2

JerA-2

JerC-1

JerC-2

50°41'59.006"N; 15°5'52.575"E
0.023
0.15
0.15
0.74
0.1040

0.018

0.027

0.054
0.50
0.11
0.52
0.1054

0.044

4 Results and discussion
Re-Os concentrations and isotopic data for 5 studied
samples are summarized in Table 1. Unfortunately, only
two samples (JerB-1, JerC-1.) were successfully
analyzed for Os contents and 187Os/188Os. Sample JerB-2
had very low signal most likely due to problems with

3.3 Separation of Re-Os
Rhenium and osmium separation was performed at the
ultra-clean laboratory in the Institute of Geology AS CR,
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filament loading. Samples JerA-2 and JerA-C had very
low Os contents, which resulted in their over-spiking and
unacceptable blank/spike corrections. Nevertheless,
successfully analyzed samples JerB-1 and JerC-1 have
very low Os contents (0.15-0.5 ppb) and surprisingly
strongly sub-chondritic 187Os/188Os between 0.1040 and
0.1054 (initial ratios recalculated back to 320 Ma yielded
0.10004 and 0.10262). Concentrations of rhenium are
quite homogeneous for all five samples (18–54 ppt)
Re/Os ratios ranges between 0.11 and 0.15.
Absence of any Re-Os data for wolframite in
literature limits some comparisons and discussion,
however our preliminary results may show very unique
behavior of Re-Os isotopic system in wolframite. The
origin of wolframite is most likely associated with some
late stages of granitic magma evolution and/or
surrounding rocks (phylittes). Hence, crustal-like high
Re/Os ratios and therefore radiogenic 187Os/188Os ratios
should be expected. Studied wolframites have similar Os
contents to terrestrial basalt (e.g., MORB), but much
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very high melting point of tungsten. However, more
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done to discuss this possible phenomenon.
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Characteristics of both sulfur-lead isotopes and fluid
inclusions of the Huaaobaote Pb-Zn-Ag polymetallic
deposit, Northeastern China
Chen Yongqing, Zhao Binbin, Guo Lingfen, Zhou Ding, Jian Zhenzhen
School of Earth and Mineral Resources, China University of Geosciences (Beijing), Beijing 100083; China

located at the lower Permian sandstone and siltstone and
the spatial distribution of its ore belt is controlled by the
deep seated faults with NE trend (Fig. 1). At present,
thirty-four ore veins with different sizes have been
discovered. It has been illustrated that at depth the ore
bodies are spatially associated with the early Cretaceous
granites with the SHRIMP U-Pb ages of 132 ± 1.4 Ma
and rhyolites with the SHRIMP U-Pb ages of 136 ± 3
Ma. Alteration minerals are mainly pyrites, arsen6pyrite,
quartz, calcite, sericite chlorite, kaolinite. Metal
minerals are mainly galena, sphalerite, chalcopyrite,
pyrargyrite, freibergite.

Abstract. The Huaaobaote Pb-Zn-Ag polymetallic
deposit with grade of 9.24% Pb᧨ 16.86% Zn᧨427 g/t
Ag᧨and ore amounts of over 30 Mt, tectonically located
at the south segment of the Dahinggan Mountains Oreforming Belt of the circum-Western Pacific Metallogenetic
Domain, Northeastern China, is a buried hydrothermal
vein deposit discovered in recent years and associated
with early Cretaceous tectonomagmatic activities. The
following conclusions has been summarized by studying
on both sulfur-lead isotopes and fluid inclusions. (a)
ˡ34S from metal sulfides varies from -3.61ಽ to +1.21ಽ,
average value of -0.65ಽ, and is similar to that of many
Pb-Zn-Ag deposits associate with granites in China. (b)
206
Pb/204Pb ranges from 18.013 to 18.178, 207Pb/ 204Pb
from 15.344 to 15.509 and 208Pb/204Pb from 37.519 to
38.021, which indicate that lead may originate from the
upper mantle. (c) The fluid inclusions from quartzes
related to mineralization are of lower salinity (0.54-8.52
wt.% NaCl equiv.) and lower density(0.790-0.943 g/cm3),
and belong to a unsaturated fluids. (d) The ore-forming
temperature by measuring the fluid inclusions from
sphalerites, quartzes and calcites ranges from 146.7 to
274.3ഒ, and exhibits three concentrated range: 270.0240.0°C, 235.0-205.0°C, and 205.0-160.0°C; which
correspond to three ore-forming stages of idiomorphic
arsenpyrite
-pyrite-quartz,
sphalerite-galena,
and
anhedral arsenpyrite-pyrite. (e) The ore-forming pressure
calculated based on the temperature and the salinity of
the fluid inclusions varies from 9.60-20.26 MPa, which
correspond to the pressure of 1.20-1.70 km at depth of
the crust.

3 Sulfur and lead isotope
3.1 Sulfur isotope
Sulfur is main matter which constitutes metal sulfides
such galena, sphalerite and chalcopyrite. Analysis of
sulfur isotope composition can indentify the source of
the sulfur which constitutes metal sulfides and further
explore the ore genesis. It has been shown that δ34S from
the metal sulfides of this ore bodies varies from -3.61‰
to +1.21‰, average value of -0.65‰, and is similar to
that of many Pb-Zn-Ag polymetallic deposits associated
with granites in China. Some scientists think that if
variation ofδ34S within one ore deposit is not over10‰,
thus the source of the sulfur which constitutes metal
sulfides is homogeneous. Among twenty five sulfur
isotope samples selected from this ore deposit, eighteen
δ34S data from sphalerites range from -0.88‰ to +1.21‰
average value of 0.30‰, approaching distribution of
sulfur isotope of meteorites; and δ34S data from seven
galena range from -3.61‰ to -2.36‰, average value of 3.07‰ (Fig. 2a). The concentrated regularity of δ34S in
hydrothermal ore deposits generally is that δ34S values

Keywords. sulfur and lead isotopes, fluid inclusions, PbZn-Ag polymetallic deposit, the Dahinggan Mountains
Ore-forming Belt, Northeastern China

from sphalerites is greater than that from galena᧨being
in conformity with the sequence of sulfur isotope
fractionation between paragenetic equilibrium mineral
association, which indicates that both the galena and the
sphalerites may be deposited under an equilibrium
environment (Chen et al. 1994).

1 Introduction
The Huaaobaote Pb-Zn-Ag polymetallic deposit with
grade of 9.24% Pb᧨ 16.86% Zn᧨427 g/t Ag᧨and ore
amounts of over 30Mt, tectonically located at the south
segment of the Dahinggan Mountains Ore-forming Belt
of the circum-Western Pacific Metallogenetic Domain,
Northeastern China, is a buried epithermal vein deposit
discovered in recent years and associated with early
Cretaceous tectonomagmatic activities.

3.2 Lead isotope
Lead isotope is usually used for calculation of the oreforming age and for identification of the sources of oreforming elements. The μ values from nine galena
samples vary from 9.00 to 9.31; Th/U ratios range from
3.50 to 3.66; 206Pb/204Pb ranges from 18.013 to 18.178,
207
Pb/204Pb from 15.344 to 15.509 and 208Pb/204Pb from

2 Features of Pb-Zn-Ag deposit
The buried Pb-Zn-Ag polymetallic deposit is mainly
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Figure 1. The simplified geological map of Huaaobaot Pb-Zn-Ag deposit.

Figure2. The histogram of sulfur isotope (a) and Δβ-Δγ genetic classification showing Pb isotope distribution (b) from of the
Huaaobaote Pb-Zn -Ag deposit.
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37.519 to 38.021, exhibiting narrow varying range,
which indicate that lead may originate from the upper
mantle (Fig. 2b) (Zhu 1998).The surface age of the metal
mineralization calculated according to the lead isotopes
ranges from 135 to 223 Ma, average age of 182.6 Ma,
which correspond to the tectonomagmatic activity
triggered by subduction of the Pacific Plate beneath the
Asia plate during Late Jurassic and Early Cretaceous.

sphalerites varies from 0.54 to 4.33 wt.%, and ranges
mainly between 2.00 and 4.00 wt.%, as well as with
three peak value distributions: 0.60-1.20 wt.%, 1.80-2.40
wt.% and 3.60-4.20 wt.%. In conclusion, the salinity
values are not over the salinity range (0-13 wt.%) of the
epithermal ore deposits distributed at North America
(Heald 1987).
The calculated ore-forming pressure based on the
temperature and the salinity of the fluid inclusions from
the quartz and calcites varies from 9.88 to 20.26 MPa,
average value of 14.60 MPa. The ore-forming pressure
from the sphalerites range from 9.60 to 15.69 MPa,
average value of 12.42 MPa. In conclusion, the oreforming pressure varies 9.60 to 20.26 MPa, on which the
ore –forming depth calculated ranges from 0.96-2.03 km,
being mainly between 1.20 and 1.70 km.
In conclusion, the ore-forming hydrothermal liquid is
an unsaturated hot liquid mixed magma water with
meteoric water and with low salinity and low density,
thus the Huaaobaote Pb-Zn-Ag polymetallic deposit is a
epithermal ore deposit.

5 Conclusions
(1) The δ34S data from the Huaaobaote Pb-Zn-Ag
polymetallic deposit varies from -3.61‰ to +1.21‰,
average value of -0.65‰, which indicates the sulfur may
come from the granites, the deep crust and /or the upper
mantle.
(2) The 206Pb/204Pb ratio ranges from 18.013 to 18.178,
207
Pb/204Pb ratio from 15.344 to 15.509 and 208Pb/204Pb
ratio from 37.519 to 38.021, exhibiting narrow varying
range, which indicate that lead may originate from the
upper mantle
(3) The ore-forming hydrothermal liquid is an
unsaturated hot liquid mixed magma water with meteoric
water and with low salinity and low density, thus the
Huaaobaote Pb-Zn-Ag polymetallic deposit is an epithermal ore deposit.

Figure3 Th histogram of the liquid-rich fluid inclusions

4 Fluid inclusions
The fluid inclusions for this study come from the
quartzes, calcites and sphalerites of the main ore body.
4.1 Homogenization temperature

The ore-forming homogenization temperature obtained
by measuring the inclusions from the sphalerites,
quartzes and calcites ranges from 146.7 to 274.3°C, and
exhibits three concentrated range: 270.0-240.0°C, 235.0205.0°C, and 205.0-160.0°C (Fig. 3); which may
correspond to three ore-forming stages of idiomorphic
arsenpyrite -pyrite-quartz, sphalerite-galena, and
anhedral arsenpyrite-pyrite which was divided according
to ore microscopy (Chen 2011).

References
Chen YQ, HAN XL, Zhao HJ et al. (2001) Characteristics of
primary halo zonation and prospecting pattern of deep
orebody of the Huaaobaote Pb-Zn-Ag polymetalliclic deposit,
Inner Mongolia, Northeastern China. Earth Sciences-Journal
of China University of Geosciences, 36:236-246
Chen HS, Zhou S, Wei L et al. Geochronology and isotope
geochemistry of metallogenesis. Geological Publishing House,
Beijing, 242 p

4.2 Salinity, density and pressure
The fluid inclusions from quartzes related to
mineralization are of lower salinity (0.54-8.52 wt.%
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Application of O-isotopes, trace elements, and
cathodoluminescence in quartz to hydrothermal ore
settings
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Abstract. Hydrothermal quartz from a variety of vein
types in the Mt. Leyshon gold deposit were imaged by
cathodoluminescence (CL), and analyzed for both
oxygen isotopic ratios (by SIMS) and trace element
chemistry (by LA-ICP-MS). Over the 280 to 650°C
temperature range suggested by fluid inclusion
microthermometry, δ18Oquartz varies from 0.0 to 14.4‰,
18
corresponding to a wide range of equilibrium δ Ofluid
values of -6.1 to 10.2‰ (vs. V-SMOW). Irrespective of
oscillatory CL zoning within a given quartz generation,
18
δ Oquartz is generally stable. Drastic departures to low
18
δ Oquartz values are interpreted as short-lived incursions
18
of O-depleted meteoric water. In contrast, Al and Li
concentrations map closely with CL zoning, and vary in
concentration up to 2 orders of magnitude. Consistent
with previous studies, Ti correlates strongly with
precipitation temperature and behaves independently of
18
Al. While the Ti and δ Oquartz record appears to track
major shifts in temperature or isotopic fluid composition,
the Al and Li record is influenced by the superimposed
effects of precipitation kinetics. The analysis of quartz
composition in petrographic context using CL could
contribute to provenance studies in an exploration
setting, particularly where hydrothermal conditions are
poorly constrained due to limited exposure, poor fluid
inclusion quality, or deformation.
Keywords. quartz, cathodoluminescence,
isotopes, trace elements, Mt. Leyshon

temperature and fluid composition (e.g., Smith et al.
1998; Valley and Graham 1996), or the effect of fluidquartz disequilibrium (Onasch and Vennemann 1995).
Although such parameters are also expected to exert a
control on the trace element signature of quartz, few
studies have investigated both the oxygen isotopic and
trace element composition in quartz with respect to CL
characteristics.

2 Methods
Samples were taken from the Mt. Leyshon gold mine
(Queensland, Australia), including magmatic quartz
phenocrysts from porphyritic intrusions, as well as four
vein stages: (1) quartz-magnetite veins associated with
biotite-magnetite alteration (>375°C); (2) quartzmolybdenite veins with K-feldspar alteration (earlystage quartz 600-650°C; late-stage quartz 260-280°C);
(3) quartz-sulphide veins with sericitic alteration (320414°C); and (4) quartz-sulphide-Au veins with sericitic
alteration (315-370°C). Formation temperature are
inferred from fluid inclusions studies (Allan et al. 2011).
Representative samples of quartz were imaged by
SEM-CL on a CamScan 4 SEM equipped with a CL
mirror and photomultiplier detector (University of
Leeds). Trace elements in quartz were analysed by laser
ablation ICP-MS, using a 193nm ArF GeoLas Q Plus
exciplex laser coupled to an Agilent 7500c quadrupole
ICP-MS. Only quartz free of fluid or mineral inclusions
was analysed. The analytical protocol contained
combinations of: 7Li, 11B, 23Na, 24Mg, 27Al, 29Si, 31P,
35
Cl, 39K, 47Ti, 55Mn, 57Fe, 72Ge, and 118Sn. Oxygen
isotopic analyses were determined by secondary ion
mass spectrometry using a Cameca IMS 1270
(University of Edinburgh).

oxygen

1 Introduction
Quartz is ubiquitous in hydrothermal systems but
undervalued as a mineralogical record of hydrothermal
processes. Cathodoluminescence (CL) is an important
property of quartz, since it may reveal internal
“stratigraphy”, often invisible during transmitted light
petrography. Variations in CL intensity and wavelength
are widely accepted to be a function of both structural
lattice defects and chemical impurities (e.g., Marshall
1988). Several parameters may influence the
incorporation of defects into hydrothermal quartz,
including fluid chemistry (Landtwing and Pettke 2005;
Ramseyer and Mullis 1990; Monecke et al. 2002; Götze
et al. 2004), precipitation rate (Ihinger and Zink 2000),
crystal orientation (Ramseyer and Mullis 1990), pH
(Perny et al. 1992), and potentially, pressure and
temperature (Hurst and Storch 1981; Dennen et al.
1970).
Spatial variations in δ18Oquartz associated with
different CL zones may reflect temporal gradients in

3

Results and discussion

3.1 Trace elements
Aluminum concentrations are the most variable at 24 –
33 000 ppma (ppm on an atomic basis), and in general,
Al is also the most abundant impurity. Only Li correlates
strongly with Al in vein quartz, with an average Li/Al
atomic ratio of ~0.2. A weak positive correlation
between Na, K, and Ge with Al exists, though the
variability of these elements at a given Al concentration
is large compared to Li. Variations in Al and Li
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line in Fig. 3), with a complementary spike in Al (>10
000 ppma). Even if the isotopically light quartz
precipitated at 100% isotopic disequilibrium, the fluid
composition would be substantially depleted at ~0‰.
The results are best explained by the incursion of 18Odepleted meteoric water with limited isotopic exchange
with igneous wallrocks, and a concomitant increase in
precipitation rate to explain the rise in Al
concentrations. With additional quartz growth, Al and
δ18Oquatz stabilize to more typical values, indicating the
resumption of magmatically-dominated hydrothermal
conditions.

concentrations map closely onto CL patterns for all vein
stages, and appear to be the only trace elements that covary with respect to oscillatory zoning. However, no
universal relationship between CL intensity and Al or Li
concentration appears to holds true.
Fluid pH is an obvious variable controlling Al
solubility, but the consistency of Al/Li ratios in quartz
over a wide range of hydrothermal conditions hints that
precipitation rate may be a more important control on
the absolute concentration of Al in the quartz lattice.
Concentrations of Ti, P and Sn are relatively constant
within a given vein generation, even where CL zoning is
observed. Uniquely, Ti varies between vein generations
in accordance with precipitation temperature, with
strong enrichment in magmatic quartz phenocrysts (69 –
110 ppma), followed by high temperature quartzmolybdenite veins (10 – 51 ppma), followed by lower
temperature base metal and gold veins (typically 1 – 10
ppma). Figure 1 illustrates the independent behaviour of
Ti from Al and Li in quartz molybdenite veins, which
contain an early generation of high-T, bright-CL quartz
and a later generation of lower temperature, dark-CL
quartz.

Figure 2. Oxygen isotopic analyses of Mt. Leyshon quartz
samples.

Figure 1. O-isotope and trace element traverses across a
quartz-molybdenite vein. Titanium correlates with precipitation
temperature but varies independently of Al and Li.

3.2 Oxygen isotopes
Oxygen isotopic data for each vein type are summarized
in Figure 2, with the vast majority of values lying
between 6 and 14.4‰ (vs. V-SMOW). Rare values as
low as 0.0‰ are also observed (Fig. 3). The isotopic
composition of parent fluids, calculated using fluid
inclusion homogenization temperatures and equilibrium
quartz-H2O O-isotope fractionation factors (Matsuhisa et
al. 1979) range from 10.2 to as low as -6.1‰.
As expected, there is no universal relationship
between δ18O and CL intensity per se, but CL textures
do help guide interpretation of the stable isotope results.
For example, quartz that shows CL evidence for
repeated episodes of fracturing and precipitation
exhibits a sudden shift from isotopically heavy
(δ18Oquartz ~12‰) to isotopically light quartz (δ18Oquartz =
0‰) across a “crystallographic unconformity” (dotted

Figure 3. O-isotope and trace element traverses across a Stage
3 quartz crystal.

4 Conclusions
Cathodoluminescence imaging of quartz provides the
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composition (both chemical and isotopic), and
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Geochemistry of lithium-rich brines in Clayton Valley,
Nevada, USA
LeeAnn Munk, Hillary Jochens
University of Alaska Anchorage, Department of Geological Sciences, Anchorage, Alaska, USA
Melissa Jennings
Chemetall Foote Corporation, Silverpeak Operations, Silverpeak, Nevada, USA
Dwight Bradley
U.S. Geological Survey, Anchorage, Alaska, USA
Scott Hynek
University of Utah, Department of Geology and Geophysics, Salt Lake City, Utah, USA
Linda Godfrey
Rutgers University, Department of Marine and Coastal Sciences, New Brunswick, New Jersey USA
Abstract. Lithium is a scarce and technologically
important element. Ubiquitous use of Li-ion batteries for
energy storage has put increasing demands on the
resource. Therefore, understanding the formation of
lithium brine deposits is essential for exploration. Clayton
Valley, Nevada, USA is the location of the sole Li brine in
production in N. America. It is located in a closed-basin
system with an arid climate. The Li-rich brines are
currently being produced from six different aquifers in the
playa. The brines have formed from a complex process
involving evaporation, mixing, and halite, and hectorite
dissolution and precipitation.

Ordovician carbonate and clastic rocks that were
deposited along the ancient western passive margin of
North America. During late Paleozoic and Mesozoic
orogenies, the region was shortened and subjected to
low-grade metamorphism. Granitoids were emplaced at
ca. 155 and 85 Ma. Extension commenced at ca. 16 Ma
and has continued to the present, with changes in
structural style. A metamorphic core complex just west
of Clayton Valley was exhumed from mid-crustal depths
during extension. The basin is bounded to the east by a
steep normal fault system toward which basin strata
thicken. Tuffaceous lacustrine facies (Esmeralda
Formation) deposited during the Late Miocene or
Pliocene, contain up to 1300 ppm Li and average 100
ppm Li (Kunasz 1974; Davis and Vine 1979). Late
Miocene or Pliocene felsic tuffs and rhyolites along the
basin’s eastern flank have Li concentrations as high as
228 ppm (Price 2000). Multiple wetting and drying
periods during the Pleistocene resulted in the formation
of alternating lacustrine deposits, salt beds, and Li-rich
brines. Hectorite in the playa sediments contains from
350-1171 ppm Li (Kunasz 1974). Prior to development
of the brine resource, a salt flat and brine pool existed in
the north part of the basin, but groundwater pumping
has eliminated the surface brine pool.
The subsurface Li-brines are pumped from six
aquifer units. Volcanic glass in the main ash aquifer
(MAA) shares strong compositional affinities with the
~750 ka Bishop Tuff. However, this ash bed could also
be correlated with some of the 0.8-1.2 Ma tuffs of Glass
Mountain (Sarna-Wojcicki et al. 2005). In Clayton
Valley, this aquifer system ranges between 5–20 m
thick. Other aquifers include the salt aquifer system
(SAS) comprised of thick bedded halite deposits
interbedded with silt [30-100 m]; the tufa aquifer system
(TAS), a localized aquifer of consolidated travertine in
the upper basin [6-20 m]; the lower ash system (LAS),
an extensive zone of thin-bedded volcanic ash deposits,
interbedded with silt and sand [10-90 m]; the margin
gravel aquifer (MGA), a localized aquifer of mixed
gravel, sand, and silt [10-70 m]; and the lower gravel
aquifer (LGA), a poorly sorted deposit of coarse to fine
gravel, sand, and silt [50-100 m].

Keywords. lithium, brine, Nevada

1 Introduction
Lithium is a scarce and technologically important
element produced primarily from brines and pegmatites.
Although it is a non-renewable resource, it is used in
conjunction with renewable energy technologies and
hybrid automobiles, primarily in the form of Li-ion
batteries. Now the most used form of batteries in many
electronics. The consumption of lithium carbonate is on
the rise and so far global production has kept pace. It is
essential, however, that a predictive exploration model
for lithium brines be developed to help meet future
demand. This study focuses on geochemical aspects to
determine the origin of the brines.
Clayton Valley is located in Esmeralda County,
Nevada, USA approximately 100 miles north of Death
Valley and is the location of the only Li brine deposit in
production in North America. Clayton Valley is a closed
basin with an area of 1342 km2 and a playa surface of 72
km2. The basin lies in the eastern rain shadow of the
Sierra Nevada and is arid with an annual average
precipitation of 13 cm, average evaporation rates of 142
cm/yr and an average temperature of 13o C. The
elevation of the valley floor is 1298 m, lower than any
of the nearby basins.

2 Geology of the Basin
The basement consists of late Neoproterozoic to
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3 Geochemistry of waters in the Basin

indicates that the inflow waters and some of the brines
have Li concentrated by evaporation and other brines
have relatively constant Li with increasing Cl. Davis et
al. (1986) proposed that the Li was concentrated by the
same processes as Cl and therefore must have been
trapped as a Li-rich bittern when the halite formed.

Waters sampled in Clayton Valley include springs,
groundwater, subsurface brines, and snow (meteoric).
The brines are classified primarily as Na-Cl waters. The
springs and groundwater have a mixed composition and
are more dilute than the brines. The δ18O and δD
signatures of the water are illustrated in Fig. 1. Meteoric
water collected as snow plots on the GMWL (global
meteoric water line) as does precipitation from nearby
Tonopah, Nevada (Friedman et al. 2002). The
groundwater brines form an evaporation path from the
GMWL with the water from the SAS (the most
isotopically enriched brine water, Fig, 1). This trend
could also represent a mixing line between freshwater
and brine. Figure 1 also illustrates results from an
evaporation experiment of brine that was allowed to
evaporate at the surface in Clayton Valley. The results
indicate that if the brine evaporates to 100% at the
surface, the δ18O and δD signatures become notably
more enriched than those of any of the sampled
subsurface brines.
The Na and Cl chemical signature of the waters
indicates that there are dilute inflow waters (springs)
that are concentrated in Na and Cl through halite
dissolution and/or evaporation (Fig. 2). However, based
on the brine evaporation trend in Figure 1, further
explanation is necessary.
Figure 3 illustrates that the inflow waters (springs)
and non-brine groundwaters are likely affected by waterrock interactions, increasing the δ18O signature; some of
the brines, however, appear to be more strongly
influenced by evaporation. Because the most enriched
brine (SAS) has a δ18O and δD that is less than that of
the fully evaporated brine (Fig. 1), we suggest that the
SAS brine has subsequently undergone dilution from
meteoric water. Therefore, we return to the hypothesis
that the “evaporation” line in Figure 3 could represent a
mixing line between the SAS and the meteoric/dilute
spring waters. Investigating the problem further, Figure
4 indicates that there is an increase in Na concentration
as δD increases for most of the brine samples. Note that
most of the non-brine (inflow) waters show an increase
in Na at relatively constant δD indicating little
evaporation of that water. Some of the spring waters
have a slight isotopic enrichment, which is expected
because of evaporation through capillary draw. The
brines indicate an increase in Na with increase in
evaporation.
The Li content of the waters in Clayton Valley ranges
from less than 1 μg/L in the snow sample up to 406.9
mg/L in the LAS aquifer. The cold springs surrounding
Clayton Valley have Li concentrations of less than 1
mg/L. The one hot spring in the area located east of
Clayton Valley near Alkali contains 1.6 mg/L Li.
Lithium content of the groundwater from the freshwater
well that extracts water from an alluvial fan located near
SilverPeak, NV is less than 1 mg/L. The hot
groundwater well located northeast of Silver Peak in
Clayton Valley contains 40.8 mg/L Li. Interestingly,
water collected from a deep geothermal drill rig
operating about 20 miles north of Silver Peak in May
2010 had water with only 4.9 mg/L Li. Figure 5

Figure 1. δ18O vs. δD for water in Clayton Valley, NV and the
brine evaporation experiment.

Figure 2. Log-Log plot of Cl vs Na including data from Davis
et al. (1986). GW = groundwater, GW hot = hot groundwater,
HS = hot springs, CS = cold springs, other aquifer designations
in text

Figure 3. δ18O vs. δD for snow, springs, groundwater and
brines (Figure 2 for symbols).

The comprehensive data set presented here supports
that hypothesis for the formation of the SAS brine, but
other processes were likely involved in the formation of
other brines. (Further work is underway to use the δ18O
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and δD of clays from core samples in the basin to
understand the climate history and past periods of Li
enrichment).

Figure 7. 1/Li vs. δ7Li for the brines, and one hot spring (HS
plots off to the right), (Figure 2 for symbols).

The range in δ7Li values (Fig. 7) indicate multiple
sources of Li to the subsurface brines; the one hot spring
sampled to the east of the valley has the most depleted
δ7Li signature, indicating water that has interacted with
clay minerals. Further isotopic analyses of the inflow
waters and brines are necessary.

Figure 4. δD vs. LOG Na for snow, springs, groundwater and
brines. (Figure 2 for symbols).

4 Conclusions
The Li brine at Clayton Valley, NV, USA has formed
from a complex process of evaporation, mixing, and
halite and hectorite dissolution and precipitation. The
SAS brine appears to be an older brine that has mixed
and been diluted with fresh inflow waters. However, the
Li, δD, and δ7Li indicate that there is another source(s)
of Li to the brines, likely hectorite. The Li sources,
accumulation, and storage in the basin are under further
investigation.

Figure 5. Log-Log plot Cl vs. Li for springs, groundwater and
brines. (Figure 2 for symbols).
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Figure 6. δD vs. Li for springs, groundwater and brines.
(Figure 2 for symbols).

However, because the average Li content of SAS
brine is lower than the Li content of the LAS and the
MAA-East, there are other sources and/or processes that
contribute Li. Figure 6 indicates that there is another
source of Li to the LAS brine because of variable Li
concentrations at nearly constant δD, and there is an
obvious diversion from the dilute inflow water-SAS
mixing line. The likely explanation(s) is that Li is
leached from hectorite (NaO3(Mg,Li)3Si4O10(F,OH)3)
associated with the volcanic ash, transported from the
Esmeralda Formation (east), and/or from authigenic
hectorite in the basin.
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Abstract. Fluid inclusions (FI) in main minerals

inclusions of uraninite. It is often observed the presence
of a strong anisotropy into a “metamorphic” foliation
generated during shear zone development.

associated with uranium mineralization had been
studied in three important deposits in the Lagoa
Real Uranium Province (Bahia State, Brazil).
Considering the different proposals for the uranium
mineralization origin, the data presented may
improve
the
knowledge
of
the
PULR
metallogenesis, checking reliable compositional
trends in the fluids found in the albitites and in the
host gneissic rocks minerals.

Keywords. fluid inclusions, uranium metallogenesis,
Lagoa Real

1 Introduction and mineralogy
The Lagoa Real Uranium Province (PURL), located in
central-southern Bahia State (Brazil), has 34 known
uranium anomalies and deposits spread along an
helicoidal structure, north-south with an extension of 33
km approximately (Fig. 1).
The AN13 (Cachoeira Mine) is the northern deposit
here most studied. The AN09 (Engenho Deposit) is in
the center northern part and AN03 (Lagoa da Rabicha
Deposit) is in the center-southern part of the Province.
In all areas the main lithology includes gneisses,
albitites, epidosites and amphibolites. The uranium
mineralization is associated with albitites in which the
plagioclase (albite to oligoclase) is usually over 60-70%
in volume. The essential minerals in the albitites are
plagioclase, pyroxene, garnet (andradite), amphibole
and biotite. In AN09 mineralized epidosites (60% or
more in epidote) also occur.
Therefore, the predominant texture in albitites is
granoblastic type (named as “metamorphic” stage) and
dominated by plagioclase, no zoned aegirine-augite,
amphiboles and garnet. In this granoblastic“metamorphic” stage these minerals have frequently

Figure 1. Lagoa Real Geological Map.

Micropetrographic studies by Chaves et al. (2007) in
the AN13 show remains of a preserved texture and
mineralogy of a primary stage (named as a “magmatic”
stage), including antiperthites, titanite (with U) and
zoned Fe rich pyroxenes augites (without uraninite
inclusions). Seldom zones mix magmatic and
metamorphic textures indicating the transformation of
“magmatic” stage minerals during the ductile shear
development (metamorphism) up to their complete
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Zn, As, Sb, Sr, Ba and Pb in the solutions. The
dispersion in plagioclase Th is explained by Fuzikawa
and Alves (1984) as a result of dilatation overheating
processes
due
to
repeated
heating
during
microthermometry.

recrystallization.
In preserved “magmatic” stage areas, both quartz and
features formed resembling silica dissolution has not
been found. According to Chaves et al. (2007), in
portions that preserve the “magmatic” stage, albite, ironrich augite, some microcline, dark brown uraniferous
titanite, allanite-Ce, magnetite, fluor-apatite, zircon,
fluorite, and apophyllite are found as essential accessory
members. This composition classifies the rock as
syenites. Magmatic calcite is sometimes present, which
can be found inside undeformed augite crystals.
“Magmatic” stage minerals have not been found in
AN03 and AN09 because the albitites of these areas
were supported a stronger shear deformation, when
compared with AN13.
Previous studies in PULR (Cruz 2004; Lobato 1985;
Maruejol 1989; Lobato and Fyfe 1990) suggest that the
mineralized albitites bodies and gneissic host rocks were
derived from the deformation of granitoid rocks (São
Timóteo Granite). These rocks would be the final
products generated by metassomatism. The origin of the
uranium mineralization related to magmatic sources is
considered to be associated with fluid temperature
exceeding 300ºC, which can originate uraniferous
anomalies in different rock types.
However, Chaves et al. (2007) claim that exist
albitites in Lagoa Real with pre-deformational minerals
that preserve features of a magmatic syenitic rock,
which may have been the protolites of albitite.
According to this proposal, albitites would be deformed
syenites, and would not have a genetic link to the
gneisses nor to the São Timóteo granite.
Considering the different proposals for the uranium
mineralization origin, the data presented may improve
the knowledge of the PULR metallogenesis, checking
reliable compositional trends in the fluids found in the
albitites and gneissic rocks minerals. Fluid inclusions
(FI) studies in main minerals associated with uranium in
AN13, AN09 and AN03, and also in the gneissic host
rocks from AN03 are presented.

Table 1. Comparative microthermometric data from
pyroxenes, garnets and plagioclase in AN13, AN09 and AN03
albitites. Te: eutectic Temperature, Th : homogeneization
temperature, Tm: ice melting temperature.
Pyroxene from preserved “magmatic” stage
Salinity
Area
Te (ºC)
T h (°C)
T m (°C)
(NaCl)
AN13 -62 to -70
-11 to -3
16%
Pyroxene from “metamorphic” (granoblastic) stage
Salinity
Area
Te (ºC)
T h (°C)
T m (°C)
(NaCl)
AN13 -50 to -55
-11 to -15
17%
AN09 -52 to -54 240 to 330
-9 to -16
16%
AN03 -48 to -52 224 to 288
-6 to -9
13%
Garnet from “metamorphic” (granoblastic) stage
Salinity
Area
Te (ºC)
T h (°C)
T m (°C)
(NaCl)
AN13 -51 to -54
-9 to -14
15%
AN09 -52 to -53 200 to 230
-7 to 10
13%
AN03 -54 to -48 200 to 240
-7 to -11
12%
Plagioclase from “metamorphic” (granoblastic) stage
Salinity
Area
Te (ºC)
T h (°C)
T m (°C)
(NaCl)
AN13
AN09
200 to 320 -0,4 to -4
3%
AN03 -33 to -54 223 to 383 -0,3 to -4
3%

The microcline gneiss host of the albitites have early
plagioclase crystals with primary aqueous-carbonic FI
(pure CO2), with medium to high salinity (13% NaCl)
and low CO2 density (0,3 g/cm³). A late polygonal albite
present an aqueous-saline fluids (without CO2) and
variable salinity (0,3 to 10% NaCl). The differences in
salinities and compositions clearly indicate different
solutions.

2 Fluid evolution in studied deposits

3 Uraninite in the “metamorphic” stage
albitites

Table 1 indicates the microthermometric data from
pyroxene, garnet and late plagioclase in albitites from
anomalies AN3, AN09 and AN03.
Primary FI assemblages in pyroxene and garnet, from
“metamorphic” stage albitites, in the deposits studied
show not only similar eutectic (Te) and homogenization
(Th) temperatures but salinity as well. However, the
primary fluids in “magmatic” pyroxene from AN13
showed lower Te (down to -70 ºC) (Table 1).
LA-ICP-MS studies in “metamorphic” pyroxene from
AN09 indicated the presence of Ca, Fe and Mg which
should indicate the composition of the host mineral.
Chaves et al. (2009a) analysed FI in early (magmatic)
pyroxene from AN13 detecting Na, Rb and Ba. In garnet
they detected Na, Mg, U, Rb, Ba, Sr and Pb. The results
from AN09 garnets were slightly different and presented
Cu and Zn in addition.
The plagioclase from “metamorphic” stage is formed
from less saline fluid. The LA-ICP-MS analysis
confirmed the presence of Na, K, Mg, Ca, Fe, Mn, Cu,

In a “metamorphic” stage, pyroxene and andradite (Ca
and Fe3+ garnet) resulting from magmatic iron-rich
augite transformation appeared.
A chemical mechanism for the precipitation of
uraninite, which would have oxi-redution control in
some steps, was suggest by Chaves et al. (2007):
magmatic uraniferous titanite was the source for the
uraninite present. And, simultaneously with the
“metamorphic” stage, occurred the remobilization and
precipitation of uraninite into metamorphic pyroxene,
garnet, amphiboles and plagioclase.
According to Chaves et al. (2009b) multiple uranium
and lead mobilization promoted by hydrothermal events
were detected in the albitites.

4 Conclusions
Considering the fluids in the deposits AN13, AN09 and
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Probably, at least in the Lagoa Real area, this event had
not been fluids associated. Otherwise this fluid should be
present throughout the mineral paragenesis and, in this
case, probably all uranium would have been removed.
After 30 years of research in PULR new data is still
appearing indicating that the geological evolution of
uraniferous albitites and their host rocks was very
complex and cannot be restricted to only one model
among those already presented by experts who have
studied the sector. We are conscious that the data
presented in this paper, although large in number of
measurements, show trends in punctual places of PULR,
and need to be complemented by comprehensive studies
on micro-chemistry, fluid inclusions and melt inclusions
in all rocks representing PULR.

AN03, and comparing them with data from several
authors in other deposits and prospects from Lagoa Real,
a general framework can be elaborated in order to try
interpreting the solutions evolution during the uraninite
precipitation (Fig. 2).
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Figure 2. Framework showing Pre-Brasiliano structures and
associated fluids.

Fluids associated to the “magmatic” stage have been
found only in preserved pyroxenes from AN13.
Solutions consist of an intermediate salinity aqueous
fluid (without CO2) presenting very low Te and Na, Rb
and Ba (Chaves et al. 2009a).
“Metamorphic” stage albitites presenting two
different fluids. One can be seen in pyroxene and garnet
representing an aqueous phase of intermediate salinity,
no CO2, and Na, Mg, U, Rb, Ba, Sr and Pb content. The
precipitation of late plagioclase occurred after a less
saline fluid. The solutions consist of H2O + Na + K +
Mg + Ca + Fe + Mn + Cu + Zn + As + Sb + Sr + Ba +
Pb. A stage of remobilization and precipitation of
uranium would also be associated with this phase.
It is evident a dilution existence of fluids in pyroxene
and garnet (Table 1), in samples from N towards S
(AN13→AN09 →AN03). It was also found that the
amphiboles increase towards the center-north of the
Province.
Fuzikawa et al. (1988) studied quartz veins (without
U) cutting the albitites with large quantity of aqueouscarbonic FI. The veins minerals (quartz, calcite and
biotite) were completely barren and show tectonism
signature (rolling extinction, recrystallization and curved
twings) indicating the metamorphism as the latest event.
There are at least two or three generations of
aqueous-carbonic fluid in albitites and host rocks in
Lagoa Real. A first generation is related to the primary
fluids found in plagioclase of microcline gneiss. A
second generation is present in quartz veins that cut the
rocks of region. The CO2 presence was observed
systematically in the late quartz veins that cut gneisses
and albitites, indicating oxidizing conditions for the later
stages of vein formation.
Fuzikawa et al. (1988) observed the absence of CO2
in albitite and gneiss FI and suggested a decrepitation
during metamorphism as the reason for this.
The presenting data suggest that the Brasiliano
Event, occurring after the albitite formation has not
obliterated completely the signature of fluids in minerals.
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Abstract. The Zhaxikang Pb-Zn (Ag, Sb) deposit is
located in south of Lhasa in the Northern Himalaya
antimony-gold Metallogenetic Belt. It is hosted in the
Jurassic Ridang formation, which is composed of black
shale, sandstone slate and siltstone. The mineralization
forms sub-vertical veins with comb, ribbon, crack, breccia,
massive and zoning textures. Primary fluid inclusions
exhibit Th values ranging from 245°C to 279°C with
salinities range from 0.7 to 12.3 wt.% NaCl equiv. The
18
δ O and δD H2O values of quartz suggest an isotopically
heterogeneous fluid source involving mixing between
black shale-derived organic-rich water and meteoric
water. Sulphur and lead isotopic data are consistent with
local derivation from fluid-rock interaction that leached
metals from the Mesozoic sedimentary sequence.

objective of this paper is to provide constraints on the
possible nature and source of ore-forming fluids and the
conditions of mineral deposition in Zhaxikang Pb-Zn
(Ag, Sb) deposit.

2 Deposit geology
The geology of Zhaxikang Pb-Zn (Ag, Sb) mine is
shown in Figure 2. The Jurassic Ridang formation
consists of five sedimentary units, dominated by black
shale, sandstone slate and siltstone. Pb-Zn (Ag, Sb)
mineralization occurs primarily in black shale
interbedded with some calcareous sandstone and minor
lenses of tuff (Fig. 2).
The Ridang formation is locally intruded by small
diabase dikes in the mine area. Most of these dikes
strike in NWW and E-W, extending up to 100 m along
strike and ranging from 5 m to 10 m in width. Field
relations show that the sedimentary rocks of the mine
sequence and some diabase dikes are brecciated, locally
mineralized and affected by carbonate, quartz, chlorite
and sericite alteration along faults.
The three approximately parallel mineralized normal
faults strike at 350-010° and steeply dip (47-62°) to the
west. The main ore body, located in Fault 7, is about 320
m long and 4-16 m wide (Fig. 2). There is obvious
vertical mineralization zonation associated with fault,
demonstrated by Pb-Zn (Ag) at deeper level, and Sb (Hg)
at shallower level. Five vein stages were identified as
follows.
1) Zn-mineralization stage. The paragenetic
succession begins with sphalerite + arsenopyrite +
siderite ± pyrite deposition without quartz, commonly
displaying symmetrical ribbon, massive, breccia and
zoning texture. The veins contain several symmetrical
repetitive ribbons of sphalerite, siderite, and pyrite that
formed progressively toward the centre indicating
successive vein opening and filling episodes. The
zoning texture consists of centimetre-sized, round clast
of host rocks (slate or sphalerite) with siderite,
sphalerite, arsenopyrite and pyrite. Microprobe data
show that sphalerite contains 0.14 wt.% Bi and up to
0.22 wt.% Cd.
2) Pb-Zn-mineralization stage. The earlier stage vein
consists of Ag-rich galena + pyrite + sphalerite +

Keywords. Pb-Zn vein deposits, stable isotopes, fluid
inclusions, Zhaxikang, Tibet

1 Introduction
The Zhaxikang Pb-Zn(Ag,Sb) deposit (0.17 Mt Sb-PbZn @ 6.52%, 217 t Ag @ 76.23 g/t) is located southeast
of Lhasa, Tibet in China. The deposit, ~50 km south of
the Yelaxiangbo dome, is hosted in the Jurassic Ridang
sedimentary formation at the Northern Himalaya
antimony-gold Metallogenic Belt (NHMB). More than
50 Sb-Au and Pb-Zn-Ag vein type deposits and
occurrences has been discovered in NHMB in recently
years (Fig. 1, Zheng et al. 2004; Nie et al. 2005; Yang et
al. 2009). All of these deposits are hosted in the
Mesozoic Tethyan clastic sedimentary and volcanic
sequences. At least four mineralization styles are
recognized, 1) Au deposits; 2) Sb-Au deposits; 3) Sb
deposits and 4) Pb-Zn (Ag, Sb) deposits. However, on a
larger scale there appears to be a spatial and genetic
relationship between Au, Sb-Au, Sb, Pb-Zn (Ag, Sb)
deposits, and mid-Miocene thermal domes intruded by
leucogranite (Yang et al. 2009). The characteristics of
regional mineral systems are similar to reduced
intrusion-related gold systems described by Hart (2007).
There are few geological studies conducted in this
area. Previous work included the regional mineralization,
deposit distribution and limited geochemical work,
without any detailed individual deposit study (Nie et al.
2005; Yang et al. 2009; Hou et al. 2009). The principal
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siderite + quartz, with minor arsenopyrite, zinckenite,
argentiferous tetrahedrite, boulangerite, and jamesonite.
Some veins lack quartz, consist of galena (~98 vol.%
vein fill) and yellow siderite + pyrite, and are typically
4-7 cm in width and up to 150 m in length. Microprobe
data show that the Ag content of galena ranges from
1,600 to 2,700 ppm.
3) Sb-mineralization stage. The stibnite + quartz ±
arsenopyrite assemblage occurs in veinlets or fill void
between brecciated fragments of previous assemblages.
Quartz crystals commonly host acicular stibnite needles.
Stibnite crystals appear as a central filling of quartz
veinlets and cavities at shallower levels of the mine. In
thin section, the distribution of stibnite is controlled by
second-order microfractures in arsenopyrite, pyrite and
sphalerite.
4) Hg-sulfur-mineralization stage. The assemblage of
natural sulfur + cinnabar + stibnite + quartz ±
arsenopyrite, only observed in some open-space faults at
shallower levels, is represented by yellow nature sulfur
and red cinnabar intergrown with quartz with comb and
cockade texture.
5) Sinter stage. Silicon sinter with fine granular
quartz assemblage, is only observed in the surface of
mine.

water and a depleted low-deuterium source from early
stage to late stage.
The lead isotope composition of sulfides (sphalerite,
galena, boulangerite and stibnite) are homogeneous with
206
Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb ratios ranging from
19.474 to 19.637, 15.649 to 15.774, 39.660 to 40.010,
respectively. On the 207Pb/204Pb vs 206Pb/204Pb and
208
Pb/204Pb vs 206 Pb/204Pb diagram, sulfides plots close
to the orogen and upper crust curves of Zartman and
Doe (1981).

4 Conclusions
Stable and radiogenic isotopic data coupled with fluid
inclusion microthermometry data indicate that there is
no genetic relationship between the Zhaxikang PbZn(Ag,Sb) veins and the spatially associated diabase
dikes. Rather, the veins are related to hydrothermal
activity involving regional low- to moderatetemperature fluids derived from organic water and
meteoric water. The widespread circulation of organic
water would have been driven by regional extensional
structure coupled to geothermal gradient. Organic water
leached metals from Mesozoic sedimentary sequence.
The ore-forming fluid reacted with black shale, resulting
in sulphide which, in turn, triggered precipitation of PbZn (Ag, Sb) ore.

3 Fluid inclusion microthermometry and
stable isotope
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Microthermometric measurements were carried out on
fluid inclusions in sphalerite and quartz. The primary
fluid inclusions in sphalerite and siderite of stage 1 have
moderate salinity, ranging from 8.0 to 12.5 wt.% NaCl
equiv. and 9.9 to 12.3 wt.% NaCl equiv. respectively,
and average homogenization temperature of 247°C and
245°C, respectively. The primary fluid inclusions in
quartz of stage 2 are characterized by low salinity
ranging from 0.9 to 4.6 wt.% NaCl equiv. and by a low
average homogenization temperature of 254°C. Fluid
inclusions of quartz in stage 3 and stage 4 homogenized
at mean temperature of 279°C and 248°C, with salinities
of 2.2 - 5.2 wt.% NaCl equiv. and 0.7-3.4 wt.% NaCl
equiv., respectively. In general, homogenization
temperature increased from stage 1 to stage 3, and
decreased from stage 3 to stage 4, but the salinity
decreased from stage 1 to stage 4.
The δ34S value of sphalerite and pyrite in stage 1 are
uniform (10.83‰ to 11.23‰, and 11.78‰ to 11.97‰,
respectively). Galena and boulangerite in stage 2 have
lower δ34S values than sphalerite and pyrite of stage 1
(7.71‰ to 7.96‰, and 8.72‰ to 8.79‰). The stibnite
hosted by quartz veins in stage 3 has the lowest δ34S
value (5.24‰ to 5.34‰). The δ34S value of sulphides
from Zhaxikang deposit is similar to that of pyrite in the
Cretaceous strata (9.95‰, Li 2000) indicating that these
strata are a potential sulfur source.
The δ18O values of quartz and δDH2O value of fluid
inclusion in stage 2 are rang from 15.0‰ to 20.1‰ and
-165‰ to -155‰, respectively. The δ18O values of
quartz in stage 3 range from 1.9‰ to 2.8‰, whereas the
δDH2O values of fluid inclusion range from -152‰ to 162‰. The calculated δ18OH2O vs δDH2O plot displays a
linear trend suggesting fluid mixing between meteoric
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Figure 1 Simplified geological map of Northern Himalaya showing the distribution of Sb-Au deposit, thermal domes, and
leucogranites (modified from Yang et al. 2009). Abbreviations: IYS-Indus Yalu Suture; THS-Tethyan Himalaya sediment rocks;
GHM- Greater Himalaya metamorphic rocks; STDS-South Tibetan Detachment System; MCT-Main Central Thrust.

Figure 2. The location and the simplified geological map of the Zhaxikang Pb-Zn (Ag, Sb) vein deposit showing the trends of major
ore structures. Note the spatial relationship between mineralized veins and diabase dikes.
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Abstract. Quartz-tourmaline and quartz-wolframite veins
with minor scheelite, cassiterite, bismuth and rutile occur
in chlorite-sericite phyllites in the exocontact of the
Krkonoše-Jizera pluton (the Bohemian Massif). The
mineralization is accompanied by tourmalinization in the
host rocks. The fluid inclusions trapped early aqueouscarbonic fluids that homogenize at 320-350°C and 40-70
MPa. These values are slightly higher in comparison with
the oxygen isotopic equilibrium between quartz and
wolframite. Absolute values of δ18OSMOW, 11.1-11.6‰ for
quartz and 9.3‰ for tourmaline, indicate inheritance of
oxygen from the host phyllites during dissolution18
precipitation reactions. The recalculated δ O values of
the parental fluid indicate modified magmatic or
metamorphic origin.

the intrusive contact of the Krkonoše-Jizera batholith
(318-314 Ma, Machowiak and Armstrong 2007)
penetrating the chlorite-sericite phyllites with minor
bodies of metavolcanics of Lower Paleozoic age (Fig.
1b). The mineralized veins form a parallel swarm
striking NNW-SSE, which crosscut the E-W oriented
sub-horizontal metamorphic foliation of phyllites. The
veins are from a few to 25 cm thick and 50-200 m long.
The veins are formed by massive milky and vuggy
quartz aggregates with abundant cavities, and with minor
disseminated tourmaline or with irregularly distributed
wolframite crystals, up to 10 cm large (Fig. 2a). The
surrounding phyllites have undergone pervasive
tourmalinization (Fig. 2b,c).

Keywords. wolframite, fluid inclusions, stable isotopes

1 Introduction
Tungsten deposits are frequently spatially associated
with intrusions of granitic plutons and subsequent
hydrothermal activity. Occurrences of peripheral
wolframite vein mineralization can provide important
insights into fluid flow paths and ore-forming
mechanisms in the waning stages of magmatic activity.
Here we investigate distal wolframite mineralization
hosted in quartz veins cross-cutting phyllites. We
integrate petrographic observations, mineral and wholerock chemistry, fluid inclusion measurements and
oxygen stable isotope analyses in order to estimate the
pressure-temperature conditions of the ore-forming
process and intensive variables responsible for
wolframite crystallization.

2 Geological setting
Wolframite-bearing quartz veins occur at Jeřmanice
(Czech Republic) in the Saxothuringian Zone of the
Bohemian Massif, which is the largest exposure of the
Variscan collisional orogen (Fig. 1a). The mineralization
is situated at 50°41´59.961´´N and 15°5´52.603´´E, near

Figure 1. (A) Central European Variscides (B) Geological
sketch map of wolframite mineralization.
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white or milky quartz with minor tourmaline. The
primary H2O-CO2 inclusions in quartz have variable
liquid to vapor ratio (LVR = L/L+V), CO2-only
inclusions were also observed. CO2 homogenized partly
to vapor phase at 24.9 to 30.0°C, partly to liquid phase at
12.4 to 30.0°C, thus the CO2 density ranged between
0.243 and 0.845 g/cm3. Salinity of the solution ranges
from 3 to 6 wt.% NaCl equiv. Temperature of total
homogenization was not measured due to variable LVR.
Aqueous inclusions with LVR of ~0.9 were also found.
They yield temperatures of homogenization between 154
and 186°C, and salinity of 3.1-4.3 wt.% NaCl equiv.
4.2 Inclusions in quartz-wolframite veins
These veins crosscut the metamorphic foliation and host
the wolframite ± cassiterite mineralization. Primary
H2O-CO2 and aqueous fluid inclusions were found in
euhedral quartz crystals in cavities up to 6 cm large. The
aqueous-carbonic inclusions (10 to 60 μm in diameter,
Fig. 2d) preferentially occur near the crystal base, show
negative crystal shapes, and rather consistent liquid to
vapor ratios (0.6-0.7). CO2 homogenized to vapor phase,
ThCO 2V between 8.2 and 28.2°C correspond to the
density of CO2 in the range from 0.126 to 0.292 g/cm3.
Temperatures of total homogenization (Th) fall within a
narrow range between 318 and 357°C. The salinity of
aqueous solution is from 1 to 4 wt.% NaCl equiv.
Fluid inclusion features indicate that inclusions were
trapped at homogeneous environment, thus the
homogenization temperatures can be assumed to
represent the minimum entrapment temperatures. The
corresponding pressure at liquid-vapour saturation is 40
to 70 MPa. Primary H2O inclusions can also be found at
the central and peripheral part of crystals. The inclusions
have relatively consistent LVR from 0.7 to 0.9, and
yielded Th from 218 to 266°C and salinity from 4.0 to
5.6 wt.% NaCl equiv.

Figure 2. A) Wolframite-bearing quartz vein, B) Tourmaline-quartz
vein within strongly altered phyllite C) Microphotograph of
tourmalinized boundary between phyllite/vein, D) H2 O-CO2 inclusions
with consistent liquid to vapor ratio about 0.7 in massive quartz
crystals

3 Mineral chemistry
Main vein minerals were analyzed using a Cameca SX100 electron microprobe at the Joint Laboratory of the
Masaryk University and Czech Geological Survey in
Brno. Measurements were carried out in a wavelength
dispersive mode with 15 kV acceleration voltage, 5 μm
beam diameter, 30 nA current, and 20 second acquisition
time. Black coarse-grained prismatic wolframite crystals
contain 59-79 mol.% ferberite and 20-31 mol.%
hübnerite. Scheelite (with 0.1 wt.% Bi2O3) was found
along cracks in wolframite or as individual grains in
quartz gangue. Cassiterite (with up to 0.7 wt.% TiO2),
anhedral rutile (up to 11 wt.% WO3, 2.3 wt.% FeO, and
1.85 wt.% SnO2), apatite (with 4.9 wt.% F), rare stolzite
(PbWO4), bismutine and ilmenite are also present in the
wolframite-bearing veins. Tourmaline forms grains up to
5 cm in the rock matrix as well as single euhedral grains
in veins. The composition is nearly elbaite with a minor
schorl component (Fig. 3a,b).

4.3 Inclusions in quartz overgrowths
Late-stage quartz overgrowths occur on the euhedral
crystals described above. They host primary aqueous
fluid inclusions of oval shape (up to 60 μm), with liquid
to vapor ratio = 0.8-0.9. Temperatures of
homogenization (Th) vary from 172 to 240°C, the
salinity of aqueous solution is between 1.1 and 7.3 wt.%
NaCl equiv.

5 Oxygen stable isotopes
Oxygen stable isotopes were analyzed in vein quartz,
tourmaline,
and
wolframite.
The
O-isotopic
compositions of minerals was analysed by conventional
fluorination using BrF5 and 25W CO2 laser line. Quartz
has δ18OSMOW = 11.0-11.6‰, tourmaline gives δ18OSMOW
= 9.3‰, whereas wolframite is depleted in 18O, with
δ18OSMOW = 1.0-1.6‰. Despite the weak alteration of
wolframite to scheelite along microfractures, the quartzwolframite thermometer of Zheng et al. (1994) yields
temperatures of 240-280°C. This temperature range is in
a good agreement with the highest homogenization
temperatures measured in second type of fluid inclusions
in quartz-wolframite veins. The temperatures

Figure 3. A) Al–Fe–Mg plot (after Henry and Guidotti 1985)
showing fields of data for tourmalines, B) Na-Ca plot

4 Fluid inclusions
The mineralized quartz veins contain three types of fluid
inclusions: (i) carbonic inclusions, (ii) aqueous-carbonic
inclusions, and (iii) late aqueous inclusions.
4.1 Inclusions in quartz-tourmaline veins
These small foliation-parallel veins are composed of
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100.545 which is close to constant-volume replacement
during tourmalinization. The projection indicates
enrichment in W, Zn, Na2O, F, Sr, Ga, FeO, CaO and
strong depletion in K2O, Rb, Cs, Ba, Gd, Tm, Ho, Li, Sm
Nd, Eu and Ca as well as exchange of FeO for MgO, and
Na2O for K2O. These mass changes are consistent with
the formation of tourmaline at the expense of K-bearing
phyllosilicates (white mica) and rule out any substantial
hydrolytic alteration (leaching).

corresponding to isotopic equilibrium of quartztourmaline pairs are as high as 600°C, and this appears
to reflect the formation of tourmaline by replacement of
chlorite and sericite in the host phyllites.

7 Discussion and conclusion
The genesis of wolframite-bearing veins is in general
connected with pluton emplacement and thus the
tungsten mineralization could be found in the pluton or
host rocks (e.g., Rios et al. 2003; Neiva 2008). We
suppose that time constrain of quartz vein occurence
could be related with the emplacement of the Krkonoše –
Jizera batolith in 314 Ma (Machowiak and Armstrong
2007). Pressure build-up caused by pluton intrusion led
to hydraulic fracturing of the phyllites and circulation of
the solutions through the open spaces in phyllite. The
cavities were filled with quartz-tourmaline and quartzwolframite veins under estimated pressures at least 4070 MPa and temperatures 318-357°C. With decreasing
temperature wolframite was precipitated from cooling
Fe-W-bearing fluid, which originated from the
Krkonoše-Jizera batolith.

Figure 4. A) Chondrite-normalized REE patterns of the fresh
and altered host rocks (according to Taylor and McLennan
1995). B) NASC normalized REE patterns of the fresh and
altered host rocks (according to Haskin et al. 1968).

6 Whole-rock geochemistry
The host rocks, phyllites and tourmalinites, were
analyzed by wet-silicate at the Czech Geological Survey
in Prague and ICP-MS in the ACME Laboratories,
Vancouver Canada in order to assess the metamorphic
precursor and magnitude of hydrothermal mass changes.
6.1 Sedimentary protolith
The least-altered phyllites have 57-60 wt.% SiO2, 19-21
wt.% Al2O3, 6-6.5 MgO+FeO TOT. The SiO2/Al2O3 and
Na2O/K2O ratios correspond to mudstones and
claystones (Wimmenauer 1984). The chondritenormalized REE patterns of selected trace elements data
of host rocks show moderate negative Eu anomaly and
weak negative Ce anomaly (Fig. 4a). The NASCnormalized concentrations (Fig. 4b) of trace elements
show enrichment Li, Hf, Th and depletion in LIL (Rb,
Ba, Sr).
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Figure 5. Isocon plots for major, trace and rare earth elements
using the method assuming constant SiO2 and Al2O3. Data for
major elements are plotted as wt.% of the oxides, trace
elements rare earth elements are in ppm.

6.2 Hydrothermal mass changes
We used the isocon diagram to evaluate relative element
mobilities during tourmalinization and formation of
wolframite mineralization (Fig. 5). The least mobile
elements (Al, Si, Zr, Cr) define isocon with a slope of
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Abstract. Narigun area is located in Central Iran.
presence of Narigun granite,as a source of mineralization
and occurrence of faults and joint systems in surrounding
tuffs makes favourable condition to form polymetallic
veins around the granitic pluton in brecciated zons.major
hydrothermal alterations around mineralized veins are
silicification,argillitization,carbonatization and potassic
alteration. metallic mineral assemblage in veins mainly
consist of arsenide and sulpharsenides like niccolite and
arsenopyrite, three generations of sulphides including
molybdenite,sphalerite,pyrite and uranium mineralization
as uraninite. hydrothermal fluids formed veins with high
U,Ni,Co,Ag and As content veins and caused related
sericitization and carbonatization in wall rocks.
Secondary boiling in hydrothermal fluids caused by
decrease of pressure in tectonized zones led to
precipitation of metals in veins.major characteristics of
Narigun veins such as mineral paragenesis,alterations
and regional tectonic control on this deposit ,shows that it
belongs to granite related five element vein type deposits.

deposit. The characteristics of Narigan veins can be used as
an exploration key for similar deposits in central Iran. In
this regard, this research was done as a “Study of
Alterations, Metallic Paragenesis and Genesis of Narigun
polymetallic deposit” during 2008 to 2010.
In this paper, based on results of recent geological and
geochemical studies, we presented metallic paragenesis and
major alterations in Narigun deposit with the aim of
elucidating the type of this deposit, the role of hydrothermal
fluids and genesis of this deposit in comparison with other
similar deposits around the world.

2 Mineralization

Keywords. Narigun, Five element deposit, secondary
boiling

1 Introduction
Narigun deposit is located in about 110 km east of the city
of Yazd (Central Iran) a part of Bafq Matallogenic
province(Fig. 1). This area is situated in a triangle shape
Central Iranian microcontinent that is a part of Central land
of Iran. Central Iranian microcontinent is situated between
ancient closed oceans of PaleoTethys in north and
NeoTethys in south. Most important tectonomagmatic
phase that formed many large deposits in this region during
Late Proterozoic to early Cambrian (850-530 Ma) is Pan
African (Aghanabaati 2004).
In Narigun area, presence of a Peraluminous Sub
alkaline leucogranitic pluton called Narigun granite that has
a great fertility of U and other metals, permeable tuffs of
Rizou formation that surrounding the granite pluton and
many fault systems that cut the entire area makes suitable
condition for metalliferous veins to be deposited in host
tuffs(Fig. 1).
In recent years, some researches and studies on
petrology intrusive and volcanic rocks of Narigun area has
been done (Moosavi 1998). In these studies, researchers
pointed some characteristics of these veins, but these veins
have not been well studied prior to the current study and
there were no exclusive studies on metallic paragenesis, and
wall rock alteration related to ore mineralization of this

The metallic mineral assemblage of the Narigun veins
consist of Cu, Fe, Zn and Mo sulphides, arsenopyrite, Co
and Ni arsenides and uraninite. Among sulphides, pyrite,
molybdenite and sphalerite prevail, but chalcopyrite and
galena are also present. uraninite also is abundant, but the
assemblages are notable for the rarity of Ni and Co
sulphides and sulpharsenides. Four distinct main stages of
ore mineralization are:1-first stage sulphides 2-second stage
sulphides +Ni arsenides+ first stage uraninites 3sulphoarsenides+ second stage uraninites 4-third stage
sulphides.
2.1 Uraninite
Uraninite occurs in two different forms. The first group of
uraninites are smaller, subhedral with quadrangle shape.
These bright grey uraninites are disseminated in calcite
gangue. The second group of uraninites are larger than first
group and occur as subhedral to euhedral grains with
various cracks that could be seen in polish sections (Fig. 1)
(Gharesi 2008). These uraninite crystals were usually
rimmed by sulphides. Radioactive haloes around these
uraninites are common. It seems that these two groups of
uraninite have been deposited in two different stages. In
fact, secondary uraninites were deposited, when oxidizing
hydrothermal solutions overprinted and altered the early
formed uraninite. In epigenetic U-bearing vein type
deposits, during this event, early stage uraninites was
destabilized ,and mobilized U was deposited as another
generation of uraninites (Forster et al. 2005).
2.2 Fe, Cu, Mo, Zn and Pb sulphides
Sulphides were deposited in three different stages. First
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stage occurred before deposition of uraninites and mainly
consist of chalcopyrite. Remnants of chalcopyrite were
usually observed within uraninites. The second stage
occurred simultaneously with second stage uraninites and
mainly consist of sphalerite, pyrite and less amount of
galena (Fig. 1). Pyrite is the most abundant mineral of this
stage. Some of these sphalerites usually have exsolution
texture, contain lens-like blebs of chalcopyrite and
sometimes galena and it seems that cooling of hydrothermal
fluids caused appearance of these exsolved particles
(Ramdohr 1980). The third stage sulphides that mainly
consist of molybdenite and minor sphalerite, pyrite and
chalcopyrite are covering two previous stage sulphides and
also uraninites. In most cases, uraninite grains are rimmed
by molybdenite. These molybdenites are usually
amorphous, have no cleavage and show clear anisotropism.
They show clear recrystallized texture. Recrystallization
may occur on the influx of new low temperature
hydrothermal fluids. Molybdenite usually known as high
temperature mineral in hydrothermal environments and
decrease of temperature in hydrothermal fluids may lead to
recrystallization of molybdenium sulphide as jordesite, a
low temperature form of molybdenum sulphide (Ramdohr
1980).
2.3 Ni and Co arsenides
Niccolite was the only arsenide mineral that we have
diagnosed in polished sections. niccolites always observed
as small subhedral grains and remnants within arsenopyrites
and pyrites of third stage sulphides and this suggest that
niccolites were deposited before the last stage sulphides and
sulpharsenides.
2.4 Sulpharsenides
Arsenopyrite is recognizable by strong anisotropism and
spindle-like texture that always surrounding pyrites of
second stage sulphides. This kind of arsenopyrite form
aggregates around pyrite grains also reported from some
other worldwide hydrothermal polymetallic veins such as
Bacuch-Nizke-Tatry Mts., Slovak Republic (Prsek and
Chovan 2001). Remnants of niccolite usually observed in
these arsenopyrites and it suggest that arsenopyrites are
younger than niccolites. On the other hand, in so many
cases, these arsnopyrites were covered by third stage
sulphides and this means that arsenopyrites were deposited
before them.

Un

Ccp

Gn

Sp

3 Alteration
The process of mineralization resulted in widespread
hydrothermal alteration around mineralized veins. In
regional scale, heavy silicification has occurred in the area.
calcitization also common in the immediate wall rock of the
mineralized veins, while argillization and biotitization is
pervasive alteration in brecciated zones adjacent to
mineralized veins.
3.1 Silicification
Three generations of quartz were distinguished by
petrographic studies in host tuffs of mineralization. Two
younger generations have been formed due to silicification
that affected the tuffs. It seems that transportation of very
high amount of silica by aplitic veins from magmatic pluton
to host tuffs is the main reason of this alteration. Second
generation of quartz are large subhedral grains that
penetrated older quartz and third generation are smaller
euhedral quartz that fill cavities and cracks. presence of
such a multiple generations of quartz as a result of periodic
or sequential silicification in host rocks are usually reported
from another hydrothermal polymetallic vein type deposits,
e.g., Bohemia region, Czech republic (Maly et al. 2005) .
3.2 Potassic alteration
This is the most widespread alteration adjacent to the
mineralized veins. Plagioclase is replaced by orthoclase
together with some secondary biotites and sericite. Intensity
of alteration reduced from mineralized veins towards the
wall rock. However, the development of potassic alteration
beyond the ore zone is negligible.
3.3 Carbonatization
Secondary calcites are main carbonatization product. As a
result of this alteration, plagioclase and other minerals of
host tuffs of mineralization with different composition
entirely replaced by carbonates. Unlike potassic alteration,
carbonatization has occurred more in the immediate wall
rocks of the mineralized veins. Some secondary calcites,
also formed in mineralized veins in conjunction with
metallic minerals. It seems that secondary boiling that took
place in hydrothermal fluids after entering from high
pressure area in to the low pressure brecciated zones is the
main reason of precipitation of metals and related formation
of secondary calcites in wall rock. in fact, decrease of
pressure in hydrothermal fluids, led to release of most
volatiles like carbon dioxide from the fluids (Rich and
Peterson 1977). These amounts of carbon dioxides, then
reacted with Ca rich host rocks to produce secondary
carbonates in wall rock(Fig. 2) carbonatization haloes are
developed around all mineralized veins and usually
penetrate few ten cm into the adjacent wall rock.
3.4 Argillic alteration

Figure 1. Paragenesis of chalcopyrite,sphalerite and galena
from secondary sulphidaton phase covering uraninte grain in
sample taken from Narigun mineralized veins.

As a result of this alteration, feldspars and muscovites were
altered to argillic minerals. Intensity of argillic alteration
and bulk of clay minerals in wall rock, specially adjacent to
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mineralized veins are high and these clay minerals usually
occurred together with secondary biotites close to the
mineralized veins. Compared with other alterations, this
alteration covers a wider area and clay minerals can be seen
in farther areas up to few meters from mineralized veins.
Relation of these clay minerals to the sulphide
mineralization in epithermal veins were reported previously
by some other researchers from different hydrothermal vein
type deposits e.g., Mina Capillitas, Argentina (Putz et al.
2009). It seems that, hydration of muscovite that caused by
effect of hydrothermal fluids, lead to production of argillic
minerals like illite and also separation of potassium ions
from the muscovite. This concentration of potassium ions,
then could involve in potassic alteration progress.

Figure 2. Geochemical correlation diagram of U and Ca in
wall rock samples that show well-defined possitive trend
related to carbonatization of wall rock samples.

4 Conclusions
-Four distinct main stages of ore mineralization are: 1-first
stage sulphides 2-second stage sulphides +Ni arsenides+
first stage uraninites 3-sulphoarsenides+ second stage
uraninites 4-third sulfides
-Four main types of alterations that occurred in veins and
wall rocks are: 1-sillicisication.2-potassic alteration.3carbonatization and 4-argillic alteration.carbonatization and
argillic alteration are more extended.
-Based on three important characteristics of Narigun
deposit, including metallic paragenesis, major alterations
related to the mineralization and regional tectonic
environment of mineralization, we can classified Narigun
deposit as a five element polymetallic (U, Ag, Ni, Co and
As) granite related vein type deposits.
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Abstract. The origin of the gold, the uranium and the
PGEs in the basal conglomerate of the palaeoproterozoic
Black Reef Formation of the Transvaal Supergroup in
South Africa is currently debated due to its economic
significance as a gold ore body. Both the heavy mineral
spectra and the geochemical trace element fingerprint of
the Gold are used to unravel the origin of the Black Reef
Gold. Based on EMP, LA-ICP-MS and SR-μ-XRF
measurements Black Reef and Witwatersrand gold can
be distinguished by means of their different degree of
true fineness, the Hg and Cu concentrations, and the S,
and Ni trace element content. Among the elements which
are correlatible with gold, Sn, Sb, Pd, and Pt, possibly in
combination with Mn, Se, Pb, and Ir appear to be the
most effective element distinction of gold sources. The
Black Reef at Consolidated Modderfontein on the East
Rand appears to have a different gold source than the
underlying Witwatersrand reefs.

the base of the Transvaal Supergroup in South Africa,
locally as well–defined, deeply scoured channels and
gullies eroded into the footwall (Eriksson et al. 2006).
In the East Rand, Randfontein and Klerksdorp areas
the unit contains considerable gold, less U, as well as
minor associated PGE mineralization, exploited since the
1930s and recently since 2002 by Gold One International
Ltd. quoting a probable reserve of 5.4 Mt of ore @ 6.1
g/t Au for Modder East Mine (2009; indicated resource:
28.8 Mt @ 2.84g/t Au and 15 Mt @ 2.19 g/t Au,
information from company websites).
Henry and Master (2008) identified shortcomings in
our understanding of the genesis of Au mineralization,
and the occurrence of Au, U and PGEs hosted by the
Black Reef (BR), and their provenance. The depositional
age for the Black Reef is constrained between around
2718 Ma (Armstrong et al. 1991), the age of the
underlying Ventersdorp Supergroup, and around 2588
Ma, the age of the overlying Oaktree Formation
stromatolitic limestones (Martin et al. 1998). The source
of gold in these reefs has long been a matter of
speculation.
Extensive sedimentological evidence, suggests a
strictly detrital origin.

Keywords. Black Reef conglomerate, gold fingerprint,
sediment provenance, South Africa

1 Introduction
The Palaeoproterozoic (2642-2584 Ma) Black Reef
Formation (BR) is a widespread thin small pebble unit at

Figure 1. Locality map of the Black Reef sections under investigation in the Transvaal Supergroup of NE-South Africa. Boxes
indicate areas of investigation being sampled (modified after Eriksson et al. 2006)
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the small gold aggregate size of between <5 μm and a
maximum of 250 μm with an avg. of 65 μm. Microinclusions of detritic minerals such as apatite, galena,
sphalerite, and uraninite could contribute to the trace
element fingerprint. There is however no real alternative
to in-situ trace element determination except the tedious
separation and analysis of gold grains.
A similar multivariate discrimination technique
involving trace elements proved that Black Reef detrital
and concretionary pyrite is geochemically distinct both
from each other and from the average Witwatersrand
pyrite (Barton and Hallbauer 1996).

The gold associated with the sulphides, such as pyrite,
has been described as “in situ” hydrothermal deposition
with the underlying Kimberley Reefs of the Central
Rand Group proposed as the source (Hoffmann et al.
1977). However, mineralogical and geochemistry studies
performed by Barton and Hallbauer (1996) on the pyrite
grains of the Black Reef argue against this.
A detailed investigation of the mineralogy and
geochemistry of the mineralization in selected profiles of
the arenitic to conglomeratic BR reveals chromite,
sphalerite, chalcopyrite, galena, uraninite, cassiterite,
tourmaline, carbon, Pt-Ni-As minerals (Fig. 2) and NiCo-sulpharsenides such as cobaltite and gersdorffite next
to pyrite, as well as free gold (Gauert et al. 2010). The
occurrence of alteration minerals such as chlorite,
pyrophyllite and sericite in BR rocks makes an overprint
by late-stage hydrothermal fluids and a remobilization of
Au grains possible.
Debated possible sources of BR gold could have
derived a) from reworked conglomeratic upper
Witwatersrand reefs, b) from epithermal gold of
hinterland granite-greenstone terrains, and c) from
underlying pyrite-associated gold of Archaean VMS
deposits. To solve the Au provenance question,
geochemical fingerprinting of Au using electron
microprobe (EMPA), Synchrotron micro-XRF (SR-μXRF), time-of-flight secondary ion mass spectrometry
(TOF-SIMS) and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) has been
carried out.

3 Gold – trace element correlation
EMPA of gold correlates well (r ≥0.5, n=60) with Ag and
Hg. Gold aggregate measurements by LA-ICP-MS
correlate reasonably well (r ≥0.25, n=20) with: Ag, Mn,
Rh, Ag, Cu, Te, Os, Ir, Pt, Pb, whereas fire assay-ICPMS measurements of whole rock reef samples shows
good correlation (r ≥0.75, n=26) of Ag, As, Fe, Ge, Ni,
S, Sb, Se, Tl with Au; among the elements which are
correlatible with gold Sn, Sb, Pd, and Pt possibly
combined with Mn, Cu, Se, Pb, Se, Ir, Os, Ru, and Tl
appear the most effective element combination for
distinction of Au sources due to the moderate variation
of their concentration in repeated LA-ICP-MS
measurements, whereas the elements As, Zn, Ag, U, Pb,
as well as Ni and Cu are probably less suitable because
of their abundance in surrounding pyrite.

4 Gold geochemistry
4.1 EMPA trace element measurements
EMP analyses (n=58) show a gold content of BR Gold
between 82.5 to 88.2 wt.% (average: 86.6 ± 1.6 wt.%),
as well as elevated Hg contents of a maximum of 0.85
wt.% with an average of 0.53 ± 0.14 wt.%. There are
minor concentrations of Fe and S (max. 4.06, 3.97
wt.%), as well as traces of Ti (max. 0.44 wt.%) and Ni
(max. 0.19 wt.%), whereas detectable copper values are
low (max. 450 ppm). Traces of Th (max. 0.45 wt.%), Cd
(max. 600 ppm) and U (max. 0.14 wt%) were found.
EMP analyses of BR pyrite and chalcopyrite grains
result in Co, Ni, As, Pb and partly Zn concentrations
above detection limit.
4.2 SR μ-XRF and TOF-SIMS analyses

Figure 2. SEM-EDX element maps and 3D compo-plot of a
Pt-Ni-As mineral from BR intersection east of Klerksdorp.

SR μ-XRF measurements at 30 and 11.3 keV excitation
X-ray energy respectively allow a good spatial and
compositional resolution of Au-Ag particles. SR μ-XRF
spectra of BR Gold reveal the presence of Cr, Ni and Ta
at higher concentrations than in Witwatersrand Gold,
whereas Wits-Au contains more Cu and possibly Zn than
the BR Au, confirming EMP results (Fig. 3). Qualitative
TOF-SIMS analyses identified Ag, Sb, Na, Ca, Bi in BRGold, and is a suitable method for element mapping of
gold.

2 Gold fingerprinting
Gold fingerprinting is a method for identifying native
gold based on the impurities or trace elements it
contains. LA-ICP-MS is used to fingerprint the sample
(Au, pyrite) by mineralizing event and to a particular
mine or bullion source. This technique has been used to
lay claim to stolen or relocated gold. Even gold that has
undergone salting can be identified as to its multiple
sources (Watling et al. 1994).
The problem of partial measurement of trace element
patterns of neighbouring pyrite next to gold exists due to
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silicate inclusions in gold.
The very similar heavy mineral content argues in
favour of a reworked Witwatersrand gold origin of the
BR gold. However, two factors argue against a
Witwatersrand origin, namely the frequency of
concretionary pyrite with a non-radiogenic Pb isotope
composition in the BR, and the less frequently occurring
Ni-Co-Fe-sulpharsenides in the Witwatersrand reefs
given their frequent appearance in BR.
The Gold in the BR at Consolidated Modderfontein
near Springs at the East Rand has a lower fineness, lower
Hg and Cu content compared to Witwatersrand gold,
whereas its Fe, S, Ti and Ni concentrations are higher.
Compositions of Witwatersrand gold from different
localities, as well as VMS gold and greenstone-hosted
gold have to be used in the debate of an alternative
source area for the BR gold.
Litho-geochemical discriminance using immobile
major and trace elements for sediment provenance
studies showed that the Fe-bearing clastic BR sediments
have chemical features of oceanic island arcs of mixed
felsic to mafic source rocks of predominantly postArchean origin.

Figure 3. Synchrotron micro-XRF spectrum of BR and Wits
Gold, and pyrite and quartz at 30 keV energy.

4.3 LA-ICP-MS gold analyses
LA-ICP-MS analyses (n=8) indicate Ti, Cr, Mn, Fe, Ni,
Co, Cu, Zn, As and Pb as traces in BR Au, as well as
detectable Pd, Ru, Se, Te, Sn, Sb, Bi, Hg and Pb (Table
1). LA-ICP-MS analyses (n=15) of Wits gold from BReef at Harmony Mines, Welkom show a gold content
between 89.2 and 92.0 wt.% (average: 90.3 ± 5), high
concentrations of >1000 ppm Hg, 400 ± 91 ppm Cu, 8.7
± 1.7 ppm Pd, 21 ± 34 ppm Ni, traces of As (6 ± 1 ppm)
and Te (57 ± 2 ppm) (Table 1). Wits-Au in contrast to
BR Au show higher Hg, Pb, Cu, Ti, Fe and lower Ag
contents, as well as traces of Pd, Pt, Ru, Sn and Sb.
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Table 1. Spot LA-ICP-MS analyses and line scans of BR
Gold (ConsModder) and of Witwatersrand Gold (B-Reef).
Gold
Black
Reef
Wits
B
Reef
sample
(n=5)
(n=3)
line
(n=5)
(n=3)
(n=7)
Ti
d.l.
98
26
6178
6092
45.8
Cr
50
159
130
55
45
19.7
Mn
d.l.
28
d.l.
107
44
17.1
Fe (%)
0.52
0.07
0.28
0.51
0.34
0.14
Co
5.4
7.1
9.8
766
4
251
Ni
14
77
22
863
6
202
Cu
50
136
34
882
3508
771
Zn
d.l.
36
d.l.
13
48
d.l.
As
40
40
34
1751
11
822
Se
d.l.
25
d.l.
40
6
d.l.
Ru
d.l.
0.25
0.31
0.22
0.14
d.l.
Rh
d.l.
d.l.
d.l.
0.43
0.06
d.l.
Pd
0.94
4.2
2.3
165
37
6.0
Ag(%)
17.2
18.7
15.2
6.34
4.34
9.3
Sn
d.l.
2.8
d.l.
52
60
9.7
Sb
d.l.
41
d.l.
115
21
121
Te
d.l.
69
40
24
23
54
Pt
d.l.
d.l.
d.l.
0.15
0.08
0.4
Au(%)
82.2
80.9
84.5
83.55
65.59
90.4
Pb
7
2229
d.l.
30396
2823
95
Bi
d.l.
11
d.l.
163
80
42
Hg(%)
n.d.
n.d.
n.d.
5.45
28.45
>0.1
(d.l.= detection limit, n.d.=not determined, ablation times 1 to 8 seconds)

5

line
5.0
5.0
5.0
0.02
0.5
20.6
400
20
6
15
0.05
0.0
8.7
9.7
0.1
0.1
57
0.1
90.3
0.8
5.0
>0.1
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Discussion and conclusions

The Black Reef is a unique Gold- and Uranium-bearing
conglomerate horizon, partially an Au ore body. The
most likely element combination allowing a distinction
of Gold provenance for the BR would be by comparing
the average concentrations of Hg, Cu, and the fineness of
Gold. The use of Fe content in gold in laser-ablated ICPMS measurements as a fingerprint is problematic due to
the neighbouring grains of pyrite; equally problematic is
the use of Ti as fingerprint due to its occurrence in
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Petrological and metallogenic evolution of the Cerro
Áspero batholith, Sierras Pampeanas, Argentina: an
example of long-lived hydrothermal history related to
high-K, F-rich granites
Jorge Coniglio, Fernando D’Eramo, Lucio Pinotti, Manuel Demartis, Hugo Petrelli, Leonardo Agulleiro Insúa,
Department of Geology, Nacional University of Río Cuarto, Ruta 36 Km 601, Río Cuarto, Córdoba, Argentina
Mauro de la Hoz
Department of Geology, Nacional University of Salta, Av. Bolivia 5150, Salta, Argentina
Abstract. Several significant W-Mo-F-U bearing
hydrothermal deposits occur in the south of Sierras de
Córdoba, central Argentina. These deposits are
spatially related to a group of three subcircular, highlevel monzogranite plutons of the Cerro Áspero
batholith (CAB) of Upper Devonian age. Two
mineralization stages were recognized: 1) a synbatholith W-Mo-F-rich stage related to the CAB
emplacement (formed between 1.75 and 1.25 Kb), and
2) a post-batholith stage (Cretaceous to Tertiary age),
responsible for the formation of epithermal fluorite and
uranium deposits. The geochemical evolution of the
CAB was the result of differentiation from high-K, F-rich
granitic magmatism in which the changes in the
geochemical behavior of F and P in the magma, from
compatible to incomplatible, influenced strongly on the
genesis and spatial distribution of the syn-batholith
mineralizations. The leaching of the monzogranites by
highly exchanged mesozoic meteoric water into the
hydrothermal alteration fracture zones, is the most
plausible source of fluorine for the epithermal veins.
Metallogenic evolution of the CAB was the product of
multiple hydrothermal events, that probably ocurred in
more than 300 Ma. This postulated long-lived thermal
history is similar to that displayed in granites with high
contents of radiogenic heat-producing elements such as
U, Th and K.
Keywords. High-K,
metallogeny

F-rich granites,

the structure and emplacement sequence of plutons.
The ore deposits described in the investigated area
correspond to different types and ages. Apparently,
they are from the same granite source-rocks
(heterotypic and heterochrone, Routhier 1980)

2 Geological setting of the CAB
The CAB (440 km2) was constructed by the succesive
emplacement of three subcircular, undeformed, highcortical level monzogranite plutons, that intruded
mylonitic sequences during Upper Devonian (Pinotti et
al. 2006). Each of these plutons developed internal,
external and roof units, and dyke swarms. Internal
units, composed of porphyritic biotite monzogranites,
constitute more than 60% of the CAB. External and
roof units and dyke swarms are dominated by two-mica
and muscovite leucocratic monzogranites to alkalifeldspar granites. These granites have high contents of
large-ion lithophile elements, as well as of P and Ti.
The CAB is an abnormally F-rich specialized granite.
The average F content in the internal units is 1210
ppm, which is 1.8 times higher than in the hosting
metamorphic rocks and other granites without
hydrothermal mineralization in Sierras Pampeanas
(Coniglio 2006).
CAB plutons crystallized at temperatures between
830 and 820ºC, and relatively constant log
(fH2O)/(fHF) conditions ranging from 3.87 to 3.85, as
indicated by F-OH partitioning between biotite and
apatite.
Biotite modal proportion decreases considerably
(from >12 to 5%) with ongoing pluton emplacement
sequence. Moreover, biotite changes its composition
from XFe <0.57 to 0.70 and plagioclase from An21 to
An5.
The geochemical evolution of the CAB was the
result of differentiation from high-K granitic
magmatism, where the less evolved terms are similar to
the calc-alkaline granites -with sub-solidus fluorite and
SiO2 range from 65 to 71%, and the most evolved
terms show strong affinity with aluminous A-type
granites (King et al. 1997; Rapela et al. 2008), with
accessory fluorite and SiO2>76%. In this evolution
trend the geochemical behaviour of F and P changed
from compatible to incompatible. The formation of
sub-solidus or accessory fluorite was conditioned by F-

petrogenesis,

1 Introduction
In Sierras Pampeanas, Argentina, significant W-MoSn-F (Au-Ag) and F-U deposits are genetically and
spatially linked with high K, F-rich granites, emplaced
during Late Devonian to Early Carboniferous. A
conspicuous example of these particular granites is the
Cerro Áspero batholith (CAB), in southern Sierras de
Cordoba, central Argentina. It has the largest fluorite
reserves and was the first wolframite producer in the
Sierras Pampeanas (Coniglio 2006). Despite the
extraordinary metallogenetic potential of high K
granites in the regional scale overview, temporal and
genetic relations of hydrothermal events with these
granites still remain poorly clear (Zappettini 1999).
This paper contributes to the definition of
geochemical and metallogenetical evolution of the
CAB. It is based on a previous and detailed study of
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the diluted aqueous fluids and by a systematic decrease
in the calculated δ18O fluid composition from 10.7‰ to
-9.5‰, indicating a progressive increase in the
water/rock ratio. Relatively constant δD values
(between -48.5‰ and -53.3‰) correspond to Mesozoic
meteoric waters from southeastern part of South
America.
It is suggested that the leaching of the
monzogranites into the hydrothermal alteration fracture
zones is the most plausible source of fluorine for the
epithermal veins formation. According to this idea it is
not necessary to invocate an hypothetical external
source (Coniglio 2006).
The genetic relation between fluorite and uranium
minerals in epithermal vein of the CAB is still not
clear. SEM studies confirmed the presence of coffinite
and pitchblende occurring as inclusions of up to 10 μm
in diameter, associated with the second mineralizing
stage of fluorite deposition (Coniglio et al. 2000).
However, the main uranium mineralization probably
occurred late in the postbatholith epithermal system, as
indicated by Tertiary U-Pb ages in pitchblende
(Stipanicic et al. 1982).

OH exchange between biotite and apatite, but it
essentially was the biotite decrease which determined
the incompatible behavior of F in the more evolved
granites of the CAB. Additionally, magma
peraluminosity and alkalinity increase following this
evolution (A/CNK increases from 1.0 to 1.3 and log
CaO/K2O+Na2O from -0.4 to -1.43).

2 Mineral deposits
Two main mineralization stages were recognized: 1) a
syn-batholith, magmatic-hydrothermal W-Mo-F-rich
stage, related to the CAB emplacement (formed under
pressure between 1.75 and 1.25 Kb), and 2) a postbatholith stage, responsible for the formation of
epithermal fluorite and uranium deposits (117 ± 26 Ma
and 23 Ma, respectively, Stipanicic et al. 1982; Galindo
et al. 1997).
The
magmatic-hydrothermal
deposits
are
characterized by greisenized veins, breccias and
diseminated W-Mo-F±Au±Ag mineralizations.
The ore is generally composed of wolframite,
molibdenite quartz, fluorite, apatite and Cu sulphides.
The genesis and spatial distribution of the
magmatic-hydrothermal deposits are strongly related to
late magmatism of the CAB (aluminous A-type
granites) in which the geochemical behaviour of F and
P changes from compatible to incompatible.
Fluid inclusions and hydrogen stable isotope data
suggest that this mineralizing stage was characterized
by early inmiscibility of the magmatic-hydrothermal
fluids induced by host-rock opening. Later influx of Ddepleted meteoric waters, that have extensively reacted
with metasedimentary rocks, mixed with previous
magmatic-hydrothermal fluids.
Postbatholith fluorite deposits occur as epithermal
fluorite-chalcedony veins with pervasive silicic and
argillic alteration of the host granite. These veins are
uniformely distributed throughout the border zone of
the CAB but, unlike magmatic-hydrothermal deposits,
epithermal veins are not related to the emplacememt of
the aluminous A-type granites. Erosion of the batholith
roof in the upper Paleozoic and early Mesozoic led to
an increase in epithermal activity and the
superimposition of epithermal system on the earlier
magmatic-hydrothermal system.
The veins fill in steeply dipping, NE, EW, and NW
strike-slip regional fault zones, and their geometries
and distributions were tectonically controlled by
divergent shear zones, probable linked with the
opening of the south Atlantic ocean. In the study area,
this geotectonic setting established a dextral simple
shear system related to regional NNE lineaments. Four
successive mineralizing stages were recognized on the
basis of mineralogical, textural and structural analyses
of the veins. The emplacement of these mineralizing
stages were controlled by a discontinuous activity of
dextral couple, with the minimum paleo-stress (σ3)
oriented toward NNW.
Fluorite textures evolve in the filling history of the
veins from massive, to thin-banded, colloform and
eventually late replacement textures. This evolution is
marked by a well-defined cooling trend (220-116ºC) of

3 Conclusions
The magmatic and metallogenetic evolution of the
CAB has several similarities with the processes
observed in transalkaline plutonic series, developed in
a late to post-orogenic tectonic context.
Most field relationships and metallogenetical
evidences that are being observed in other granites,
which are representative of the DevonianCarboniferous magmatism in Sierras Pampeanas,
coincide with those described in this contribution.
Therefore, these conclusions could be regionally
extrapoled to other similar examples as a working
hypothesis.
Metallogenic evolution of the CAB was not simply
a consequence of magma crystallization, rather it was
the product of multiple hydrothermal events that
probably ocurred in more than 300 Ma of thermal and
tectonic history. We think that the long-lived thermal
mineralizing history of the CAB, and other DevonianCarboniferous granites of Sierras Pampeanas, could be
explained by their geochemical features. Thus, these
granites would have supplied fluorine, and several
metals, for post batholitic mineralizations and
generated hydrothermal convection by a local
radiogenic heat source probably produced by relatively
high U, Th and K contents. This scenario could be
analogous to high heat-production granites (HHP
granites) such as Cornwall batholith, which heat flow is
manifested by more than 400 Ma (Jackson et al. 1989).
Contemporary hot spring activity in several
Devonian-Carboniferous plutons of the Sierras
Pampeanas attests to the continuing dynamism of the
environment and highlights the superimposed
complexity of hydrothermal systems associated with
high heat production granites.
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Experimental weathering of lithium-bearing source
rocks Clayton Valley, Nevada, USA
Hillary Jochens, LeeAnn Munk
University of Alaska Anchorage, Department of Geological Sciences, Anchorage, Alaska, USA
Abstract. Lithium is an essential metal in high demand
primarily for its extensive use in Li-ion batteries. One
geologic formation where lithium concentrates is in
closed-basin brines, where it can be economically viable
to extract. An example of such a brine is in Clayton
Valley, Nevada. An important aspect of brine formation is
understanding the source(s) of Li. Experimental
weathering of a known Li source rock (crystal lithic tuff)
from Clayton Valley, NV was conducted in order to
document the release of lithium from this rock to water.
The results indicate that throughout the 60 day
experiment two geochemical groups associated with Li
were produced in the resulting solutions. Other potential
Li source rocks are currently being experimentally
weathered in order to develop a model for Li sources in
the basin.

Kunasz (1974) and Davis & Vine (1979). He compared
lithium concentrations in what he thought to be
weathered versus unweathered samples of volcanic tuffs
and found that the weathered samples had lost lithium.

Keywords. lithium, brine, Nevada, weathering

1 Introduction
Lithium is recognized as an essential metal in the
development of clean energy via lithium-ion batteries.
With a heightened awareness of the need for alternative
energy resources, it is utilized and developed in new
technologies for vehicle propulsion and clean energy
storage. Continental brines enriched in lithium are the
most economically viable resource for extraction of this
scarcely concentrated metal. The brine in Clayton Valley
is the only one in the United States currently in
production. It is located in west central Nevada (Fig. 1)
and is a regional topographic low surrounded by arcuate
mountain ranges (Albers and Stewart 1972).
The geology of the basin consists of sandstone, shale,
and carbonate rocks deposited from the Precambrian to
the Ordovician. The region became tectonically active
during the Mesozoic, undergoing right-lateral fault
movement in the west and extension in the east.
Porphyritic quartz monzanite plutonic bodies genetically
related to the Sierra Nevada Batholith were emplaced
from the Jurassic through the Lower Tertiary. Tertiary
sedimentary rocks were deposited in ancient fresh water
Lake Esmeralda and are interbedded and interfingered
with volcanic rocks including rhyolitic to andesitic
welded and nonwelded ash flows, andesitic to basaltic
lava flows, and volcanic breccia. Kunasz (1974) first
documented that these sediments were enriched in
lithium, primarily in clay. Further investigation found
that the Li was nonexchangeable and occupied a
structural
cation
site
in
hectorite
(NaO3(Mg,Li)3Si4O10(F,OH)3) (Kunasz 1974). It is not
known whether the lithium primarily originates from the
tertiary volcanics or is leached from a geothermal source
(Davis and Vine 1979).
Price et al. (2000) further investigated several Libearing source rocks based on previous studies by

Figure 1. Aerial photograph of Clayton Valley, Nevada. Inset
map showing location in Nevada. CV2R is located in Clayton
Ridge. 10DW21 & 10DW22 are from alluvial fan deposits. The
Chemetall Foote evaporation ponds are located west of
10DW22 (base photo from USDA).

These rocks included unweathered obsidian (apache
tears) and devitrified rhyolite and gray (unweathered)
and beige (weathered, iron oxidized) crystal lithic ash
flow tuffs. He observed a decrease in Li concentration
between the unweathered (192 ppm) and weathered
samples (23 ppm).
A sample from the same outcrops that Price et al.
(2000) identified was used for this experiment. In order
to test how much Li can be leached from the gray
crystal lithic tuff as well as the relationship between Li
and other elements released by weathering; a laboratory
experiment was performed to emulate the natural
weathering environment.

2 Methods and weathering experiment
Petrographic analysis of a thin section from CV2R was
completed including modal percentage via point count of
primary minerals, glass and lithic clasts. Accessory and
secondary minerals were also identified.
An important piece in understanding the
geochemistry of the Clayton Valley brine as an
economic source of lithium is to identify the main
sources of Li and the mechanisms by which it is
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Ca, NO32-, SO42-, and F- seem to form a different trend as
a function of Li concentration. This may indicate that
there are at least two geochemical groups in the rock that
contain and release Li. For the most part, the chemical
composition of the weathered solutions have similarities
to inflow waters collected in the field (Munk pers.
comm.).

mobilized. Building on studies of Price et al. (2000),
Kunasz (1974) and Davis et al. (1986) this study further
investigates the sources of Li in Clayton Valley. A
weathering experiment was conducted on our sample,
CV2R. Additional weathering experiments on alluvial
fan sediments and rhyolitic obsidian samples are in
progress.
Methods were modified after Munk et al. (2006).
Nine polycarbonate flasks were prepared with 0.50g of
the pulverized sample in 150 mL of snow melt collected
from Clayton Valley. The flasks with air-permeable
membranes were put on a shaker table for 60 days.
Solutions were extracted from the flasks on days 1, 2, 5,
10, 20, 30, 40, 50, and 60 and prepared for analysis via
ICP-MS and IC for major and trace elements including
lithium, and anions respectively. pH was measured
throughout the duration of the experiment.

3 Results and discussion
CV2R is a gray crystal lithic ash flow tuff. It is 40%
glass/pumice most of which appears devitrified, 13%
alkali feldspar, 13% plagioclase and 2% anhedral quartz.
Phenocrysts are euhedral to subhedral, less than 2 cm in
length and show significant alteration to clay. 15% of the
rock is composed of rounded, lithic clasts of plagioclase
laths in a glassy matrix, and another 9% is lithic clasts of
chalcedony. Minor amounts of carbonate, hornblende,
biotite, and opaques are present.
The snow melt was allowed to equilibrate with CO2
in the atmosphere and the resulting pH of the snow melt
was 5.05 (Fig. 2). When this water was exposed to the
crushed CV2R rock sample, the pH rose to 6.50 likely
the result of hydrolysis. The pH fluctuated up to 7.10,
peaking at 7.24 by day 26. It decreased to 7.00 by day
35 and rose to 7.30, where it remained relatively steady
for the remainder of the experiment.
After 24 hours the weathered solution contained 5.6
μg/L dissolved Li and after 48 hours the solution had 5.2
μg/L dissolved Li. At day five of the experiment the
solution contained no detectable Li. By day 10 there was
5.9 μg/L followed by 6.09 μg/L at day 20. At day 30 the
water contained 10.6 μg/L followed by dissolved Li
concentrations of 7.2 μg/L, 7.1 μg/L, and 8.0 μg/L in the
solutions on days 40, 50, and 60, respectively.
The dissolved major cation and anion concentrations
generally increased as a function of time as they were
released from the rock (Fig. 3 and 4), with the exception
of Al which has the most irregular pattern. Similar to the
Li concentrations, K and Ca also had elevated
concentrations around days 30-40 of the experiment. It is
likely that the Li and K are initially released from
glass/pumice in the rock and that most of Ca up to day
30 is released from carbonate. Through day 60 we
suspect that other silicate phases contribute to the release
of cations and anions to the solution. Analysis of Si is
underway and will aid in the modelling of silicate
weathering.
Figure 5 illustrates the relationship between Li and
major cations and anions in the solutions. In general
there is a positive relationship with a few outlying
points. Sodium, K, Mg, Al, and Cl - appear to have
similar trends as a function of Li concentration, whereas

Figure 2. pH and Li concentration vs. time. LOD represents
limit of detection.

Figure 3. Dissolved major cation concentrations over time.

Figure 4. Dissolved major anion concentrations over time.

Based on the results presented here we believe that in
order to understand the phases that are dissociating to
release Li we need to run the experiment for a longer
time period. It appears that there are at least two
geochemical groups in the rock that contain and release
Li however we will gain more insight into this process
with more data over a longer timeframe. Therefore, this
experiment will be extended to 120 days. Two additional
weathering experiments on potential sources of Li in
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4 Conclusions

Clayton Valley are currently being conducted. The
samples include 10DW21 and 10DW22 (Fig. 1), which
are alluvial fan sediment samples from the basin.
Because the alluvial fan sediments represent composites
of the lithologies in their respective drainages they
should be the most representative of the potential sources
of Li.

The results of the weathering experiment performed on
CV2R indicate that Li and other elements are released
into solution over time. The initial release results from
hydrolysis as evidenced by an associated increase in pH
in the first day. There are at least two geochemical
groups associated with Li sources in the rock. Because
the rock is composed of 40% glass/pumice we predict
that most of the elements were released from that source
possibly followed by silicate phases. This indicates that
CV2R and other ash flow tuff units in the basin are
viable sources of lithium to the brines in Clayton Valley.
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Figure 5. Major cations and anions vs. Li concentration.

Table 1. Bulk Rock Oxides in Weight % of ash flow tuff and alluvial fans
Sample
CV2R
10DW21
10DW22

Al2 O3
14.6
14.5
13.3

SiO2
72.1
69.9
65.7

MgO
1.0
1.3
2.0

CaO
1.7
3.9
8.7

Na2O
3.4
2.7
2.5

K2O
5.2
4.3
4.1

Table 2. Chemical analysis including major cations, lithium, and anions of solutions from weathering of CV2R

Day 1
Day 2
Day 5
Day 10
Day 20
Day 30
Day 40
Day 50
Day 60

Al
(μg/L)
52.0
26.2
29.4
39.2
38.5
33.4
43.0
43.0
50.8

Mg
(μg/L)
335.7
352.6
377.8
400.6
436.9
473.1
508.4
502.0
643.8

Ca
(μg/L)
2676.0
2645.8
2707.9
2708.5
3103.8
4140.1
3245.4
3748.8
3969.2

Na
(μg/L)
5913.3
6021.2
6324.4
6519.1
6627.5
6957.3
7380.7
7236.9
8986.3

K
(μg/L)
933.5
880.1
918.7
992.7
1031.0
1074.5
1147.2
1134.2
6831.2
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Li
(μg/L)
5.6
5.2
0.6
5.9
6.1
10.6
7.2
7.1
8.0

F(mg/L)
0.1
0.1
0.0
0.1
0.1
0.2
0.2
0.2
0.2

Cl(mg/L)
3.5
3.6
0.2
3.8
4.0
4.1
4.3
4.1
12.1

SO42(mg/L)
1.8
1.9
0.4
2.0
1.9
2.0
2.0
2.0
2.4

NO 3(mg/L)
8.5
7.8
1.4
8.3
8.6
8.9
9.3
8.7
8.9
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Geology and preliminary REE and trace elements
geochemistry of Boris Ángelo Cu-(Ag) deposit, Central
Chile
Juan Figueroa-Cisterna, Salvador Morales-Ruano, Verónica Moreno-Rodriguez
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Mauricio Ruiz-Cardenas
Minera Las Cenizas S.A. Avda. Humeres 1501, Cabildo, V región de Valparaiso, Chile
Abstract Boris Ángelo Cu-(Ag) deposit, located in
Central Chilean Coastal Cordillera, is included within
Jurassic to Cretaceous copper Chilean Manto type (CMT)
deposits belt. It is hosted by Lower Cretaceous
volcanoclastic sequences of the Las Chilcas Formation
and by Upper Cretaceous – Paleocene small subvolcanic bodies. Based in this geological context we
consider the Boris Ángelo deposit as one of the youngest
deposits from CMT deposits belt. In this paper we
describe the behaviour of REE and trace elements from
Boris Ángelo Cu-(Ag) deposit and compare this feature
with “fresh” host rock and with other copper deposittypes. The Boris Ángelo geochemical signatures are
similar to Las Chilcas (“fresh” host rocks) samples, but
with a general depletion in all REE and trace elements.
They also show great similarity in REE and trace element
patterns with others CMT deposits.

the volcano-sedimentary and intrusive units.
These units, with the exception of the Soledad stock,
display variable degree of alteration characterized by
albitization of plagioclase, and by epidote, chlorite,
quartz, hematite and minor calcite formation. In contrast,
the Soledad Stock has a different and strong alteration
pattern, where quartz, clay minerals, epidote and some
Fe oxides with “box-work” texture are recognized.
The ore bodies are hosted by Las Chilcas
volcanoclastic sequence and by Boris Ángelo stock.
They are associated with pervasive epidote alteration and
have a strong structural control related with NS-NNE
and EW-NW fault systems and barren dyke intrusions
that constitute en echelon fault system.
Ore mineralization occurs mainly in veins and
veinlets or fine disseminations in the rock. The primary
ore mineralogy is characterized by bornite, chalcopyrite
and chalcocite, while sphalerite and galena are present as
accessory phases.

Keywords. CMTdeposit, Cu-(Ag) deposit, Boris Angelo

1 Boris Ángelo deposit geology

2 REE and trace elements geochemistry

The Boris Ángelo Cu-(Ag) deposit is located in the
Coastal Cordillera, Central Chile, at longitude 32º30’S
and latitude 70º40’W and it is included within the
Jurassic to Cretaceous Cu-(Ag) Chilean Manto type
(CMT) deposit belt (Maksaev and Zentilli 2002). This
deposit is hosted by Lower Cretaceous volcanoclastic
sequences of the Las Chilcas Formation (Rivano 1996)
and by small sub-volcanic bodies assigned, according to
Rivano (1996), to the Upper Cretaceous – Paleocene San
Lorenzo Unit. In contrast most of the CMT deposits in
Central Chile are hosted by sedimentary and volcanic
rocks from the Lower Cretaceous which are related to
coeval and generally barren batholiths (e.g., Maksaev
and Zentilli 2002; Carrillo-Rosúa et al. 2006). Based in
this geological context the Boris Angelo deposit could be
consider as one of the youngest deposits from CMT
deposits belt.
The study area comprises a volcanoclastic sequence
of Las Chilcas Formation and three main different subvolcanic intrusive units: a) the porphyritic Boris Ángelo
stock, b) the Soledad stock and c) porphyritic to
aphanitic andesitic dykes. The Boris Ángelo stock is
intruded by the Soledad stock. Finally, the dykes cut all

For this study six drill core samples representative of
different host rock lithologies were selected. The
samples are classified as barren (CuT%<0.3%, n=2) or
mineralized (CuT%>1.0%, n=4). These samples were
analysed for REE and Li, Rb, Ba, Th, U, Ta, Nb, Sr, Zr,
Y, Be, Sc, U, Cr, Co, Ni, Cu, Zn, Ga, Hf, Mo, Sn, Tl and
Pb, by ICP-MS. The Boris Angelo geochemical signature
is compared with Las Chilcas “fresh” host rocks
(Hollings and Cooke 2005) and with different types of
copper deposits, specifically: CMT deposits (Cabildo,
Moreno unpublished; El Soldado, Boric et al. 2002;
Mantos Blancos, Ramirez et al. 2008; Buena Esperanza,
Palacios et al. 1986); IOCG deposits (Mantoverde,
Rieger et al. 2010; Candelaria-Punta del Cobre district,
Marschik and Fontboté 2001); and porphyry copper
deposits (Los Pelambres, Reich et al. 2003; El Teniente,
Vry et al. 2010; Ok Tedi, Van Dongen et al. 2010).
Boris Ángelo whole rock geochemical data present a
rather flat pattern of REE (La/YbN=4.2-5.9), a slight
LREE-enrichment (La/SmN=1.8-2.3) and a moderate
fractionation of HREE (Sm/YbN =2.3-2.7 (Fig.1 and 2).
A significant characteristic is that the samples with the
highest copper grade are more depleted in REE (Fig. 1).
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3). Nevertheless Boris Ángelo samples are depleted in
all elements in relation with the Las Chilcas samples.
In the case of CMT deposits, a similar behaviour is
observed, with exception of Sr, which presents a
negative anomaly in some samples (specifically from
Mantos Blancos). The same feature is seen in IOCG
deposits, as well as an enrichment of La and Ce. In the
case of porphyry copper deposits they present a similar
trend to the Boris Ángelo samples (Fig. 3).

In comparison with Las Chilcas “fresh” host rock, the
Boris Ángelo samples show a general depletion in REE
(slightly higher in HREE) and absence of negative Eu
anomaly (Fig. 1).
In the case of CMT deposits, a similar REE trend is
observed, however the CMT deposits present a higher
and wider range of LREE (La/YbN=1.0-15.1;
La/SmN=0.8-5.4) and slightly higher fractionation of
HREE (Sm/YbN=1.0-2.8) than Boris Ángelo samples
(Fig.1).
In the IOCG type deposits, it is observed that the
REE pattern shows a wide range in LREE (La/YbN=0.871.1) with a strong enrichment in some samples
(La/SmN=1.1-11.2) in relation with Boris Ángelo
samples (Fig. 1).
In comparison to porphyry copper deposits, there is a
similar content in LREE and higher fractionation of
MREE and HREE (La/YbN=9.3-46.9; La/SmN=2.31-5.5;
Sm/YbN=3.4-10.5) than Boris Ángelo samples (Fig. 1).

Figure 2. Chondrite normalized (McDonough and Sun, 1995)
La/Sm vs. Sm/Yb diagram. (1) Mineralized Boris Ángelo
samples, (2) barren Boris Ángelo samples, (3) Las Chilcas
lavas, (4) CMT deposits, (5) IOCG deposits and (6) porphyry
copper deposits. 3, 4, 5 and 6: see text for references.

Figure 1. REE Chondrite normalized (McDonough and Sun,
1995) diagram. (1) Mineralized Boris Ángelo samples, (2)
barren Boris Ángelo samples, (3) Las Chilcas lavas, (4) CMT
deposits, (5) IOCG deposits and (6) porphyry copper deposits.
3, 4, 5 and 6: see text for references.

The La/SmN and Sm/YbN ratios diagram show that
the Boris Ángelo samples define a quite limited field
with low and almost constant La/SmN and Sm/YbN ratios
compared to others Cu-type deposits. This field overlaps
and is very similar to the Las Chilcas Formation lavas
(Fig. 2). In addition, this also overlaps the fields defined
by CMT and ICOG deposits. However, the CMT
deposits shows a wider range of La/SmN and Sm/YbN
ratios than the Boris Ángelo deposit (Fig. 2), whilst the
IOCG deposits show the widest range of La/SmN ratios
in relation of all other Cu-type deposits, although they
show the highest LREE content (Fig. 2). In contrast,
porphyry copper deposits show higher La/SmN and
Sm/YbN ratios than Boris Ángelo samples, tending to a
higher fractionation of HREE (Fig. 2).
Trace elements plotted in a spider diagram show that
Boris Ángelo samples present a Ba, Th, Sr, Tb and U
positive anomalies and Rb, Nb, Zr and Tl negative
anomalies, similar than the Las Chilcas lavas trend (Fig.

Figure 3. Chondrite normalized (McDonough and Sun 1995)
spider diagram. (1) Mineralized Boris Ángelo samples, (2)
barren Boris Ángelo samples, (3) Las Chilcas lavas, (4) CMT
deposits, (5) IOCG deposits and (6) porphyry copper deposits.
3, 4, 5 and 6: see text for references.

3 Discussions and conclusions
REE and trace elements from Boris Ángelo samples
describe a similar and homogeneous pattern both in
barren and ore mineralized samples and by porphyritic
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subvolcanic and volcanoclastics rocks samples.
REE have long been considered being immobile
during hydrothermal alteration processes (Bau, 1991).
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be potentially mobile during hydrothermal and
supergene alteration (Palacios et al. 1986; TorresAlvarado et al. 2007; Van Donguen et al. 2010).
The REE signature and incompatible element
behaviour of Boris Ángelo show the same pattern to the
Las Chilcas samples. Nevertheless the former are
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zones of greatest hydrothermal alteration. This
corresponds to our observations from Boris Ángelo,
where the most altered sample is the most REE depleted.
Van Dongen (2010) argues that this depletion is due
to a destruction of REE-rich accessory minerals,
particularly apatite that leads to hydrothermal
remobilization and depletion of REEs. However, these
characteristics have not yet been observed in Boris
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lixiviation of the rocks due to hydrothermal fluids which
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Boris Ángelo presents a homogeneous and almost
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(Palacios 1986).
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with the trends defined in REE and spider diagrams
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than other copper deposits.
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Geochemistry of albitisation in the evolution of the
Nechalacho REE deposit, Thor Lake, Canada
Kent MacWilliam, A.E. Williams-Jones
McGill University, Montreal, QC Canada H3A 2A7
Abstract. The Nechalacho nepheline-syenite (NNS),
which hosts the Nechalacho REE deposit, underwent
aggressive leaching and intense albitisation, which also
affected the surrounding Grace Lake granite (GLG) and
Thor Lake syenite (TLS). Textures indicate that the
protolith to the NNS was a K-feldspar-bearing sodalitenepheline syenite similar to that in the deep unaltered
parts of the NNS. Alteration of this rock lead to its
replacement by pink albite. During albitisation, major
elements such as K, Mg, Ca and Fe, and trace elements,
such as Ti, Ta, Zr and Hf, which are normally immobile,
were leached in large proportions from the rock (between
20 wt% and 80 wt%). There were corresponding
additions of Na, and Al; Si was conserved. The
albitisation was a consequence of the emplacement of
the younger NNS within the GLG and TLS, which
resulted in heating and circulation of formation waters
within the latter intrusions. Exsolution of magmatic fluids
developed fluid overpressures causing brecciation.
Adiabatic expansion caused fluids to cool, precipitating
quartz, and, due to mixing of the formation waters (Cabearing) with magmatic fluids, fluorite. Fluorite
precipitation decreased F- activity, destabilising REE
complexes and depositing mainly Light REE minerals
(bastnäsite and monazite), with other HFSE minerals
interstitially in veins and vugs.

2 Geological Setting
2.1 Regional geology
The Nechalacho nepheline syenite (NNS), the yougest
intrusive pulse of the 2.15 Ga Blachford Lake Complex
(BLC), is host to two ore horizons totalling >100 Mt of
REE, Zr, Nb and Ta ore. Located 100 km SE of
Yellowknife, NWT, Canada, the BLC is interpreted to
have been emplaced during formation of the
Athapuscow aulacogen. The youngest units of the BLC
are the hypersolvus peralkaline Grace Lake granite
(GLG), the Thor Lake syenite (TLS) (Davidson 1978)
and the NNS (Fig. 1). Both the GLG and the TLS
experienced extensive loss of quartz, sericitisation,
albitisation and chloritisation, as well as fenitisation.
Fenitisation involved replacement of arfvedsonite by
aegirine and/or magnetite. Discrete hydrothermal
deposits of albite ± polylithionite, bastnäsite-(Ce),
monazite, zircon and ilmenite (e.g., R-zone and T-zone;
Černý and Trueman 1985) point to the presence of the
NNS at depth within the granite (Pinkston and Smith
1995).

Keywords. albitisation, REE, alteration, Thor Lake

1 Introduction
Hydrothermal alteration is commonly an important
manifestation of the processes that lead to the genesis of
metallic mineral deposits. Consequently, the alteration
that accompanies formation of many types of
hydrothermal ore deposits, for example porphyry and
epithermal deposits, has been documented in
considerable detail. An important exception, however, is
the alteration of alkaline igneous systems hosting rare
metal deposits, which has been poorly documented. As a
result the significance of this alteration for ore deposition
in these systems is not well understood.
Albitisation is a common alteration type that is
associated with several deposit types, e.g., IOCG
deposits (Hitzman et al. 1992) and uranium deposits
(Thompson 1988). Albitisation commonly occurs as
halos around crustal scale fluid conduits, as well as
regionally (Boulvais et al. 2007). In many cases, it is
genetically associated with anorogenic magmatism and
passive rifting (Abdel-Rahman et al. 2001).

Figure 1. Geological map of the Nechalacho nephelinesyenite; satellite deposits are marked, contours are isopachs of
intense albitisation. Modified after Černý and Trueman (1985),
Pedersen (2010 unpublished data).

The NNS is the youngest and innermost intrusion
within the Blachford lake complex, dated at 2094 ± 10
Ma (Bowring et al. 1984). It is largely unexposed at
surface and underlies the TLS and GLG. Although the
primary mineralogy has been largely destroyed by
alteration, relict igneous textures show evidence of
cumulate layering in multiple primary units. The
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3.2 Chemical controls on albitisation

simplified primary stratigraphy recognised within the
NNS comprises a thin marginal pegmatitic K-feldspar
unit, a sodalite flotation cumulate, aegirine/arfvedsonite
nepheline-sodalite syenite and a trachytic K-feldspar
porphyry unit, which hosts the main HFSE and REE
bearing ore horizons.
Generally, the alteration of the NNS can be divided
into four events, biotite-magnetite-quartz alteration of
the main ore zones, hematite brecciation, intense
albitisation and chloritisation.

Albitisation of K-feldspar occurs through the cationexchange reaction (Na+)aq + K-Feldspar = (K+)aq + Albite,
which is favoured by increasing temperature (Fig. 2)
(Boulvais et al. 2007). The resulting replacement creates
porosity due to a 9% decrease in molar volume,
facilitating further replacement (Plumper and Putnis
2009). The required increase in temperature resulted
from the intrusion of the NSS into the GLG and TLS.

2.2 Albitisation geometry and textures
Albitisation is ubiquitous within the NNS and in the
surrounding GLG. Where the alteration is most intense
(>50% pink, bladed albite variety, cleavelandite, and
stubby albite), the drill core is pink, commonly porous
and there is textural evidence of K-feldspar resorption
and dissolution of sodalite and aegirine. The intense
albitisation has a maximum vertical thickness of 140 m
and is concentrated in the southern part of the NNS (Fig.
1). The satellite REE deposits T-zone, R-zone S-zone
and Fluorite-zone are also highly albitised and share
similar albite textures and paragenesis. These deposits
are located within the GLG but lie in a broad halo of
alteration encircling the NNS. Na/K ratios of whole rock
analyses of the GLG decrease outwards from the NNS
(Mumford et al. 2010).
Owing to the intensity of albitisation, primary
minerals within the albitised unit are rare. Perthitic Kfeldspar pegmatites are ubiquitous, but exhibit
cloudiness and resorption textures. Hexagonal and
tabular pegmatitic pseudomorphs of probable sodalite
and aegirine, respectively, are enclosed by either Kfeldspar pegmatites or within an albite matrix. The
protolith must therefore have been a K-feldspar-bearing
aegirine-sodalite-syenite, a common unit found at depth
in relatively unaltered samples.

Figure 2. Phase diagram showing the stability of albite, Kfeldspar and muscovite with varying aNa+ and aK+.

Muscovite,
which
commonly
accompanies
albitisation in other deposits (e.g., Černý 2004) is only
present as a very late stage mineral (stage III) peripheral
to the intensely albitised unit. Sericite is dominant within
the sodalite cumulate unit in pseudomorphs after
sodalite, and throughout the GLG and TLS as a
replacement of primary feldspar.

4 Mass changes
Averaged whole rock chemical analyses were used to
compare the composition of two intervals of intense
albitisation and the fresh aegirine-nepheline-sodalite
syenite at depth (Fig. 3).

3 Albitisation
3.1 Mineral paragenesis
The albitisation and post-albitisation paragenesis
comprises three stages. Early replacement of K-feldspar
by stubby albite and infilling of void space by bladed
albite characterises Stage I. Porosity during stage I
resulted from dissolution of sodalite, aegirine and
nepheline; only K-feldspar and zircon remain from the
primary assemblage. Albite and K-feldspar then
underwent brittle deformation and were locally cross-cut
by microbreccias, the matrices of which consist
dominantly of an intergrowth of quartz and fluorite
(stage II). Vugs interstitial to albite and K-feldspar are
also filled by fluorite and quartz. Bastnäsite-(Ce),
monazite, columbite and sphalerite co-precipitated with
fluorite during stage II. Minor secondary K-feldspar
locally replaced albite when in contact fluorite. Later
biotite, then chlorite and carbonate minerals partially
replaced fluorite, albite and K-feldspar (stage III), and
were accompanied by precipitation of quartz, ferrocolumbite, rutile, pyrrhotite and galena. Parisite-(Ce) and
synchysite-(Ce) replaced bastnäsite-(Ce) during stage III.

Figure 3. Isocon diagram showing changes in concentration
between the protolith and two albitised intervals.

Intense albitisation was accompanied by large losses
of elements normally considered immobile, and major
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bastnäsite-(Ce) and monazite, and minor sphalerite,
suggesting that these minerals are genetically associated.
Rapid crystallisation of fluorite likely resulted from
super-saturation produced by mixing of a F-bearing
fluid, exsolved from the NSS (Fig. 4), with the external
Ca-bearing and albitising fluid. We propose that the
LREE were transported as fluoride complexes in the
magmatic hydrothermal fluid and that deposition of
fluorite sharply lowered fluoride activity, thereby
destabilising the REE-fluoride complexes, causing
precipitation of (Ce)-bastnäsite and monazite.

increases only in Na and Al. Unfortunately, there are no
indices that can be used to reliably normalise the
compositions of the fresh and albitised rocks (e.g., an
immobile element or an assumption of constant volume).
However, Ga experienced a gain in concentration of
15.1%, which is only a little larger than that expected
due to porosity creation, 15%, as a result of the
replacement of K-feldspar by albite. Assuming a mass
loss of 15%, the increase in the concentration of Na and
Al were 90% and 25%, respectively; Si was conserved.
The LREE and HREE underwent decreases in
concentration of 34% and 65% respectively. This
suggests greater leaching and therefore mobility of REE
with increasing atomic number. The concentration of Nb
decreased by 71%, and Y, Mn, Ta, Ca, Fe and Mg
concentrations decreased by >80%.
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5 Discussion
Igneous rocks hosting REE deposits commonly show
evidence of intense albitisation (Hitzman et al. 1992). In
some cases, the fluids responsible for this alteration have
also mobilised primary REE mineralisation and redeposited it as secondary REE minerals (e.g., bastnäsite(Ce) and monazite; Hitzman et al. 1992). However,
despite the widespread occurrence of albitisation, the
nature of the fluids and the conditions of fluid-rock
interaction are poorly known.
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Figure 4. Model of albitisation of the NNS and surrounding
GLG/TLS.

The intensely albitised units within the NNS are
genetically related to the satellite deposits within the
GLG. The albite textures and paragenesis are similar,
though the degree of mineralisation changes. As the zone
of greatest albitisation is in the southern portion of the
NNS, and heavily albitised satellite deposits form an
alteration halo towards the north, fluid pathways are
present along its margin (Fig. 4).
Fluorite is commonly intergrown with acicular
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Abstract. The Morococha district of central Peru hosts a
large variety of porphyry-related ore bodies mined mainly
for Cu (Mo), Ag, Zn and Pb, as well as minor amounts of
Au. Recently, a gold and silver anomaly was found in the
eastern part of the district, known as the Toldojirca
prospect. The present work suggest that the Au
anomalies in the Toldojirca area, restricted to the first few
meters from surface, formed by oxidation and
subsequent supergene enrichment of Cordilleran
replacement bodies and polymetallic veins.

Triassic to Early Jurassic Pucará Group (Rosas et al.
2007). In the host carbonate sequence occur five roughly
bed-parallel carbonate clast-supported breccias which
are interpreted as overthrust tectonic breccias that partly
have subsequently been subjected to strong dissolution
related to weathering (Fig. 1 and 2). Similar breccias are
mineralized in other parts of the district.

Keywords. polymetallic vein, mineralogy, fluid inclusions,
Toldojirca, Morococha, Peru

1 Introduction
The world class mining district of Morococha (Petersen
1965; Catchpole at al. 2011) is located in the central part
of the Miocene polymetallic belt within the Western
Cordillera of Peru (Noble and McKee 1999). Various
porphyry-centered ore types occur in the district:
porphyry mineralization, skarns and polymetallic vein
and replacement bodies (mantos), hosted by intrusive,
volcanic and carbonate rocks of various ages. The
central, northern and eastern parts of the district are the
most intensively mineralized areas and have been mined
mainly for Ag, Cu (Mo), Zn and Pb. Small amounts of
gold were produced historically in the western part of the
district from quartz-pyrite veins essentially as a byproduct of Cu and Ag production. This study is devoted
to the Toldojirca prospect in the eastern part of the
district, where, in the Toldojirca hill and surrounding
areas, Au and Ag anomalies grading up to 8 and 300 g/t
respectively, of unknown origin, have been identified
recently (Pérez 2009). The present study focuses on the
structural, geochemical and mineralogical characteristics
of this anomaly and the adjacent polymetallic veins, with
the aim of recognizing the origin of the mineralization at
Toldojirca in the context of the Morococha district.

Figure 1. Geology and mineralized structures of the
Toldojirca prospect.

Three groups of mineralized structures are found in
the Toldojirca prospect (Fig. 1). A group of roughly
trending N30°E discontinuous veins crops out on top of
the Toldojirca hill. These structures are intensively
oxidized and only Fe and Mn oxides/hydroxides can be
recognized macroscopically in an intensely silicified
matrix. Microscopy revealed a mineral association
consisting of galena, sphalerite (inferred), pyrite, and
marcasite with subordinate fahlore group minerals and
associated hydrothermal rutile. Preserved sulfides are
surrounded by Pb- and Zn-bearing carbonates with a
dominant presence of Mn oxides/hydroxides.
A set of N60°E trending veins crops out in the southwestern part of the Toldojirca area and corresponds to a

2 Geology, mineralized structures and
paragenesis
The mineralized structures include veins with different
orientations as well as replacement bodies (mantos). All
the structures are hosted by carbonate rocks of the
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adularia and pyrrhotite; and a later base-metal stage
dominated by an early Bi-rich mineralization, followed
by galena - sphalerite - fahlore group minerals and a
final carbonate - quartz - adularia association (Figs. 5
and 6). Textures of the vein vary from massive to
brecciated. Early mineralization is crosscut by veins of
the later stage.

group of strongly silicified structures with brecciated
texture (Fig. 3). Clasts within the veins consist of
carbonate rock replaced by pyrite and silica and are
cemented by quartz associated with sphalerite, fahlore
group minerals, pyrite, chalcopyrite, and galena (Fig. 4).
Finally, the whole structure is crosscut by barren quartz
and chalcedony veinlets.

Figure 4. Paragenetic sequence of the N60°E structures in the
Toldojirca prospect.

Both mineralization stages are not necessarily present
together in the same structure and can develop as
independent pyrite-quartz massive structures (veins or
replacement bodies) or as base-metal veins. In addition
to the rare miargyrite, main carriers for silver in the
studied veins are galena (up to 2.2 wt.% Ag) and fahlore
group minerals, mainly tetrahedrite, with Ag content
reaching 4.5 wt.%.

Figure 2. Bed-parallel carbonate breccia. Note the carbonate
clast bearing a calcite vein that formed before brecciation.

The third mineralization type in the Toldojirca
prospect comprises a highly-oxidized replacement body
that crops out in the NW and NE part of the Toldojirca
hill, consisting mainly of silica and Fe-Mn
oxides/hydroxides. This replacement body is hosted by
oolitic limestone beds in the upper stratigraphic unit of
the Pucará Group (Condorsinga Formation, in pale-gray
on Fig. 1). The only preserved hypogene minerals in this
body are Ag-sulfosalt miargyrite (AgSbS2) and
disseminated pyrite.

Figure 5. Reflected light photomicrographs and BSE images
of polished sections from the San Andrés vein: a) Pyrite from
the early stage (a2) corroded by later galena (b2); b) Galena,
pyrite and arsenopyrite inclusions in sphalerite, later affected
by chalcopyrite disease; c) Two generations of sphalerite: sl
(b3) affected by chalcopyrite disease overgrown by later sl (b4)
unaffected; d) Carbonate stage (b5) - adularia overgrown by
quartz, rhodochrosite and later quartz, associated with rare
pyrite and marcasite. Abbreviations: adu - adularia, apy arsenopyrite; gn - galena; py - pyrite; sl – sphalerite.

Figure 3. Breccia in N60°E trending vein. a) Different
replacement intensities and quartz generations. b) Platy mould
s possibly from platy-calcite related to late barren quartz,
pretty typical (relict) boiling textures.

3 Fluid inclusion microthermometry and
sulfur isotopes

To constrain the origin of the mineralization in the
Toldojirca prospect in the context of the wider
polymetallic mineralization known in the Morococha
district, the nearby and less oxidized N40°E trending
San Andrés vein, located 1.25 km to the east of
Toldojirca, was studied. Two stages of mineralization
were recognized: an early pyrite-quartz stage forming
low-sulfidation mineral assemblage with arsenopyrite,

Microthermometry measurements on quartz-hosted fluid
inclusions have been performed on underground and
surface samples from the different mineralization stages
recognized in the San Andrés vein. Results are reported
in Table 1.
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Table 1. Summary of fluid inclusion microthermometry data
from the Toldojirca N60E oriented structures compared with
the San Andrés vein.

Th
(°C)

Salinity
(wt% NaCl eq.)

Th
(°C)

Salinity
(wt% NaCl eq.)

Toldojirca
(surface)

San Andrés
(surface)

San Andrés
(underground)

~ 252°

~ 278°

~ 334°

from 228° to 272°

from 223° to 350°

from 293° to 339°

~ 8.0

~ 1.1

~ 4,2

from 7 to 9

from 0.5 to 2

from 2 to 5

~ 226°

~ 200°

~ 250°

from 220° to 237°

from 193° to 212°

from 243° to 258°

~ 2.8

~ 1.8

~ 10.0

from 2 to 3,5

from 0.5 to 2

from 8 to 11

py - qz
stage

272°C with a mean at 252ºC. Later base-metal
mineralization shows temperatures of homogenization
between 220° and 237°C. Salinities of 8.0 ± 1.3 wt.%
NaCl equiv. for the early stage and 2.8 ± 0.7 wt.% NaCl
equiv. for the late stage of mineralization were
calculated.
Figure 7 summarizes sulfur isotope data for
sphalerite (δ34S = 3.1-3.7‰), galena (δ34S = 2.5-3.5‰)
and pyrite (δ34S = 1.5-6.2‰) from the San Andres vein.
Results are consistent with a magmatic source for the
sulfur in the studied system.

base
metal
stage

Primary/pseudosecondary fluid inclusions are twophase (liquid-vapor) and homogenize to a liquid phase.
Temperatures of homogenization measured in quartz
from the early stage of mineralization on underground
samples (682 m depth from the present-day surface)
range from 293° to 339° with a mean of 334°C. From
surface samples, quartz from the same stage shows
homogenization temperatures in a range 223°-350°C
with a mean of 278°C.

Figure 7. Sulfur isotope data for sulfides from the San Andres
vein.

3 Conclusions
The present study allows suggesting that the mineralized
structures in the Toldojirca prospect are the oxidized
expression of replacement bodies and of polymetallic
veins similar to those of San Andrés and other
Cordilleran veins in the Morococha district (Catchpole et
al. 2011). The Au anomaly in the Toldojirca area,
restricted to the first few meters from surface, formed
probably by oxidation and subsequent supergene
enrichment of hypogene sulfide minerals containing
traces of gold, such as pyrite and/or arsenopyrite.
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correspond to average values of 8.8 ± 1.6 wt.% NaCl
equiv. and 2.4 ± 0.2 wt.% NaCl equiv., following a
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magmatic fluids and cold and diluted meteoric waters.
Homogenization
temperatures
from
the
later
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late quartz generation. These variations go from 4.2 up
to 10.0 wt.% NaCl equiv. for underground samples and
from 1.1 to 1.8 wt.% NaCl equiv. for surface samples.
This salinity increase at constant temperatures can only
be explained by boiling.
Fluid inclusion microthermometry on the early stage
mineralization in the N60°E structures at Toldojirca
yields homogenization temperatures in the range 228° -
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Abstract. We present new trace, siderophile and
chalcophile element data from continental flood basalts
that are well exposed and preserved in the Keping area
of Xinjiang province and discuss their sulfide saturation
history and Ni-Cu mineralization potential. The
geochemistry of the basalts is consistent with an enriched
mantle source; all of the basalts assimilated significant
amounts of crustal material, became sulfur saturated and
formed immiscible magmatic sulfides at depth; these
magmatic Ni–Cu–PGE sulfides scavenged chalcophile
elements from the magma and remained at depth whilst
the chalcophile-depleted basalts were erupted. Any
ultramafic sills within the basin that are co-genetic and
coeval with the Permian Keping basalts should be
considered as prospective targets.

Basin suggest it is a flood basalt event (named the Tarim
Flood Basalt), and can be classified as a mantle plumerelated Large Igneous Province (LIP, Tian et al., 2010).
Ultramafic-mafic units dominated by basaltic rocks
outcrop over an area of about 250,000 km2 in the Tarim
Basin (Chen et al., 1997); these early Permian basaltic
rocks are hosted by the Kupukuziman and Kaipaizileike
Formations, a mixture of basalts, trachybasalts,
amygdaloidal basalts and basaltic pyroclastics.

3 Samples and analytical methods
Eleven samples of basalts in the Keping area were
analyzed for major, trace and platinum group element
(PGE) concentrations.
Major element determinations were by X-ray
fluorescence spectroscopy. Ferric and ferrous iron ratios
were determined by wet chemical methods. Trace
element abundances, including rare earth elements
(REE), were determined by ICP-MS. Concentrations of
PGE were determined at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry,
Guiyang, China, by ICP-MS coupled with a modified
Carius tube isotope dilution method (Qi et al., 2007).
Concentrations of bulk-rock major, trace and PGEs for
the samples of Keping basalts are given in Table 1.

Keywords. Basalts, Sulfur saturation, Ni-Cu-PGE sulfide
deposit, Keping area, Tarim Basin

1 Introduction
It is well known that a genetic link exists between the
formation of ultramafic-hosted Ni-Cu-PGE sulfide
deposits and the eruption of associated chalcophile- and
siderophile-depleted
continental
flood
basalts
(Naldrett , 2004; Lightfoot and Keays, 2005; Keays and
Lightfoot, 2010). However, little research has been
undertaken on the Permian Tarim Basin continental
flood basalt province in Xinjiang province, China.
Here, we present new trace, siderophile and
chalcophile element data from continental flood basalts
that are well exposed and preserved in the Keping area
of Xinjiang province and discuss their sulfide saturation
history and Ni-Cu mineralization potential.

4 Discussions and Conclusions
4.1 Ni, Cu, and PGE variations and sulfur
saturation
Major, trace and REE data indicate that basalts within
both formations are cogenetic, whilst low concentrations
of Ni, Cu and PGEs indicate that they are chalcophile

2 Geological Background
The characteristics of magmatism in the Permian Tarim
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with fields for the PGE-undepleted Siberian Trap basalts
(Siberian Trap Tk+Mk+Sm), the PGE-depleted Siberian Trap
basalts (Siberian Trap Nd1-Nd3) (both from Keays and
Lightfoot, 2010), and Mid Ocean Ridge Basalts (MORB, from
McDonough and Sun, 1995). The dashed line is taken from
Vogel and Keays (1997) and separates the fields of magmas
formed from S-saturated magmas (below) from those formed
from S-undersaturated magmas (above).

element depleted (Fig. 1).
The basalts have very low (Cu/Zr)PM and extremely
low (Pd/Zr)PM and (Pd/Cu)PM ratios; both these ratios
and the concentrations of Ni, Cu and the PGEs are
invariant with changes in MgO concentrations.
Furthermore, the magmas represented by the Keping
basalts have very low calculated sulfur concentration at
sulfide saturation (SCSS) capacities, and only needed to
assimilate small amounts of sulfur-bearing crustal
material to breach the SCSS and form immiscible
sulfide liquids.
4.2 Crustal contamination
sulfide segregation

and

immiscible

The assimilation of crustal material appears to have
occurred at depth; this is evidenced by the clear link
between crustal contamination (as expressed by
(Th/Nb)PM ratios) (Fig. 2) and the removal and
depletion of chalcophile elements in the magmas that
formed the basalts in the Keping area (as expressed by
(Pd/Cu)PM and (Pd/Zr)PM ratios).
The geochemistry of the basalts is consistent with an
enriched mantle source; all of the basalts assimilated
significant amounts of crustal material, became sulfur
saturated and formed immiscible magmatic sulfides at
depth; these magmatic Ni–Cu–PGE sulfides scavenged
chalcophile elements from the magma and remained at
depth whilst the chalcophile-depleted basalts were
erupted.
4.3 Implications
for
Ni-Cu-PGE
exploration in the Tarim Basin

Figure 2. Scattergram of (Nb/Th)PM vs (Th/Yb)PM for the
Keping basalts. The mixing line on both diagrams is between
N-MORB and an appropriate crustal contaminant compositions
containing 8 ppm Th, 35 ppm Nb and 2.2 ppm Yb, within the
ranges of Upper Continental Crust compositions; percentage
values indicate the approximate amount of crustal material
assimilated. N-MORB and Upper Continental Crust
compositions are from Taylor and McLennan (1985).

mineral
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Table 1. Concentrations of bulk-rock major, trace and PGEs for the Keping basalts.
Sample
NO.

KP-01

KP-02

KP-03

KP-04

KP-05

KP-06

KP-09

K-01

K-02

K-03

K-05

SiO2

48.15

47.73

46.82

59.72

46.11

48.34

47.95

50.16

43.65

45.89

50.41

TiO2

3.92

3.95

3.88

2.97

3.71

3.25

4.18

3.16

4.15

4.26

2.32

Al2 O3

13.61

14.4

14.06

9.88

13.51

14.04

13.59

10.64

14

12.64

13.6

Fe2 O3

8.81

10.43

12.11

12.17

5.17

6.89

8.37

14.44

10.92

9.91

8.34

FeO

8.96

5.67

5.66

3.97

11.95

8.7

9.2

5.45

4.3

9.45

5.22

MnO

0.23

0.22

0.23

0.17

0.27

0.22

0.22

0.32

0.26

0.26

0.17

MgO

3.53

3.17

3.61
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0.64
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0.77
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18.46

33.1
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6.14
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6.3
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6.3
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Ta

1.94
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399
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9.21
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3.11
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2.11
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2.43
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2.19

Lu
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0.34
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0.47
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0.66
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0.34
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30.3

Cu
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35.968
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34.4
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42.7

42.893

88.2

Ir

0.022

0.012

0.012

0.044

0.012

0.021

0.009

0.01

0.006

0.005

0.021

Ru

0.016

0.011

0.007

0.013

0.016

0.01

0.022

0.011

0.013

0.006

0.009

Rh

0.003

0.007

0.002

0.006

0.002

0.003

0.009

0.003

0.002

0.004

0.002

Pt

0.051

0.021

0.042

0.021

0.048

0.015

0.027

0.037

0.015

0.028

0.018
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0.117

0.198

0.089

0.015
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0.093

0.088

0.137
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Geophysical and geological modeling to understand
gold mineral systems in the West Arunta Orogen,
Western Australia
Aurore Joly, Mike Dentith, T. Cam McCuaig
Centre for Exploration Targeting, School of Earth and Environment, The University of Western Australia, 35 Stirling
Highway, Crawley, Western Australia 6009
Alok Porwal
Centre of Studies in Resources Engineering, Indian Institute of Technology Bombay, Powai, Mumbai - 400 076 India
Catherine Spaggiari, Ian Tyler
Geological Survey of Western Australia, Department of Mines and Petroleum, 100 Plain Street, East Perth, Western
Australia 6004

several terrains to be analysed in this fashion by the
Centre for Exploration Targeting (CET).

Abstract. The West Arunta Orogen (WAO) is a
Paleoproterozoic basement complex located in remote
east-central Western Australia. Past mineral exploration
in WAO has been minimal. A new integrated
interpretation using all available geoscientific data from
the WAO has been completed. The area is interpreted as
a basement-involved, thick-skinned, thrust terrain with
fault blocks comprising both the basement and rocks
from overlying sedimentary basins. The GIS-based
prospectivity analysis relies on the resulting 4D
geological history and on the mineral systems approach.
For the prospectivity analysis, both a knowledge-driven
Fuzzy model and a data-driven Weights-of-Evidence
model were implemented. These methods compare
spatial distributions of various targeting criteria
(represented by predictor maps). The approach involves
creation of a series of predictor maps based on the
occurrence of geological features associated with the
relevant model for deposit formation.
The newly-interpreted geology of the WAO constitutes
the basis for prospectivity analysis for various commodity
types using critical individual targeting criteria (source,
pathways, chemical and physical traps), although only
the results for orogenic gold are described here. The
outputs from both conceptual and empirical prospectivity
analyses were compared to identify the most prospective
areas for gold exploration in WAO. One of these areas
contains known gold mineralisation.

2 Geological setting
The WAO is the westward continuation of the Arunta
Orogen, which lies predominantly in the Northern
Territory. It comprises two distinct provinces with
different protolith ages and histories (Scrimgeour 2004;
Scrimgeour et al. 2005): the 1870–1710 Ma Aileron
Province to the north, and the exotic 1690–1600 Ma
Warumpi Province to the south. Both provinces are
separated by the north-dipping crustal-scale Central
Australian Suture (CAS) (Shaw and Black 1991; Close
et al. 2004; Scrimgeour et al. 2005). The WAO is
unconformably overlain by the Neoproterozoic Murraba
Basin in the north and by the stratigraphically equivalent
Neoproterozoic to Devonian Amadeus Basin to the
south (Zhao et al. 1992; Maidment et al. 2007). The
Early Ordovician to Early Cretaceous Canning Basin
overlies the Amadeus Basin. Based on data from the
Northern Territory, the WAO is interpreted to record
multiple Proterozoic crustal processes over a 1500million-year period from before 1800 Ma through to the
Palaeozoic (Collins and Shaw 1995; Scrimgeour et al.
2005).

Keywords. mineral system approach, Weights-ofEvidence, Fuzzy model, West Arunta Orogen

3 Datasets
Two regional public-domain geophysical datasets were
used as the principal basis for the geological
interpretation of the WAO: aeromagnetic and gravity
data. The aeromagnetic (and radiometric) data were
acquired with a 400 m flight line spacing and 60 to 80 m
flight height. The average station spacing for the gravity
data is about 2.5 km.
More than 500 samples for geochemical analysis
were taken in areas of exposed regolith. The <2 mm
fraction of each sample was analysed by inductively
coupled plasma for 45 elements (cf., details in Spaggiari
et al. 2008).

1 Introduction
Located in remote east-central Western Australia, the
West Arunta Orogen (WAO) is one of the least studied
and least understood areas in the State. Using regional
geophysical, geological and geochemical datasets
acquired by the Geological Survey of Western Australia
(GSWA), the interpreted bedrock geology map in
Geological Survey of Western Australia (2009) has been
modified to create a new geological map of the WAO to
use as the basis for prospectivity analysis of the terrain.
Here we concentrate on prospectivity for gold, although
other commodities have also been studied. This work
was funded by the government of Western Australia’s
Exploration Incentive Scheme with the WAO the first of
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4 Interpreted geology from potential field
data

5 Inferred geological history of the West
Arunta Orogen

A series of interpretation products were created,
primarily from the potential field data, but with reference
to the known geology and the small amount of
petrophysical data that are available (Schroder and
Gorter 1984; Lambeck et al. 1988). The resulting
geological map is shown in Figure 1.
Areas of shallow or exposed WAO have short
wavelength magnetic anomalies due to changes in
magnetism within the basement rocks. The oldest
known basement in the region, the Lander Rock
Formation, has a characteristic magnetic response
comprising a modest level of total magnetic intensity
(TMI), but linear anomalies are evident.
Areas where basin-fill occurs are generally
magnetically subdued, although basement-sourced
variations are sometimes evident and clear linear
anomalies due to mafic rocks within the Amadeus Basin
sequence occur locally. Subtle anomalies allow bedding
within basin-fill to be mapped in places. There is
frequently a lack of correspondence between gravity and
magnetic responses. In areas where basin-fill occurs, the
major causes of gravity variations are basement depth
and the presence of salt within the Amadeus Basin
sequence. Surprisingly, significant variations in gravity
also occur in areas of outcropping basement, specifically
regions with distinct negative anomalies.
Linear features, mostly defined by magnetic data, are
interpreted as: (i) two sets of faults (based primarily on
differences in orientation) identified from offsets and
truncations of adjacent anomalies; (ii) trend lines probably representing stratigraphic and metamorphic
layering; (iii) BIF - a special case of the trend lines
identified from their high amplitude TMI response; (iv)
fold axes - based on closures and veeing of the trend
lines; (v) mafic dykes - identified from cross-cutting
relationships with trend lines representing lithological
layering.

Two major deformation events control the current
architecture of the WAO, which overprint and reactivate
structures produced during earlier Proterozoic events
(including the 1780–1770 Ma Yambah Event, 1640–
1630 Ma Leibig Orogeny, ca. 550 Ma Petermann
Orogeny). The first is a set of structures that trend
WNW. Seismic data acquired along strike to the east
shows that major structures with a similar orientation are
north-dipping and extend to the base of the crust
(Goleby et al. 1988; Wright et al. 1990). Inconsistent
responses in gravity and magnetic data, in particular
negative Bouguer anomalies in areas where the magnetic
data show that basement occurs at the surface, are
interpreted as indicating that basement outcrops are
‘slivers’ structurally emplaced within a succession
comprising predominantly sedimentary rocks of the
Amadeus Basin, with deformation mostly likely
associated with the 400–300 Ma Alice Springs Orogeny
(Devonian-Carboniferous). This interpretation is
consistent with structural studies in the Arunta Orogen
outside of Western Australia (e.g., Flottmann et al.
2004).
To test the idea that the WAO consists of a basementinvolved, thick-skinned, thrust terrain, 2D gravity
forward modelling was completed on a profile drawn
perpendicular to the CAS. As with any potential field
modelling, the model is not unique, but it demonstrates
that the thick-skinned structural style is consistent with
the gravity data.
The second major structural trend is NE-SW. Major
examples of these D2 structures comprise basinbounding structures of the Canning and Murraba Basins.
These structures were probably much older faults that
were reactivated as normal faults during the late Triassic
Fitzroy Movement in the Canning Basin, and represent
the main control on the thickness of preserved
sedimentary rocks.
Older tectonic fabrics created during the long and
complex tectonic history of the region are interpreted as
having been reactivated during tectonic episodes
recorded in the fill in adjacent sedimentary basins.
However, the current outcrop pattern in the WAO is
probably mostly controlled by the faulting associated
with the Alice Springs Orogeny and the Fitzroy
Movement.

6 Gold prospectivity modeling of the West
Arunta Orogen
GIS-based prospectivity analysis was used to identify
the most prospective ground for gold deposits in WAO.
A knowledge-driven fuzzy model (Porwal et al. 2003)
and a data-driven weights-of-evidence model (Agterberg
et al. 1990) were implemented. These approaches are
essentially based on empirical mathematical models
which compare the spatial distributions of various
targeting criteria (represented by predictor maps). The
targeting criteria are based on a mineral systems model
for deposit formation and the approach used involves

Figure 1. Interpretative structural map highlighting the
Proterozoic architecture of the WAO (Fm: formation).
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creation of a series of predictor maps based on the
occurrence of geological features associated with the
relevant model for deposit formation. Both intrusionrelated gold systems and the orogenic gold systems were
considered in the WAO study, the essential difference
being the presence of granitoids.
The fluid pathway component of the gold mineral
system in the WAO was associated with the two main
sets of faults, these being potential fluid conduits.
Physical traps are locales into which the mineralising
fluids are focused. Fault intersections, closure folds and
unconformities constitute potential trap sites. The final
component of the WAO gold mineral system model is a
chemical scrubber; the presence of favourable
geochemical environment for deposition of metal. The
role of iron oxide minerals in desulfidation of fluids
makes, for example, the presence of BIF is a potential
indicator of a chemical trap. Finally, geochemical data
were also used to create predictor maps.
Results indicate that the most prospective areas for
gold in the WAO are located in the A, C, D and E
regions (Fig. 2). Region C contains known
mineralisation. This study indicates that regions B, F
and G are also potentially prospective.

integration of multiple geological and geophysical
datasets from various terrains in Western Australia, in a
mineral systems context, will be used as a basis for
regional-scale prospectivity analysis.
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Figure 2. Fuzzy (top) vs WofE (bottom) prospectivity models
for gold in the WAO.

7 Conclusion
The WAO is an area with complex and poorly
understood geology. However, high quality geophysical
and geochemical datasets allow geological entities that
are significant for exploration to be identified, and by
placing the entire analysis in a mineral systems
framework, it is possible to identify and demarcate areas
that have the greatest prospectivity.
The WAO study is the first of a series where the
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Abstract. Pyrite, FeS2, the most common sulfide mineral
in ore deposits, exhibits trace-element rich growth zoning
that reflects chemical and/or textural changes during its
formation (e.g., Large et al., 2008; Barker et al., 2009;
Deditius et al., 2009a). TEM data, coupled with EMPA
analyses, allow identification and characterization of
structural and chemical discontinuities between growth
zones in pyrite at the nanoscale. EMPA analyses and
SEM observations of pyrite from high-sulfidation
epithermal deposits (Yanacocha and Pueblo Viejo) reveal
that highest concentrations of trace elements (Au, Ag, As,
Pb, Cu, Sb, Ni, Te) coincide with porous growth zones
that vary in thickness from ~50 nm to hundreds of
micrometers. HRTEM and HAADF-STEM observations
show that the growth zones consist of nanolayers
containing homo- or heterogeneously distributed As and
Cu in single crystals of pyrite or randomly distributed
(As,Au,Pb)-rich aggregates of nanoparticulate pyrite, with
individual grains ranging from 8 to 900 nm in size. “False”
growth zoning is formed by densely distributed crystalline
or amorphous non-pyrite phases.

conditions (e.g., Williams-Jones and Heinrich, 2005),
and resulting growth zones can be internally
inhomogeneous with separation of distinct sub-layers or
nanocrystals (Patrick et al., 1993; Fowler and
L’Heureux, 1996; Palenik et al., 2004).
This paper provides nanoscale, chemical and
structural details of the boundary zones between growth
zones in ore-stage pyrite from high-sulfidation,
epithermal deposits at Yanacocha (Peru) and Pueblo
Viejo (Dominican Republic). Nanoscale features were
observed using high-angle annular dark-field scanning
transmission electron (HAADF-STEM) and highresolution (HRTEM) microscopy, supported by electron
microprobe analysis (EMPA) guided by secondary
electron microscopy (SEM).

2 Characterization of growth zones
Pyrite from the Yanacocha deposit has two distinct
morphologies: (i) coarse grained, pristine pyrite(1) [py1]
that contains up to 0.3 wt. % Cu; and (ii) trace-element
rich, colloform, porous and polycrystalline pyrite(2)
[py2] with up to 5 wt. % As, 0.5 wt. % Au and 2.7 wt. %
Pb that form bright zones in back-scattered electron
(BSE) images attached to the surface of py(1) (Fig.
1a,b). A zone of bright py(2) (Fig. 1a) is seen in all
crystals of py(1) observed in the sample. EMPA
elemental mapping shows an inverse relation between
As and Fe with no change in S concentration, suggesting
that As3+ is incorporated into the pyrite structure
(Deditius et al., 2008) rather than As1- substitutes for S
(e.g., Simon et al., 1999b). The irregular boundary
between py(1) and py(2) suggests that significant
dissolution of py(1) occurred before deposition of py(2)
(Fig. 1a). Py(2) shows fracturing and formation of
micro- and nanoporosity that varies in size from 2 nm to
10 μm (Fig. 1). HRTEM observations show that py(1)
and py(2) are separated by a 20-40 nm thick transition
zone (Fig. 1b). HRTEM images confirm, at least locally,
the presence of an epitaxial, continuous structure from
py(1) through this transition zone. This epitaxial growth
is completely absent in the collomorphic layers of py(2)
(Fig. 1c). The transition zone contains As even though
no As was detected in py(1), which suggests that it
formed during precipitation of arsenian py(2) (which is
As-bearing). This could have happened via: (i) diffusion
of As into the structure of py(1); or (ii) initial epitaxial
growth of py(2) on the surface of py(1) followed by
deposition of nanocrystalline (8-900 nm) trace-element
rich py(2).
The chemical composition of py(1) (Cu-bearing)

Keywords: pyrite, zoning, structure, trace elements,
nanoparticles

1 Introduction
Pyrite from low-temperature, Carlin-type and
epithermal ore deposits hosts trace elements including
Au, Ag, As, Te, Se, Sb, Pb, Bi, Cu, Zn, Co, Ni, in sector
and/or growth zones that reflect chemical and/or
structural discontinuities (e.g., Fleet et al., 1993; Simon
et al., 1999a; Abraitis et al., 2004; Chouinard et al.,
2005; Barker et al., 2009; Deditius et al., 2008, 2009a;
Large et al., 2008). Here we define chemical
discontinuity as a deviation from the ideal composition
of pyrite, FeS2, while structural discontinuity refers to
any disturbance of the pyrite structure. There is a
considerable lack of knowledge on the formation of
growth zoning in sulfides, particularly the structural
details of the boundaries between the core of the pyrite
crystal, which is often free of trace elements (e.g.,
Simon et al., 1999a), and the later zones, as well as
between the growth zones themselves. Trace elements
incorporated into pyrite form solid solutions (Ni, Co,
Cu, As, Se, Te, Au) or nanoparticles (NPs) (Au, Ag, Pb,
Sb, Hg, Bi), (e.g., Palenik et al., 2004; Chouinard et al.,
2005; Reich et al., 2005), and those influence the
structure of the hosting pyrite, i.e., single crystal vs.
polycrystalline. Also, hydrothermal pyrite precipitates in
dynamic systems dominated by fluid mixing,
condensation and boiling, rock fracturing and changes in
temperature and pressure, often under non-equilibrium
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to 500 μm. BSE images reveal sectoral and growth zones
enriched with Cu, As, Sb, Pb, Au, Ag and Te; some of
the growth zones contain microparticles of (Ag,Au)tellurides (Fig. 2a). Three types of growth zones were
recognized in pyrite: (i) As-zones with up to 3 wt. % As;
(ii) Cu-zones with up to 3 wt. % Cu; and (iii) zones of
“barren” pyrite (Deditius et al., 2009a,b). Figure 2b
shows a boundary between “barren” and As-rich pyrite,
which clearly separates these two types of pyrite. The
As-rich pyrite (~1 at. % of As) hosts crystallographically
oriented, liquid-like inclusions of As-Fe-S, <50nm in
size, with a chemical composition (in at. %) of 10, 28
and 62% As, Fe, and S, respectively Deditius et al.,
2009b). HRTEM observations show that the As-Fe-S
inclusions are hosted by single-crystal As-pyrite. TEM
observations show that the amorphous inclusions were
incorporated during continuous pyrite growth within a
single crystal (Fig. 2b). The chemical discontinuity in
this pyrite is formed by As incorporated into the pyrite
structure. The As-Fe-S NPs concentrate the majority of
As, but they do not form true growth zones; i.e., these
are non-pyrite phases.
Cu-rich growth zones in ore-stage pyrite from
Pueblo Viejo include 1 - homogeneously distributed Cu
that is incorporated into single crystals of pyrite as solid
solution; 2 - heterogeneous (nano-layers) containing Cu
incorporated also into single crystal of pyrite; and 3 zones formed by randomly oriented NPs of Cu-bearing
pyrite. Figure 2c shows sharp boundaries between these
different types of zones. HAADF-STEM images of zone
2 revealed alternating Cu-rich and Cu-depleted, 5-10nm
thick, nanolayers (Fig. 2d). Consequently, the indicated
boundary between zones 1 and 2 is a chemical
discontinuity marked by changes in Cu-concentration.
This alternating sequence suggests Cu-content of the
hydrothermal fluid varied during pyrite deposition and
approximates the models proposed for oscillatory zoning
in magmatic or low temperature systems (Shore and
Fowler, 1996). Single-crystal structure of pyrite is
preserved over the majority of the observed zone 2,
although single 20 nm pores are present (Fig. 2c). The
porous zone 3 consists of randomly oriented
nanocrystalline Cu-pyrite with 3-30nm pores. There is a
structural discontinuity between zones 2 and 3, the
single crystal of zone 2 is not preserved in zone 3. This
change in structure was probably formed due to changes
in conditions of pyrite precipitation from equilibrium to
kinetically-controlled, possibly enhanced by fluid
boiling. In addition, nanocrystalline pyrite accumulates
the highest Cu-content. All three zones form chemical
discontinuities, but they differ in Cu-distribution, from
homogeneously distributed, through nanolayering, and
finally to aggregates of nanoparticulate Cu-pyrite.

likely changed into (Au,Pb)-bearing As-py(2) due to
injection of As,Au,Pb-rich fluid. The nanoparticulate
form of py(2) indicates kinetically-controlled
precipitation (Navrotsky, 2001). There is definitely a
relation between size of NPs of py(2) and chemical
composition of the fluid, i.e., inverse correlation
between the amount of incorporated trace elements and
the size of the py(2) crystals. This observation coupled
with the elemental mapping of the alternating sequences
of trace-element rich and trace-element poor growth
zones (Fig. 1a), may reflect local changes in
composition of the mineralizing fluid. The textural
similarities between growth zones in pyrite from
Yanacocha and Carlin-type deposits (e.g., Simon et al.,
1999a) suggest that the Carlin pyrites formed via the
same process, with epitaxially grown transition zone
between early, single crystal py(1) and later As-py(2).

Figure 1. a) BSE image of py(1) overgrown by colloform
layers of py(2) from Yanacocha deposit (Peru) associated with
elemental maps that document abrupt change in As-content
between py(1) and (2). Note inverse correlation between As
and Fe and no detectable variation in S, (lighter gray reflects
higher element concentrations); b) HAADF-STEM image of
the grain boundary between py(1) and (2), which shows sharp
change in size and structure of pyrite crystals; single crystal of
py(1) and polycrystalline py(2) NPs; c) Bright-field TEM
image of grain boundary with a 20-30nm thick transition zone
between py(1) and (2). Note similar diffraction pattern of py(1)
and transition zone, py(2), documenting epitaxial growth.

The second case describes growth zoning from veinstage pyrite at Pueblo Viejo. It forms 1-2 cm thick
polycrystalline aggregates of grains that measure ~1 μm
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Figure 2. a) BSE image of pyrite aggregates from Pueblo
Viejo showing: (i) porous zones with NPs, (ii) sectoral and
growth zoning; (iii) fractures healed by later pyrite and
enargite; b) Bright-field TEM image of boundary between
”barren” and As-pyrite hosting amorphous, liquid-like NPs of
As-Fe-S with negative crystal shape; The SAED pattern shows
single crystal of pyrite over the entire analysed area; while
diffusion ring comes from amorphous inclusions; c) lowmagnification TEM image of polycrystalline porous zone
deposited on zoned (Cu-zoning) single crystal of pyrite; (inset)
HAADF-STEM image of fine Cu-bands typical of zone 2. The
diffraction pattern of zone 1&2 displaces single crystal, while
diffuse diffraction maxima of zone 3 confirm polycrystalline
pyrite.

3 Conclusions
Growth zones in pyrite appear to reflect abrupt and in
many cases discontinuous changes in the structure
and/or chemical composition of pyrite. They consist of:
(i) homogeneously distributed As and Cu incorporated
into single crystal of pyrite as solid solution; (ii)
randomly oriented, (As,Au,Pb,)-rich and Cu-rich
aggregates of nanoparticulate pyrite in which elements
were
incorporated
in
solid
solution;
(iii)
heterogeneously
distributed
Cu
(nanolayers)
incorporated into pyrite as solid solution. Our
observations showed that some of the trace elementsrich zones, identified on the base of BSE images or
elemental maps are not true growth zones, but they
consist of non-pyrite crystalline or amorphous NPs
densely distributed in the pyrite structure. Growth zones
form by epitaxial growth on pyrite surface (Yanacocha)
or by precipitation of randomly oriented pyrite NPs
(Pueblo Viejo). Growth zones in pyrite from Yanacocha
correlate from one crystal to another, suggesting that
they reflect a deposit-wide event. The observed
formation of growth zones by trace-element-rich NPs
suggests far-from-equilibrium processes, probably
related to the mixing of hydrothermal fluids of different
composition.
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Geology and mineral resources of the giant Peschanka
porphyry Cu-Au-Mo deposit, Western Chukotka, Russia
Andrei Chitalin, Artem Shtengelov, Dmitry Agapitov, Eugene Fomichev, Viktor Usenko, Maria Matevosyan
Regional Mining Company LLC, 4 Sadovnicheskaya St., Moscow 115035, Russia
Abstract. The giant Peschanka porphyry Cu-Au-Mo
deposit is related to the Baimka ore zone located in front
part of the Chukotka-Okhotka magmatic Andean-type
belt. The deposit is hosted by the Egdigkich monzodiorite
intrusion of Early Cretaceous age (142 Ma), and by
stocks and dikes of monzodiorite porphyry, quartz
monzodiorite porphyry, and syenite-porphyry which
intrude the Egdigkich stock. A central core of potassic
alteration surrounded by propylitic alteration, whereas
late, linear phyllic alteration zones and lenses with NW,
NE, and east-west orientations host stockwork veining.
Quartz and quartz-sulfide veinlets and veins are located
in the core of the deposit. In general, ore minerals were
deposited after the hydrothermal formation of the
alteration assemblages. Vein-disseminated sulfide
mineralization forms an overall north-south oriented,
linear stockwork zone of about 7000 m by 700-1500 m in
size. Based on drilling data, economic mineralization
extends to at least 700 m depth. Copper grades increase
at depth in the eastern part of the orebody, from 0.3-0.7%
to 1-8.5%. Based on geophysical data, hydrothermal
alteration and sulfide mineralization extend more than 1
km at depth. Blind ore bodies are likely to be found.
Currently, mineral resources include 1517 Mt of ore
containing 7.9 Mt of copper, 450 t of gold at a cut-off of
0.4% Cu equivalent. Further exploration may increase of
resources to at least 10Mt of copper. The Peschanka
deposit is interpreted as a linear extension structure
formed by right-lateral movement along the Baimka
regional fault. A strike-slip fault model of the deposit
explains the large size and depth extent of the
mineralization.
Figure 1. Location of the Peschanka deposit within the
Baimka Trend.

Keywords. Chukotka, Peschanka, porphyry deposit,
strike-slip fault, mineral resources

Mineralization is hosted in the Egdigkich
monzodiorite intrusion of Early Cretaceous age (142
Ma), stocks and dikes of monzodiorite porphyry, quartz
monzodiorite porphyry and syenite porphyry which
intrude it. About 15-20% of the ore is hosted in the
porphyry intrusions, with about 80-85% hosted in the
Egdigkich
stock.
Vein-disseminated
sulfide
mineralization forms a north-south oriented linear
stockwork about 7000 m by 700-1500 m in size. Strikeslip faults and cross-cutting faults separate the
mineralized stockwork into three parts. Higher-grade
zones are contained within vertical, horizontal and
inclined shoots within the stockwork, while sparse
weakly-mineralized andesite dikes cut the stockwork. A
thin zone of oxidation (10-20m) contains malachite,
azurite, cuprite and limonite; supergene enrichment is
absent.

1 Introduction
The giant Cu-Au-Mo Peschanka deposit is located 250
km SW of the city of Bilibino in western Chukotka,
Russian Federation.
The deposit was discovered in 1973 and was
explored in 1970s and 80s. At present GDK Baimskaya
LLC is exploring Peschanka deposit, and drill data from
2010 allows reevaluation of the geological model of the
deposit and its mineral resources.

2 Geology
The Peschanka deposit associated with the Baimka trend
which is controlled by regional fault crossing the
external part of the Cretaceous Chukotka-Okhotka
Andean-type magmatic belt (Fig. 1).

3 Hydrothermal alteration
Pre-ore propylitic alteration (chlorite-epidote-quartz)
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occurs as a wide halo around the deposit, and also as
relict patches within later alteration types. Pyrite is
abundant in the most siliceous propylitic alteration.
Later ore-bearing potassic alteration (biotite, Kfeldspar) fully replaces propylitic-altered rock in the
central part of the system.
Late, ore-bearing phyllic alteration consists of
sericite-illite, quartz, and carbonate as lenses and ‘Dtype veins from 1 mm to 20 m or more in width,
controlled by sub-vertical fractures and faults, widely
distributed within the potassic alteration zone and partly
within the propylitic. These veins extend for tens to
hundreds of meters in strike and dip, forming a megastockwork with dominantly northeast trends.
The phyllic zones show zoning from bornitechalcopyrite in their selvages, to pyrite-dominant cores,
and have banded, foliated and brecciated textures caused
by irregular distribution of gangue and ore minerals, as
well as tectonic shearing. The central parts of these
zones are often composed of post-mineral tectonic
breccia and mylonite formed from strike-slip, thrust, and
normal fault movements and consist of clasts of
mineralized material cemented by clay and containing
large crystals of late-stage pyrite in the groundmass.
Lenses of massive silica (“monosilica or “secondary
quartzite” by Russian terminology) are often associated
with the wider zones of phyllic alteration.

Figure 2. Peschanka deposit cross section (Main Stockwork).

Mineralized hydrothermal breccias, containing
fragments of earlier hydrothermally altered rocks are
cemented by quartz, bornite, chalcopyrite and magnetite,
occur in various parts of the deposit.
The latest mineralization consists of gold-bearing
sulfide veins (galena-sphalerite-fluorite-calcite) cutting
the ore stockwork, often in the phyllic zones. Postmineral veinlets of calcite, gypsum and anhydrite also
occur.
A strong magnetic low, IP high and resistivity low
correlate with the potassic-phyllic alteration and ore
stockwork.

4 Quartz stockwork
Propylitic, potassic and phyllic alteration zones are
crossed by later A-type grey quartz veinlets and veins.
These form an intense stockwork in the central part of
the deposit. Vertical veinlets and veins trending northsouth predominate, indicating formation in an
environment of subhorizontal extension. These grey Atype quartz veinlets may be barren or mineralized with
impregnations and stringers of sulfides. Sulfides also
occur in selvages, microfractures, and zones of
microcataclasis in which clasts of grey quartz are
cemented by chalcopyrite, bornite, molybdenite, pyrite,
magnetite, white quartz, and calcite.

6 Ore bodies
Distribution of copper in the orebody block model is
shown in Figure 3. The ore body generally dips steeply
east. A narrow shoot with high copper grades (up to 1.58.5% in 2 m-long core samples) occurs in the eastern
section.
Generally, gold and molybdenum correlate well with
copper and each other, but sometimes these elements
correlate inversely, probably indicating different stages
in the ore process.
Mid-level erosion of the deposit is inferred based on
existence of predominantly potassic alteration (Kspar+biotite+quartz+magnetite) and associated hypogene
bornite mineralization, absence of extensive phyllic
alteration or a lithocap, and existence of gypsumanhydrite stockwork in the lower part of the ore body.

5 Hypogene ore mineralization
Hypogene veinlet-disseminated ore mineralization is
largely controlled by the distribution of the permeable
phyllic zones and consists of pyrite, chalcopyrite,
bornite, covellite molybdenite, galena, sphalerite,
magnetite, hematite, and tourmaline. Ore mineralization
has been formed in several stages after hydrothermal
alteration.
A bornite core in the central part of the deposit is
surrounded gradually outward by zones of chalcopyrite,
chalcopyrite-pyrite, and pyrite (Fig. 2). Bornite and
chalcopyrite are associated with potassic and phyllic
alteration. Pyrite forms a ‘halo,’ as it dominates in
marginal and upper parts of the stockwork and is
widespread in the siliceous propylitic alteration. Barren
phyllic zones without any sulfide mineralization occur
on the flanks of the deposit.

7 Mineral resources
Preliminary estimated mineral resources of the
Peschanka deposit down to 350-500 m depth are shown
in Table 1. Associated elements are Ag (0.5-9.9 g/t,
average 1.87 g/t) and Mo (10-10,000 ppm, average 100
ppm). Based on drill data, mineralization can be traced
to a depth of 750 m.
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Table 1. Peschanka Deposit – preliminary estimated Mineral
Resources.
Main Stockwork & Central Stockwork (2011)
CutOff
CuEQ
%
0.4
0.5
0.6

Size
Mt
1367
997
737

Grades
Cu
%
0.51
0.57
0.63

Au
ppm
0.28
0.32
0.36

Contained Metal
Mo
ppm
95
105
115

Copper
Mt
6.9
5.7
4.7

Gold
t
377
320
267

Mo
kt
129
105
85

73

9

450

138

Northern Stockwork (1985)
0.4
0.4

150
1517

0.64

0.49

0.58

Total Peschanka
0.39 100
7.9

61

1

Figure 4. Peschanka structural model.
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The Peschanka deposit is interpreted as a linear
extension structure formed by right-lateral movement
along the Baimka regional fault. A strike-slip fault model
of the deposit may explain the great size of the deposit
and the large depth of ore mineralization (up to 1 km and
more), indicated by geophysical surveys (Fig. 4).

9 Conclusion
Geological features of the giant Peschanka porphyry CuAu-Mo deposit shows its long-term evolution as a deep
penetrative extensional structural trap associated with the
Baimka regional-scale dextral fault. The deposit is not
yet constrained at depth or on its flanks. Further
exploration will likely increase mineral resources to at
least 10 Mt Cu and 500 t Au.
By comparison, Peschanka shows some similarity
with other world-class porphyry copper deposits
controlled by regional-scale faults such as Pebble
(Alaska), Oyu Tolgoi and Erdenet (Mongolia),
Chuquicamata (Chile) and Bingham (USA).
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Gravity data in regional scale 3D and gold prospectivity
modelling - example from the Central Lapland
greenstone belt, northern Finland.
Tero Niiranen, Vesa Nykänen, Ilkka Lahti, and Tuomo Karinen
Geological Survey of Finland, P.O. Box. 77, FI-96101 Rovaniemi, Finland
Abstract. The Palaeoproterozoic Central Lapland
greenstone belt 3D model was constructed for
developing a better understanding of the structural
framework and tectonic evolution of one of the most gold
prospective terranes in Europe. The most of the known
gold resources are focused in and around the allochtnous
Kittilä block at the central part of the belt. Regional gravity
data was used in forward modelling of the Kittilä block
within the belt. The model indicates vertical thickness
variation <1km to 9 km of the block which is related to the
D1-2 thrusting from NE and S towards the block. Gravity
data was further processed to outline gravity worms.
Gravity worms correlate with known shear and thrust
zones and can be used in estimating vertical extent of
these structures. Weights-of-evidence analysis show that
the deep penetrating worms and known orogenic gold
deposits in the district correlate and thus the worms can
be used as an exploration tool for gold deposits.

sedimentary Karelian sequence deposited unconformally
on the Archean basement during rifting of the Karelian
craton in 2.44-2.0 Ga (Fig. 1). The Kittilä block is the
largest accumulation of mafic volcanic rocks within the
CLGB. Thick sequence of ca 2.0 Ga mafic volcanic
rocks with minor sedimentary intercalations including
banded iron formations comprise the block that has been
proposed to represent an allochtonous block of oceanic
crust (Lehtonen et al. 1998; Lahtinen et al. 2005; Hanski
and Huhma 2005).
The CLGB is locally overlain by the <1.86-1.77 Ga
Svecofennian sequence consisting dominantly of
epiclastic rocks deposited in a molasse environment (Fig.
1; Lehtonen et al. 1998). The oldest Proterozoic
intrusives in the area are the 2.44 Ga layered intrusions,
2.2 Ga, 2.05 Ga, and 2.0 Ga mafic sills and diabase
dykes, all of which manifest the repeated rifting in the
area (Lehtonen et al. 1998; Rastas et al. 2001; Hanski
and Huhma 2005). The most voluminous intrusive
activity took place at 1.91-1.86 Ga and 1.82-1.77 Ga
during the compressional stages in the region (Fig 1).

Keywords. worming, 3D modelling, Orogenic Au, Central
Lapland greenstone belt, Finland

1 Introduction

2.1 Deformation and metamorphism

Regional scale 3D models have been successfully used
in resolving various geological problems. A common
problem in regional scale modeling is the lack of suitable
data in modeling geology in depth exceeding typical
drilling depths. Typically the deep reaching (>1 km)
models rely on seismic data, however, gravity data is
useful, especially in conjunction with the seismic data.
The Geological Survey of Finland (GTK) initiated a
3D modeling program of the central part of the
Palaeoproterozoic Central Lapland greenstone belt
(CLGB) with aims to model the structural framework, to
test the existing tectonic models, create new tools for
exploration and to better understand the gold
metallogeny of the belt. The extensive data sets of the
GTK were used in the modelling. Data sets included
regional gravity data that proved to be highly versatile in
the modelling work.

There are three different deformation stages that can be
recognized in the CLGB (Ward et al. 1989; Hölttä et al.
2007; Patison 2007). The D1-2 resulted in the main
deformation features including number of crustal-scale
thrust zones and relate to coeval thrusting from SE and
NE towards the Kittilä block at 1.91-1.89 Ga. The D3
stage was involved in development of numerous NE to N
striking strike-slip shear zones that in places crosscut the
D1-2 thrust zones (Fig. 1). The exact geochronology for
the D3 deformation is unknown, however, it most likely
took place between 1.86 Ga and 1.77 Ga.
Metamorphism within the CLGB varies between
greenschist and upper amphibolite facies. The
metamorphic grade in most of the Kittilä block is
greenschist facies the grade increasing abruptly at the
western and northeastern margin of the block (Hölttä et
al. 2007).

2 General geology

2.2 Gold deposits

The CLGB is the largest exposed greenstone belts in
Europe covering an area of ca. 30,000 km2 (Fig. 1). The
area has been under the increasing interest of researchers
and exploration companies past 30 years not least for its
potential and already proven gold resources. The CLGB
records a complex geologic history including series of
rifting stages in 2.44-2.0 Ga and culminating in orogenic
events at 1.91-1.79 Ga. The most of the CLGB consist of
the autochtonous or para-autochtonous volcano-

There are about 40 drilling indicated gold deposits and
occurrences within the Kittilä block and its immediate
surrounding area (Fig. 1). Of these, two are currently
operating mines and two has been mined. The majority
of the known gold deposits and occurrences have been
classified as orogenic gold deposits.
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Figure 1. Extent and location of the CLGB and general geology of the study area with known gold deposits. Red stippled lines are
the thickness contours of the modelled Kittilä block, red numbers are the thickness of it in meters.

heights above ground level. Worms obtained from low
upward continuation levels are short wavelength
gradient maxima that usually relate to shallow sources.
High upward continuation worms, in turn, are long
wavelength gradient maxima, which typically result
from deeper crustal sources. Processing was carried out
using 12 upward continuation levels with a multiplying
factor of 1.4 times the grid cell width (250 m) resulting
in upward continuation levels from 350 m to 14172 m
(Fig. 2).
Spatial association between the known orogenic gold
occurrences (N = 34) and the gravity worms within the
study area was quantified by following the weights
calculation procedure of a weights-of-evidence method
(Bonham-Carter
1994).
In
weights-of-evidence
technique two types of weights, i.e., W+ and W- are
computed for each class or map pattern. For each class,
a W+ value is computed from the presence of a feature
(or training point) in the class area. In our study gravity
worms were described as a proximity map classified
into 10 classes using 500 m intervals in GIS. To describe
the spatial association the W+ for each class was
calculated cumulatively from the lowest to the highest
class using the formula

Most of the known deposits and occurrences are small in
size, however, the Suurikuusikko discovered in 1986 is a
world class deposit with current resources exceeding 6
Moz of Au.

3 The data and methods used
The gravity data set consists of about 12,000 data points
with station spacing varying in between 500 and 2000
m. A forward modelling method was used to model the
Kittilä block which shows up as a broad positive
anomaly in the Bouguer map (Fig. 2). The density
contrast of 170 kg/m3 was assigned to model the
anomaly of the Kittilä block mafic volcanic rocks (ca.
2950 kg/m3) with the background (ca. 2780 kg/m3). The
results were cross checked using available deep seismic
data.
The gravity data was further processed to calculate
maximum values of horizontal derivatives. For this, the
multiscale edge detection (worming) introduced by
Hornby et al. (1999) was applied to automatically detect
the positions of gradient maxima. Worms represent
maxima of the total horizontal gradient of potential field
data at varying upward continuation levels that model
the response of measurements collected at different
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+

Wi = ln

N ( Bi ∩ D ) / N ( D )
A(Bi ) / A(T )

structures show up as parallel and overlapping worms.
In some cases, the known shear zones truncate gravity
worms, and in others no gravity worms can be
correlated at all to a known structure. This illustrates the
ambiguity of the gravity worms. Only the structures at
the boundaries of lithologies with contrasting densities
(e.g., shear zones developed into stratigraphical
contacts) or cross cutting them can be tracked with
gravity worms.
The weights calculation indicates that the orogenic
gold deposits within the CLGB are spatially associated
with deep penetrating structures shown as series of
parallel gravity worms on varying upward continuation
levels. The weights calculated for all the worms
obtained from low upward continuation levels do not
indicate significant positive correlation with the
orogenic gold occurrences. The weights calculated using
the randomly generated points do not show correlation
either, as expected.

(1)

where
N(Bi ∩ D) = number of gold occurrences within a map
class i
N(D) = total number of gold occurrences within the
study area
A(Bi) = area of map class i
A(T) = total study area
This value was calculated for 1) all worms from low
levels and for 2) those low level worms that are
associated with deep penetrating worms. For comparison
we also calculated the weights using randomly generated
points within the study area (N = 983).

5 Conclusions
The work presented shows the versatility of the gravity
data. It is very useful in modelling deep structures,
especially in conjunction with data obtained with other
methods, e.g., seismic data. In addition, the gravity data
can be used to outline major structures and it can be also
used in analysing prospective locations for orogenic
gold deposits.
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Figure 2. Bouguer anomaly map with calculated gravity
worms and known orogenic gold deposits of the study area.
The Kittilä block shows up as the broad positive Bouguer
anomaly in the centre of the map.

4 Results and discussion
The 3D model of the Kittilä block indicates considerable
variation in vertical thickness. In the central parts of the
block the bottom reaches around 9 km from the current
bedrock surface. The block thins out to less than 1 km
thickness on its margins (Fig. 1). The thickness variation
and the general 3D shape of the block suggest that a
considerable thickening took place the D1-2 thrusting
event. Lack of change in metamorphic gradient within
the Kittilä block that would correlate to the thickness
variation of the block, suggests that thickening took
place via bulging of the bottom downwards.
The visual correlation of the gravity worms with the
known shear and thrust zones shows that some
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Geologic exploration application of Cu isotope
signatures of ores and surface waters at the Pebble AuCu-Mo porphyry deposit, Alaska
Ryan Mathur, Michael Nguyen
Juniata College, Huntingdon PA, USA
LeeAnn Munk
University of Alaska, Anchorage AK, USA
James Lang
Hunter Dickinson Resources, Vancouver, Canada
Abstract. The Pebble Cu-Au-Mo porphyry deposit
formed at about 90 Ma and is located in southwest
Alaska. The total resource is 10.8 Gt which contains 80.6
Glb Cu, 5.6 Glb Mo and 107.4 Moz Au. Mineralization
occurs in a West Zone exposed at surface and an East
Zone concealed by Tertiary volcanics and younger glacial
till. This study uses copper isotopes measured in
minerals and surface waters to understand high
temperature mineralization processes and current
65
weathering processes. Sulfide minerals
Cu values
ranging from 0.78‰ to 2.28‰ (hypogene West), 0.02‰
to 1.55‰ (hypogene East), -3.49‰ to 1.88‰ (oxide
West), and -5.04‰ to 1.27‰ (supergene West). The
mineralization results show a relationship of the
65
hypogene minerals to elevation wheres
Cu values
become depleted farther from the hypogene source.
65
Shallow groundwaters are enriched in
Cu above the
65
deposit and become progressively depleted in Cu away
from the deposit. Patterns measured in the copper
isotope composition of both the minerals and surface
waters demonstrate the potential use of copper isotope
fractionation in exploration geology as well as to
understand the copper sources to the environment.

water because the fractionation factors for chalcopyrite,
chalcocite and enargite are distinctly different. In other
words, when chalcopyrite chemically weathers the
waters are 1.6 per mil heavier than the chalcopyrite
whereas when chalcocite weathers the waters are 2.6 per
mil heavier than the chalcocite. Therefore the isotopic
composition of the waters could provide insight into the
minerals that are weathering. Additionally, mineral
(sulphides, Fe-oxides derived from leaching of sulphides
and found on rocks in association with waters) could be
used in three manners:
a) ore minerals could be used to construct contour maps
to vector to hypogene/ supergene (or lateral motion as
seen in exotic Cu deposits) sources.
b) water could be used to fingerprint mineralization zone
and tie relationships between different ore bodies that
could be separated by faults.
c) Fe-oxides and waters could indicate the transport and
cycling of Cu derived from ore minerals.

2 Results and discussion

Keywords. Cu isotopes, porphyry copper, Alaska

2.1 Water
We analysed 6 seeps and 3 stream waters collected in
two different time intervals (summer 2009 and summer
2010) (Fig. 1).

1 Introduction
Several copper isotope studies that have demonstrated
the application of Cu isotope fractionation for the
exploration geologic community (Asael et al. 2007;
Asael et al. 2009; Haest et al. 2009; Kimball et al. 2009;
Larson et al. 2003; Maher and Larson 2007; Mathur et
al. 2005; Mathur and Schlitt 2010; Mathur et al. 2009;
Wall et al. 2006). Here we analyse Cu isotope
fractionation measured in minerals and aqueous
solutions near the Pebble porphyry copper deposit. The
aims of the study are to investigate whether or not Cu
isotope data provides the ability to vector to hidden
resources through using Cu isotope contour maps and to
understand the degree of weathering and its relationship
to the impact of supergene enrichment. We envision that
the copper isotope measurements of the water could be
used to identify which Cu minerals are weathering and/
or used to vector to the source of weathering Cu
minerals. Given that we will measure the Cu isotope
compositions of many copper minerals we can
hypothesize that the copper isotopic composition of the

Figure 1. Sample location map for waters analysed. Yellow
circle outlines the deposit and the most enriched Cu isotope
values occur within this zone and are in the window pane in the
left of the Figure.
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2.2 Ore minerals

The seeps directly on top of the deposit have
isotopically enriched δ65Cu signatures, indicating that
there is active oxidative weathering of Cu-sulfide
minerals as a source for Cu in these waters. Given the
starting hypogene mineral Cu isotope compositions (on
the average 1 per mil) and the seeps at 2.7 per mil, a
fractionation factor of 1.5 or so is obtained. This
fractionation factor is identical to chalcopyrite and could
indicate that the weathering of cpy is the source of Cu in
the waters from the seeps. Equally important is the
observation that enriched (heavier isotope ratios)
occurred in samples above the deposit that did not have
elevated concentrations of Cu (Fig. 2). Thus, the isotope
ratios provide evidence of weathering of copper minerals
that is not detected with concentration measurements
alone.

For the hypogene high temperature (>300˚C)
mineralization Cu isotopes display a surprisingly large
variation from 0.22 to 2.28‰. There is a distinct
difference between the copper isotope compositions for
minerals from drill core in the west (PWZ) in
comparison to drill core minerals from the east (PWE)
Figure 4. Samples from PWZ are enriched in 65Cu
compared to the minerals PEZ. This relationship exists
without designating specific mineralogy. Assuming a
bottom to top cycling of the high-temperature
hydrothermal system, the Cu isotopes seemingly match
this trend in that they show a progressive deposition of
65
Cu farther from the porphyry center. This observation
has profound exploration geologic impact because this
pattern could potentially vector to the hypogene sources
and allow for interpretation of location within the
porphyry system. Of course, the property would have to
be drilled and you would need to use drill cu sulfides in
drill core, but the values could be used to assist in further
defining the limits of mineralization in the area and
where exploration should continue in the area.

Figure 2. Plot of Cu concentrations in waters and Cu isotope
values. Importantly isotopically enriched values (>1‰) are
measured in samples with low concentrations of Cu.

Figure 3 illustrates copper isotope composition of
waters sampled from 2009 and 2010. Notice that the data
fall within a slope that is 1.04 with a r2= 0.91. This
indicates that the signal of copper mineral weathering in
the waters remains constant between the two days
analyzed. Although there are only two time points, the
relative consistency demonstrates the potential that the
isotope ratios remain constant regardless of when
sampled. If this relationship holds true over several
seasons of sampling, the ability to use the isotope
composition for exploration becomes significant along
with the environmental ability to detect change once/if
mining commences. We will continue annual sampling
in the coming years to test this.

Figure 4. Plots Cu isotope composition of hypogene and
depth from eastern and western drill cores.

In the supergene mineralization several relationships
can be seen. One the average δ65Cu for hypogene
minerals (0.89‰, n = 12) >supergene enrichment
(0.26‰, n = 5) >leach cap (-1.2‰, n = 8). The leach cap
possess an isotopically deplete signature in comparison
to the hypogene and supergene enrichment samples. This
most likely indicates that 65Cu has been weathered
through oxidation of the initial hypogene minerals.
However, the 65Cu does not appear to be enriched in the
supergene zone. This is in contrast to the copper isotopes
measurements from minerals in porphyry copper
deposits in the American Southwest. The chalcocite at
Pebble does not possess enriched 65Cu isotope
signatures. This implies that typical supergene processes
where the Cu migrates vertically and is precipitated and
was preserved either did not occur or are not preserved
here. Rather the enrichment appears to be weathered and
the weathered solutions that contained the enriched were
not preserved in the mineralization analyzed here.
For the Fe-oxides found in association with the
waters analyzed, the Cu isotope composition of the Feoxides were < waters > or = the hypogene sulfides.

Figure 3. Plots the measured Cu isotope ratios from a similar
location samples at two distinct time intervals.
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Several biological and inorganic redox mechanisms
could be used to explain the signatures found for the Cu
that is most absorbed on the surface of the Fe-oxides, but
it appears that the secondary in-stream precipitates are
not enriched in 65Cu.
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Searching for the missing parts of the Dashui gold
deposit with thermochronology, West Qinling Orogen,
Central China
Qingtao Zeng, Campbell T. McCuaig
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009
Brent I. A. McInnes, Noreen J. Evans
John De Laeter Center, Curtin University, Perth WA 6845
Craig J. R. Hart
Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC, Canada
Abstract. The Dashui gold deposit is a structurallycontrolled, Carlin-like gold deposit hosted in recrystallized
limestone in the West Qinling Orogen. The E-striking F5
fault is the predominate fault that forms the hanging wall
to gold mineralization and defines the contact between
Middle Triassic limestone and overlying argillaceous
limestone, dolomite, and sandstone in a moderately to
steeply, SW-dipping succession. SHRIMP U-Pb
geochronology and (U-Th)/He thermochronology of
zircon and apatite separated from igneous dykes within
both the footwall and hanging walls of the F5 fault were
undertaken to test how much vertical displacement may
have occurred along the F5 fault. Preliminary results
show differing post-mineralization exhumation histories
consistent with 3 to 4 km of hanging wall exhumation as
a result of reverse fault motion along the F5 fault since
the Cretaceous. We argue that the possibility of finding
the missing portion of the Dashui gold deposit in the
hanging wall of the F5 fault is limited. The results also
constrain the maximum depth of formation of the Dashui
gold deposit.

sensitive
radiometric
technique,
(U-Th)/He
thermochronology, is utilized to reveal a record of postmineralization tectonic processes measured on samples
of igneous dyke rocks from the footwall and the hanging
wall of the major fault (F5) in the Dashui gold deposit.
Preliminary results suggest that understanding the
differential exhumation along the fault, potentially
influences the design and success of future gold
exploration strategies.

Keywords. Carlin-style Au, (U-Th)/He thermochronology,
helium dating, Dashui gold deposit, exhumation
comparison, Dashui gold deposit

1 Introduction
The Dashui gold deposit is one of the major Carlin-like
gold deposits in the southern West Qinling Orogen (Mao
et al. 2002). It is located in Maqu County, Gannan
Tibetan Autonomous Prefecture, Gansu Province, central
China (35°05′N, 101°59′E). A reserve of more than 46 t
Au grading 9.9 g/t (with a possible reserve of >100 t Au)
had been indicated (Mao et al. 2002). The discovery was
made during surface trenching by the Geology Survey of
Gansu Province in 1988 (Yan et al. 1998).
Previous economic geology studies of the West
Qinling Orogen emphasize the probable links between
gold metallogeny and tectonic evolution (Mao et al.
2002; Chen et al. 2004), and the genesis of these mineral
systems is incorporated into many regional exploration
strategies. Most of the deposits were situated at the
shallow crust (Chen et al. 2004). Exposure of these
deposits at economically accessible levels, however,
implicitly demonstrates a further history of structural
and/or erosional exhumation, and this latter phase
remains poorly understood. In this study a temperature-

Figure 1. Location of the Dashui gold deposit and simplified
regional map. Figure 2 area is highlighted by square with 74
and 77 exploration lines as reference.

2 The Dashui gold deposit geology
The Dashui deposit is structurally-controlled with a well
developed silica-hematite-calcite alteration assemblage.
It is hosted within a sequence of Middle Triassic shallow
marine sediments that is more than 5000 m thick,
dominated by poorly-bedded, variably-recrystallised
limestone and dolomite (Meng et al. 2007), which
chiefly dips towards 210° at a 50-70° angle. The regional
stratigraphy includes Permian limestone, Triassic
limestone and greywacke, Jurassic conglomerate and
Cretaceous gravels. Easterly-trending high angle reverse
faults dominate the area, which were cut by north- or NE
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Late Triassic, and has remained at this crustal level
since; (ii) the extremely rapid cooling of the footwall
sample indicates strong thermal gradients which could
have contributed to the rapid precipitation of
hydrothermal gold in the host rocks; (iii) the
concordance in zircon U-Pb and zircon (U-Th)/He ages
indicate that the hanging wall sample also cooled rapidly
from 900 to 200°C, but in contrast to the footwall, it
must have been originally emplaced at depths greater
than the apatite helium partial retention zone until ~135
Ma; (iii) the F5 fault is a reverse fault with at least 2 km
of exhumation and erosion of the SW hanging wall since
the Cretaceous; (iv) The differing exhumation histories
across the F5 fault suggest that any SW-extension of the
Dashui gold deposit that existed prior to the Cretaceous
has since been eroded away. A corollary of this finding
is that post-Cretaceous sedimentary rocks in the region
may have placer gold potential.

striking dextral faults. The F5 fault is the dominant fault
striking 100-110° and south-dipping. Most gold is
disseminated in altered limestone in the footwall of F5
with lesser in granodiorite dykes. The footwall is highly
oxidized from the surface to depths of more than 600 m.
Triassic granodioritic intrusions, named the Ge’erkuohe
pluton, is located <1 km north of the Dashui gold deposit
with outcrop of 1.76 km2. SHRIMP U-Pb age on zircon
indicate a crystallization age for the pluton of between
211to 216 Ma. The contact between the granodioritic
dykes and the silicified limestone in the mine site is the
favored site for mineralization. Associated alteration
includes silicification, hematization, carbonification and
jarositization in the granodiorite, which clearly indicates
that the granodiorite predated mineralization. The timing
of formation of the Dashui deposit is not well
documented due to the scarcity of datable minerals. An
Rb-Sr isochron age of ca. 182 Ma for silica–hematite
alteration had been reported by Wang et al. (1998). The
regional Late Triassic mineralization event has recently
attracted significant attention from researchers lately
(e.g., Chen et al. 2010, Zeng et al. 2010). As there is no
precise geochronology available, we suggest a range of
Late Triassic to Early Jurassic as the mineralization age
for the Dashui gold deposit.

3 Thermal history reconstruction
This study utilizes an integrated analysis of U-Th-Pb-He
data to interpret the post-mineralization history of ore
deposits (e.g., McInnes et al. 1999, 2005; Fu et al. 2010).
Samples were collected across the F5 fault from
weathered granodiorite dykes in both hanging wall and
footwall zones (Fig. 2¡Error! No se encuentra el
origen de la referencia.). Zircon U-Pb ages reflect
the crystallisation age of the granodiorite (~900°C),
while zircon and apatite (U-Th)/He ages reflect the time
when the samples cooled below helium closure
temperatures
(Tc) of 200 ± 20°C and 70 ± 10°C, respectively (Fu et al.
2010). Preliminary data are presented in Table
1¡Error! No se encuentra el origen de la
referencia..
The zircon U-Pb age for the granodiorite in both the
footwall and hanging wall samples is assumed to be 211216 Ma. The zircon helium age results for the hanging
wall sample include two zircon grains (Z-H-2 and 3)
providing consistent ages of ~211 Ma, whereas the
apatite data show a dispersion of helium ages (116-201
Ma) and a mean weighted age of 135 ± 10 Ma. Treated
similarly, the footwall sample returned a mean weighted
zircon helium age of 208 ± 9 Ma and a mean weighted
apatite helium age (excluding the A-F-3 outlier affected
by excess helium) of 213 ± 20 Ma. Both raw ages and
interpreted average ages with 2σ error are provided in
Table 1.
The preliminary interpretation of the U-Th-Pb-He
data is as follows: (i) the footwall sample has concordant
ages indicating extremely rapid cooling from 900 to
70°C, indicating the dyke was emplaced above helium
partial retention zone (HePRZ) and at relatively shallow
crustal levels (<2-3 km from the paleosurface) since the

Figure 2. Sample locations in 3D model and 2D cross section
at the upper. Thermochronological curves for the hanging wall
and footwall sample at the bottom. Thermochronological data
were projected and possible thermal histories were shadowed.
Table 1. Thermochronological data on zircon and apatite from
the Sample H and F respectively.

Sample ID

Cor. age

±1σ

Z-H-1
Z-H-2
Z-H-3
Z-F-1
Z-F-2
Z-F-3
A-H-1
A-H-2
A-H-3
A-F-1
A-F-2
A-F-3

84.38
211.48
211.61
209.86
187.56
236.83
130.24
201.31
116.52
207.01
221.59
403.29

2.91
7.73
7.53
7.60
6.74
8.53
7.98
13.47
7.73
13.19
14.22
26.70

Note: Samples are named in the format of mineral (Z, zircon; A,
apatite)-Hanging or footwall-number. Data in red colour are
outliers and are not treated in the geological interpretation.
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4 Conclusions

Yan S, Wang A, Gao L, Zhao Y, Hu C, Chen G (2000) Geological
characteristics and genesis of the Dashui type gold deposit.
Mineral Deposit 19:126-137

Despite variations in the preliminary results, the
thermochronological comparison of the igneous dykes
across the F5 fault clearly shows many features. In the
first place, the data confirm that the mineralization
formed in the upper crust and support suggestions of
Carlin-like mineralizing environment of formation.
Secondly, the data show different exhumation histories
between the hanging wall and footwall since the
Cretaceous. The hanging wall had been uplifted about 34 km after mineralization. It is likely that the hangingwall portion of the Dashui gold deposit was eroded
away. As a result, we recommend that exploration should
focus exclusively in the footwall of the F5 fault. This
study clearly shows the benefit of developing a
thermochronological understanding to evaluating the
exploration prospectivity of a region.
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Structural control by shear zones of the high-grade Fe
deposit of Pau Branco, Quadrilátero Ferrífero, Brazil- a
microstructural approach
Carlos A. Rosière, Raul Sabadini
IGC, UFMG, Belo Horizonte, Brazil
Orlando León-García
Centro de Microscopia, UFMG, Belo Horizonte, Brazil
Heinrich Siemes
IML, RWTH Aachen, Aachen, Germany
Helmuth Schaeben
Institut für Geophysik und Geoinformatik TU BA Freiberg, Germany
Abstract. The high-grade iron orebody of the Pau
Branco deposit, is located at the western limb of the
Moeda Syncline, Quadrilátero Ferrífero, Brazil, and is
controlled by a bedding shear at the contact zone
between the Cauê iron formation and the underlying
impervious Batatal Fm. The orebody is tabular shaped,
bedding-concordant, mostly massive or banded
magnetite-martite and granular hematite are the main
iron oxides replaced by bladed specularite at the shear
zone.
Microscopic and mesoscopic tectonic features indicate
that both textural types of ore formed during the first
tectonic event of Paleoproterozoic age (B1 deformation)
during the Transamazonian orogeny, evolving from
flexural folding with N-S-trending axes to west-vergent
shear movement and flattening where the shear zone at
the footwall of the orebody is the obvious conduit for the
mineralizing fluids which percolated the iron formation
producing a massive to banded ore. The changes in the
deformational conditions were accompanied by variations
both of temperature and fluid composition with
specularitic ore as the final product. A second fold group
with a NW-SE trend (B2) refolds B1 structures but does
not appear to have any influence on the ore formation.

western limb the deposits are considerably smaller and
widely separated (Rosière et al. 2008). They are
commonly tabular shaped and associated with narrow
(1-2 m thick) specularitic shear zones. Specularitic
zones become progressively thicker as one approaches
the eastern parts of the district with the formation of
large schistose orebodies. The analysis of the macro to
microscale characteristics and petrofabrics of these
structures and the relation to massive ore in a smaller
deposit such as Pau Branco provide important evidence
for understanding the role played by them in the iron
enrichment processes, their mechanisms and how they
relate to the regional tectonic framework.

2 The Pau Branco deposit
The Pau Branco iron deposit, located at the western limb
of the Moeda contains a single 1-5m thick, beddingconcordant massive high-grade orebody that dips 45°
eastwards and strikes homogeneously N-S along several
tens of meters (Fig. 1). Ore thickness is greatest at the
southern extremity of the mining pit, thinning out
progressively towards the north. The mineralogical
composition is dominantly magnetite-martite and
hematite and relics of the BIF-layering are ubiquitous. In
the footwall the ore is bordered by a nearly layer-parallel
reverse shear zone located at the bottom contact of the
Cauê iron formation with the underlying dolomitic
phyllites and metacherts of the Batatal Formation. In the
shear zone a specularitic schistose ore with few martite
relics is developed. The banding is obliterated by
elongated hematite plates parallel to the axial plane of
isoclinal intrafolial folds. This fabric appears in the
outcrop and in hand specimens as a mineral lineation on
the schistosity plane. At the top the massive ore is in
sharp contact with a high-grade soft ore that grades
upwards and laterally to weathered goethite-rich
itabirite.

Keywords. Quadrilátero Ferrifero, schistose high-grade
iron ore, Pau Branco Deposit, EBSD analysis

1 Introduction
The tectonic structure of the Minas Supergroup in the
Quadrilátero Ferrífero (Dorr 1969) associated with the
paleoproterozoic Transamazonian orogenic event
(Machado et al. 1992; Alkmim and Marshak 1998)
encompasses two nearly coeval fold directions: a NESW upon which approximately NW-SE structures were
superimposed. This event yielded flexural and flexuralslip folds and thrust faults that resulted in a large-scale
cross-fold interference pattern. One of the most
conspicuous structures is the (NW-SE)-trending Moeda
Syncline that interconnects with the Dom Bosco
Syncline in the south and abuts against the SW
extension of the Piedade Syncline that makes up the
Serra do Curral Range.
Although a large number of orebodies are aligned
along the eastern limb of the Moeda Syncline, in the

2.1 Structure of the Pau Branco Deposit
In the Pau Branco deposit two superposed fold
generations were recognized:
i) B1 occur as bedding shears and small scale intrafolial
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tight to isoclinal folds with an axial plane foliation
defined by specularite plates in the iron formations and
phyllosilicates in the psamopelitic metasediments. The
axis orientation varies from NW-SE, to NNE-SSW along
the range. The surface of the bedding shears are striated
and usually contain steps that indicate reverse
movement. Small scale folds in the specularitic shear
zone have variable axes. The foliation is continuous to
domainal with orientation parallel to the axial plane of
the B1 folds. Continuous foliation is characterized by
equally oriented tenths of millimeter large hematite
platelets and the domainal regions present an
anastomosed morphology with lenticular aggregates of
magnetite-martite and hematite surrounded by
specularite plates with strain shadows filled with poorly
oriented quartz and hematite (Fig. 2 and 3). EBSD
analyses show an intimate relationship between the
microstructure and the crystallographic preferred
orientation (CPO) of the hematite grains where the basal
(00.1) plane builds a girdle pattern in the pole figure
from the anastomosed domain whose axis is parallel to
the mineral lineation and a single maximum normal to
the foliation plane characterizes the continuous domain
(Fig. 4; see also Rosière et al. 2001)
ii) B2 folds are usually open with SE-plunging axes Sdipping axial plane. They develop in medium- to largescale with wavelengths of meter to hundreds of meters
controlling the shape of the orebody and consequently
the mining development. The hinge zone of a large B2
structure divides the orebody in two domains, each
corresponding to a flank, also parallel to the variable
trend of the B1 fold axes: in the northern domain the
layers strike NW-SE and dip NE while in the southern
domain they strike NE-SW dipping towards SE (Fig. 1).

Figure 2. Orientation distribution map (Z-direction Inverse
Pole Figure) of the schistose ore. XZ section. (a) continuous
domain, (b): anastomosed domain. Sample orientation
according the strain axes.

Figure 3. Schematic block-diagram depicting the
microstructure of the schistose ore. Geometric (a,b,c) and
strain notation (X, Y, Z) used as sample reference axes. L =
lineation.

3 Structure and Fe-Mineralization
3.1 Constraining fabric, structure and
specularite formation
The microscopic and EBSD analysis of the hematite
microfabrics and CPO in the specularitic zone show that
there is a continuous gradation from a (00.1) girdle in
the anastomosed domain to a single (00.1) maximum in
the continuous domain (Fig. 4). The fabric as well as the
CPO in the anastomosed domain reflect the internal
folding where the single maximum is assumed as a
consequence of flattening during formation of the
schistosity.
The normal to the (00.1) girdle, is parallel to the
alignment of the specularite plates and to the direction of
flow during the B1 deformation of the Transamazonian
orogeny indicating that these structures significantly
constrain the growth of specularite and its CPO, the
development of fabrics, and therefore the generation of
schistose high grade ore during folding, transposition
and formation of the foliation.

Figure 1. Geologic map of the Pau Branco Deposit with highgrade ore and main structural features. Sample location (*)
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Figure 4. EBSD (003), {104} and {110} pole figures of specularite
grains. Step size is 1 μm. Projection on the foliation plane
Strain notation (X, Y, Z) used as reference axes. L = lineation.
Numbers at the bottom corners indicate maximum and
minimum densities in m.r.d (multiples of random
distributions). (a) continuous domain. (b) anastomosed domain

3.2 Origin of schistose high-grade ores
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Prospectivity mapping in a frontier region: a case study
from Mongolia
Arianne Ford
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6008, Australia
Abstract. The quality of a prospectivity map is
dependent on the quality of the inputs used in the
analysis. In regions with little to no exploration history,
datasets are often of questionable quality, incomplete
with information missing due to incomplete mapping or
data simply not being available over certain areas. This
study investigates how a data-driven technique for GISbased prospectivity analysis can be used to overcome
such challenges for targeting potential mineralized areas.
Using data from Mongolia, an iterative weights of
evidence method is used to evaluate potential orogenic
gold mineralization.
Keywords. Mongolia, orogenic
analysis, weights of evidence

gold,

methodology, as it is known to host the world-class
porphyry Cu-Au deposit at Oyu Tolgoi in the South Gobi
as well as other significant porphyry deposits at Erdenet
and Kharmagtai (Watanabe and Stein 2000; Kirwin et al.
2005; Khashgerell et al. 2006),. There is also significant
potential for orogenic gold mineralization based on the
presence of preferential tectonic settings, host rocks and
structures within the country, as well as the existence of
known orogenic gold mineralization in the North Khentii
region.

2 Prospectivity mapping

prospectivity

Weights of evidence is a data-driven prospectivity
mapping technique that requires minimal subjective
input and relies on statistics to evaluate spatial
relationships between known training data (mineral
deposits) and evidential layers (geological features). In
frontier regions, uncertainty about the quality of both the
training data and evidential layers is likely.
Using Bayes’ rule, the strength of the spatial
association between known mineral deposits and a
geological feature can be measured by the contrast value
C (Bonham-Carter 1994). Additional statistical measures
may be evaluated in order to verify the strength of the
spatial relationship:

1 Introduction
GIS-based prospectivity analysis involves the integration
of multiple digital datasets in order to reduce the search
space for exploration targeting. There are several
methods available for integrating such data, including
the data-driven weights of evidence (Agterberg et al.
1993; Bonham-Carter 1994), neural networks (Brown et
al. 2000; Bougrain et al. 2003) and evidential belief
function function (An et al. 1994; Moon 1998; Carranza
2009) methods, or knowledge-driven methods such as
fuzzy logic logic (Moon 1998; Bonham-Carter 1994). In
reality, there are often concerns about the quality and
completeness of digital geoscience data due to
incomplete mapping of a study area, inhomogeneous
mapping detail or issues relating to the digitization of the
data from hard copy. In an ideal world the data would be
perfect, however we unfortunately don’t work in an ideal
world and such issues must be dealt with.
Using a mineral systems approach for deriving the
input datasets, this study uses an iterative weights of
evidence approach to establish the strength of the spatial
relationships and whether there are any logical
inconsistencies within the data. Evidential layers which
demonstrate strong spatial relationships with the training
data and do not exhibit any logical inconsistencies can
then be integrated to generate a prospectivity map. The
prospectivity map can then be verified by its ability to
predict existing mineralization.
While the data-driven neural networks method is
valuable for generating prospectivity maps, previous
studies suggest it is considered less effective than other
methods when incomplete data is present (Singer and
Kouda 1999; Knox-Robinson 2000; Bougrain et al.
2003; Feltrin 2009).
Using data from Mongolia, an iterative weights of
evidence method is evaluated for its usefulness in
prospectivity mapping in a frontier region.
Mongolia is an ideal location to test such

•

•

•

Confidence (C/σ) – studentized contrast values
from the weights of evidence statistics where C
is the previously defined contrast value and σ is
its standard deviation (Bonham-Carter 1994).
Deposit-Area statistic (d(d/a)) – measures the
capture efficiency, where d is the percentage of
the total number of deposits within a specified
distance from a feature and a is the percentage
of the total study area covered by that distance
(Brown et al. 2003).
Observed-Expected ratio ((O-E)/E) – the ratio
between observed and expected numbers of
deposits in a specified buffer distance. O is the
observed number of deposits within the
specified buffer distance and E is the number of
deposits that would be expected within that
buffer distance if the total number of deposits
over the entire study area had been uniformly
distributed (Brown et al. 2003).

Each of these four statistical measures can be used to
determine whether a given evidential layer is a good
predictor of known mineralization and whether any
logical inconsistencies are present through examination
of values seen for different classes. The statistics
provide an indirect measure of the quality of the data.
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analysis.
From the initial model, revisions were made based on
the availability of the aforementioned datasets resulting
in a model containing 26 geological features. This model
was separated into three categories:

For example, we may expect to see a strong relationship
between orogenic gold deposits and distance to major
structures. If we do not see such a relationship, it may
cause us to question the quality of the training data or
the structural map and/or interpretation. This can lead to
reclassifying the distance buffers to determine where
critical cut-off distances may occur.
The statistical analysis is then repeated using the
reclassified evidential layers. Using the same method for
evaluating the spatial relationships, further data
elimination and verification can occur based on the new
statistics. This process is performed iteratively until only
the evidential layers that show the strongest spatial
relationships and no logical inconsistencies remain.
These evidential layers are then converted to binary
“favorable/non-favorable” maps and integrated using
weights of evidence to generate prospectivity maps
which can then be verified by their ability to predict the
existing known mineralization.

•

•
•

3 Data and analysis
Based on expert knowledge for Mongolia, a generic
orogenic gold system model was derived which
contained over 100 geological features. The available
datasets included:
• Mineral deposit database
• 1:1,000,000 scale geology map of the country
• Georeferenced images of 1:200,000 scale
geology maps with incomplete coverage over
the country
• 1:1,000,000 scale structural map of the country
• Georeferenced images of magnetics
• Georeferenced images of gravity
• Tectonic map
• Georeferenced image of 1:1,500,000 scale
metamorphic map, including structures
• Non-georeferenced images of magmatic maps
at unknown scale and incomplete coverage over
the country
• Multiple geochemistry databases with heavy
sample bias towards certain areas within the
country
• Georeferenced ASTER scenes with incomplete
coverage over the country that had already been
pre-processed for different styles of alteration
These datasets were improved upon using available
literature, company reports, expert knowledge of the
local geology and cross-validation between the datasets.
This resulted in a comprehensive revision of the
structural and tectonic maps through use of the available
geophysical data. Other major improvements included
major revision of the mineral deposit dataset, digitization
of the 1:200,000 scale structures, digitization of the
1:1,500,000 scale metamorphic map and extraction of
the alteration styles from the images as vectors for use in
the GIS-based prospectivity analysis. It was found that
some datasets could not be improved upon, such as the
non-georeferenced magmatic map images, as no amount
of manipulation of the georeferencing process could get
the images to stretch to fit the study area so that the data
would be accurately spatially located for use in the

Rock units
o Heat source: felsic intrusions
o Brittle units: felsic intrusions, mafic
intrusions, quartzite
o Source rocks: shales, turbidites, marine
clastics
o Chemical: ultramafic, basalts, mafic
intrusions
o Metamorphic grade: greenschist
o Geological
contacts:
granite/sediment
contacts
Geophysics
o Gravity gradients, ridges, troughs, highs and
lows
Structure
o Major faults (various scales)
o Fault bends
o Fault intersections
o Density of fault intersections
o Geological contact-fault intersections

Challenges in terms of data quality were encountered
with many datasets. Some unexpected results were
produced when determining which evidential layers
should be eliminated from the analysis based on the
statistics. For example, we might expect a strong spatial
relationship between the intersection between two large
faults and orogenic gold deposits. However, the
statistical analysis revealed that within 25 km of such an
intersection, only 6% of the training data was captured
and the remaining statistical measures showed very weak
values. Thus the evidential layer containing the major
fault intersections was re-evaluated and further thought
given to the structural interpretation. In the next iteration
of the analysis, the statistics continued to show a very
weak spatial relationship with the known orogenic gold
deposits and thus that evidential layer was eliminated
from the analysis.
After multiple iterations, 6 evidential layers were
found to exhibit strong spatial relationships with the
known orogenic gold deposits and to also be logically
consistent. The layers that were selected for inclusion in
the prospectivity map were:
• Major faults
• Density of intersections between faults and
geology polygons
• Gravity gradients from Bouger gravity map
• Greenschist grade metamorphism
• Source rock units
• Granite-sediment contacts
These six layers were integrated to generate a
prospectivity map using the weights of evidence method.
Verification of conditional independence was performed
using the new omnibus test (Agterberg and Cheng 2002).
Figure 1 shows the resulting orogenic gold
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prospectivity map coloured by posterior probability for
Mongolia.

Alexandre F, Stein G (2003) Knowledge recovery for
continental-scale mineral exploration by neural networks. Nat
Resour Res 12:173-181
Brown WM, Gedeon TD, Groves DI, Barnes RG (2000) Artificial
neural networks: a new method for mineral prospectivity
mapping. Austral J Earth Sci 47:757-770
Brown WM, Groves DI, Gedeon TD (2003) Use of fuzzy
membership input layers to combine subjective geological
knowledge and empirical data in a neural network method for
mineral-potential mapping. Nat Resour Res 12:183-200
Carranza EJM (2009) Controls on mineral deposit occurrence
inferred from analysis of their spatial pattern and spatial
association with geological features. Ore Geol Rev 35:383-400
Feltrin L (2009) Predictive modelling of prospectivity for Pb–Zn
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Figure 1. Orogenic gold prospectivity map of Mongolia
generated using iterative weights of evidence.

4 Discussion
The results of the iterative weights of evidence method
applied to an orogenic gold model in Mongolia were
validated though the ability to predict known orogenic
gold deposits in the country. Targets for follow-up
investigation were delineated by selecting the regions
with the highest posterior probability and checking if
there were any orogenic gold deposits, occurrences,
geochemical anomalies or placer occurrences in each
area. These indicators of mineralization provide more
confidence that an area may host a deposit which allows
that particular target to be ranked higher.
However, the process highlights the need for goodquality publicly available digital geoscience datasets that
can be scrutinized properly. Access to such data in the
future will allow for improved prospectivity maps and
target generation.
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Integrated 3D geochemistry and ore characterisation at
the Agnew gold mine, Western Australia
Louise A. Fisher, James S. Cleverley, Stephen J. Barnes, Robert Hough, Iris Sonntag
CSIRO Minerals Down Under Flagship, ARRC, PO Box 1130, Bentley, WA 6102, Australia
Abstract. The Agnew Gold Mine encompasses a series
of discrete lodes located along a sheared mine corridor.
Each lode has a distinct alteration assemblage and
mineral association. In this study we utilise a series of
geochemical data sets across a range of scales to
explore the processes of formation of large gold systems
in Archean terranes and the geochemical signals created
by these processes. Using a portable desktop XRF
allowing rapid data collection and normalising existing
multi-element data to rock-type, we recognise the
signature of fluid pathways in the different rock types.
Micro-scale observations of mineralised assemblages in
the Kim ore body show an association of Au and Sb with
a broader scale As halo. Multi-element data, both
conventional and collected by portable XRF, shows
geochemical anomalies, including elevated As and Sb,
that pick out cross-cutting features that have previously
been recognised in structural analysis. Through detailed
petrography and examination of mineral chemistry we
can further our understanding of fluid chemistry and
processes of alteration and mineralisation and start to
recognise fluid pathways within the Agnew system.
Keywords. Agnew, Au, 3D Geochemistry, portable XRF

1 Introduction
Figure 1. Location of the Agnew Mine.

The Agnew Gold Mine is located 23 km west of the
town of Leinster, in Western Australia (Fig. 1). Within
the region a number of deposits have been mined along a
>15 km long Mine Corridor. Currently ore is mined
from the Kim and Main Lodes, which form part of the
Waroonga complex.
The ore bodies are structurally controlled
hydrothermal deposits localised on the western limb of
the Lawlers Anticline within the Norseman-Wiluna
Greenstone Belt of the ~2.6 Ga Yilgarn Craton. The belt
comprises abundant tholeiitic and komatiitic volcanic
rocks, and albitic sedimentary rocks.
Regional
metamorphism reached
upper greenschist/lower
amphibolite grades (Broome et al. 1998). Within the
Agnew area an ultramafic/high magnesium basalt
footwall is overlain by a series of ultramafic
conglomerate units that are capped by the Scotty Creek
Formation - a thick sequence of greywacke, arkose and
siltstone (Dugdale 1992).

Gold mineralisation in the Kim Lode is associated
with a quartz breccia lode that ranges between 4 and 9 m
in width with a disseminated alteration halo. The
mineralisation is localised along the lithological contact
between the Scotty Creek Sandstone (SKg) and an
ultramafic conglomerate (SKcU). To the south the Main
Lode is composed of multiple shoots localised along
three stratigraphic contacts between the SKg and SKcU
and within the SKcU. Mineralisation is largely
continuous along strike for a distance of 500 m.
However, there is an apparent overprinting structural
control with mineralisation localised, in a number of
steeply north plunging shoots containing elevated gold
grades, where cross-cutting structures have created
dilational sites.

2 Regional lithogeochemistry and
geochemical anomalies

1.1 Local geology

The regional whole-rock data set was processed through
an Excel spreadsheet calculation to discriminate the
cryptic stratigraphy within the Agnew mafic-ultramafic
pile, and to use that information to (1) recognise major
structures which disturb that stratigraphy (2) derive
lithology-specific background values for important
indicator elements for gold mineralisation.
After

Within the Agnew area a central Mine Corridor is
recognised; a linear N-S striking shear zone that links all
the major known deposits (Waroonga, Redeemer,
Crusader/Deliver and Songvang) along the Western limb
of the Lawlers anticline.
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multiple iterations the optimal classification of the data
set produced seven categories including komatiite,
several varieties of tholeiites basalts, a dolerite unit and
ultramafic cumulates.
When these categories are mapped a consistent
stratigraphy emerges on the eastern side of the structural
dome, with komatiites at the base, overlain by high-Mg
tholeiites, then the intermediate-Th followed by low-Th
tholeiites, all capped by the differentiated Vivien
Dolerite body with a basal ultramafic cumulate layer.
The sequence is best developed in the south-centre of
the area, and appears to be extensively disrupted and
possibly thrust-repeated to the north. Interpretation in
critical areas is limited by scarcity of drilling,
Recognition of these different rock types and their
average chemistries also allowed determination of
background levels of critical indicator elements such as
Au, Cr, As, Sb, K, Ba and W, and thresholding of
anomalies specific to rock type. When K/Ti and As,
normalised to lithology, are plotted on a map anomalies
can be recognised both along the Mine Corridor where
existing deposits are located and along a second trend
running NE and cross-cutting stratigraphy.

3 Mapping fluid pathways at mine-scale
using geochemical data sets
A number of NNW-trending structures have been
recognised in the Waroonga system. Multi-element data
for the Waroonga system can be used to map some of
these features in the hanging wall – with an arsenic
anomaly following a 340° trend into the Scotty Creek
Formation in the hanging wall of the Kim ore body.
A portable XRF campaign focused on the ultramafic
sequences in the footwall of the Main Lode was
conducted to determine if geochemical anomalies, which
might provide evidence for fluid pathways, could be
recognised in the footwall ultramafics. Samples were
collected from 6 drill holes along an N-S transect with
the aim of geochemically recognising a NW trending
structure previously observed in a magnetic data set for
the mine.
Using the Innov-X X-5000 desktop XRF
geochemical analyses were collected every 2-3 metres
down-core starting in the SKg and moving in to the
ultramafics to end of hole. Looking at some of the
typical pathfinder elements, anomalous concentrations of
As and Au were detected at the lithological contact
between the SKg and SKcU. However, As, Sb, W and
other elements were also found to be elevated within
discrete intervals in the ultramafic footwall over 50
metres from the contact with the SKcU (Fig. 2). The
geochemical anomalies detected in the 6 drill holes
analysed during pXRF campaign align along a plane
which, where it is extended into the hanging wall
correlates with a mapped fault-zone (N. Thebaud,
pers.comm).
Collection of a portable XRF data set for drill holes
intersecting the ultramafic sequence outside of the
mineralised zone did not detect anomalous Sb and W and
only low levels of As.

Figure 2. Downhole geochemistry for drillhole WDU 0708
through the Main Lode. Sb and As anomalies can be
recognised within the footwall ultramafics in addition to Au
and As anomalies at lithological boundaries.

4 Micro-scale observations
4.1 Kim Lode
The highest grade Au is hosted in a quartz-rich lode,
with amphibole (ferro-magnesian hornblende and
actinolite) present in some samples, within the SKg at
the contact with the SKcU. Au is associated with base
metal sulphides – chalcopyrite, arsenopyrite, galena and
pyrrhotite.

Figure 3. BSE image: Au at Kim hosts an amalgam of
tellurides, bismuth and aurostibnite.
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From textural observations arsenopyrite appears to be an
early phase with galena and Au later. Element mapping
of one sample shows fine gold hosted within galena. In
some samples the Au is associated with tellurides
(hessite, tellurobismuthite and altaite) as well as native
bismuth and aurostibnite (Fig. 3). These phases appear to
chemically erode gold grains and may be a late feature.
The Au grains typically contain at least 10% Ag and in
some cases closer to 20% Ag.
Relatively unaltered Scotty Creek sandstone distal
from the Kim ore body is dominated by chlorite and
plagioclase with some biotite and a few amphiboles,
aligned to foliation. Proximal to the ore body altered
sandstone, hosting low grade Au, shows an almost total
amphibole overprint with zonation within the
amphiboles from calcic-cores to more iron-rich rims.

5 Conclusions
The ‘340’ structures that can be mapped out in the
regional geochemical datasets and portable XRF transect
data are also recognised in mine drive faces and at a
microscopic scale. Recognition of these structures in the
footwall of the Main ore body defined by a zone of
hydrothermal alteration with elevated As and Sb and the
association of As and Sb with Au mineralisation,
suggests that these structures may have acted as
pathways for fluid flow into Au deposition sites.
Normalisation of regional multi-element data to rock
type may allow similar features to be recognised
elsewhere along the mine corridor or for distinction
between prospective and barren structures. Through the
development of a mineral system model we aim to
further our understanding of the nature and scale of the
hydrothermal footprint of these systems in different
settings.

4.2 Main Lode
The gold grains in the Main Lode are generally finer
than in the Kim Lode samples. The base-metal sulphide
association that is observed at Kim is not recognised at
Main Lode with Co-rich gersdorffite the dominant
sulphur-bearing phase. Overall, the ore assemblage
indicates a more sulphur poor environment. Au is
associated with biotite and actinolite-tremolite alteration
with fine grained Au located along cleavage planes
within those minerals.
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Hydrothermal Pb-Zn-Ag-F ore deposits in Central
Morocco: mineralogy and lead isotopes
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Abstract. Pb-Zn-Ag-F veins from central Morocco are
hosted in Paleozoic series often close to late-Variscan
granites. These base metals ore mineralizations have
thus been interpreted as being genetically linked to
hydrothermal processes associated with granitic
emplacement. However, recent geochronological data
suggest that part of these deposits might be younger (late
Triassic-early Jurassic), and thus would not be related to
granitic emplacement. This study presents mineralogical
analysis of gangue minerals (carbonates) and Pb/Pb
isotopic data on sulphides from the Tighza district Pb-ZnAg deposit (central Morocco).

granites and the sedimentary host rocks; (ii) a detailed
mineralogical characterization of ore minerals (galena
and sphalerite) and gangue minerals (carbonates and
quartz), (iii) lead isotopes on sulphides.

Keywords. Pb-Zn-Ag-F ore deposits, Variscan
granitoïds, Pb/Pb, sulphide, carbonate

1 Introduction
Many Pb-Zn-Ag-F mineralizations from Morocco, as
from Western Europe, occur in veins crosscutting
Paleozoic series and late-Variscan granites. The spatial
association of these veins with granites has been
interpreted as a proof of a genetic link between granites
and hydrothermal fluids which produce base metals
concentrations. These mineralizations are thus supposed
to have an age of ca. 300 Ma. However, recent
geochronological data have shown that some ore
deposits from Central Morocco (i.e., the El Hammam Fdeposit, see Fig.1) have an age of 205 ± 1 Ma (Cheilletz
et al. 2010). Such hydrothermal mineralizations would
be consequently associated with the early Atlantic
Ocean opening.
The genetic models of hydrothermal perigranitic PbZn-Ag-F ore deposits in Morocco would thus be reconsidered, involving an update of the exploration
strategy for these base metals.
For this purpose, three polymetallic and perigranitic
districts have been chosen in the Moroccan Variscan belt,
characterized by Pb-Zn-Ag orebodies centered on
carboniferous granitic apex. These sites belong to three
different structural domains (Fig. 1): Sidi Lahcen (North
eastern Morocco), Tighza (central Morocco) and
Tighardine (western High Atlas).
In Tighza (i.e. the reference site), three main goals
are undertaken: (i) the structural and chronological
relationships between the orebodies, the neighboring

Figure 1. Simplified geological map of Northern Morocco
(redrawn from Gasquet et al. 1996) showing the El Hammam
F-deposit (El) and the three studied districts: SL: Sidi Lahcen,
Tz: Tighza, Tg: Tighardine.

2 Geological setting
The Tighza district is localized in the Variscan Central
Morocco, on the western border of the Middle Atlas, at
about 6 km west from the city of Mrirt.
The geology of the Tighza area is characterized by
three major tectonic events: (i) a late Devonian folding
event (385-345Ma); (ii) a late Visean major folding
event (345-328Ma); (iii) a mid-Carboniferous faulting
phase (~318-307Ma) (see Bouabdelli and Piqué 1996;
Gasquet et al. 1996 and references therein).
The Tighza area is constituted by several NW
trending thrust slices (Bouabdelli and Piqué 1996; Nerci
2006). The allochtonous block is composed of late
Ordovician to Visean shales and the autochthonous
block of late Ordovician to middle Devonian shales. The
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sulphides (mainly galena; P2a). These breccias and
banded mineralizations are formed through several
hydrothermal pulses of chemically contrasted fluids.

last tectonic event induces a main E-W shear zone
illustrated by the Tighza Fault (N100°E; Fig. 2a) which
crosscuts the thrust slices. This shear zone develops a
conjugated fault system (Fig. 2a) hosting the main
hydrothermal mineralized veins of the district.
(Desteucq 1974; Cheilletz 1984).
Some veins (A; Fig. 2) are localized within the
contact metamorphic zone developed around three main
granitic stocks (1, 2, and 3 on Fig. 2a). Other veins
never crosscut the metamorphic zone (B and C; Fig. 2a).
The regional magmatism belongs to two main events:
(i) a pre-orogenic magmatic episode expressed by mafic
NE-SW sills and dykes, dated between 370 and 340 Ma
(Mrini et al. 1992); and (ii) a post-orogenic phase (320
to 280 Ma; Gasquet et al. 1996), producing mainly felsic
calc-alkaline dykes and stocks. This plutonic association
is represented by microdiorite, microtonalite,
microgranodiorite, microgranite, and granite (Nerci
2006).
Previous works (Agard et al. 1959; Cheilletz 1984)
concluded that this variscan magmatic association is
related to the polymetallic ore system. Three main ore
pulses are identified: (i) an antimony stage, linked to
deep magmatic fluids coeval with the emplacement of
microgranitic stocks; (ii) a tungsten and gold event
generated from deep magmatic fluids. Both Sb and WAu veins are localized in the northern part of the Visean
syncline, within the contact metamorphic zone (Fig. 2a);
(iii) the late lead-zinc-silver event, is associated to the
fluid circulations along the NE-SW conjugated fault
system. Major Pb-Zn-Ag veins (B and C; Fig. 2a) are
localized on the southern part of the metamorphic zone,
other veins occur in the central part of the district,
crosscutting the Sb or W-Au veins.

a.

b.

3 Mineralogy and paragenesis
The Pb-Zn-Ag vein system displays three main
paragenetic stages synthesized in Table 1. The first stage
(P1) is composed of siderite and quartz (without any PbZn sulphides). The second stage (P2) contains ore
minerals (sphalerite then galena) crystallizing in the
carbonate gangue (ankerite or calcite). The last calcite
and quartz stage (P3c,q ) contain small amounts of pyrite
and chalcopyrite.

c.

Table 1. Main paragenetic stages of the Tighza Pb-Zn-Ag
veins. Paragenesis are subdivided according to their gangue
minerals
P1 :

siderite ± quartz

P2s

siderite + galena + sphalerite

P2a :

ankerite + galena + sphalerite

P2c :

calcite + galena ± sphalerite

P3c :

calcite + pyrite ± chalcopyrite

P3q :

quartz ± calcite

Figure 2. (a) Schematic structural map of the Tighza district
with the Sb, W-Au and Pb-Zn-Ag studied veins distribution.
(b) Macroscopic view of Sidi Ahmed vein. P1s and P2a
paragenesis are described on table 1. (c) SEM pictures of ore
sulphides from Ighrem Aousser vein (1. galena + pyrite (P2), 2.
calcite (P3), 3. quartz (P3). Paragenesis nomenclature is
defined in Table 1.)

Typical structural and mineralogical relations are
shown in Figure 2b. The walls of the vein are
constituted by sideritic and quartzitic breccias (P1)
cemented by sphalerite then galena. The center of veins
is filled with a banded alternation of ankerite and

SEM analysis (CMTC-INP Grenoble, France) (Fig.
2c) reveal that gangue minerals contain 5 to 100 μm

284

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

5 Conclusion and discussion

wide sulphides grains, localized near fractures. These
sulphides are mainly galena, pyrite and rare sphalerite.
The ore gangue is constituted firstly by siderite, then
ankerite. The Fe, Mg, Mn and Ca contents of siderite
and ankerite are variable. The last stage contains pure
calcite, quartz and no Pb-Zn sulphides.

These results show that: (i) there is a lead isotope
discrimination between the different Pb-Zn-Ag veins of
the Tighza district; (ii) the central granitic and contact
metamorphic zone veins array shows a highly radiogenic
lead isotopic composition; (iii) an approximate age of
300 Ma for the Pb-Zn-Ag mineralization can be
estimated from the lead isotope results (cluster B). U/Pb
analysis on carbonates gangue will be performed to
complete the Pb-Zn-Ag ore forming model of the Tighza
district.

4 Lead isotopes
The Pb isotopic composition of sulphide minerals
provides constraints on both their age of formation and
sources (Deloule et al. 1989). Lead isotope
compositions were determined for several P2 stage
galena of 5 samples from the three main Pb-Zn-Ag
occurrences of: Ighrem Aousser, Sidi Ahmed and Signal
(A,B and C, Fig. 2a). A SEM mapping permits to select
homogeneous areas for in situ analyses, that were
performed with the CRPG-CNRS Cameca IMS 3F and
Cameca IMS 1270 ion microprobes. Results are shown
on conventional Pb-Pb plots in Figure 3 including the
Stacey and Kramer (1975) growth curve. However, this
curve represents the global crust evolution and doesn’t
reflect the exact composition of the Moroccan crust.
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Figure 3. Pb-Zn-Ag Tighza deposit.
compositions of galena from the P2 stage.

Lead

isotope

The lead isotope compositions are distributed into two
distinct clusters (A and B, Fig. 3): cluster A contains
samples from the Signal and Sidi Ahmed veins and
cluster B contains the Ighrem Aousser vein samples.
Cluster B plots around the Stacey and Kramer (1975)
growth curve (μ value of 9.735). Cluster A reveals a
more radiogenic lead isotope composition, with a μ
value of ~10.35. This strong difference might be
explained by the location of the two groups of samples.
Cluster A samples come from the central granitic and
contact metamorphic zone of the district therefore
revealing a strong radiogenic granitic signature. Cluster
B samples are located in sedimentary host rocks, and
thus are more representative of a crustal reservoir
composition. The regression line between the two
clusters (MSWD = 6) indicates a mixing of two
components, one with a Pb-Pb age of 450 Ma (cluster
A), one with a Pb-Pb age of 300 Ma (cluster B). The
younger age can be interpreted as the age of the Pb-ZnAg mineralization. This age fits with the 286 ± 2 Ma age
(Cheilletz 1984) previously estimated for the granite
intrusions of the Tighza district.
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Detecting distal footprints of ore deposits under cover
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CSIRO Earth Science & Resource Engineering, PO Box 1130, Bentley, WA 6102, Australia
Keith M. Scott
Research School of Earth Sciences ANU and CSIRO Earth Science & Resource Engineering, PO Box 136, North Ryde,
NSW, 1670, Australia
Abstract. A major challenge in mineral exploration is the
detection of the distal signatures of ore deposits. In many
parts of the world this has to occur under substantial
transported cover. Studies over a decade have begun to
address this challenge. Rutile has been found to be a
useful mineral indicator that can survive prolonged
weathering, and alluvial gold grains are proving valuable
in provenance studies; goethite and hematite clasts as
pseudomorphs of completely replaced sulfides retain
primary metal anomalism; armoured micron-scale
inclusions of ore related minerals may survive. When
sulfides weather, sulfur is released and can be
reprecipitated into the cover sediments as secondary
sulfur minerals such as alunite and secondary pyrite
which can be useful anomalism indicators. These are all
tools that can be of use during interface sampling at the
base of unconformities in covered terrains, or in using
specific mineral species within the cover sediments
themselves. Ore deposit related hydrothermal alteration
needs to be distinguished from metamorphism and
general background lithogeochemistry more effectively.
This requires regional bedrock geochemistry as an
essential tool for exploration. In the future, recognition of
the distal portions of the broader mineral systems that
contain the giant ore deposits will likely be most useful for
broad-scale mineral exploration.

anomalies of higher and lower significance in the region
(lode- vs stockwork-style) with the presence of V in
high oxidation states suggesting that the hydrothermal
fluids responsible were relatively oxidising. Such
characteristics can also be used to distinguish
hydrothermal rutile from that which forms from the
breakdown of ilmenite during weathering.

Figure 1. Internal BSE images of rutile showing complex
textures and bright W-rich micro-inclusions.

Similar studies at Escondida, reveal that
hydrothermal elements like W can still be recognised in
the “superleached” zone there were other potential
indicators have been destroyed (Scott and French 2005).
1.2 Gold

Keywords. resistates, gold, alunite, sulfate, exploration,
footprints

Gold nuggets, alluvial grains and visible gold in veins
have been shown to preserve an internal polycrystalline
structure that is characteristic of thermal annealing
Figure 2 (Hough et al. 2009).

1 Detecting mineralized system detritus
1.1 Rutile
Accessory rutile is commonly intimately associated with
mineralization, with its abundance, grainsize, chemical
composition and degree of zonation related to the
intensity of hydrothermal alteration/mineralization. For
example, V+ W+ Sb-rich rutile defines an extensive
alteration zone about the mineralization at Big Bell,
Western Australia (Scott and Radford 2007).
The compositions of rutile from samples from the
Kalgoorlie Goldfields, in the Yilgarn Craton of Western
Australia, show that grains associated with stockworkstyle mineralization have generally low minor element
contents. However, the rutile grains in the Golden Mile
lode-style mineralization are Fe+W-rich and in the high
grade Green Leader mineralization they are V+W-rich,
with V present in both +3 and higher oxidation states.
Detailed examination of Kalgoorlie Goldfields rutile
grains also indicates that they have complex internal
textures.
Thus rutile geochemistry and complex microstructure
(Fig. 1) can potentially discriminate between Au

Figure 2. Internal polycrystalline structure in gold (Au/Ag
alloy) from slice of a large gold nugget from Coolgardie,
Western Australia (4 cm across). Sample is from the Liversidge
collection, Natural History Museum, London (Photo by R
Hough).

Primary (hypogene) gold is gold that was
deposited/precipitated
from
hightemperature
hydrothermal fluids. Most primary gold is an alloy of Au
and Ag, typically containing 5–20% Ag; however, in
some deposits, it is essentially pure whereas, in others,
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analyses by Hough et al. (2004) found that alunite in
cover sediments at the Mount Gibson Gold deposit in
Western Australia contained up to 2 ppm Au. An
electron-microprobe transect from the core of a clay
sphere into the alunite rich matrix reveals the sharp
change in trace element concentrations with substantial
Cu (290 ppm), Pb (500 ppm), and As (360 ppm) in the
alunite-rich areas. Barytes was similarly found to contain
ppm levels of gold in the upper saprolite in the regolith
profile at the Whirling Dervish gold deposit in WA (Fig.
3). Butt (2001) reported a similar alunite-Au association
in the mid-upper saprolite at the Mount Percy gold
deposit near Kalgoorlie; bulk S contents of 0.5-5% were
reported in this horizon.

the Ag content may exceed 50%. In general, however,
the Au/Ag ratio of primary gold has been poorly studied.
Nevertheless, in the absence of direct analyses of gold,
Au/Ag ratios have been used as indicators of evolving
fluid chemistry and temperature of deposition, with the
more soluble and volatile Ag becoming enriched in the
alloy higher in the crust and more distally from the
centre of the deposit. At Cerro Casale in Chile, variation
in the Ag and Cu concentration in gold was related to
hydrothermal alteration and to specific lithologies
(Townley et al. 2003). In exploration, studies of the
alluvial gold at Cerro Casale showed that the gold
associated with alteration was sourced from a particular
granodiorite intrusion so the gold could be traced to
source based on composition. As Hough et al (2009)
showed, the composition of gold should be measured
from internal surfaces, with the microstructure revealed.
This is to avoid the effects of Ag depletion that occur at
grain boundaries and around pore spaces within even
very large nuggets, as well as in small grains.
1.3 Iron oxide pseudomorphs and microinclusions
Transported overburden around the Golden Grove
Gossan Hill volcanic-hosted massive sulphide (VHMS)
deposit in Western Australia consists of thin lateritic
colluvium, remnants of lateritic duricrust, associated
lateritic soils and lateritic gravels. Clasts in these
materials have been studied in detail in order to attempt
to detect signatures of the mineralized system. The
sediments contained clasts that appear to be iron oxide
pseudomorphs after sulphides and more specifically after
base metal sulphides. In-situ scanning electron
microscopy and EDS analyses detected elevated trace
amounts of Cu, As, Zn or, more rarely, Sb or Bi in the
core matrix of the clasts, and in cutans/rims on some of
the clasts as well as micron-scale inclusions of base
metal sulfides armoured in quartz grains and grains of
gold and cassiterite. Studying the clasts in this level of
detail revealed such anomalism could be detected from
an area extending laterally around. 600 m from the
VHMS ore system despite the intensive weathering
(Smith and Singh 2007). Background samples (2 km to 5
km from the ore system) did not show such features or
anomalism. Findings such as these can be applied to
areas of thick cover (Robertson 2001; Smith and Singh
2007).

2

Figure 3. Bright (BSE) of sulfate inclusions in the upper
saprolite at Whirling Dervish that contain ppm levels of gold.

The sediments themselves can also display a
prolonged history of weathering, secondary growth of
iron oxide minerals during ferruginization is one result
(Anand and Paine 2002). In this case it is important
when analysing these ferrgunious materials to
distinguish the authigenic from detrital components
making in-situ analyses critical (LeGleuher et al. 2008).
Minerals precipitated from groundwaters in the upper
sediments of regolith profiles (Anand and Paine 2002)
can provide an interesting sampling medium to search
for hydromorphic dispersion from underlying, and
deeply buried mineralisation. alunite, as well as
authigenic goethite and hematite are such minerals.

3 Conclusions
It is of vital importance that we improve our
understanding of the very distal signatures of major ore
deposits, beyond our current approach of mapping
proximal alteration and mineralisation styles. We must
learn to interpolate the likely proximity of giant ore
deposits by the interpretation of relatively subtle
variations in a range of parameters relative to the normal
regional background and that includes subtracting the
regional variations such as burial metamorphism and
accompanying hydrous metasomatism (Smith et al.
1982). Recent research success is proving positive in
this regard with the discovery that rutile is a diagnostic
resistate of gold ore in and near to existing deposits,
gossanous fragments can be identified as the sediment
interface distal to base metal ores and gold grains hold
promise as an exploration tool in alluvial sediments.

Secondary alunite and iron oxides from
hydromorphic dispersion

Hydromorphic dispersion is an important mechanism for
the potential transport of metals into the near surface
environment from underlying mineralisation when deep
weathering has occurred. Groundwater related
solubilisation and subsequent deposition can from
anomalism even within cover sediments. Sulfur is one
example, it can be deposited as sulfate as a result of
massive sulfide weathering as well as deposit as
secondary sulfides. Sulfates such as alunite can therefore
be important sinks for metals in the sediment. Detailed
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Secondary mineral precipitates in the cover sequences
also provide promise as they have the potential to trap
secondary dispersion of metals in the cover from
underlying mineralisation, potentially deep below.
Sulfates and iron oxides are two phases that have been
shown in the studies discussed here to be of particular
relevance as it is possible to show that they are
authigenic phases, rather than detrital, based on their
textural residence in the sediments. Sulfates can contain
ppm levels of gold when analysed in-situ in these
materials. The textural occurrence of the authigenic
phase and accompanying metal anomalism is very
important and new element mapping methods should
prove highly informative in deciphering such metal
dispersion and entrapment in what are inherently
complex regolith dominated environments. The Maia
detector on the Australian Synchrotron is one such
technology, it permits rapid generation of XRF based
element maps of whole thin sections and reveals major
and trace element heterogeneity across the sample areas
(Fig. 4).

Hough RM, Butt CRM and Buhner JF (2009) The
crystallography, metallography and composition of gold.
Elements 5:297-302
Le Gleuher M, Anand RR, Eggleton RA, Radford N (2008)
Mineral hosts for gold and trace metals in regolith at
Boddington gold deposit and Scuddles massive copper–
zinc sulphide deposit, Western Australia: an LA-ICP-MS
study. Geochem: Expl Env An 8:157–172
Robertson IDM (2001) Geochemical exploration around the
Harmony gold deposit, Peak Hill, Western Austrlaia.
Geochem: Expl Env An 1:277-288
Ryan CG and 14 others (2009) High throughput X-ray
fluorescence imaging using a massively paralleled
detector array, integrated scanning and real-time spectral
deconvolution. J Phys Conf Ser 1-3
Scott KM, French DH (2005) Rutile geochemistry as
aguide to mineralization at the Escondida Cu deposit,
Chile. Geochemt Cosmochim Acta 69 10S, A60
Scott KM, Radford NW (2007) Rutile compositions at the
Big Bell Au Deposit as a guide for Exploration.
Geochem: Expl Env An 7:353-361
Smith RE, Perdrix JL, Parks TC (1982) Burial
metamorphism in the Hamersley Basin, Western
Australia. J Petrol 23:75-102
Smith RE, Singh B (2007) Recognizing, in lateritic cover,
detritus shed from the Archaean Gossan Hill Cu–Zn–Au
volcanic-hosted massive sulphide deposit,Western
Australia. Geochem: Expl Env An 7:71-86
Townley BK, Herail G, Maksaev V, Palacios C, de Parseval
P, Sepulveda F, Orellana R, Rivas P, Ulloa C (2003)
Gold grain morphology and composition as an
exploration tool: application to gold exploration in
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Figure 4. Major element maps of Fe (left) and Y (right) in
pisoliths using the Maia detector. The map area is 13x21 mm
and was collected in 3 hours (Ryan et al. 2009).

New approaches in exploration geochemistry need to
focus on the greater mineral system that hosts these
deposits, to identify the key components and then to
utilise the very latest analytical techniques in order to
detect them in materials far away from mineralisation
and most importantly, under cover.
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Abstract Rutile is a common Ti-bearing accessory
mineral in high pressure (HP) metamorphosed rocks of
the western Tianshan. Distribution of rutile in the HP
rocks varies range from 0.5 vol.% in the greenschist to 30
vol% in the rutile-bearing vein. Three types of rutile occur
in the HP rocks: grains or fine-grained xenomorphic
clusters in the matrix; inclusions within HP minerals;
micro-vein that is elongate deformation along the foliation
in the location. The rutile retrogrades to ilmenite and
titanite partly or completely, reducing the value of the ore.
But rutile of HP rocks in western Tianshan usually has
the lowest content of uranium (<1 ppm U), which might
become an attractive raw material for the Ti industry.
Therefore, rutile-bearing HP rocks in the western
Tianshan as a mineral resource will be the focus of
considerable attention.

Mishigou mélange (Gao et al. 1995). It is mainly
composed of blueschist, eclogite and greenschist facies
rocks with N-MORB, E-MORB, OIB and arc basalt
affinities (Gao and Klemd, 2003; John et al. 2008).
Eclogites are interlayered with blueschist layers as pods,
boudins, thin layers or as massive blocks interpreted to
represent a tectonic melange (Gao et al. 1999). Most
eclogites have experienced peak metamorphism
estimated to range between 480-580°Cat 1.4-2.1 GPa at
a regional scale (Klemd et al. 2002; Wei et al. 2003).
Ultrahigh-pressure peak metamorphic conditions for
some eclogites were reported according to
polycrystalline quartz aggregates and coesite in garnet,
magnesite-bearing glaucophane–eclogite (Lü et al. 2009;
Zhang et al. 2002, 2005, 2007).
Ti-minerals are mainly present in the blueschist,
eclogite and amphibolite-greenschist facies and vein.
Eclogite assemblages form from dynamic, prograde
metamorphic reactions, where the deformation process
basically is controlled by availability of fluids (Gao and
Klemd 2003). Some omphacite-glaucophane eclogites
show clear foliation with unclear lineation demonstrated
relatively stronger orientation. The eclogite is mediumgrained, and comprise garnet, omphacite, amphibole,
phengite, paragonite, clinozoisite, quartz, calcite, rutile,
titanate. Accessory minerals include pyrite, apatite,
allanite, and zircon. The idioblastic garnet typically
contains inclusions: omphacite, amphibole, paragonite,
quartz, rutile and minor zircon. The omphacite is
idioblastic to xenoblastic and occurs as a matrix mineral
together with amphibole and mica, the latter of which
comprises lepidoblastic phengite and paragonite. Sub- to
idioblastic amphibole porphyroblasts occasionally
contain omphacite inclusions. Texturally primary Ca-Naamphibole was replaced by Ca-amphibole along the
rims. Omphacite occurs as inclusions in the garnet and
glaucophane, the latter of which is rimmed by caamphibole, suggest the blueschist is retrogressed
eclogite.
The blueschist is characterized by a heterogranular,
granoblastic texture with euhedral to subhedral garnet
crystals and mainly composed of garnet, glaucophane,
phengite, paragonite, quartz, rutile, titanite and albite
with minor clinozoisite and carbonate. Garnet contains
inclusions of the whole matrix mineral assemblage.
Relict omphacite inclusions were detected in the
glaucophane, indicating that blueschist and eclogite
underwent an identical metamorphic evolution (Klemd et

Keywords. Ti resource, rutile, eclogite, western
Tianshan

1 Introduction
The world reserves of economic sources of titanium are
estimated to be approximately 300 Mt of contained TiO2.
It is present in rocks as oxide and silicate minerals.
Ilmenite and rutile are the primary raw materials for Ti
in the world. Deposits of titanium can be grouped into a
variety of igneous, metamorphic, hydrothermal and
sedimentary types (Force 1991). At present, the igneous
and sedimentary deposits are of most economic
importance. The world resources of Ti-minerals are very
large, but these ores are limited in volume and are being
rapidly depleted. Recently eclogites proved to be a highquality rutile deposit with a good potential for
production in the future (Force 1991; McLimans et al.
1999). The purpose of this article is to describe the
occurrence of rutile in eclogites in the western Tianshan,
China and address their potential as a Ti resource.

2

Geological background and Ti-bearing
HP rock petrography

The western Tianshan HP-LT metamorphic belt in NW
China connects westward with the Atbashe and Mailisu
eclogite-blueschist belt in Kyrgyzstan (Sobolev et al.
1986; Tagiri et al. 1995) and the Karategin blueschist
belt in Tajikistan (Volkova and Budanov, 1999).
Eastward, north of Kumux, it connects with the Gangou–

289

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

alter to titanite during retrogressed process (Fig. 1G).
Titanite typically occurs as helicitic porphyroblasts or as
porphyroblasts. The later contains relict rutile (Fig. 1E,
G). TiO2 content of titanite ranges between 36 and 39
wt.%. Concentrations of FeO and Al2O3 in titanite range
from 0.3 to 0.5 wt.% and 1.4 to 2.0 wt.%, respectively.
The overall MnO content in ilmenite is higher in the
western Tianshan HP belt, having 1.43-2.14 wt.%. MgO
and Cr2O3 content in ilmenite is lower (<0.02 wt.%,
<0.02 wt.%, respectively). High Cr2O3 contents in
ilmenite are found in some deposits, such as Norwegian
rutile deposits (Sunnfjord region, Egersund province,
Korneliussen et al. 2000).

al. 2002). White mica contains inclusions of Ti-minerals
(titanite, rutile) and, in contrast to omphacite, zircon.
HP veins/segregations occur mainly in blueschist,
eclogite and greenschist facies rock units, which crosscut
blueschist, eclogite, quartzite (Gao and Klemd 2001;
Gao et al. 2007; John et al. 2008). They represent both
locally derived dehydration veins/segregation and
externally derived transport veins by local high fluid
pressure (Gao and Klemd 2001; John et al. 2008). The
veins consist of omphacite, quartz, epidote-group
minerals, garnet, apatite, ankerite/late carbonate,
rutile/titanite, and minor amphibole, phengite with
coarse grained, granoblastic heterogranular texture. The
idioblastic garnet typically contains inclusions:
omphacite, amphibole, paragonite, quartz, rutile,
carbonate. Rutile-bearing vein has high modal
proportions of rutile (15-30 vol.%) in some place (Fig.
1B). In the vein, cm-sized fibrous omphacite grew
perpendicular from the vein wall to the median line,
whereas cm-sized rutile prisms are typically randomly
oriented (Fig. 1B-C; cf., Fig. 2 of Gao et al. 2007).

4 Evolution of Ti-bearing minerals
The evolution of Ti-bearing minerals is related to
metamorphism for the HP rocks from the western
Tianshan. Based on textural relationships, mineral
paragenesis and their occurrences, three evolutional
stages of the HP rocks in the western Tianshan can be
recognized: prograde metamorphic evolution, peak
eclogite facies conditions and retrograde metamorphic
stage, as exemplified by the P-T evolution for the
eclogite (Gao et al. 1999; Klemd et al. 2002). And the PT evolution has a major effect on the Ti-bearing
mineralization. Geochemical data reveal that protoliths
of blueschists and eclogites include N-MORB, EMORB, OIB, gabbro, basic volcanidastic rock with
richer Fe-Ti content (Gao et al. 1999; Gao et al. 2007).
The Fe-Ti oxide-bearing metagabbroic rocks were
undergone eclogite-facies metamorphism between
collision of the Yili and the Tarim blocks along the
southwestern margin of the Altaids during the Late
Carboniferous (Su et al. 2010; Li et al. 2011).

3 Titanium-bearing mineralogy
Rutile: Rutile is generally the common Ti-phase in the
HP rocks of the western Tianshan. Rutile is usually
nonuniformly distributed throughout the HP rocks. Its
proportion varies with different metamorphic rocks, and
content of rutile in the rocks is range from 0.5 vol.% in
the greenschist to 30 vol.% in the rutile-bearing vein.
Equally, rutile has variable grain sizes (0.3 mm-5.0 cm
of size) according to its occurrence. The rutile is a single
megacrystal about 5.0 cm in diameter (Fig. 1A-B). There
are three types of rutile occurrence. Rutile occurs as
grains or fine-grained xenomorphic clusters (Fig. 1D)
with brown or puce color occupying the matrix, and
sometimes rutile is elongated and arranged micro-vein
along the foliation in the location. The crystal display
oriented, acicular crystal in a larger (centimetre-sized,
Fig. 1C) in the irregularly shaped vein. It usually
enrichment present as clusters (Fig. 1B) in the location.
It is overgrown by titanite or ilmenite partly or
completely (Fig.
1E, H) during retrograde
metamorphism. A lesser occurrence is as inclusions in
HP minerals like garnet, omphacite, glaucophane and
white mica, and some through garnet grain boundary
(Fig. 1D). Rutile also occurs as inclusion within pyrite
(Fig. 1F) and zircon.
Rutile prisms exhibit no major and trace element
zoning (Fig. 1D-H). Rutile from the HP rocks has high
content FeO (0.5-1.23 wt.%) and Cr2O3 (0.03-0.2 wt.%).
Rutile normally has the lowest content of uranium (<1
ppm U), which is similar to Norwegian rutile deposits
(<2 ppm in Caledonian eclogite deposits); indicating
original mafic-igneous protolith of the HP rocks
(Korneliussen et al. 2000). In comparison, rutiles from
other types of deposits commonly contain 50-100 ppm U
(Korneliussen et al. 2000).
Ilmenite and titanite: Ilmenite and titanite are
products of retrograded rutile. Back-scattered electron
image reveals tiny, needle-shaped ilmenite exsolutions
occur in the rutile from a quartz-garnet-omphacite-mica
vein in the eclogite (Fig. 1G-H). The rutile and ilmenite

Figure 1. A: Rutile within blueschist. B-C: Rutile-bearing
veins. C: Elongated rutile trains. D: rutile inclusion in garnet
and matrix of eclogite. E: In the matrix, rutile has a
retrogressive rim of titanite; and rutile contains pyrite
inclusion. F: Rutile as inclusion in pyrite. G-H: BSE images
show ilmenite exsolutions in rutile.

During peak eclogite facies conditions, rutile form
from Fe-Ti oxide-bearing protoliths, whereas FeO is
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strongly fractionated into silicates, some FeO enters
garnet. A characteristic occurrence of rutile in many
eclogites is as clusters or aggregates of rutile (Fig. 1D,
E), which maybe mimicking the occurrence of Fe-Ti
oxides in the protolith (Korneliussen et al. 2000). Also
typical for many eclogites is the ubiquitous occurrences
of the rutile-bearing veins/segregations cut through
different lithologies (Gao et al. 2007). Rutile in the
veins/ segregations occurs as crystals up to several
centimeters in size (Fig. 1B-C) and U-Pb data of rutile
indicates that it formed at peak metamorphism (ca. 318
Ma, Li et al. 2011). In addition, carbonate occurs as
inclusions in garnets that indicate that decomposition of
ankerite liberating CO2 into the fluid during
eclogitization (Gao et al. 2007). While CO2 add into
H2O-rich fluids that reduces solubility of rutile (Ayers
and Watson 1993), and cause the precipitation of rutile
(Gao et al. 2007). During retrograde metamorphism,
fractures and shear-zones opened for an influx of fluids,
which triggered post-peak epidote–blueschist facies and
greenschist facies retrograde reactions in which rutile
altered to ilmenite and titanite (Fig. 1E, G).

Gao J, Klemd R (2001) Primary fluids entrapped at blueschist to
eclogite
transition:
evidence
from
the
Tianshan
metasubduction complex in northwestern China. Contrib
Mineral Petr 142:1-14
Gao J et al. (1995) The mineralogy, petrology, metamorphic P–T–
D–t trajectory and exhumation mechanism of blueschists,
south Tianshan, northwest China. Tectonophysics 250:151168
Gao J, Klemd R, Zhang L, Wang Z, Xiao X (1999) P–T path of
high-pressure/lowtemperature rocks and tectonic implications
in the western Tianshan Mountains, NW China. J Metamorph
Geol 17:621-636
Gao J, John T, Klemd R, Xiong X (2007) Mobilization of Ti–Nb–
Ta
during
subduction:evidence
from
rutile-bearing
dehydration segregations and veins hosted in eclogite,
Tianshan, NW China. Geochim Cosmochim Acta 71:49744996
John T, Klemd R, Gao J, Garbe-Schonberg CD (2008) Trace
element mobilization in slabs due to non steady-state fluid–
rock interaction: constraints from an eclogite-facies transport
vein in blueschist (Tianshan, China). Lithos 103:1-24
Klemd R, Schröter FC, Will TM, Gao J (2002) P–T evolution of
glaucophane-omphacite bearing HP-LT rocks in the Western
Tianshan Orogen, NW China: new evidence for ‘Alpine-type’
tectonics. J Metamorph Geol 20:239-254
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Lü Z, Zhang L, Du J, Bucher K (2009) Petrology of coesitebearing eclogite from Habutengsu Valley, western Tianshan,
NW China and its tectonometamorphic implication. J
Metamorph Geol 27: 773-787
McLimans RK, Rogers WT, Korneliussen A, Garson M, Arenberg
E (1999) Norwegian eclogite: an ore of titanium. In: Stanley
CJ et al. (eds) Mineral Deposits: Processes to Processing.
Balkema. Rotterdam, pp 1125-1127
Sobolev NV, Dobretsov NL, Bakirov AB, Skatsku VS (1986)
Eclogites from various types of metamorphic complexes in the
USSR the problems of their origin. In: Evans BE, Brown EH
(eds), Blueschists Eclogites, Boulder, Geol Soc Am Memoir
164:349-363
Su W et al. (2010) U–Pb zircon geochronology of Tianshan
eclogites in NW China: implication for the collision between
the Yili and Tarim blocks of the southwestern Altaids. Eur J
Mineral 22:473-478
Tagiri M, Yano T, Bakirov A, Nakajima T, Uchiumi S (1995)
Mineral parageneses metamorphic P–T paths of ultrahighpressure eclogites from Kyrghyzstan Tien–Shan. Island Arc
4:280-292
Volkova NI, Budanov VI (1999) Geochemical discrimination of
metabasalt rocks of the Fan-Karategin transitional
blueschist/greenschist belt, South Tianshan, Tajikistan:
seamount volcanism accretionary tectonics. Lithos 47:201-216
Wei C, Powell R, Zhang L (2003) Eclogites from the south
Tianshan, NW China: petrological characteristic calculated
mineral equilibria in the Na2O–CaO–FeO– MgO–Al2O3–
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Zhang L, Ellis D, Jiang W (2002) Ultrahigh pressure
metamorphism in western Tianshan, China, part I: evidences
from the inclusion of coesite pseudomorphs in garnet quartz
exsolution lamellae in omphacite in eclogites. Am Mineral
87:853-860
Zhang L, Song S, Ai Y, Liou J (2005) Relict coesite exsolution in
omphacite from western Tianshan eclogites, China. Am
Mineral 89:180-186
Zhang L, Ai Y, Li X, Rubatto D, Song B, Williams S, Song S,
Ellis D, Liou J (2007) Triassic collision of western Tianshan
orogenic belt, China: evidence from SHRIMP U–Pb dating of
zircon from HP/UHP eclogitic rocks. Lithos 96:266-280

5 Conclusions
Above observation and discussion, eclogite facies rocks
show a significant variation in mineralogical
characteristics. Due to differ metamorphism and
retrogression, the proportion of Ti as rutile varies (from
0.5-30 vol.%) between HP facies rocks as well as within
individual bodies (Fig. 1A-C, cf., Table 1 of Gao et al.
2007 and John et al., 2008). At the same times, rutile
retrogression to ilmenite and titanite not only reduces the
value of the ore, since ilmenite and titanite is a much less
valuable mineral than rutile, but also complicates the
mineral processing scheme. But rutile of HP rocks in
western Tianshan usually has the lowest content of
uranium (<1 ppm U), which might become an attractive
raw material for the Ti industry (Korneliussen et al.
2000). Therefore, major task in continued investigations
of Ti-bearing mineral deposits in western Tianshan is not
only to identify Ti-rich deposits, but also to identify
those deposits that have ore-mineral qualities that can
meet the future requirements of the Ti pigment industry.
Equally, rutile-bearing eclogites in the western Tianshan
will be the focus of considerable attention.

Acknowledgements
This study was funded by the National Basic Research
Program of China (No. 2009CB825001) and the NNSFC
(No. 40872059, 41021063 and 40721003).

References
Ayers JC, Watson EB (1993) Rutile solubility and mobility in
supercritical aqueous fluids. Contrib Mineral Petr 114:321-330
Force E (1991) Geology of titanium-mineral deposits. Geol Soc
Am Spec Paper 259, 112 p
Gao J, Klemd R (2003) Formation of HP-LT rocks and their
tectonic implications in the western Tianshan Orogen, NW
China; geochemical and age constraints. Lithos 66:1-22

291

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

The application of High Resolution X-ray Computed
Tomography scanning in the study of sulfide and
precious metal ore deposits
David A. Holwell
Department of Geology, University of Leicester, University Road, Leicester, LE1 7RH, U.K. dah29@le.ac.uk
Abstract. High Resolution X-ray Computed Tomography
(HRXCT) is a quick and entirely non-destructive
analytical technique that allows the reconstruction and
visualisation of the internal structure of materials in three
dimensions. The technique works by detecting density
contrasts within a volume of mass, and is thus perfectly
suited to textural studies of ore deposits, where dense
ore minerals generally sit within less dense silicate or
carbonate gangue. The application to ore deposits is
currently underdeveloped, but represents perhaps the
area of applied geoscience that can take the most value
from it, including the crossover into mineral process
engineering. The technique is particularly useful in the
study of sulphide and precious metal ores, where
nuggety ores and grain sizes in the micrometre range
make 2D work time-consuming, with low degrees of
confidence in the representativeness of any analysis. In
3D, with resolutions down to a single micron, textures
and associations can be analysed with high precision and
with a much greater confidence in any spatial variations.
The ability to do this is a significant development in being
able to interpret the ores in genetic terms, and also for
the application to mineral processing.

addition, for ores that display a strong ‘nugget effect’,
such as gold and platinum ores, 2D analysis becomes
even less representative and incomplete, or biased
interpretations on spatial relationships may be made.
Analyses of concentrates, whilst effective at
characterising mineral types quickly, lose vital
information about their associations with host minerals,
especially with softer ones that are more readily lost
during crushing. The application of HRXCT techniques
to mineralogical problems overcomes all of these
problems and produces superbly detailed reconstructions
with far more spatial information than any 2D
representation.

2 The use of HRXCT
Over the past decade, the HRXCT technique has been
applied sparsely to a range of geological materials
including metamorphic rocks, fossils, sedimentary rocks
and meteorites. The application to ore deposits is
currently underdeveloped, but represents perhaps the
area of applied geoscience that can take the most value
from it. This includes the crossover into mineral process
engineering where 3D textural information is key in
fully understanding the metallurgical and processing
properties of any ore.
The nature of the technique, which works by picking
up differences in density between materials, is
particularly suited to the study of ore minerals, which
commonly have large density contrasts between
themselves and their host minerals. Such differences,
especially in sulfide and precious metal ores, are highly
amenable to the HRXCT technique and produce
excellent results. So far though, the application of
HRXCT to studies of ore mineralogy and genesis has
been limited somewhat and the scope for further work
using this technique is vast. Some work has been done
on gold mineralisation (Kyle and Ketcham 2003), and
also on base metal sulfides (Godel et al. 2006; Barnes et
al. 2008), which has shown the technique to produce a
depth of understanding of ore mineralogy far beyond
that of the traditional 2D techniques.
Advances in recent years have led to better resolution
and faster process times. This has made the technique
more accessible and more applicable to larger scale
projects. Scans take from a few minutes to several hours
depending on the reolution required and the size of
sample. Higher resolutions can be gained from a long
scan time, which can be run overnight. Processing of the
raw data into the 3D reconstruction takes only a few
minutes, and thus a high resolution 3D reconstruction
can be obtained within less than a day.

Keywords. high resolution CT scanning, 3D
visualisation, sulfides, precious metals

1 Introduction
High Resolution X-ray Computed Tomography
(HRXCT) scanning is a quick and entirely nondestructive technique that allows the reconstruction and
visualisation of the internal structure of materials in three
dimensions. Initially designed for medical imaging
applications, this powerful tool can now be applied to
geological materials to investigate the 3-dimensional
textural relationships of minerals in a non-destructive
manner, which far surpasses traditional 2- dimensional
analyses of cut and sectioned material. The technology
works by picking out density contrasts between different
materials, producing images that are similar to
backscattered electron images from Scanning Electron
Microscope (SEM) techniques.
Until recently, all mineralogical studies on
metalliferous ores were undertaken either by analysis of
2D polished sections using Scanning Electron
Microscope (SEM), electron microprobe, Quantitative
Evaluation of Materials (QEMSCAN) techniques, or by
crushing and concentrating ore minerals for analysis by
SEM or Mineral Liberation Analysis (MLA) techniques.
The disadvantages of the first method are that because of
the 2D nature of the sampling, a large amount of samples
(and time) are required to get a representative view of
the rock, and also that the method is destructive. In
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However, compositional data cannot be sourced from
this technique, and so it needs to be coupled with
traditional SEM/microprobe techniques and bulk rock
geochemistry. However, the initial scanning by HRXCT
will provide information that allows for the more
effective choice of sectioning for use in SEM work,
allowing the sections to be produced to intersect
representative, or key, volumes/areas within the sample.

3 Application to sulfide and precious metal
ores
The technique is particularly suited to image sulfide and
precious metal ores hosted in silicate rocks. The contrast
in density between different sulfides can be picked out
easily and the capabilities of the HRXCT technology are
such that resolutions down to a single micrometre are
possible, which is the resolution needed to study many
gold and platinum-group minerals (PGM), which are
typically in the size range 1-100 μm.
The application of the technique is still in its early
stages, however, it has been applied to sulfides and
PGM within the Merensky Reef, South Africa to
demonstrate the nucleation of PGM at triple junction
boundaries between sulphides, silicates and oxides – a
relationship almost impossible to define in 2D studies
(Godel et al. 2010).
Figure 1 shows an example of a reconstruction of a
small piece of quarter core from the Platreef Ni-Cu-PGE
deposit in the northern Bushveld Complex, South Africa.
Volumes of different densities are coloured differently.
This illustrates the progressive stripping away of
volumes of low density, first removing the least dense
plagioclase, then the orthopyroxene to leave the ore
minerals. At this point, the detailed textural relationships
around the margins of the sulphides can be studied and
imaged. In addition, tiny dense PGM can be studied on
the surfaces of the sulphides, and have been identified
with a red colour in this case.
Further isolation of the densest phases removes
pyrrhotite and chalcopyrite to leave the denser
pentlandite, and finally the densest of all the phases
present, the PGM.
The technique has been successfully used to illustrate
textural differences around the margins of sulfide
globules, revealing way-up textures in the globules
themselves (Holwell et al. 2011). Figure 2 shows this,
through a series of ‘slices’ through the recontruction of a
small 2cm diameter core through a sulphide-bearing
gabbro. This produces a set of images similar to
backscattered electron images from an SEM analysis,
although in this case, no actual sectioning of the rock
has been done. The silicates plagioclase (pl) and
clinopyroxene (cpx) are easily distinguishable and the
upper parts of the sulphide globule in the core show
invasion by coarse crystals of these phases. Ilmenite (il)
is picked out a pale grey, and the sulphides pyrrhotite
(po) and chalcopyrite (cpy) are also distinct from each
other as the palest (=densest) two phases. The lower
portion of the globule is more spherical and this is
interpreted to show a way-up structure, with the sulphide
liquid sinking after being trapped, and silicates growing
into the void space.

Figure 1. Example of progressive stripping away of less
dense volume within an HRXCT reconstruction of PGE-Cu-Ni
sulfide ore from the Platreef, South Africa.
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4 Conclusions
HRXCT techniques have the potential to significantly
advance our studies of the textural relations of ore
deposits. The non-destructive technique provides high
resolution 3D images that can be interpreted in terms of
genetic processes and mineral processing implications.
The nature of the technique, using differences in density
plus the high resolution down to a single micrometre
means that it is perfectly suited to the study of sufide and
precious metal ores.
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Figure 2. Example of an HRXCT reconstruction of sulpfide
globule from the Togeda Macrodyke, east Greenland. ‘Slices’
through the reconstruction reveal coarse-grained silicates
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clearly distinguishable (Holwell et al. 2011).
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Prospectivity analysis of the Polish Kupferschiefer –
new insight
Sławomir Oszczepalski
Polish Geological Institute-National Research Institute, Rakowiecka 4, 00-975 Warsaw, Poland
Stanisław Speczik
Polish Geological Institute-National Research Institute, Rakowiecka 4, 00-975 Warsaw, Poland
Abstract. The resource base of the Polish copper
industry is confined to stratabound Kupferschiefer-type
deposits that occur at the Zechstein/Rotliegendes
transition in the Fore-Sudetic Monocline and NorthSudetic Trough. Latest informations strongly indicate that
the Kupferschiefer series in SW Poland (outside the
Lubin-Sieroszowice Copper District) contains a very large
volume of ores. Among the potential deposits, particular
attention is paid to the areas around existing mines
(Kulów, Luboszyce, Ścinawa West and Wartowice West).
Also the areas: Nowiny, Żarków and Mirków are
interesting due to accessible depths, Mozów area –
because of high Cu-Ag grading mineralized body with
credible continuation towards the active mines, as well as
the Sulmierzyce and Janowo areas due to considerable
resources and reasonable depth. Taking into account
both documented reserves of Old and New Copper
Districts as well as reconnaissance resources, it can be
estimated that approximately 250-300 Mt Cu and 200300 thousand t Ag is available in SW Poland for future
operations, which will be possible, when geological and
technological barriers (depth, temperature, oil and gas)
will meet economic trends in the world market.
Keywords. Kupferschiefer,
areas, resources, SW Poland

exploration,

Ag). Economically mineable reserves in the LubinSieroszowice District (1194 Mt of ore, 25 Mt Cu, 70300
t Ag) enables possible mine production ranging from 20
to 30 Mt of ore per year over 20–40 year period.
Gradual depletion of shallow reserves results in
exploitation of deeper beds. Progress in underground
mining at depths exceeding 1250 m (a depth limit for
economic viability categories in Poland) will make this
approach effective, profitable and technically possible.

2 Prospective areas in SW Poland
Due to increased interest of KGHM PM SA and
international enterprises in exploration for new copper
deposits, PGI-PBG conducted many years of exploration
programs. Subsequent successive cores of 370 archival
boreholes were studied outside the mining districts
(Oszczepalski and Rydzewski 1997; Speczik et al. 2007).
Present studies allowed the construction of the latest
version of the prospectivity map that presents the limits
of the oxidized (Rote Fäule) areas, metal zones and Cu
resources in SW Poland (Oszczepalski and Speczik
2010). Cue (including silver) contours of 35 kg/m2 (at cut
off 0.7% Cu) define prognostic areas (Fig. 1).
15 prospects with the ore interval at depth up to 2000
m were delineated (Table 1): 3 areas (Kulów, Luboszyce,
Ścinawa Zachód) adjacent to the New Copper District,
with total reconnaissance resources of 21.7 Mt Cu, the
Wartowice West area in the vicinity of the Old Copper
District (0.4 Mt Cu) and additional 11 targets (with total
resources about 47.4 Mt Cu) that are located distally
relative to the Lubin-Sieroszowice deposit. In addition, 6
areas (Mozów, Wilcze, Paproć, Kaleje, Żerków,
Florentyna) with rich copper mineralization at depth
below 2000 m were noted in the northern part of the
Fore-Sudetic Monocline (some 186.4 Mt Cu).
Examination of the organic material was especially
valuable (Table 2). It allowed, in a complimentary way,
a precise demarcation of oxidized and ore-bearing
reduced areas (e.g., Püttmann et al. 1989; Kucha and
Przybyłowicz 1999; Bechtel et al. 2000; Oszczepalski et
al. 2002; Oszczepalski and Speczik 2009). Studies of the
present heat flow were also of high importance (Speczik
et al. 2007), because they helped to select the
prospective areas that fulfill both requirements: (1) the
presence of Cu-Ag and Rote Fäule-related noble metals
orebodies hosted by rocks with organic matter of highest
maturity and (2) low values of the present day
geothermal field. Those areas are acknowledged to be
economically and technologically optimal for foreseen
operation.

prospective

1 Introduction
Exploration of the Kupferschiefer mineralization has
been carried out in Poland since the discovery of the
Lubin-Sieroszowice deposit in 1957 (Wyżykowski
1958). Systematic study of lateral contact of oxidized
and reduced rocks constitutes the key mappable
exploration criteria for the Kupferschiefer-type deposits
(Rydzewski 1978; Oszczepalski and Rydzewski 1991;
Speczik 1995; Speczik et al. 1997; Oszczepalski 1999;
Bachowski et al. 2007; Wirth et al. 2007).
At present, the underground ore excavation is active
only in the Lubin-Sieroszowice area (New Copper
District). Although the available reserves were still large
(99 Mt of ore containing 1.4 Mt Cu and 5170 t Ag) in the
North-Sudetic Trough (Old Copper District), the
production terminated since 1989. At the end of 2009,
the proved reserves in the both districts comprised 1782
Mt of ore, which contained 35 Mt Cu and 102 870 t Ag
up to 1250 m of depth.
In the mining area of New Copper District (Fig. 1),
total proved reserves amounted to 1470 Mt of ore (30 Mt
Cu and 83890 t Ag) grading at 2.1% Cu and 57 g/t Ag in
averaged interval of 3.2 m. In surrounding reserve
documented areas there are additional proved and
probable reserves (212 Mt ores, 4 Mt Cu and 13810 t
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Figure 1. Cu-Ag prospectivity map for SW Poland.
Table 1. Reconnaissance copper resources in SW Poland (without documented Cu-Ag deposits)
Area
(km2)
132

Depth
(m)
1503.55 - 1961.68

91
16
6

1462.50 - 1545.20
1200.51 - 1367.40
941.27 – 1463.00

1.66
2.58
2.90

Borzęcin

9

1496.46 – 1496.97

Czeklin

31

1733.53 – 1733.76

Henrykowice

17

1466.25 – 1602.47

0.85

2.74

1.0

Janowo

50

1711.78 – 1712.66

0.88

2.26

2.5

Prospective area
Kulów
Luboszyce
Ścinawa West
Wartowice West

Average thickness Average Cu grade Cu resources
(m)
(%)
(Mt)
1.41
2.98
13.8
1.76
1.28
1.10

6.6
1.3
0.4

0.51

4.91

0.6

0.23

10.54

1.9

Kożuchów

1

820.74 – 821.45

0.71

1.94

0.04

Milicz

15

1644.75 – 1646.61

1.86

0.89

0.6

Mirków

35

1176.36 – 1177.53

1.17

1.56

1.6

Nowiny

10

547.70 – 548.17

0.47

3.64

0.4

Sulmierzyce

261

1580.20 – 1909.09

1.60

3.52

36.7

Ślubów

25

1384.30 – 1384.50

0.20

10.73

1.4

Żarków

9

1359.27 – 1360.40

1.13

3.07

0.7

Florentyna

115

3864.50 - 3865.50

1.00

2.99

8.6

Kaleje

268

3135.20 - 3136.20

1.00

7.07

47.4

Mozów

484

2175.48 - 2537.00

2.14

3.22

83.3

Paproć

266

2608.88 - 2608.98

0.10

21.48

14.3

Wilcze

161

2431.31 - 2431.86

0.55

7.75

17.2

Żerków

162

3545.70 - 3548.50

2.80

1.38

15.6
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Table 2. Averaged values and ranges of metals, C org, maceral
composition, vitrinite reflectance (Ro), and the Rock-Eval
indices in SW Poland.
Zone

Rote Fäule

Depth (m)

644-1482

Cu+Pb+Zn (%)
Au (ppb)
C org (%)
Vitrinite
Sapropelic matter
Alginite
Bituminite
Vitrinite-like matter
Solid bitumen
R o (%)
HI (mg HC/g TOC)
OI (mg CO2/g TOC)
Tmax (oC)

0.1
1254
0.5

Cu
6571353
6.1
3
5.1

Pb-Zn
6871961
4.1
5
6.3

2

3

4

1
1
0
68
13
1.02
88
183
449

8
11
50
9
1
0.82
242
34
436

9
11
44
4
1
0.59
285
19
436
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3 Concluding comments
The highest prospectivity in the Fore-Sudetic Monocline
is confined to Kulów, Luboszyce and Ścinawa West
areas, directly adjoining the New Copper District. These
areas cover 239 km2 and contain about 21.7 Mt Cu at
depths ranging between 450 and 2000 m. Several
targeted areas located slightly farther from the LubinSieroszowice deposit (Kożuchów, Borzęcin, Ślubów,
Mirków) cover 70 km2 and contain 4.0 Mt Cu at 8001500 m depth. Other 4 areas in the eastern part of the
Fore-Sudetic Monocline (Henrykowice, Janowo, Milicz,
Sulmierzyce) have total area of 343 km2 and resources
of 40.8 Mt Cu at depths that range from 1450 to 2000 m.
At the Żary Pericline two areas: Żarków and Czeklin
have been delineated, with a size of about 40 km2 and
resources of 1.7 Mt at depth from 1350 to1800 m. Close
to the Old Copper District, two small prognostic areas
(Wartowice Zachód and Nowiny) at depth to 1500 m
have been fixed.
It should be noted, however, that irregular network of
examined drill holes tended to overestimate the tonnage,
resulting in highly approximate resource evaluation. To
make the data spacing denser, examination of the
available cores from more than 300 non-examined
archival and new boreholes of the oil and gas industry is
being carried out in follow-up programs. Local
reconnaissance and exploration drilling is also required
to identify new targets.
The choice between greenfield and brownfield
exploration will depend on strategy and risk tolerance
during the worldwide economic crisis (Thompson and
Kirwin 2009). Significant are also the limitations related
to uneven data distribution and density and unfavorable
geological conditions for expected mining, while the
economic barriers for production constitute: deeper
levels, higher temperature, thinner sections of the
Mansfeld type, and oil and gas occurrences.
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Genesis of structurally-controlled, magnetite-rich
hypogene ore zones in BIF at Madoonga, Weld Range,
Western Australia
Paul Duuring, Steffen G. Hagemann
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009
Abstract. The Madoonga deposit in the Weld Range
greenstone belt of the Murchison Domain, Western
Australia is an example of an Archean BIF -hosted, highgrade (>55 wt.% Fe) iron ore deposit. Magnetite-rich ore
zones are genetically associated with early-formed shear
zones that are principally located along the margins of
isoclinally-folded BIF. These shear zones most likely
formed as a result of thrusting along the limbs of isoclinal
folds during the first regional deformation event. During
folding and thrusting, hypogene hydrothermal fluids were
probably channelled within the shear zones, resulting in
the precipitation of hypogene hydrothermal magnetite
within the shear zones and adjacent BIF wallrock.
Consequently, magnetite-rich ore zones are narrow (lowtonnage) and high-grade, with local areas displaying
high-degrees of contamination by SiO2. A series of later,
hypogene and supergene hydrothermal events were
important for the replacement and Fe upgrade of early
magnetite-rich ore zones in the Madoonga deposit.

(2010); therefore, only a brief summary is presented
here. The Weld Range greenstone belt is located in the
Murchison Domain of the Youanmi Terrane, Yilgarn
Craton, Western Australia. The oldest supracrustal rocks
exposed in the Weld Range greenstone belt include
steeply S-dipping, S-facing komatiite, komatiitic basalt,
and tholeiitic basalt that together represent part of the
2800 to 2730 Ma Polelle Group (stratigraphic
associations defined by Van Kranendonk and Ivanic
2009). These komatiite flows are overlain by andesitic to
rhyolitic volcanic and volcaniclastic rocks of the
Greensleeves Formation, which are in turn are overlain
by BIF, tuffaceous siltstones, and felsic rocks of the
Wilgie Mia Formation that are intruded by dolerite to
gabbro sills. The Wilgie Mia Formation coincides with a
3 to 5 km-wide, ~70 km-long, series of parallel ridges
that trend mainly ENE but curves to a more northerly
trend in eastern areas of the district. The Madoonga and
Beebyn Fe ore deposits are hosted by discrete BIF
sequences within the Formation. Farther south, younger
felsic volcanic and volcaniclastic rocks are overlain by
pelite and psammite of the Ryansville Formation, which
are intruded by gabbronorite, gabbro, and dolerite of the
Yalgowra Suite (Ivanic 2009).

Keywords. Weld Range, Madoonga, Banded Iron
Formation, magnetite

1 Introduction
The Weld Range greenstone belt, in the Murchison
Domain of the Yilgarn Craton (Fig. 1), contains two
known examples of Archean, high-grade (> 55 wt.% Fe)
iron ore deposits hosted by Banded Iron Formation
(BIF): the Madoonga (68 Mt resource at 57.7 wt.% Fe)
and Beebyn (62 Mt resource at 59.6 wt.% Fe, ASX
announcement 2008) deposits. These deposits are
principally magnetite-rich ore bodies, although they also
contain up to four other styles of Fe mineralisation that
are the product of the interaction between the parent BIF
and hypogene or supergene hydrothermal fluids
(Duuring and Hagemann 2011). Each successive fluid
alteration event contributes to the total size of the Fe
resource and the types of contaminants associated with
ore, which consequently, influences exploration
strategies and beneficiation procedures for the Fe ore.
This abstract summarises the geological setting of the
Weld Range greenstone belt and geological relationships
at the Madoonga deposit, followed by the
documentation of the characteristics and main controls
of magnetite-rich ore.

Figure 1. Solid geology map and cross section for the Weld
Range study area. Modified after Van Kranendonk and Ivanic
(2009). Note the location of the Beebyn and Madoonga Fe
deposits.

Supracrustal rocks in the Weld Range greenstone belt
are metamorphosed to upper-greenschist to loweramphibolite facies (300 ± 50° C) at pressures of < 2-3
kbars (Gole 1980). District-scale structures in the belt
include ENE-trending, isoclinal, first-generation (F1)
folds that have an axial planar foliation oriented

2 Geological setting of the Weld Range
greenstone belt
The geological setting of the Weld Range greenstone
belt is described in detail by Duuring and Hagemann
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of the North and South BIF units. These magnetite-rich
shear zones are oriented subparallel to banding, apart
from in areas of dilational jogs, where second-order
shear zones are oriented up to 30º clockwise from the
main ENE-trending, en echelon shear zones. Within the
jogs, magnetite veins form an interconnected network,
with adjacent BIF wall rock affected by the precipitation
of fine-grained (<1 mm diameter), disseminated
secondary magnetite. Martite (terminology after Clark
1993) is a common replacement mineral of hypogene
hydrothermal magnetite in bands, veins, and wallrock
hydrothermal alteration zones.

subparallel to bedding in supracrustal rocks (Spaggiari
2006). The folding of bedding contacts and a beddingparallel foliation (axial planar to F1 folds) in rocks of the
Ryansville Formation (Ivanic 2009) define a moderately
SW-plunging F2 syncline located to the south of the
main series of ENE-trending ridges. The NNE-trending
Carbar fault (Spaggiari 2006) truncates the northwestern
limb of the regional F2 syncline.

3 Geology of the Madoonga Fe deposit
The Madoonga deposit stratigraphy strikes ENE and
dips steeply SE. From oldest to youngest, the SE-facing
sequence includes rhyolite, dolerite, and gabbro that are
overlain by a <60 m-thick BIF (hereafter referred to as
the “North BIF”). A (volcano-)sedimentary rock
separates the North BIF from a <150 m-thick southern
BIF (i.e., “South BIF”). Pyritic mudstone and
dolerite/gabbro constitute the hanging wall sequence to
the BIF units at the Madoonga deposit. These steeply
dipping rocks are unconformably overlain by a flatlying, poorly-sorted, BIF clast-rich breccia along the
southern margin of the main ridge at Madoonga. All
major lithological contacts between BIF and
surrounding rocks are deformed. The limit of supergene
alteration extends to vertical depths of up to 300 m
below surface in some areas of the deposit.
Five main deformation events are preserved at the
Madoonga deposit. The first deformation event (D1)
involved E-W shortening and resulted in the formation
of isoclinal, recumbent F1 folds that presently have axial
planes oriented subparallel to the ENE-trending,
multiply-folded stratigraphy. Reverse shear zones or
faults occur along folded limbs and locally displace fold
hinges. Magnetite-bearing shear zones are commonly
located along the margins of the North and South BIF.
Locally, the shear zones anastomose and transgress
banding in the BIF as well as lithological contacts at an
acute angle, clockwise to contacts. Magnetite-bearing
shear zones, bands, and lithological contacts are folded
in response to N-S shortening during the regional D2
event. These F2 folds are tight, upright and mainly
plunge moderately (40º to 60º) to the W. The folds have
asymmetric, S- or Z-shaped geometries in plan view,
and south- or north-side-down geometries in cross
section. Specular hematite±quartz veins cut banding in
BIF at acute angles and are folded by a third generation
of folds (F3). East-west shortening resulted in Ntrending, open, low-amplitude, F3 folds that warp the
previously folded tectono-stratigraphy. The F3 folds are
cut by NNW- to NNE-trending, subvertical, conjugate
faults and quartz veins (D4). East-trending, brittle faults
are located along major stratigraphic contacts and result
in the disruption of folds and the reactivation of existing,
bedding-parallel structures (D5).

Figure 2. Magnetite-bearing shear zone cutting across primary
compositional banding in the BIF at Madoonga.

Magnetite veins and shear zones are locally folded by
F2 and F3 folds associated with the D2 and D3 events,
respectively. The magnetite-rich hypogene ore zones and
F1,2,3 folds are cut by D4 faults that are steeply dipping,
trend NNW to NNE, and are associated with the intense
goethite±hematite supergene hydrothermal alteration of
BIF. These latter alteration zones are <400 m long and
150 m wide, and extend to depths of about 300 m in
some areas of the deposit.
Magnetite-rich ore zones in BIF are interpreted to
have formed via the circulation of Fe-rich, hypogene
hydrothermal fluids within shear zones along the limbs
of isoclinal folds during the D1 event. Hypogene
magnetite precipitated as veins within the shear zones
and as partial replacement of BIF wallrock. An
important feature of this style of hypogene hydrothermal
alteration is that Fe is added directly to the BIF from the
fluid, without the significant removal of primary silicarich bands in BIF by early hypogene hydrothermal
alteration events (which is a key process in the

4 Magnetite-rich hypogene ore zones in
BIF
Magnetite veins are hosted by D1 brittle-ductile shear
zones at the Madoonga deposit (Fig. 2). The <3 m-thick,
shear zones are located along major lithological
contacts, such as the footwall and hanging wall margins
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formation of hypogene “residual” magnetite ore at the
nearby Beebyn deposit; Duuring and Hagemann 2010).
The focussed flow of mineralised hypogene
hydrothermal fluids through narrow structures in BIF
results in correspondingly narrow, high-grade magnetiterich ore zones that are contaminated by SiO2–rich
inclusions of adjacent BIF wallrock. The thickest
magnetite-rich ore zones coincide with dilational jogs
and junctions with second-order splays to the ENEtrending shear zones. However, at the deposit scale, the
thickest parts of the Madoonga deposit correspond to
areas where hypogene magnetite-rich ore zones (and
nearby least-altered BIF) are replaced by supergene
goethite±hematite ore. These areas are commonly
enriched in Fe and depleted in SiO2 relative to leastaltered BIF and magnetite-rich ore zones.

5 Conclusions
The Madoonga Fe deposit in the Weld Range greenstone
belt hosts multiple styles of high-grade (>55 wt.% Fe)
mineralisation. Each ore type displays key differences in
physical and chemical characteristics, such as Fe grade,
tonnage, and contaminant levels. Magnetite-rich veins
and shear zones cut BIF along lithological contacts.
Secondary magnetite precipitated in early-formed shear
zones and adjacent BIF wallrock due to the circulation
of Fe-rich hypogene hydrothermal fluids through BIF.
The focussed flow of ore fluids within structures results
in narrow (low-tonnage), high-grade magnetite-rich ore
zones that displays variable contamination by SiO2.
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Joint gravity and magnetic inversion: an emerging
strategy for high accuracy imaging of under cover
cratonic areas
Luis A. Gallardo
School of Earth and Environment, The University of Western Australia, Crawley WA 6009, Australia
Nicolas Thébaud
Centre for Exploration Targeting, School of Earth and Environment, The University of Western Australia, Crawley WA
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Abstract. Archean geological evolution and metallogenic
endowment in cratonic areas are intrinsically linked to the
lithological diversity accommodated in an intricate
structural framework. Unfortunately, imaging of the
cratonic crustal architecture remains difficult due to poor
surface exposition and limited availability of drill hole and
high resolution geophysical dataset. By combining
multiple
geophysical
data,
cross-gradient
joint
geophysical inversion improved mapping of geological
heterogeneity within shallow and basin-scale targets. In
this work we present the first application of cross-gradient
joint inversion of gravity and magnetic data to
characterize the heterogeneity of the Leonora District in
the Eastern Yilgarn Craton, Western Australia. Our
results harmonize both geophysical data into integrated
images of the top 15 km of the crust and successfully
predict observations made by a seismic experiment and
extensive surface geological mapping.

depth.
An emerging strategy on joint geophysical inversion
based on a common underlying structural framework
has proven useful in reducing individual data
uncertainty and determining a unifying and consistent
geological structure. Driven by both economic and
scientific interests, the Leonora district in the Yilgarn
Craton is a well-documented example of Neoarchean
Craton and, thus, an excellent site to test this approach.
In this paper we show that joint inversion of
commonly available gravity and magnetic data can
provide a unique insight into the heterogeneity,
assemblage and tectonic history of the early Earth.

2 The Leonora district
2.1 Geological framework

Keywords. joint inversion, Archean terrane, Yilgarn
craton, gravity, magnetic, crustal structure

The Leonora district is located 205 km north of
Kalgoorlie and is approximately 70 km long by 70 km
wide (Fig. 1). Despite multiple years of mining history,
the geological history documented in the area remains
controversial due to poor outcrop exposure, but also
because
of
the
complex
and
protracted
tectonostratigraphic history that has affected the terrain
(i.e., Passchier 1994)
The Leonora lithostratigraphy consists of metamafic, ultramafic, interbedded sedimentary units, felsic
volcanics and late sedimentary basins deposited between
ca. 2830 Ma and ca. 2680 Ma (Thébaud 2010). This
supra-crustal cover has been successively intruded by
numerous granitic intrusions between ca. 2.72 and 2.63
Ga. Granitic suites vary in composition and have been
subdivided into four principal granites types including
high-Ca, low-Ca, mafic, high-field strength element (HiHFSE) (Cassidy and Champion 2004). High-Ca and lowCa granitic suite are the more abundant, representing
respectively about 60% and 20% of the Craton area.
These differences in composition reflect the variation of
the source melt from which each of these magmatic
suites derived. Whereas this classification is based on
petrographic and geochemical analysis of hand samples
as well as on their magnetic responses, the actual
distinction of these materials and their emplacement at
depth remains an uncertain proposition.
Similarly shear zones that recorded the protracted
deformation history were mapped over long distances,
however their depth is barely documented from surface-

1 Introduction
Archean terranes constitute portions of the Earth’s crust
characterised by a protracted geological evolution that
amalgamate a wide variety of lithologies in a complex
structural framework. While geological materials of
these terrains can be directly exposed in the surface or
reached by exploratory drill-holes and deep mine shafts,
the vast majority are often unexposed and can only be
imaged through geophysical techniques including
seismic, magneto telluric and gravity-magnetic surveys.
Whereas geophysical techniques based on seismic or
electromagnetic depth probing are deemed to have good
resolution on subsurface studies, their coverage is
limited making them suitable for localized studies.
Relatively less expensive and wider covering gravity
and aeromagnetic data have led to elucidations of both
the near surface and the deep structure wherever these
data are readily available (e.g., Henson et al. 2010).
Large gravity anomalies have proven useful to
determine the major crustal architecture necessary to
establish a suitable regional framework (e.g., Gwavava
and Ranganai 2009). These geophysical data can be
supplemented by shorter wavelength magnetic
anomalies that furnish excellent evidence of near
surface heterogeneity (e.g., Miller et al. 2010).
Unfortunately, this natural complementarity is
bedevilled by their individual lack of resolution at
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discretisation for consistency. The models found
achieved satisfactory global data misfits and showed no
systematic geophysical residuals.
In order to make a more succinct analysis of the
found models we present the results in the form of
geospectral images (Gallardo 2007) using an RGB
composition assigning the density contrast to the red and
the magnetization to the green bands (Fig. 2). Fusing
two images into a single display becomes a powerful
tool since it allows the detection of both the geological
homogeneity (color zonation) and the geological
structure reflected by color variations. While the set of
images provide a rich and detailed evidence of the
studied volume, we will limit our present analysis to the
integral scenario and thus will describe the major
features found in the models. The color scale is
nonetheless marked in Figure 4 and is used consistently
for all the images presented.

constrained gravity inversion conducted (Henson et al.
2010) and an existing seismic section (Goleby et al. 2006
and references there in).

3.2 Geophysical and geological correlations
The geospectral images result exclusively from the joint
inversion of gravity and magnetic data with no other
geological or geophysical constraint. In order to
groundtruth the geospectral images generated we
compare them with the North Yilgarn Seismic section NY1- (Goleby et al. 2003) and the geological map.
The compared geospectral image not only shows
consistency with NY1 but corresponding structure and
pattern can also be followed through the neighboring
profiles. Similarly, the comparison of the geospectral
images with the geological map shows a direct
correspondence
of
outcropping
material
and
combinations of physical properties appears. High
density materials (green) generally match Greenstone
exposure in the surface for all the sections. Low density
materials (yellow and red) match the occurrence of
granites , whereas darker tones match the occurrence of
highly magnetized ferromagnetic (either greenstone or
highly magnetic felsic intrusions (cf., Cassidy and
Champion 2004).
In all the sections there is a clear distinction between
domains associated with the crystalline lower crust and
the upper greenstone supracrustal cover. In the
geospectral images presented on figure 2 granitoids of
contrasted composition can be for the first time mapped
at depth. The Raeside pluton to the west of the study area
for example display a complex intricate geometry with
the surface essentially composed of high_Ca granite and
a core and root consisting of low-Ca granite which
highlight the polymagmatic characteristic of Archean
granitoids.
Major shear zone are also ubiquitous in the
geospectral images and can only be followed when they
are accompanied by lithological changes. The SOG shear
zone can in general be traced near the granite/greenstone
interface. The Mont George shear zone (MG) correspond
to major boundary separating greenstones of contrasted
ages and composition (Passchier et al. 1994, Thebaud et
al. 2010), it can be traced in the greenstone materials as
illustrated in Figure 6. Difficult to locate on the seismic
image the KK shear zone and associated Pig Well basin
is prominent on the geospectral images.

Figure 1. Location map of the Eastern Yilgarn craton in
Western Australia (inset) and the geological map of the studied
area, extracted from Stewart and Liu (2000). The solid lines
indicate the position of the studied sections.

2.2 Potential field data
The area has been surveyed by AGSO (now Geoscience
Australia) and private mining companies with land
gravity data and aeromagnetic surveys. The Bouguer
gravity data were removed a constant value to account
for the regional field. The aeromagnetic data were
corrected by geomagnetic field and a regional constant
field was extracted from the data to leave zero-average
anomalies for the studied region. The magnetic data were
reduced to the pole (RTP) to avoid the north-south
shifting polarity in the anomalies and reduce threedimensional artifacts in the magnetic sections.

3 Joint Inversion
3.1 Joint inversion strategy
Our crustal imaging strategy is based on the application
of the generalized cross-gradient joint inversion
algorithm developed by Gallardo (2007). The adopted
algorithm seeks for the optimal geophysical values that
reproduce their corresponding set of gravity and
magnetic observations along the analyzed profiles and
that furnish two-dimensional images that are structurally
coincident as measured by the cross-gradient function of
Gallardo and Meju (2003).
We postulate that gravity and magnetic effects
originated from lower-crust/upper-mantle heterogeneities
are negligible in our 70 km profiles and restrict our
model to the upper 15 km of the crust. The joint
inversion was carried out in eleven East-West profiles
(Fig. 1). All the profiles are 70 km long and were
processed using the same parameters and model
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4 Conclusion
Joint inversion of gravity and magnetic data can
significantly increase our knowledge over under cover
complex craton. The images illustrate the success on: a)
obtaining unbiased and integrative representations of the
ground at depth that naturally harmonize gravity and
magnetic data; b) delineating greenstone and granitic
intrusions of various suites and with different structures
following characteristic combinations of density and
magnetization; c) unveiling their structural architecture
and d) extending the knowledge from surface geology
and seismic section to a coherent geological volume in
the studied area.
All these assets may position gravity and magnetic
joint inversion as a convenient strategy for green-field
mineral exploration programs.
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Figure 2. Geospectral images for the eleven East-West
profiles along the studied area. Note the congruency of the
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Figure 3. Interpreted section of profile N6790. The solid lines
indicate possible geological contacts. Observed data (black
crosses) and geophysical responses of the geospectral image
are shown on top of the section. MG=Mount George, SG=Sons
of Gwalia and KK=Keith Kilkeny shear zones.
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The BIF-hosted, high-grade Fe-ore deposit of Passa
Tempo: evidence for “Fe-skarn”-type mineralisation?
Ana-Sophie Hensler
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009
Marcos E. N. Vieira Neri
Instituto de Geociências, Universidade Federal de Minas Gerais, Pampulha, 32170-901 Belo Horizonte, Minas Gerais
Steffen G. Hagemann
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009
Carlos A. Rosière
Instituto de Geociências, Universidade Federal de Minas Gerais, Pampulha, 32170-901 Belo Horizonte, Minas Gerais
Abstract. The high-grade Fe-ore body of the Passa
Tempo deposit is located about 60 km southwest of the
Iron Quadrangle, Minas Gerais, Brazil and is hosted by a
metamorphosed Banded Iron Formation (BIF). The ore
body consists of several, up to 50 m wide “hard”, massive
ore lenses, which are oriented parallel to brittle-ductile
shear zones and the strike of the BIF bands. Granitoids
intruded the BIF and the Passa Tempo Metamorphic
Complex. Hypogene sericite and corundum, as well as
supergene kaolinite alteration, overprinted the mafic
rocks in the area surrounding the ore bodies. The
dominant iron oxides are up to 1.5 cm large, euhedral
crystals of martite and kenomagnetite with minor relics of
magnetite. Within the contact zone of the ore bodies and
the host rocks an about 5 m wide alteration zone is
characterized by up to 2 cm large, euhedral corundum
minerals. Preliminary investigations on the geological and
structural setting as well as the mineralogy and texture of
the ore lenses suggest that the iron mineralisation is
possibly related to a granitic intrusion and thus could
represent Fe-skarn type mineralisation.
Keywords. Iron Quadrangle, high-grade iron ore, iron
oxide mineralogy, skarn-type mineralisation, corundum

1 Introduction
The high-grade (>60% Fe) iron ore deposit at Passa
Tempo is located about 100 km southwest of Belo
Horizonte, Minas Gerais, Brazil and about 60 km west
of the southwestern border of the Iron Quadrangle (IQ)
(Fig. 1). The surrounding country rocks are
metamorphic rocks and intrusives of the Passa Tempo
Metamorphic Complex (PTMC) of Neoarchean to early
Paleoproterozoic age (Campos et al. 2003). Even though
detailed research was carried out on the metamorphic
grade and the geochronology of the PTMC at a regional
scale (e.g., Campos et al. 2003; Teixeira et al. 2008),
there is a lack of information on the geological,
mineralogical and structural setting of the Passa Tempo
Fe-ore deposit and the physico-chemical conditions of
the ore-forming processes. Unlike the giant (>100 Mt)
high-grade Fe-ore deposits of the IQ, which are mainly
hosted by Paleoproterozoic Lake-Superior type BIFs of
the Minas Supergroup, the Passa Tempo complex is
hosted in an Algoma-type BIF of an older Archean
granite-greenstone belt.

Figure 1. Geological and structural sketch map with location
of the PTMC and the IQ (modified after Avila et al. 2006)

2 Geological setting of the Passa Tempo
area
The high-grade Fe-ore deposit of Passa Tempo is
located within the western portion of the São Francisco
craton. It is surrounded by the PTMC, which comprises
tonalitic to granitic gneisses with minor mafic to
ultramafic rocks, migmatites and granitoids of
Neoarchean age. The metamorphic grade of this
complex varies from greenschist- to granulite-facies. UPb dating on zircons of migmatites of the PTMC by
Campos et al. (2003) suggests an age of 2622 ±18 Ma
for the mesosome and 2599 ± 45 Ma for the leucosome.
Granulite metamorphism and migmatization of the
Passa Tempo complex appear, therefore, to be
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to 5 m wide zone at the contact and within the ore
bodies (Fig. 3). Accessory quartz appears as relics in the
interstices of the iron oxides. Hypogene sericite
alteration affected the geological units surrounding the
ore lenses. Furthermore kaolinite is observed as a
weathering product within the host rock and at its
contact zone with the high-grade ore body, but is absent
within the massive ore zone.
The ore lenses are oriented parallel to two sets of
shear zones: 1) NW-striking, 30°-NE-dipping reverse
faults with main movement towards the SW, and 2) NEstriking, 70°-NW-dipping reverse faults with the main
movement towards the SE. The BIF layering, the ore
lenses and the faults are folded by a syn- to postdeformational shortening event, that developed open,
non-cylindrical anticlines and synclines with NE- and
SW plunging fold axes.

successive events of similar age.
Present regional petrological
studies (this
investigation) revealed, that the ore body is hosted by an
amphibolite-facies quartz-magnetite BIF (up to 20 m
thick), which is underlain by a gneissic unit (Fig. 2). The
magnetites of the BIF are up to 0.5 mm large, euhedral
to subeuhedral crystals, which are mainly oxidised to
martite and kenomagnetite. An increase of the thickness
of the iron-rich bands within the BIF towards the Fe-ore
zones is observed.

Figure 2. Geological and structural of the Passa Tempo region
with stereographic projections of the main petrographic and
structural features. A,B display the line of cross section, which
is shown below the map.

Several granitoids and pegmatitic veins intruded the
older basement rocks and two different granite
generations have been formed: 1) An unaltered granite,
which contains quartz (60 vol.%), microcline (30 vol.%)
and biotite (10 vol.%), and 2) a strongly altered quartzrich (~80 vol.%) granite. The latter contains up to 0.3
mm large, disseminated, euhedral to subeuhedral
magnetite crystals, which were subsequently oxidised to
martite and kenomagnetite. The granite was strongly
affected by hypogene sericite and younger supergene
kaolinite alteration. The alteration intensity increases
towards the ore body and overprints the primary BIF
and granite mineral assemblage.

Figure 3. Cross-section of the Passa Tempo Fe-ore deposit.
Note that widespread kaolinite is interpreted to be the product
of intense (supergene) weathering and thus not shown in the
cross-section.

4 Discussion and concluding remarks
The BIF-hosted high-grade Fe-ore deposit of Passa
Tempo differs in many aspects, such as host rock,
geological setting, hydrothermal alteration and iron
oxide mineralogy from the BIF-hosted Fe-ore deposits
within the IQ and worldwide. For example, the Passa
Tempo ore body appears to be hosted by an Archean
Algoma-type BIF, whereas the host rocks of the Fe-ore
deposits within the IQ represent Paleoproterozoic LakeSuperior-type BIFs. The Fe-ore body is located within
proximity of less than 10 m to a granitic magnetitebearing intrusion and is mainly controlled by NW-SE
striking reverse faults. The granitoid is partially crosscut
by these faults and thus its emplacement represents a
pre- to syndeformational event. The massive ore body
comprises several ore lenses, which are located along
these fault zones and parallel to the strike of the BIF
bands. The lenses are up to 20 m thick and up to 50 m

3 Mineralogy and structural setting of the
Passa Tempo ore deposit
The Passa Tempo Fe-ore deposit contains several,
massive, “hard” iron-rich lenses, which are up to 20 m
thick and 50 m wide. The ore lenses are composed of
major up to 1.5 cm large euhedral crystals of
kenomagnetite and martite with minor relics of
magnetite and about 2 cm large, euhedral, pale-yellow
corundum crystals. This mineral is observed along an up
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wide. The iron oxide mineralogy contains large (up to
1.5 cm) euhedral to subeuhedral magnetites, which were
oxidised to martite and kenomagnetite. The BIF and
surrounding country rocks were strongly affected by
hypogene sericite and subsequently overprinted by
supergene kaolinite alteration. The proximity of the
granites to the Fe-ore bodies and the alteration minerals,
such as the presence of 2 cm large, euhedral corundum
crystals within the mineralised zones suggest a genetic
relation between the granitic intrusion and the ore
mineralization, similar to “skarn-type” mineralisation.
The granitic intrusion appears to be the heat source for
thermal convection and/or even the fluid source for Fe.
The shear zones are interpreted to act as pathways during
the ascent of magma and associated magmatichydrothermal fluid flow. Therefore, and as a concluding
remark, the Passa Tempo ore deposit appears to represent
a possible “end-member” of the BIF-related Fe-ore
deposits.
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Is ore deposits location predictable? The case of
orogenic gold deposits in the Abitibi Province, Québec
Jean-Jacques Royer, Alain Cheilletz
CNRS- ENSG - ASGA, Nancy University, France
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Université du Québec en Abitibi-Témiscamingue, Rouyn-Noranda, Canada
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Abstract. The spatial variability of orogenic gold deposits
is studied using spatial point process techniques
including fractals, variogram indicators and nearest
neighborhoods. The studied area is a major segment of
the Cadillac–Larder Lake Fault Zone in the Abitibi Subprovince (Canada). Fractal analysis indicates scales
comprised between 0.5-6.5 km and 6.5-25 km with fractal
dimensions estimated at D 1 = 1.12, and D2 = 0.89,
respectively. Indicator variogram analysis of gold deposit
reveals large 50-55 km anisotropic structures. Finally, a
nearest neighborhood analysis conducted along the fault
trace, indicates that curvilinear inter-distances d between
two adjacent gold deposits are log-uniform distributed for
d ∈ [0.3, 5.5 km]. The same law is observed on the
northern sub-parallel Porcupine Destor Fault Zone. This
spatial distribution law is then used to predict potential
occurrence maps for under explored targets. The loguniform distribution law of the gold occurrences can be
explained by a conceptual seismic pulse valve model
where pressure released during the compression phases,
implies hydraulic fracturing occurring along the fault trace
channeling the mineralized. Together with 3D modeling,
these spatial tools can be profitably applied for
diagnosing under-explored, non-out-cropping targets in
mature mining fields.

control of orogenic gold deposits in greenstone belt.

Figure 1. Simplified geology of the Cadillac–Larder Lake and
Porcupine-Destor fault zones with locations of gold mines
(after Rabeau et al. 2011a).

2 Geological setting and available data
This study focuses on the Archean Abitibi and Pontiac
sub-provinces, Canada (Fig. 1). The Abitibi subprovince,
a supra-crustal belt composed of volcanic and sedimentary rocks intruded by several plutonic bodies, is dated
from 2759 to 2670 Ma. Two main fault zones, the
Cadillac–Larder Lake (CLLFZ) and Porcupine-Destor
(PDFZ), crosscut the Abitibi greenstone belt which is
limited to the South by the CLLFZ (Fig. 1), this later
being interpreted as a relic suture zone (Daigneault et al.
2002). South of the CLLFZ, the Pontiac Sub-province,
mainly formed of highly deformed turbiditic sediments
with rare mafic to ultramafic volcanic horizons, is dated
from 2685 Ma to 2672 Ma. The total gold extracted in
the vicinity of these two major structures is greater than
2,000 and 2,400t, respectively (Rabeau et al. 2011a).
This study focuses on the almost 160 km in extend
eastern segment of the CLLFZ representing about 80%
of the fault zone total length, and on the PDFZ. More
than one hundred orogenic gold deposits located along
these segments were selected from the SIGEOM public
database of the Ministère des Resources Naturelles et de
la Faune du Québec (Rabeau et al. 2011b).

Keywords. orogenic gold, Abitibi, Archean, fractal,
neighborhood analysis, log-uniform distribution.

1 Introduction
Orogenic gold deposits are mainly controlled by major
crustal shear zones acting as channel conducts for deepseated hydrothermal fluids (Groves et al. 2003). These
crustal structures represent main guides for exploring
gold deposits in Archean and Proterozoic greenstone
belts, but the role of major fault zones is still poorly
understood. They are complex mineralizing systems
presenting a wide variety of geological controls,
alteration patterns and mineralization styles and
constitute a challenge for exploration (Carlson 1991).
Local-scale studies are not very adequate for revealing
large-scale tendencies. Few regional works within
Archean greenstone belts were conducted using fractals
(Jébrak et al. 1991; Blenkinsop and Sanderson 1999;
Weinberg et al. 2004).
This paper aims at characterizing the regional
distribution of orogenic gold deposits along a crustalscale fault zone using spatial stochastic point process
analyses including fractals, variogram indicators and
nearest neighborhoods, in order to deduce exploration
guidelines and to discuss the significance of large scale

3 Spatial analysis
3.1 Fractal Analysis
A box counting method was applied on the binary image
of the mineral deposits distribution map (Fig. 2) using
the Fractalyse™ software. It consists in counting the box
number N(ε) necessary to cover the black portion of the
image, where ε is the box size varying within a range of
several order of magnitudes. Figure 2c shows in log
scale the box number as a linear decreasing function of
the box size indicating that the studied pattern is fractal.
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between gold deposits along the CLLFZ, best fits to a
theoretical log-uniform distribution (R2=0.99, n=65).

The slope of the line is related to the Hurst dimension
(Lowen and Teich 2005).
Rouyn-Noranda

Val-d’Or

20 km
(a)

Figure 3. Exponential anisotropic variograms in the N30 and
N120 direction with ranges a ∈ [50, 55km].

(b)

(c)

Figure 2. Box counting analysis showing that gold deposits
are fractals; (a) Locations of gold mines along the CLLZ; (b)
Box counting method; (c) the Hurst fractal dimension D related
to the slope ((a) modified from Rabeau et al. 2011b).

A broken line indicates multi-fractal patterns. Figure
2c shows that the fractal dimension of the gold deposits
distribution is estimated at D=1.09 (r=0.88) for scales
varying from 0.1 to 100 km. In details, the spatial
distribution of gold deposits is multi fractal and depends
partly on scale: (i) for scale ranging from 0.1 to 0.5 km,
the fractal dimension D=1.44 (r=1) is due to digitalization artifact; (ii) from 0.4 and 6.5 km, D=1.12 (r=1)
characterizes the gold deposit spatial scale; (iii) two
regional structures ranging between 6.5-25 km and 2550 km have D=0.89 and D=1.22 (r=1), respectively.
Despite of their erratic location, gold deposits are fractal
for several scales range; this means that their location
can be stochastically simulated for deriving probability
potential maps.

Figure 4. Cumulative distribution of inter-distances between
orogenic gold deposits along the eastern segments of the
CLLFZ and of the PDFZ (after Rabeau et al. 2011b).

3.2 Indicator variogram
Figure 5. Occurrence maps showing possible targets for
undiscovered gold deposits: (a) using the conditional
probability of finding a deposit in the vicinity of a given one
F(d) = P(∃ ore < d | ore at current location); (b) derived from
CSIS (modified after Rabeau et al. 2011b).

The spatial variability of the gold deposits was studied
using the indicator variogram (Carr et al. 1985) each
deposit being coded by a binary indicator (1ore(x)=1 if
pixel x in ore, 0 elsewhere). The variograms computed
on the binary image (Fig. 3) reveal anisotropic spatial
regional structures of 50 to 55 km in range, oriented in
the N30-N120 directions, a similar order of magnitude
as those found by the fractal analysis for regional scales.
An anisotropy exponential model was fit in all directions
indicating a relatively regular spatial variability in the
gold deposit distribution. Using kriging, this variogram
model can be used to estimate the probability of finding
a deposit in the vicinity of already discovered ones.

The equation is given in Figure 4. More than 90% of the
deposits fit this log-uniform distribution. Three deposits
with inter-distances d<300m, and four other deposits
with d >5.6 km, do not fit the model. These latest could
indicate that undiscovered gold deposits may exist
between these known occurrences (Rabeau 2009).
For validating this remarkable spatial distribution, the
same method was applied on the eastern segment of the
PDFZ in Québec. A similar log-uniform model was fit
on 20 deposits (9 over 29 being excluded because quite
superposed after projection on the fault trace). Given the
uncertainty on the fitting parameters, these two spatial
distributions can be considered as identical (Fig. 4).

3.3 Nearest neighborhood
The distribution of deposits was characterized using
nearest neighborhood analysis (Ripley 1981) which consists in studying the inter distance between two adjacent
gold deposits along the fault trace. To account for the
multiple splays and the deformation zone thickness directly associated with the CLLFZ, Rabeau et al. (2011b)
defined a 1 km buffer zone around the fault trace. The
authors performed a spatial analysis on 70 gold deposits
(Fig. 3a), finding an average inter-distances of 1.95km.
The cumulative distribution F(d) of inter distances d

3.4 Predicting gold deposits location
The cumulative distribution F(d) of inter-distances
between gold deposits is equal to the conditional
probability of finding an occurrence along the fault zone
at a distance less than d in the vicinity of a given one.
Rabeau et al. (2011b) used this function to derive a
probability map of finding a gold occurrence between
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non out cropping targets in mature mining fields.

two existing ore deposits (Fig. 5a). Two high-occurrence
probabilities are observed to the East because the
CLLFZ is under constrained past the Grenville Front;
and to the West, because the Ontario deposits (i.e., Kerr
Addison) were not included in the study. However, other
high-occurrence probabilities occur around Val-d’Or and
to the West of Rouyn-Noranda under the Proterozoic
Cobalt
group sediments,
indicating
potential
undiscovered deposits. Another occurrence map was
built from a conditional sequential indicator simulation
(CSIS) (Fig. 5b). Globally, the same potential targets are
underlined (I, II, III, IV), but locally CSIS points out
other possible targets (V, VI) between Rouyn-Noranda
and Val-d’Or.

Figure 6. The log-uniform spatial distribution of gold
deposits as explained by a conceptual seismic valve model.

4 Discussion and conceptual model
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5 Conclusions
Although location of gold deposits in greenstone belt
appears erratic, the analysis of their spatial distribution
reveals spatial structures that could be used in mineral
exploration. Fractal analysis shows that three characteristic domains could be identified, under 6.5 km,
between 6.5 and 25 km, and up to 50 km. Such scale fit
with the size of the metallogenic events that are partly
superimposed along the CLLFZ. Indicator variogram
confirms the anisotropic spatial structure around 50 km.
Such size could correspond to the length of the early
segment of the CLLFZ that have been connected at the
end of Archean times. Nearest neighborhood (Rabeau et
al. 2011b) demonstrates a log-uniform distribution of the
deposits that indicates a primary control on the distribution of gold mineralization within the close vicinity of
major fault zones suggesting that large scale processes
control gold concentration. Physical explanation such as
shown on Figure 6 remains prelimnary. Our study shows
that geological controls mater only at the local scale
(Groves et al. 2003), despite of their major influence on
the final geometry, mineralization style and alteration
types. Together with 3D modeling, these spatial analyses
can be profitably applied for diagnosing under explored
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Genesis of the Silesian-Krakow Zn-Pb deposits, Poland:
based on tectogenetic and petrogenetic analysis
Wieslaw V. Bogacz
Silesian Krakow Metal Mining Company, Krakow-Libertow, Poland
Harry H. Kucha
AGH University of Science & Technology, Krakow, Poland
Philip F. Klimkiewicz
Silesian Krakow Metal Mining Company, Krakow-Libertow, Poland

Abstract. The Zn-Pb ores of the Mississippi Valley Type
(MVT) in the Silesian Krakow District (SKD), Poland,
occur within Triassic Ore-Bearing Dolomites (OBD).
Favourable conditions for the orebodies formation
correspond to tectonic activity of basement structures,
part of a continental scale the WNW trending deep-rooted
Hamburg-Krakow-Fault-Zone
(HKFZ).
Tectogenetic
analysis of the ore-system suggests co-development of
specific compressional (stylolites) and extensional
(space-creating bedding openings, flexure, fault and
related fracture and tectonic breccia zones) structures.
Bedding openings and other extensional structures
developing contemporaneously with the mineralising
processes provided conduits carrying hydrothermal
mineralizing fluids from the basement. The major
orebodies and ore-bearing zones appear as bedding
parallel lensoidal, and riche-nest type tectonic breccias.
Petrogenetic analysis of ore textures and location of
sulphides and oxysulphides confirm a close link with
observed tectonic processes and structures, starting from
hand specimen down to microscopic scale.

preferentially located within carbonate grainstones
(Kucha 2003). Usually, the lowest horizon contains the
best ore. The lower horizons are Zn-rich, while the upper
horizons have an increased Pb content. The sulphides are
present within massive dolomites close to the contact
with limestones and/or dolomite lenses within the
limestones. Rarely, the ore occurs in limestones, when
dolomites are absent. The vast majority of orebodies
forms lensoidal bodies (layers, pseudo-layers, lenses),
and ‘nests’ of dolomite breccia type. Hydrofracturing
and karst processes are strongly developed, however not
only, in these areas. The host geological sequence is
intensely faulted into graben and horst structures with
WNW trend, typical to the HKFZ.
The total resource of ore past and present is in order
of 500 Mt. A current resource of the sulphide ore is
estimated to be 183 Mt grading 3.8 wt.% Zn and 1.6
wt.%
Pb; this ore tends to occur mainly within grabens. A
current oxidized ore resource is estimated at 57 Mt
grading 5.6 wt.% Zn and 1.4 wt.% Pb.

Keywords.
ore-bearing
dolomite,
MVT-type,
compressional and extensional tectonics, bedding
openings, fluid migration, tectonic breccia, lensoidal and
nest orebodies, basement instability, oxysulphides,
bacteria, sulphides

1 Introduction
The MVT-type Zn-Pb deposits of the SKD mostly
developed within Triassic cover of the Upper Silesian
Block (USB). The Upper Silesian Coal Basin (Upper
Carboniferous) constitutes the main part of the USB.
Less intense mineralization occurs towards NE
overlaying Variscan intrusives/older metasedimentary
sequences of the Malopolska Block (MB). The contact
zone between USB and MB forms the HKFZ, the WNW
trending deep-rooted continental scale structure (Fig.1).
Most of the SKD ores are hosted by OBD enriched in
Fe, Mn, Zn and minor Pb. The age of the Middle Triassic
host rock is 235 to 223 Ma. The age of mineralization
varies depending on the method/type of evidence:
Tertiary from paleomagnetic data, Lower Cretaceous
from Rb-Sr dating in sulphides and pre-Jurassic from
some geological evidence.
The OBD forms tabular bodies with cross cutting
contacts to the enclosing limestones. Several ore
horizons are developed within the orebodies,

Figure 1. Silesian Krakow Zn-Pb district. MB - Malopolska
Block, USB - Upper Silesian Block, HKFZ - Hamburg-Krakow
Fault Zone, CH - axis of Chrzanow depression, BT - axis of
Bytom depression, A-B - cross section: Klucze deposit, C-D cross section: Chrzanow depression (Fig. 2A)

2 Genesis of Zn-Pb deposits
The Zn-Pb sulphide deposits of the SKD have been
known since the 11th century. In recent times, many
ideas trying to explain their origin have been proposed.
Generally, those vary from synsedimentary to epigenetic
and metasomatic. In attempts to identify the genesis of
Zn-Pb deposits, various stages of the progressive
development of breccia ores have been distinguished. A
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conclusion is 'hydrothermal karst' processes produced
'collapse breccia' zones in the form of orebodies (SassGustkiewicz 1975). Such breccias might constitute
significant concentration of ores, e.g., at the Olkusz
mine up to 40%. However, many breccias are not
mineralized at all, and in some deposits, such as the
Trzebionka mine, breccias are almost absent. The
'collapse breccia' model ignores the presence of
lensoidal orebodies and tectonic processes, which could
create pathways for the circulation of hydrothermal
fluids leading to the formation of both lensoidal and
breccia type orebodies.

Emplacement of sulphide-rich Zn-Pb ore zones was
controlled by the extensional openings of the bedding
surfaces and increased porosities/permeability of the
OBD near the fault zones. This can explain the frequent
presence of mineralization in areas of fault and bedding
surface intersections. The formation of the ore system at
Chrzanow was long lasting and multi-stage, structurally
controlled process. This is expressed in the en echelon
pattern(s) of the orebodies and continuity of their
development within consecutive stratigraphic levels:
from older to younger - I, II, III and D orebodies in both
limbs of the Chrzanow depression (Fig. 2A).
The breccia controlled ‘nest’ type ore concentrations
represent the richest parts of the SKD ore system. Extent
of these ore zones is localised and limited by the
bedding surfaces and in some situations involving
intersection of bedding and faults. In larger scale, vast
majority of the ‘nest’ orebodies occurs in the grabens.
Tectonic processes accompanying the graben and the
graben-horst structural development played a critical
role in the 'nests' formation. Tectonic shortening of the
host rock was required to compensate the shortage of
the space resulting from the overall geological sequence
down move in the grabens. In the adjacent horsts
tectonic elongation of the sequence was accentuated.

3 Tectogenetic analysis
Methods of Tectogenetic Analysis (Bogacz 2001) and
Petrogenetic Analysis (Kucha 2003) have been used for
the identification of a role of tectonic processes and
specific structures in the formation of the SKD ore
deposits/system.
The Chrzanow and Bytom depressions are major
tectonic features of the SKD with similar tectonic
development and axes adopting the WNW strike of
HKFZ (Fig.1). A specific concentration of orebodies,
sulphide lenses and layers parallel or near parallel to the
bedding surfaces is a dominant feature of the internal
setting of the depressions. In cross section, limbs of the
Chrzanow depression are mainly low-angle dipping
(Fig. 2A). Lensoidal orebodies and mineralized horizons
show both parallel, and more importantly, diagonal at
low angle (transgressive) position with respect to the
bedding (Fig. 2B). Such situation and a specific en
echelon pattern of ore zones, i.e., dextral in NE, and
sinistral in its SW limb is interpreted as a result of
bedding parallel tectonic movement accompanied by
mineralisation events. Initial flexural-slip mechanism of
folding in the early stage of the formation of the
Chrzanow depression was followed by propagation of
shearing and extensional openings of the bedding
surfaces. These processes and structures were
determined by the geometry of WNW trending graben
type structure facilitating the shape and limits of the
Chrzanow depression and concurrent migration of
hydrothermal fluids by the basement propagated faults
(Bogacz and Kucha 2011).

Figure 3. Sphalerite layer passing into cemented breccia 'nest' type ore zone, Pomorzany mine. 1 - bedding, 2 - ZnS
layer, 3 - ZnS massive, 4 - sulphide cemented breccia, 5 calcite vein, 6 - clay horizon, 7 - transitional zone between
sulphide layer and sulphide cemented breccia 8 - arrow
indicating direction and sense of tectonic movement

Compensation of the tectonic shortening developed
in two ways: (a) in the form of rock solution and
intensive stylolitisation of the carbonaceous OBD
(Suwarzynski 1996), and (b) as space creating shearing,
mainly along the bedding surfaces, which led to the
formation of localised tectonic breccia 'nests' (Fig. 3).
Stylolitisation dominated in the areas with no possibility
to develop tectonic movement. In such conditions, a
possibility for emplacement of mineralization was
limited because there was no mechanism to develop
extensional openings of the bedding surfaces, which
would allow circulation of mineralizing fluids.
However, if tectonic movement and space compensating
tectonic shortening along the bedding could develop, the
formation of localised tectonic breccia zones, access of
sulphide carrying fluids and generation of 'nest' type
orebodies was possible.

Figure 2. A. Chrzanow depression and en echelon pattern of
lensoidal orebodies, cross-section near Trzebionka mine;
location in Fig. 1. 1 - lensoidal orebody I, II, III & D, 2 bedding, 3 - axial zone. C- Carboniferous, B - Bunter (Rot), M
- Muschelkalk: l-limestone, d-dolostones d+s-dolomite, shale
&sandstone, K - Keuper. B. Orebody II - transgressive,
oblique position with regards to bedding (after Suwarzynski
1996, interpreted). 1 - orebody, 2 - direction and sense of
tectonic movement.
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4 Petrogenetic analysis

indicates at least two fluids mixing. Fluid inclusions
studies indicate three components of ore-forming fluids
(Kozlowski et al. 1996): i) ascending, ii) formation
brines, and iii) meteoric waters. Sulphide formation
occurred probably in three stages, separated by three
distinct ZnS generations. This mechanism of
precipitation corroborates with the advanced tectogenetic
model of the ore formation (Fig. 2 and 3). This model
also explains the occurrence of sulphide breccia
containing common clasts of paleoweathered ore
overgrown by younger banded sulphides (Kucha 2003).
The same reasoning may explain bacterial mats growing
on Fe-smithsonite (Fig. 4) before onset of sulphide.
Bacteria got there probably with descending fluids.
Small fractures in carbonate host are flanked on both
sides by Fe-dolomite with minor Zn. Large fractures and
nests with sulphides are flanked by smithsonite-siderite,
Zn-dolomite a thick Fe-dolomite. Dolomite rhombs
building such haloes are often zoned with respect to Fe
and Zn. Zn-zones are often selectively replaced by
sphalerite, while Fe-ones are left intact (Kucha, 2003).

There are three types of ores: sulphide in grabens, white
‘galmei’ composed of smithsonite-siderite series in
grabens, and oxidized ore present on horsts and
composed weathered sulphides and comprising limonite,
Fe-free smithsonite, anglesite & partly altered sulphides.
Sulphide ore is the main ore type and occurs chiefly
in grabens. A significant part of the Zn is present as Zndolomite, and as continuous ZnCO3-FeCO3 solid
solution series with fluid inclusion Th close to 95°C.
Smithsonite-siderite at the contact between host
carbonate and banded sulphides is extensively replaced
by sulphate reducing bacteria (Fig. 4).
The richest, nest type ore is composed of massive
sphalerite, pyrite, marcasite, Fe, Pb, Zn and As (Tl)
oxysulphides, galena, minor smithsonite-siderite solid
solution series with fluid inclusion temperatures 95°C.
There is a halo around sulphide bodies composed at first
of Zn-dolomite up to 0.5m thick, and followed by thicker
Fe-dolomite up to a few meters thick. Zn-dolomite is
replaced by sulphides, and smithsonite-siderite is
replaced by bacterial mats (Fig. 4).

5 Summary and conclusions
Activity of the HKFZ and other WNW trending
basement faults produced favourable extensional regime
required for hydrothermal Zn-Pb fluids migration and
precipitation within the Triassic host rock of the SKD,
especially in the cover of the USB. These faults played
critical role in the formation of graben and horst type
structural setting of SKD. This setting facilitated areas of
ore concentration, including Chrzanow and Bytom
depressions and lensoidal orebodies development during
long lasting tectonic process. The presence of oscillatory
S valences zoning suggest mixing of different fluids over
considerable time-span. Tectonic opening of pre-existing
bedding surfaces and related diagonal zones were most
favourable
space-creating
structures
allowing
hydrothermal fluids circulation and mineralized lenses
and layers formation within carbonate dominated
permeable grainstones such as OBD. When tectonic
conditions allowed shearing along the bedding, related
tectonic shortening and space creation process produced
localised sulphide cemented tectonic breccia zones of the
'nest' type orebodies. The 'nest' orebodies are also present
in areas of the bedding and fault/fracture zone
intersections. The 'nests' provided good conditions for
thriving of sulphate reducing bacteria precipitating
massive sulphide ore with petrified bacterial relicts.

Figure 4. SEM picture of banded sulphide/smithsonitesiderite contact marked by fine sphalerite spheres resembling
bacteria relicts. ss – smithsonite-siderite series.

Figure 5. Photomicrograph of oscillatory zoning in massive
mineralization composed of ZnS, PbS, pyrite (py), sulfites
(+4), subsulfites (+3), sulphates (+6), and (Fe,Pb,Zn)2S2O3SO3
(+1.6) overgrowing from sulphate/subsulfite matrix (+4, +3).
Reflected light. th – thiosulphate. Numbers+ are S valences.
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The GIS model of the Fe-Co-Mn crust on the seamounts
(Magellan Seamount Pacific Ocean)
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Abstract. The goal of this work is to reveal regularities
in distribution of Fe-Co-Mn crusts on the basis of GIS
model for Fe-Co-Mn crust deposits on seamountains.
Detailed geological data on the Magellan seamounts
(Pacific Ocean) have been used for this modeling,
including results of drilling, multiple-beam echo
sounding, dredging and photo surveys of the sea
bottom. GIS model contains digital terrain model - DTM
of the guyots and data on Fe-Co-Mn crust thickness.
DTM has been used to produce standard computation,
such as gradient, aspect, tangential and profile
curvature, standard deviation, etc. GIS tools have been
used to analyze spatial correlation of ore-crust
distribution with different morphometric characteristics.
The result of this analysis is represented in a final model
of ore formation along with generalized predictive maps
of Fe-Co-Mn crust distribution.
Correlation of the predictive map with the one obtained
in situ confirms the capacity of the model to be used for
evaluation of Fe-Co-Mn resources on other seamounts
with reducing exploration costs.

Melnikov and Pulyaeva 1994).
Current study reveals correlation between
distribution of ore crust on the seamount and
mountain’s geomorphology.

2 Observation area and primary data
The area under study includes Magellan guyots - ITAMay-Tay (Mg37), Butakova (Mg39) and other ones
(MG16, MG30, MG15, MG36).

Keywords. Fe-Mn crust, seamount, GIS model

1 Introduction
More than half century has passed after the discovery
of iron-manganese ores on the surface of underwater
mountains. The distribution of the metals, oxygen,
carbonic acid and organic matter is quite well studied in
the depths more than 5000 m, in different climatic zones
of World Ocean.
Conventional theory of the Fe-Mn deposits’ origin is
based on hydrochemical reactions in the sea water
(Mikhailik and photo surveys of the Е.V. Cherberg L.B.
Chudaev О.V. 2003).
Recently
YZMORGGEOLOGIA
SSC
has
conducted detailed geological survey on Magellan
Mountains (Pacific Ocean). The survey included
drilling the ore body, geophysical works oceanic floor
(Melnikov 1994, 2005)
Earlier dominating idea about an even cover of
ferromanganese crusts over a seamount surface has
failed against the real situation.
The crust distribution occurs to have quite complex
concentric zoning with spotty location of the most
productive sections.
About that, spatial geochemical heterogeneity in
ores’ composition has been observed (Dubinin 2006;
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Figure 1. Maps of ore crust thickness MG-37. Color
shows the thickness of the crust.

The survey of these objects is being carried out at
the moment by s/v GNTS FGUGP (State Scientific
Center “YUZMORGEOLOGIA") for research and
political purposes, the latest one includes a work on
corresponding sea mineral deposits
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Figure 2. Maps of ore crust thickness MG-39.

In this region the multiple-beam echo sounding,
drilling, dredging and underwater photo-shaping has
been carried out.
The results of all these works (carried out from 1990
through 2002) are represented by bathymetric maps,
geological cross-section, localization of Fe-Mn
mineralization, and distribution of crusts and contained
metals.

The first one at 0.5-1.5 km depth is connected with
the degassing of organic carbon and the second occurs
below critical depth for carbonate accumulation.
Approximating equation has been built in the form
of 3rd order polynomial using MATLAB v.4.0. The map
of pH on the surface of guyot reveals the strong inverse
correlation between pH and spreading of the crust.
Another morphometric parameter – the irregularly
of bottom topography is represented in the model by a
number of extreme points per square kilometer.
Extreme points reflect the appearance of secondary
topographic forms (volcanic cones, valley, calderas,
breakings). The parameter occurs to have a clear direct
correlation with crusts’ distribution.
The map of curvature demonstrated prominent and
concave topographic forms. The thick crusts correspond
with linear positive forms (ridges).
The last calculated parameter is angle of slope. The
observed angles have been divided into classes, and for
each class, share of crusts located in the areas with
corresponding dips has been calculated. Thus, the
correlation between ore-capacity and angle of slope has
been assessed, and each class of angles has been
assessed to a corresponding coefficient.
In order to combine all of these parameters in a
cumulative ore-predictive-indicator (OPI) model, the
maps of different parameters have been modified into
maps of weighted coefficients. The coefficients are
calculated in correspondence with significance and the
variability of each factor. The sum of weighted
coefficients is presented in fig. 3 as a map of cumulative
OPI (predictive map).

3 GIS Model of an ore deposit
DTM and ore maps built for several guyots are
represented here by the ones for guyot MG39.
The DTM has been transformed into maps of
gradient, aspect, tangential and profile curvature,
standard deviation and focal ruggedness.
Morphometric analysis of the volcano complex has
been based on this dataset, and is focused on correlation
between crusts’ thickness and depth, slope, aspect and
other variations.
The ocean depth itself does not help with evaluation
of ore resources formed tens millions years ago, as
since then, bathymetry of guyot has been sufficiently
changing.
However, this analysis has been carried out as the
depth is an important parameter for crust formation.
Indeed, for the crusts of different thickness (i.e., of
different age) the depths of maximum are observed at
different depth. The youngest crusts are located
essentially at 4000-3500 m, and crust which are 7-10
sm thick – at 2000-2300 m.
This fact confirms the importance of the depth in
crust formation along with oxygen conditions.
Correlation between pH and depth in all studied
regions is close to classical shape as shown by Johnson
et al. (1996). Two oxygen minimums are observed in
the curves.

314

Figure 3. ore-predictive-indicator (OPI) model of MG37.

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

< 1 sm
1-4 sm
4-7 sm
7-10 sm
> 10 sm

Figure 4. Map of ore crust thickness MG-37.

The comparison of this map with the map of
observed crusts distribution demonstrates the ability of
the proposed approach to cut down expenses for
exploration. In a case of guyot MG-37 for instance, ore
area defined by conventional method is 1674 km2
whereas the area calculated using the GIS model - 1824
km2. The difference between these two representations
is less than 10%. Prospective ore resources of guyot
MG-37 are about 125 Mt.
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Identification of optimal conditions for komatiite-hosted
nickel sulfide formation: non-mass dependent S
isotopes from various reservoirs of the north Eastern
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Abstract. Although komatiite-hosted nickel sulfide
deposits of the Agnew- Wiluna nickel camp are well
characterized at the deposit scale, their broader
relationship with regional geology is poorly understood. If
the factors that control nickel sulfide formation in
komatiites can be determined, these features can be
used on other areas in the north Eastern Goldfields to
determine prospectivity. Available sulfur at surface is one
important factor for deposit formation. Distinguishing
between the various potential sulfur sources is important
for determining what favours the formation of world-class
komatiite-hosted nickel sulfide deposits of Western
Australia; one possibility is non-mass dependent (NMD)
fractionation of sulfur isotopes. Twenty samples from the
Jaguar-Teutonic Bore-Bentley VMS system and Windarra
komatiite-hosted nickel deposits have so far been
analysed for non-mass dependent S isotopic signatures.
Initial data show that although different reservoirs have
quite distinct S isotopic compositions from each other, a
great deal of variation can exist within these
compositions. This complexity is in turn passed on to the
komatiites when they incorporate sulphide from these
34
sources. A shift to lighter δ S in the komatiite-hosted
nickel deposits of the Agnew-Wiluna greenstone belt may
indicate that hydrothermal alteration is crucial in the
formation of high-tenor komatiite-hosted nickel sulfide
deposits.

sulfide when they erupt at the surface to make nickel
sulfides segregate (Lesher et al. 2001). This makes
available sulfur at surface a major determining factor for
deposit formation .Traditionally, it has been accepted
that the sulfur saturation for nickel sulfide production in
komatiites has come from pelitic sediments (Lesher et al.
2001). Recently this idea has been challenged by
evidence of volcanogenic massive sulfide (VMS) input
in the Mount Keith deposit of Western Australia and the
Alexo Deposit of the Abitibi in Canada (Bekker et al.
2009).
1.2 Non-mass dependent sulfur isotopes
If we can distinguish between the various potential sulfur
sources we can determine which source was necessary
for the creation of the world-class komatiite-hosted
nickel sulfide deposits of Western Australia. One
technique for differentiating between sources is nonmass dependent (NMD) fractionation of sulfur isotopes.
These are ideal as the only process known to date that
produces widespread anomalous δ33 S values in the
Archean rock record is UV irradiation of SO2 in an
anoxic atmosphere (Farquhar et al., 2003). Moreover, it
has been proposed that different NMD sulfur isotope
signatures will be incorporated by different Archean
sulfur reservoirs (Farquhar and Wing, 2003).
This study aims to compare the NMD sulphur isotope
compositions of komatiite-hosted nickel sulfide deposits
and the various sulfur reservoirs available in the north
Eastern Goldfields. Initial analyses have been completed
on the Windarra komatiite-hosted nickel sulfide deposit
and Jaguar-Teutonic Bore-Bentley VMS system. The
latter system was selected as it is one of the few VMS
deposits found thus far in the north Eastern Goldfields
near the world class Agnew- Wiluna nickel camp.

Keywords. nickel, komatiite, non-mass dependent sulfur

1 Introduction
1.1 Background
Komatiites are fairly common in greenstone belts of the
north Eastern Goldfields. However, the overwhelming
majority of komatiite-hosted nickel sulfide deposits in
the region cluster on the Agnew-Wiluna greenstone belt
(Barnes 2006). What conditions caused this particular
belt to be so well endowed with nickel deposits? If one
can isolate which factors restricted or encouraged nickel
sulfide formation in komatiites in the Agnew-Wiluna
camp, these features can be used on other to assess the
prospectivity of other areas of the north Eastern
Goldfields.
In order to produce a nickel sulfide deposit,
komatiites (which most likely erupt sulfurundersaturated) must incorporate some pre-existing

2 Method
Eighteen samples from massive sulfide, stringer zone,
hanging-wall sediments and black shales were taken
from drill core from the Jaguar, Teutonic Bore and
Bentley deposits. An additional two samples were
selected from core from the Windarra komatiite-hosted
nickel deposit. Sulfide phases were selected based on
suitability for drilling. Each phase was microdrilled for a
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deposit have a Δ33S range from -0.9 to -0.4‰ and a δ34S
from 0.8 to 4.6‰. The range of Windarra Δ33S overlaps
with the VMS/oceanic S isotope field from JaguarTeutonic Bore-Bentley system (Fig. 2). The Windarra
sulfides split into two populations: the isotopically light
population is taken from the massive nickel sulfide, and
the heavier population comes from the sulfide-facies
banded iron formation (BIF) located in the footwall
immediately below the deposit.
Any variation in Δ33S will be passed on when the
sulfide is incorporated into a komatiite. The Δ33S for
both populations are comparable to each other, indicating
that the sulfide- facies BIF is most likely the source of
additional S for the Windarra deposit. Although the two
populations are comparable in terms of Δ33S, they are
distinct in terms of δ34S, with the populations being
separated from each other by more than 1 ‰ (Fig. 2).

few milligrams of sulfide. Typically two aliquots were
extracted from each phase for analysis. The resulting
extractions were analysed via fluorination at the
University of Queensland using the method of Baublys
et al. (2004).

3 Results and discussion
3.1 Sulfur isotopes of the Jaguar-Teutonic
Bore-Bentley VMS system
Isotopic signatures of the massive sulfide from the
Jaguar-Teutonic Bore-Bentley VMS system have a Δ33S
range from -0.8 to 0.0‰ and a δ34S range of 0.5 to 4.6‰.
Signatures of the stringer sulfide have a Δ33S range from
-1.0 to 0.0‰ and a δ34S range of 0.0 to 2.9‰. The sulfur
isotope data for VMS are very tightly constrained in
terms of Δ33S, although they are less constrained in terms
of δ34S (Fig. 1).
In contrast to the VMS, hanging wall sedimentary
sulfides have scattered sulfur signatures, with a Δ33S
range from -1.9 to 0.4‰ and a δ34S range of -0.4 to
5.7‰ (Fig. 1). This is likely a reflection of the mixed
provenance of the sediments. The sediments do share
some overlap with the VMS, but trend slightly below the
signature of the VMS deposits (Fig. 1).
When taken as a whole, the black shales have an
even greater range in S signature than the sediments,
with a Δ33S range from -2.2 to 6.4‰ and a δ34S range of
0.2 to 6.4‰. However, the black shales are the most
restricted in terms Δ33S (Fig. 1). The black shales are
also the most distinct in terms of Δ33S when compared to
the VMS. Even more interesting is that black shales,
which have traditionally been thought to possess only
positive Δ33S signatures, can in fact possess a negative
Δ33S. However, this may be a reflection of the
provenance of the black shale, because the samples with
negative Δ33S signatures are derived from comes from
the overlying mafic pile.

Figure 2: Sulfur isotopes of the Windarra komatiite-hosted
nickel sulfide deposit. Circles = samples from the Windarra
komatiite-hosted nickel sulfide deposit, white triangles =
massive sulfide VMS, white diamonds = stringer VMS, squares
= volcanogenic sediments.

3.3 Sulfur isotopes of other komatiite-hosted
nickel sulfide deposits
When compared to the Δ33S compositions of the JaguarTeutonic Bore-Bentley VMS system, the majority of
Δ33S compositions of the various komatiite-hosted nickel
deposits from the Agnew-Wiluna greenstone belt also
fall within the same range (Fig. 3). However, the
deposits of the Agnew- Wiluna greenstone belt all have
considerably lighter δ34S than those of the JaguarTeutonic Bore-Bentley VMS (Fig. 3). Not only are the
δ34S signatures of various komatiite-hosted nickel sulfide
deposits lower than those found in VMS deposits, but
when compared to local VMS showings, the komatiite
hosted nickel sulfides are consistently lighter (Fig. 3;
black and white circles and diamonds). This is the same
trend observed in the Windarra data (see section 3.2).
Isotopically light Δ33S and δ34S signatures in sulfides
have previously been attributed to biological processes
(Farquhar et al. 2003); this is highly unlikely during the
emplacement of high-temperature komatiite lavas. The
shift to lighter δ34S could be an indication of
hydrothermal alteration. If the shift in δ34S is truly a
hydrothermal signature, then some form of hydrothermal
alteration may be responsible for the high tenor of the

Figure 1: Sulfur isotopes of the Teutonic Bore- JaguarBentley VMS system generated by this study. Triangles = black
shales, squares = volcanogenic sediments, white circles =
massive sulfide VMS, grey diamonds = stringer VMS.

3.2 Sulfur isotopes of the Windarra komatiitehosted nickel sulfide deposits
Isotopic signatures of sulfides taken from the Windarra
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komatiite-hosted nickel sulfide deposits of the AgnewWiluna nickel camp. Further planned analyses will help
to refine and expand our understanding of the system.

Figure 3. Sulphur isotopes of various VMS deposits
(diamonds) and selected komatiite-hosted nickel sulphide
deposits (circles) of the north Agnew-Wiluna greenstone belt.
Black markers are from Shed Well, White markers are from
Mount Newman. Komatiite-hosted nickel sulfide data are from
Bekker et al. (2009). Additional VMS S data from Kidd Creek
are from Jamieson et al. (2006).
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Computational modelling on geodynamics for forming
stratabound Cu skarn in Dongguashan, Tongling, China
LiangMing Liu, Tao Sun
Computational Geosciences Research Centre, Central South University, Changsha 410083, China
KeChu Wan
Xinjiang Huiyou Mining Group Inc., Hami, Xinjiang 839000, China
Abstract. The Dongguashan Cu deposit is one of the
largest Cu deposits in China. Its major stratiform Cu
skarn ore body is not of SEDEX origin as suggested by
some former researchers. The detail field evidences
support its epigenetic origin. The computational modelling
results demonstrate that the coupled mechno-thermohydrological processes during the syn-stretching cooling
of the dioritic intrusion are critical for formation and
localization of the strataboud skarn orebody.
Keywords. stratabound Cu skarn, geodynamics,
computational modelling, Donggashan Cu deposit

1 Geological setting
The Donggashan Cu deposit, with reserves of more than
98 Mt @ 1.01% Cu, is the largest Cu deposit in the
Tongling district, the most important copper district in
the China. In the Tongling district, the stratigraphy is
composed of Precambrian metamorphic rocks and
Paleozoic through Mesozoic sedimentary rocks,
including Mid Carboniferous to Mid Tertiary littoral to
neritic carbonates that are interbedded with bathyal and
alternating marine-continental clasts. The regional scale
structures are dominantly complex NE trending fold with
parallel thrust faults along their limbs. Secondary
structures include the NW-, NNW- and N- trending
brittle faults, some of which cross-cut the folds. The
magmatic intrusions, mainly of granodiorite, quartz
monzonite, monzogabbro, quartz monzodiorite and their
hypabyssal equivalents, and with age of 110 to 160 Ma,
are scattering extensively and closely associated with the
Cu skarn mineralisation in this district (Pan and Dong
1999; Liu et al. 2005).

Figure 1. 3D architecture of the Dongguashan deposit,
showing controls of stratal lithology and dioritic intrusion on
orebody
T1t2 : Mid Tashan Formation of Lower Triassic, mainly of limestone
with interlayers of calcific shale;
T1t1 : Lower Tashan Formation of Lower Triassic, mainly of calcific
shale with interlayers of limestone;
T1x: Xiaoliangting Formation of Lower Triassic, mainly of limestone
and calcific shale;
P2d: Dalong Formation of Upper Permian, mainly of chert and
siliceous shale;
P2l: Longtan Formation of Upper Permian, mainly of coal-bearing
shale and silt;
P1g: Gufong Formation of Lower Permian, mainly of siliceous shale
and siliceous limestone;
P1q: Qixia Formation of Lower Permian, mainly of chert-and pitchbearing limestone;
C2+3: Mid to Upper Carboniferous, mainly of micritic limestone and
bioclast limestone;
D3 w: Wutong Formation of Upper Devonian, mainly of sandstone.

2 Stratiform Cu skarn ore body
Although the most Cu skarn deposits in the Tongling
district are recognised as dioritic intrusion-related
hydrothermal origin, the Dongguashan Cu skarn deposit
was supposed as exhalative origin by some researchers
(Gu et al. 2007; Lu et al. 2008), mainly because of its
distinct features that the major orebody is stratiforn and
strictly bounded in the Mid to Upper Carboniferous
carbonates (Fig.1). As a matter of fact, a lot of evidences
have also been discovered as following to support its
intrusion-related hydrothermal origin as same as other
Cu skarn deposits in this district.

(1) The stratiform Cu skarn orebody is also closely
associated with the contact between the diorite intrusion
and the carbonate rocks. No Cu skarn ores have been
discovered in the Mid to Upper Carboniferous
carbonates that are not contacted with the dioritic
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distributed along the carbonates of Mid to Upper
Carboniferous and becomes wider and more dilatant as
approaching the intrusion (Fig.3). So the stratiform Cu
skarn ores are actually localised in the high dilation zone
and the scale and grade of the ore body are positive
related to the dilatant deformation, suggesting the
dilatant deformation produced by the coupled MTH
processes during the syn-stretching cooling of the
intrusion is a critical factor for controlling ore formation.

intrusion
(2) Although the ores are mainly of Cu-bearing
massive sulphides, they are also closely associated with
the skarn mineral assemblages which are evidently
metasomatic origin associated to the diorite intrusion and
the carbonate rocks.
(3) The irregular and sharp boundaries of the
orebody and marble clasts in the ores suggest that the
ores must have been deposited in some dilation zones
produced by mechanic and chemical mechanisms during
the syn-tectonic process, rather than in sea water-rock
interface during syn-sedimentary process as the SEDEX
deposits.
(4) Although the stratiform Cu skarn is not entirely
located within and parallel to the contact of the
Qingshanjiao Intrusion of diorite, the Qingshanjiao
Intrusion is obviously a critical ore-controlling factor,
not only controlling the location of the orebody, but also
controlling the variation of thickness and grade of the
orebody, because the orebody becomes thicker and richer
as approaching the intrusion.

3 Computational modelling and
implication for ore genesis
3.1 Construction and conditions of the model
For demonstrating the coupled mechano-thermohydrological (MTH) processes during the syn-tectonic
cooling of the Qingshanjiao Intrusion, a 3D model (Fig.
2) was constructed through restituting the pale
topographic-tectonic architecture of the ore-forming
system, based on the conclusion that the intrusion was
emplaced in a NW-SE stretching setting after the folding
orogenesis. The model consists of 7 units. The
parameters of every unit are chosen as in the Table 1,
according to their lithological composition and related
test data.
The initial temperature of the pale top surface is set
at 25oC and kept constant; a temperature gradient of
20o C/km is initiated for the sedimentary section; and the
initial temperature of the intrusions is set at 600oC. All
porous spaces are initially saturated by fluids. The initial
pore pressure of the sedimentary rocks is set as
hydrostatic pressure, while the initial pore pressure of
the intrusion is set as near lithostatic pressure, according
to the general model of Fournier (1999). The model is
subjected to horizontally extensional stretching
deformation with boundary velocity of 2.02×10-15ms-1
symmetrically at NW and SE sides (Fig. 2).
The FLAC3D, a three-dimensional explicit finite
difference code (http:www.itascacg.com/flac3d), is used
to computing the coupled mechano-thermo-hydrological
processes of the model that is treated as continuous
fluid-saturated porous medium.

Figure 2. 3D model, showing its rock units and boundary
conditions. The model size is 3000 m × 4000 m × 2500 m, a
diorite stock was intruded in the sedimentary rocks.

(2) The high dilation zone is also the focusing and
mixing centre of the fluids both from the magmatic
intrusion and sedimentary rocks (Fig. 3), consistent with
the geochemical conclusion that the metallogenic fluids
are mixtures of sedimentary- and magmatic-sourcing
waters (Lu et al. 2008). Fluid focusing and mixing is
generally an effective mechanism for deposition and
localisation of hydrothermal ores.
(3) Fluid flowing pattern indicates that the thermal
form the intrusion is certainly the important power for
driving fluid flowing (Fig. 3), but with the localisation of
ores, suggest temperature drop may be not the key
mechanism for ore deposition.
The computational modelling demonstrates that the
high dilatant deformation produced by coupled MTH
process during the syn-stretching cooling of the intrusion
is critical dynamic factor for formation the stratabound
Cu skarn in the Dongguashan deposit. The formation of
the stratabound high dilation zone can be ascribed to the
special assemblage of petrologic constituents and the
special geodynamic setting.

4 Conclusion

3.2 Modelling results and implication

The Dongguashan copper deposit, as one of the largest
copper mine in China, is a typical stratabound Cu skarn
deposit. The geological characteristics of the deposit
support its intrusion-related metasomatic hydrothermal
origin, as same as the other Cu skarn deposits in the
Tongling district. The computational geodynamic

The computational modelling results (Fig. 3) provide
some useful information for the geodynamic mechanism
for formation and localisation of ores.
(1) The distinct feature of the modelling results is
that the high dilatant deformation zone is strictly
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modelling results demonstrate that the high dilation zone
produced by the coupled MTH processes during synstretching cooling of the intrusion controls the
localisation and scale of the stratabound Cu skarn
orebody.
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Table 1. Parameters for the model. Codes for rock units and their composition are as in Figure 1.
Model
Unit
Cover

Bulk
Shear
Main lithological Density Modulus
Modulus
composition
(kg/m3)
10
(10 Pa) (1010Pa)

Sandstone and silt

calcific shale and
limestone
siliceous shale and
P1g- P2d
silt
chert-and pitchP1 qbearing limestone
micrite and bioclast
C2+3
limestone
T1x-T1t

D3 w

sandstone

Intrusion diorite

Dilation PermeaTensile
Cohesion Friction
Angle Angle
bility
strength
6
6

(10 Pa)

(10 Pa)

o

o

()

()

Poro- Thermal
sity Conductivity
(10 m )
(W.m-1.K-1)
-12

2

2530

2.8

1.2

1.5

2.8

30

20

90

0.35

1.5

2540

4.6

3.2

3.5

3.8

38

18

22

0.15

2.4

2580

6.8

4.8

4.1

6.4

40

25

9

0.12

2.3

2550

3.8

2.4

3.4

3.6

38

28

42

0.2

2.5

2570

2.0

0.8

1.0

1.8

15

35

42

0.25

2.5

2610

9.2

7.9

6.6

9

32

22

80

0.32

2.2

2560

2.6

3.2

2.2

2.9

30

20

52

0.2

2.0

Figure3. Deformation, temperature and fluid flow results of the computational modelling on syn-stretching cooling
process of the Qingshanjiao Intrusion, showing Darcy fluid flow velocities (arrows), isothermal lines and total volume
strain contour.
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Quartz cathodoluminescent textures and trace elements
in epithermal ore deposits
Brian Rusk, Yanbo Cheng
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Abstract. When viewed with scanning electron
microscope-cathodoluminescence (SEM-CL), hydrothermal vein quartz displays textures that cannot be
observed using other techniques. SEM-CL imaging is a
powerful petrographic tool for working out the sequence
of precipitation and dissolution events in a vein. When
integrated with trace element data, these techniques can
help constrain the physical and chemical evolution of
hydrothermal systems and the nature of fluid migration
and fluid-rock interaction in the Earth's crust. Epithermal
ore deposits are characterized by CL textures that
illustrate sequential precipitation of quartz, adularia,
carbonate, and sulfides into open space. Textures include
inward-oriented euhedral growth with oscillatory growth
zonation, spheroidal textures, bladed growth, dendritic
growth, fibrous growth, chalcedonic banding, feathery
texture, micro-fractures, micro-brecciation, and a variety
of chaotic and irregular textures. Trace element analyses
show that Al is the most abundant element in most
epithermal quartz and ranges from a few tens of ppm to a
few thousands of ppm; lesser Li, K, and Sb is also
present. Potassium and Li correlate with Al; Sb correlates
with Al in some samples, and, although analysed, Ti was
not detected in any sample. Variations in trace element
concentrations correspond to variations in CL intensity
and CL spectral response, but the variations are not
consistent. Change in trace element concentration may
reflect variations in fluid pH or may reflect other fluid
compositional variations.

by quartz, illite, chlorite, pyrite ± adularia and carbonate.
Quartz is the dominant mineral in most low sulfidation
veins and typical textures, such as chalcedonic banding
and crustiform and colliform banding indicate growth
into open space. Bladed calcite replaced by quartz and
bands of adularia are also common features. The variety
of textures reflects the changes in physical and chemical
conditions that lead to mineral precipitation and vein
formation.
The variety of textures observed in hand sample belie
a myriad of more complex and more revealing textures
that are seen using cathodoluminescence (CL) (Fig. 1).
These unique textures are not obvious in hand sample or
with transmitted light microscopy and reflect the history
of the changing conditions of quartz precipitation
throughout the sequence of events that occurred during
vein formation.

Keywords. quartz, cathodoluminescence, CL, trace
elements, LA-ICP-MS, electron microprobe

1 Introduction
Adularia-sericite epithermal Au-Ag (Hg-Pb-Zn-Cu) (low
sulfidation) deposits generally form in the upper two
kilometers of the Earth’s crust from fluids of mixed
magmatic and meteoric source (Simmons et al. 2005).
The environments of formation are variable, but veins in
these deposits may form from liquid-dominated, vapordominated, or boiling hydrothermal fluids at
temperatures below 300°C under hydrostatic pressures.
Fluids are generally neutral in pH and ore mineral
precipitation mechanisms are variable but commonly
include temperature decrease or fluid boiling.
Veins in adularia-sericite epithermal systems occur as
meter wide veins that can have lateral extents of
hundreds of metres, sometimes as vein swarms. Veins
are dominantly composed of quartz, with lesser adularia,
carbonate, and minor sulfides. Alteration is dominated

Figure 1. A) Plane polarized transmitted light; B) cross
polarized transmitted light; C) Backscattered electron image;
and D) SEM-CL image of vein containing quartz and pyrite
showing intricate concentric growths not seen in transmitted
light; McLaughlin epithermal deposit, CA.

Cathodoluminscent textures results from structural
defects in quartz including those related to trace element
substitution into the quartz lattice. Substitution of trace
elements into quartz reflects the physical and chemical
conditions of vein formation. Thomas et al. (2010)
showed the dependence of Ti concentration in quartz on
pressure and temperature of quartz precipitation and
Rusk et al. (2008) suggested that Al concentration in
quartz reflects variations in pH of the hydrothermal
fluids. However the factors that control the substitution
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upon layer growth of quartz from a cooling hydrothermal
fluid. In many samples, quartz crystals of various sizes
and types of euhedral morphologies are interlayered with
one another and with chalcedonic bands with no
apparent control or obvious progression from one to
another type of quartz morphology. Repeated quartz
layers (with chalcedony and/or adularia and calcite)
result from successive fluid incursions, while variation in
growth zone CL intensity within and among crystals
reflect variations in fluid pressure, temperature, or
composition.
In euhedral quartz, growth bands vary in intensity
and thickness and no common pattern or progression of
light or dark bands was identified within samples or
within deposits. Sulfides and other ore minerals
(electrum, sulfosalts) in epithermal deposits are
commonly in contact with euhedral quartz, however,
among the epithermal deposits studied here, there was no
consistent textural feature or CL pattern that related
quartz to ore mineralization.
CL-dark and less common CL-bright fractures are
present in some epithermal veins, but they are not as
ubiquitous as in porphyry copper deposits (cf.,
Landtwing and Pettke 2005; Rusk et al. 2006; Mueller et
al. 2010). This lack of fracturing coupled with common
layered growth suggests that epithermal veins act as
continuous conduits for fluid flow and likely do not seal
tightly during vein formation. Although evidence for
element diffusion and CL texture annealing is common
in quartz from plutonic and metamorphic environments,
no evidence for annealing of CL textures (wavy or
distorted growth zones or ghosty, cloudy textures) was
observed in quartz from epithermal veins. In the
epithermal environment, temperatures and pressures are
not high enough to cause annealing of lattice defects or
diffusion of trace elements over the time scale of vein
formation. Similarly, evidence for quartz dissolution
(rounded inherited cores with overgrowths), which is
common in porphyry copper deposits, was not identified
in any epithermal vein.
Many of these textures are unique to low temperature
(<~300°) deposits, and are not observed in higher
temperature deposits, such as porphyry-type deposits.
Similarly, porphyry copper deposits display a number of
CL textures that are not observed in epithermal vein
quartz i.e. mosaic quartz and annealed quartz. The
difference in quartz textures and morphologies reflect
fundamental differences in the precipitation conditions
of quartz in these environments.

of most trace elements into quartz, especially at low
temperatures remain largely unknown.

2 Methods
We imaged veins from ~15 deposits from North
America, Indonesia, Australia, Japan, and New Zealand.
Samples were observed with transmitted light, back
scattered electrons, and both multi-spectral and
monochromatic SEM-CL. Distribution of Al, K, and Ti
in quartz is illustrated graphically using electron
microprobe WDS element maps, acquired at 500 nA with
a 100 millisecond per pixel dwell time. Further
quantification of trace element concentrations were
obtained through LA-ICP-MS spot analyses and LAICP-MS trace element maps (cf., Rusk et al. 2011).

3 CL textures in epithermal quartz
CL textures observed in epithermal quartz reveal more
complexity than is apparent using transmitted light (Fig.
1). The most common CL textures observed include:
oscillatory zoning in euhedral crystals, spheroidal
texture, bladed growth, dendritic growth, feathery
texture, fibrous growth, chalcedonic banding, microfractures, micro-brecciation, and a variety of chaotic and
irregular textures (Fig. 2). These textures represent the
primary precipitation processes of the quartz followed by
secondary processes such as fracturing, replacement of
other minerals, and recrystallization of chalcedony and
amorphous silica.

4 Trace elements in quartz

Figure 2. Textures typical of epithermal ore deposits. Textures
reflect quartz growth into open space under varying pressuretemperature-compositional conditions; ep is epoxy.

Cathodoluminescence is caused by defects in the crystal
lattice (Götze et al. 2001). Trace elements are one source
of defects and numerous studies have shown relations
between trace element concentration in quartz and CL
intensity or spectra (Landwing and Pettke 2005; Rusk et
al. 2006; Lehman et al. 2009; Mueller et al. 2010, Rusk
et al. 2011). Aluminum is the most common element
observed in epithermal quartz; it ranges from a few ppm
to a few thousand ppm. Electron microprobe maps show
that trace elements are strongly zoned among various
growth zones and quartz generations, with sharp

The most common CL texture in epithermal deposits
is inward-oriented euhedral quartz growth, which
reflects crystal growth from a substrate into open space.
Typically inward-oriented euhedral crystals contain
bands of oscillatory CL growth zones that can be
followed across multiple grains, with the same sequence
of growth banding mirror imaged in crystals on the other
side of the vein (Fig. 2). The common presence of
inward-oriented euhedral growth zones suggests layer
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in pH and Al solubility may also be caused by fluid
boiling. The presence of adularia in many low sulfidation
epithermal veins is consistent with periodic increase in
Al solubility in these hydrothermal fluids. More work
remains to be done to fully understand the controls on
the substitution of Al as well as K, Li, and Sb into
hydrothermal quartz.

boundaries between trace element-enriched quartz and
trace element-depleted quartz (Fig. 3). Epithermal quartz
typically displays a bimodal distribution of Al, where Al
concentrations are either several thousand ppm or
several tens of ppm, but less commonly do the
concentrations spread out evenly from low to high
values. Like CL zoning patterns, Al concentrations
oscillate back and forth among growth zones with no
obvious or consistent progression in trace element
concentration.

Figure 4. Al to Li ratios in four North American epithermal
deposits. There is a strong positive correlation between Li and
Al, however the slope of the correlation is different in the
samples from Butte (Cordilleran base metal lodes) than it is in
more typical epithermal deposits.

Figure 3. False colorized spectral CL image of growth zoned
quartz (left). Al (centre) and K (right) trace element distribution
in corresponding area mapped by electron microprobe. The
CL-dark bands are enriched in Al and K.
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5 Conclusions
Scanning electron microscope-cathodoluminescence
(SEM CL) of quartz from epithermal veins reveals
textures that cannot be seen using other techniques and is
a powerful tool for working out the sequence of
precipitation events in a vein. Electron microprobe and
LA-ICP-MS maps show distinct trace element zonation
in quartz. However it is not clear what factors control the
partitioning of trace elements into quartz in the
epithermal environment. Ti concentrations of less than 2
ppm are consistent with temperatures of less than 200
degrees at low pressures as predicted by an extrapolation
of the Ti in quartz thermobarometer (Thomas et al.
2010). Al solubility in low temperature hydrothermal
fluids is strongly controlled by pH, which is in turn
affected by equilibrium mineral assemblage. At 200°C,
the transition from muscovite-stable to kaolinite-stable at
a pH of ~2 is accompanied by a 6 order of magnitude
increase in Al solubility (Rusk et al. 2008). Fluctuations

324

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

SEM-CL and LA-ICP-MS trace element analysis of
cassiterite in Gejiu tin district, SW China
Yanbo Cheng, Brian Rusk, Tony Kemp
School of Earth and Environmental Sciences, James Cook University, Townsville, 4811, Australia
Yanbo Cheng, Jingwen Mao
Faculty of Earth Science and Mineral Resources, China University of Geosciences, Beijing, 100083, P.R. China
Abstract.
Scanning
electron
microscopecathodoluminescence images of cassiterite from various
ore deposits in the Gejiu tin disrict, SW China reveal
microstructures that differ among samples from different
mineralizing environments. Cassiterite grains derived
from granites and granite-proximal skarns and greisens
are commonly larger in size, with clear euhedral
oscillatory growth zones. In vein, stratiform oxidized and
stratiform semioxidized samples, which are distal to the
source granites, cassiterites are generally smaller,
anhedral, and zonings are less evident. LA-ICP-MS trace
element analyses indicate Ti, Fe and W are the most
abundant trace elements in the samples of this study and
Al, Sc, V, Ga, Zr, Nb, and Sb are commonly in lower
concentrations. V, Nb, W and U have significant variations
in concentration in a single sample. The skarn, greisen
and tin granite samples have higher Ti, V and Al
concentrations than vein-hosted, stratiform semioxidized
and stratiform oxidized cassiterite. Trace element
variations may reflect the distance between the
granite-derived source fluids and the hydrothermal
orebodies. In a tin granite cassiterite grain, the
concentrations of Nb, U, Sb, W, Sc, V, Ti and Fe increase
from core to rim of the crystal, but the greisen cassiterite
does not show the same element zonation.

interpreting changes in hydrothermal mineralization
conditions (Götze et al. 2001). These techniques have
been commonly integrated in studies of hydrothermal
quartz (Rusk et al. 2008), but few studies exist that
combine these techniques on cassiterite to understand
the environment of formation. In this study, we
combined microstructures from CL with trace element
compositions of cassiterite crystals from the world class
Gejiu tin polymetallic deposit. This information is used
to place constraints on how cassiterite morphology,
microstructure, and trace element composition reflect
the physical and chemical environment of precipitation.

2 Geological background and samples
With reserves of about 300 Mt at an average grade of 1%
tin, the Gejiu district is the largest tin district in the
world. Numerous studies indicate that the deposits in the
Geiju district are genetically related to the Yanshanian
granite (308 Geological Party 1984; Mao et al. 2008),
which is supported by recent geochoronological work
(Yang et al. 2009; Cheng et al. 2010).
Tin mineralization in Gejiu area occurs as 6 main ore
styles, i.e., tin granite ores, greisen ores, skarn ores,
carbonate-hosted vein-type ores, and oxidized and
semi-oxidized stratiform ores (Fig. 1). The stratiform
oxidized and semi-oxidized ores are products of the
oxidation of primary sulfide ores hosted by carbonate.
As sulphide is generally easily weathered and these ores
are close to the surface and associated with small-scale
faulting, it is possible that meteoric water contributed to
the secondary alteration process. Cassiterite-bearing
granite is not common in the ore district, and is only
well developed in the interior of some granitic bodies.
The cassiterite in tin granites always occurs with fluorite.
Greisens are also not common and the reserves of this
type are small. These rocks mainly contain muscovite
and quartz, with average grades of about 0.8%.

Keywords. cassiterite, SEM-CL, trace element,
LAICPMS, Gejiu

1 Introduction
Cassiterite (SnO2) is a widespread minor constituent of
some granitic rocks, commonly associated with
tourmaline, topaz, fluorite, apatite, wolframite,
molybdenite, and arsenopyrite. Greisen, skarn, veins are
also the most popular Sn mineralization styles.
Cassiterite has been the chief tin ore throughout ancient
history and remains the most important source of tin
today.
Cathodoluminescence (CL) and laser ablation
ICP-MS have become standard techniques for
understanding mineral growth histories and for

Figure 1. Sketch map showing the different mineralization styles of the Gejiu tin polymetallic ore district (Cheng et al. 2008).
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They are generally large-about 400 x 600 μm in size,
and characterized by euhedral oscillatory growth zones
(Fig. 2). In contrast, cassiterite from stratiform
semioxidized ores, stratiform oxidized ores and veins
are typically smaller (about 50 x 200 μm in size),
anhedral crystals with less regular zoning patterns. The
microstructures of the latter group are more complex
than the former one (Fig. 2). For example, in the
stratiform oxidized, stratiform semioxidized and vein
samples, some cassiterite grains are completely bright
while others are dark, and some crystals display
irregular variations between light and dark (Fig. 2).
As shown in Figure 1, all the samples of the tin
granite, greisen and skarn are close to the granite and the
other 3 samples are more distal. It appears that distance
between ores and granites (the inferred source of
hydrothermal fluids) may be one of the key factors
controlling the cassiterite morphology variations.

Skarn-related deposits are common in the whole ore
district, and skarn mineraliation is economically the
most important mineralization style, with an average tin
grade of ~1%. Vein-type ores have only been discovered
in the Dadoushan area of Laochang deposit (Fig. 1).
Veins contain skarn minerals and large amounts of
tourmaline, with average tin grade 0.2%. The oxidized
stratiform style ore is the second most important
mineralization style, and mainly develops between
carbonate layers distal to granite. This mainly contains
hematite and limonite (Fig. 1), with an average tin grade
of 2%. Some incompletely oxidized ores in the oxidized
stratiform orebodies contain hematite, limonite,
pyrrhotite and minor pyrite (semioxidized ores). In this
study, we compare CL images and trace elements of
cassiterite derived from these various mineralization
styles.

Figure 2. SEM-CL images of cassiterite from different
mineralization styles, and corresponding laser trace element
analysis spots

3 Crystal characteristics and CL Textures
Cassiterite crystals from all mineralization styles can be
categorized into two groups based on the size, shape and
CL textures. Cassiterites from tin granite, greisen and
skarn ores exhibit many similarities.

Figure 4. V and Zr/Ti versus Ti concentrations (ppm) in
cassiterite from various ore deposit types.

4 Cassiterite trace elements
Using LA-ICP-MS at James Cook University, we
analysed 25 elements simultaneously in 96 spots from
the 6 cassiterite samples. The following elements were
analyzed (detection limit in parentheses): Al (1540 ppb),
Ca (6190 ppb), Sc (103 ppb), Ti (353 ppb), V (88 ppb),
Cr (266 ppb), Mn (118 ppb), Fe (7430 ppb), Cu (738
ppb), Zn (313 ppb), Ga (136 ppb), Rb (38.3 ppb), Sr (35
ppb), Zr (205 ppb), Nb (10 ppb), Sb (27 ppb), La (7 ppb),
Ce (5 ppb), Yb (8 ppb), Lu (3 ppb), Hf (12 ppb), Ta (3
ppb), W (18 ppb), Pb (135 ppb), U (1 ppb).

Figure 3. Spider diagram of the trace elements of the
cassiterites from Gejiu deposit. These trends are averages of
individual analyses from each cassiterite type.
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Gejiu area has a close genetic connection with the late
Cretaceous granitic rocks (308 Geological Party 1984;
Mao et al. 2008; Cheng and Mao 2010).
Our results indicate that cassiterite crystal size is
larger proximal to the granite source region and
decreases outward into the host limestones. Along with
this, euhedral growth zones are better developed
proximal to the granite and zoning becomes less regular
with distance from the granite contact (Fig. 2). Trace
elements concentrations show significant variations,
which is reflected by the positive or negative anomalies
of Al, Sc, Ti, V, Mn, Yb, Lu, Pb and U in spider
diagrams, however the 6 samples exhibit the same
general trace element pattern (Fig. 3). Cassiterites from
skarn, greisen and tin granite have distinct V, Ti, and
Zr/Ti ratios compared to samples from stratiform
oxidized, stratiform semioxidized and vein (Fig. 4). This
may provide clues as to the processes and crystallisation
conditions of cassiterite in the different environments. In
the two single grains, U, Sb, W and Sc exhibit similar
increases from cores to rims in both greisens and tin
granite samples (Fig. 5). Moreover, bright regions have
higher concentrations of Ti and V than in the dark parts
in both cassiterite grains. The origin and significance of
these chemical variations will be discussed.

The most abundant trace elements in cassiterite from
Geiju include Ti (225 to 3165 ppm in average of the 16
analysed spots), Fe (1377 to 2768 ppm in average of the
16 analysed spots) and W (497 to 1566 ppm in average
of the 16 analysed spots). Al, Sc, V, Ga, Zr, Nb, and Sb
were also commonly detected in lower concentrations.
Some elements vary over several orders of magnitude in
concentration in a single sample, for example, V, Nb, W
and U (Fig. 3). In general, the samples from tin granite,
greisen and skarn ores contain higher Al, Ti and Yb
contents, but lower Mn, Ce and Pb than the stratiform
semioxidized, stratiform oxidized and vein samples. As
a whole, the spider patterns of the 6 samples are broadly
similar (Fig. 3).
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Figure 5. Variations of trace elements from different spots of
single cassiterite grains from Gejiu deposit. Concentrations of
elements are different in different locations of a single grain.
For example, Ti and V are higher in bright regions, while U, Sb
and are higher in dark areas. Sc in cores is higher than in rims.

However, although the average patterns of the 6
samples in spider diagrams are roughly similar, some
differences do exist in detail. For example, all samples
from the 6 mineralization types define a broad
correlation between V and Ti concentration (Fig. 4), but
cassiterite from skarn, greisen and tin granite samples
generally contain more Ti and V than the vein, stratiform
oxidized and stratiform semioxidized samples. The latter
group also extends to clearly higher Zr/Ti ratios (Fig. 4).
No other correlations among trace elements are obvious.
We measured the trace element profiles across
several large cassiterite crystals from tin granite, greisen
and skarn samples. In the tin granite cassiterite samples,
the concentrations of Nb, U, Sb, W, Sc, V, Ti and Fe
increase from core to rim of the crystal, as CL intensity
increases. In the greisen, Sc, W, Sb and U show a similar
trend from core to rim, but the other elements do not
follow this trend (Fig. 5).

References
308 Geological Party (1984) Geology of tin deposit in Gejiu area.
Metallurgical Industry Publishing House, Beijing, pp 1 – 290
Cheng YB, Mao JW (2010) Age and geochemistry of granites in
Gejiu area, Yunnan province, SW China: constraints on their
petrogenesis and corresponding tectonic setting. Lithos
120:258-276
Cheng YB, Mao JW, Xie GQ (2008) Preliminary study of the
petrogenesis of Laochang-Kafang granite in the Gejiu area,
Yunnan province: constraints from geochemistry and zircon
U-Pb dating. Acta Geol Sin 81:1478-1493 (in Chinese with
English abstract)
Götze J, Plötze M, Habermann D (2001) Origin, spectral
characteristics
and
practical
applications
of
the
cathodoluminescence of quartz- a review. Mineral Petrol
71:225–250
Hedenquist JW, Lowenstern JB (1994) The role of magmas in the
formation of hydrothermal ore deposits. Nature 370:519-526
Lehmann B (1990) Metallogeny of tin. Berlin, Springer, 211 p
Mao JW, Cheng YB, Guo CL (2008) Gejiu tin polymetallic
ore-field: deposit model and discussion. Acta Geol Sin
81:1456-1468 (in Chinese with English abstract)
Rusk B, Lowers H, Reed M (2008) Trace elements in hydrothermal
quartz, relationships to cathodoluminescent textures and
insights into hydrothermal processes. Geology 36:547-550

5 Discussion
Lehmann (1990) and Hedenquist and Lowenstern (1994)
pointed out that Sn and W mineralization is commonly
associated with reduced magmas, which is the case with
the Gejiu tin district. Field observations and laboratory
work strongly suggests that the tin mineralization in
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A new sulfur isotope study at Bendigo gold mine,
Kangaroo Flat, Australia: evidence for multiple gold
sources?
Helen V. Thomas, Ross R. Large, Stuart W. Bull.
CODES ARC Centre of Excellence in Ore Deposits, University of Tasmania
Abstract. This study investigated sulfur isotope zonation
across the whole of the Bendigo gold mine at Kangaroo
Flat, Australia. Previous sulfur isotope studies in the area
(e.g., Bierlein et al. 2004; Gao and Kwak 1995; Jia et al.
2001) were confined to gold reef or near-gold reef
locations at other ore occurrences in the Bendigo area. In
this study samples from throughout the stratigraphy at
Bendigo gold mine were taken to give a holistic approach
to deposit genesis from early sedimentation, to late
metamorphism. An earlier study by the authors (Thomas
et al. 2011) used LA-ICPMS analysis on sulfides to show
the presence of gold in early diagenetic pyrites from
black shale units, and on late Au-As hydrothermal rims
present on late metamorphic pyrites. This study builds on
the conclusions reached in that study and provides sulfur
isotope evidence to support the authors assertion that the
source of gold is not just from Cambrian mafic rocks
deep in the succession (e.g., Bierlein et al. 1998;
Crawford and Keays 1978; Gulson et al. 1990; Jia et al.
2000; Willman 2007), but is also sourced during the
pyrrhotite to pyrite transition which occurs when
diagenetic pyrite formed in the black shale units are
metamorphosed.

al. 1990; Jia et al. 2001). This study is focussed on
diagenetic and metamorphic-hydrothermal pyrite in the
sediments and shows that there is a much greater
variation in sulfur isotope ratios in the sediments
compared to the gold reefs. We suggest that this may
indicate the presence of more than one sulfur reservoir
and the possible occurrence of a homogenization
process over time.

2 Geological background
Many studies of the Bendigo goldfield have been made
so only a very short introduction is presented here. Gold
at Bendigo occurs as hydrothermal grains of free gold
and gold nuggets, present in quartz-reef structures,
associated spur veins and laminated quartz veins
(Sharpe and MacGeehan 1990). Alluvial gold was
exploited in the early history of the deposit, but was
soon overtaken by reef mining (Willman and Wilkinson
1992). The host rocks to the Bendigo goldfields are an
approximately 3km thick Lower to Middle Ordovician
turbididic succession, comprising mostly mass-flow
deposited sandstone and mudstone with subordinate
suspension deposited mudstone and shale, known as the
Castlemaine group (Fergusson and VandenBerg 2003).

Keywords. gold, Bendigo, sulfur isotopes

1 Introduction

3 Sulfur isotope data

In Thomas et al (2011) pyrites at Bendigo were assigned
diagenetic,
metamorphic-hydrothermal,
laminated
quartz vein or gold reef status based on texture,
morphology, location and trace element association.
They found that each type contained a specific suite of
elements corresponding to the environment it formed in
and fluctuations in the composition of the hydrothermal
ore-forming solutions.
Early diagenetic pyrites within the organic bearing
shales were enriched with Mn, Zn, Mo, Cu, V, Ba, Ag,
Au, Cd, Tl, Co, Ni, Bi, Pb and Te, indicating they
concentrated these elements during diagenetic growth in
a reduced basin environment. Later metamorphichydrothermal pyrites contain lower concentrations of
most trace elements; but higher contents of Au and As
particularly on the outermost rim of the pyrite,
suggesting late stage Au addition to pyrite associated
with the main gold event. Pyrite from laminated quartz
veins and gold-bearing saddle reef environments shows
a strong Au, As enrichment, and high Au/Ag ratio and is
inferred to form coeval with free-gold deposition and
the peak of gold mineralization.
Previous work by other authors on sulfur isotopes at
Bendigo was focussed on pyrite from and proximal to
the gold-lodes where there is least variation in ratios,
typically -5 to +5‰ δ34S (Bierlein et al. 2004; Gulson et

3.1 Methodology
Three methods were utilized for sulfur isotope
extraction, including conventional analysis; in-situ laser
ablation utilizing an analytical spot size of around 250
μm, and Sensitive High Resolution Ion Microprobe
(SHRIMP II) analyses. The conventional and laser
ablation analyses were performed at University of
Tasmania CSL and the SHRIMP II analyses at ANU,
Canberra. One hundred and forty eight sulfur isotope
analyses were performed as part of this study.
3.2 Results
Twenty seven analyses of diagenetic pyrite ranges from a
maximum of +12.6‰ to a minimum of -16.3‰ with a
median value of -3.7‰. Metamorphic-hydrothermal
pyrite (93 analyses) ranges from a maximum of +15.1‰
to a minimum of -15.9‰ with a median value of -0.4‰.
Pyrite from laminated quartz veins (28 analyses) ranges
from a minimum of -5.5‰ to a maximum of +4.3‰ with
a median value of -0.7‰. Pyrite from the gold-bearing
Gill reef (18 analyses) has a maximum of +2.1‰, a
minimum of -1.5‰ and a median value of -0.9‰.
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good agreement with the shift in sulfur isotope ratios
with lithology reported by Jia et al. (2001).

Arsenopyrite from the gold-bearing Gill reef (6 analyses)
has a maximum of +1.2‰, a minimum of -0.9‰ and a
median value of 0.0‰. This is illustrated in Table 1
below.
Table 1. Sulfur isotope variation (‰) relative to CDT in
sulfide types and pyrite paragenetic location across Bendigo
gold Deposit.

Min

Median

Max

Quartile

Dia

M-Hy

LQ

Reef

Apy

0.00

-16.3

-15.9

-5.5

-1.5

-0.9

1.00

-5.1

-4.3

-3.0

-1.3

-0.3

2.00

-3.7

-0.4

-0.7

-0.9

-0.0

3.00

+3.2

+3.9

+1.0

-0.4

+0.1

4.00

+12.6

+15.1

+4.3

+2.1

+1.2

n=148.
Dia=diagenetic,
m-hy=
metamorphic
hydrothermal,
LQ=laminated quartz vein, reef=gold-reef, apy=arsenopyrite.

Variation in sulfur isotope ratios in single pyrite
crystals from shale and reef lithologies has been shown
to occur when grains are analysed on SHRIMP II at
ANU.
Sulfur isotopes also vary with lithology; pyrite from
sandstone lithologies are heavier, generally >0‰, with
shale lithologies showing much lighter values up to δ34S
-16.3‰.

Figure 1. Tukey box and whisker plot of sulfur isotope
analyses performed in this study, illustrating the ongoing
restriction of ratios as the deposit formed. Key, reef = reef
pyrite, LQ = laminated quartz vein pyrite, metm =
metamorphic pyrite, dia = diagenetic pyrite.

The theory that sulfur is sourced from metamorphic
dewatering of sediments deeper in the basin is supported
by Jia et al. (2001), who used a combination of oxygen,
hydrogen, sulfur, carbon and nitrogen isotopes to suggest
that a metamorphic fluid sourced from deep in the
sedimentary sequence with a temperature between
325°and 375°C was responsible for forming the deposit,
a temperature of formation approximately 350°C was
predicted by Wilson et al. (2009) as part of their study on
illite crystallinity and b-lattice spacing of micas in
Western Victoria.

4 Discussion
Diagenetic pyrite sulfur isotope ratios suggest that the
sulfur may have been bacteriogenically reduced seawater
sulphate. Metamorphic-hydrothermal pyrite ratios
suggest that the sulfur may have been sourced from
seawater sulfate with some input from the
bacteriogenically reduced sulfur as metamorphism and
hydrothermal activity recycled the sulfur trapped in
diagenetic pyrite as it breaks down.
δ 34S ratios of pyrite from laminated quartz veins are
inferred to represent the introduction a sulfur source
from deep in the basin caused by metamorphic
dewatering which would have a value around zero,
mixing with the sulfur sourced from seawater sulfate.
Sulfur isotope ratios in pyrite and arsenopyrite from the
gold-bearing Gill reef suggest that the sulfur source at
this point in the deposit formation is primarily from
deeper in the sedimentary sequence generated during
metamorphic dewatering as the basin experiences
maximum stress and thoroughgoing structures are
formed channelling fluids up section. Fig. 1 below,
shows a box and whisker plot which illustrates the
ongoing restriction in sulfur isotope ratios as the deposit
formed.
Sulfur isotopes also vary with lithology; lighter sulfur
isotope ratios of pyrite from shale lithologies suggest the
influence of bacteriogenic reduction of seawater sulphate
while ratios from pyrite in sandstone lithologies are
heavier suggesting the influence of seawater sulfate
prevailing later in the deposit formation history; this is in

5 Conclusions
Sulfur isotope analyses presented in this study record the
switch from a bacteriogenically reduced seawater sulfate
dominated system, to one dominated by reduced
seawater sulfate (pore water)
during early
metamorphism. The introduction of sulfate sourced from
sediments deep in the basin is recorded in laminated
quartz vein pyrites which begin to homogenize the
reservoir to give sulfur ratios with a median value close
to zero. As the gold-bearing quartz reefs are formed the
source of sulfur is almost completely from the deep
reservoir, resulting in an extremely small variation from
-5‰ to +5‰ δ34S. This is supported by the studies of Jia
et al. (2001) and Bierlein et al. (2004) and references
contained therein.
We suggest that the wide range of trace elements
present in diagenetic pyrite together with their
characteristic sulfur isotope population infer an early
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gold enrichment of the basin from sedimentation
onwards, with the later input of gold sourced from
deeper in the sedimentary basin facilitated by the
formation of through-going structures during late
metamorphism (Willman and Wilkinson 1992). We
assert that the process of early gold introduction
followed by a later metamorphic input has resulted in an
upgrading of the gold resource to the most productive in
the region.

mineralization in the Lachlan Orogen. Austral J Earth Sci
56:1143-1164
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Archean gold porphyry deposits of the Abitibi
greenstone belt, Québec, Canada – possible role of late
orogenic sedimentary rocks
Michel Jébrak
Département des Sciences de la Terre et de l’atmosphère, UQAM, CP 8888, Centre Ville, Montréal (QC), H4A1N4
Canada

Abstract. Recent discoveries have demonstrated that
Archean gold porphyries could represent large
economic targets despite their lengthy period of
erosion. In the Abitibi greenstone belt, numerous
synvolcanic porphyries are associated with bimodal
volcanic complexes and related to oxidised TTG
magmatism. However, changes in sea level during the
Archean exerted a control on the mechanisms of
concentration, which likely led to gold enrichment in
these deposits. Syntectonic porphyries occur late in the
collisional timeframe and are related to alkaline, usually
oxidised, magmatism in major shear zones, similar to
their Phanerozoic equivalents. The largest Archean
deposits indicate a more reducing environment
associated with late sediment deposition.

greenstone belt tonalitic magmatism, and syntectonic
deposits related to late structuration of the crust.
Table 1. Disseminated Au-deposits associated with plutonic
systems in the AGB, Québec. NVZ: Northern volcanic zone;
SVZ: Southern Volcanic Zone.
Deposit, zone
Production (P or
Age
and references
Resources (R)
(Ma)
Chibougamau,
P. 94 t Au, 725 kt Cu
2718
NVB (1,2,3)
Douay,
NVZ R: 45 t Au
2680
(4,5)
Mop2, NVZ (6)
R: 3.24 Mt @ 1,6 g/t Au
2718?
Launay SVZ (7) R: Au
2718
Don
Rouyn, P: 36 Mt @ 0.15% Cu,
2700
SVZ (8)
>1g/t Au, 75% SiO2
Beattie, SVZ (9) P: 9.66 Mt @ 4.04 g/t Au
2682
Malartic,
P : 35 Mt @ 3.95 g/t Au
Pontiac (10)
R : 344 Mt @ 0.97 g/t Au
Camflo,SVZ
P : 9.5 Mt @ 5.5 g/t Au
2685
(11)
East
Amphi, R : 4.61 Mt 2@ 5.69 g/t
SVZ (12)
References: 1: Pilote 1998; 2: Furic 2005; 3: Côté-Mantha
2006; 4: Demers et al. 1996; 5: Robert 2001; 6: Lépine 2008;
7: Jébrak and Doucet 2002; 8: Galley 2003; 9: Davidson and
Banfields 1944; 10: Beaulieu 2009; 11: Zweng et al 1993; 12:
Dussault et al 1999.

Keywords. gold, porphyry systems, Archean

1

Introduction

The strong demand for gold and the maturity of several
classic districts have prompted new research on
disseminated gold deposits associated with plutonic
systems. Three main families may be distinguished: (1)
Cu-Au porphyry (Sillitoe 2000); (2) intrusion-related
Au (IRG, Lang and Baker 2001); and (3) Iron oxideAu-Cu (Groves et al. 2010) deposits.
Archean granite greenstone belts represent the
equivalent of modern active margins and are potential
hosts to the above deposit types. The supposed paucity
of such deposits in Archean terranes has been
explained by fundamental geodynamic differences
and/or their non-preservation due to their deep levels of
erosion (Kerrich et al. 2005). However, this notion of
scarcity of Precambrian porphyries is challenged by the
number of existing large mines, such as Boddington
(Western Australia; Duuring et al. 2007), Salobo
(Brazil; Groves et al. 2010), Troilus and Malartic
(Quebec; Fraser 1993; Beaulieu 2009) and new
developments such as Springpole (Uchi belt, Ontario;
Atkinson and Smith 1990).
This paper synthesizes geologic data on
disseminated Au deposits in the Abitibi greenstone belt
(AGB) and shows that these deposits reflect redox
variations in the crust and changing sea levels at the
end of the Archean.
Table 1 provides a partial list of disseminated Au
deposits in the Québec part of the AGB. Franklin and
Thorpe (1982) recognized two main categories:
synvolcanic deposits related to typical bimodal

2

Synvolcanic porphyries

Synvolcanic porphyries develop during to the
polyphase construction of a volcanic arc. In the AGB,
three main cycles have been recognized at 2735-2720,
2720-2710, and 2706-2696 Ma (Mueller et al. 2009)
Gold-rich plutonic systems are known to be associated
with the three late cycles.
In the Northern Zone of the AGB, the
Chibougamau district displays many styles of
mineralisation. The main Cu-Au vein-hosted ores
present an assemblage of pyrrhotite, chalcopyrite,
pyrite, magnetite and gold that reflect an oxidising
environment of deposition. New prospects, such as
Mop2 (Lépine 2008), display disseminated facies with
a more reduced assemblage, including gold, pyrite,
chalcopyrite, molybdenite and Bi-minerals in the
centre, and a pyritic zone at the periphery. Alteration
zoning, including propylitic, sericite zone and a
possible deep potassic core is similar to Phanerozoic
porphyries. Several other Au or Cu-Au prospects with
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2009). The mineralisation is disseminated within
dissolution and hydraulic breccias and replacement
zones that are almost always limited to the outer
contact of the intrusion. Silicification and potassic
alteration (biotite, K-feldspar) are the most prominent
types. The mineralisation shows Bi, Te and W
enrichment, but no evidence of oxidised iron species.
The deposit thus clearly differs from other syn-tectonic
Au-porphyries by its more calc-alkaline affinity and
more reduced redox state.
Syntectonic porphyry deposits share several
characteristics: an association with small intrusions
related to large deformation zones; a scarcity of the CuMo type; and potassic alteration assemblages. Depth of
emplacement remains poorly constrained. Most of the
metallic mineral associations are also typical for an
oxidising depositional environment, indicated by
presence of hematite and magnetite. However, the
sizeable Malartic Au-deposit appears more reduced in
composition.

porphyritic facies have been encountered in the
Northern Zone of the AGB, such as in the Selbaie
district where a pyritic massive sulphide deposit is
associated with a rhyolitic volcanic sequence
characterized by porphyritic dykes and epithermal
mineralisation (Faure et al. 1996). The Launay district
is more eroded and contains Au-Mo, magnetite-rich
mineralisation associated with the remelting of an early
tonalite (Jébrak and Doucet 2002).
In the Southern Zone of the AGB, polyphased
calderas of the Blake River district also display several
porphyry-style occurrences, and these have been
related to post-cauldron resurgence (Galley 2003). At
Don Rouyn, chalcopyrite-chalcocite concentrations are
surrounded by a hematitic halo.
These synvolcanic porphyry deposits in the AGB
share several characteristics: an association with late
calcalkaline tonalitic intrusions within volcanic
complexes; the presence of Cu and Mo (Don Rouyn
0.15% Cu, traces of Mo); a poorly developed potassic
alteration; and a shallow level of emplacement. The
Launay porphyry constitutes a deeper variation. These
deposits marked the end of a caldera stage in both
Chibougamau and the Blake River districts. Most of
the metallic mineral associations are typical of an
oxidic depositional environment characterized by the
presence of magnetite and hematite.

3

4

Comparisons with Western Australia

Duuring et al. (2007) propose a distinction between
Cu-Au±Mo porphyry systems and intrusion-related
Au-Mo-W and Mo±Au systems occurring in the
Yilgarn Block of Western Australia similar to the
distinction made between oxidised vs. reduced
Phanerozoic systems. The Yilgarn block hosts rare
oxidised porphyries (Ravensthope) associated with
tonalite. No Au porphyry systems related to caldera
resurgence, like the ones known in the AGB, have yet
been described. This may reflect a contrast in the true
abundance of VMS type deposits in Canada and
Western
Australia.
Syntectonic
porphyritic
mineralisations occur in both the Yilgarn and AGB, but
appear earlier in the former where the Mt Mulgine Au
deposit (Murchison) is dated at 2767 Ma. More than
just representing a true IRG style of mineralisation,
these deposits also represent the Archean equivalent of
alkaline porphyries (Mutschler et al. 1985).

Syntectonic porphyries

Syntectonic porphyries are related to the AGB’s
terminal collisional phase (2686-2661 Ma; Mueller et
al. 2009), with the formation of detrital basins along
major breaks, a provincial-scale uplift, post-collisional
asthenospheric upwelling. and the cratonisation of the
domain.
Most of the deposits described to date are
associated with small alkaline intrusions of monzonitic
to syenitic composition, such as Beatty, Douai and
Camflo. Legault and Lalonde (2009) suggest that
fertile and sterile intrusions can be distinguished by the
former’s small size, elongation and magnetic signature.
The Au-rich occurrences and prospects share numerous
characteristics (Robert 2001): they are associated and
sub-contemporaneous with alluvial - fluvial,
Timiskaming-type, sedimentary rocks; they consist of
disseminated sulphides and stockworks of quartz,
carbonates, K-feldspar, with zones of carbonate, albite,
K-feldspar and sericite alteration; and their metal
association is characterized by Cu, As and Te with
variable amounts of Pb, Zn, Mo, W and Sb. Anhydrite,
hematite, fluorite, tourmaline and scheelite have also
been recognized in several of these deposits. Both
anhydrite and hematite are indicative of relatively high
fO2, which is corroborated by the negative isotopic
value of the sulphur in the pyrite.
The Malartic Au deposit represents a significant
variation of this model. It is hosted by Pontiac
metasedimentary rocks that were deposited after Blake
River volcanism during the peak of deformation (2685
MA). The host intrusion is calc-alkaline in composition
and was probably emplaced during dextral shearing
along the Larder Lake Cadillac fault zone (Beaulieu

5

Discussion and conclusions

The presence of numerous porphyry-style Au deposits
in the Archean AGB prompts several key questions
about Au-Cu deposits regarding the geochemistry of
their magmas and the environments of their deposition.
Synvolcanic AGB porphyries belong to the
magnetite series. This level of oxidation would have
destroyed early magmatic sulphides and would have
either sustained metals in the magma or led to their
dissolution in the aqueous hydrothermal phase (Nadeau
et al. 2010). This could explain the consanguinity of
Cu-Au VMS and porphyries, both of which are
associated with the same mafic magmas, and metals
locally remobilized by felsic intrusions and
hydrothermal fluids.
No obvious differences appear between Archean
syntectonic porphyries and modern systems. The style
of these alkaline systems is similar to the style of late
alkaline magmatism in the American cordillera
(Mutschler et al.1985).
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Are there any significant differences between
Archean and Phanerozoic systems in terms of oreforming environment? Both are associated with
resurgent cauldrons that occur at the end of the
volcanic evolution. However, a key difference is the
water level. While Phanerozoic porphyries were
dominantly emplaced in subaereal environments, their
Archean counterparts were emplaced under submarine
conditions. Very few examples of recent submarine
Cu-Au porphyries are known. The 7 Ma old Manji
Mount in the Izu-Bonin back-arc, shows the same
tonalitic magmatism and mineral association as the
Archean deposits. However, ore deposition coincides
with the emergence of the volcanic landform,
demonstrated by the presence of a conglomeratic unit
at the top of the guyot (Ishizuka et al. 2002). Au would
become abundant in such systems only if
decompression occurred, as has been demonstrated in
the Ladolam district where the volcano began its
construction under water but evolved to a porphyryepithermal transition, at which point gold became more
abundant (Muller et al. 2002). The scarcity of Archean
Cu-Au porphyries cannot therefore be explained by
erosional differences alone, but also by the high level
of the Archean ocean, which limited the possibility of
depressurization in hydrothermal systems and therefore
mineral deposition. Exceptionally, some large volcanic
complexes with an abundant felsic component were
able to allow local boiling with Cu-Au deposition in
porphyry dykes (Selbaie, Brosman).
At the very end of the Archean orogeny, abundant
detrital Timiskaming-type sedimentation reflected
crustal uplift, allowing larger Au porphyry systems to
occur in syntectonic systems. The largest systems, such
as Malartic, benefited from a more reducing
environment that may have been related to the
assimilation of some Pontiac sedimentary rocks on the
southern edge of the AGB.
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Lead isotope signatures of Mo-rich porphyry deposits
Zhireken and Shakhtama (Russia)
Anita N. Berzina, Adel P. Berzina, Victor O. Gimon
Institute of Geology and Mineralogy, Koptyug Avenue, 3, Novosibirsk 630090, Russia
Robert S. Krymsky
Russian Geological Research Institute (VSEGEI), Sredny prospect, 74, St. Petersburg 199106, Russia
Abstract. Porphyry-type Mo-rich (Cu) deposits Zhireken
and Shakhtama are located in the Eastern Transbaikalia
(Russia). The mineralization is genetically related to the
emplacement of post-collisional J3 granitic porphyries.
These two deposits have different non-overlapping Pb
isotope signatures. Pb isotope data show a linear trend in
the plumbotectonic framework diagram ranging from
radiogenic Pb at the Shakhtama deposit to mantle Pb at
the Zhireken. The Pb isotope data from feldspars indicate
that ore-bearing porphyry stocks and surrounding granitic
plutons evolved from a similar source. At least two
sources of Pb with different isotopic compositions
participated in the ore formation at Zhireken and
Shakhtama. The Pb isotopic signature of chalcopyrite
and pyrite is consistent with a magmatic metal source.
The more radiogenic Pb isotope composition of
molybdenites reflects distinct isotopic source for Pb.

The pluton borders the Mongol-Okhotsk suture zone at
the north. The rocks of the pluton are dominated by
granodiorites, granosyenites and granites; subvolcanic
ore-bearing stocks are mainly represented by high Kcalc-alkaline diorite-, granosyenite- and granite
porphyries.
The Shakhtama porphyry Mo deposit is localized
within the Shakhtama pluton, bordering the southern
margin of Mongol-Okhotsk belt. The pluton is located
within the Mesozoic marine trough basin containing
relicts of oceanic crust. The pluton is mainly composed
of granodiorites and granosyenites. Porphyry rocks are
dominated by granite porphyries and granodiorite
porphyries. These porphyries are petrochemically Kenriched and belong to high-K calc-alkaline and
shoshonitic series.
Age of Zhireken plutonic rocks range from 188 to
168 Ma, the granitic porphyries have an age range from

Keywords. porphyry Mo-Cu deposits, Pb isotopes,
Zhireken, Shakhtama

1 Introduction
Lead isotopes have been successfully used to trace
magma and metal sources and to understand oreforming processes. In the present paper, new lead
isotope data for ore-bearing porphyries and associated
sulfide minerals, as well as for surrounding batholitic
intrusions from two Late Jurassic porphyry Mo-rich
deposits
Zhireken
and
Shakhtama
(Eastern
Transbaikalia, Russia) are presented and discussed.

2 Geological background
The porphyry Mo-Cu mineralization of Mesozoic age is
widespread in Transbaikalia (Russia). These deposits are
located along the Mongol-Okhotsk orogenic belt (Fig.
1). The northern margin of Eastern Transbaikalia is
widely envisaged as an active continental margin related
to northward subduction of Mongol-Okhotsk ocean
plate under the Siberian continent during Late Triassic–
Middle Jurassic time (Zonenshain 1990). The ocean
closed in the Middle-Late Jurassic as a result of the
collision of the Siberian and Khingan-Bureya
continents. Collision was accompanied by calc-alkaline
magmatism and formation of large Mesozoic granitic
plutons, followed by the emplacement of postcollisional shallow level porphyritic intrusions.
The Zhireken Mo-Cu porphyry deposit is located
within the Bushulei granitic pluton in Early Paleozoic
folded zone with vast occurrence of Early Paleozoic,
Middle Paleozoic and Mesozoic intrusive complexes.

Figure 1. Cratons and orogenic belts of Northeast Asia
(simplified after Parfenov et al. 2003) with location of Zhireken
and Shakhtama deposits.
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160 to 158 Ma (40Ar/39Ar dating; Ponomarchuk et al.
2004). Shakhtama pluton has been dated at 193 Ma and
porphyritic stock at 160 to 150 Ma (40Ar/39Ar dating;
Sotnikov et al. 1998). The Re-Os age for molybdenite
samples has recently been dated at 163-162 Ma for
Zhireken and 159-158 Ma for Shakhtama (Berzina et al.
2003). The Zhireken deposit shows (87Sr/86Sr)0 values of
0.70495-0.70642 indicating mantle-crust interaction, the
Shakhtama deposit is dominated by a crustal source
component with (87Sr/86Sr)0 =0.70741-0.70782 (Sotnikov
et al. 2000).

4 Discussion
In uranogenic diagram (Fig. 2A) K-feldspars and
sulfides fall between the average crustal growth curve of
Stacey and Kramers (1975) and the mantle growth curve
of Zartman and Doe (1981), indicating the influence of
mantle material in the formation of both deposits. The
Pb isotopic ratios of K-feldspars illustrate distinct fields
for each deposit. Lead isotope compositions of Kfeldspars from Zhireken exhibit non-radiogenic values.
In the uranogenic diagram (Fig. 2A) they plot close to
the mantle curve, suggesting that mantle component was
the main source for Zhireken magmas. The Shakhtama
K-feldspars show more radiogenic Pb-isotopic values.
In the uranogenic Pb diagram the samples plot mostly
below the orogenic and average crustal growth curves
far from the mantle curve that suggest a stronger crustal
component in magma generation.
In the thorogenic Pb diagram (Fig. 2B) the Kfeldspar samples from both deposits plot close to the
orogen curve and the average crustal growth curve. For
the Shakhtama deposit data points are located on orogen
and between orogen and upper crust curves, though
closer to the orogenic reservoir. Data points for
Zhireken plot close to orogen curve, between it and
lower crust curve.
At both deposits there are no significant isotopic
differences between feldspars from porphyry rocks and
surrounding
plutonic
rocks.
Such
similarity

3 Pb Isotopic compositions
Lead isotopic compositions of mineral separates
(feldspars and sulfides) were determined using TRITON
multi-collector mass-spectrometer at the Centre of
Isotopic Research, Russian Geological Research
Institute, St. Peterburg, Russia.
Lead isotope data for the ore-bearing porphyries,
enclosing plutonic rocks and sulfides from the
Shakhtama and Zhireken deposits are presented in Table
1. Lead isotope compositions of Shakhtama rocks and
sulfide minerals are different from those of Zhireken.
Lead isotope compositions of K-feldspar from Zhireken
porphyries and plutonic rocks are similar and vary from
18.09 to 18.27 for 206Pb/204Pb, 15.49 to 15.52 for
207
Pb/204Pb, and 38.05 to 38.29 for 208Pb/204Pb. Pyrite
from Zhireken has a Pb isotopic composition
comparable with that of the K-feldspars. Molybdenite
separates from Zhireken have significantly higher
isotope ratios of 206Pb/204Pb = 20.17, 207Pb/204 Pb = 15.62
and lower 208Pb/204Pb = 37.27.
The range of values of Pb isotope compositions of Kfeldspar from Shakhtama porphyries and surrounding
plutonic rocks is 18.51 to 18.74 for 206Pb/204Pb, 15.57 to
15.61 for 207Pb/204Pb, and 38.27 to 38.49 for 208Pb/204Pb.
Chalcopyrite sample has the similar Pb isotope ratios,
whereas the molybdenite separates have significantly
higher isotope ratio of 206Pb/204Pb = 19.39 than the
feldspars from the Shakhtama.
Table 1. Lead isotopic compositions of K-feldspars and
sulfides from Zhireken and Shakhtama. Uncertainties in lead
isotopic compositions are less than 0.1% (2σ)
Number

Sample

206

Pb/204 Pb 207 Pb/ 204Pb 208Pb/204Pb

ZHIREKEN
S-462
granite
18.086
S-463
granite
18.115
S-467 fine-grained granite 18.271
S-0526 granite porphyry
18.244
S-794
molybdenite
20.173
S-0515
pyrite
17.995
SHAKHTAMA
P-300
gabbrodiorite
18.508
P-292
granite
18.738
P-308
diorite
18.562
monzodiorite
P-242
18.577
porphyry
P-250 granite porphyry
18.587
P-354
molybdenite
19.395
S-887
chalcopyrite
18.495

15.487
15.492
15.516
15.506
15.625
15.493

38.046
38.116
38.230
38.275
37.270
38.006

15.565
15.600
15.594

38.273
38.440
38.398

15.613

38.497

15.574
15.616
15.581

38.347
38.327
38.279

Figure 2. Plumbotectonic diagrams of K-feldspars and
sulfides from Zhireken and Shakhtama (after Stacey and
Kramers 1975; Zartman and Doe 1981)
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3 Conclusions

demonstrates the genetic link between porphyry rocks
and surrounding granitic plutons. Trace and REE
element data indicate that the plutonic and porphyry
rocks at both deposits share much in common. The large
ion lithophile elements (LILE: Rb, K, Sr, U, Th, Pb) are
highly enriched, whereas high field strength elements
(HFSE: Nb, Ta, Ti, HREE, Y) are strongly depleted
(Fig. 3). These data suggest the inheritance of a
subduction component from earlier subduction events in
the process of magma generation.
The difference in lead isotopic compositions between
two deposits is probably attributed to crustal
assimilation. Shakhtama deposit, located close to the
former continental margin was obviously affected by
contamination of crustal material introduced by ancient
subducted oceanic slab and sediments. Zhireken deposit
was formed father away from the continental margin
and was less affected by crustal material. Published Sr
and S isotope data are consistent with significant crustal
contribution to the parent magma of Shakhtama. As
reported by Sotnikov et al. (2000), Zhireken deposit is
characterized by less radiogenic Sr isotope values
(0.70495-0.70642) in magmatic apatites compared to
those from Shakhtama (0.70741-0.70782). Sulfur
isotopic values for sulfides from Zhireken (pyrite,
molybdenite and chalcopyrite), ranging from -0.6 to
4.1‰ fall within the range for most magmatic sulfide
values. Sulfides from Shakhtama show heavier δ34S
values (3.8-8.4‰), suggesting a possible crustal
component (Sotnikov et al. 2004).
Chalcopyrite from Shakhtama and pyrite from
Zhireken are similar in Pb isotope composition to Kfeldspar samples from their host rocks. This similarity
suggests that magma was the main source of Pb for CuFe sulfide minerals at Zhireken and Shakhtama.
However, molybdenite at both deposits shows different
and the most radiogenic Pb isotopic composition, what
reflects distinct isotopic source of Pb in molybdenite.
Lead isotopic composition of molybdenites might be
explained by significant contribution of Pb not provided
by Jurassic magmatism. The more radiogenic Pb isotope
compositions of molybdenite from Zhireken and
Shakhtama are compatible with derivation of Pb from an
external source. However, the question about the source
of lead in molybdenite still remains.

The sources of two magmatic systems Zhireken and
Shakhtama were significantly different with respect to
the degree of crustal involvement in magma genesis.
The higher Pb-isotopic values for Shakhtama suggest an
increasing involvement of crustal material in the source
region. Within each deposit Pb isotopic signatures are
similar for the ore-bearing porphyries and plutonic rocks
in which the porphyries were emplaced, indicating
common source or sources of similar compositions for
their magmas. Lead isotope heterogeneity in the sulfides
from Zhireken and Shakhtama indicates that not all Pb,
and probably, other metals were deposited from one
isotopically homogenous magmatic fluid. At least two
sources of Pb with different isotopic compositions
participated in the ore formation at Zhireken and
Shakhtama. The Pb isotopic signature of Cu-Fe sulfides
(chalcopyrite from Shakhtama and pyrite from
Zhireken) is consistent with a magmatic metal source.
The more radiogenic Pb isotope compositions of
molybdenite from both deposits are compatible with
derivation of Pb from an external source.
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Variation in hydrothermal muscovite composition
around the Valley porphyry Cu-Mo deposit, Highland
Valley district, British Columbia, Canada
Tatiana Alva-Jimenez, Richard M. Tosdal, Greg Dipple, Scott Halley
Mineral Deposit Research Unit, Department of Earth and Ocean Sciences, University of British Columbia, Vancouver,
Canada
John H. Dilles
Department of Geosciences, Oregon State University, Corvallis, Oregon, USA
Abstract. Muscovitic micas are a common alteration
component in porphyry Cu(-Mo-Au) deposits. At the
Valley porphyry Cu-Mo deposit in the Highland Valley
porphyry district, southern British Columbia, muscovitic
micas form as part of the high-temperature K silicate
assemblage in association with quartz-K feldspar-biotitebornite-chalcopyrite. Muscovitic micas also form
peripheral to the Valley deposit, in the adjacent low-grade
Bethsaida zone porphyry center, and at the abandoned
Alwin Mine, some 4 km to southwest. The muscovitic
micas form as several textural varieties, including vein
selvages where they replace the rock, replacement of
igneous biotite and feldspar in the host porphyry of the
Bethsaida phase of the Guichon Creek batholith.
Petrography, SEM and electron microprobe data indicate
that the micas in the core of the Valley deposit are
sodium-bearing muscovites (ca. 0.6% Na2O, 0.8% MgO)
whereas muscovites are more phengitic (ca. 0.2% Na2O,
1.29% MgO) in the other areas. Laser ablation-ICP-MS
spot analyses detect Ti, Li, Sn V and Sr at higher
concentrations in muscovites from the Valley pit
compared to those elsewhere. In contrast Tl, Rb, Cs, B,
Mn, Co and Zn concentrations are higher in muscovite
from Alwin and Bethsaida zone in comparison to the
Valley pit. Major and trace element chemistry of the
muscovites reflects temperature decrease and pH
changes from the central porphyry zones at Valley and to
peripheral hydrothermal systems.

Columbia Geological Survey 2010) with a probable and
proven reserve of 440 millions tonnes at 0.35% Cu and
0.008% Mo (www.teck.com). The district lies in the
southern portion of the Quesnel Terrane within the
Intermontane Belt, which hosts many of British
Columbia’s porphyry deposits. The district is hosted in
the late Upper Triassic calc-alkaline Guichon Creek
batholith (210 ± 3 Ma; Mortimer et al. 1990) that
intruded the Carnian to Norian marine volcanic to
sedimentary rocks of the Nicola Group (Casselman et al.
1995). The batholith is a multiphase pluton in which the
intrusions at the border are older and more mafic
whereas in the central part they are younger and more
felsic (Casselman et al. 1995; Fig.1). The Valley deposit
and the Alwin mine (4 km southwest of the Valley
deposit) are two of the six principal copper centers
known in the central part of the batholith. They both are
dominantly hosted in Bethsaida porphyritic granodiorite.

Keywords. muscovite, Highland Valley, porphyry copper,
alteration

1

Introduction

Muscovite is a common mineral that forms in a range of
hydrothermal, igneous and metamorphic environments.
The mineral is useful for deciphering processes involved
in diagenesis, regional deformation and hydrothermal
environments (Frey et al. 1980; Johnson and Oliver
1990; Guitierrez-Alonso and Nieto 1996). In this
context, the limited compositional variation of the host
rock in the Highland Valley porphyry Cu-Mo district
provides an excellent opportunity to examine the range
of muscovite compositions associated with large scale
hydrothermal alteration that constitutes mineralizing
porphyry environments.
The Highland Valley district located 350 km
northeast of Vancouver in south-central British
Columbia, Canada, contains the largest open pit mine in
Canada. The district has been actively explored since
1896 with a historical production to 2010 of 1.428 Bt
containing 5.181 Mt Cu and 83,000 t Mo (British

Figure 1. Geology of the Guichon Creek Batholith with the
location of the major mineral deposits of the Highland Valley
District (Modified after McMillan, 1976). Inset at lower left
shows the location of the district in British Columbia (BC).

Within the Highland Valley district, in the core of the
Valley deposit, muscovite is abundant as part of the Ksilicate alteration assemblage. Outside of the Valley
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plagioclase indicate high temperature of formation from
a largely magmatic fluid (Brimhall 1977; Muñoz 1984).
In contrast, muscovite from the edges of the
undeveloped and low-grade Bethsaida zone porphyry
copper deposit and abandoned Alwin mine, some 4 km
away from the Valley pit, contain less sodium (ca.
0.2wt.% Na2O) and are more phengitic (ca. 1.29 wt.%
MgO; Fig.2). The textural varieties Mc, Mv, Mp and Mb
are indistinguishable chemically. The chemical
variations of the white mica are consistent with changes
in physiochemistry across the hydrothermal system(s),
and in particular reflect a decline in temperature and
increase in pH from Valley to the Bethsaida zone to the
Alwin Mine.

deposit, muscovite is associated with quartz-sulfide D
veins in the hydrothermally altered rocks. The D veins
can be mapped in the relatively homogeneous host rock
as fracture-filling sets for as much as 4 km to the distal,
now abandoned Alwin mine. This homogeneous rock
type minimizes the effect of host rock composition on
hydrothermal mineral chemistry. Hence, variations in
muscovite chemistry therefore directly reflect
hydrothermal processes.
In this paper we present electron microprobe and
laser ablation inductively coupled plasma–mass
spectrometry (LA-ICP-MS) results from muscovite
collected along a transect from the core of the Valley
deposit to the distal Alwin Mine (Fig. 2). We intended to
demonstrate if the stoichiometry of hydrothermal
muscovite varies considerably with distance across the
hydrothermally altered centers.

2.2 LA-ICP-MS results
Trace elements contents of muscovite also show spatial
variation from the Valley deposit to the Alwin mine. Rb,
Cs, B and Tl as well as Mn, Co and Zn concentrations
are positively correlated and increase from Valley mine
towards the Alwin mine, whereas these elements are
negatively correlated with Li, Sr, Ti, Sn, and V and Sr
concentrations which decrease from the Valley mine
towards the Alwin mine (Fig. 3). Trace elements such as
Rb, Cs, Tl and Sr substitute for K in the interlayer cation
site in the muscovite mineral structure; B substitutes in
the tetrahedral cation site commonly occupied by Si, Al
and Fe+3; and Li, Ti, V, Zn and Mn substitute into the
octahedral site generally occupied by Al and minor Mg,
Fe+2 and Fe+3 (Deer et al. 1992, 2003).
3

Major and trace element composition of muscovite from
the Highland Valley district, along a transect from the
Valley deposit to the Alwin mine, show a systematic
lateral zonation. This zonation is indicative of the effect
of the temperature and acidity of the fluid on the
composition of the hydrothermal muscovite. Na-rich
muscovites are indicative of higher temperature whereas
phengitic muscovites represent lower temperature and
more neutral pH conditions. Muscovite composition also
reflects the solubility or mobility of certain elements.
Some elements such as Ti (and Sn) are generally not
very soluble and can only be moved in a relatively high
temperature but low pH fluid. On the other hand, alkalis
(Cs, Rb), Tl and transition metals (Mn, Zn) are well
known to be mobile at higher pH and at lower
temperature. The zonation of major and trace elements
in muscovite is part of the alteration footprint for
porphyry deposits, and may provide an exploration tool
in the future.

Figure 2. Electron microprobe data of Na vs. Si in muscovites
altering the Bethsaida intrusive phase. Values given in ions per
formula unit, the trend shows sodium distribution of
Microprobe data in the Bethsaida phase. Data colored
according to sample location sample (see inset map). Aerial
photography base provided by Highland Valley Copper.

2 Stoichiometry of muscovite
around of the Valley deposit.

Conclusions

in and

2.1 Electron microprobe results
Textural and protolith variations for muscovite identified
petrographically establish their paragenesis and mineral
protolith. Five types are identified: 1) coarse grained
pervasive muscovite (Mc) with crystal size of 0.4 mm to
0.7 mm, 2) medium to fine grained pervasive muscovite
with no preferred orientation with individual crystals of
0.1 mm to 0.4 mm (Mp), 3) muscovite in veins (Mv),
and 5) medium-grained muscovite pseudomorphous
after biotite (Mb). Scanning electron microscope and
electron microprobe analyses demonstrate major element
chemical variations in the muscovite textural types as a
function of their spatial distribution. Samples from the
Valley deposit in which muscovites are Mc have higher
sodium content, and thus have a more paragonitic
composition (ca. 0.6 wt.% Na2O, 0.8 wt.% MgO). These
muscovites also have detectable halogens (F, Cl). The
Na-rich muscovite together with K-feldspar and Na-
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Characteristics of the Oyu Tolgoi porphyry deposits,
South Gobi, Mongolia
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Abstract. The Oyu Tolgoi porphyry Cu-Au district, South
Gobi, Mongolia, is related to Late Devonian quartz
monzodiorite (~372 Ma) of high K calc alkaline affinity,
emplaced in basaltic volcanics. At least eight porphyry
deposits occur in a narrow belt 22 kms long. They have
variable characteristics; the Hugo Dummett deposits are
bornite-rich and have extensive advanced argillic and
sericitic alteration zones, whilst the Southwest, Heruga
North and Heruga deposits are chalcopyrite-rich with high
gold to copper ratio. Advanced argillic alteration,
including andalusite, corundum, diaspore, residual
quartz,
alunite
plus
aluminum-phosphate-sulfate
minerals, zunyite, topaz, kaolinite, anhydrite-gypsum and
dickite, is overall dominated by pyrophyllite. Oxygen and
hydrogen isotopes show that parent fluids for sericitic
alteration and pyrophyllite are predominantly magmatic,
and alunite is related to condensed magmatic vapor,
whereas late dickite veins show meteoric water ingress.
Sulfur isotopes are consistent with oxidizing magmatichydrothermal fluids. Oyu Tolgoi now comprises the
largest group of Paleozoic porphyry deposits in the world,
with measured and indicated resource of 1,387 Mt at
1.33% Cu and 0.47 g/t Au, and an inferred resource of
2,367 Mt at 0.78% Cu and 0.33 g/t Au (at 0.6% Cu equiv.
cut-off), in six main deposits.
Keywords. porphyry Cu-Au, Paleozoic,
argillic, O-H-S isotopes, Mongolia

exploration is continuing to define further resource in
this zone. Construction of the Oyu Tolgoi mine and mill
complex is underway and is expected to be completed
by late 2012.

advanced

1 Introduction
The Oyu Tolgoi deposits (106.85o E and 43.01o N) are
located in the South Gobi desert, about 650 km south of
Ulaanbaatar (Fig. 1), at about 1170 m elevation in low
relief terrain (<50 m). They were discovered by BHPBilliton (Magma Copper Ltd) geologists, who visited
the area in September, 1996, and undertook the first
exploration between 1997-1999 (Kirwin et al. 2005;
Perelló et al. 2001), and are particularly significant, as
the first major Paleozoic Au-rich porphyry deposits
found in Mongolia. Previously Mongolia was thought to
have potential mainly for porphyry Cu-Mo deposits,
similar to the Triassic Erdenet deposit, in continental
basement (Watanabe and Stein 2001). Oyu Tolgoi is also
significant as now the largest group of Paleozoic
porphyry Cu-Au deposits in the world (total resource
~3.75 Bt), and because of the exceptionally high grade
porphyry-style mineralization. The deep underground
Hugo Dummett North resource includes 329 Mt at 3.0%
Cu and 0.76g/t Au (2% Cu cut-off). The Oyu Tolgoi
deposits occur in a narrow belt, 22 km long, and

Figure 1. Location of the Oyu Tolgoi porphyry Cu-Au
deposits within Paleozoic arc terranes in southern Mongolia,
and their distribution along the Oyu Tolgoi mineral trend. The
Erdenet Cu-Mo mine occurs in cratonic basement

2 Characteristics of deposits
The structure of the Oyu Tolgoi deposits is enigmatic
(Fig. 2), at least on the scale known by drilling. A feature
of all deposits is the Contact fault which divides
mineralized Foot wall rocks, from barren Hanging wall
rocks. The Contact fault, although commonly steep (Fig.
2), elsewhere at Heruga and Hugo Dummett South,
flattens and extends above the porphyry deposits. A
major post-mineral fault (West Bat fault), truncates the
west side of the Hugo Dummett deposit, and extends
along the Oyu Tolgoi mineral trend. Several N70E cross
faults offset the trend.
The Hugo Dummett deposits are hosted mainly by
quartz monzodiorite. Sulfide mineralogy at highest
grades (>2.5% Cu) is associated with intense quartz
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(Khashgerel et al. 2006, 2009; Fig. 3). Alunite formed at
moderate temperature (216-300o C) from condensation of
magmatic vapor that mixed with about 25% meteoric
water, comparable to formation of alunite from other
deposits such as Lepanto Far Southeast (Hedenquist et
al. 1998). Muscovite and pyrophyllite (300-330o C) data
show considerable overlap (Fig. 3), and both could be
formed by cooling of a late magmatic-hydrothermal fluid
(Hemley and Hunt 1992), without a significant meteoric

veining, and is dominated by bornite, with Au(g/t):
Cu(%) ratios ranging between 0.1 and 0.4. Alteration is
characterized by extensive overprinting advanced argillic
and sericitic alteration zones. However, the core of Hugo
Dummett North comprises red potassic-altered quartz
monzodiorite, with Au-rich bornite mineralization, and a
Au(g/t): Cu(%) ratio of about 1.

Figure 2. Geological cross section of the Hugo Dummett
North deposit, showing distribution of mineralization and
alteration zones (compiled from unpublished Ivanhoe Mines
Mongolia Inc. data)

The southern deposits, Southwest, Heruga North
and Heruga, share similar characteristics. Chalcopyrite
dominated mineralization is Au-rich, with a Au(g/t):
Cu(%) ratio of between 1 and 3, and hosted mainly
within biotite-altered basaltic rocks, overprinted by
chlorite-hematite-muscovite-illite
assemblages.
Southwest is centered on small potassic and sericitic
altered quartz monzodiorite dykes, and forms a highgrade pipe-like ore body 250 m in diameter.
The Central deposit is cone-shaped, about 600 m in
diameter and 600 m deep, characterized by high
sulfidation assemblages of pyrite and covellite, with
subordinate, bornite, chalcopyrite, tennantite and
hypogene chalcocite associated with sericitic and
advanced argillic alteration, overprinting quartz
monzodiorite. The quartz monzodiorite exhibits early
porphyry quartz veining.
Although, close spaced (1-3 km) deposits along the
Oyu Tolgoi trend display considerable diversity, they
also share common characteristics, in particular, similar
crystal-crowded, porphyritic quartz monzodiorite, and
milky, contorted, branching and anastomosing high
temperature quartz veins.

Figure 3. Calculated isotopic composition of waters in
hydrothermal fluids derived from measured isotopic
composition of alteration minerals (modified from Khashgerel
et al. 2009).

component. Dickite (150o C) formed at low temperature
during ingress of meteoric water and in fills fractures in
the advanced argillic zone.
The δ34S values for molybdenite, pyrite, chalcopyrite,
bornite, tennantite-tetrahedrite, enargite and covellite,
are generally -3 to -16 ‰, from deepest levels sampled to
the margins of the deposits, and consistent with their
formation from oxidizing magmatic-hydrothermal fluids.
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The Aitik porphyry Cu-Au-Ag-(Mo) deposit in Sweden
Petra Jakobsson, Greg Joslin
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Christina Wanhainen
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Abstract. The Aitik porphyry Cu-Au-Ag-(Mo) deposit is
located in northern Sweden. Since the start over 529 Mt
of ore has been mined averaging 0.38% Cu, 0.20 ppm Au
and 3.7 ppm Ag. Ore Reserves at the end of 2010 were
733 Mt. A major mine expansion program is recently
finished. The deposit is situated within metamorphosed
plutonic and volcanogenic-sedimentary rocks of 1.9-1.8
Ga age in the Palaeoproterozoic Fennoscandian Shield.
Aitik is situated along a deformation zone which has
elongated the deposit in a northwest-southeast direction.
The local mine stratigraphy dips c. 45-60° towards west.
The footwall complex comprises a multiphase diorite
intrusion which intruded supracrustal rocks that now are
feldspar-biotite-amphibole gneisses. The main ore zone
consists of biotite gneisses and biotite schists and quartzmuscovite-(sericite) schists, which are strongly altered.
All units are mineralized with 2-7% chalcopyrite, pyrite,
pyrrhotite and trace amounts of molybdenite. The
overlying barren hanging wall rock consists of banded
feldspar-biotite-amphibole gneiss, which is separated
from the main ore zone by a thrust fault. The favoured
ore model is that of a deformed and metamorphosed
Palaeoproterozoic porphyry copper deposit, related to a
1.87 Ga intrusive quartz-(monzo)diorite.

amphibolites facies) plutonic and volcanogenicsedimentary rocks of 1.9-1.8 Ga age in the
Palaeoproterozoic Fennoscandian Shield. The host rocks
have experienced strong deformation and alteration at
several stages and they were formed in a compressional,
volcanic arc environment related to subduction of
oceanic crust beneath the Archaean craton at ca. 1.9 Ga
(Wanhainen et al. 2006). Aitik is situated along a
secondary branch of a deformation zone called the
Nautanen Deformation Zone (NDZ). The NDZ is a
major crustal feature in the region, which can be traced
from the lake Ladoga in Russia, to the Kiruna District,
Sweden over a distance of ca. 1500 km. The NDZ has
elongated the deposit in a northwest-southeast direction
(Monro 1988).
The upper ore contact of the local mine stratigraphy
dips ca. 45° towards west and the lower ore contact dips
60° towards west, thus creating a wedge-shaped ore
body, which becomes larger at depth. Within the mine
stratigraphy folds with the fold axis parallel to foliation
plunges 20° towards south. The mine stratigraphy is
divided into three major zones, the footwall complex
(FWC), the main ore zone (MOZ) and the hanging wall
(HW) (Nordin et al. 2007).

Keywords. porphyry copper deposit, gold, Sweden,
Palaeoproterozoic

2.1 Footwall Complex (FWC)

1 Aitik Mine

The FWC comprises a multiphase intrusion of quartz
monzodiorite, locally containing strong potassic
alteration (monzodiorite), porphyritic diorite, and a
feldspar-porphyritic gabbro intrusion (Wanhainen et al.
2006). All these units intruded supracrustal rocks that
now metamorphosed into feldspar-biotite-amphibole
gneisses. Geochemically the gneisses seem to be mafic
to
intermediate
igneous
rocks,
presumably
metamorphosed basaltic andesites (Wanhainen and
Martinsson 1999). Chloritization and sericitization is
common in the FWC. The quartz monzodiorite hosts a
weak chalcopyrite-pyrite-mineralization (Ccp>Py), with
traces of molybdenite and local bornite. The sulfide
content is normally 1-2% and sulfides occur as
disseminations and in small quartz veinlets, forming a
weak stockwork. The FWC is up to 600 m thick in the
southern part of the deposit.

The Aitik porphyry Cu-Au-Ag-(Mo) deposit is located
60 km north of the Arctic Circle in northern Sweden. The
deposit is the largest open-pit metal mine in Europe
measuring over 4600 m in length, 1150 m in width and
405 m in depth. The deposit was discovered in 1932.
Aitik has been in production since 1968 when it started
as a 2 Mt/y open-pit operation. Since the start 1968, over
529 Mt of ore has been mined averaging 0.38% Cu, 0.20
ppm Au and 3.7 ppm Ag. The production in 2010 was 28
Mt of ore and 27 Mt of waste rock; the metal production
2010 was 67 168 tons Cu, 2 208 kg Au and 36 468 kg
Ag. Ore Reserves at the end of 2010 were 733 Mt
grading 0.25% Cu, 0.14 ppm Au, 1.7 ppm Ag and 29
ppm Mo and the Mineral Resources in total 1 717 Mt. A
major mine expansion program is recently finished to
reach 36 Mt of annual ore production in 2014.
Production will, at the currently planned rates, continue
until 2030.

2.2 Main Ore Zone (MOZ)
The MOZ close to the FWC comprises biotite gneisses
(Ccp = Py) and biotite schists (Py>Ccp), and towards the
thrusted HW a quartz-muscovite-(sericite) schist

2 Geology
The deposit is situated within metamorphosed (upper
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possible overprinting mineralizing events (Wanhainen et
al. 2005, Wanhainen 2005).

(Py>Ccp) dominates. Small intrusions of strongly
deformed and altered quartz monzodiorite are also
present in the MOZ (Wanhainen et al. 2006). Strong
biotitization, sericitization and potassic alteration
accompanied by garnet porphyroblasts, quartz and pyrite
are common in MOZ. Minor areas comprising the
mineral assemblage epidote-calcite-chlorite-quartz occur
mainly along fault zones. All MOZ units are mineralized
with 2-7% chalcopyrite and pyrite as well as pyrrhotite
and traces of molybdenite. The sulfide mineralization
occurs as disseminations and tectonically stretched
bands. The maximum thickness of the MOZ is between
350-400 m. Later pegmatite dykes intruded the MOZ,
and they also contain chalcopyrite and pyrite, and
occasional molybdenite and magnetite.
The main (>98%) copper-bearing mineral in Aitik is
chalcopyrite. Bornite and chalcosite are present in trace
amounts. Other opaque minerals include pyrite,
magnetite, pyrrhotite, ilmenite, and molybdenite, where
pyrite is by far the dominant sulfide. Ore minerals occur
in several different settings: disseminated, as veinlets, as
patches and clots, in several types of veins together with
varying amounts of other minerals such as e.g., quartz,
amphibole, garnet, magnetite, zeolite, tourmaline, barite,
and thaumasite, and in pegmatite dykes (Wanhainen and
Martinsson 2003). The disseminated mineralization style
is quantitatively the most important (Wanhainen 2005).

3 Plans for Aitik Mine
Aitik is one of the largest copper producer in Europe,
and the largest gold deposit in Scandinavia. Future plans
include increasing the gold recovery and commencing
molybdenum extraction. Exploration in the Aitik area
will also continue.
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2.3 Hanging Wall (HW)
The overlying barren HW is composed of fine-grained
banded feldspar-biotite-amphibole gneiss, which is
separated from MOZ by a major thrust (Monro 1988).
The HW gneiss contains abundant magnetite and titanite.
Chloritization and sericitization is common in the HW.
Late pegmatite dykes locally intruded the HW rocks and
caused local silicification and potassic alteration.
2.3 Mining geology
The mining area is also divided into footwall, ore zone
and hanging wall, based on tectonic boundaries and
copper grades. Mineralized rocks with low Cu-grades
occur in the footwall area, while the hanging wall rocks
are barren. The ore body shows a vertical metal zoning
(Wanhainen et al. 2003). The number of gold-rich areas
increases with depth, while the copper-rich areas
decreases. The ore body also shows horizontal metal
zoning. A ‘high-grade’ area (>0.6% Cu and >0.3 ppm
Au) of disseminated sulfides is situated in biotite gneiss
and schists in the northern part of the ore zone. Towards
the hanging wall, grades are lower (<0.4% Cu and <0.30
ppm Au) and the host rocks are strongly sericite altered,
pyrite-rich schists (Wanhainen et al. 2003).
2.3 Ore model
The favoured ore model is that of a deformed and
metamorphosed Palaeoproterozoic porphyry copper
deposit, related to a 1.87 Ga intrusive quartz(monzo)diorite. However, all features of the Aitik ore are
not typical for porphyry systems and it probably has a
more complex origin, including later remobilization and
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New types of porphyry Cu (Au-Mo) mineral systems of
Eastern Tibetan Plateau in western Yunnan:
compositional characteristics, sources, and exploration
implications for continental collision metallogeny
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Abstract. The Beiya Au, Machangqing Cu-Mo, and
Yao’an Au-Pb deposits are post-collisional porphyry
deposits in the Eastern Tibetan Plateau of western
Yunnan. The three intrusive bodies at the deposits have a
high-K calc-alkaline and shoshonitic composition, share
the same trace element patterns with enrichment in
LREE and LILE, and depletion in the HFSE elements Nb,
Ta, Ti. Despite the similar bulk-rock geochemistry, the
combined zircon Hf-O isotope data provide detailed
information on the distinct magma sources and
petrogenetic processes, which in turn may account for
different metal budgets. Cu-Mo at Machangqing is
associated with high-K calc-alkaline granite porphyries,
which are interpreted from their geochemistry to
represent reworked juvenile Neoproterozoic crust with an
additional mafic magmatic component. The Au-Pb
mineralization at Yao’an is related to the shoshonitc
intrusions produced by assimilation of some supracrustal
material into lithospheric mantle-derived lamprophyre
magma. Gold at Beiya has a genetic relationship to the
shoshonitic intrusions that were sourced from a mixed
juvenile Neoproterozoic crust, lithospheric mantle-derived
lamprophyre magma, and metasedimentary rocks.

deposits formed in magmatic arcs worldwide that are
related to Phanerozoic subduction. The magma is
typically calc-alkaline, such as in continental arcs and
island-arcs of the Pacific Rim (Richards 2003; Sillitoe
2010).
There are, however, porphyry Cu systems that are not
contemporaneous with subduction, but formed in postsubduction or collisional tectonic settings (e.g., Richards
2009; Hou and Cook 2009). Such deposits have been
discovered mainly in the Alpine-Himalayan orogenic
belt and central-eastern China. Examples are found in
the Eocene-Oligocene Yulong belt of eastern Tibet (Hou
and Cook 2009), and the mid-Miocene Gangdese belt in
southern Tibet (Yang et al. 2009). The formation of this
recently recognized mineral system involves distinct, asyet poorly-understood processes unrelated to active
subduction systems, ranging from deep generation of
magmas and metal sources to exsolution and evolution
of ore-forming fluid in the upper crust.
This study uses innovative new microanalytical
techniques to unravel the magmatic and metallogenic
evolution of three post-collisional porphyry Cu systems
in western Yunnan. Specifically, it involves U-Pb, O,
and Hf isotopic analysis of zircons from the porphyry
samples with ion-microprobe and laser ablation mass
spectrometry. The results help in deducing the sources
and processes involved in generating porphyry magmas
and associated metals characterizing this type of mineral
system.

Keywords. porphyry Cu system, zircon Hf-O isotope,
western Yunnan

1 Introduction
Porphyry Cu systems are defined as large volumes of
hydrothermally altered rock centered on porphyritic
granitic stocks. In addition, skarns, carbonatereplacement, sediment-hosted, and high- and
intermediate-sulfidation epithermal base and precious
metal mineralization may be present (Sillitoe 2010). In
terms of magmatism and geodynamic setting, these

2 Post-collisional porphyry Cu system in
western Yunnan
The Tibetan Plateau is the result of the collision of the
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metal endowment (Fig. 1 and 2).

Indian and Asian plates since the early Cenozoic (6555Ma). In the Eastern Tibetan Plateau there is a postcollisional Eocene-Oligocene potassic magmatic suite
emplaced between ~40 and 30 Ma, extending over 2000
km in length along the Mesozoic Jinsha suture (Chung
et al. 1998). These potassic suites form small extrusive
and intrusive bodies consisting of mafic to felsic rocks,
which are interpreted as products of lithospheric
thinning due to convective removal of orogenically
thickened mantle lithosphere (Chung et al. 1998).
Several Cu-Au deposits associated with the potassic
felsic porphyry intrusions have been discovered in
western Yunnan of the Eastern Tibetan Plateau,
including the Beiya skarn Au deposit, Machangqing
porphyry Cu-Mo deposit, and Yao’an Au-Pb deposit.
The Beiya Au deposit has a resource of 60 t Au (2.26
g/t), and is located in an alkaline granite porphyry
complex intruding Triassic limestone and Eocene clastic
rocks. The mineralization includes porphyry-style CuAu, skarn-style Au-Fe, and vein-type Pb-Zn from the
intrusion centre to the wallrocks. The skarn-style Au-Fe
mineralization is the prevalent style now exploited at
Beiya.
The Machangqing Cu-Mo deposit is located in the
NE-trending, 12km long and 2.5km wide, Machangqing
intrusive complex. The complex consists of a large body
of equigranular high-K calc-alkaline granite and
numerous granite porphyries intruded into Ordovician
clastic rocks and Devonian limestone. The currently
mined deposit has reserves of 250,000 t Cu (0.64%) and
45,000 t Mo (0.08%; Hou et al. 2006). The
mineralization styles have systematic variation from the
intrusion centre to the wallrocks. This includes
porphyry-style Cu-Mo mineralization within the stock,
skarn- and hornfels-style Cu-Mo mineralization in the
contact zone between intrusion and sandstone or
limestone, and Au-Ag-Pb-Zn quartz vein systems
peripheral to the intrusion.
The Yao’an deposit consists of numerous Au-Pb
mineralized zones spatially associated with a high-level
shoshonitic porphyry complex. The complex consists of
a monzonite porphyry and comagmatic trachyte,
emplacing in Jurassic and Cretaceous siliciclastic
sequences. The gold is associated with porphyry-style
mineralization with a resource of 10 t Au (4-5 g/t). The
lead mineralization has a resource of ~90,000 t Pb
(4.38%) and typically forms fracture stockworks and
breccias in two faults and their intersections in the
intrusive body. Based on the Pb isotope composition of
galena and pyrite, it is concluded that Au-Pb metals are
all derived from the intrusive bodies.

Figure 1. Zircon Hf isotope data from the porphyry intrusions
in Beiya, Yao’an and Machangqing. TDMc is model age
calculated using Lu/Hf ratio of average continental crust.

The Machangqing intrusions have mantle-like δ18O
(5.54-6.35‰; Fig. 2), suggesting that little supracrustal
material is involved in the magma genesis
(Hawkesworth and Kemp 2006). The depleted Hf
mantle model age of Machangqing at 0.8-1.1Ga (Fig. 1)
implies that the magma was derived from reworking of
crust formed in the Neoproterozoic, and the positive εHf
(0.3-4.7) suggests that this crust was relatively juvenile.
Microgranular mafic enclaves (MME) developed within
the Machangqing intrusion are consistent with a mafic
magma input.
The Yao’an intrusions have significantly higher δ18O
(6.59-6.97‰) than the mantle value (5.3 ± 0.6‰),
indicating that abundant supracrustal material was
involved in the magma (Fig. 2). The depleted Hf mantle
model age of Yao’an intrusion (1.52-1.66 Ga) is in
keeping with reworking of Mesoproterozoic crust (Fig.
1). Mesoproterozoic juvenile crust, however, is not
known in the region (i.e., Yangzte Craton; Sun et al.
2009). Alternatively, the Yao’an intrusions include
supracrustal material, albeit with higher δ18O than the
Neoproterozoic juvenile crust, that assimilated into
lithospheric mantle-derived lamprophyre magma (as is
the case at the Ok Tedi porphyry Cu-Au deposit;
Dongen et al. 2010). This conclusion is supported by the
similar Sr-Nd isotopic composition of the Yao’an
porphyries and coeval lamprophyres. The Yao’an
porphyry has 87Sr/86Sri values of 0.7087-0.7096 and
εNd(t) values of -10.7 to -11.2, while lamprophyres have
87
Sr/86Sri values of 0.7092-0.7096 and εNd (t) values of 11.4 to -11.8.
The Beiya intrusions have significantly higher δ18O
(6.63-7.83‰) than the mantle value (5.3 ± 0.6‰),
indicating that abundant supracrustal material was
involved in the magma (Fig. 2). This supracrustal
component is likely to be sedimentary, which is
supported by the presence of abundant xenocrystic
zircons (2500-250Ma).
The Beiya intrusions have both positive and negative
εHf(t) (Fig.1), suggesting that it involves reworked
juvenile Neoproterozoic crust (similar to Machangqing)

3 Magma sources of three intrusive suites
revealed by zircon Hf-O isotopes
All of the porphyries at the three localities mentioned
above have similar geochemistry with enriched light
rare earth element (LREE) and large-ion lithophile
elements (LILE: Rb, Ba, Th and U), but are depleted in
high-field-strength elements (HFSE) such as Nb, Ta, Ti.
Despite the similar trace element patterns of the three
intrusive suites, there are distinct differences in zircon
Hf-O isotopes, which may be related to their distinct
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interpreted as: (1) an early phase of subductionmodification of continental lithospheric mantle (CLM);
(2) decompressional melting of CLM, probably after
orogenic delamination; (3) extrusion of mafic magmas
from the CLM, as well as their interaction with crust at
the Moho density filter; and (4) collectively generating a
bimodal suite where porphyry mineralization is present
in potassic granites. Potassic granites are prospective
targets, but much remains to be learnt of the details of
these processes.

and ancient Mesoproterozoic crust. However, as stated
above, there is no known Mesoproterozoic juvenile
crustal growth in the Yangzte Craton. Thus, there needs
to be another way of producing the negative εHf(t) value.
The best explanation is the presence of coeval
lamprophyre magma. Lamprophyres at Beiya have
εNd(t) values of -4.6 to -2.5. According to the
relationship εHf(t) = εNd(t)*1.36+2.95 of Vervoort et al.
1999), the lamprophyres have εHf(t) values of -3.4 to 0.5, which is essentially the same as the negative εHf(t)
values of the Beiya intrusions (-4 to -1.5; Fig. 1). The
involvement of lamprophyre magma in the genesis of
Beiya intrusion is further supported by the similar Sr-Nd
isotopic composition of the Beiya porphyries and
lamprophyres. The Beiya porphyries have 87Sr/86Sri
values of 0.7075-0.7079 and εNd(t) values of -5.2 to -5.4,
whereas the lamprophyres at Beiya have 87Sr/86Sri
values of 0.7062-0.7079 and εNd(t) values of -1 to -5.
The Beiya intrusions are therefore interpreted to be
produced by mixing of melt derived from juvenile
Neoproterozoic crust with lithospheric mantle-derived
lamprophyre magma, assimilating metasedimentary
rocks at the same time in keeping with the zircon
inheritance.
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Figure 2. Combined zircon Hf-O isotope diagram from the
porphyry intrusions at Beiya, Yao’an and Machangqing.

4 Metallogenic implications
Metal endowment in the three intrusive suites studied
here appears to have distinct Hf-O isotope signatures
(Fig. 2). Combined with the above magma source
analysis, it is proposed that the Cu-Mo mineralization be
related to a juvenile rather than ancient crustal source.
The Au, however, is derived from a source consisting of
a supracrustal component and metasomatized
lithospheric-mantle derived magma components. The
Au may have derived from remelting of metasomatized
lithospheric mantle in a post-subduction setting
(Richards 2009). The role of the supracrustal component
in enhancing porphyry fertility is the subject of ongoing
studies.
It is now evident that continent-continent orogens are
prospective for porphyry style mineralization. For
orogens, the post-collisional stage of magmatism has the
potential for economic concentrations of porphyry Cu(Mo) and Cu(-Au) mineralization. The critical factors are
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Abstract. The Raitevarri Cu-Au deposit is within the
Palaeoproterozoic Karasjok greenstone belt in northern
Norway. The deposit is hosted by a calc-alkaline intrusion
surrounded by the volcanosedimentary sequence of the
greenstone belt. The probable sequence of alteration at
Raitevarri is: 1) biotitisation, albitisation and sulphidation;
2) sericite-chlorite-pyrite alteration; 3) carbonatisation.
Stages 1 and 2 predate peak deformation. Carbonatisation is either a distal phenomenon of stages 1 and 2
alteration or related to a later, syn- to post-peak regional
deformation. Cu-Au mineralisation took place during
stages 1 and 2. Nearly all veining in the mineralised rock
is related to stage 2: quartz ± pyrite and tourmalinequartz ± epidote ± apatite ± pyrite veins have distinct
selvages of intense sericitisation and pyritisation. No Cu
or Au introduction can be related to carbonatisation. A
geochemical anomaly zoning pattern from the centre of
the mineralised domain to the country rocks is: Au-Bi-Te,
Cu(-Ag) -> Sn -> Mo±As -> Zn-Cd-Mo-Tl. The Mo and
Zn-Cd anomalies occur in unmineralised areas. Metal
association, alteration, mineralisation and geochemical
anomalies detected best fit with a porphyry-Cu-Au style
of mineralisation.

sedimentary sequence of the greenstone belt (Fig. 2). All
rocks at Raitevarri are deformed and metamorphosed at
upper-greenschist or lower-amphibolite facies conditions; at present, there is not enough data to define the
metamorphic grade more precisely. The country rock
sequence includes phyllite, basaltic komatiite, Mgtholeiitic basalt and basaltic dykes. The Cu-Au mineralisation is hosted by, and covers most of, the drilled
parts of the calc-alkaline intrusive. Only minor Au and
Cu enrichment has been detected in the country rocks
where the Au and Cu dominantly are at background
levels.

Keywords.
Copper,
gold,
porphyry,
alteration,
geochemical anomalies, Palaeoproterozoic, Karasjok,
Norway
Figure 1. Location of the Raitevarri Cu-Au deposit in
northern Norway.

1 Introduction

2 Alteration and mineralisation

The Raitevarri Cu-Au deposit is in the N-trending
Karasjok greenstone belt (KGB) in northern Norway
(Fig. 1). The KGB is a part of a Palaeoproterozoic
greenstone belt array extending for more than 500 km
across the northern Fennoscandian shield. Raitevarri is
presently under exploration by Store Norske Gull AS.
Recent drill targets in the area were selected based on
the results of geological mapping, geochemical
sampling and interpretation of an aerogeophysical
survey conducted in 2007 that suggested the possibility
of a structurally-controlled, orogenic style Au
mineralisation overprinting early, low-grade, Cu-Au
mineralisation (Often, 1985; Ihlen, 2005). However, the
drilling revealed an alteration system which is more
extensive than that typical of the orogenic gold style. In
addition, there was no clear structural control and the
geochemistry and alteration patterns and zonation were
different from the expected. Here, we present the recent
results of a study of alteration mineralogy and
geochemistry at Raitevarri.
The Cu-Au mineralisation is hosted by a calcalkaline, gneissic intrusion having a diorite to granodiorite composition and intruded into the volcano-

2.1 Alteration types and zoning
The main types of alteration detected at Raitevarri are
biotitisation, albitisation, sericitisation + chloritisation,
sulphidation and carbonatisation.
Biotitisation covers most of the dioritic to
granodioritic intrusion, and seems not to extend into the
country rocks (Fig. 2A). It has resulted in the
replacement of primary Fe-Mg silicates by biotite.
Primary magmatic, medium- to coarse-grained textures
are preserved in the zones of biotitisation.
Albitisation has been detected in 0.5–5 m drill core
intercepts, in areas distal to other types of alteration and
mineralisation. The albitised intrusive is mediumgrained, massive, and has the mineral assemblage albitequartz-chlorite-muscovite-calcite-ilmenite-titanite.
Sericitisation + chloritisation (Fig. 2B) is the most
obvious type of alteration at Raitevarri, producing white
selvages to white and grey quartz veins and thin white
slivers beyond veining. Intense sericitisation has
produced the assemblage quartz-muscovite-albite-
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pyrite-rutile. In zones of weaker sericitisation, there also
is chlorite in the assemblage. It is notable that rutile and
pyrite are always present, tourmaline and epidote are
common with intense sericitisation, and the volume of
quartz increases with the degree of alteration, whereas
no carbonate is present. The most intensely sericitised
parts are also characterised by black, very fine-grained
tourmaline-quartz-pyrite veins. Sericitisation has
destroyed all earlier textures, whereas foliation,
crenulation cleavage and folding overprint sericitisation
and quartz and tourmaline veining (Fig. 3). The grain
size of the sheet silicates is relatively large (0.2–10 mm)
suggesting coarsening during metamorphism.

correlation with, but a wider extent than, biotitisation
and sericitisation. The pyrite/pyrrhotite ratio increases
with increase in the degree of sericitisation, suggesting
that the degree of sulphidation follows that of
sericitisation. Vein mineral assemblages also indicate
that intense pyritisation is related to those veins which
only occur with sericitisation: the black tourmalinequartz and the white to grey quartz veins. However, all
biotitised rock contains weak to moderate disseminated
pyrite±pyrrhotite suggesting that some sulphidation took
place during the biotitisation as well.
Carbonatisation is related to foliation-parallel, 1–10
mm wide, quartz-calcite and chlorite-quartz-calcite
veins, and is mostly concentrated in the local supracrustal rocks. Not all of the supracrustal units are
carbonatised, however, but only those parts which also
are most veined and deformed. The location of
carbonatised zones, being consistently away from areas
of most intense biotitisation, sericitisation and pyrite
dissemination, suggests that carbonatisation is either not
related to mineralisation or is a distal expression of the
hydrothermal system which produced the Cu-Au
mineralisation.
2.2 Mineralisation
Cu-Au mineralisation is broadly located where the
pyrite(-pyrrhotite) dissemination and sericitisation
occur: in the altered diorite–granodiorite. Veins clearly
related to mineralisation are the two earliest generations,
the black tourmaline-dominated, and the creamy white
and grey quartz veins. Native gold has, so far, been
detected in two positions: associated with chalcopyrite
in tourmaline veins, and as inclusions in pyrite. On the
other hand, the few major quartz veins (0.2–1 m wide)
in the most altered parts are barren of Au, Cu and
sulphides and show no relationship to alteration.
However, some outcropping quartz-carbonate veins
contain sulphides and have anomalous Au grades up to 1
g/t, but in drill core intersections their grades were only
weakly anomalous.

Figure 2. Lithology, alteration and geochemical zoning in a
section drilled partially across the Raitevarri Cu-Au
occurrence. A) rock types and biotitisation; B) sericitisation
and carbonatisation; C) main geochemical anomalies. View to
the NW; diagonal lines indicate drill hole traces.

2.3 Alteration and mineralisation geochemistry
Isocon diagrams (Grant, 1986) have been used to assess
the trends of mass transfer related to the formation of
the different alteration and mineralisation types at
Raitevarri (Fig. 4). These indicate that: 1) Al, Ti, Zr and
Hf were immobile during all alteration and mineralisation; 2) Ba, Cu K, Na, Rb and Sn were enriched, Ca,
Ce, La, Mn, U, Th and Zn depleted during biotitisation;
and 3) Mo, Bi, Au, Cu, Ag, Se, Rb, As, W, Tl, K, Te, Ba,
S and Ni enriched and Zn, Mn, Na, Ca, Cd, Sr, Mg, Fe,
Cs, Li, La, Ce, U and Th depleted during sericitisation.
Net mass and volume changes related to alteration seem
to be within ±10 %. Carbonatisation has not been
modelled, as suitable sample pairs have not yet been
detected from the data.

Figure 3. Crenulation in intensely sericitised rock with black
tourmaline-quartz veins and abundant pyrite dissemination.
Major scale in cm, field of view 6 cm.

2.4 Geochemical anomalies

Pyrite±pyrrhotite dissemination is present throughout
the dioritic to granodioritic intrusive, having a spatial

In cross section, high values of Au, Cu, Mo, Sn, Zn (±
Ag, As, Bi, Cd, In, S, Te, S and W) define distinct zones
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alteration selvages; 3) metal association Au-Cu-Bi-Mo;
4) Cu and Au grades in an extensive domain of
mineralisation at 0.1–1 % and 0.1–1 g/t, respectively; 5)
pyrite-dominated sulphidation; 6) sericitisation ±
chloritisation overprint producing a white rock with a
pyrite dissemination (potentially similar to sericitechlorite-clay mineral [SCC] alteration in young
porphyry systems); 7) Mo enrichment somewhat distal
to the main Au-Cu enrichment; 8) the clearly distal Zn
enrichment.
Features consistent with an orogenic gold-type of
mineralisation include siting in a Palaeoproterozoic
greenstone belt, presence of carbonation, sulphidation
and quartz veins, and enrichment of Au, Ba, Bi, K, Rb,
S and Te. However, these do not show a pattern typical
for orogenic gold mineralisation: for example, carbonatisation shows a poor correlation with sericitisation and
sulphidation; there is no obvious structural control on
biotitisation, sericitisation, mineralisation and most of
the veining; mineralisation is not in the locally most
reactive lithological units (mafic to ultramafic volcanic
rocks); also, Mo, Sn and Zn define distinct anomalies
(cf., McCuaig and Kerrich, 1998; Groves et al., 2003).
The above interpretations are based on drill core
logging, thin section examination and whole-rock
geochemistry. Radiometric dating, investigations on
stable and radiogenic isotopes, fluid inclusions, and the
siting of gold are needed to provide more confidence in
the conclusions. To get a comprehensive picture of the
entire mineralising system, more extensive drilling
coverage at site is needed.

(anomalies) as follows (Fig. 2C): 1) There is a zoning
pattern from the centre of mineralisation towards the NE
margin of the area drilled, from Au-Bi-Te and Cu(-Ag)
through Sn and Mo±As to the most distal Zn-Cd-Mo-Tl
zone. 2) Au-rich zones partially deviate from the Curich zones. 3) High Ag, In, S, Se, and W values mostly
are within the Au and Cu anomalies. 4) The main Sn
anomaly partially overlaps with the Au and Cu
anomalies. 5) Mo-As and Zn-Cd-Mo-Tl anomalies do
not overlap each other, and show very little overlap with
Au, Sn and Cu anomalies. 6) In the country rocks, the
Mo-As and Zn-Cd-Mo-Tl anomalies combined include
all (but extend beyond) the carbonatised zones.
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Figure 4. Isocon examples for chemical changes related to
biotitisation (A) and sericitisation (B). Multiplied concentrations are plotted for most elements to get all data into an
easily-depicted range. Some elements analysed may not be
plotted, as their concentrations consistently were below or only
slightly above detection limit.
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3 Summary and conclusions
The dominant lithological unit at Raitevarri is a calcalkaline, medium- to coarse-grained, diorite–
granodiorite. It has intruded into a supracrustal
sequence, and was altered and mineralised before
regional metamorphism and deformation, as indicated
by the local structures and textures. Alteration started by
biotitisation and sulphidation and was followed by
veining, sericitisation and more sulphidation. The partial
carbonatisation of the country rocks was a either a distal
feature related to the alteration of the intrusion or was a
syndeformational process.
A large number of features at Raitevarri are
consistent with porphyry-style mineralisation (Kirkham
and Sinclair, 1996; Sillitoe, 2000, 2010): 1)
mineralisation in a small calc-alkaline, intermediate to
felsic intrusion; 2) extensive biotitisation, quartzdominated veins with narrow to not easily recognisable
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Geophysical and geochemical mapping as a guide to
regional exploration near the Pebble porphyry Cu-AuMo deposit, southwestern Alaska
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Abstract. The Pebble district in southwest Alaska hosts
Late Cretaceous to Tertiary igneous rocks. The
Dillingham northeast area, 50 km west of the Pebble
district, hosts similar age igneous rocks. This study
compares geochemical and geophysical signatures of
these two areas. At least four periods of magmatic
activity are recognized in the Pebble district. The igneous
rocks associated with the Pebble porphyry Cu-Au-Mo
deposit are both alkaline and calc-alkaline in character.
These rocks are also rich in potassium and highly
oxidized. In addition to porphyry mineralization, the
Pebble district hosts younger, low-sulfidation epithermalstyle mineralization that is associated with Tertiary
bimodal volcanic rocks. The Dillingham northeast area
lacks known occurrences of either porphyry- or
epithermal-style mineralization. Alkalic igneous rocks are
absent. All intrusive rocks in the Dillingham northeast
area are calc-alkaline in character and rich in potassium.
A bimodal volcanic suite is recognized. The igneous
rocks associated with the Pebble Cu-Au-Mo deposit
show distinctive, positive magnetic anomalies not present
in the Dillingham area. The younger igneous rocks
mapped in both areas show similar geochemistry and
magnetic anomalies. Geophysical anomalies suggest
igneous rocks similar to those associated with the Pebble
deposit are present elsewhere in the region.

for this region include porphyry copper, low-sulfidation
epithermal, and reduced intrusion-related gold. The
models provide a framework for focusing exploration
efforts. Such a framework is necessary when direct
geologic observations are hindered by surficial cover.
Integrating direct observations such as geologic
mapping with indirect observations such as
aeromagnetic data can aid exploration targeting.
Extrapolation of these findings throughout southwest
Alaska where similar geophysical signatures are present,
but where regional geochemical data are lacking,
suggests the possible presence of Pebble-aged igneous
centers along a >400 km northeast-southwest trend.

2 Igneous rocks
The Pebble district hosts rocks that formed during at
least four periods of magmatism (Fig. 1). Alkalic
intrusions have been dated at around 98-96 Ma (Gregory
and Lang 2009). These rocks include biotite pyroxenites
that contain up to 5 vol.% igneous magnetite. They are
potassium rich and highly oxidized, near the magnetitehematite buffer. Also dated at ~96 Ma are diorite sills
that host porphyry copper mineralization. Calc-alkaline
granodiorite stocks and batholiths characterize a second
period of magmatism at 91-89 Ma. Porphyry copper
mineralization dated at ~90 Ma (Schrader et al. 2001) is
associated with granodiorite cupolas of similar age to
the largely unaltered Kaskanak batholith granodiorite
that occurs west of the Pebble deposit. The Kaskanak
batholith contains ~2 vol.% igneous magnetite that has
been variably hematitzed due to propylitic alteration.
These rocks have medium to high potassium contents
and are highly oxidized, characteristics of porphyry
deposits. Porphyritic monzonite intrusions dated at ~65
Ma were emplaced into basalts in the East Graben.
Koktuli Mountain, a prominent topographic feature, is
largely made up of monzonite rocks of unknown age.
Monzonite intrusions and bimodal volcanic rocks
represent magmatism at ~46 Ma. The bimodal volcanic
rocks are associated with low-sulfidation epithermalstyle mineralization dated at ~46 Ma (Schrader et al.
2001).

Keywords. porphyry, epithermal, reduced intrusionrelated gold, Alaska, aeromagnetics

1 Introduction
The Late Cretaceous Pebble porphyry Cu-Au-Mo
deposit in southwestern Alaska (Fig. 1) contains one of
the largest resources of copper and gold in the world.
The discovery of the Pebble deposit suggests that a large
area of southwest Alaska may be prospective for
additional porphyry copper deposits. In addition to
porphyry deposits, the Pebble district contains skarns
and low-sulfidation epithermal deposits. This range of
mineralization styles requires consideration of multiple
deposit models during regional exploration.
This study describes geophysical and geochemical
data collected from the Pebble district and the
Dillingham northeast area. Deposit models appropriate
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extent of the mapped igneous rocks. This suggests the
magnetic source is in the subsurface and extends to the
northeast. A similar anomaly is also located around the
ignimbrite rocks. It is interpreted that the 66-61 Ma
granitic rocks are non-magnetic similar to their
counterparts to the north, and that the anomaly
represents subsurface basaltic rock. Such a source may
also underlie the ignimbrites to the west.

The Dillingham northeast area was mapped by
Wilson et al. (2003). Three distinct periods of
magmatism spanning approximately 22 million years
are present (Fig. 1; Iriondo et al. 2003). All rocks are
calc-alkaline and contain high- to shoshonitic-potassium
values. The majority of the rocks have a reduced
oxidation state (R. Wilson, unpub. data). Granites,
granodiorites, quartz monzonites, and quartz
monzodiorites formed at 66-61 Ma. This phase of
plutonic activity was followed by volcanism which
commenced around 59 Ma with the formation of
ignimbrites. A period of bimodal volcanism occurred
from 54 to 44 Ma.

4 Discussion
The Pebble district and the adjacent Dillingham
northeast areas have similar igneous histories. Notably
different is the presence of the 98-96 Ma and 91-89 Ma
oxidized igneous rocks in the Pebble district that are
associated with porphyry-style mineralization. These
magnetite-series rocks produce magnetic high anomalies
suggesting a porphyry exploration model may be
effective around the strong magnetic highs in the region.
Such highs are present southwest and northeast of the
Pebble district along a linear trend for over 400 km
(Anderson et al. 2010).
The younger 66-61 Ma ilmenite-series igneous rocks
show reduced geochemical signatures in Dillingham
northeast and correlate with magnetic lows. The
monzonite rocks on Koktuli Mountain in the Pebble
district show a similar magnetic signature. Monzonite
rocks have been dated at ~65 Ma in the East Graben.
Based on the magnetic signatures, rock compositions,
and radiometric age dates, the monzonites on Koktuli
Mountain are interpreted to be younger than Pebble-age
mineralization but older than the low-sulfidation
epithermal mineralization, thereby likely represent ~65
Ma magmatic activity. Neither area appears to undergo
mineralization around 65 Ma. Similar age reduced
intrusion-related gold systems occur in southwest Alaska
(i.e., Shotgun deposit and Bonanza Hills) and may
represent an exploration model for mineralization
associated with the 66-61 Ma igneous rocks. Both
Shotgun and Bonanza Hills show similar RTP magnetic
low anomalies.
The Pebble district and Dillingham northeast area
both contain rocks formed by bimodal volcanism at ~46
Ma. The Pebble district hosts low-sulfidation epithermalstyle mineralization that overlaps in time with bimodal
volcanism. The East Graben in the Pebble district
suggests extension associated with bimodal volcanism.
Both bimodal volcanism and extension are important
controlling factors on the formation of low-sulfidation
epithermal deposits. Low-sulfidation epithermal-style
deposits may be a favourable exploration target along
northeast-southwest trending moderately high magnetic
amplitude anomalies that may represent basaltic rock
associated with bimodal volcanism.

3 Geophysical signature
Regional aeromagnetic data from the study area were
compiled and processed (Anderson et al. 2010). These
data provide information on the distribution of magnetic
minerals, mainly magnetite, an accessory mineral
commonly found in varying proportions in igneous
rocks. Magnetite concentration in igneous rocks is partly
related to the primary oxidation state of their precursor
magmas (Ishihara 1981). Oxidized magmatic
environments favour magnetite formation and
preservation whereas reduced environments favour
ilmenite formation and preservation, and associated
granitoids are characterized as magnetite- or ilmeniteseries. Interpretation of magnetic anomalies coincident
with igneous rocks can be interpreted with respect to
their oxidation state and has been used to map their
distributions in Alaska (Hart et al. 2004). Porphyry
deposits are associated with oxidized intrusions; whereas
reduced intrusions are associated with reduced intrusionrelated gold deposits (Lang et al. 2000; Sillitoe 2010).
Reduction-to-the-pole (RTP) transformations were
applied to the total field aeromagnetic data prior to its
interpretation. This magnetic data transformation allows
for better spatial alignment of magnetic anomaly features
with the near-surface geology.
The RTP data over the Pebble district is dominated
by magnetic high anomalies (Fig. 2A). The ~96 Ma
alkalic rocks show a strong spatial correlation with
magnetic highs. The 90 Ma granodiorite rocks also show
a correlation with the magnetic highs. The monzonite
rocks on Koktuli Mountain are associated with magnetic
low anomalies. The 46 Ma igneous rocks are associated
with moderately high to low magnetic anomalies that
trend northeast-southwest along the East Graben.
Although the RTP data over the Dillingham northeast
area shows contrast between magnetic low and magnetic
high anomalies (Fig. 2B), in general, the amplitude of
the anomalies are smaller than the Pebble district. The
66-61 Ma intrusive rocks are spatially correlated with
magnetic lows in the north, whereas in the south these
rocks correlate with a moderately high magnetic
anomaly. The 59 Ma ignimbrites correlate with both low
and moderately high magnetic anomalies. The 44 Ma
bimodal volcanic suite largely correlates with
moderately high magnetic anomalies including the
anomaly that is associated with the 66-61 Ma granitic
rocks in the south. At this location basalts are common
and the anomaly extends northeast beyond the areal
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the Dillingham northeast area.
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Figure 1. Geologic maps of the igneous rocks in the Pebble district (A) and Dillingham northeast (B) areas. Pebble porphyry CuAu-Mo resource is outlined in black. Pebble district geology provided by Pebble Limited Partnership. The Dillingham northeast
geology is from Wilson et al. (2003).

Figure 2. Reduced-to-pole magnetic anomaly maps of the Pebble district (A) and Dillingham northeast (B) areas. Igneous rocks are
shown as outlines. Aeromagnetic data is from Anderson et al. (2010).
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The Älgträsk Au±Cu deposit, northern Sweden: a Palaeoproterozoic porphyry-related hydrothermal system?
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Abstract. The Älgträsk Au±Cu deposit is situated in the
northern part of the Skellefte mining district, northern
Sweden. The deposit is hosted by the 1.89 Ga phase of
the early orogenic, synvolcanic, Jörn Granitoid Complex,
which intruded a continental margin arc or island arc
volcanosedimentary succession. Subsequent intrusion of
quartz-feldspar porphyritic dykes at 1.88 Ga, and related
hydrothermal activity, formed the Tallberg and Granberg
porphyry Cu±Mo±Au deposits. The Älgträsk deposit is
spatially related to the Tallberg porphyry deposit and
characterized by steeply dipping zones of intense phyllicsilicic alteration enveloped by pervasive distal propylitic
alteration, with dissemination and veins of pyrite, locally
enriched in chalcopyrite, sphalerite, arsenopyrite, Teminerals and Au. Low salinity fluid inclusions with variable
CO2/H2O suggest formation temperatures of 150-200°C.
In contrast, fluid inclusion data and trace element
zonation in pyrite indicate that mineralization in the
Tallberg deposit formed from two hydrothermal fluids at
higher temperatures interpreted from fluid inclusion data
and the presence of different stages of mineralization
defined by trace element zonation in pyrite. The Älgträsk
deposit is interpreted to have formed shortly after the
formation of the porphyry mineralization at Tallberg,
representing a higher level, later phase of the
hydrothermal system, or alternatively a similar porphyry
system.
Keywords. Skellefte district, porphyry related
mineralization, gold, copper, Palaeoproterozoic

1 Introduction
The Älgträsk and Tallberg deposits are situated in the
northern part of the Skellefte mining district, northern
Sweden (Fig.1). The Skellefte mining district comprises
numerous VMS deposits, e.g. the Boliden, Renström,
Petiknäs, Kristineberg and Maurliden deposits (Allen et
al. 1996; Bergman Weihed et al. 1996; Årebäck et al.

2005; Barrett et al. 2005; Montelius et al. 2007). The VMS
deposits are hosted by the older parts of a
volcanosedimentary succession interpreted as a remnant of
an early Proterozoic island arc or continental margin arc
succession (Weihed et al. 1992; Allen et al. 1996). The Jörn
granitoid Complex (JGC) is situated directly north of the
volcanosedimentary succession. The JGC hosts several
different types of mineralization, such as porphyry
Cu±Mo±Au, Au±Cu, ultramafic-mafic hosted Cu±Ni±Au,
and Fe±PGE (Bejgarn et al. 2009, Bejgarn et al. 2011). All
mineral deposits are situated in the outer, older parts of the
JGC, but little has been known regarding the timing of
mineralization. In this paper we present a summary of
geological, geochronological (U-Pb SIMS on zircon and UPb TIMS on baddeleyite (ZrO2), LA-ICP-MS and fluid
inclusion results from the Älgträsk and Tallberg deposits
that provide evidence for a better understanding of the
temporal relationships between intrusive events and
mineralization in the JGC.
1.1 Regional geology
The VMS bearing Skellefte district is situated in the
northern part of the Fennoscandian shield (Fig. 1). The
VMS deposits formed during the early Proterozoic, in what
has been interpreted as the remnant of an ancient volcanic
arc, situated behind a northward dipping subduction zone
(Lundberg 1980; Weihed et al. 1992; Allen et al. 1996). The
Palaeoproterozoic JGC intruded the volcano-sedimentary
succession at c. 1.89-1.87 Ma and has been interpreted as an
early orogenic-synvolcanic intrusive complex. Similarities
in composition and age led many authors to suggest that the
volcanic rocks of the Skellefte Group in the Skellefte
district are comagmatic with the JGC (Lundberg 1980,
Claesson 1985, Billström and Weihed 1996, Wilson et al.
1987). The JGC is a calc-alkaline, I-type intrusion with four
distinct magmatic phases. The oldest phase, the “GI”, is the
least fractionated and most heterogeneous, with a
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composition ranging from gabbro to granodiorite
(Wilson et al. 1987).
The JGC intrusive phases have previously been
dated by the U-Pb zircon method at e.g., 1886 ± 3 Ma
(GI), 1874 ± 6 Ma (GII) and 1863 ± 5 Ma (GIII)
(González-Roldán 2010). The intrusion of the later
phases into the GI unit likely caused metamorphism,
hydrothermal alteration and deformation of the GI
(Wilson et al. 1987; González-Roldán 2010).
Two major fold periods have been proposed for the
Skellefte district; tight to isoclinal upright folds with
variably plunging fold axes formed during EW
shortening at 1.87-1.82 Ga, and a set of later open folds
with steep north to north-east striking axial surfaces and
fold axes that are coaxial with earlier folds (Bergman
Weihed 2001). Generally, W-NW striking shear zones
are correlated with the former event and N-NE trending
shear zones correlated with the later event (Bergman
Weihed 2001). Large scale NE-SW striking fault zones
are interpreted to crosscut the JGC, based on
interpretation of regional geophysical maps and could
possibly be correlated with these events.
1.2 Deposit geology
The Tallberg porphyry Cu±Mo±Au (Fig. 1a) and
Älgträsk Au±Cu deposits (Fig.1b) are hosted by the
earliest phase (GI) of the JGC. Mineralization in
Tallberg (mineral resource, 45 Mt @ 0.27% Cu; Weihed
et al. 1992) occurs as disseminated pyrite, chalcopyrite,
molybdenite, pyrrhotite, magnetite and quartz vein
stockworks with similar sulphide mineral assemblage
associated with propylitic and phyllic alteration and
1886+16/-9 Ma quartz-feldspar porphyritic (QFP) dykes
(Weihed 1991; Weihed and Schöberg 1992).
The Älgträsk Au deposit (indicated mineral resource,
2.9 Mt @ 2.6 g/t Au), situated approximately 3 km east
of the Tallberg deposit, is mainly hosted by coarse
grained JGC granodiorite. It is characterised by several
steeply dipping, NE-SW striking zones of varying width
with disseminations and quartz veins with pyrite locally
enriched in chalcopyrite, sphalerite, arsenopyrite,
accessory Te-minerals and Au. The mineralized zones
are structurally controlled and display intense proximal
phyllic-silicic alteration and pervasive distal propylitic
alteration of the host rock (Bejgarn et al. 2011). QFP
dykes in the Älgträsk area have similar composition and
age as in Tallberg, but predate the Älgträsk
mineralization. In the southern Tallberg area, similar
style Au-mineralization is commonly closely associated
with the QFP dykes, but quartz vein-stockwork style
mineralization has not yet been observed in the Älgträsk
area. The mineralization in Tallberg and Älgträsk is
crosscut by the Älgliden dyke - a steeply dipping, NE
striking ultramafic-mafic intrusion (Fig. 1). The dyke is
approximately 100 m wide and 3 km long, with
disseminated magnetite, pyrrhotite, chalcopyrite and
pentlandite.
A deposit with similar characteristics as seen in

Tallberg is present at Granberg in the northern part of the
JGC (Fig. 1). This deposit is spatially related to a layered
gabbro at Näsberg (Bejgarn et al. 2009).

2 Results
The GI tonalite in the Tallberg area and the granodiorite in
the Älgträsk areas yield preliminary U-Pb zircon ages of
1886 ± 3 Ma and 1887 ± 3 Ma, respectively. Rims of
complex zircon in quartz-feldspar porphyritic dykes from
Granberg Älgträsk and Tallberg yield preliminary U-Pb ages
between 1876-1880 Ma whereas the zircon cores yield
slightly older ages between 1884-1900 Ma. Mafic intrusions
adjacent to porphyry style mineralisation yield precise
baddeleyite U-Pb TIMS ages of 1884 ± 2 at Torrspiggen
(ca. 1 km east of Älgträsk), 1876 ± 2 Ma at Älgliden
(crosscutting porphyry style mineralization) and 1881 ± 2
Ma at Näsberg (Fig. 1).
Preliminary results from microscopic and LA-ICP-MS
studies of sulphide minerals show that refractory gold in
arsenopyrite is common, while Au commonly occurs as
micro-inclusions, in grain boundaries and as fracture fillings
in pyrite together with Te-minerals.

Figure 1. Simplified geological map of the Jörn Granitoid
Complex and central part of the Skellefte district with major VMS
deposits indicated. Discussed intrusion hosted mineralization at a)
Tallberg b) Älgträsk c) Älgliden d) Näsberg and e) Granberg
(Modified from Wilson et al. 1987 and Antal et al. 2003). Inset:
Outline of the Fennoscandian shield with the Skellefte district
indicated.
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Textural and element proportions observed in
different pyrite growth stages indicate at least two
different generations of pyrite in the Tallberg and the
Älgträsk deposits. The Tallberg porphyry Cu-deposit and
adjacent Au bearing zones formed from magmatic
hydrothermal water mixed with seawater at higher
temperatures and possibly from an unmixed fluid giving
two unmixed salinity groups (Weihed 1992). Fluid
inclusions from the Älgträsk deposit have variable
CO2/H2O proportions, low salinity and P-T results
indicating a trapping of fluids at 150-200°C at a depth of
ca. 2 km.

3 Conclusions
U-Pb dates of zircon and baddeleyite indicate a 10 Ma
age difference between VMS and porphyry ores in the
Skellefte district, in spite of their relatively close spatial
relationship. This could correspond to a shift in tectonic
regime from extension to compression during the
Svecokarelian orogeny. The age of the porphyry dykes,
their geochemical signatures and radial structural
expression surrounding the GII intrusion in the southern
part of the JGC suggest that the GII granitoid may have
contributed magma, heat and opening of pathways for
porphyry dykes and mineralizing fluids. Furthermore,
the spatial correlation of coeval mafic-ultramafic
intrusions, evidence for magma mingling/mixing and
porphyry style mineralization in both the southern and
northern JGC, suggests that the formation of porphyry
style mineralization may have been triggered by the
upwelling of mafic magma, as has been proposed in
younger orogens (c.f. Hattori and Keith, 2001).
The classification of the Älgträsk Au deposit is not
straightforward, but the fluid forming the Älgträsk
deposit is interpreted to represent a near-surface, later
phase of the hydrothermal system forming the Tallberg
deposit, or alternatively a similar, deeper-seated
porphyry system. The mafic intrusion at Älgliden
crosscuts Tallberg mineralization and alteration, hence
marking the end of the formation of porphyry style and
related mineralization at 1876 ± 2 Ma.
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Mineralization and alteration at the Red Chris Cu-Au
porphyry deposit, British Columbia, Canada
Jessica R. Norris, Craig J.R. Hart, Richard M. Tosdal
Mineral Deposit Research Unit (MDRU), University of British Columbia, Vancouver, Canada
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Abstract. The Red Chris porphyry Cu-Au deposit,
located in the northern Stikine Terrane of the Canadian
Cordillera, contains high grade mineralization to depths of
>1000 m. Mineralization at Red Chris is comprised of
disseminated and fracture filling chalcopyrite and bornite
within quartz veins and stockworks. Pyrite forms a halo
around the chalcopyrite ± bornite core. Alteration includes
a high temperature (K-silicate) core of K-feldspar,
secondary biotite, magnetite and anhydrite veinlets which
have been intensely overprinted by lower temperature
illite, kaolinite and lesser muscovite. In the East zone, the
K-silicate zone dominates below 600-1000 m depth while
the intense illite overprint dominates at shallower levels.
Kaolinite alteration is concentrated in the upper 250 m.
The presence of illite and kaolinite as the dominant clay
alteration minerals indicates a lower temperature fluid
regime at Red Chris compared to classic ‘phyllic’ or
muscovite-bearing alteration overprints.

540 m (Gillstrom and Robertson 2010). More
importantly, these deep drillholes demonstrated vertical
continuity at Red Chris and had significant implications
for further exploration and mine planning. A resource
estimate of 619 Mt (measured and indicated) at 0.38%
Cu and 0.36 g/t Au (at 0.1% Cu-equivalent cut-off, with
inferred resources of more than 619 Mt at 0.30% Cu and
0.32 g/t Au) was released in May 2010 (Gillstrom and
Robertson 2010); updated from a previous resource
published in 2004 by bcMetals (Collins et al. 2004).
Results from the deep drilling program encouraged a
joint research project between the Mineral Deposit
Research Unit at the University of British Columbia,
Imperial Metals Corporation and Geoscience BC, and
builds upon observations of Norris et al. (2010). The
focus of this study is to gather an understanding of the
mineralization styles and alteration of the deposit, with
particular emphasis on the deeper parts of the East zone.
Specifically, the emphasis is along a 500 m long section
trending N50°E, where eight diamond-drill holes were
investigated in 2010, and one investigated in 2009.

Keywords. Stikine Terrane, copper, porphyry deposits,
alteration, Red Chris

1 Introduction
The Late Triassic to Early Jurassic Red Chris porphyry
Cu-Au deposit in the northern Stikine Terrane of British
Columbia in western Canada (Fig. 1) has geological
features that are typical of both alkalic and calc-alkalic
porphyry deposit types. Red Chris is hosted in
monzonitic rocks, has characteristic hematite alteration,
and has the high Au grades typical of BC alkalic
porphyry deposits (Newell and Peatfield 1995; Baker et
al. 1999; Holliday and Cooke 2007). However, quartzvein stockworks, typically absent in most alkalic
porphyries, characterize the best mineralized zones at
Red Chris. Intense late-stage clay alteration, composed
of illite and kaolinite, is present at Red Chris. Perhaps
the most curious feature is the widespread and intense
late carbonate alteration (Baker et al. 1999), which is an
uncommon feature of porphyry Cu systems (Seedorff et
al. 2005).
Following nearly continuous exploration on the
project since the 1970’s, drilling by Imperial Metals
Corporation between 2007 and 2009 targeted deeper
mineralization in the ‘East zone’ and ‘Main zone’,
resulting in new dimensions to the potential shape,
depth, size and grade of the Red Chris deposit. The most
notable results came from the East zone: 1) RC07-335
intersected 1024.1 m of 1.01% Cu, 1.26 g/t Au and 3.92
g/t Ag over the entire length of the hole (Imperial Metals
Corporation 2007), and 2) RC09-350 intersected 152 m
of 4.12% Cu, 8.83 g/t Au and 10.46 g/t Ag at a depth of

Figure 1. Major tectonic terranes and associated Mesozoic
porphyry deposits of the Canadian cordillera in British
Columbia.

2

Mineralization

Copper and gold grades in the East zone at Red Chris are
concentrated in disseminated and vein-hosted bornite
and chalcopyrite that are mostly within banded quartzstockwork veins. Bornite and chalcopyrite are
dominantly fine anhedral grains but locally form
aggregates in quartz veins with minor to moderate white
carbonate. Sulphide-only veins of chalcopyrite and/or
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histogram for each hole. Several isolated regions of
quartz-vein densities greater than 20% cluster in the
centre of the section and are outlined by thick black
dashed lines on Figure 2. Histograms of copper and gold
grades across section N50E show that the highest gold
grades are associated with the highest densities of
banded quartz-stockwork veins.
Although most of the high-grade mineralization in
the core of the East zone is chalcopyrite+bornite with
associated magnetite, the mineralization in the intense
zone of quartz veining at a depth of 540 m in drillhole
RC09-350 is almost entirely chalcopyrite. The
distribution of high-density quartz veins may be
lithologically controlled by compositionally similar yet
paragenetically different porphyry intrusions. Massive
quartz-stockwork veins, occurring as veins of up to 10’s
of meters long (in drill core), may highlight regions of
focused fluid flow during the emplacement of
subsequent porphyry intrusions.

bornite, 1–2 mm thick with wavy character, are
particularly common in deeper portions of the N50E
section line where K-silicate alteration dominates. Trace
amounts of very fine-grained chalcopyrite are present in
the K-silicate–altered mafic mineral sites and sparsely as
fine-grained aggregates within purple anhydrite veins.
Molybdenite is observed in minor and moderate amounts
as fine- to medium-grained disseminations within quartzcarbonate veins and locally along the margins of quartzcarbonate±anhydrite veins.

3 Alteration
Alteration in the East zone along section line N50E is
dominantly potassic (herein called K-silicate alteration)
and is overprinted by clay alteration (Fig. 3). These rocks
were previously recognized as hosting sericite alteration.
‘Sericite’ is a field term widely used to describe
alteration to fine-grained hydrous white mica minerals
and may include muscovite, pyrophyllite, paragonite,
phlogopite and occasionally illitic mica and interlayered
disordered micas with other sheet-structured minerals
such as montmorillonite, chlorite and vermiculite (Meyer
and Hemley 1967). Results of shortwave-infrared
spectroscopy, using the Analytical Spectral Devices
(ASD) TerraSpec™ analyzer, on core samples identified
the dominant ‘sericitic’ zone clay alteration minerals as
illite and lesser kaolinite.
3.1 K-Silicate alteration

Figure 2. Cross-section of Cu (%) and Au (g/t) grade
(histogram), zonation of sulphide species (Bornite,
Chalcopyrite, Pyrite), occurrence of molybdenite (intervals of
>100 ppm Mo) and density of quartz veins >20% over 5 meter
intervals (visually estimated, outlined by thick dashed line)
along the N50E section line.

The K-silicate–dominant alteration zone has a broadly
arching geometry, deepest in the westernmost portion of
the section (~1000 m depth) and shallowest in the
easternmost (~600 m depth, Fig. 3). The shallower
portions of K-silicate alteration are overprinted by illitekaolinite alteration, making it difficult to determine the
original extent of the K-silicate zone.
The K-silicate alteration zone is characterized by
secondary biotite, magnetite and texturally destructive
K-feldspar that replaced the groundmass and primary
plagioclase feldspar phenocrysts. Primary mafic
minerals were replaced by secondary biotite and
magnetite, and locally by later chlorite; locations in
which they dominate are mapped along section line
N50E (heavy dashed lines in Fig. 3). Minor anhydrite
veinlets are associated with the K-silicate alteration.

Bornite, chalcopyrite, pyrite and molybdenite in
quartz, quartz-carbonate and/or anhydrite veins have
variable distributions along section N50E (Fig. 2). A
narrow,
yet
vertically
significant
zone
of
bornite+chalcopyrite occurs in the central region of the
section, with its deepest extent at a depth of 1100 m in
drillhole
RC09-348.
Outboard
of
the
bornite+chalcopyrite core, a zone of chalcopyrite>pyrite
forms the bulk of the N50E section. A zone of
pyrite>chalcopyrite in quartz veins forms an
asymmetrical dome about the centre of the section
(drillholes RC09-348, RC07-335). This pyrite zone is
concentrated near the surface in the eastern portion of
the section and extends down to a depth of 400 m.
Molybdenite is concentrated in the eastern portion of the
section below 750 m in depth.
Visual estimates of quartz-vein density across section
N50E were recorded as percentages, and plotted as a

3.2 Illite-Kaolinite alteration
Illite and kaolinite pervasively alter both plagioclase and
alkali feldspars, hornblende phenocrysts and secondary
biotite of both the primary and K-silicate–altered
monzodiorite to buff-white, pale orange (ankerite-
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kaolinite alteration overprint. The fluids involved in the
illite-kaolinite alteration of the monzodiorite may have
altered the magnetite to hematite.
The presence of illite and kaolinite as the dominant
clay alteration minerals overprinting the K-silicate zone
indicate a lower temperature association than a mineral
association including muscovite, such as the classic
‘phyllic’ alteration zone of Lowell and Guilbert (1970).
Local minor to moderate amounts of ankerite-dolomite
has been observed as a pervasive wash concentrated in
the upper portion of the section. This carbonate alteration
is associated with the illite-kaolinite alteration overprint.

dolomite) and pale green. Throughout the illite-kaolinite
zone, pervasive but very minor fine-grained hematite
occupies the mafic sites and has both sharp and diffuse
crystal boundaries. Pyrite within the illite-kaolinite zone
dominates in the upper eastern portion of the section,
occurring as very fine to fine-grained anhedral crystals
occurring preferentially within the mafic crystal sites.
Magnetite associated with the K-silicate alteration zone
is altered to hematite by the illite-kaolinite alteration
fluids. Pervasive carbonate alteration is spatially
associated with the illite-kaolinite alteration in the upper
portions of the section. The presence of pyrite, hematite,
magnetite, secondary biotite/chlorite within mafic sites
has been mapped along section line N50E (Fig. 3).
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Figure 3. Cross-section N50E showing alteration of felsic
minerals to K-feldspar and illite-kaolinite, and alteration of
mafic minerals to secondary biotite (Bt) and chlorite (Chl),
pyrite (Py), hematite (Hm) and magnetite (Mt).

4 Discussion and conclusions
The typically high-grade mineralization at Red Chris is
closely associated with areas that have multiple
generations of the banded quartz-stockwork veins. The
mineralogy associated with these quartz veins may
reflect the emplacement of paragenetically different
porphyry intrusions and related hydrothermal fluids. The
location of massive banded quartz-stockworks may
reflect a structural conduit that focused fluid flow and
precipitation of mineralization.
The distribution of hematite and magnetite within
mafic sites is irregular due to the intensity of the illitekaolinite alteration overprint. Hornblende is altered to
magnetite, secondary biotite and chlorite locally within
the K-silicate–altered zones, whereas mafic sites are
altered to hematite within zones of the widespread illite-
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Exploration of porphyry copper deposits using indicator
minerals in till: case study from the Pebble Porphyry
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Abstract.
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glacial till samples was applied at Pebble by collecting
samples up- and down-ice (of former glaciers) from the
deposit. Several minerals were identified that target the
deposit, suggesting that PCIMs may be useful in
exploration for concealed porphyry deposits.

(PCIM ) method was recently applied at the Pebble
porphyry deposit. Andradite garnet, Mn-epidote, gold and
jarosite are the most useful PCIMs in till samples.
Samples near Pebble contain 10-20 grains/10 kg of
garnet, whereas samples with the most grains (>40)
occur southwest in close proximity to smaller deposits
with associated skarn mineralization. The distribution of
Mn-epidote mimics that of garnet. All samples collected
contain some gold. However, tills immediately west and
down-ice of Pebble contain 3-30 times more gold, and
the overall number of grains decreases in the down-ice
direction. Furthermore, samples near Pebble contain
mostly pristine and modified grains whereas distal
samples have primarily re-shaped grains. Most gold in
the deposit is contained in chalcopyrite; therefore, the
pristine grains likely reflect liberation during in situ
weathering of transported chalcopyrite grains. Jarosite is
abundant in samples adjacent to and down-ice of Pebble
and near smaller occurrences to the southwest. Most
jarosite grains are detrital and preliminary age dates (>5
Ma) suggest it formed prior to glaciation. Overall, the
results indicate that PCIMs are useful for exploration of
porphyry deposits in southwest Alaska.
Keywords. Pebble, porphyry, southwest Alaska, indicator
minerals

1 Introduction
The Pebble deposit in southwest Alaska (Fig. 1) contains
one of the largest resources of copper and gold in the
world with a measured and indicated resource of 5,942
million tonnes (Mt) at 0.42% Cu, 0.35 g/t Au, and 250
ppm Mo (0.30% copper equivalent or CuEQ cutoff) with
significant concentrations of Ag, Pd, and Re (Northern
Dynasty Minerals Ltd 2010).
The Pebble West Zone was discovered in 1989 by
Cominco American. In 2005, Northern Dynasty Minerals
Ltd. (NDM) discovered Pebble East. In July 2007, NDM
partnered with Anglo American to form the Pebble
Limited Partnership (PLP). The U.S. Geological Survey
began collaborative studies with PLP to determine
techniques that will improve mineral exploration in
covered terranes. The Pebble deposit is ideal for such
studies because the deposit is undisturbed (except for
drilling) and almost entirely concealed by post-mineral
volcanic rocks and glacial deposits.
An exploration method developed by Averill (2007)
that utilizes porphyry copper indicator minerals in

Figure 1. Distribution of tills deposited during the Kvichak
stade (from Hamilton and Klieforth 2010; Detterman and Reed
1973). Boundaries for Pebble West (black dotted) and Pebble
East (black solid line) zones are based on >0.3% CuEQ
(copper equivalent) and >0.6% CuEQ, respectively.
PLP=Pebble Limited Partnership.

2 Geology
The Pebble district comprises Jurassic-Cretaceous
andesitic argillite, siltstone and wacke, cut by diorite sills
and other intrusions of diverse composition (Bouley et
al. 1995). Subalkalic granodiorite intrusions (91-89 Ma)
include the Kaskanak Batholith (Kaskanak Mtn.) and
smaller satellite bodies that are genetically related to CuAu-Mo mineralization (Lang et al. 2008).
The Pebble West Zone extends from surface to ~500 m
depth. The East Zone extends to at least 1700 m depth
and is concealed by a wedge of post-mineralization Late
Cretaceous to Eocene volcaniclastic sedimentary rocks
(Bouley et al. 1995; Lang et al. 2008). Mineralization
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mimics the distribution of garnet (Kelley et al. 2011) and
together they suggest the presence of skarns associated
with the porphyry deposits.

occurs in K-silicate alteration zones and in stockworks of
quartz-carbonate- sulphide veins. Ore minerals are
chalcopyrite, molybdenite, and native gold found mostly
within chalcopyrite. High-grade, bornite-bearing
mineralization occurs in the core of the East Zone (Lang
et al. 2008). Oxidation and supergene effects are limited
to thin layers in the upper parts of Pebble West where
supergene chalcocite and covellite rim and partially to
completely replace hypogene chalcopyrite. There is no
indication of weathering or paleo-supergene effects at
Pebble East (Lang et al. 2008).
The surficial geology is dominated by the effects of
late Pleistocene glaciation (Hamilton and Klieforth
2010). The Kvichak stade was the initial and most
extensive advance of glaciation, resulting in distinctive
sets of moraines that occur through most of the lowlands
in the Pebble area (Fig. 1). The dominant ice directions
were southwestward and northwestward (Hamilton and
Klieforth 2010). The glaciers blocked each of the three
major drainages in the Pebble project area – Upper
Talarik Creek and the North and South Forks of the
Koktuli River. The resulting ice-dammed lakes filled
lowlands in headward parts of each drainage (Fig. 1).

3 Methods
Figure 2. Distribution of andradite garnet in till samples (#
grains/10 kg sample). Stars are mineral occurrences. Heavy
black arrows are ice directions. Boundaries for Pebble West
and East Zones are defined as in Figure 1.

Seventy till samples (6-15 kg) were collected up- and
down-ice from the deposit over a total distance of about
42 km (Fig. 1). The tills were collected from moraine
ridges and consist of poorly sorted to unsorted material
ranging from muddy gravel to sandy coarse gravel. The
samples were air-dried, disaggregated, and sieved to
obtain the <2 mm fraction. Gold grain counts and grain
morphology were determined optically after the samples
were fed through a shaking table. Heavy liquid (S.G.
2.8-3.2 and >3.2) and ferromagnetic separation followed,
and the non-ferromagnetic heavy mineral concentrate
fraction was separated into the 0.25-0.50 mm, 0.5-1.0
mm, and 1.0-2.0 mm fractions which were examined
optically to determine the abundance of PCIMs. Details
about the methodology are included in Kelley et al
(2011).

4.2 Gold and jarosite
Most tills, including those 8-10 km up-ice, contain some
gold (Fig. 3), suggesting that multiple sources are
contributing gold to surficial deposits. However, tills
immediately adjacent to Pebble West contain 3-30 times
the number of gold grains compared to samples up- or
down-ice, and the number of grains decreases in the
down-ice direction. Abundant gold is also present in tills
near mineral occurrences southwest of Pebble (Fig. 3).
Gold grain morphology (degree of rounding,
polishing, and flatness) provides information about the
distance to the source. All samples near Pebble contain at
least 65% pristine (primary shapes and surface textures)
or modified (edges damaged and grains striated) grains,
whereas distal samples contain mostly re-shaped grains.
Pristine grains may reflect either a nearby bedrock
source with little modification during transport or
liberation of gold grains from rock fragments during in
situ weathering of transported gold-bearing sulphide
grains (McClenaghan 2005). Because most of the gold
from the Pebble West and East Zones is contained in
chalcopyrite (Lang et al. 2008), the second option is the
most likely, and it implies that post-glacial oxidation of
the till was sulphide destructive. In fact, no sulphides
were identified in the tills (Kelley et al. 2011).
The distribution of jarosite in tills is relatively
restricted (Fig. 3). The most abundant jarosite occurs in
samples down-ice from Pebble or near the 37 Zone
occurrence. Jarosite grains have a detrital morphology,
consisting of rounded aggregates of amorphous jarosite.
Preliminary age determinations (Ar/Ar) of the jarosite
yielded ages of >5 Ma (M. Cosca, oral communication
2010), suggesting that jarosite formed prior to glaciation.

4 Results and discussion
Our study shows that the best indicator minerals from
the Pebble area are andradite garnet, Mn-epidote, gold,
and jarosite. Other indicator minerals are present in one
or more samples but a direct tie to Pebble mineralization
is not evident (Kelley et al. 2011).
4.1 Garnet and Mn-epidote
High abundances of andradite garnet (Ca3Fe2Si3O12)
have been encountered in the surficial sediments at
nearly every porphyry Cu deposit tested for PCIMs, even
if not identified in associated bedrock (Averill 2007).
Results from Pebble are consistent with these patterns.
Garnet was not observed in bedrock samples from
Pebble West or East zones (Kelley et al. 2011), yet it is
abundant in till samples. The highest garnet counts (>40)
occur in samples west and southwest of Pebble in close
proximity to the smaller occurrences (308, 38, 37, and
G-N Zones; Fig. 2). The distribution of Mn-epidote
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5 Conclusions

If this interpretation is correct, it implies that a supergene
cap formed from acidic weathering of pyrite in
fluctuating arid/semi-arid conditions as is common for
supergene enrichment zones. The upper portion of
Pebble West has thin zones of oxide and supergene
mineralization, consistent with this interpretation.

The PCIM method is a powerful means for identifying
buried porphyry and skarn deposits. Specific benefits of
the PCIM method are:
(1) The source of gold and distance from the source can
be determined based on the abundance and degree of
wear of the gold grains.
(2) Gold grain abundances in conjunction with andradite
and epidote target the length of the S. Koktuli River
drainage (~25 km), making the method a powerful
regional exploration tool.
(3) The use of multiple indicator minerals increases
confidence in the interpretation of deposit type. In
isolation, gold grain abundances could reflect any
number of different deposit types. However, the
presence of andradite, epidote, and gold almost certainly
reflects porphyry and associated skarn deposits as
opposed to other deposit types.
(4) Abundant jarosite may be an indicator of past
supergene development of the porphyry deposit and/or
the depth to which the deposit has been eroded. This
information is important when considering the extent to
which the deposit has been preserved and the likelihood
of relatively high Cu grades through oxidation or sulfide
enrichment.

Acknowledgements
We thank Mark Rebagliati, Keith Roberts, Lena
Brommeland, Robin Smith, and Gernot Wober from PLP
for logistical and scientific support for this work. Stu
Averill (Overburden Drilling Management Limited)
offered helpful discussions. Reviews by Dana Bove and
Doug Yager greatly improved the manuscript.

References
Averill SA (2007) Recent advances in base metal indicator
mineralogy. Explore 134:2-6
Bouley BA, St. George P Wetherbee PK (1995) Geology and
discovery at Pebble Copper, a copper-gold porphyry system in
southwest Alaska, In: Schroeder TG (ed) Porphyry deposits of
the northwest Cordillera of North America. Can Inst Min
Metall Petrol Spec 46:422-435
Detterman RL, Reed BL (1973) Surficial deposits of the Iliamna
quadrangle, Alaska. USGS Bull 1368-A, 64 p
Hamilton T, Klieforth RF (2010) Surficial geologic map of parts of
the D-6 and D-7 quadrangles, Pebble project area,
southwestern Alaska. Alaska Division of Geological &
Geophysical Surveys Report of Investigation 2009-4, 19 p., 1
sheet, scale 1:50,000
Kelley KD, Eppinger RG, Lang J, Smith SM, Fey DL (2011)
Porphyry copper indicator minerals (PCIMs) in glacial till
samples as an exploration tool: Example from the giant Pebble
porphyry Cu-Au-Mo deposit. Geochem Explor Environ Anal
(in print)
Lang J, Payne J, Rebagliati M, Roberts K, Payne JG (2008) The
Pebble copper-gold-molybdenum porphyry deposit, southwest
Alaska, USA. Proceedings of PACRIM 2008, AUSIMM, 2732
McClenaghan MB (2005) Indicator mineral methods in mineral
exploration. Geochem Explor Environ Anal 5:233-245
Northern
Dynasty
Minerals
Ltd.
(NDM)
(2010)
www.northerndynastyminerals.com

Figure 3. Distribution of gold and jarosite in till samples
(#grains/10 kg sample). Stars are mineral occurrences. Heavy
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and East Zones are defined as in Figure 1.

The jarosite grains from Pebble are among the first
encountered in till samples (Stu Averill, oral
communication 2008), most likely because many
deposits do not develop a supergene zone and/or the
level of bedrock erosion in glaciated areas is typically
below the oxide cap development so jarosite is not
available for incorporation in the till.

365

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

High-pressure copper exsolution from andesite magma
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Abstract. Cu behaviour is illustrated during magmatic
evolution at mid-crustal depths (P≥0.4 GPa) in oxidized
and hydrous basaltic andesites of the Pleistocene Pilavo
volcano (Ecuador). Cu and Li contents of amphiboles
drop systematically with increasing evolution of the
magmas. Because both Cu and Li have Dfluid/melt>>1, this
is evidence that Cu and Li have increasingly partitioned
into a fluid phase during magmatic evolution. Evolved
and degassed magmatic rocks with Cu-poor amphiboles
contain abundant Fe-Cu-sulfides in groundmass, postamphibole magnetite. This suggests that degassed
magmas, from which Cu-poor amphiboles crystallized,
became sulphur saturated during the latest crystallization
stages. This was probably caused by a combination of
fluxing of magma by COHS fluids coming from the lower
part of a composite reservoir and magnetite
crystallization in the groundmass, which caused sulfide
saturation at its boundary layer through iron depletion
and sulfate to sulfide reduction. These results corroborate
magmatic stage exsolution of Cu from oxidized and
hydrous mafic-intermediate magmas and support their
important role in the genesis of porphyry-related deposits.

Figure 1. BSE images of groundmass magnetite with Cu-Fesulfide inclusions displaying quenched textures consisting of
rounded blebs of a Cu-poor phase (Cu=10-20 wt.%: dark grey)
inside a Cu-rich (Cu=30-40 wt.%) host (bright). Inclusions are
delimited by crystallographic planes (dashed lines) parallel to
ilmenite exsolution lamellae (sample E05067).

Keywords. copper, magma, fluid, volcano, Ecuador

Magmas that formed the less evolved rocks of Pilavo
(MgO-rich, incompatible element-poor) rose from the
mantle-crust interface to shallow crustal levels where
fluid exsolution induced abundant crystallization of
plagioclase, clinopyroxene and magnetite (Chiaradia et
al. 2011). This caused magma stalling and mixing in the
conduits at shallow crustal depths below those of
amphibole stability (~0.1-0.15 GPa) as indicated by the
development of thick reaction rims around amphiboles.
The more evolved (incompatible element-rich) rocks of
Pilavo reflect an important change in the plumbing
system, with prolonged evolution in a composite midcrustal (P≥0.4 GPa) magmatic chamber (Chiaradia et al.
2011). Such evolution is highlighted by the appearance
of multizoned amphibole, Sr-rich plagioclase, quartz
xenocrysts of magmatic origin and a shift to more
crustal isotopic compositions and to high whole rock
Sr/Y values. These evolved magmas ascended rapidly to
the surface as indicated by the thin reaction rims around
amphiboles. Ilmenite-magnetite pairs hosted by
amphiboles indicate high fO2 magmatic conditions in
both least and most evolved rocks (≥NNO+1.5)
(Chiaradia et al. 2011). High anorthite contents (An80-90)
in the cores of all plagioclase phenocrysts and abundant
amphibole (up to 20% modal) in the more evolved rocks
indicate H2O contents >5 wt.%.
In contrast to the more primitive rocks of Pilavo, the
incompatible element and isotopically enriched rocks
contain Cu-Fe-sulfides whose abundance roughly
increases with increasing whole rock geochemical
evolution. Cu-Fe-sulfides are found only within

1 Introduction
Andesitic arc magmas are associated with some of the
most important Cu-mineralization on Earth (i.e.,
porphyry Cu and epithermal deposits), yet the ultimate
reasons of this association, and in particular whether Cu
exsolves directly into a fluid phase (Sun et al. 2004;
Zajacz and Halter 2009) or is leached out by a magmatic
fluid from previously formed magmatic sulfides
(Nadeau et al. 2010), are debated. In this work Cu
behaviour is illustrated during magmatic evolution at
mid-crustal depths in oxidized and hydrous basaltic
andesites of the Pleistocene Pilavo volcano (Ecuador).

2 Pilavo volcano: setting, geochemistry
and occurrence of Cu-rich sulfides
Pilavo volcano, one of the most frontal volcanoes of the
Ecuadorian arc, shows limited variations of major
elements (basaltic andesite to low-SiO2 andesite: SiO2
53.7-57.5 wt.%; MgO 3.1-3.8 wt.%) and broad changes
in incompatible trace element concentrations (e.g., Sr
600-1350 ppm; Ba 550-1800 ppm; Th 4-24 ppm).
Correlations between whole rock trace elements,
radiogenic isotopes and modal mineralogy suggest an
open system evolution for the Pilavo magmas
(Chiaradia et al. 2011).
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evolved rocks) in the inclusion-free rims. Because of the
continuous growth of plagioclase phenocrysts as
indicated by oscillatory zoning and the absence of
resorption surfaces, the melt/fluid inclusion-rich zones
likely represent episodes of fast growth during
decompression and consequent degassing. SEM
investigations have revealed the occurrence of Cubearing sulfides within melt/fluid inclusions ablated with
the plagioclase matrix during LA-ICP-MS analyses.

magnetite (Fig. 1), the latter occurring: (i) as
microcrysts in the groundmass (>95% of occurrences),
and (ii) within clinopyroxene and amphibole. Magnetite
octahedral cleavage planes often delimit the shape of the
Cu-Fe-sulfides (a few μm in size), which occur as single
inclusions or as clusters and swarms. The inclusions
consist often of a Cu-poor phase (10-20 wt.% Cu)
exsolved within a Cu-rich host (30-40 wt.% Cu).

3 Copper contents in phenocrysts
Maximum Cu contents (in situ LA-ICP-MS analyses)
are about one order of magnitude higher in amphibole
(Cuamphibole>200 ppm) than in clinopyroxene (~30 ppm)
phenocrysts. The high Cuamphibole contents in Pilavo are
not due to sulfide inclusions because no Cu spikes were
identified during the analyses.

Figure 3. Cu and Li contents of amphiboles (Cuamph, Liamph)
correlate strongly within each whole rock sample (except
E05066) following linear trends with different slopes.

4 Discussion
The systematically decreasing Cuamphibole concentrations
with rock evolution cannot reflect fractionation of Cubearing minerals in the parent magma. Apart from the
Cu-bearing sulfides hosted by melt/fluid inclusions
trapped by late crystallizing plagioclase, early sulfides
are absent in the more primitive rocks, in agreement with
the high oxidation state of the Pilavo magmas that
prevented sulfide saturation (e.g., Jugo et al. 2005).
Modelled fractionation of Cu-bearing amphibole and
clinopyroxene indicates that Cu concentrations would
steadily increase (and not decrease) in the residual melt
during fractionation of these minerals that are the main
phenocrysts in Pilavo rocks.
We suggest that prolonged evolution in the
composite mid-crustal chamber (see above) led
increasingly evolved magmas to fluid saturation (see
also Lowenstern 1994). Thus, the systematically
decreasing Cuamphibole and Liamphibole contents in
increasingly evolved rocks reflect crystallization from
increasingly degassed magmas, because both Cu and Li
have Dfluid/melt >>1 (Candela and Holland 1984; Berlo et
al. 2004). Similarly, since Damphibole/fluid for Cu/Li is likely
to be <1 (Rowe et al. 2008), the systematically shallower
slopes of the correlations between Cu and Li in
amphiboles (Fig. 2) of increasingly evolved rocks (each
representing a different lava flow) also indicate
amphibole crystallization from or equilibration with
increasingly degassed magmas. Conversely, the high
Cuamphibole and Liamphibole in the rims of amphiboles (>200
ppm and >100 ppm, respectively) of the least evolved
rocks suggest crystallization from an un- or less
degassed magma. In fact, least evolved rocks contain

Figure 2. Maximum Cu concentrations of amphiboles
decrease systematically with increasing evolution of the whole
rocks. Cu-Fe-sulfides appear as inclusions in magnetite only in
the more evolved rocks.

Maximum Cuamphibole contents systematically
decrease from the least to the most evolved rocks of the
series (Fig. 2). Cuamphibole (and Liamphibole) concentrations
show a core-to-rim increase in amphiboles of the least
evolved rocks, which is coupled with core-to-rim
decreases in compatible elements (Mg, Ni) and increases
in incompatible ones (Zr, La, Hf, etc.). This suggests an
incompatible behaviour of Cu and Li during magmatic
differentiation, in agreement with the oxidizing
conditions of Pilavo magmas (see above) that prevented
early partitioning of Cu into magmatic sulfides.
Cuamphibole correlates significantly with Liamphibole within
each sample (Fig. 3; see also Rowe et al. 2008), yielding
straight lines characterized by shallowing slopes with
increasing whole rock evolution (i.e., from the least
evolved sample E05150 to more evolved ones such as
E05156, E05067).
Maximum Cuplagioclase concentrations also correlate
strongly with the degree of evolution of the rock.
However, unlike the amphiboles, the highest Cuplagioclase
values occur systematically in melt/fluid inclusion-rich
growth layers in the cores of plagioclase crystals (400500 ppm but up to >2000 ppm in the less evolved rocks,
10-20 ppm in the more evolved rocks) and drop to a few
tens of ppm (less evolved rocks) or a few ppm (more
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Mass balance calculations based on mineral, glass and
whole rock Cu contents as well as modelled magma Cu
contents during crystal fractionation indicate that Cu
exsolvable from these magmas is about 3 times more
than Cu exsolvable from the less evolved Pilavo
magmas, which bypassed the evolution in a variably
deep reservoir. In such magmas, in fact, Cu missed the
step of enrichment in the residual melt at high-pressure,
was partly lost to amphibole crystallized during
decompression and was mostly exsolved in the conduit
without the opportunity to flux a shallower reservoir.
Thus, our results provide support for a simple
explanation for the association of porphyry-type
deposits with high Sr/Y magmatic rocks: the
incompatible behaviour of Cu and H2O during highpressure evolution of oxidized magmas.

much less amphibole (<5% modal) that we suggest
crystallized before the magma reached fluid saturation.
This is supported by the observation that fluid exsolution
occurs after amphibole crystallization as recorded by the
Cu-rich melt/fluid inclusions in growth zones in late
plagioclases that are inferred to have crystallized during
decompression at shallow levels.
Based on petrographic observations and amphibole
chemistry, the following sequence of events can be
established for the more evolved rocks of Pilavo: (i)
magma degassing with Cu and Li partitioning into a
fluid phase at high pressure; (ii) crystallization of
amphibole from, or re-equilibration with, the Cu- and
Li-poor degassed magma during prolonged evolution in
a magmatic chamber at mid-crustal levels; (iii)
saturation of Cu- and Fe-bearing sulfides in association
with crystallizing groundmass magnetite.
This sequence of events implies that sulfide
saturation occurred after the onset of magma degassing.
This seems to be at odds with the preferential
partitioning of S into the exsolved fluid phase (e.g.,
Keppler 1999), which would leave a S-depleted magma,
unlikely to reach sulfide saturation especially under the
oxidized conditions of the Pilavo magma. Additionally,
using a range of available Cuamphibole/melt partition
coefficients, the magma in equilibrium with the Cu-poor
amphiboles of the more evolved rocks would have lower
Cu contents than those measured in the whole rocks. It
follows that supplementary sulfur and Cu must have
been introduced from an external source into the more
evolved magmas after or while the latter were degassing
(and thus loosing S and Cu) and that, in both scenarios,
an efficient mechanisms must have subsequently caused
sulfide saturation. Supplementary sulfur might have
been introduced by mafic magma recharge or, more
likely, fluxing of a COHS fluid from a mafic magma
evolving in the lower part of the composite reservoir
(e.g., Hattori 1993). Magma cooling and abundant
groundmass magnetite crystallization could have caused
local sulfide saturation in the melt boundary layer
surrounding growing magnetite crystals through sulfate
to sulfide reduction (Sun et al. 2004) and strong FeO
decrease. Consequently, Cu introduced by the fluxing
fluid strongly partitioned into this sulfide melt.
Aggregation of fluid bubbles and possibly sulfide melt
droplets to crystallizing magnetite (Gualda et al. 2007)
could have facilitated the fluid-to-sulfide melt transfer
and yielded swarms of sulfides along the borders of
growing magnetite as well as sulfide inclusions
delimited by crystallographic planes of growing
magnetite (Fig. 1).

Acknowledgements
This study is funded by the Swiss Science National
Foundation (Project N. 200020-117616).

References
Berlo K, Blundy J, Turner S, Cashman K, Hawkesworth C, Black
S (2004) Geochemical precursors to volcanic activity at Mount
St. Helens, USA: Science 306:1167–1169
Candela PA, Holland HD (1984) The partitioning of copper and
molybdenum between silicate melts and aqueous fluids.
Geochim Cosmochim Acta 48:373-380
Chiaradia M, Müntener O, Beate B (2011) Enriched basaltic
andesites from mid-crustal fractional crystallization, recharge,
and assimilation (Pilavo volcano, Western Cordillera of
Ecuador). J Petrol (in press)
Gualda GAR, Ghiorso MS (2007) Magnetite scavenging and the
buoyancy of bubbles in magmas. Part 2: Energetics of crystalbubble attachment in magmas. Contrib Mineral Petr 154:479490
Hattori K (1993) High-sulfur magma, a product of fluid discharge
from underlying mafic magma: Evidence from Mount
Pinatubo, Philippines. Geology 21:1083-1086
Jugo PJ, Luth RW, Richards JP (2005) Experimental data on the
speciation of sulfur as a function of oxygen fugacity in basaltic
melts. Geochim Cosmochim Acta 69:497-503
Keppler H (1999). Experimental evidence for the source of excess
sulfur in explosive volcanic eruptions. Science 284:1652-1654
Lowenstern JB (1994) Dissolved volatile concentrations in an oreforming magma. Geology 22:893–896
Nadeau O, Williams-Jones AE, Stix J (2010) Sulphide magma as a
source of metals in arc-related magmatic hydrothermal ore
fluids. Nature Geoscience 3:501-505
Rowe MC, Kent AJR, Thornber CR (2008) Using amphibole
phenocrysts to track vapor transfer during magma
crystallization and transport: An example from Mount St.
Helens, Washington. J Volcanol Geotherm Res 178:593-607
Sun W, Arculus RJ, Kamenetski VS, Binns RA (2004) Release of
gold-bearing fluids in convergent margin magmas prompted by
magnetite crystallization. Nature 431:975-978
Zajacz Z, Halter W (2009) Copper transport by high temperature,
sulfur-rich magmatic vapor: evidence from silicate melt and
vapor inclusions in a basaltic andesite from the Villarica
volcano (Chile). Earth Planet Sci Lett 282:115-121

5 Metallogenic implications
Our data indicate that in the hydrous and oxidized
basaltic andesite magmas of Pilavo that underwent
prolonged evolution at variably deep crustal levels to
acquire high Sr/Y signatures, Cu behaved incompatibly
and partitioned into a fluid when the magma reached
fluid-saturated conditions. This Cu-rich fluid may have
eventually fluxed magmas situated at shallower levels of
a composite magmatic system, thereby playing an
important role in the genesis of porphyry-type deposits.
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Temporal evolution of magmatic rocks at the
Coroccohuayco Cu-skarn deposit, Tintaya cluster, Peru
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Abstract. High Sr/Y ratio seems to be a common (but not
systematic) feature of magmatic rocks spatially and
temporally associated with major porphyry-related
systems (i.e., porphyry Cu-Au, skarn, epithermal) and so
it does at Coroccohuayco. Petrographic observations,
crosscutting relationships and comparison with the
nearby Tintaya igneous rocks allow distinguishing at least
5 magmatic pulses at Coroccohuayco. Preliminary U-Pb
LA-ICP-MS zircon ages indicate an important magmatic
event between ~37-35 Ma that is spatially (and probably
temporally) related to the Cu skarn alteration and
mineralization in the limestone of the Ferrobamba
formation. This magmatic-hydrothermal event coincides
with the onset of a high Sr/Y ratio in the magmatic rocks.
A comprehensive dataset of whole rock geochemical data
on this magmatic suite is consistent with a process of
amphibole crystal fractionation under hydrous, highpressure conditions that prevent early plagioclase
crystallization. Increasing influence of titanite and zircon
fractionation over the trace element budget is also
suggested. Garnet implication is not clear but cannot be
excluded at this stage.

the magmatic suite of the Coroccohuayco Cu skarn
deposit displaying increasing values of Sr/Y through
time and with geochemical evolution of the rocks that
we attribute to amphibole and titanite fractionation with
no obvious involvement of garnet.

Keywords. high Sr/Y, porphyry Cu system, crystal
fractionation, petrology

Figure 1. Schematic cross section over the Coroccohuayco
deposit showing observed crosscutting relationships between
different magmatic pulses. The skarn mineralization (not
represented here) is hosted by the Ferrobamba formation.

1 Introduction

2 Magmatic history of the Coroccohuayco
Cu skarn deposit

An increasing number of studies report magmatic rocks
with high Sr/Y and La/Yb ratios in spatial and temporal
association with major porphyry-related systems
(porphyry Cu-Au, skarn, epithermal) around the world
(e.g., Thiéblemont et al. 1997). This specific
geochemical signature (often termed adakitic or adakitelike) encountered at convergent margins is commonly
attributed to either slab melting in the presence of
residual garnet (Defant and Drummond 1990), or to
crustal processes such as deep melting of a thickened
continental crust with garnet in the residuum or crystal
fractionation of garnet and/or amphibole ± titanite (e.g.,
Petford and Atherton 1996; Müntener et al. 2001;
Richards and Kerrich 2007).
The Coroccohuayco deposit is located in the Tintaya
cluster, at the very south of the middle Eocene early
Oligocene Andahuaylas-Yauri belt. This emerging
metallogenic province is known for hosting several
important Cu (-Au, -Mo) skarn and porphyry deposits
such as Tintaya, Antapaccay and Las Bambas (Perelló et
al. 2003). The Tintaya cluster is currently one the most
active in the area with mining at Tintaya, the
development of the Antapaccay project and the
advanced projects at Coroccohuayco and Quechua.
We report original whole rock geochemical data on

The magmatic history at Coroccohuayco (Fig. 1) started
with the intrusion of a heterogeneous hornblende diorite
sill into and above the limestone-bearing Ferrobamba
formation (Maher 2010). The whole sequence is crosscut
by at least two monzonite porphyry dykes (hornblende
and hornblende-biotite monzonite). These intrusive
dykes are affected by, spatially linked and probably
temporally related to the skarn alteration and
mineralization mostly developed in the Ferrobamba
formation. They are followed by the intrusion of latemineral trachyte porphyry dikes. Minor pyroxene
basaltic andesite porphyry dikes are found in the area
and although not yet dated they are thought to record the
latest magmatic event at Coroccohuayco and Tintaya
(Zweng et al. 1997).
The above relative timing of intrusive events is
deduced from clear crosscutting relationships observed
in outcrops and drill-core. In addition we have
conducted preliminary LA-ICP-MS U-Pb dating of
zircons on these rocks. The two monzonites and the
trachyte gave similar ages between ~37-35 Ma that
cannot be resolved within the precision of the method
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used, whereas the diorite sill yielded an older age of ~41
Ma.

3 Geochemical data
The diorite, monzonites and trachyte range in
composition from basalt/basaltic andesite to trachyte
and rhyolite/trachyte respectively. Based on silica
content two distinct groups can be distinguished with a
compositional gap in between, the diorite+basaltic
andesite (DBA group, <55 wt.% SiO2) and the
monzonite+trachyte (MZT group, >62 wt.% SiO2)
groups respectively (Fig. 2). In the analysed samples
MgO, FeOtot, CaO and TiO2 contents decrease with
increasing SiO2. Al2O3 and K2O contents have broadly
constant values within each of the two groups. P2O5
content increases for the DBA group and decrease for
the MZT group with increasing SiO2.
Sr concentrations increase with SiO2 with a peak in
the hornblende-biotite monzonite (up to 931 ppm), and
decrease in the trachyte, but keep generally high values
in the MZT group (>500-900 ppm). In contrast, Y
concentrations continuously decrease with increasing
SiO2 in the MZT group (from 15 to 6 ppm). It results
that the Sr/Y ratio keeps increasing with SiO2, up to a
value of 127 in the most evolved rocks (Fig. 2).

Figure 3. Chondrite-normalized REE spider diagrams (Sun
and McDonough 1989) of analysed samples from the
Coroccohuayco magmatic suite.

4 Discussion
LILE enrichment and Nb and Ta negative anomalies of
the magmatic suite are typical of subduction-related
magmas. The major element evolution with increasing
SiO2 is consistent with amphibole and clinopyroxene
fractionation. The listric-shape of REE spider diagrams
and the relatively unfractionated MREE to HREE
patterns and smoothly decreasing Y concentrations with
increasing SiO2 are most likely caused by amphibole
fractionation.
Detailed analysis of the geochemical dataset further
suggests a three-steps evolution of the magmatic system
with increasing contribution of titanite, zircon and
plagioclase on the trace element budget. Crystal
fractionation (FC) modelling is presented in Figure 4:
1. In the diorite stage, trace element evolution is best
explained by fractionation of clinopyroxene and
amphibole in similar proportions. After diorite
emplacement, the magma probably started to
evolve at mid to lower crustal levels toward more
silicic compositions. Simple FC process would
require ~80% fractionation (Fig. 4) to reach the
parent monzonite composition which is unlikely to
happen. Hence combined FC and assimilation
and/or magma recharge at depth would be more
likely processes.
2. The monzonite stage is marked by decreases of Nb,
Ta and P2O3 with increasing SiO2 suggesting that
together with clinopyroxene and amphibole, titanite
(Nb, Ta) and apatite (P) also started to fractionate.
Zr stops increasing with SiO2 at this stage, probably
due to minor zircon fractionation. The weak Eu
negative anomaly in the monzonite (Fig. 3),
coupled with the Sr increase, are interpreted to
indicate the onset of plagioclase fractionation.
3. Sr increase with SiO2 up to the monzonite stage and
decrease in the late-mineral trachyte stage is
interpreted to reflect the initial suppression of
plagioclase fractionation, probably due the high
pH2 O conditions of magmatic evolution and the
later onset of plagioclase fractionation (trachyte
stage) due to decreasing pH2O following water
exsolution from the magma at the monzonite stage.
This model would be consistent with volatile

Figure 2. SiO2 versus Sr/Y plot of analysed samples of the
Coroccohuayaco magmatic suite showing a constant increase
of Sr/Y with differenciation.

Relative to the primitive mantle, large ion lithophile
elements (LILE) are enriched while high field strength
elements (HFSE) are depleted in all the samples and Nb
and Ta display negative anomalies. Nb and Ta increase
with SiO2 in the DBA group and decrease in the MZT
group. Zr content increases until the monzonite stage
and decreases in the trachyte. Zr/Sm and Zr/Y ratios
(Fig. 4) constantly increase with SiO2.
Light Rare Earth Elements (LREE) are weakly
fractionated with respect to Heavy Rare Earth Elements
(HREE) in the DBA group (LaN/YbN = 2-4) and
moderately fractionated in the MZT group (LaN/YbN =
7-11). Chondrite-normalized REE patterns (Fig. 3) in
the MZT group essentially lack Eu anomaly and show a
listric-shape with relatively constant MREE/HREE
ratios (GdN/YbN~1.5).
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evolving magma might be a key factor to the formation
of metal-rich magmatic hydrothermal fluids (Candela
and Piccoli 2005).
Our geochemical and U-Pb geochronological data on
Coroccohuayco are consistent with the formation of the
porphyry-related systems of the Andahuyalas-Yauri belt
in broad association with the compressive Incaic event
(~40-32 Ma) and slab flattening (Perelló et al. 2003).
Slab flattening and associated compression have also
been proposed as a key factor for maturation at deep
crustal levels (leading to high Sr/Y signatures) of the
magmas associated with the porphyry-related
mineralization at Yanacocha (Chiaradia et al. 2009).

exsolution and associated mineralization at the
monzonite stage as inferred from field
relationships. The decrease of Zr at this stage is
attributed to a greater zircon fractionation.
Crystal fractionation seems to control trace elements
evolution, but the amount of fractionation required by
the model (Fig. 4) is significantly high, suggesting that
assimilation also occurred. This is further supported by
the strong increase of Rb with SiO2.
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Figure 4. Ta versus Zr/Y diagram emphasizing titanite and
zircon contributions to trace elements evolution. Black lines
represent modelled crystal fractionation trends and black dots
indicate 10% fractionation increments from parent
compositions.

Figure 5. Variation of the Sr/Y ratio of through time. Relative
ages are deduced form crosscutting relationships, preliminary
U-Pb LA-ICP-MS zircon data and similarities with the nearby
intrusive suite at Tintaya. The mineralization event appears to
be concomitant with the onset of a high Sr/Y ratio (>40).

5 Metallogenic implications
The mineralization event seems to be concomitant with
the emplacement of felsic rocks with a high Sr/Y
signature (Fig. 5) after a period of ~4 Ma of magma
maturation at deep crustal levels. The same tendency has
also been reported among others at Yanacocha, Peru
(Chiaradia et al. 2009). Extensive crystal fractionation
with limited contributions of early accessory and sulfide
phases might be a mechanism of primary metal
enrichment in residual melts (Mustard et al. 2006). In
addition, the hydrous character of a continuously
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Mafic magmatism influencing porphyry-style
mineralization: the Black Mountain Southeast porphyry
Cu-Au deposit, Baguio, Philippines
Gabriel Sweet, Peter N. Hollings
Department of Geology, Lakehead University, 955 Oliver Rd, Thunder Bay, Ontario, Canada P7B 5E1
Michael J. Baker, David R. Cooke
ARC Centre of Excellence in Ore Deposit Research, University of Tasmania, Private Bag 126, Hobart, Tasmania,
Australia 7001
Patrick J. Waters
Anglo American Exploration Philippines Inc., 1101 Pearlbank Centre Building, 146 Valero St, Salcedo Village, Makati
City, Metro Manila, Philippines
Abstract. The Baguio district, in the Central Cordillera of
Northern Luzon, Philippines, forms part of a magmatic
arc associated with subduction of the South China Sea
plate beneath the Philippines and Taiwan. The district
contains porphyry-style copper, epithermal gold and
skarn mineralisation associated with a series of Early
Miocene to Late Pliocene volcanic and intrusive rocks
that have calc-alkaline affinities. Detailed mapping and
sampling of the Black Mountain porphyry system within
the Baguio district has identified at least six intrusive
phases ranging from mafic to intermediate compositions.
ID-TIMS U-Pb zircon and Ar-Ar hornblende dating of the
intrusive complex indicate that it was emplaced over a
period of less than one million years during the Middle
Pliocene. Whole-rock, Sr and Nd isotope geochemistry
shows that the intrusive rocks were most likely derived
from a common parental magma source, but evolved via
mixing of mafic and felsic-intermediate melts. This
process, together with the geodynamic trigger provided
by oceanic ridge subduction, created favourable
conditions for the generation of metal-enriched calcalkalic magmas and the formation of porphyry-style CuAu mineralisation at Black Mountain.

Cu and 0.26 g/t Au (Bureau of Mines and Geosciences
1986).
This paper presents geochronological and
geochemical data collected from Pliocene intrusions at
the Black Mountain Southeast orebody as part of the
AMIRA P765A research project at CODES, University
of Tasmania. The data are used to constrain the timing
of, and intrusive history of the intrusions associated with
mineralisation at the deposit, as well as to determine the
geochemical affinities of the intrusive rocks. The
implications of these results on the formation of
porphyry-style mineralisation at the deposit are also
discussed.

Keywords. geochronology, geochemistry, porphyry Cu,
Baguio

1 Introduction
The Baguio Mineral District is located in the southern
part of the Central Cordillera of northern Luzon (Fig. 1).
The district is a world-class mineral province, with over
35 million ounces of Au and 2.7 Mt of Cu (Waters et al.
in press).
The Black Mountain Southeast Cu-Au-(Mo)
porphyry orebody lies at the southeast end of the Baguio
Mineral District’s westernmost deposit cluster,
approximately 6 km SW of Baguio City. The Black
Mountain deposit contains two orebodies hosted by the
Black Mountain Intrusive Complex. The ‘Kennon’
orebody occurs at the NW end of the complex and was
block-caved from 1969-1983. It had a pre-production
reserve of 47 Mt at 0.38% Cu and 0.35 g/t Au plus
0.01% Mo (Bureau of Mines and Geosciences 1986).
The ‘Southeast’ orebody was block-caved from 19771983. It had a pre-production reserve of 15 Mt at 0.37%

Figure 1. Map of the Philippines showing submarine
trenches, Philippine Fault and relative movements of the
Philippine and Eurasian plates (arrows). SSM = Scarborough
Sea Mount chain. Modified after Mitchell and Leach (1991).
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diorite porphyry dike returned an age of 6.39 ± 0.49 Ma.
The five U-Pb zircon ages for the Black Mountain
Intrusive Complex include one sample of the Liw-Liw
Creek mafic dikes and four samples from the series of
plagioclase and variably hornblende-phyric diorite
stocks and dikes (Sweet 2011). The Liw-Liw Creek
mafic dike sample returned an age of 3.20 ± 0.02 Ma.
The four samples of plagioclase and hornblende-phyric
diorite returned ages between 2.98 ± 0.02 Ma and 2.87 ±
0.08 Ma.

2 Deposit geology
The host rock stratigraphy of the Black Mountain deposit
has been extensively studied (Balce et al. 1980;
Maleterre 1989; Peña 1992, 1998). The basement rocks
of the sequence include Eocene basalts, andesites and
minor sedimentary rocks of the Pugo Formation. They
are unconformably overlain by late Oligocene-middle
Miocene shallow marine clastic and carbonate
sedimentary and minor andesitic volcanic rocks (Zig-Zag
and Kennon Formations). This sequence was intruded by
middle Miocene plutonic rocks of the Central Cordillera
Diorite Complex. Uplift and erosion of the Central
Cordillera during the middle to late Miocene led to
subaerial volcanism and terrestrial to shallow-marine
sedimentation (Klondyke Formation).

4 Geochemistry
Whole rock geochemical analysis of the Black
Mountain Intrusive Complex indicates that the complex
primarily contains medium- to high-K calc-alkaline
diorites, basalts, basaltic-andesites and andesites. Trace
and rare earth element characteristics suggest a similar
magmatic source for the various intrusive phases, with
the majority displaying similar levels of LREE
enrichment. However, some incompatible trace elements
and transition metals appear to have evolved atypically
over the life of the system, suggesting periodic recharge
of the underlying felsic-intermediate magma chamber
by a mafic magma.
Rb-Sr and Sm-Nd isotopic analyses were performed
on representative samples of each intrusive phase from
the Black Mountain Intrusive Complex. The 87Sr/86Sr
values for the intrusive complex range between
0.70362-0.70423 and lie in the range of Philippine rocks
determined by McDermott and Hawkesworth (1991).
However, the values are higher than the range reported
by Hollings et al. (in press) of 0.70366-0.70388 and are
also higher than the reported range of 87Sr/86Sr values
for Pacific MORB (0.70240-0.70256; Saunders et al.
1988).
The 143Nd/144Nd values for the intrusive complex
range from 0.51290 to 0.51305. These values overlap
the range of 0.51287-0.51298 reported by Hollings et al.
(in press) and are similar to the range of values reported
for Pacific MORB (0.5130-0.5133; Saunders et al.,
1988).
The 143Nd/144Nd values generally increase with
decreasing age, with the exception of the strongly
silicified diorite sample (Fig. 2). This suggests the
potential involvement of a secondary mafic component
with a more primitive isotopic character than the magma
that formed the Liw-Liw Creek dikes. A temporal trend
for 87Sr/86Sr is not as obvious, although a broadly
positive trend is apparent (Fig. 2). The increase in
radiogenic Sr suggests the sporadic but increasing
involvement of an evolved component during the
generation of the Black Mountain Southeast Intrusive
Complex.

2.1 Black Mountain SE Intrusive Complex
Sampling and detailed surface mapping of the Black
Mountain Southeast deposit has identified at least six
intrusive phases, collectively termed the Black Mountain
Southeast Intrusive Complex (Sweet 2011). The oldest
rocks associated with the complex are hornblende
megacrystic basaltic dikes, termed the Liw-Liw Creek
basaltic dikes after their type locality. The basaltic dikes
and host stratigraphy at Black Mountain Southeast are
locally intruded by a discrete series of plagioclase and
variably hornblende-phyric diorite stocks and dikes. A
strongly silicified diorite pipe containing extensive
quartz-rich stockwork veining and disseminated sulfide
mineralization forms the central part of the intrusive
series and is the main host to porphyry-style
mineralization at the Southeast deposit. Hornblende
megacrystic and variably hornblende-clotted gabbroic
dikes, fine-grained hornblende-clotted basalt dikes and a
series of aphanitic to plagioclase micro-phenocrystic
mafic dikes are the youngest intrusions identified at the
deposit, cutting all older intrusions.

3 Geochronology
Five U-Pb zircon ages and four Ar-Ar hornblende ages
have been generated for several previously undated
intrusive phases at the Black Mountain Southeast
deposit. Samples for U-Pb zircon dating were analysed
by ID-TIMS at the University of British Columbia and
samples for Ar-Ar hornblende dating were analysed at
Oregon State University (Sweet 2011).
The four Ar-Ar hornblende ages for the Black
Mountain Intrusive Complex include one sample from
the Liw-Liw Creek mafic dikes, one sample from the
series of plagioclase and variably hornblende-phyric
diorite stocks and dikes, one sample from the
hornblende megacrystic gabbroic dikes and a sample of
a plagioclase-hornblende-phyric diorite porphyry dike
thought to pre-date the Black Mountain Intrusive
Complex (Sweet 2011). The Liw-Liw Creek mafic dike
sample returned an age of 4.73 ± 0.17 Ma. The sample
of plagioclase and hornblende-phyric diorite returned an
age of 2.83 ± 0.23 Ma. The hornblende megacrystic
dikes returned an age of 2.81 ± 0.15 Ma and the early

5 Implications for the formation of the
Black Mountain Southeast deposit
New U-Pb zircon and Ar-Ar hornblende dating constrain
the age of the Black Mountain Intrusive Complex to ca.
3.2-2.7 Ma. Based on timing relationships and the
observed variation in Nd and Sr isotopic compositions, a
paragenetic model is proposed for the formation of the
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Black Mountain Intrusive Complex. The model involves
the generation, stagnation and partial crystallisation of a
mafic magma chamber in the upper crust prior to 3.2 Ma.
Local structural controls facilitated the escape of small
volumes of mafic material from the magma chamber at
this time (Liw-Liw Creek mafic dikes). At ca. 3.2 Ma, a
secondary, radiogenic mafic melt ascended to the base of
the partially-crystallised magma chamber and resulted in
the generation of a low-degree partial melt. Heat-transfer
associated with the generation of the partial melt
component promoted the upward movement of exsolved
volatile-rich fluids from the melt and also ‘re-energized’
remnant volatile-rich components from the partiallycrystallised magma chamber, moving them to the upper
parts of the system. From 3.2-2.8 Ma localized extension
allowed for the emplacement of felsic-intermediate
stocks and dikes. Upward migration of volatile-rich
metalliferous fluids also occurred at this time, resulting
in quartz-stockwork veining, potassic alteration and
mineralization. Continued local extension promoted
more-rapid ascension of radiogenic mafic material,
leading to the emplacement of successive intrusive
phases containing increasing amounts of this moreprimitive component.
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Molybdenum transport and mineralization at the El
Teniente Cu-Mo porphyry deposit, Chile.
Edward T. Spencer, Victoria H. Vry, Jamie J. Wilkinson, Andrew J. Berry
Department of Earth Science and Engineering, Imperial College London, United Kingdom, SW7 2AZ
José Seguel
CODELCO División El Teniente, Rancagua, Chile
Abstract. The El Teniente porphyry Cu-Mo deposit
represents one of the world’s largest and most complex
hydrothermal ore systems. However, little work has
focused on the distribution and controls of Mo
mineralization at the deposit. Grade distributions suggest
that mineralization of both Cu and Mo was associated
with the intrusion of felsic-intermediate porphyries and
subsequent brecciation and vein formation in their
apices. However, Mo mineralization is clearly favoured in
some intrusions, whereas others display significant Cu
mineralization. Furthermore, at shallower elevations a
distinct Mo-enriched halo encompasses the Braden
Breccia pipe and overprints the Cu-enriched Teniente
Dacite Porphyry. This suggests that, unlike Cu,
redistribution, or new mineralization, of Mo occurred in
association with this late stage event. Fluid inclusion data
suggest that most Mo is primarily transported by highly
saline brines (~44.6 wt.% NaCl equiv.) although dilute
fluids also appear to play a minor role. Consequently,
decoupling between Mo and Cu may be primarily
controlled by different fractionation behaviour of the
metals between brine and dilute fluids and/or vapours.
Samples need to be obtained from the Mo halo for dating
and further fluid inclusion analysis to better understand
the timing and fluid properties of this inferred late stage
hydrothermal activity.

types and 5 brecciation events that constitute three main
mineralization stages (Table 1). A number of studies
have attempted to constrain the spatio-temporal
distribution of mineralization at El Teniente (e.g.,
Skewes et al. 2002; Maksaev et al. 2004; Cannell et al.
2005, 2007). However, little work has specifically
focused on Mo mineralization patterns within the
system. Therefore, a key task is to identify which veins
and breccias host Mo mineralization.
Table 1: Vein and breccia types at El Teniente listed in
chronological order, with vein and alteration halo mineral
assemblages.

Keywords. El Teniente, porphyry, molybdenum, fluid
inclusions

Vein

Assemblage

Vein Halo

1

bt-act (chl-cpy)

2

mag -anh-(cpy-py)

bt
(original halo not
preserved)

3

qz-plag

4a

bt-qz±anh-(chl-cpypy-mo)
qz-Kfsp±anh-(ap-bt)

4b

Kfsp-ep-anh-chl±qz

5

anh-qz±cpy-py-(bomo)
qz-anh-Kfsp±cpymo-bo-py
qz-cpy-anhKfsp±mo-bo-py
mo (qz-anh)
cpy qz-anh
cpy-py-qz-anh
tour-cb-anh cpy-pybo-mo
cb-anh-gyp ten-cpypy-bo-mo

local ep halo
bt in TMC, Kfsp or
none in felsics
none in TMC
Kfsp in felsics
none in TMC
Kfsp in felsics
none
none
ser-chl-qz

6a
6b
7a
7b
8

1 Introduction
El Teniente is located on the western margin of the
Andean Cordillera, within the confines of the Central
Chilean porphyry Copper belt. It is hosted within a late
Miocene volcano-plutonic complex that forms part of the
Farellones Formation, a >2,500 m thick sequence of
extrusive and intrusive rocks of basaltic to rhyolitic
composition (Skewes et al. 2002). The deposit is one of
the world’s largest repositories of both Cu and Mo, with
a current and mined resource total of 94.4 Mt Cu and 1.4
Mt Mo (Cannell et al. 2005). Recent studies have
concluded that the deposit represents a nested Cu-Mo
porphyry system formed by the emplacement and
overprinting of a number of porphyry intrusions that
evolved separately in space and over time (Vry et al.
2010).
The nature and relative timing of each magmatic and
hydrothermal event has been ascertained using
mineralogical and textural observations, alongside
detailed intrusion, breccia and vein crosscutting
relationships (Vry et al. 2010). Results reveal 13 vein

9
10

I

bt

K
A
T

ser-chl-qz
ser-chl-qz

B

Vein types 1-4b = Pre-mineralization stage; 5-7b = Main
mineralization stage; 8-10 = Late mineralization stage.
Brackets in right hand column = Breccia categories, where: I =
Igneous breccias, K = K-feldspar breccias, A = Anhydrite
breccias, T = Tourmaline breccias, B = Braden Breccia pipe.
Bold = Primary minerals. TMC= Teniente Mafic Complex, bt =
biotite, act = actinolite, chl = chlorite, cpy = chalcopyrite, mag
= magnetite, anh = anhydrite, py = pyrite, plag = plagioclase,
Kfsp = K feldspar, ap = apatite, ep = epidote, mo =
molybdenite, bo = bornite, tour = tourmaline, cb = carbonate,
gyp = gypsum, ten = tennantite. ser = sericite. Vein
classification from Vry (2010).

Analysis of the fluid inclusions trapped within these
veins can then be used to constrain the physicochemical
properties of the hydrothermal fluids that governed Mo
transport and deposition. This will increase our
understanding of the evolution of El Teniente, as well as

375

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

± 0.02 Ma (Maksaev et al. 2004). However, none of
these dated samples were obtained from the Mo halo
surrounding the Braden Breccia pipe and therefore
younger mineralization ages are likely. Cu mineralization
ages inferred from molybdenite dating may be erroneous
given the common decoupling of the two metals.

aid in the modelling of Mo behaviour in hydrothermal
systems in general. This reconnaissance study provides
insights into the nature and timing of Mo mineralization
at El Teniente based largely on the observations and
results of Vry (2010).

2 Mo grade distribution
80% of hypogene ore minerals are found within the
Teniente Mafic Complex, predominantly hosted within
veins, but also with additional minor disseminated
sulphides (Skewes et al. 2002; Cannell et al. 2007). The
remaining ore minerals occur within veins in felsic
intrusives, or form cements in the igneous and
hydrothermal breccias (Skewes et al. 2002; Cannell et al.
2005). Shallow level grade distribution maps show that
Mo mineralization here is concentrated in a nearcontinuous halo of >0.03 wt.% that occurs in a sharp,
elevated grade zone approximately 100-250 m from the
perimeter of the Braden Breccia pipe. In contrast, Cu
mineralization extends to the north and east, suggesting a
principal control by multiple dacite-hosted intrusive
breccias. Unlike Mo, Cu is particularly abundant
proximal to the Teniente Dacite Porphyry
Different zonation patterns are observed at deeper
levels of the deposit (Map level 1890 m), with the locus
of Mo mineralization shifting to small highs proximal to
the individual dacite finger porphyries. Cu is also
concentrated around some of these intrusions, but shows
higher grades surrounding the A-Porphyry. These
patterns are supported by whole rock analyses of
samples obtained from each unit (Fig. 1) which suggest
that Cu is particularly strongly associated with the
Teniente Mafic Complex and A-Porphyry, whereas Mo
appears to be concentrated in the North Central and
Central Dacites.
The observed grade distributions principally reflect
distribution of vein types across the deposit. Significant
Mo mineralization occurs within six vein types at El
Teniente (5, 6a, 6b, 7a, 9 and 10; Table 1). The main
introduction of Mo and Cu is believed to have occurred
during the type 7-8 vein stages, with Mo particularly
abundant in type 7a veins (Vry et al. 2010). These veins
are common proximal to the dacite finger porphyries,
accounting for the abundance of Mo in the North Central
and Central Dacites (Fig. 1). In contrast, the Moenriched halo surrounding the Braden Breccia pipe is
thought to be due to the presence of abundant type 9-10
veins, although this possibility remains to be tested.

Figure 1: ICP-MS whole rock geochemistry for the selected
samples of Vry (2010). Abbreviations: TMC = Teniente Mafic
Complex, SD = Sewell Qtz Diorite, AP = A-Porphyry, CD =
Central Dacite, NCD = North Central Dacite, TDP = Teniente
Dacite Porphyry, DD = Dacite Dike, AD = Andesite Dike, GP
= Grueso Porphyry, ABr = Anhydrite breccia matrix, BBr =
Biotite breccia matrix.

4 Fluid inclusion analysis
Several fluid inclusion (FI) studies have been carried out
to determine the nature of the fluids responsible for
mineralization at El Teniente (Skewes et al. 2002;
Cannell 2004; Klemm et al. 2007; Vry 2010). Prior to
2004, these studies only used petrographic and
microthermometric methods and therefore did not
benefit from the use of micro-analytical techniques such
as Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS). The study of metal
concentrations in the trapped fluids is now possible,
although few studies have recorded Mo values for FIs
(Klemm et al. 2007; Vry et al. 2010).
Eight FI types are observed at El Teniente (Fig. 2),
with highest mean Mo values recorded in type B3, A1,
B2, and A5 inclusions respectively. Type B2 and A1 FIs
are abundant in multiple vein assemblages (1-8) and
commonly contain elevated Mo, whereas type A5 and B3
FIs are rarely observed. This suggests that both brines
(represented by B2 inclusions) and dilute fluids (A1
inclusions) were important for Mo transport. The
absence of chalcopyrite daughter minerals in A1

3 Dating molybdenum mineralization
Mineralization at El Teniente is the result of multiple
intrusion and brecciation cycles that commenced with
intrusion of the A-Porphyry at 6.9 ± 0.6 Ma according to
Maksaev et al. (2004) and ended with the Braden
brecciation event at 4.70 ± 0.12 Ma. High precision ReOs dating of molybdenite at the deposit reveals ages
between 5.89 and 4.70 Ma (Cannell 2004; Cannell et al.
2007). Additional Re-Os ages for molybdenite (nine
samples) yield a similar timescale, interpreted to
represent five ore-forming episodes at: 6.30 ± 0.03, 5.60
± 0.02, 5.01 to 4.96, 4.89 ± 0.08 to 4.78 ± 0.03, and 4.42
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Central Dacites at deep levels, suggesting that these
intrusions were particularly fertile for Mo-rich
mineralization. The cause of this enrichment is currently
uncertain. The Mo mineralization that forms a high grade
halo surrounding the Braden Breccia pipe at shallow
levels is likely to be the result of remobilization and/or
addition of Mo via late stage veining (types 9-10),
associated with the intrusion of multiple dacitic dikes
and stocks at depth. Molybdenite Re-Os dates for this
halo are required to test the validity of this theory.
FI analysis suggests that, in type 6-7 veins, Mo is
primarily transported by highly saline brines, although in
some instances dilute fluids also transport significant
Mo. Conversely, Cu is preferentially fractionated into
low density vapours and/or liquids, mirroring the results
of previous Cu studies (Klemm et al. 2007; Vry 2010).
This contrasting behaviour may be the primary control of
Cu-Mo decoupling. However, the exact processes that
control the generation of these fluid types, and the
fractionation of metals between them, have yet to be
fully resolved. In addition, no FIs were analysed in the
late type 9-10 veins, which reflect late stage fluid flow
that may have remobilized and/or added Mo. Therefore,
future FI analysis will be undertaken to ascertain the
physicochemical properties of the fluids responsible for
this late overprinting Mo mineralization.

inclusions, plus LA-ICP-MS data for contained Cu,
indicates that these Mo-rich dilute liquids are Cudepleted. The highest Mo concentration (4040 ppm) was
obtained from an inclusion assemblage in a type 6a vein,
paragenetically just before the main molybdenite
deposition stage in type 7a veins. Conversely, the highest
Cu value (20830 ppm) was recorded for an A5 inclusion
assemblage within a type 6b vein, paragenetically just
before the main deposition of chalcopyrite in type 7b
veins. Although elevated Mo concentrations are
recorded in some A1 inclusion assemblages, values for
the B2 brines are more consistently high (Fig. 2). This
suggests that they represent the predominant Motransporting and mineralizing fluids. Microthermometric
analysis of these B2 FIs yielded average salinities of 44.6
wt.% NaCl equiv. and liquid-vapour homogenization
temperatures (Th) of 191 to >425°C. Of these, the most
Mo-enriched inclusions typically homogenized above
the mean Th value of 361.2°C, consistent with trapping at
high temperatures prior to cooling and Mo precipitation.
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Figure 2: Box and whisker plots of Mo concentrations in
different FI types studied by Vry (2010) using LA-ICP-MS
analysis of multiple FI assemblages. Inclusion type A = halite
undersaturated. Type B = halite saturated. Subdivided based on
vapour fraction (Vf) and contained daughter phases, where: A1
Vf = 20-40%, A2 = 40-60%, A3 = 70-90%, A4 = 20-40% +
opaque daughter, A5 = >90; B1 = ~20% + halite daughter, B2 =
~20% + halite + opaque daughters, B3 = ~20% + multiple
daughter phases. Crosses = Mean Mo values. Vertical bars
extend to lower and upper limits of Mo. Box and whisker
diagrams could only be made for three inclusion types due to
lack of data for other types. Detection limits were between 0.6
and 185 ppm (dependent upon FI volume).

5 Conclusions
A clear decoupling between Mo and Cu distributions is
documented by grade distributions, whole rock analysis
and observations of vein type abundances. Molybdenite
dating indicates that Mo mineralization did not occur in
one discrete event and the spatial distribution of Mo
shows that it was localized in multiple centres, both
implying repeated Mo-rich stages of mineralization. Mo
highs are mainly associated with the Central and North
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Zircon SHRIMP U-Pb and biotite Ar-Ar ages from
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China: implications for magmatic-hydrothermal
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Abstract. The Fujiawu porphyry Cu-Mo deposit, one of
the porphyries in Dexing porphyry Cu district, Southeast
China, was little know to its magmatic-hydrotermal
activities in the past years. The zircon SHRIMP U-Pb
analyses of granodiorite show age of 172 ± 2.1 Ma, two
hydrothermal biotite Ar-Ar show ages of 168.7 ± 1.8 Ma
and 169.9 ± 1.8 Ma, respectively. The data suggests the
magma emplaced at about 172 Ma, and the potassic
hydrothermal activity occurred at about 169 Ma. The
cooling rate of the magma about 150°C per million years.

tectonic belt in Southeast China, which is situated
between the Yangtze craton and Cathaysian craton. It is a
part of the Mesozoic magmatic belt in the Jiangnan
tectonic belt. The Jiangnan tectonic belt is composed of
low-grade metamorphosed sedimentary rocks and mafic
volcanic rocks of Neoproterozoic Shuangqiaoshan
Group. The Jiangnan tectonic belt and the Cathaysian
craton were intrude by late Permian-Triassic
peraluminous granite and alkaline syenite (Li et al.
2007), as well as Jurassic and Cretaceous ilmenite series
granitoids and gabbroic rocks (Zhou and Li 2000). These
magmatic activity are attributed to the northwestward
subduction (Zhou and Li 2000), or ridge subduction of
the Paleo- Pacific plate beneath the Cathaysian-Yanftze
craton (Li et al. 2008).
The Fujiawu porphyry Cu-Mo deposit is situated
within ENE-trending ductile shear zone between
Le’anjing faults and Northeast Jiangxi faults. The orelated granodiorite porphyries dated at 171 Ma (Wang et
al. 2006). The early alteration and mineralization stage in
Fujiawu is characterized by distinctive quartz vein and
mainly disseminated K-silicate assemblages of alkali
feldspar and biotite with chalocopyrite or chalocopyritepyrite or magmanite-chalocopyrite. The A veins consist
of granular quartz+K-feldspar plus sulfides, or Kfeldspar veins. The transitional type of vein (B vein),
which is characterized by quartz+molybdenite+
chalcopyrite. They lack K-feldspar and associated
alteration halos. They are formed in the transition from
feldspar-stable to feldspar-destructive conditions. A late
event, characterized by abundant pyrite, and K-feldspar
and mafic minerals strongly destructive, tend to be more
fracture controlled than earlier and more disseminated
mineralization. Late sulfide veins and veinlets (D veins)
contain a variety of sulfide minerals in addition to pyrite
and minor quartz with or without sericite and/or chlorite
halos. The latest hydrothermal event is characterized by
hematite veins.

Keywords. chronology, porphyry Cu-Mo deposit, Fujiawu,
South China

1 Introduction
The Fujiawu porphyry Cu-Mo deposit is suited in the
Dexing area, Jiangxi province, Southeast China. It was
called Dexing porphyry copper deposit along with the
Tongchang and Zhushahong porphyry copper deposit. In
the past decades, much research works have been done
with the Tongchang porphyry copper deposit, and little
was known to Fujiawu and Zhushahong deposit because
of limited mining. The Fujiawu porphyry Cu-Mo
deposit was closed in 2003 and reopen in 2007. Several
thousand meters drill hole were conducted by
Geological Engineering Company, Jiangxi Copper
Corporation in the past year for the further exploration.
In the field of porphyry Cu-Mo mineralization, it widely
assumed that the Fujiawu deposit is the products of
multistage histories of alteration and mineralization. The
paper present the new zircon SHRIMP U-Pb data and
biotite Ar-Ar ages attempted to provide the most
rigorous constraints on magmatic-hydrothermal
chronology.

2 Geology of Fujiawu porphyry Cu-Mo
deposit
Fujiawu porphyry copper deposit, as a part of Dexing
porphyry copper district, is located in the Jiangnan
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3 Age sampling and analytical methods

The argon isotope ratios are presented graphically
on classic isotope correlation plots using program
ISOPLOT (Ludwig 2001). The biotite from FJW-19
sample has a plateau age of 169.9 ± 1.8 Ma, calculated
from steps 9-13, representing 52.4% of the total argon
release (Fig. 2a). The isochron age of 171.0 ± 3.0 Ma
(MSWD = 2.2, initial 40Ar/36Ar = 228) is concordant
with the plateau age (Fig. 2b).
The biotite from FJW-20 sample has a plateau age
of 168.7 ± 1.8Ma, calculated from steps 9-13,
representing 41.8% of the total argon release (Fig.3a).
The isochron age of 168.8 ± 6.1 Ma (MSWD = 2.5,
initial 40Ar/36Ar = 321) is concordant with the plateau
age (Fig. 3b). Due to the alteration from biotite to
muscovite is not fully, the muscovite in sample FJW-20
do not yields the plateau age and isochron age except
has the total age of 128.6 Ma.

We selected one zircon sample and one biotite sample
from granodiorite porphyry rocks FJW-19 and other one
biotite and one muscovite sample from FJW-20. Both
the rocks are weakly K-feldspar altered with porphyritic
textures. Phenocryst (40%) are mainly euhedral
plagioclase (26%), platy biotite (6%), hornblende (2%)
and quartz (6%) with minor apatite and orthoclase. The
groundmass (60%) was composed of quartz (16%), Kfeldspar (20%), plagioclase (10%), biotite, hornblende
(4%). The accessory minerals are composed apatite
(0.5%), magnetite (1%), with trace mount of zircon and
rutile. Both the sample FJW-19 and FJW-20 have the
same characteristic except the FJW-19 has stronger Kfeldspar alteration.
Conventional crushing and grinding techniques were
used to concentrate zircon crystals with grain size less
than 0.2 mm before manual heavy liquid rinsing and
electro-magnetic separation. Zircon crystals were then
hand-picked under binocular microscope before
preparation for SHRIMP U-Pb analysis that was
conducted at the Beijing Ion Probe Center, Chinese
Academy of Geological Sciences. The analysis
procedure as well as data processing methods are after
Jian et al (2003).
Biotite samples were purified using magnetic
separator and then cleaned using ultrasonic treatment
under ethanol. The purity of these mineral grains (0.080.15 mm) is >99%. Detailed analysis techniques are
described in Chen et al. (2002).

3 Results

Figure 2. 40Ar/39 Ar plateau ages for biotite from sample FJW19 at Fujiawu deposit.

A total of 17 spots on 16 zircon grains from sample
FJW-19 were analyzed. Cathodoluminescence images of
zircon show well preserved primary oscillatory zones
with euhedral-subeuhedral and prismatic shape,
indicative of the least effects of hydrothermal alteration.
The zircon grains contain U of 359–874 ppm, Th of
149–454 ppm, and 206Pb of 8.49–20.4 ppm. 17 analyses
were conducted on the zircon grains yield a weighted
mean 206Pb/238U age of 172.0 ± 2.1 Ma (n = 17 and
MSWD = 1.4; Fig. 1).

Figure 3. (a) 40 Ar/39Ar plateau ages and (b) isochron age for
biotite from sample FJW-20 at Fujiawu deposit.

4 Discussions
More than 90% of zircon crystals in the present study
were euhedral grains, mostly with bipyramidal
terminations, or were fragments of such grains. The CL
images show clear chemical zoned structures in each
grain. The apparent internal part also has a euhedral
shape on oscillatory zoning in a similar manner to the
outer part. Igneous zircons are generally believed to
have Th/U 0.5(Hoskin and Schaltegger 2003), but it is
clear from the recent secondary ion mass spectrometer

Figure 1. Concordia plot showing all sensitive high-resolution
ion microprobe data for zircons from Fujiawu porphyry Cu-Mo
deposit.
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studies that zircons from rhyolites commonly have Th/U
as low as 0.1-0.05 (Bacon and Lowenstern 2005). By
analogy with metamorphic rocks and hydrothermal veins
that typically have zircon at Th/U <0.1(Hoskin and
Schaltegger 2003), zircon with low Th/U ratio probably
crystallized in the presence of aqueous fluid (Bacon and
Lowenstern 2005). The Th/U ratios from sample FJW-19
has narrow range from 0.34 to 0.58, this indicated the
zircon in Sample FJW-19 is magmatic origin. This age
can representative the age of magma emplacement.
The obtained integrated 40Ar-39Ar ages are
interpreted as the timing of hydrothermal activities. The
plateau FJW-19 biotite age 169.9 ± 1.8 Ma and FJW-20
biotite age 168.7 ± 1.8 Ma suggesting that the potassic
alteration occurred at about 169 Ma. These ages are
significantly different from the reported K-Ar agesfor
sericite (100-112 Ma) and K-feldspar (152-157 Ma) in
the same deposit (Zhu et al. 1983). Lu et al (2006)
reported molybdenite Re-Os age of 171Ma at Tongchang
porphyry copper deposit, and Zhou et al (2011) reported
the molybdenite Re-Os age of 172.3 ± 2.3 Ma at
Fujiawu porphyry copper deposit. These data indicating
the molybdenium mineralization in Fujiawu are
associated with potassic alteration. The Mo
mineralization at Fujiawu are synchronology with that in
Tongchang. The
hydrothermal alteration
and
mineralization occurred at a waning stage of the
magmatic activity in the deposit area.
The research results mentioned here suggest that the
geotectonic setting of the Jiangnan tectonic belt in
Northeast Jiangxi changed drastically at ca. 180-170 Ma,
and the Fujiawu porphyry Cu-Mo deposit formed in a
transcompressional tectonic regime prior to the
widespread Yanshanian ilmenite series magmatism in a
trans-extensional tectonic regime.

5 Conclusions
The zircon SHRIMP U-Pb and 40Ar-39Ar step heating
age data indicate that the magmatic activity at Fujiawu
porphyry Cu-Mo deposit took place in the Middle
Jurassic. The Ore-related magma emplaced at 172.0 ±
2.1 Ma, and the potassic hydrothermal activity occurred
at about 169 Ma. This period last 3 million years, and
the magma cooling rate is about 150°C per million years.
It took place before the widespread ilmenite-series
Yanshanian magmatism in southeast China, probably in
a trans-compressional tectonic regime.
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Contribution of mantle components in formation of
post-collisional porphyry Cu systems in Tibet
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Abstract Porphyry Cu-Mo deposits have been recently
documented to widely occur in collisional settings, and
are associated with potassic magmas generated by
collisional processes, but the genesis of the fertile
magmas remain debated. Here we report new
geochemical and Sr-Nd-Hf isotopic data from postcollisional fertile and barren porphyritic granites from a
mid-Miocene porphyry Cu belt in the Tibetan orogen. By
comparision, we find the fertile magmas were most likely
derived from melting of a thickened mafic lower-crust,
formed by addition of juvenile asthenophere-derived
melts at the base of crust, whereas the barren magmas
were derived from variable amounts of old lower crust.
The juvenile mantle components added to the lower-crust
source are critical in controlling the fertility of the magmas
for the formation of porphyry Cu systems in a collisional
zone.

generated the Andes-type Gangdese arc batholith,
followed by trapping between the Indian and Asian
continents during early Tertiary collision, which resulted
in crustal thickening (up to 70-80 km) and intense
magmatism along its southern edge. The collision-related
magmatism formed Paleocene granitoid plutons (66-55
Ma; Ji et al. 2006), the ~5000-m thick Linzizong
volcanic succession (LVS, 65-43 Ma; Mo et al. 2003,
2007), and the small-volume Dazi picritic basalt lavas
(DPL, 40-38 Ma; Gao et al. 2008).
Post-collisional tectonic and magmatic activities in
the Lhasa terrane mainly happened in the Miocene: the
former forms a series of north–south-striking orogentransverse normal faults; the latter forms a 1500-km long
trans-Himalayan potassic igneous belt, consisting of
Miocene potassic and ultrapotassic lavas (Miller et al.
1999) with associated porphyritic granite stocks that
mainly intruded the Gangdese batholiths. The
emplacement of the porphyritic stocks started in the late
Oligocene, and continued in the mid-Miocene where
numerous porphyry Cu systems were formed (Hou et al.
2009). Available molybdenite Re-Os age data indicate
that the porphyry systems formed between 20-13 Ma
(Hou et al. 2009). This magmatism postdated
subduction-related arc magmatism by at least ~50 Ma,
suggesting that the deposits formed in a post-collisional
environment.

Keywords. porphyry Cu deposit, collisional zone, Tibet

1 Introduction
Most porphyry Cu deposits are formed in association
with subduction-related calc-alkaline felsic magmas, and
widely occur in magmatic arcs worldwide (Richards
2003). But recent studies have documented that such
deposits also occur in collision zones, such as Gangdese
porphyry Cu belts in the Tibetan-Himalayan orogen
(Hou et al. 2004, 2009). Although the geodynamic
setting for collisional porphyry systems is well
understood, the genesis of the fertile magmas remains
debated. A major uncertainty comes from the lack of
systematic studies on the barren and fertile porphyry
magmas. We here present new geochemical and isotopic
data, especially in situ zircon Hf isotope analyses, to
constrain the genesis of the fertile magmas in Tibet, and
by comparing between fertile and barren magmas,
explore possible contributions of juvenile mantle
components emplaced within the lower crust to the
fertility of collision zone magmas.

3 Major and trace element and Sr-Nd-Hf
isotopic systems
Based on previous studies (Hou et al. 2004), three barren
and six fertile granite stocks or complexes in the Lhasa
terrane have been re-examined in this study.
The fertile granite stocks usually occur as multiple
intrusions (<5 km in diameter), whereas barren ones
occur as isolated bodies. The main phases of both stock
types are dominated by monzogranite and granodiorite,
with minor granite and quartz diorite. Most of the barren
rocks are geochemically calc-alkaline high-K calcalkaline in composition, whereas majority of the fertile
rocks are shoshonitic and high-K calc-alkaline,
distinguishing them from arc magmas which typically
have somewhat lower potassium contents. However, like
normal arc magmas, both rocks are characterized by
enrichments in large-ion lithophile elements (i.e., K, Ba,
Sr) and depletions in high-field strength elements (i.e.,
HFSE: Nb, Ta, Ti) (Fig. 1). Compared with barren rocks,
the feritle rocks usually show relatively lower
abundances of REEs and HFSE (Fig. 1).

2 Geology of mid-Miocene porphyry Cu
belt in Tibet
The Tibetan orogen is a direct consequence of the
Indian-Asian continent collision, and consists of a
complex tectonic collage of several accreted terranes,
i.e., the Songpan-Ganzi-Hot Xil, Qiangtang, and Lhasa,
bounded by Jinsha, Bangong-Nojiang, and Indo-Yarlung
stures, from north to south (Yin and Harrison 2000). The
Lhasa terrane evolved from northward subduction of the
Neo-Tethyan ocean during the Cretaceous, which
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contents (0.27~1.52 ppm), and high Sr/Y (12.2~201.5)
and La/Yb ratios (12.2~84.8), showing geochemical
features similar to adakites derived from melting of
oceanic crust (cf., Defant and Drummond 1990), but
with low-εNd and high-(87Sr/86Sr)i values (Fig. 2A).
The fertile magmas have highly variable εNd(t)
values (+2.2 to -6.2), forming a mixing array between
two endmembers, i.e., the DPL and the Tibetan lower
crust, and overlapping with those of the LVS (Fig. 2A).
In contrast, the barren plutons yielded lower εNd(t) but
higher (87Sr/86Sr)i values, ranging towards the
composition of the Amdo orthgneiss, which is thought to
be representative of middle-to-upper crustal rocks in the
region (Fig. 2A, Miller et al. 1999).
Zircon Hf isotope data are shown on εHf(T) values
versu. U-Pb age plot for individual analysis (Fig. 2B).
All magmatic zircons from the fertile plutons yielded
positive Hf(T) values from 6.4 to 12.2, whereas those
from the barren magmas show a wide range of Hf(T)
varying from -1.1 to -4.2 for the Yare rocks, to +0.2 to
+4.5 for the Linzhi rocks, suggesting an isotopically
heterogeneous source for such barren magmas.

Figure 1. N-MORB-normalized trace element patterns of the
Miocene fertile and barren porphyritic granites in Tibet.

4 Discussion
4.1 Genesis of fertile magma in Tibet
Several petrogenetic models for mildly to strongly
alkaline adakite-like magmas in non-arc settings have
been proposed, including melting of (1) previously
subduction-modified subcontinental lithospheric mantle,
i.e., SCLM (Gao et al. 2007), (2) thickened old lowercrust (Chung et al. 2003), and (3) thickened newlyformed (juvenile) mafic lower-crust (Hou et al. 2004).
Geochemical characteristics of the Miocene
porphyritic granites in Tibet may be used to test the
validity of these various hypotheses. The absence of
mafic rocks in association with the granitic stocks in
Tibet is inconsistent with model 1, if a mantle source
indeed played a direct role in the magma genesis. Highly
positive εHf(T) values (6.4 to 12.2) of magmatic zircons
from the fertile magmas, close to depleted mantle values
(Fig. 2B), also rule out the possibility that the fertile
magmas were directly derived from enriched SCLM,
which usually yielded a range of εHf(T) values of -12~36 (Griffin et al. 2000).
Depletion in heavy REEs and Y requires melting of
a mafic rock source within stability of garnet under
garnet-facies condition (Defant and Drummond 1990).
This implies that the thickened Tibetan lower-crust
probably is an ideal source to have produced the adakitelike magmas. However, it is very difficult to melt old,
anhydrous lower-crustal rocks. Even if melting, it not
only hardly result in the Tibetan fertile magmas with
elevated εNd(t) (>-6) and εHf (>6) values (Fig. 2).
All zircons in the fertile Tibetan granites yield a
broad range of relatively young Hf model ages (400-703
Ma) and positive εHf(T) values (6-12), implying that a
source for the Tibetan fertile magmas is most likely a
juvenile mafic lower-crust. Judging from the positive yet
high εHf(T) values of the fertile granites, the “crust”
model ages are unlikely indicative of real crust residence
times but rather indicate magma generation involving

Figure 2. (A) Plots of initial 87 Sr/86Sr vs 143Nd/144Nd values
and (B) initial epsilon Hf isotope vs. U-Pb ages of zircons from
the Miocene granites in Tibet. In situ zircon Hf isotopic
analyses were conducted using the Neptune MC-ICPMS,
equipped with a 193 nm laser, at the Institute of Geology and
Geophysics, CAS in Beijing, China. Data for the Yarlung
MORB, the Tibetan Miocene rocks, adakites from oceanic-slab
and lower-crust (east China) from Hou et al. (2004), the LVS
from Mo et al. (2003), and the DPL from Gao et al. (2008).
Mixing of the depleted mantle with old lower-crust endmembers is modelled using parameters given by Miller et al.
(1999). In (B), Paleocene Gangdese granitoids and LVS from
Chu et al. (2006) are plotted for comparing with the Miocene
fertile and barren rocks in Tibet. DM: Depleted mantle;
CHUR: Chondrite uniform reservoir.

Both rocks yielded low Y (1.9~19.7 ppm) and Yb
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two end-members, i.e., a depleted mantle (DM)-like
juvenile component and an inherited old crust. Simple
calculations also show that Sr-Nd and Nd-Hf isotopic
data of the fertile Tibetan magmas can modeled as
mixing between old lower-crust and a DM component in
various proportional amounts. This indicates that source
of the Tibetan fertile magmas probably is a new-formed
mafic lower-crust by appending of juvenile mantle
components.

magmas by melting of young subducted lithosphere. Nature
347:662-665
Gao Y, Hou Z, Kamber BS, Wei R, Meng X, Zhao R (2007)
Adakite-like porphyries from the southern Tibetan continental
collision zones: evidence for slab melt metasomatism. Contrib
Mineral Petr 153:105-120
Gao Y, Wei R, Hou Z, Tian S, Zhao R (2008) Eocene high-MgO
volcanism in southern Tibet: New constraints for mantle
source characteristics and deep processes. Lithos 105:63-72
Griffin WL, Pearson NJ, Belousova E, Jackson SE, Van
Achterbergh E, O'Reilly SY, Shee SR (2000) The Hf isotope
composition of cratonic mantle: LAM-MC-ICPMS analysis of
zircon megacrysts in kimberlites. Geochim Cosmochim Acta
64:133-148
Hou Z, Yang Z, Qu X, Meng X, Li Z, Beaudoin G, Rui Z, Gao Y,
Zaw K (2009) The Miocene Gangdese porphyry copper belt
generated during post-collisional extension in the Tibetan
Orogen. Ore Geol Rev 36:25-51
Hou ZQ, Gao YF, Qu XM, Rui ZY, Mo XX (2004) Origin of
adakitic intrusives generated during mid-Miocene east–west
extension in southern Tibet. Earth Planet Sci Lett 220:139155
Ji WQ, Wu FY, Chung SL, Li JX, Liu CZ (2009) Zircon U-Pb
geochronology and Hf isotopic constraints on petrogenesis of
the Gangdese batholith, southern Tibet. Chem Geol 262:229245
Miller C, Schuster R, Klotzli U, Frank W, Purtscheller F (1999)
Post-collisional potassic and ultrapotassic magmatism in SW
Tibet: Geochemical and Sr-Nd-Pb-O isotopic constraints for
mantle source characteristics and petrogenesis. J Petrol
40:1399-1424
Mo X, Hou Z, Niu Y, Dong G, Qu X, Zhao Z, Yang Z (2007)
Mantle contributions to crustal thickening during continental
collision: Evidence from Cenozoic igneous rocks in southern
Tibet. Lithos 96:225-242
Mo X, Zhao Z, Deng J, Dong G, Zhou S, Guo T, Zhang S, Wang L
(2003) Response of volcanism to the India-Asian collision.
Earth Science Frontiers 10:135-148 (in Chinese with English
abstract)
Richards JP (2003) Tectono-magmatic precursors for porphyry Cu(Mo-Au) deposit formation. Econ Geol 98:1515-1533
Yang Z, Hou Z, White NC, Chang Z, Li Z, Song Y (2009) Geology
of the post-collisional porphyry copper-olybdenum deposit at
Qulong, Tibet. Ore Geol Rev 36:133-159
Yin A, Harrison TM (2000) Geologic evolution of the HimalayanTibetan orogen. Annu Rev Earth Pl Sc 28:211-280

4.2 Difference between barren and fertile
magma sources
All magmatic zircons from the barren rocks at Yare and
Linzhi yield a wide range of εHf(T) values (4.5 to -4.2)
(Fig. 2B) and old Hf model ages (780 to 1367 Ma),
suggesting a source dominated by old crust. Abundant
inherited zircons from both barren rocks reveal two
groups of U-Pb ages (46 to 64 Ma; 240 to 1173 Ma) and
Hf model ages (240 to 1173 Ma; 1285 to 1750 Ma). The
first group with young ages corresponds to a Paleocene
magmatic event in Tibet, which formed the LVS and
Gangdese batholith. This implies that the barren magmas
were contaminated by the Paleocene rocks during
ascent, as suggested by Sr-Nd isotopic data (Fig. 2A).
Another group with old ages corresponds in general to
those of inherited zircons in the Cretaceous Gangdese
and older batholiths (Figs. 2B), suggesting the existence
of old crust of the Lhasa terrane in their source.
This comparison between fertile and barren
magmatic sources in Tibet leads us to conclude that the
juvenile mantle components added to the lower-crust
source are critical in controlling the fertility of the
magmas for the formation of porphyry Cu systems in a
collisional zone. Thus, our Sr-Nd-Hf isotopic data
provide the first direct evidence for contribution of
mantle material to non-arc porphyry Cu system.

5 Conclusions
Porphyry Cu systems in the Tibetan collisional orogen
are associated with collision-related potassic magmas
with geochemical affinity with adakite. These magmas
are hydrous, sulfur-rich, relatively oxidized, felsic melts,
and generated in the thickened mafic juvenile lowercrust in Tibet. In contrast, the barren magmas were
derived from variable amounts of old lower crust. And
the juvenile mantle components added to the lower-crust
source are critical in controlling the fertility of the
magmas for the formation of porphyry Cu systems in a
collisional zone.
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The Laramide magmatism in Mexico: a revised
conceptual model and implications for porphyry copper
deposits
Martín Valencia Moreno
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Abstract. Marked differences left by the Laramide
tectonics south of the Colorado Plateau, suggest regional
changes in the geometry of the subducted slab of the
Farallon plate beneath the North American continent.
Among them, a noteworthy larger volume of the
associated magmatism in southwestern U.S. and
northwestern Mexico can be recalled. This magmatism
was accompanied by the emplacement of a variety of
mineralized systems, best represented by a porphyry
copper belt. The Laramide magmatic rocks, spectacularly
exposed in northwestern Mexico, comprise a complex
built on multiple pulses of igneous intrusive and volcanic
activity. This complex was differentially exhumed during
the Cenozoic basin and range extension, after which the
volcanic member remained only locally preserved in the
eastern part of the belt. Westwards, the shallow volcanic
and sub-volcanic levels were almost completely
removed, including the corresponding ore systems (if
formed). Geochemical compositions plus Nd and Sr
isotopic signatures in samples of the Mexican Laramide
plutonic rocks reveal a southward decreasing influence of
the North American crust. Furthermore, distribution of the
Pb and Ar-Ar dates in southwestern North America
suggests the Farallon plate descended into the
asthenopheric mantle as various segments, with steeper
dipping planes to the south, separated by tear faults.

at ~59 Ma.
New ages ranging between ~86.4 and 57.8 Ma
(Valencia-Moreno et al. unpublished data), display a
spatial distribution that does not contradict this trend.
However, the presence of unexpected older ages (~95-89
Ma) in east-central Sonora identified by McDowell et al.
(2001) and Pérez-Segura et al. (2006) complicates the
apparent simplicity of this model. So far, these ages
appear to occur locally in this part of Sonora, and thus
may represent pulses, which may be independent of the
eastward migrating magmatic process. Regarding
subduction geometry, the Farallon plate should have
penetrated deeper south of the region of flat subduction
beneath the Colorado Plateau (e.g., Saleeby 2003).
Moreover, the fact that the magmatic arc is quite broad
in northwestern Mexico, but gets narrower along most
western Mexico, suggest the Farallon subduction angle
may have described a contorted plane along the
convergent margin. Or, the Farallon plate formed slab
segments at different inclinations, which were separated
by tear zones. Simple experiments modeled in plasticine
suggest the latter explanation may be more realistic.
87
Sr/86Sr initial ratios between 0.7060 and 0.7063,
coupled with εNd initial values between -3.6 and -2.4,
obtained from granitoids exposed in southern Sonora,
help to constrain a hypothetical limit for the North
American Proterozoic basement. The samples located
north and east of this limit, yielded isotopic signatures of
North American affinity, characterized by higher Sr and
lower Nd initial ratios (Fig. 1). Moreover, the Sm-Nd
data indicate Nd model dates older than 1.0 Ga for this
region, whereas the samples of granitoids emplaced
outwards the edge of the North American basement, in
more primitive accreted terranes, yielded younger Nd
model dates between 0.72 and 0.76 Ga.

Keywords. Mexico, Laramide tectonics, porphyry copper

1

Introduction

According to the classical model by Coney and Reynolds
(1977), the Laramide magmatism occurred between 75
and 40 Ma during a period of accelerated tectonic plate
convergence. A progressive reduction of the subduction
angle caused the magmatic arc to migrate eastward
progressively until extinction. This proposal was
accepted without much debate since its conception, and
reinforced later by Damon and coworkers (1983) who
extended the Laramide magmatic episode in Mexico to
an age range between 90-40 Ma. More recently,
Valencia-Moreno et al. (2007) noted that new plus
available U-Pb zircon and 40Ar/39Ar hornblende dates,
suggested that the cordilleran magmatism in eastern Baja
California and Western Sonora was relatively static until
~77 Ma, when the igneous activity migrated to the east at
about ~8.5 km/Ma, reaching the eastern edge of the state

2

The Laramide porphyry copper belt

The role played by the geometry of subduction along
theFarallon-North America plate margin during the
Laramide event was critical, not only for the generation
(or lack) of calc-alkaline magma (English et al. 2003),
and the locus of the magmatic event, but also for the
emplacement of a wide variety of ore deposits. However,
the porphyry copper belt of southwestern North America
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characterized by the mid- to late Mesozoic Guerrero
island arc terrane (Valencia-Moreno et al. 2001).
Furthermore, the dramatically larger metal volumes
observed in the north part of the porphyry copper belt
may be associated with a particular arrangement of the
thermal and mechanical conditions reached in this
region. Here, the base of a fairly thick segment of the
North American continental crust may have reacted for
longer time with the magma produced in the
metasomatized upper mantle wedge. Experimentally, it
was demonstrated that Cu behaves as an exceptionally
compatible element in high-pressure fluid phases
exsolved during crystallization of a cooling magma
chamber (Harris 2003). Considering that hypogene Cu
grades show no clear variations though the belt, it is
probable that most of the Cu was provided by the
mantle-derived melts. However, in the case of the Mo
grades, it seems that a great deal of it may have been
scavenged from the continental crust.

is by far the most remarkable ore type.

Figure 1. Sr-Nd correlation diagram of Laramide plutonic
rocks from northwestern Mexico. The fields for the Pacific
MORBs and the Guerrero terrane are form Valencia-Moreno et
al. (2001). The field for the porphyry copper districts in
Arizona was adapted from Lang and Titley (1998). The
isotopic regions for the Mexican Laramide plutons were
constrained from unpublished data by the authors, plus data
from Valencia-Moreno et al. (2001, 2003). Stars represent
plutons form porphyry copper deposits, according to the
intruded basement: (solid: Guerrero terrane; open: North
America).

Interestingly enough, the number of porphyry copper
occurrences is considerably larger in the region located
just south of the Colorado plateau (Fig. 2), and north of
the expected position of the edge of the North American
Proterozoic basement (see Valencia-Moreno et al. 2001),
which is considered as one of the main copper clusters
known on earth (Titley 1993). Moreover, this region
corresponds to a subduction section, where the Farallon
slab was moderately inclined, becoming flatter near the
end of the Laramide orogeny, a fact that allowed
magmatic activity to progressively migrate into the
continent until extinction. More to the south, where the
Laramide isochrones get tighter (Valencia-Moreno et al.
2006), possibly as a result of the steepening of the
oceanic slab, porphyry copper occurrences are well
known, but they are much smaller.

3

Figure 2. Map of the southwestern North American Cordillera
showing the main tectonic Laramide features (adapted from
English et al. 2003). The map shows location of porphyry
copper occurrences (black dots), and the region that
concentrates the larger copper accumulations (shaded area)
according to Valencia-Moreno et al. (2007).
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Conclusions

The larger porphyry copper deposits emplaced in the
north part of the Laramide belt are essentially Cu-Mo
dominated, whereas those emplaced more to the south,
where the Farallon slab was presumably steeper, the
porphyry copper related ores are characterized by a CuAu association. This fact appear to correlate with the
lack of isotopically more evolved North American
crustal rocks above this region, where the basement is
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Magnetic properties related to hydrothermal
alteration: An example from the Escondida
porphyry copper deposit
Karl Riveros, Eugenio Veloso, Eduardo Campos, Rodrigo González
Departamento de Ciencias Geológicas, Universidad Católica del Norte, Angamos 0610, Antofagasta, Chile

Abstract. Circulation of hydrothermal solutions
through the host rocks of ore bodies generates
important mineralogical changes and, consequently,
the original magnetic properties of these rocks could
be strongly modified. In the Escondida porphyry
copper deposit, each lithological-alteration rock unit
shows highly distinctive magnetic properties;
potassic and chloritic altered rocks display the
largest bulk magnetic susceptibility (kbulk) values,
whereas phyllic and argillic altered rocks exhibit the
lowest kbulk ones. Hysteresis ratios show that
magnetic grain size is related to hydrothermal
alteration. Rocks showing pervasive alterations yield
single (SD) and pseudosingle (PSD) magnetic grain
sizes probably related to destruction and decreasing
of the magnetic grains in acid conditions. In contrast,
rocks showing selective alterations yield multidomain
(MD) magnetic grain sizes and can be associated
with relict magmatic magnetic grains or new
hydrothermal minerals precipitated from more neutral
or alkaline solutions. These results provide a basic
frame on where future magnetic studies can help to
determine alteration zones during both operations
and exploration campaigns.

deposit type is ideal to study the relationship
between alteration mineral assemblages and their
magnetic responses. In an attempt to establish some
of these basic relationships, we studied the
Escondida deposit, located in northern Chile and one
of the most important porphyry copper deposits in
the world. Mineralization at Escondida is related to
an Eocene quartz-monzodioritic porphyry stock that
intruded a sequence of Paleocene andesites
(Richards et al. 1999; Padilla et al. 2001; Padilla et
al. 2004).

2

We measured the bulk magnetic susceptibility (kbulk)
of 324 oriented specimens distributed in 24
sampling sites from the hypogene zone of Escondida
open pit. Another set of 48 representative specimens
were subjected to hysteresis analyses in order to
quantify the grain size of the magnetic fraction.
Additionally, thin-polished sections were described
by optical microscope for to establish the different
mineral assemblages.

3

Keywords. hydrothermal alteration, magnetic
properties, Escondida porphyry copper

1

Methodology

Mineralogy and petrography

Based on primary and alteration mineral
assemblages observed in the samples, five
lithological and alteration units were identified.
Selective hydrothermally altered units -mainly from
the western zone of the Escondida pit- are
represented by: (1) potassic-chloritic altered quartzmonzodiorite, (2) potassic altered andesites and (3)
chloritic altered andesites. Pervasively altered units located mainly in the eastern zone of the deposit correspond to (4) quartz-sericitic altered quartzmonzodiorite and (5) argillic altered quartzmonzodiorite.
Potassic-chloritic altered porphyry rocks are
characterized by abundant plagioclase (60%) with
variable amounts of potassic feldspar, secondary
quartz (25-30%), chloritized biotite (5%), orthoclase
(5%), quartz phenocrysts (2-6%). Fe-Ti oxide
minerals (1-3%) are represented by titanomagnetite,
titanohematite and ilmenite. Titanomagnetite
crystals are optically homogeneous, whereas
titanohematite crystals are exsolved to ilmenite.
Andesitic host rocks contain abundant
plagioclase (50%) and secondary biotite (20-25%)

Introduction

Fluid/rock interactions during circulation of
hydrothermal
solutions
generate
major
mineralogical and chemical changes within the host
to mineralization. During this process, rock-forming
minerals can be either dissolved and/or chemically
modified, frequently resulting in the crystallization
of new minerals. Consequently, the original
magnetic properties of the host rocks are subject to
modification (Just et al. 2004; Krása and HerreroBervera 2005; Astudillo et al. 2008). However,
published magnetic analyses of hydrothermally
altered rocks are scarce and no unified reference is
available nowadays on how specific hydrothermal
processes generate a distinctive magnetic signal.
Typically, rocks related to porphyry copper
alteration-mineralization display different types and
intensities of hydrothermal alteration, and the
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as well as important amounts of homogeneous
titanomagnetite (5-10%). Some of these rocks are
intensely altered to chlorite. In such cases, the
mineral association is characterized by the presence
of abundant ferric-chlorite (35-40%), sericitised
plagioclase (30-35%), magnetite (8%) and
secondary quartz (20-25%).
Argillic altered porphyry rocks contain
abundant kaolinite (50-70%), moderate amounts of
secondary quartz (15-20%) and sericite (10-15%).
Quartz-sericite altered porphyry rocks typically have
abundant sericite (50%) and secondary quartz (2530%). In both units titanomagnetite, titanohematite
and ilmenite are very scarce, where rutile is the most
common Fe-Ti oxide minerals. On these rocks the
original texture has been completely destroyed, but
quartz phenocrysts (2-6%) are preserved.
In all samples, variable amounts (1-3%) of
sulfide minerals are mainly represented by pyrite,
chalcopyrite, bornite and molybdenite.

4

Magnetic analysis and results

A wide range of kbulk values - between 7.24x10-2 and
2.12x10-6 SI – were obtained from the different
alteration mineral assemblages observed within the
Escondida deposit (Fig. 1). Highest kbulk values between 7.26x10-2 and 1.25x10-2 SI- correspond to
the andesites host rocks showing both intense
potassic and chloritic alteration. Slightly lower kbulk
values -between 2.32x10-2 and 2.05x10-4 SI- were
obtained from porphyry rocks showing moderate
potassic-chloritic alteration.
Porphyry rocks
displaying intense quartz-sericite alteration show a
significant decreased in kbulk values (between
2.33x10-4 and 2.29x10-5 SI). Lowest kbulk values –
between 1.04x10-4 and 1.73x10-6 SI- were obtained
from samples with intense to moderate argillic
alteration assemblages.
Hysteresis ratios (Mrs/Ms vs Hcr/Hc; Day et al.,
1977) show a clear trend from single (SD) to
multidomain (MD) fields (Fig. 2). Pervasive altered
samples (phyllic and argillic) fall onto SD and PSD
magnetic sizes, whereas selective altered samples
(potassic and chloritic) fall onto MD magnetic sizes
(Fig. 2).

5

Figure 1. Relation between corrected anisotropy degree
(p`) (Jelinek, 1981) with bulk magnetic susceptibility for
different hydrothermal alteration assemblages.
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Discussion and conclusion

In the Escondida porphyry copper deposit, highest
kbulk values (>5x10-3 SI) observed in selectively
altered rocks suggest that magnetic signals are
carried by magnetite (e.g., Hrouda and Kahan 1991),
although more analyses are necessary to determine
their exact composition.
In contrast, smaller kbulk values (<5x10-4 SI),
obtained from pervasively altered rocks, suggest that
paramagnetic minerals (such as sericite and clay) are
responsible for the magnetic signal. Rocks with kbulk
values between 5x10-2 and 5x10-3 SI. - similar to
typical fresh “magnetic” granites (Tarling and
Hrouda 1993) - are absent in Escondida (Fig.1).

Figure 2. Day et al. (1977) plot showing the magnetic
grain size variation as a function of hydrothermal
processes.

The trend exhibit by the analyzed samples on the
hysteresis ratio plot (Day et al. 1977; Dunlop 2002)
(Fig. 2) can be interpreted in terms of the chemical
evolution of the Escondida hydrothermal system.
We speculate that MD magnetic grains present in
selectively altered rocks might be associated to both
magmatic
relicts
and/or
newly
formed
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titanomagnetite precipitated from alkaline to neutral
hydrothermal solutions.
We postulate that occurrence of SD and PSD
magnetic grains in pervasively altered rocks could
be explained by destruction and/or size decreasing
of titanomagnetite grains resulted from the passage
of acid solutions. This supposition is supported by
the impossibility to observe titanomagnetite grains
in these rocks under light microscope.
In conclusion, within the Escondida porphyry
copper
deposit
each
lithological-alteration
assemblage is characterized by narrow and clear kbulk
value ranges and magnetic hysteresis ratios. These
results thus provide a basic frame on where future
magnetic studies (especially those related to
magnetic fabrics) can help to determine alteration
zones during exploration programs and mining.

.
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Tourmaline of the porphyry-style deposits
Ivan A. Baksheev
Geology Department, Moscow State University
Abstract. The tourmaline-group minerals are typical of
the porphyry-style (Cu, Au, Sn) deposits. The complex
chemical composition of the tourmaline-group minerals
suggests that tourmalines from these varied deposits can
be characterized by features, which allow distinguishing
these deposits from each other on the one hand and from
the other type mineral deposits on the other hand.
Finding of such features are useful for both prospecting
and exploration of mineral deposits. The porphyry-style
tourmalines exhibit few general features: (1) complex
zoning of single crystal; (2) at least two generations; (3)
Fe → Al and less frequent Al + O → Fe + OH isomorphic
substitutions; (4) evolution from Fe-rich to Mg-rich
varieties resulted from sulfide deposition at the late stage;
and (6) low Li concentration ranging from few to ~30
ppm. At the same time, there are some differences, which
distinguish these tourmalines from each other: (1) Mg
content is about ~2 apfu in tourmalines from Cu deposits
and 0-2 apfu, in Sn and Au deposits; (2) maximum Fetot
~3 apfu (Cu, Sn) and ~5 apfu (Au), (3) maximum F
content up to 0.1 apfu (Cu, Au) and up to 0.5 apfu (Sn);
3+
(4) Fe /Fetot ~0.5 (Cu, Au) and ~0.2 (Sn).

Mongolia; Kafan, Armenia; and Aktogai, Kazakhstan
were studied here.
The Peschanka, largest porphyry-copper deposit in
Russia (reserves of copper and gold are more than 5 Mt
and 300 t, respectively), and small deposit Vetka located
430 km South of Pevek and 225 km South of Bilibino,
respectively, situate in the outer part of the Andean-type
Okhotsk-Chukotka Volcanic Belt (OCVB) and are
related to the Late Jurassic-Early Cretaceous
monzodiorite intrusions. Ore bodies are quartz-sulfide
stockworks composed of pyrite, chalcopyrite, bornite,
and molybdenite as the major ore minerals and
magnetite, galena, and sphalerite as minor ones. The
wall rock alterations are potassic, propylitic, and phyllic.
The Olkhovka deposit located 300 km NW of Anadyr
situates on the border between foreland of OCVB and an
inlier composed of the Late Jurassic-Early Cretaceous
rocks. It is related to the Early Cretaceous monzonitic
stock. The major ore mineral is chalcopyrite. The major
type of wall-rock alteration is propylitic. Phyllic
alteration is minor.
The Satyr Khudag deposit located 800 km SW of
Ulan-Bator in the Gobi-Altai mountain system is related
to the Late Permian granosyenite porphyry intrusion.
The quartz-sulfide veins and veinlets and replacement
lenses are composed of pyrite, chalcopyrite, and rare Fecarbonate and tourmaline. The major alterations are
potassic and phyllic. The latter replaced propylitic rock.
The Kafan deposit located in the southeastern
Armenia is hosted in the Middle Jurassic volcanic rocks
overlain by plagioclase porphyries, tuff, andesite,
tuffaceous sediments and volcano-sedimentary rocks.
This sequence is intruded dikes and stocks of quartz and
albite porphyries and gabbro-diorite (Borodaevskaya et
al. 1979). Ore veins and stockwork zones are composed
of pyrite and chalcopyrite; sphalerite, galena, and
tennantite are minor. In the western part, molybdenite
was found (Borodaevskaya et al. 1979).
The Aktogai deposit located 450 km NNE of Almaty,
Kazakhstan situates in the Baklhash-Ili zone of the Late
Paleozoic Kazakh-Mongol magmatic arc and is related
to the Late Carboniferous granodiorite porphyry stock
that is cut by a stock composed of ore-bearing
granodiorite and plagiogranite porphyries accompanied
by explosive breccias with quartz-biotite and muscovitetourmaline matrices. The ore-bearing stockwork occurs
in the outer contact zone of the porphyry stock. The
major types of alteration are potassic, phyllic, and
propylitic (Zvezdov et al. 1993). The mineralized system
displays an outward zoning from bornite-chalcopyrite
through chalcopyrite-pyrite to pyrite halo. Cu and Mo
mineralizations overlap, whereas Pb-Zn mineralization
occurs at the flanks of the ore-body (Zvezdov et al.
1993).

Keywords. tourmaline, porphyry deposits, chemical
composition

1 Introduction
Three major types of the porphyry deposits are
commonly distinguished: (1) Cu±Mo±Au, (2) Au±Cu,
(3) Sn, (4) Mo-rich, and (5) W-Sn. Porphyry-copper
deposits are widespread and the largest Cu sources
worldwide. The Au±Cu porphyry deposits are less
abundant, but also can be large in reserves (e.g., Darasun
(~100 t Au), Transbaikalia, Russia). Porphyry-tin
deposits are relatively rare and are minor source of tin on
a world scale (e.g., Catavi, Bolivia; Taronga, Australia;
East Kemptvile, Canada; Mramorny cluster; Russia).
Many porphyry-type deposits contain tourmaline as
alteration mineral on the one hand, on the other hand, in
the tourmaline-group minerals, whose structural formula
is XY3Z6[T6O18][BO3]3V3 W (Hawthorne and Henry
1999), chemical substitutions are widespread. Therefore,
porphyry deposits are suggested to be distinguished on
the basis of tourmaline chemical composition.
In this paper, tourmalines from the porphyry-style
deposits located in various regions Transbaikalia and
Chukchi Peninsula, Russia; Armenia; Kazakhstan; and
Mongolia are reported.

2 Brief geological description of the
deposits studied
2.1 Porphyry-copper deposits
Tourmalines from the Peschanka, Vetka, and Ol’khovka
deposits, Chukchi Peninsula, Russia; Satyr Khudag,
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2.2 Porphyry-gold deposits

3 Results and iscussion

These deposits (Darasun, Teremkyn, and Talatui) located
in Chita region, Russia are hosted in basic and medium
igneous rocks. Formation of these deposits is supposed
to be controlled by small middle and felsic subvolcanic
plagiogranite- and granodiorite-porphyry inrusions
enriched in alkalis (Timofeevsky 1972) of the Middle to
Late Jurassic (?) age. At these deposits, ore deposition
start from pyrite and arsenopyrite followed by
chalcopyrite,
pyrrhotite,
tetrahedrite--tennantite,
sphalerite, galena, Cu, Ag, As, Bi, Pb sulfosalts,
tellurides and native gold. Gangue minerals are quartz,
tourmaline, calcite, and dolomite.

3.1 Porphyry-copper tourmaline
At the deposits studied here, tourmalines were sampled
from quartz veins and hydrothermal explosive breccias
hosted in propylite and phyllic alteration.
3.0

Schorl
Buergerite

FeAl-1

a

3.0
Al(NaMg)-1 AlO(Mg(OH))-1
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3.0
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Dravite

“Oxy-Mg-foitite”

0.0

Tourmaline from the Mramorny cluster, Chukchi
Peninsula, Russia; Pridorozhny deposit, Khabarovsk
krai, Russia; and Sherlovaya Gora Sn-Pb-Zn deposit,
Chita region, Russia was studied here.
The Mramorny cluster situates within OCVB. Tin
occurrences are spatially related to subvolcanic bodies of
the Late Cretaceous porphyritic rhyolite and porphyritic
trachyandesite, which intruded the Late Triassic flyshlike sequence and Cretaceous volcanic rocks. The major
types of wall rock alteration are propylitic, phyllic, and
argillic. Tourmaline occurs in the two first types of
metasomatic rocks, massive and disseminated quartz –
tourmaline – cassiterite ores and quartz-sulfide veins.
These occurrences are reported in detail by Baksheev et
al. (2009).
The Pridorozhny deposit located 50 km NW of
Komsmol’sk-upon-Amur situates within the KhinganOkhotsk volcanic belt. The Upper Jurassic flysch-like
sequence is intruded by a large differentiated pluton
composed of granodiorite, quartz diorite, diorite, and
gabbrodiorite and coarse-grained granitic dikes. Ore
bodies are controlled by pre-ore shear fractures activated
at the ore stage. Economic ores occurred are hosted in
both flysch-like sequence and granodiorite. The deposit
was formed during four stages: (1) pre-ore quartztourmaline; (2) economic cassiterite-quartz-tourmaline
with scheelite, wolframite, and arsenopyrite, (3) quartzsulfide with chalcopyrite, galena, pyrrhotite, pyrite, and
Bi and Sb sulfosalts, and (4) quartz-pyrite-carbonate.
The Sherlovaya Gora Sn-Pb-Zn deposit along with
the same name Sn-Be deposit is located about 40 km
NW of town Borzya. In the deposit area, the Lower
Carboniferous metamorphosed sandstone and shale
interstratified with volcanic rocks and limestone are
intruded by the Late Jurassic porphyry granite (Ontoev,
1974). Subvolcanic bodies of quartz porphyry and felsite
and explosion breccia are spatially related to this
porphyry granite. The deposit is vent-related. The ore
stockwork is confined to the crossing near-meridional
normal fault and NE-trending splays. Abundant quartztourmaline metasomatic rock replacing tuff and
explosion breccias filling vent predates tin
mineralization. The major minerals are cassiterite,
galena, sphalerite, and pyrite. Tourmaline, topaz, quartz,
fluorite, and calcite are gangue minerals. Cassiterite is
intimately associated with tourmaline.
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2.3 Porphyry-tin deposits
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Figure 1. Fetot versus Mg diagram for tourmaline data of
porphyry copper deposits. (a-d) Propylitic alteration. (e)
Phyllic alteration.

Figure 1 illustrates the relationship between Fetot and
Mg in the propylitic and phyllic tourmaline studied here
and published data. The major type of isomorphic
substitution in propylitic tourmalines from varied
deposits is Fe → Al that is due to high portion of Fe3+ in
the tourmalines (Fig. 1a-d). According to the Mössbauer
study, roughly 50% of total Fe is Fe3+. In contrast, most
compositions of tourmaline from phyllic zone below the
schorl--dravite
join
indirectly
indicates
the
predominance of Fe2+ and the major isomorphic
substitution is X-site vacancy + Al → Na + Fe or Al + O
→ Fe + OH supporting the predominance of Fe2+ (Fig.
1e). In addition, the phyllic tourmaline is characterized
by lower Fetot in comparison with propylitic tourmaline.
The predominance of Fe2+ and lower Fetot content is
probably caused by increasing H2S and deposition of
sulfide minerals. Content of F in the tourmalines studied
is no higher than 0.1 apfu.
In the porphyry-copper tourmalines studied here, Li
content is low, ranging from 3 to 20 ppm. These data are
consistent with those of tourmalines from other deposits
(e.g., Yavuz et al. 1999).
3.2 Porphyry-gold tourmaline
At the porphyry gold deposits tourmaline was sampled
from quartz veins and propylitic alteration.
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follows, ppm: 34 Mramorny cluster, 11 Sherlovaya Gora
Sn.

At the Darasun largest deposit four tourmaline
generations are distinguished, whereas at the Teremkyn
and Talatui smaller deposits, only two types
(generations). The major type of isomorphic substitution
in most tourmalines studied is Fe → Al that is due to
high portion of Fe3+ in the tourmalines (Fig. 2). However,
the tourmalines-III and IV associated with sulfide
minerals at Darasun are distinguished by Fe → Al and Fe
→ Mg, and AlO → Fe(OH) and Fe → Mg isomorphic
substitutions, respectively, substitutions implying both
Fe2+ and Fe3+ in tourmaline-III and predominant Fe2+, in
tourmaline-IV (Fig. 2a)
In the gold porphyry tourmalines studied here, Li
content is close to that in porphyry-copper tourmalines,
ppm: 3-14 Darasun, 2-29 Teremkyn, 3-12 Talatui. The
Mössbauer study indicates that the Fe3+/Fetot ratio is
widely variable in the tourmalines studied (48-85%).
Like Cu-porphyry tourmaline, concentration of F in the
gold-porphyry tourmaline is not higher than 0.1 apfu.
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The Fe → Al chemical substitution and low Li content
are typical features of tourmaline from the porphyrystyle. Content of F, Mg, and Fe, and Fe3+/Fetot value
allow distinguishing tourmalines from Cu-, Au-, and
Sn-porphyry deposits from each other.
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Figure 3. Fetot versus Mg diagram for tourmaline data of
porphyry tin deposits
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Figure 2. Fetot versus Mg diagram for tourmaline data of
porphyry gold deposits.
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Tourmaline specimens were collected
from
metasomatic rocks, quartz veins and hydrothermal
explosive breccia. At these deposits tourmalines are
attributed to the early pre-ore and ore (economic)
stages of hydrothemal process. Within each stage, few
tourmaline generations may be distinguished. In
Mramorny and Pridorozhny, both early- and ore-stage
tourmaline was identified, whereas at Sherlovaya
Gora, only ore-stage tourmaline of few generations.
Figure 3 illustrates that the Fe → Al chemical
substitution is typical of ore-stage stage tourmaline at
all deposits studied, whereas isomorphic substitutions
in the early tourmaline are different.
According to the Mössbauer study, the Fe3+/Fetot
value in the tourmalines studied here is 11-27%
significantly differed from that in the Cu- and Auporphyry tourmalines. In contrast to Cu- and Auporphyry tourmalines, F content in this tourmaline
reaches 0.5 apfu. These values can be applied to
distinguish Sn-porphyry and Cu- and Au-deposits. In the
porphyry-tin tourmalines studied here, Li content is as
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Kedonojankulma: a recently discovered
Palaeoproterozoic porphyry-type Cu-Au deposit in
Southern Finland
Markku Tiainen, Niilo Kärkkäinen, Esko Koistinen, Lassi Pakkanen and Pekka Sipilä
Geological Survey of Finland, P.O. Box 96, FIN-02151 Espoo, Finland

Abstract. The Kedonojankulma Cu-Au prospect
represents a new deposit style in the southern
Svecofennian Arc Complex of southern Finland. The
occurrence is hosted by a subvolcanic quartzplagioclase-porphyritic phase of a tonalite intrusion.
Several features that are typical of porphyry Cu deposits
have been observed. Most prominent is the metal zoning,
with Cu-Au-Ag-As-Mo in the core and Zn in the outer
zone. Various alteration assemblages related to
mineralization have been identified, with sericitization,
epidotization and silicification being common. The
Kedonojankulma occurrence has a complex mineralogy,
including various Cu, Ag, Au, Bi, Mo, Sb, Sn, Zn and Pb
minerals. Major ore minerals are chalcopyrite,
arsenopyrite, bornite, chalcocite, sphalerite and pyrite.
The mineralization usually occurs as fine-grained
disseminations in sheared and fractured zones of the
intrusion. Highest metal contents in one-meter samples of
drill core are 2.4% Cu, 8 ppm Au, 120 ppm Ag, 0.15% Sb
and 0.08% Mo, 0.33% Bi and 1.27% Zn.

subduction component and magmatic arc affinity, while
the upper basaltic Häme suite has a tholeiitic
composition and rift affinities (Hakkarainen 1994;
Lahtinen 1996). The age of the felsic volcanism in
Häme belt is 1.89-1.88 Ga (Vaasjoki 1994; Saalman et
al. 2009).
Three igneous phases have been distinguished in the
Kedonojankulma tonalite-granodiorite intrusion: 1)
equigranular, medium-grained tonalite, 2) porphyritic
tonalite, and 3) subvolcanic quartz-plagioclase
porphyrite. The subvolcanic porphyrite, which is the
latest intrusive unit, comprises medium-grained
porphyritic and fine-grained aplitic phases.
According to the till geochemistry data and the
sparse exploration drilling, both the porphyritic tonalite
and the subvolcanic porphyrite are variably mineralized.
The best mineralization has been detected in altered,
sheared and fractured zones within the subvolcanic
porphyrite. The equigranular tonalite, intruded in the
first stage, seems to be unmineralized.

Keywords. porphyry copper, granitoid, Kedonojankulma,
Palaeoproterozoic, Finland

3 Geology of the Kedonojankulma Cu-Au
mineralization

1 Introduction

3.1 Alteration features

The
granitoid-hosted
Kedonojankulma
Cu-Au
occurrence was found by drilling in 2006 after
systematic till geochemical surveys in the
Palaeoproterozoic intrusive-volcanic Häme belt in
southern Finland. Previously, only two porphyry copper
deposits at Kopsa (Au-Cu) and Aitik (Cu-Au-Ag), have
been described from the Palaeoproterozoic granitoids of
the Fennoscandian Shield (Gaál and Isohanni 1979;
Wanhainen et al. 2003).
The impetus for exploration in the Forssa region was
given by a prominent Te-Au-As anomaly in regional till
geochemistry data, based on a sampling density of one
sample per 4 km2 (Fig. 1). The Cu potential of the Häme
belt was noted earlier by Tiainen and Viita (1994) and
Lahtinen and Lestinen (1996). Several Au prospects
have recently been discovered in the same metallogenic
belt (Kärkkäinen et al. 2006, 2007; Eilu and Pankka,
2010).

The rocks hosting the Kedonojankulma Cu-Au prospect
are exposed in only a few outcrops. Hence, the
observations on host rock composition, alteration and
mineralization are mainly based on drill cores, thin
sections and geochemical analyses. During the course of
the study, alteration was normally initially recorded
macroscopically, by the color and texture of the rock.
The alteration is commonly related to fractured and
sheared zones which also include quartz and sulphide
veins. Plagioclase, both in the groundmass and as
phenocrysts, has been sericitized, while amphibole
and/or pyroxene have been altered to light-brown biotite
and chlorite. In addition, saussuritization is typical in
strongly altered rock. The addition of K, Ca and Mn in
the mineralized part of the intrusion is evident in the
geochemical data.
The alteration related to the mineralization is zoned.
Potassic alteration, strong sericitization, chloritization
and silicification typically dominate the mineralized core
zone of the system.
Macroscopically the rock is gray, dark gray or dark
red in color, strongly sheared or fractured and the
primary porphyritic texture is only poorly discernible.
The reddish porphyrite, displaying weaker serisitic

2 Geological setting
The Häme belt forms part of the southern Svecofennian
Arc Complex of the Svecofennian Orogeny (Korsman et
al. 1997, Nironen 1997). Igneous rocks in the belt
comprise two main units; the lower dacitic-andesitic
Forssa suite is calc-alkaline in composition, and has a
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alteration zone and high Zn, up to 1.3%, in the outer
marginal zone of the intrusion.

alteration, is surrounding the strongly altered core zone
and extends over a hundred meters beyond the core
mineralization. Epidotization and biotitization have been
detected in the outer zone of the intrusion, generally in
sheared or fractured tonalite. The alteration zones are
partly overlapping. Detailed studies of the alteration and
related ore mineralogy are in progress.
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Figure 2. Cu% vs. Ag ppm scatterplot for chemical analyses
made from one-meter drill core samples.

Figure 1. The exploration area shown by a red circle and the
Kedonojankulma Cu-Au prospect by red dot. Geological map
according to Geological Survey of Finland (2010).

3.2 Cu-Au mineralization
The Kedonojankulma Cu-Au occurrence has a rather
diverse ore mineralogy. The main ore minerals are
chalcopyrite, arsenopyrite, pyrite, pyrrhotite and in
places chalcocite. Minor ore minerals include sphalerite,
galena, mackinawite, marcasite, scheelite, ilmenite,
rutile, native bismuth, Bi-sulphides, Bi-selenides, Coarsenides, gold and several types of Ag-Sb sulfides. The
sulfide minerals are typically very fine-grained and
disseminated through altered, slightly sheared or
fractured quartz-plagioclase porphyrite. Medium- and
coarse-grained
chalcopyrite
and
arsenopyrite
segregations also occur. Sphalerite occurs as sparse vein
segregations, a few centimeters wide, especially in the
outer margin of the mineralized intrusion.
Geochemical data of mineralized rocks display clear
positive correlations, especially between Cu and Ag
(Fig. 2), as well as between Au and Bi. The Cu-Ag
correlation can be explained by the composition of
chalcopyrite, which has sporadically a high Ag content,
up to 10.5% Ag. Silver is enriched especially in the
fractures of chalcopyrite, which indicates later, possibly
supergene enrichment of Ag in the chalcopyrite. Also
the
paragenesis
chalcocite-chalcopyrite,
where
chalcocite is replacing or enveloping chalcopyrite, could
be interpreted as an indication of a supergene sulfide
enrichment process.
The mineralized area has a distinct metal zonation,
including high Cu, Ag, Au, Bi, Sb, Mo in the core

Figure 3. Geological map and copper contents in till at
Kedonojankulma. Geological map has been modified from the
geological map of Geological Survey of Finland (2010).

The metal content and size of the occurrence is still
open. Highest metal contents in the occurrence,
analyzed as one-meter long drill core samples, are 2.4%
Cu, 120 ppm Ag, 8.06 ppm Au, 0.15% Sb, and 0.08%
Mo. The average metal contents of representative
sections of the mineralization, based on 2600 meters
core drilling of 30 drill holes, are about 0.4% Cu, 0.15
ppm Au,15 ppm Ag and 20 ppm Mo.
The lateral extent of the porphyritic phase of the
intrusion is about 1.8 x 1.0 km (Fig. 3). According to the
till geochemistry data with 5200 meters of drill core
from 58 drill holes, most of the porphyritic phase of the
intrusion is mineralized to some extent. The best grades
are within the strongly altered zones, controlled by the
fractures and shears.
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The evaluation of the size and grade of the
mineralization, and the investigation of the genesis of
the occurrence are ongoing. In addition, the regional
potential for further Cu-Au mineralization in the Häme
belt are at present being investigated.

Nironen M (1997) The Svecofennian Orogen: a tectonic model.
Precambrian Res 86:21-44
Saalmann K, Mänttäri I, Ruffet G., Whitehouse MJ (2009) Age and
tectonic
framework
of
structurally
controlled
Palaeoproterozoic gold mineralization in the Häme belt of
southern Finland. Precambrian Res 174:53-77
Tiainen M, Viita H (1994) Determination of ore potential areas in
the Häme belt, southwestern Finland, by integration of
geological, geophysical and till geochemical data. Geological
Survey of Finland, Report of Investigations 125, 49 p
Vaasjoki M (1994) Valijärven hapan vulkaniitti: minimi Hämeen
liuskejakson iäksi. Summary: Radiometric age of a metaandesite at Valijärvi, Häme schist zone, southern Finland.
Geologi 46:91-92
Wanhainen C, Broman C, Martinsson O (2003) The Aitik Cu-AuAg Deposit in Northern Sweden: A Product of High Salinity
Fluids: Miner Deposita 38:715-726

4 Conclusions
The preliminary observations of the Kedonojankulma
Cu-Au occurrence suggest that it probably represents a
porphyry-type Cu deposit. The most significant features
supporting this interpretation include the porphyritic
host rock, alteration features, metal contents and the
metal zoning, which all are typical of those found in
Phanerozoic porphyry Cu deposits.
The Kedonojankulma discovery will improve the
prospectivity and encourage further exploration in the
Svecofennian arc complexes in general, and especially
in the Häme belt in southern Finland.

Acknowledgements
We are grateful to many colleagues for discussions and
especially Pasi Eilu, Kalevi Rasilainen, Peter SorjonenWard and the reviewer of the publisher for their
comments on the manuscript that improved the final
paper.

References
Geological Survey of Finland (2010) Bedrock of Finland, Bedrock
map (database) of Finland in 1:200 000 scale combined with
description and electronic references of the lithostratigraphic
and
lithodemic
units.
Available
at:
http://www.geo.fi/en/bedrock.html.
Eilu P, Pankka H (2010) FINGOLD - a public database on gold
deposits in Finland. Version 1.1 [Electronic resource].
Geological Survey of Finland. Digital Data Products 10.
Optical disc (CD-ROM).
Gaál G, Isohanni M (1979) Characteristics of igneous intrusions
and various wall rocks in some Precambrian porphyry coppermolybdenum deposits in Pohjanmaa, Finland. Econ Geol
74:1198-1210
Hakkarainen G (1994) Geology and geochemistry of the
Hämeenlinna-Somero Volcanic Belt, southwestern Finland, a
Paleoproterozoic island arc. Geological Survey of Finland
Special Paper 19:85-100
Kärkkäinen N, Koistinen E, Jokinen T (2006) Satulinmäki gold
prospect at Somero, SW Finland. Geological Survey of
Finland, Report M19/2024/2006/1/10. 44 p
Kärkkäinen N, Koistinen E, Jokinen T (2007) Tutkimustyöselostus
malmitutkimuksista Tammelan kunnan Riukan, kaivosrek. nro
7483/1, ja Pursion, kaivosrek. nro 7482/1, valtauksilla.
Geological
Survey
of
Finland,
Report
M06/2024/2007/1/10/69. 32 p (in Finnish)
Korsman K, Koistinen T, Kohonen J, Wennerström M, Ekdahl E,
Honkamo M, Idman H, Pekkala Y (eds.) (1997) Bedrock map
of Finland 1:1 000 000 scale. Geological Survey of Finland,
Espoo, Finland
Lahtinen R (1996) Geochemistry of Palaeoproterozoic supracrustal
and plutonic rocks in the Tampere-Hämeenlinna area, southern
Finland. Geological Survey of Finland. Bulletin 389, 113 p
Lahtinen R, Lestinen P (1996) Background variation of ore-related
elements and regional-scale mineralization indications in
Palaeoproterozoic bedrock in the Tampere-Hämeenlinna area,
southern Finland. Geological Survey of Finland. Bulletin 390,
38 p + 1 app

395

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Late Cretaceous-early Tertiary magmatism and P-T
emplacement of intrusions related to porphyry
copper deposits in northwest Mexico
Lucas Ochoa Landín
Departamento de Geología, Universidad de Sonora, Rosales y Luis Encinas, Hermosillo, Sonora 83000,
México
Martín Valencia Moreno
Estación Regional del Noroeste, Instituto de Geología, Universidad Nacional Autónoma de México, L.D.
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in the upper levels of the crust, during the
Laramide tectonic episode (80-40 Ma). In Sonora,
the Cananea and Nacozari districts are by far the
larger occurrences within the porphyry copper
belt, with more than 35 Mt of contained copper,
and which are geographically located close to the
south of the "giant” porphyry copper deposits of
the southwestern United States. Generally these
deposits are spatially and temporally associated
with skarn deposits, replacement, magmatichydrothermal breccia bodies and exotic copper
deposits. This study describes the ages and
emplacement depths of the batholitic bodies
related to porphyry copper deposits in
northwestern Mexico, and examines the
implications of differential exhumation rates in
northwestern Sonora with the spatial and temporal
emplacement of the orogenic gold deposits.

Abstract.
Porphyry
copper
deposits
in
northwestern Mexico represent the continuation of
the porphyry copper province of southwestern
North America, forming a continuous belt that
extends from Sonora through southwestern
Mexico, following a geographic distribution that
parallels the ancient subduction zone. These
deposits are related to relatively small porphyrytic
stocks, with disseminated and stockwork lowgrade copper mineralization, which commonly
developed supergene enriched copper blankets.
Porphyry copper ores are regularly hosted by calcalkaline volcanic rocks of Late Cretaceous-early
Tertiary age, frequently associated with other
mineral deposit types, including
skarns,
replacement, and exotic Cu. The mineralization is
clearly linked to batholiths and hypabyssal
intrusive bodies that vary in composition from
granodiorite to quartz-monzonite. All related
intrusions are in an age range from 50 to 64.3 Ma,
and yield hornblende information suggesting
formation temperature of 660-776°C and
emplacement depths of 6-9 km. It is estimated that
the intrusive belt was more exhumed in
northwestern Sonora, where important orogenic
gold deposits are known. These deposits yielded
dates into the same range of porphyry copper
deposits, but they indicate emplacement depths
greater than 10 km. Although efforts have been
done, the relationship between both deposit types
still remains little known.

2 Depth of emplacement
The porphyry copper deposits in northwestern
Mexico are generally hosted in different rock
types varying in age from Cretaceous to early
Tertiary ages and older. Often, these ore deposits
include interesting breccias pipe structures of CuMo, Cu-W, and Cu, with occasionally gold-rich
levels. Sometimes, Zn-Cu, Cu and Fe skarn
deposits were developed adjacent to the
batholithic bodies or hypabyssal intrusions related
to the porphyry deposits, or distal to them. These
small mineralized stocks are usually formed at
depths between 1 and 6 km from the surface
(Simmons and Sawkins 1983; Scherkenbach et al.
1985); however, these porphyry stocks come from
pulses released from magma chambers commonly
located at depths between 3 to >10 km (Seedorff
et al. 2005).

Keywords. Mexico, porphyry copper, orogenic
gold

1 Introduction
Northwestern Mexico contains the larger amount
of porphyry copper deposits in the country. This
style of mineralization is related to hydrothermal
activity associated with igneous bodies emplaced
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Geochronology and geobarometric studies in
northwestern
Mexico
yielded
age
and
emplacement depths of plutons in the most
important porphyry copper districts, suggesting
two groups. The first group includes the SonoraSinaloa and southern Arizona batholiths, which
contain the large and more productive porphyry
copper deposits; and the second group include the
batholith of the Sierra de San Pedro Martir in Baja
California. All intrusions of the first group have
an age range of 50-64.3 Ma (Fig. 1), with
formation temperatures for hornblende in the
range of 660-776°C and a emplacement depths
between 6 and 9 km. Crystallization pressures
were calculated using an empirical aluminum-inhornblende geobarometer-geothermometer based
on equations proposed by Hammarstrom and Zen
(1986) and Blundy and Holland (1990).
In contrast, the second group yielded ages
between 89.7 and 94.6 Ma, and emplacement
depths of 18 to 22 km (Ortega-Rivera et al. 1997)
(Fig. 2).

Figure 2. Calculated depths of some igneous rocks
associated with more important porphyry copper district
of the northwest Mexico. References: 1) Wodzicki
1995; 2) Zúñiga-Hernández 2010; 3) Zürcher 2002; 4)
Flores-Vázquez 2003.

Figure 1. The main porphyry copper deposits in
northwester Mexico, with mineralization and rock ages
associates in the main district in this part of the country.
References: 1) Damon et al. 1983a; 2) Barra et al. 1985;
3) Valencia et al. 2008.

Figure 3. Map showing the distribution of porphyry
copper and orogenic gold deposits in northwest Mexico
(adapted from Ochoa-Landín et al. 2011).

3 Conclusions

subduction zone. The difference in depths and
ages between the two intrusive groups suggest a
greater exhumation to the west, near to the coast,
where porphyry copper ores were almost totally
erased by erosion, and rocks of the old North
America basement, including ductile deformed

The distribution of the Laramide intrusions
associated with the porphyry copper deposits
follow a sub-parallel line relative to the Laramide
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metamorphosed rocks, are exposed.
On the other hand, the orogenic gold deposit
type in northwest Mexico (Fig. 3), with ages
around 60 Ma and formation depths of 6 to 12 km
(Quintanar 2008), could have been formed in the
same tectonic setting of porphyry copper deposits
but deeper, in a compressional to transpressional
environment, in a crustal brittle-ductile regime
(Groves et al. 1998).
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The geology of the Fortuna Granodiorite Complex,
Chuquicamata district, Northern Chile: relation to
porphyry copper deposits
John H. Dilles
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Abstract. The Fortuna and El Abra Granodiorite
Complexes contain the Toki and El Abra porphyry copper
2
deposits and are a single ~500 km late Eocene batholith
(39.5-37.5 Ma) offset sinistrally ~35 km by the West
Fissure. The Fortuna Complex consists of principally of
hornblende- and biotite-bearing granodiorite with
abundant magnetite and titanite that crystallized from a
strongly oxidized, water, and sulfur-rich magma series.
The earlier Antena granodiorite was emplaced as a
series of relatively small bodies along a pre-existing
NNE-trending fault zone. The later Fiesta granodiorite
includes central intrusions that form cupolas at estimated
depths of ~4 to 7 km associated with porphyry dikes
(Tetera and San Lorenzo units) and copper
mineralization. The steeply dipping Tetera granoaplite
dikes have a vertical mylonitic fabric produced by ascent
of the adjacent Fiesta granodiorite. The Tetera granites
and San Lorenzo granodiorites both grade into one
another and downward into the Fiesta. The Tetera is
weakly altered, whereas the San Lorenzo is more
strongly altered with biotite and ore-grade copper iron
sulfide. The “mafic” San Lorenzo quartz monzodiorite is
mixed magma that post-dates the potassic alteration, but
is cut by pyrite-rich D veins with sericite alteration.

This study was motivated to understand the
emplacement history, rock body morphology,
hydrothermal alteration, and copper mineralization to
improve genetic theory and exploration. This study
began as a SERNAGEOMIN project in 1995, and was
completed in 2008 as an EMSA-Codelco 1:25,000 scale
geologic map (Fig. 1; cf., Tomlinson et al. 2010).

2 Pre-Fortuna geology
The Chuquicamata area is underlain by basement rocks
that include intermediate to silicic composition metavolcanic rocks of the late Paleozoic Collahuasi
Formation and coeval diorite to granite intrusions.
Middle Triassic volcaniclastic andesitic rocks are
intruded by the Middle Triassic Este and Elena
granodiorites, and overlain by Jurassic carbonate and
clastic marine rocks of the Caracoles Group. Late
Cretaceous red bed sandstones and conglomerates of the
Tolar Formation and andesitic rocks of the Quebrada
Mala Formation unconformably overlie pre-Cretaceous
rocks. Middle Eocene andesite lavas and lahars of the
Icanche Formation and conglomerates of the Calama
Formation are locally preserved, but these rocks are now
eroded so that mid- to late-Eocene intrusions are
exposed.
In the Fortuna area (Fig. 1B) the Eocene strata and
older rocks are openly folded along north-south and
NNW-SSE trending axes. A prominent fold and related
N20°E striking fault is exposed south of the Fortuna
Complex, and is traceable northward through the
batholith as a series of roof pendants containing mylonite
zones. Sense of shear in these exposures suggests
dextral-reverse movement, consistent with faults along
the Precordillera north of Chuquicamata in mid-Eocene
(Tomlinson and Blanco 1997a).
The Los Picos Complex (~45-42 Ma; Campbell et
al. 2006; Tomlinson et al. 2010) includes a series of
pyroxene- and biotite-bearing quartz monzodiorites,
monzodiorites, and quartz monzonites (Fig. 2). The
intrusions are emplaced into the Eocene Icanche
volcanics and the dextral reverse faults noted above.
These magmas were relatively alkali-rich, had moderate

Keywords. porphyry copper, Fortuna granodiorite, Chile

1 Introduction
The Fortuna Granodiorite Complex has been
investigated for more than 50 years, initially because it is
exposed on the west pitwall of the Chuquicamata mine
(cf., Sillitoe 1973), and more recently because it is
related to porphyry copper mineralization and is
correlative with the El Abra Granodiorite Complex but
offset 35 km sinistrally by the West Fault (Tomlinson
and Blanco 1997a,b; Dilles et al. 1997). Major porphyry
copper deposits include El Abra (Ambrus 1977) and
Anita (Conchi) in the El Abra fault block, and the
discoveries of the past 15 years in the Fortuna block by
Codelco at Opache and in the Toki cluster (Rivera and
Pardo 2004). In aggregate, more that 30 Mt of copper
resources lie within the El Abra-Fortuna Complex, which
is the largest plutonic complex (>500 km2) of late
Eocene age exposed in northern Chile.
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2.1 Antena Granodiorite

water contents, and were moderately oxidized based on
abundance of magnetite and ilmenite but paucity of
titanite. No porphyry deposits have been identified
associated with the Los Picos Complex.

The Antena Granodiorite (~39.5-39.0 Ma; Dilles et al.
2007; Campbell et al. 2006; 15-20 vol.% mafics)
consists principally of many intrusions of gray-colored
granodiorite as well as sparse intrusions of leucocratic
granodiorite and quartz diorite, the latter of which are
more abundant in exposures at El Abra. Internal contacts
are commonly observed and traceable for several 100
meters on the basis of grain size and igneous hornblende
to augite ratios. Grain size is typically finer at the
margins of the Antena, and coarser in the center. In the
Fortuna area (Fig. 1), a weak to prominent subvertical
igneous foliation as defined by biotite and tabular
plagioclase is oriented N20°E and contains a lineation
defined by hornblende. The lineation plunges steeply to
moderately south in most cases. The fabrics suggest
emplacement of Antena into the N20°E striking fault
zone noted above, and is consistent with the strongly
north-south elongation of the Antena.

Figure 2. IUGS classification of the Los Picos and Fortuna
intrusions based on modal mineralogy.

2.2 Fiesta Granodiorite
The Fiesta (~38-37.5 Ma; Campbell et al. 2006) is a light
colored (~12 vol.% mafics), coarse-grained granodiorite
with hornblende up to 1.5 cm long and K-feldspar
megacrysts up to 2 cm long. It forms several large
bodies, generally central within the Fortuna. The tops of
cupolas of several bodies are partly exposed and in these
areas the Fiesta grades upward into a fine-grained border
phase and is cut by a series of porphyry dikes associated
with Cu-Fe sulfide mineralization (see mines in Fig. 1B).
Figure 1. A. Reconstruction of the El Abra-Fortuna
Granodiorite Complex prior to displacement on the West Fault.
B. Geologic map of the northern part of Fortuna Complex.

2.3 Porphyry Intrusions
Three types of porphyries are identified. The oldest are
~1-30 m-wide sill- or dike-like bodies of Tetera
granoaplites that range from granodiorite to granite in
composition and are commonly leucocratic (2-10 vol.%
mafics). They grade into Fiesta granodiorite downward,
and may narrow upward into fine-grained aplite dikes <1
m wide. Hornblende is sparse and is commonly partly
altered to biotite, accompanied by traces of chalcopyrite.
In the central Fortuna Complex, the Tetera sheets within
200 m above and lateral to the Fiesta cupolas are
strongly mylonitized with steeply dipping fabrics, which
are consistent with upward movement of the Fiesta and

2 Fortuna Granodiorite Complex
The many intrusions range from sparse quartz diorite to
granodiorite and minor granite. All the intrusions contain
hornblende and biotite with accessory magnetite and
titanite, attesting to high water content (>4 wt.%) and
highly oxidized (~NNO+2) magmas. Magmas were
sulfur-rich based on apatite composition (up to 1.2 wt.%
SO3). Hornblende barometry suggests 1-2 kb pressure or
4-7 km emplacement depth.
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5.

shearing of the hot, recently emplaced aplites.
The San Lorenzo granodiorite porphyries have a
similar composition to the Fiesta, and in places in the
field grade downward into Fiesta. In places, San Lorenzo
is gradational into Tetera, but in most cases the San
Lorenzo cuts the Tetera. Most San Lorenzo porphyries
have ~50 vol.% aplitic groundmass rich in quartz and Kfeldspar, and 1-10 mm phenocrysts of plagioclase,
hornblende, biotite, K-feldspar, quartz, magnetite, and
titanite. Hornblende is altered (entirely in most cases) to
hydrothermal biotite accompanied by Cu-Fe sulfides and
A quartz veins (e.g., Toki deposit and prospects west of
Chuquicamata).
The least abundant dikes are “mafic” San Lorenzo
quartz monzodiorite that cut the older and lighter colored
San Lorenzo granodiorite dikes. They have 50 vol.% of a
dark groundmass that contains abundant hornblende and
biotite, plagioclase, and minor quartz. Quartz
phenocrysts are strongly embayed, and K-feldspar
phenocrysts are resorbed with plagioclase rims. These
quartz monzodiorite dikes contain little Cu-Fe-sulfide
and hydrothermal biotite, and locally cut and post-date A
veins and tourmaline veins, but are locally cut by pyrite
veins with sericitic envelopes. The igneous features of
these rocks suggest they are products of mixing of a
hydrous mafic magma (dark groundmass) with
phenocrysts derived from the Fiesta granodiorite.

6.

7.

Volatile accumulation in cupolas via either magma
convection or vapor migration through the crystal
mush allowed hydrofracturing, magma and
volatile
escape,
and
porphyry
copper
mineralization (Fig. 3).
In the last stages, small amounts of mafic magmas
were able to penetrate through the largely
crystalline Fiesta granodiorite, and produced the
mixed magmas of the “mafic” San Lorenzo quartz
monzodiorite after most copper introduction.
Location of cupolas or high points on deep
magma chambers is a key to prospecting, and may
be aided by geophysics and geology that helps
identify deep crustal magma feeders (Fig. 3).

Figure 3. East-west schematic cross-section through the
southern Fortuna Complex (see Fig 1B). Fiesta granodiorite
cupolas feed porphyry dikes and copper sulfides (Cu).
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3 Geochemistry
The Los Picos and Fortuna intrusions have trace element
compositions similar to other continental hydrous
magmas. Low contents of compatible elements are
consistent with extensive crystal fractionation, and
elevated incompatible elements suggest crustal
contamination. The depletion of heavy rare earth
elements (REE) and high Sr contents and high Sr/Y
ratios (Ahumada 2004) are consistent with deep- or midcrustal magma evolution where garnet was stable but
plagioclase was not.
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4 Porphyry copper deposit genesis
The Fortuna complex illustrates a number of
geologic features likely related to ore formation.
1. Magmas were water- and sulfur-rich.
2. In early stages of magmatism many small batches
of magma ascended along faults into the upper
crust and formed many small intrusions with
mushy, gradational contacts with preceding
intrusions. Early stages thus represent increased
magma flux and magma chamber growth.
Compressive tectonics tended to promote pluton
crystallization versus eruption.
3. The Fiesta granodiorite formed the largest
magma bodie in the upper crust. Crystallization of
the Fiesta produced water-saturated melts that
injected as Tetera granoaplite, and then were
mylonitically sheared as the buoyant, watersaturated Fiesta moved upward.
4. Deep melt input must have decreased markedly to
allow the Fiesta to crystallize.
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Adakite-like signature in volcanic rocks associated with
porphyry type deposits from Mendoza Province,
Argentina
Carrasquero Silvia Irene
Instituto de Recursos Minerales (INREMI) – Universidad Nacional de La Plata (UNLP), calle 64 y 120, (1900) La Plata,
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Abstract. The San Pedro and Oro del Sur ore deposits,
located in Mendoza Province, Argentina, are porphyry
copper genetically linked to Permian and Miocene
volcanic rocks respectively. Both porphyries show a calcalkaline character and geochemical characteristics
(particularly high Sr, low Y and Yb, high Sr/Y and La/Yb
ratios) typical of adakite-like rocks. This adakitic signature
is linked to the crustal thickening produced by the
shallowing of the subducting plate.
Keywords. porphyry
signature, Argentina

copper,

volcanism,

porphyry type deposit located in Mendoza province,
Argentina.
1.1 San Pedro ore deposit
San Pedro is Permian porphyry copper deposit
(Rubinstein et al. 2004) located in the San Rafael Massif,
Mendoza Province (Fig. 1). It developed an alteration
halo in a dioritic intrusive (Gómez and Rubinstein 2010)
which outwards consists of pervasive and minor in
veinlet propylitization with an alteration paragenesis of
chlorite, epidote, carbonate, tremolite, sericite and albite.
Pervasive and in veinlet potassic alteration is irregularly
distributed within the intrusive and has an assemblage of
K-feldspar, biotite, magnetite and quartz. Weak phyllic
alteration is irregularly distributed in the diorite and it
bears pervasive silicification and sericitization with
scarce disseminated pyrite and quartz–pyrite stockwork.
A late carbonatization process, pervasive and also
present in veins with minor quartz, overprints both the
potassic and phyllic alteration. A group of polymetallic
(Cu-Pb-Zn-Ag) veins crop out within or close to the
alteration halo.
The subvolcanic dioritic intrusive has a porphyritic to
granular texture and quartz -dioritic composition. It
composed of plagioclase and minor clinopyroxene with
scarce biotite, amphibole with interstitial K-feldspar and
quartz (occasionally conforming graphic intergrowth)
and abundant disseminated magnetite and pyrite crystals.

adakitic

1 Introduction
The word adakite was introduced for intermediate to
acidic plutonic and volcanic rocks believed to be direct
partial melting of subducted oceanic lithosphere at high
pressure (Defant and Drummond 1990). According to
Peacock et al. (1994), the geodynamic conditions to
allow the formation of adakitic magmas are the
subduction of young, hot oceanic plate, although more
recently other authors (Reich et al. 2003) invoked that
adakitic rocks can be generated in a cold slab by melting
a subducting oceanic ridge. However, key adakitic
geochemical signatures can be generated in normal
asthenosphere-derived arc magmas by MASH and AFC
processes (Kay et al. 1991; Hildreth and Moorbath
1988).
A link between adakite–like rocks and porphyry and
epithermal type deposits has been established by
Thieblemont et al. (1997) and has been observed
particularly in the Andes (Coldwell et al. 2005,
Carrasquero et al. in press, Oyarzun et al. 2001, Bissig et
al. 2003; Reich et al. 2003, Chiaradia et al. 2004);
Richards and Kerrich (2007) recently reviewed the link
between adakite–like rocks and porphyry type deposits
and concluded that in most porphyry–related intrusives
the adakitic signature is due to MASH and AFC
processes affecting normal tholeiitic to calc-alkaline arc
magmas.
In this paper we compare and analyze the
geochemistry and geodynamical setting of adakite-like
volcanic rocks associated with a Permian (San Pedro ore
deposit) and a Miocene (Oro del Sur ore deposit)

Figure 1. Location of San Pedro and Oro del Sur deposits.
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ratios) and lack Eu anomalies. High Sr contents together
with steep REE patterns and lack Eu anomalies suggest a
relatively high pressure, garnet –bearing source.
Other noticeable features are the low Y and Yb
contents, and particularly the high Sr/Y, which are
characteristics of rocks with an adakitic signature. In the
Y vs. Sr/Y diagram (Fig. 4) they plot in the adakitic
field, similarly to adakite-like rocks genetically linked to
porphyry copper deposits from Chile and Ecuador
(Reich et al. 2003; Bissig et al. 2003; Chiaradia et al.
2004).

1.2 Oro del Sur deposit
Oro del Sur is high sulfidation Au-(Cu) epithermal
deposit associated to a porphyry type system (Fusari et
al. 1993) located in Andean Precordillera of Mendoza
Province (Fig. 1) which crops out close to a small
concentric alteration halo (Fusari et al. 1993) with a
pattern similar to that of porphyry copper type deposits
(Carrasquero et al. in press). It is developed in Miocene
volcanics and consists of a central potassic area with
pervasive biotitization, silicification and feldspathization
and minor quartz-biotite veins and an ore paragenesis
consisting of chalcopyrite, magnetite and minor
pyrrothite, gold (and electrum), molybdenite and
sphalerite and abundant pyrite. Outwards there is an
irregularly-developed advanced argillic alteration halo
with a paragenesis of sericite, clay, quartz and alunite
and minor quartz - alunite veins. The outer part of the
alteration zone shows a pervasive propilitic alteration
mainly with chlorite and minor epidote. In the southwestern part of the alteration zone, small hydrothermal
breccias with a tourmaline, quartz and chlorite cement
and chalcopyrite mineralization are locally are
recognized.
The Miocene volcanism of this area is represented by
hypabyssal and minor dykes of andesitic composition of
the 19-16 Ma (Massabie et al. 1986). They are
porphyritic andesites composed of abundant plagioclase
and minor biotite and hornblende phenocrysts in a fine
groundmass of plagioclase and disseminated magnetite
crystals.

Figure 3. Chondrite- normalized (Sun and McDonough 1981)
REE diagram of San Pedro and Oro del Sur deposits.

2 Geochemistry of the volcanic rocks
Geochemical analysis of subvolcanic rocks of San Pedro
and Oro del Sur ore deposits show a typical calc-alkaline
character with high SiO2 (58.99 - 64.09 wt.%) and Al2O3
(16.51 - 20.62 wt.%). The spider diagram (Fig. 2) is
strongly spiked and shows enrichment in incompatible
elements (LILE and LREE), high Sr, a Nb trough and
negative anomalies in P and Ti, which are common
features of convergent plate boundary magmas.

Figure 4. Y vs. Sr/Y diagram of San Pedro and Oro del Sur.
El Indio (Chile), Los Pelambres (Chile), LMR (Ecuador).

2.1 Geodynamical setting
The Permian volcanics of San Pedro deposit area belong
to the volcanic and pyroclastic rocks of Gondwanan age
known as Choiyoi Magmatic Cycle (CMC) which was
emplaced at the SW margin of Gondwana. Two different
sections can be distinguished within the CMC. The
lower section (Lower Permian) has geochemical
characteristics that indicate a subduction setting and a
transpressional deformation style. The upper section
(Upper Permian) has geochemical characteristics
transitional between subduction and continental
intraplate settings and a structural style typical of an
extensional regime. This change of the magmatic and
deformation styles was interpreted as being the
consequence of a progressive shallowing together with a
of the Palaeo-Pacific plate culminating with a flat-slab
region (Llambías and Sato 1990; Kleiman and Japas
2009). The occurrence of an adakitic signal in the

Figure 2. Chondrite- normalized (Sun and McDonough, 1981)
spider diagram of San Pedro and Oro del Sur deposits.

The REE diagram is characterized by relatively steep
LREE and moderate to steep HREE patterns (high La/Yb
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Permian rocks of San Pedro ore deposits could be link to
the crustal thickening produced by decrease of the
subduction angle.
The adakitic signature of the Miocene magmas from
the Andes is linked to the shallowing of the subducting
Nazca Plate which was induced by changes in
convergence parameters in middle Miocene times (~20
Ma). The shallowing resulted in an important decrease in
the asthenospheric wedge thickness, migration of the
volcanic arc to the east, a crustal thickening, and the
transition from a transpressional to a compressional
regime (Kay et al. 1987, 1991; Kay and Mpodozis 2002).

Defant MJ, Drummond MS (1990) Derivation of some modern arc
magmas by melting of young subducted oceanic lithosphere.
Nature 347:662-665
Fusari C, Lapido O, Kross G (1993) Proyecto “Oro del Sur” (De
investigación
y
Exploración
Geológico-Minera),
Departamento Las Heras, Provincia de Mendoza, República
Argentina: Dirección General de Minería, Centro de
Exploración Mendoza, Unpublished report pp 1-35.
Gómez A, Rubinstein N (2010) Geology of San Pedro Mining
District, San Rafael Massif, Argentina. Bollettino di Geofisica
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Kay SM, Mpodozis C, Ramos V, Munizaga F (1991) Magma
source variations for mid-late Tertiary magmatics rocks
associated with a shallowing subduction zone and a thickening
crust in the central Andes (28º to 33ºS). In: Harmon R, Rapela
CW (eds) Andean Magmatism and its Tectonic Setting. Geol
Soc Am Spec Paper 265:113-137
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evolving Andean lithosphere: Mid-Late Tertiary magmatism in
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Chilean flat-slab. J S Am Earth Sci 15:39-57
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Mendoza. 1ras Jornadas sobre Geología de Precordillera, San
Juan 1:325-330
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versus small porphyry copper deposits of Cenozoic age in
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magmatism. Miner Deposita 36:794-798
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subducting oceanic crust. Earth Planet Sci Lett 121:227-244
Petford N, Atherton M (1996) Na-rich partial melts from newly
underplated basaltic crust: The Cordillera Blanca Batholith,
Peru. J Petrol 37:1491-1521
Ramos V, Kay SM (1991) Triassic rifting and associated basalts in
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B (2003) Adakite-like signature of Late Miocene intrusions at
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3 Conclusion
The magmatics rocks genetically linked to San Pedro
(Lower Permian) and Oro del Sur (Miocene) ore deposits
show geochemical characteristics (particularly high Sr,
low Y and Yb, high Sr/Y and La/Yb ratios) of adakitelike rocks. The adakitic signature in the Permian and
Miocene magmatism is linked to the crustal thickening
produced by the shallowing of the subducting plate.
Different authors (Petford and Atherton 1996; Kay
and Mpodozis 2002) suggested that partial melting of
thickened crust equilibrated with a garnet-amphibole
residual mineralogy may result in adakite-type melts.
Melts entering the thickening crust from the
asthenospheric wedge become increasingly hydrous as
fluids are concentrated in the cooling mantle leading to
amphibole crystallization. As the thickening progresses
the breakdown of amphibole into a garnet-bearing
residual mineral assemblage can release a significant
amount of fluid that promotes mineralization processes.
This mechanism is considered of significant importance
in the genesis of the porphyry deposits from the Andes
(Kay and Mpodozis 2001).
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Origin of massive anhydrite bodies in the Morococha
district, central Peru: insights from stable (O, S) and
radiogenic (Sr, Nd) isotope geochemistry
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Abstract: The origin of massive anhydrite bodies hosted
by thick Triassic-Jurassic carbonate sediments and
spatially associated with Miocene barren and mineralized
intrusions in the Morococha district of central Peru was
studied using oxygen, sulfur, strontium and neodymium
isotope geochemistry. In contrast with previous
hypothesis, the results suggest that the anhydrite bodies
were not formed by magmatic-hydrothermal fluids but
they rather derive from Triassic-Jurassic evaporites that
87
86
interacted with paleo-groundwaters with high Sr/ Sr
143
144
and low
Nd/ Nd ratios, that had leached basement
rocks. The fluid migration, mainly along discrete aquifers,
was activated by thermal anomalies triggered by the
Miocene magmatism at Morococha.

central part of the district and from one banded
polymetallic anhydrite-rhodochrosite-sphalerite-galena
vein. We focus on the possible genetic importance of
Late-Miocene magmas as a fluid source and/or as an
engine for activation of paleo-groundwater circulation.

2 Geological setting
At Morococha, Permo-Triassic volcaniclastic rocks of
andesitic to dacitic composition (Mitu Group) crop out in
the core of a broad anticline dominating the eastern part
of the district. Overlying the Mitu Group is the TriassicJurassic Pucará Group, consisting of thick carbonate
sediments interlayered with chert and volcaniclastic and
volcanic rocks (Petersen 1965). Cretaceous carbonate
sedimentary formations crop out to the northeast and
southwest of the anticline. Tertiary volcanic rocks cover
the southwestern part of the district. All these formations
are intruded by several porphyry stocks of dioritic to
granodioritic and quartz-monzonitic composition in the
Mid-Miocene (~14 Ma) and later in the Late-Miocene
(9-7 Ma). Ore-forming processes at Morococha are
related to the Late-Miocene magmatic activity.
In the central part of the district the “anhydrite
complex” is made up of layers of anhydrite, limestone
and its alteration products, and shale (Haapala 1953).
The vertical dimension of the complex may reach 150 m,
with the thickness of individual anhydrite layers ranging
from 5 to 25 m (Haapala 1953). The anhydrite layers are
fine- to coarse-grained, often fairly pure. Sulfide
inclusions (mostly pyrite) are rare. Close to the contact
with the limestone phlogopite and diopside inclusions
were observed.
In addition to the concordant layers, anhydrite was
commonly observed in veins in association with quartz pyrite ± chalcopyrite, crossing strongly silicified and
altered limestone. Vein thickness may vary between 0.5
and 5 cm. Occasionally, 1 m-thick banded anhydriterhodochrosite ± sphalerite, chalcopyrite and galena
polymetallic veins, hosted by a mineralized porphyritic
intrusion were sampled in the central part of the district.
Polymetallic veins post-date porphyry-style alteration
and mineralization.

Keywords. anhydrite, isotope geochemistry, Morococha,
Peru

1 Introduction
The Morococha district in central Peru hosts a variety of
Cu-(Mo)-Ag-Pb-Zn
hydrothermal
ore
deposits,
associated with multiple Late-Miocene magmatichydrothermal systems. Porphyry, skarn, and mesoepithermal polymetallic mineralization was formed by
fluids with dominantly magmatic signatures (Catchpole
et al. 2011); meteoric water input is assumed for the latestage low-temperature mineralization.
In Morococha, Upper Triassic – Lower Jurassic
limestones of the Pucará Group host concordant
voluminous lens-like bodies of anhydrite and gypsum,
often spatially associated with the intrusions. The bodies
are either entirely sandwiched in the limestone
formation, or are formed along the angular unconformity
between the Pucará group and the underlying PermoTriassic Mitu volcanic rocks. Two theories of their
origin were proposed in the past – sedimentary (Haapala
1953) and hydrothermal replacement of limestones
(Nagel 1957). Early estimations of Nagel (1957) suggest
that some 100 Mt of calcium sulfate, as both anhydrite
and gypsum, are present in Morococha. Clarifying the
origin of these large sulfate bodies is of importance for
the general understanding of fluid-rock interactions in
porphyry-centered systems hosted by thick sedimentary
carbonate sequences and the ore-forming processes in
Morococha in particular.
We report the results of S, O, Sr and Nd isotope
analyses of anhydrites from one horizontal and two
vertical profiles along massive anhydrite bodies in the

3 Stable (O, S) isotopes
The oxygen and sulfur isotopic composition of anhydrite
was analyzed on 12 samples. In few of them the sulfur
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example of magmatic origin or equilibrated with
magmatic rocks.

isotopic composition of co-existing fine-grained
disseminated pyrite was analyzed as well. Results are
reported on Figure 1. Anhydrite and pyrite do not
covary, but rather the best-fit pyrite line has a slight
positive slope. This can be interpreted as either due to
predominance of the reduced sulfur species in the fluid
(bulk fluid signature of 0.8‰; note the calculated
slightly negative abundance of sulfate in Figure 1), or as
due to different S-sources for anhydrite and pyrite. The
δ34S values of anhydrites are between 13.8 and 15.8‰
(VCDT). Associated pyrite has δ34S values ranging from
1.5 to 1.6‰.

Figure 2. Sulfur and oxygen isotopic compositions of
anhydrite from one horizontal and two vertical profiles across
massive anhydrite bodies from the central part of the
Morococha district and one sample from a banded anhydriterhodochrosite-sphalerite-galena vein. Gray area represents
sulfur and oxygen isotopic composition of Jurassic seawater
sulfate (from Claypool et al., 1980).

4 Radiogenic (Sr, Nd) isotopes

Figure 1. δ34S versus Δ34 S diagram for anhydrite-pyrite pairs
from massive anhydrite bodies.

The Sr isotope data are presented in Figure 3, where
Morococha anhydrites and Late-Miocene porphyritic
intrusions are compared with basement, magmatic and
sedimentary rocks from the area. Miocene porphyries
yield 87Sr/86Sr ratios of 0.7056-0.7059, while massive
anhydrite has much more radiogenic signatures ranging
from 0.7081 to 0.7091. The anhydrite from the
polymetallic vein has the most radiogenic composition
of 0.7116. 87Sr/86Sr ratios of anhydrites are more
radiogenic than those of the host Pucará carbonates and
Triassic-Jurassic marine sulfates.

Most of the analyzed anhydrite samples yield sulfur
isotopic composition identical with Triassic-Jurassic
marine sulfate evaporites, while the oxygen isotopic
signatures indicate slightly lower to much lower δ18O
values (Fig. 2). The δ18O values of anhydrite range from
8.3 to 13.2‰ (VSMOW), with one exception – a sample
dominated by gypsum, in which the molecular water
shifted the oxygen isotopic composition to -2.3‰. Such
oxygen isotopic signatures require that anhydrite
interacted with a fluid with lower δ18O values, for

Figure 3. Strontium isotope data for anhydrite from massive bodies (circles) and polymetallic veins (star) compared to host rock
data - white diamonds (Late-Miocene porphyries - this study) and light-gray diamonds (published data on magmatic, sedimentary
and basement rocks - Moritz et al. 1996; Beuchat 2003 and references therein).
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The Nd isotope data for anhydrites (0.5122-0.5125)
also differ significantly from those of Miocene magmas
and in combination with Sr isotope data (Fig. 4) suggest
important fluid circulation in the basement.
Alternatively, the emplacement of porphyritic intrusions
in the Miocene could play an important role for the
activation of paleo-ground waters from aquifers fully
equilibrated with basement rocks, as those at the contacts
Mitu-Excelsior and Pucará-Mitu.
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5 Conclusions
The “anhydrite complex” at Morococha results from the
interaction of marine Triassic-Jurassic evaporites with
paleo-groundwaters that driven by the Miocene
magmatism migrated along aquifers and leached
basement rocks. Anhydrite sulfur isotopic composition
coincides with that of Jurassic marine sulfates, while
oxygen isotopes require participation of magmatic fluids
or fluids that have equilibrated with magmatic rocks.
Both, the Sr and Nd isotope data suggest important
basement component in the fluids that interacted with the
anhydrite bodies, thus implying participation of
formation waters into the magmatic-hydrothermal
system in Morococha.
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Variation of exhumation ages along the Middle EoceneEarly Oligocene porphyry copper belt in N Chile and S
Peru: implications for exploration
Marcelo García
Advanced Mining Technology Center, Universidad de Chile. Av. Tupper 2007, Santiago, Chile
Victor Maksaev
Departamento de Geología, Universidad de Chile, Casilla 13518, Correo 21, Santiago, Chile
Brian Townley
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Abstract. Based on a comprehensive review of the
available data, we examine the mechanisms and timing
of the exhumation of the Eocene-Oligocene porphyry
copper deposits of southernmost Peru and northern
Chile, and consider their implications for mineral
exploration. Data are not sufficient to establish a wellfounded exhumation model of the porphyry belt.

An extensive volcanic cover partially conceals the
Eocene-Oligocene porphyry belt in southernmost Peru
and northernmost Chile (from 15° to 20°S), making
difficult, but challenging the exploration. The
mineralization-related intrusions coincide in time and
followed tectonic uplift, caused by the Incaic
compressive phase, which involved significant marginperpendicular crustal thickening, shortening and
transpression (Noble et al. 1979; Mégard 1984;
Maksaev 1990; Reutter et al. 1996). The Incaic
contractional structures (high-angle reverse faults and
folds with opposite vergency, and strike-slip faults)
have been dated between 44 and 37 Ma according to
cross-cutting relationships in the region from Quebrada
Blanca to Chuquicamata, (Tomlinson et al. 2001).
The exhumation history of the Eocene- Oligocene
porphyry copper belt has been partially constrained by
low-temperature
thermochronology.
In
the
Precordillera of N Chile, between Quebrada Blanca
and El Salvador (20.5 to 27°S), a number of apatite
fission-track age determinations have been performed,
indicating cooling through the partial annealing zone
(~120-60°C). Samples from intrusive rocks, yielded
ages between 30 and 55 Ma; ages of basement
granitoids range from 33 to 45 Ma (Maksaev and
Zentilli 1999; Fig. 1). In the Chuquicamata intrusive
complex, four apatite fission track determinations have
yielded ages between 28 and 33 Ma (McInnes et al.
1999). In the segment 23-24°S, Andriessen and Reutter
(1994), for three samples from plutonic rocks, obtained
zircon fission track ages from 57 to 213 Ma, whereas
apatite FT ages, from 50 to 64 Ma. Damm et al. (1994)
obtained four zircon fission-track ages from 63 to 191
and two apatite ages of 25 and 40 Ma for metamorphic
rocks of the Precordillera (18-23°S). Apatite U-Th/He
ages, indicating cooling through the partial annealing
zone (~85-40°C), have been performed at the
Chuquicamata deposit, ranging from 17 to 36 Ma (Mc
Innes et al. 1999). Therefore, the apatite fission-track
determinations broadly indicate that main cooling
related to exhumation, took place between 30 and 50

Keywords. porphyry copper, exhumation age, Chile,
Peru

1 Introduction
Rock exhumation and crustal thickening are
fundamental processes in the formation and
preservation of porphyry Cu-(Mo-Au) deposits, and the
generation of rich chalcocite-enriched blankets or
exotic copper mineralization .Porphyry systems form
in a restricted upper crustal interval from ~1 to 8 km
paleodepth (Seedorff et al. 2005). Thus the spatial and
temporal identification of these processes is crucial for
guiding programs of mineral exploration.
The Middle Eocene-Early Oligocene (44-31 Ma)
porphyry copper belt extends by 2.500 km along the
Central Andes, in the Western Cordillera of southern
Peru and Precordillera of northern Chile (Fig. 1). The
deposits are related to calc-alkaline intrusive
complexes and together constitute the largest Cu
concentration in the world, so also defining a highlyprospective region (e.g., Sillitoe and Perelló 2005). The
Eo-Oligocene Peruvian porphyry deposits are smaller
than the Chilean deposits; they lack of significant
supergene chalcocite-enriched blankets, and would
have been originated during a period of flat-slab
subduction (Perelló et al. 2003). The same authors
suggested that similar conditions of flat-slab
subduction would have existed in the Chilean part of
this porphyry belt. Similarly, subduction flattening
would have taken place during the formation of the
Mio-Pliocene giant porphyry copper deposits of central
Chile (Maksaev et al. 2009).
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Ma in the Chilean Precordillera. It was a relatively
rapid event, immediately following the emplacement of
porphyry copper deposits; the post-30 Ma exhumation
would have been negligible (Maksaev and Zentilli
1999).
Further north, in the S Peru Western Cordillera (1315°S), the Tertiary intrusive rocks have zircon fissiontrack ages ranging from 38 to 30 Ma and apatite
fission-track ages ranging from 23 to 14 Ma, which
indicate that exhumation was slow and consisted of the
steady-state process (Ruiz et al. 2009) (Fig. 1). Thus,
according to the apatite fission-track ages, the
exhumation in S Peru is considerably younger than in
N Chile.
In the rest of the Central Andes, the coolingexhumation ages are very variable. In the Coastal
Cordillera, between 16 and 22°S, apatite fission-track
data (145-118 Ma) and, moreover, apatite U-Th/He
data (40 to 80 Ma) (Schlunegger et al. 2006; Schildgen
et al. 2007; Juez-Larré et al. 2010) indicate that
exhumation is considerably older than in the
Precordillera and Western Cordillera. In the Eastern
Cordillera, in Bolivia, Peru and Argentine, abundant
zircon and apatite thermochronological data indicate a
complex exhumation history, from the Ordovician to
the Neogene times (e.g., Barnes et al. 2008 and
references therein). This thus implies that abrupt
differences in exhumation ages exist in relatively short
distances.
Our examination shows that the available lowtemperature thermochronological data, in N Chile
Precordillera and S Peru Western Cordillera are still
not sufficient to establish a well-founded exhumation
model of the Eocene-Oligocene porphyry belt. As a
preliminary hypothesis, these allow infer that
exhumation tends to be younger to the north from
Chile to Peru, but it is not possible to discriminate
whether this variation is gradual or is a sharp break.
Actually, domains with very-different exhumation ages
could be found, either younger than 14 Ma or older
than 45 Ma, suggesting thus the existence of major
tectonic breaks. Small and scattered “erosion
windows” in the mostly covered segment along the
Eocene-Oligocene porphyry copper belt, between 15°
and 20°S, show presence of basement outcrops
(including crystalline rocks) and mineralization-related
intrusive rocks. Regional geological mapping of these
basement blocks, structural analysis and lowtemperature thermochronology (especially apatite
fission-track), will allow to study the mechanism and
age variability of the Cenozoic exhumation, identifying
different exhumation domains and to infer the best
areas for mining exploration.
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Figure 1. Middle Eocene-Early Oligocene porphyry Cu(-Mo-Au) deposits in the Central Andes (after Sillitoe and Perelló 2005).
Available ranges of apatite fission-track ages (in red) and apatite U-Th/He ages (in blue) are shown (data from Maksaev and Zentilli
1999; McInnes et al. 1999; Schildgen et al. 2007; Ruiz et al. 2009; Juez-Larré et al. 2010). Note the differences in exhumation age
between relatively nearby areas.

410

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Bi-sulfides and sulfosalts in the San Francisco de los
Andes Bi-Cu-Au deposit, Cordillera Frontal, San Juan,
Argentina
Francisco J. Testa
INGEOSUR (CONICET), Universidad Nacional del Sur, San Juan 670, Bahía Blanca, Buenos Aires, Argentina.
David R. Cooke
CODES, University of Tasmania, Private Bag 126, Hobart, Tasmania, 7001, Australia.
Abstract. The San Francisco de los Andes brecciahosted Bi-Cu-Au deposit contains numerous Bi-Cu-AsPb-Ag-Au sulfides and sulfosalts. Some of the most
common minerals are bismuthinite, chalcopyrite, bornite,
arsenopyrite and pyrite. In the current study we have
identified an assemblage that consists of bismuthinite –
argentocuprocosalite. The bismuthinite is rich in silver
telluride inclusions whereas the argentocuprocosalite
contains none.

of bismuthinite-cemented breccia.
A Cameca SX100 electron microprobe was used for
EPMA analyses at an operating voltage of 20 kV and
beam current of 20 nA. The LA-ICP-MS analyses were
conducted using a New Wave 213-nm solid-state laser
microprobe coupled to an Agilent HP4500 Quadrupole
ICP-MS instrument. Analyses were undertaken at
CODES, University of Tasmania.
A series of X-Ray diffraction (XRD) analyses were
conducted in order to confirm whether the crystalline
structures matched the species previously identified by
analytical and petrographic means.

Keywords. bismuthinite, argentocuprocosalite, EPMA,
LA-ICP-MS, San Francisco de los Andes, Cordillera
Frontal, Argentina.

Table 1. Native elements, sulfides, and sulfosalts identified
from San Francisco de los Andes. First identified by: 1–
Llambías et al. (1969), 2 – Testa et al. (2010).

1 Introduction
San Francisco de Los Andes mine (30º 50´ 08´´S -69º
35´ 58´´W) is located on the eastern flank of the
Cordillera Frontal, San Juan province, Argentina. The
Cordillera Frontal is a geological province on the
eastern flank of the Cordillera de los Andes that extends
from northern San Juan to southern Mendoza. The
orebody is hosted by a tourmaline-cemented breccia
pipe that has cut Carboniferous sedimentary rocks
(Llambías and Malvicini 1969). The sedimentary rocks
have been intruded by the Tocota Pluton, a Permian
intrusive complex that ranges from tonalite to granite in
composition. We have initiated geochronological studies
in order to determine whether the breccia pipe is related
to Permian or younger magmatism.
San Francisco de los Andes is characterized by
complex Bi-Cu-Au-As-Fe-Zn-Pb-Ag mineralization,
including native elements, sulfides, and sulfosalts (Table
1). This article reports the occurrence of different Bi
minerals along an apparently homogeneous crystal. We
have used electron microprobe analyses (EMPA) to
determine the major chemical compositions of each
phase, and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) to characterize their
trace element geochemistry and mineral inclusion
compositions.

Mineral
Gold

1
1

Bismuth
Bismuthi nite
Chalcopyri te
Bornit e

1

Covelli te

1

1

Ars enopyrite

Pyrit e

Bi
Bi S

Sp haleri te
Gal ena 2

CuFeS

2

1

Chalcoci te

Mineral

Au

2 3

1

1

Digenite

Formula

1

Formula

1

FeS2
1

Zn S
PbS

St ibnit e 2

Sb S

2 3

Cu5FeS 4

Molybdenite

Cu1.8 S

Emplectite

2

1

CuBi S2

1

Cu2S

Cos ali te

CuS

Tet rahedrit e

FeAsS

Luzoni te

MoS2
Pb2 Bi2 S5

1

1

(Cu,Fe)12Sb4S 13
Cu3 AsS 4

3 EPMA and LA-ICP-MS analysis
Two distinct mineral species were identified from the 26
spots analyzed. Only two analyses out of the total
revealed an additional two unclassified mineral species.
3.1 Bismuthinite
Fifteen out of the twenty six analyses correspond to
bismuthinite. The empirical formula estimated from
microprobe data is (Bi1.981 Sb0.039 Pb0.025 Cu0.028) S3. The
mean chemical composition is listed in Table 2 and is
shown on a (Cu+Ag)-(Bi+Sb)-Pb ternary diagram (Fig.
1). No apparent chemical variations within the
bismuthinite-aikinite solid solution series were detected.
A bismuthinite LA-ICP-MS profile is shown in
Figure 2. Bi signal is two orders of magnitude higher
than Pb and Sb, three times higher than Cu and four
orders of magnitude higher than Te and Se. Silver
telluride inclusions are regularly spread within

2 Materials and methods
We have analysed an apparently homogeneous threecentimetre diameter crystal of bismuthinite using EPMA
and LA-ICP-MS. A spot profile was drawn perpendicular
to the main cleavage direction (010). Consecutive
analyses were performed at 500 μm intervals along the
profile. The polished block was prepared from a sample
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bismuthinite crystal. They were detected by means of
Backscattered electron images (BSEI) and their chemical
composition was determined by LA-ICP-MS profiling.
The silver telluride inclusions show an excellent
correlation between the signals of their constituent
elements (Fig 2).

Counts per
second

10 8

Ag-Cu
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Unknown
n=01
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0.182

0.212

∑

100.155
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100.456
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Table 2. Average EPMA analyses of bismuthinite, Ag-Cu
cosalite and two unknown minerals. N = number of analyses.
Bismuthinite
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Figure 2. Bismuthinite laser ablation profile. Note that Te
signal is strongly parallel to Ag.
Counts per
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Figure 3. Argentocuprocosalite laser ablation profile. Bi and
Pb signals are flat and parallel to Ag, Sb and Cu, and also to
Te, Cd, Se, Mn, Tl and In. Note that the Sn signal is
irregular and spiky due to rutile-like mineral inclusions.

Figure 1. Chemical composition of bismuthinite, Ag-Cu
cosalite and two unknown species plotted in terms of (Cu+Ag)(Bi+Sb)-Pb (ternary diagram modified after Cook and Ciobanu
2004).

4 Discussion

3.2 Argentocuprocosalite

San Francisco de los Andes is the largest Bi deposit in
Argentina. Magmatic-hydrothermal Bi deposits are
poorly documented compared to classic Cu-Au and CuMo systems. Our initial findings have revealed very
complex Bi-mineralogical assemblages and we believe
that continued research will provide useful comparisons
to well-documented tourmaline-breccia hosted Cu-Mo
deposits (e.g., Rio Blanco-Los Bronces, Chile) and Sn
deposits (e.g., Ardlethan, NSW, Australia). Our on-going
geochronological study will help to determine whether
San Francisco de los Andes defines a southern extension
of the Miocene Bolivian Sn-Ag-Bi belt, or whether it is
part of a previously unrecognised suite of Paleozoic
magmatic-hydrothermal ore deposits.

Argentocuprocosalite was detected from nine EPMA
analyses along the twenty-six-spot profile. The empirical
formula is (Pb1.66 Cu0.33 Ag0.24) (Bi2.05 Sb0.09) S5 and the
average composition is summarized in Table 2. The term
argentocuprocosalite is applied here to Ag- + Cu-bearing
cosalite in order to explain the shift away from pure endmember cosalite as plotted on Figure 1.
The Bi and Pb signals from a LA-ICPMS analysis of
argentocuprocosalite are two orders of magnitude higher
than Ag, Sb and Cu and four to five times higher than Te,
Cd, Se, Mn, Tl and In (Fig. 3). No silver telluride
inclusion was detected in this mineral.
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Source and composition of porphyry Cu (Mo-Au) ore
fluids
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after varying amounts of cooling, water-rock reaction,
mineral precipitation, and fluid unmixing, each of which
have significant effects on the bulk composition of the
“primary” magma-derived hydrothermal fluid. These
effects obscure the original fluid composition and make
it difficult to infer the origin of the critical ingredients
and the composition of the fluid that transported these
ingredients. It is likely that given the complex
geochemistry and magmatic-hydrothermal processes
involved in generating fluid-saturated magmas that form
porphyry deposits in the upper crust, that different
ingredients have different sources.
We analysed fluid inclusions trapped in deep veins
from several world-class porphyry-type ore deposits by a
number of techniques in order to constrain the key
constituents of the ore-bearing fluids and the origin of
these ingredients that are required to form a porphyrytype deposit. Fluid inclusions were analysed by various
techniques to quantify their 1) salinity; 2) density; 3)
bulk composition; 4) pressure and temperature of
trapping; 5) halogen compositions (I/Br/Cl); 6) trace
elements composition; and their 7) He, Ne, Ar, Kr, and
Xe isotope composition. This multi-faceted approach
suggests that the critical ingredients in the formation of
porphyry-type deposits have multiple sources, including
the crust, the mantle, and the subducting slab.

Abstract. Evolutionary models of the hydrothermal
systems that form porphyry Cu (Mo-Au) deposits are
compromised because the aqueous fluids trapped in fluid
inclusions within the ore zones of most deposits have
changed from their original magmatic exsolution
compositions during cooling, decompression, mineral
precipitation, brine-vapor unmixing, and fluid-rock
reactions. However, in quartz-rich, sulfide-poor veins,
below numerous porphyry deposits, we have identified
parental fluids trapped in fluid inclusions at near
magmatic temperatures and pressures prior to unmixing
and with minimal influence from the aforementioned
processes. These inclusions were characterized using a
variety of bulk and single inclusion analytical techniques.
They contain 35-70 volume % bubble, 2-10 wt % NaCl,
up to ~12 mol% CO2, and 100-10,000 ppm Cu. They
have molar Na/Cl ratios greater than 1, which suggests
that, in addition to chlorine, sulfur and/or carbonate must
play a key role in Cu transport. Helium isotope ratios
indicate that between ~15 and 100% of the helium in
these fluids is mantle-derived. In contrast, the Ar isotopes
have a dominantly atmospheric origin and fractionated
Br/I/Cl signature that is similar to that observed in
subducting oceanic lithosphere. The combined data are
suggestive of mixing volatiles from the mantle wedge and
recycled volatiles derived by slab dehydration.
Keywords. fluid inclusion, B50, LAICPMS, halogens,
origins, porphyry Cu (Mo-Au) deposit

2 Fluid inclusion petrography
1 Introduction

Fluid inclusions in most ore-bearing samples from
porphyry Cu (Mo-Au) deposits are dominated by vapors
and brines produced by fluid immiscibility. In contrast,
deep quartz-dominated veins from many deposits contain
abundant ‘parental’ fluid inclusions that have moderate
salinity and vapour bubbles between 35 and 70 vol.% at
room temperature. The mean size of the vapour bubbles
is ~50 vol.% and we refer to these inclusions as B50’s
(terminology of Rusk et al. (2008)). B50 inclusions have
been documented in quartz-dominated veins, most with
potassic alteration, from ten porphyry-type deposits
including Climax (Colorado), Butte (Montana),
Henderson (Colorado), Mineral Park (Arizona),
Bingham Canyon (Utah), El Salvador (Chile), El
Teniente (Chile), Los Pelambres (Chile), Chiquicamata
(Chile), and Grasberg (Indonesia) (Fig. 1).

Abundant geologic, isotopic, and geochemical evidence
shows that fluids and metals that contribute to the
formation of porphyry-Cu (Mo-Au) deposits are derived
from “magmas” (Burnham 1997). But the ultimate
magmatic source of the essential ingredients including
metals, fluids, ligands, and sulfur remain largely
unknown as do the processes that lead to the
concentration of these elements in hydrothermal fluids.
Magmatic ingredients needed to form porphyry
copper deposits are derived from crystallizing felsic
and/or mafic magmas in the crust. However, the ultimate
source of the magmatic and volatile phases in these
magmas could be either ‘crustal’ or deeper from within
the mantle wedge, or even the underlying subducting
slab. Fluid inclusions trapped in the ore zones of most
porphyry type deposits do not represent the original
magmatic hydrothermal fluid, but some evolved fluid,
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(see Rosso and Bodnar 1995). Nearly all B50s from all
samples homogenize between 300° and 400° with a
strong average of ~350° (Fig 2). In general inclusions
with larger bubbles homogenize at higher temperatures
consistent with lower densities and thus lower pressures
of trapping.
Bulk analyses of samples containing only B50
inclusions show that these inclusions contain molar
Na/Cl ratios between ~1.0 and ~1.5. These ratios require
anions besides Cl to be present in order to maintain
charge balance. On the other hand, samples containing
significant B15H inclusions have molar Na/Cl ratios
between ~0. 6 and ~0.8. Such ratios are consistent with
charge balance dominated by Cl as LAICPMS analyses
of individual fluid inclusions from porphyry deposits
that show that in addition to Na, many inclusions contain
several weight percent of each of K, Fe, Ca, Mn, and Zn
(Rusk et al. 2004, Klemm et al. 2007, Ulrich and
Heinrich 2001). Molar Br/Cl ratios are fairly consistent
among all samples and are between 0.6 x 10-3 and 1.6 x
10-3. Molar I/Cl ratios vary more widely among samples,
and range between 1 x 10-6 and 140 x 10-6 (Fig. 3)

Figure 1. B50 inclusions from Climax porphyry molybdenum
deposit, CO (left) and Mineral Park, AZ (right). Notice the
chalcopyrite daughter crystal in the upper right large fluid
inclusion from Climax.

B50 inclusions are most common in quartz-rich,
sulfide-poor veins dominated by fine-grained mosaic
quartz with minor pink anhydrite, abundant inclusions of
rutile hairs, and common molybdenite. Alteration
envelopes are typically absent or narrow and dominated
by K-feldspar. Such veins are common below the level
of abundant copper mineralizaton, in the “barren core”
of many deposits. They are uncommon in chalcopyritebearing veins, but do exist in later pyrite-quartz veins
with sericitic alteration in some of these deposits.
In many of the veins B50s are the most abundant
inclusion type; however, B15H (halite-saturated fluid
inclusions with ~15 vol.% bubble) inclusions are also
present in most samples. Deep samples from Butte,
Bingham, Chuquicamata, and Mineral Park are
dominated by B50 inclusions only, whereas samples
from all other deposits contain mixed fluid inclusion
populations, dominated by B50s, but also containing
B15Hs and B85s (vapor-rich) inclusions.

3 Fluid compositions
Figure 3. Molar Br/Cl (x10-3) versus I/Cl (x10-6) for several
porphyry copper deposits.

B50 inclusions from all deposits have similar bulk
compositions with most containing between 2 and 10
wt.% NaCl with an average of ~4 wt.% NaCl equiv. and
between 2 and 12 mol% CO2, with an average of ~6
mol% CO2 (Fig. 2). Liquid CO2 was only present at
room temperature in a few inclusions from Climax and
Bingham. In most inclusions CO2 was identified by the
formation of clathrates upon cooling. Solid CO2 did not
form upon freezing of these inclusions to <-100 for
several minutes.

He isotope ratios in eight sulfide samples from these
deposits range between 1.3 and 8.0 R/Ra, which
indicates a strong contribution of mantle He in the
mineralising fluids. He isotopes reflect various degrees
of mixing between crustal and mantle He. If we assume
a simple system with two end-members of crustal helium
at 0.02 R/Ra and mantle helium at 8 R/Ra, then the
results indicate a minimum of 15% mantle helium in the
Bingham ore fluids up to 100% mantle He in Bata Hijau
ore fluids. The average contribution of mantle He from
all deposits is ~40%. In contrast, 40Ar/36Ar isotope ratios
in quartz-hosted fluid inclusions range from the
atmospheric value of 296 up to a maximum of ~1500,
demonstrating a predominance of atmospheric Ar with
some magmatic fluid input.
LAICPMS analyses of individual B50s show that
many of these inclusions are highly enriched in Cu. Cu
values range up to 1 wt.%, which is approximately
equivalent to the Na concentrations in these inclusions.
Most B50s are dominated by Na, K, and Cu, with
subordinate Fe. Na/K ratios range between 1 and 4, with
the majority between 1.5 and 2.5. Most Na/Cu ratios
range between 1 and 200. These inclusions contain
varying amounts of Mn and Zn, usually in the range of a
few tens to a few hundreds of ppm. Molybdenum
concentrations were surprisingly low (mostly <10 ppm)

Figure 2. Microthermometric data of B50 inclusions from
several porphyry-type ore deposits. CO2 was detected in all
inclusion types with the exception of Chuquicamata.

Phase relations in the CO2-H2O-NaCl system indicate
that in the absence of CO 2-liquid at room temperature,
these inclusions contain between ~3 and ~10 mol% CO2
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Furthermore, Cl is subducted to greater depths than Br or
I, with the final fluids produced by serpentine
breakdown having very similar Br/Cl, I/Cl and 40Ar/36Ar
ratios as determined for the parental magmatic fluids in
these porphyry copper arc magmas.
He isotopes ranging from 1.3 to 8, on the other hand,
provide definitive evidence for a mantle component in
these systems. This is consistent with fluid inclusion Pb
isotopes from Bingham Canyon, Utah that indicate
metasomatized mantle is a critical ingredient to forming
large porphyry-type deposits (Pettke et al. 2010). In
addition to He, mantle-derived Cu and S may be critical
in the genesis of porphyry-type deposits
As He has a negligible concentration in seawater, and
therefore in subducting lithosphere, the full range of
noble gas and halogen compositions reported here can be
explained by mixing recycled atmospheric volatiles
derived from a dehydrating slab with volatiles in the
overlying mantle wedge.

considering that many of these samples are molybdenitebearing veins or are derived from porphyry molybdenum
deposits.

Figure 4. Trace elements in B50 fluid inclusions as
determined by LAICPMS. Concentrations are in ppm. Average
of all analyses is shown by blue ellipse.

4 Discussion and conclusions
A number of lines of evidence suggest that the B50
inclusions analysed in this study were trapped at nearmagmatic pressures and temperatures. Their uniform
microthermometric properties, their increase in
abundance with increased depth, the presence of these
inclusions in USTs (brain rock) from several deposits,
and Ti concentrations in the host quartz all suggest
trapping of these inclusions at temperatures near 600°C
and pressures between 1.5 and 2.5 kilobars, above the
solvus for fluid unmixing.
The high concentration of Cu in the B50 inclusions
indicates that the “parental” magmatic fluids transported
Cu and other ore forming components from the
magmatic system into the overlying hydrothermal
system. Eventual cooling and unmixing of these fluids
leads to accumulation of ore minerals at shallower
depths where unmixed fluid inclusion populations
dominate and wall rock alteration is more intense.
While it is clear from geologic relationships, wall
rock alteration, and oxygen, hydrogen, and sulfur
isotopes that porphyry copper ore fluids are derived from
“magmatic” sources, it is not well understood where,
within an arc magmatic system the various ingredients
are ultimately derived.
The Br/Cl, I/Cl, and 40Ar/36Ar parental magmatic
fluids documented in this study are similar to the range
of compositions previously reported for ore fluids in
higher parts of several porphyry copper ore systems
(Kendrick et al. 2001). In the previous study, the
variation in 40Ar/36Ar was ascribed to mixing magmatic
and meteoric waters. However, our data show the low
40
Ar/36Ar ratios are a feature of the parental fluids and do
not result from mixing with meteoric water.
The Br/Cl values are similar to volcanic fumaroles in
magmatic arcs (Böhlke and Irwin 1992) and show a very
limited range (Fig 3). Taken together with I/Cl, the
halogen data suggest characteristic signatures maybe
generated by a common process in the arc; however,
there is some variation, especially in I/Cl, between the
deposits studied, indicating halogens have not been
derived from an absolutely uniform reservoir (Fig 3).
Recent work has demonstrated subducting oceanic
lithosphere is characterised by atmospheric noble gases
and a limited range of Br/Cl and I/Cl values in altered
lithospheric mantle (serpentinites; Kendrick et al. 2010).
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Au mineralisation at Biely Vrch deposit (W Carpathians,
Slovakia): example of a very shallow porphyry system
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Abstract. Biely Vrch is a new economic Au-porphyry
deposit in the Western Carpathians. The deposit is
located in the central zone of the Neogene Javorie
stratovolcano associated with diorite to andesite
porphyry. Alteration is dominated by intermediate argillic
(IA) that variably overprints earlier K-silicate at shallow
and Ca-Na silicate alteration at deeper levels.
Propylitisation forms an outer alteration zone. Ledges of
advanced argillic (AA) alteration are the youngest
alteration type. Several generations of veinlets are
dominated by quartz often with banded texture. Gold
grains are of high fineness and occur in altered rock next
to the quartz veinlets. Vapour-rich fluid inclusions are
dominant in vein quartz, locally accompanied by Fe-rich
hydrous salt melts, both without visible liquid phase at
room temperature.. They probably result from extreme
fluid immiscibility of magmatic fluids at low pressure,
associated with the shallow emplacement of dioritic
magma. Both vapour and salt melt bearing inclusions
have similar Cu/Au ratios and correspond with the
average ratio of the ore at the deposit (~0.02 %Cu/ppm
Au). Stable isotope data from vein quartz are consistent
with a magmatic source fluid, also confirmed for fluids
associated with AA alteration. The IA alteration fluids
contained significant meteoric component.

accumulation of gold ore with a resource estimate of
140.2 Mt at 0.57 g/t Au using 0.3 g/t cut-off (Hanes et al.
2010). This study presents preliminary data on fluid
evolution at the Au-porphyry deposit, confirming an
exceptionally shallow intrusive setting compared to more
Cu-rich porphyry deposits (Muntean and Einaudi 2000).

Keywords. Au-porphyry, fluid inclusions, salt melt
inclusions, stable isotopes, Javorie stratovolcano

Figure 1. Location of the Biely Vrch deposit hosted by
Neogene to Quaternary volcanic rocks of the Carpathian arc
and Pannonian basin (after Lexa et al. 1999).

1 Introduction

2 Geological setting

Au porphyries are a relatively new type of porphyry
deposit of increasing importance. The most important
deposit belts include Maricunga (Chile) and Middle
Cauca (Columbia). Common properties of these systems
are significantly lower Cu content (<0.25%) than Cu-Au
porphyries, low amounts of sulphides, enrichment in
magnetite and association exclusively with highly
oxidised I-type (magnetite series) intrusives (diorite,
quartz-diorite to granodiorite). Au porphyries are
thought to originate at shallow depths (<1 km) from
magmatic fluids affected by decompression (Muntean
and Einaudi 2000, 2001).
EMED Mining, Ltd. recently discovered Auporphyry mineralisation at six localities in the Neogene
Javorie stratovolcano, forming a new Au-porphyry
province. The Biely Vrch deposit reaches economic

The Biely Vrch deposit is located in the central zone of
the Javorie andesite stratovolcano, situated in the NE
part of the Central Slovakian Volcanic Field on the inner
side of the Carpathian arc (Fig. 1). During the Neogene,
the Carpathians represented an advancing continental
margin to an island arc, with volcanic and magmatic
activity associated with back-arc extension, involving
upwelling of the asthenosphere (Lexa et al. 1999). The
deposit is centred on a diorite to andesite porphyry stock
300x400 m in size, emplaced into andesitic volcanic
host rocks. They rest on Hercynian basement
(granodiorite, tonalite) found in blocks in some
exploration drill holes. Post-mineralization andesite
occurs S and E of the deposit. Mineralization extends
from surface to a depth of at least 450 m.
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3 Alteration patterns and mineralogy

entrapment modification due to ά- to β-quartz transition
upon cooling and reheating. Rarer, vapor-free, salt melt
inclusions with tiny opaque grains and trails or clusters
of opaque sulphides (sulphide melts in origin?) are also
sometimes associated with the vapour-rich inclusions.
Liquid-rich inclusions, typical for other porphyry
systems worldwide, are present only rarely and are
usually secondary in origin. Their fluid properties
(mostly 0-5 wt.% NaCl equiv., Th 230-260°C) suggest
trapping from late fluids.
Laser-ablation ICPMS microanalysis was used to
quantify the composition of major elements in the
inclusions. Most of the salt melt bearing inclusions
contain 41-59 wt.% FeCl2, 27-44 wt.% KCl and only 926 wt.% NaCl (assuming FeCl2+NaCl+KCl = 100%).
Charge balance between major cations and Cl varies
from 0.5 to 1.6 (median 1.1). The Au content ranges
from <0.1 up to 13 ppm (median 1 ppm) and the Cu
content <0.01 up to 1.3 wt.% (median 0.07 wt.%). Data
from vapour-rich inclusions showed very similar Fe-KNa ratios as those in salt melt bearing inclusions, but
their absolute quantification is not possible for lack of
information on their total salinity. In several
assemblages of vapour-rich inclusions, both Au and Cu
were detected, with a mean Cu/Au ratio of ~0.02
(%Cu/ppm Au). This overlaps with the average Cu/Au
ratio of the ore deposit (0.023; Hanes et al. 2010). In
detail, individual assemblages of vapour-rich inclusions
had variable concentrations of Au and Cu, often also
below detection limits, corresponding to multiple
generations of vapour-rich inclusions.

The parental porphyry stock and surrounding andesite
are affected by extensive alteration (Koděra et al. 2010).
Intermediate argillic alteration dominates, represented
mostly by illite-smectite, illite, chlorite and pyrite and
variably overprints earlier high-T K-silicate (K-feldspar,
biotite, magnetite/pyrrhotite) and Ca-Na silicate
(intermediate to basic plagioclase, actinolite) alteration
at deeper levels of the system. Propylitic alteration
(illite-smectite, chlorite-smectite, chlorite, pyrite) forms
an outer zone of the system. Ledges of advanced argillic
alteration (kaolinite, dickite, pyrophyllite, alunite, vuggy
quartz) are the youngest stage of alteration, probably
related to a later intrusion at depth.
Alteration is accompanied by several generations of
hydrothermal-explosive breccias and veinlets (Koděra et
al., 2010). These include earliest biotite-magnetite
veinlets (EB-type) associated with K-silicate alteration
and several generations of widespread quartz veinlets
including A-type (quartz ± biotite or chlorite) and later
banded quartz with banding resulting from the high
content of vapour-rich fluid inclusions and micrometersized magnetite grains. Botryoidal textures are
continuous
across
quartz
grains,
suggesting
recrystallization from silica gel. Rare sulphides veinlets
(pyrite, chalcopyrite ± magnetite, marcasite, galena,
sphalerite), accompanied mainly by chlorite and illitesmectite, are related to intermediate argillic alteration.
Advanced argillic veinlets (kaolinite, pyrophyllite, APS
minerals) accompany the ledges of advanced argillic
alteration. Late carbonate-zeolite veinlets are frequent,
except in areas affected by advanced argillic alteration.
The extent of Au mineralisation corresponds to the
extent of quartz stockwork. Gold grains are small (2-15,
max. 40 μm), of high fineness (875-994), and occur next
to quartz veinlets in altered rock with clays (illite, illitesmectite), chlorite and K-feldspar, sometimes attached
to sulphides or Fe-Ti oxides. Microprobe analyses
showed four groups of Au/Ag ratios, probably
representing different generations of gold. Highest Au
fineness is associated with gold in advanced argillic
alteration, probably as the result of remobilisation;
ledges of advanced argillic alteration are barren, except
for overprinting mineralised quartz veinlets.

4 Fluid inclusions and salt melt inclusions

Figure 2. Trail of secondary salt melt + vapour inclusions in
A-type quartz from the Biely Vrch deposit

Visible liquid absent vapour-rich fluid inclusions
dominate in all generations of vein quartz. They are
clearly of multiple generations and in most samples
account for >95% of all inclusions. Especially A-type
quartz veinlets also locally host inclusions containing a
green anisotropic solid phase coexisting with variable
proportions of vapour, but no visible aqueous liquid
(Fig. 2). Based on analytical data (see below), these
inclusions are interpreted to represent hydrous salt
melts, heterogeneously trapped with coexisting vapour.
Microthermometric measurements showed quick
melting of the solids in the range 320-380°C, but total
homogenisation (Th) was never reached prior to 900°C,
indicative of heterogeneous trapping and/or post-

5 Stable isotopes
Oxygen isotope data from vein quartz (δ18O 7.6 to
12.4‰) are consistent with high temperature magmatic
vapour as the source fluid (Fig. 3). Fluids assumed to be
in equilibrium with illilite-smectite from the
intermediate argillic alteration (δ18Ofluid -0.5 to -0.1‰,
δDfluid -76 to -87‰) appear to contain a meteoric
component. Fluids in equilibrium with kaolinite and
pyrophyllite from the advanced argillic alteration (δ
18
Ofluid 2.1 to 5.2‰, δDfluid -55 to -84‰) still imply a
significant magmatic component of these latest fluids
(Fig. 4). A temperature of crystallization of coarse-
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the simple NaCl-H2O system (e.g., Williams-Jones and
Heinrich 2005). In porphyry systems fluid
heterogenisation at low pressures results in formation of
saline brines (and vapour), precipitating daughter
minerals in fluid inclusions upon cooling. At Biely Vrch,
due to high Fe concentration and very low pressures, it
is suggested that fluid heterogenisation resulted in
formation of Fe-rich hydrous salt melts in addition to a
much bigger volume of vapour that incorporated all
available water. Shallow emplacement of the parental
intrusion is further suggested by rapid supersaturation of
SiO2 in fluids inferred from botryoidal textures in quartz
veinlets, likely resulting from fluid decompression in a
shallow environment. Furthermore, a high degree of
telescoping of later alteration, down to the level of the
Ca-Na silicate zone, is also consistent with the shallow
level of the magmatic-hydrothermal system. As
indicated by the LA-ICPMS data, most of Au was
probably precipitated as a result of the extreme phase
separation, together with feldspar and Fe-oxides but
without abundant sulphides, due to the effective
stripping of the stabilising hydration sphere of gold
complexes in a high-temperature but low-pressure
subvolcanic fumarole environment (Williams-Jones and
Heinrich 2005).Several generations of gold point to
partial remobilisation of gold in the system by later
aqueous fluids in the clay mineral stability field.

grained alunite 294°C was calculated based on isotope
fractionation between SO4 and OH groups in alunite.
Sulphur isotope data for alunite (δ34S 10.6 to 15.6‰) are
suggestive of a magmatic-hydrothermal origin.

Figure 3. Calculation of temperature limits for fluids in
equilibrium with vein quartz from the Biely Vrch deposit by
applying quartz-water fractionation factor of Matsuhisa et al.
(1979). Highlighted area represents calculated temperature
ranges for pure magmatic vapour (Giggenbach 1992) in
isotopic equilibrium with quartz.
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Figure 4. Isotopic composition of fluids in equilibrium with
alteration minerals from the Biely Vrch deposit, calculated at
estimated crystallization temperatures. O-shift indicates the
effect of δ18O reequilibration by wallrock interaction.

6 Conclusions
Biely Vrch deposit is a typical Au-porphyry system,
displaying all the major characteristics of this type of
porphyry deposit worldwide. Quartz veinlets mark the
area of economic Au mineralisation and are inferred to
be associated with input of magmatic fluids. The
dominant fluids in quartz veinlets were low density
vapours, accompanied by extreme “brines” approaching
some kind of hydrous Fe-rich salt melts. Such fluids are
likely to result from extreme fluid separation at very low
pressures which can be deduced from phase relations in
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Elemental mass balance and REE behavior in the
hydrothermal alteration associated with the Ticlio
porphyry stock, Morococha district, Peru
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Abstract: The Ticlio porphyry stock in the western part of
the Miocene Morococha district (Peru) shows alteration
and mineralization features typical for shallow porphyry
Cu-Au systems. This paper discusses the mineralogy,
whole-rock geochemistry and elemental mass balance of
the hydrothermal alteration zones (potassic, phyllic and
superimposed sericitic) related to the subeconomic
porphyry mineralization at Ticlio. Major elements (Ca, Na,
Mg, Fe) decrease as a consequence of breakdown of
hornblende, biotite, and feldspars with increasing
alteration intensity. In parallel, REE considered generally
as immobile during alteration processes, show high
mobility – as evidenced by REE depletion in the phyllic
alteration zone due to acid leaching of the potassically
altered precursor rock.

2 Geological setting
A large anticline dominates the eastern part of the
Morococha district. Permo (?) - Triassic volcaniclastic
rocks (Mitu Group) crop out in the core of the anticline.
Overlying the Mitu Group is the Triassic-Jurassic Pucará
Group, consisting of carbonate sediments interlayered
with chert and volcaniclastic and volcanic rocks. The
Cretaceous Goyllarisquizga and Chulec Formations crop
out to the northeast and southwest of the anticline.
Tertiary volcanic rocks cover the southwestern part of
the district. These formations are intruded by Miocene
porphyries of different compositions (Bendezú et al.
2008). Magmatic activity began in the Mid-Miocene
(~14 Ma) with the emplacement of a large dioritic
intrusion (Anticona) that covers most of the western part
of the district. In the Late-Miocene (9-7 Ma) a series of
dioritic to granodioritic porphyries was emplaced.
The Ticlio stock is a single granodioritic intrusion
emplaced during the Late-Miocene between the
Anticona diorite and Cretaceous dolomitic limestones of
the Jumasha Formation. The intrusion covers about 0.25
km2 at surface. A series of basaltic xenoliths marks the
eastern and southeastern fringe of the intrusion. An
intrusive contact with the Anticona diorite delimits the
stock to the east. A 10 cm-thick porphyritic dike trending
N70-75 and several aplitic dikes having almost the same
orientation crosscut the Ticlio intrusion. Three systems
of fractures (NE-SW, WNW-ESE and less important NS) host porphyry-style quartz-magnetite veins. Some of
the NE-SW faults host also some late polymetallic mesoepithermal veins.

Keywords. Cu-Au porphyry, hydrothermal alteration,
mass balance, REE, Ticlio, Morococha district

1 Introduction
The Morococha mining district is part of the Miocene
metallogenic belt of central Peru and is located about
150 km east from Lima, on the eastern flank of the
western Cordillera (Petersen 1965; Noble and McKee
1999). The Miocene polymetallic belt is defined by a
large number of hydrothermal deposits of different types
belonging to the porphyry-skarn-epithermal suite that
formed mainly between 6 and 20 Ma (Noble and McKee
1999; Bissig et al. 2008). Ore deposits are associated in
space and time with high-K calc-alkaline intrusions or
domes of granodioritic composition (Bissig and Tosdal
2009).
The Ticlio stock, cropping out in the western part of
the Morococha district and sharing mineralization and
alteration features with shallow-level porphyry Cu-Au
deposits, is atypical for this area where Cu-Mo porphyry
systems are predominant (e.g., the giant Toromocho
porphyry Cu-Mo deposit; Lowell and Alvarez 2005;
Kouzmanov et al. 2008). The Ticlio magmatichydrothermal system consists of a single porphyritic
stock with granodioritic composition in the center of
which a stockwork of dense quartz-magnetite, quartz and
hairline magnetite veinlets was developed. Several
hydrothermal alteration zones, typical of porphyry Cu
systems, overprinted the stock. The present study
focuses on the mineralogy, whole-rock geochemistry and
mass balance of the different alteration styles at Ticlio.
Particular attention has been paid to the REE behavior
during alteration processes.

3 Hydrothermal alteration and veining
The Ticlio granodiorite is characterized by phenocrysts
of plagioclase (~25-30%), biotite (~5-10%), quartz (~37%) and magnetite (<1%). The phenocrysts are set in
aplitic, medium-grained groundmass consisting of Kfeldspar (40-60%), quartz (40-50%) and albite (<10%).
The predominant phenocrysts consist of plagioclase,
generally euhedral and uniform in size (2-3 mm) with
complex compositional zoning. Quartz phenocrysts (0.55 mm across) are usually rounded, commonly containing
small inclusions of other minerals. Magmatic biotite
forms euhedral grains with a typical length of 0.5-5 mm.
Magmatic hornblende is completely pseudomorphed by
hydrothermal biotite. Zircon and apatite are ubiquitous
accessory phases, set in the groundmass, or as inclusions
in the euhedral phenocrysts.
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4 Mass balance calculations

Mineralization and alteration at Ticlio developed in
four main stages: (i) an early stage of biotite ± Kfeldspar (potassic) alteration, accompanied by a dense
quartz or quartz-magnetite stockwork zone, developed in
the central part of the stock; (ii) a transitional stage
consisting of chlorite ± epidote ± hematite affects
principally the SW fringe of the intrusion; (iii) a phyllic
alteration zone developed on the southern periphery of
the stock; and (iv) illite-sericite alteration related to the
formation of late polymetallic meso-epithermal veins
overprints the porphyry-style mineralization and
alteration.
Along the contact with Cretaceous carbonate
sedimentary rocks, at the western border of the intrusion,
a narrow zone of endo- and exoskarn developed, both
dominated by garnet-diopside assemblages. In the
endoskarn, hydrothermal titanite is commonly
intergrown with diopside. Late epidote ± carbonate
veinlets overprint the anhydrous assemblages.

Whole-rock geochemical data (XRF analyses for major
oxides and LA-ICP-MS on molten pellets for both traces
and REE) were used to evaluate quantitatively the mass
balance of major and minor elements that accompanied
hydrothermal alteration (Fig. 1).
The mass balance method is based on the
assumption that some elements (e.g. Ti, Al, Zr) can be
considered as immobile during alteration and can be
used as reference to calculate changes in element
concentrations. These changes were calculated following
the formula below using Zr as immobile element:
ΔC = (CFZr/CAZr)*CA-CF
F
where C Zr and CAZr are the concentration of the
immobile element in the least altered (F) and altered (A)
sample. CA and CF are the element concentrations in the
altered and least altered sample, respectively, and ΔC
denotes the gain or loss in grams per 100 g of rock for
major elements or in ppm for trace elements.

Figure 1 Mass balance diagrams - gain and loss of major (a) and trace (b) elements in different alteration zones of the Ticlio stock
with respect to the fresh or altered precursor rock.
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Chemically, the alteration trend (from early potassic
to late sericitic) is expressed by a general decrease in Ca,
Na, Sr, Mg and Fe, as a consequence of the destruction /
replacement of plagioclase and mafic minerals. The
increase of Fe, Si, As and Cu in the sericite alteration
zone related to the polymetallic veins relative to the
precursor phyllically altered rock is consistent with
abundant sulfide precipitation and silicification.

concentrations decrease during progressive alteration as
a consequence of breakdown of hornblende, biotite and
feldspars. The REE content also decreases with
increasing alteration intensity. The strong MREE and
HREE depletion in the phyllic alteration involved acid
leaching at high water/rock ratio. The depletion in HREE
points to the presence in the hydrothermal fluids of
anionic species such as F-, Cl- with which the HREE
preferentially complex (Bau, 1991); high SO42- activity
is also likely. In addition, high F (up to 0.84 wt.%) and
Cl-content (up to 0.32 wt.%) of hydrothermal micas and
clays (biotite from the K-alteration, muscovite from the
phyllic alteration and sericite-illite from the sericitic
alteration zone) are indicative of high F and Cl
concentrations in the hydrothermal fluids.

5 REE behavior
Chondrite-normalized REE concentrations in the leastaltered granodiorite, potassic, phyllic and sericitic
alteration zones at Ticlio are shown in Figure 2.
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Figure 2. REE-chondrite (C1) normalized patterns
discriminating various alteration zones at Ticlio. C1 chondrite
normalization values are from Sun and McDonough (1989).
The shaded area corresponds to the least-altered Ticlio
granodiorite.

The REE concentrations in the potassic alteration do
not show strong difference relative to the least altered
rock. In contrast, in the phyllic alteration we measured
the strongest depletion in REE, especially in MREE and
HREE. This behavior could be explained by the
complete breakdown of primary minerals (feldspars,
mafic minerals, accessory apatite) in the phyllic
alteration zone and the inability of the neo-formed
aluminosilicates to capture all the released elements. The
sericite-illite alteration along the polymetallic veins
which overprints the phyllic alteration shows higher
concentrations for MREE and HREE than the phyllic
zone. This may be due either to the potential of
phyllosilicates (clays in particular) for REE adsorption
(Schneider et al., 1988), or to a possible link between the
fluids forming epithermal veins and phyllic alteration
zones at greater depths.

6 Conclusions
At Ticlio, the major elements Ca, Na, Mg, Fe
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The Cuajone copper porphyry-type deposit (Perú):
characterization and correlation of solid inclusions in
pyrite with types of hydrothermal alteration
Carmen Juli Sucapuca Goyzueta
Instituto de Geociências, Universidade de São Paulo, Rua do Lago 562, 05508-080 – São Paulo -SP, Brazil
Silvio Roberto Farias Vlach
Instituto de Geociências, Universidade de São Paulo, Rua do Lago 562, 05508-080 – São Paulo -SP, Brazil
Abstract. The Cuajone mine (Moquegua, Perú)
corresponds to a porphyry copper-type deposit formed in
the Toquepala Group volcanic. Hydrothermal alteration
and mineralization were developed in connection with the
late emplacement of quartz monzonite, quartz latite,
porphyritic
micrograno-diorite,
microtonalite
and
porphyries. Both the Toquepala Group and the intrusive
rocks are affected by potassic, propylitic, and sericitic
type of hydrothermal alteration. Pyrite, containing either
micrometer-sized intergrowths of chalcopyrite and
pyrrhotite, cubanite and mackinawite or pyrrhotite alone,
as solid inclusions, were the subject of this study. The
intergrowth types were classified according to their
morphological properties. When considering frequency
and relative abundance of the sulfide assemblages that
constitute inclusions in pyrite, a correlation with the type
of hydro-thermal alteration can be established. Pyrrhotite
occurs in all types of hydrothermal alteration, but it is
predominant in the potassic zone. Cubanite, even if far
less abundant, is typically associated with the sericitic
alteration but it also occurs in the potassic and propylitic
zones. Mackinawite is most common in the propylitic
zone. The observed sulfide mineral associations
suggests that they evolved in a temperature range from
500°C down to 180°C.

2 Hydrothermal alteration types
The host rocks of the Cuajone deposit are andesitic
and rhyolitic volcanics of the Toquepala Group. The
hydrothermal alteration types that affect the andesite
are: - vein-filling potassic, represented by K-feldspar
and quartz veins. Pervasive and selectively pervasive
biotitization may be associated with this type of
alteration
and
is
characterized
by
biotitemagnetite±anhydrite±chlorite±sericite. – propylitic,
characterized by the chlorite-carbonate-epidotebiotite±clays±sericite±quartz±zeolites assemblage.
Some samples present quartz±sericite, wich is
considered a sericitic type alteration. However the
possibility that it represents silicification is not ruled
out. In fact, a spatial superimposition of these three
types of alteration appears to occur in the andesite.
In the rhyolite, the sericitic alteration is dominant and
appears as either pervasive, selectively pervasive, or as
the vein-filling type. It is characterized by sericitequartz±clays and sericite-quartz-pyrite. Propylitic
alteration was recognized in an altered rhyolite sample
by the presence of carbonate and chlorite.
The intrusive bodies responsible for the hydrothermal
alteration and mineralization belong to the first
magmatic pulse and described below. A second pulse
occurred but will not be further considered.
The microgranodiorite porphyry is hydrothermally
affected by a combination of selectively pervasive to
vein-filling propylitic and potassic alterations. The
former contains the assemblage chlorite-sericitecarbonate-epidote, while quartz-K feldspar appears in
the later. Four samples tentatively classified as
microgranodiorite to microtonalite porphyry contain
sericite-quartz and carbonate-clays-chlorite±epidote,
characterizing the combination of selectively pervasive
sericitic and propylitic alterations.
The microtonalite porphyry is also altered by a
combination of selectively pervasive to vein-filling
propylitic (chlorite-carbonate±epidote±quartz) and
potassic (K-feldspar-quartz) alterations.
The porphyry I (micro-quartz monzonite / micromonzogranite) presents combinations of selectively
pervasive to vein-filling alteration, with carbonatechlorite±sericite and quartz-K feldspar assemblages.
Silicification or sericitization (quartz and sericite) was
also observed in some samples.
The porphyry II (micro-leuco-quartz diorite / microtonalite) presents superimposed events of selectively

Keywords. pyrite, solid inclusions, porphyry copper,
hydrothermal alteration, sulfide intergrowth types.

1 Introduction
The Cuajone mine is located in the Pacific Cupriferous
Province, in the western Andes, between 3150 to 3500
m.a.s.l, Moquegua State – southern Perú (17º 02’ S and
70º 42’ W).
Pyrite (py) and chalcopyrite (cp) are the most
abundant primary sulfides, followed by supergene
covellite and chalcocite. Other sulfides occur in very
small quantities, such as pyrrhotite (po), cubanite (cb)
and mackinawite (mck). These sulfides typically occur
as solid inclusions in pyrite and chalcopyrite, forming
morphologically varied intergrowths in pyrite. The
literature on solid inclusions in primary sulfides in
copper porphyry-type deposits is relatively scarce,
particularly regarding the Peruvian deposits. The only
detailed work on the subject is by Canchaya (1993).
Petrography of 77 samples from 22 drill cores placed
along three sections of the open pit were studied to
define the morphology of pyrite solid inclusions and
correlate sulfide mineralogy with alteration type.
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Yund and Kullerud (1966).

pervasive to vein-filling alterations of the potassic,
propilic, and sericitic types and silicification.

3 Sulfide intergrowths in pyrite
Minute solid inclusions, particularly of chalcopyrite and
subordinately pyrrhotite, were identified in pyrite in
most samples. Chalcopyrite is typically intergrown with
pyrrhotite, cubanite, and mackinawite.
The observed intergrowths were morphologically
classified following Canchaya and Cardoso (written
com. 1984), which recognize simple and complex types.
(Fig. 1) depicts such morphological types as well their
relative proportions as estimated. In addition, a new
intergrowth (type 4f), a variation between 1d and 1c
types, was incorporated to the classification. The simple
types are: cp/mck: 1b, 1e, 3b, 3c, 4f; cp/cb:1a, 3a;
cp/po:1a, 1b, 1e, 3a, 4f; po/cp:1a, 1b; py/po:1e (an
unique type formed directly in pyrite). The complex
types
are:
(cp/po:1b)/mck:1b;
(cp/cb:3a)/po:1e;
(cp/po:1b)/mck:1e; (cp/po:1b)/cb:3a.

Figure 2. Phase relations among sulfide minerals at 600° to
25°C temperature range in the Cu-Fe-S system.

4.1 Simple intergrowth types
The pyrite/pyrrhotite intergrowth (py/po:1e) may be
related to pyrite replacing pyrrhotite as a result of ƒS2
increase (po + xS2 = py) or to the pyrrhotite exsolution
from a pyrrhotite solid solution in metastable
equilibrium with pyrite: ISS + py + poSS at 350°C, (Fig.
2). With decreasing temperature, the ISS-py tie line is
replaced by cpSS-po in the temperature interval of 323335°C. At 300°C, the stable assemblage is cpSS + ISS +
po.
The chalcopyrite-cubanite intergrowths (cp/cb:1a,
3a) should have been originated from relatively Cu-rich
and Fe-poor solutions. At 300°C, the assemblage cpSS +
ISS is not in equilibrium with pyrite. With decreasing
temperature, the assemblage would have been cpSS +
icbSS (isocubanite solid solution) about 235°C (Borchert
1934) or 210°C (Kaneda et al. 1978). Chalcopyrite
firstly formed with decreasing temperature from the
initial chalcopyrite solid solution (cpSS). Below 235 °C
(Mukaiyama and Izawa 1970) or below 252 ± 3°C
(Yund and Kullerud 1966), cubanite is formed as
exsolution lamellae (3a) or straight contact (1a) or
ameboidal (1b) intergrowths with chalcopyrite.
The chalcopyrite-pyrrhotite intergrowths (cp/po:
1a, 1b, 1e, 3a, 4f) represents relatively Fe-rich and Cupoor solutions. They may have originated: a) from the
py/po intergrowth and selective replacement of
pyrrhotite by chalcopyrite, resulting in po/cp: 1e and
then py/cp:1e, with pyrrhotite totally replaced by
chalcopyrite; b) from cpSS + ISS, because as temperature
decreases below 300°C, chalcopyrite + icbSS is formed

Figure 1. Sulfide intergrowth types (above) and their relative
percentages (below) in the Cuajone porphyry-type deposit.
cp=chalcopyrite, cb=cubanite, po=pyrrhotite, mck=mackinawite

4 Generation of the main intergrowths
The generation of the Cuajone sulfide assemblage may
be analysed considering experimental determined phase
relations in the Cu-Fe-S system (Fig. 2). In the
temperature range 600 - 25°C, relevant results were
presented by Fleet (2006), Amcoff (1981), Vaughan and
Craig (1978), Kaneda et al. (1978), Cabri (1973),
Mukaiyama and Izawa(1970), Sugaky et al.(1975) and
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sericitc alteration zone pyrrhotite and mackinawite also
occur, however even if cubanite is relatively scarce, it is
characteristic of this type of hydrothermal alteration.

(Kaneda et al. 1978), and below 255°C, pyrrhotite turns
stable, enabling the cp/po:1e, 3a, 1b and 1a intergrowth
types; c) from cpSS + poSS. Below 300°C pyrrhotite is
formed from poSS, generating the cp/po: 3a, cp/po:1e,
cp/po:1b and cp/po:1a intergrowth types. At even lower
temperatures, hexagonal pyrrhotite changes to
monoclinic at 250°C, according to Kissin (1982) or ca.
180°C, according to Lusk et al. (1993).
The
chalcopyrite-mackinawite
intergrowths
(cp/mck: 1b, 1e, 3b, 3c, 4f) should originated from the
original chalcopyrite solid solution (cpSS), which appears
below 500°C. The original assemblage could have been
cpSS in equilibrium with poSS. Intergrowths types 1e, 1b,
4f and 3b are explained by the previous formation of
chalcopyrite, which may co-exist in metastable
equilibrium with poSS at 255°C. Mackinawite would
exsolve from poSS at temperatures below 255°C,
originating any of the observed intergrowths. According
to Clark (1966), the upper limit of mackinawite stability
is 135 ± 5°C.
The cp/mck: 1c intergrowth indicates the
simultaneous
formation
of
chalcopyrite
and
mackinawite (similar to an eutectic crystallization), but
in solid state (Canchaya, pers. comm. 1994).

6 Conclusions
It is possible to establish correlations between the
sulfides that compose the solid inclusions or
intergrowths in pyrite and hydrothermal alteration types
and, therefore, estimate the temperatures of the primary
copper mineralization in Cuajone.
The temperatures of precipitation of pyrrhotite,
cubanite and mackinawite were predominantly below
500, 200 and 180 °C, respectively. Thus, the primary
copper mineralization in Cuajone (chalcopyrite and
cubanite) is related to temperatures between 500 and a
tentatively lower limit between 300° and 200°C, in
dependence of chemical and structural detailed sericite
characterization (cf. Seedorff et al. 2005), which is in
progress.
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4.2 Complex intergrowth types
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5 Correlation between hydrothermal
alteration types and sulfides from pyrite
intergrowths
A correlation between hydrothermal alteration and the
studied intergrowth types show that the most abundant
are: in the potassic zone, cp/po:1b and py/po:1e; in the
propylitic zone, cp/mck:4f and py/po:1e, and in the
sericitic zone, (cp/po:1b)/cb:3a, cp/po:1b and cp/mck:4f.
In addition, it was observed that pyrrhotite is the
most abundant solid inclusion in pyrite in the potassic
alteration zones, as well as in zones associated with
biotitization, while mackinawite, followed by pyrrhotite,
is most abundant in the propylitic alteration zones. In the
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Geochemistry of the Triassic and Eocene igneous host
rocks of the MMH porphyry copper deposit,
Chuquicamata District, Chile
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Abstract. The MMH deposit is a large, tabular shaped
porphyry copper type deposit located 7 km to the south
of, on the west side of the regional fault that truncates
Chuquicamata. The host rock at MMH is predominantly
Triassic MM Granodiorite, intruded by the MM Porphyry
and MM Quartz Porphyry of Eocene age. Mineralization
is porphyry type Cu-(Mo) at depth (Eocene), overprinted
at higher levels by younger, high-sulphidation Cu-(Ag-As)
hydrothermal breccias (Oligocene). The relationship of
Eocene mineralization with specific porphyries remains
uncertain. No intrusion of Oligocene age has been
recognized. This geochemical pilot study reveals that
igneous bodies given different names on the basis of
texture and degree of mineralization/alteration have
nearly identical trace element signatures. It is possible
that the host Triassic equigranular granodiorite developed
physical characteristics of porphyry where affected by
potassic alteration and fracture-controlled mineralization,
but this interpretation is untenable. Our data are
compatible with the hypothesis that Permo - Triassic
subduction conditions on the west side of Gondwana
generated
magmas
that
are
geochemically
indistinguishable from those generated in the same
location by Eocene “Andean” subduction more than 200
My later. The surprising results have implications for
models of porphyry magma generation in the crust and
mantle, and for exploration. The characteristics of the
deep Carboniferous-Triassic basement may have more
than a passive role in the localization of the giant
Eocene-Oligocene porphyry copper deposits of the
Domeyko Cordillera, and the pre-Andean basement may
have been more fertile than thought so far.

adjoining, and structurally sliced by the West Fault.
Estimates suggest MMH contains a total resource of 12.6
Mt of Cu metal (e.g., Boric et al 2009); the deposit is
being developed for open pit mining in 2013.
The geology has been recently reviewed by Boric et
al. (2009). Within the deposit, the older rocks are
andesitic flows and breccias of Paleozoic to Triassic age
correlated with the Collahuasi Gp. The bulk of hypogene
ore is hosted by altered equigranular MM Granodiorite
(U/Pb ages of 237 to 222 Ma; Triassic); it is
petrographically similar to the Granodiorita Elena of
Chuquicamata (Triassic). The dike-like MM Porphyry

Keywords. geochemistry, porphyry, Triassic, Eocene,
pre-Andean basement.

1 Introduction
The ore deposit known as Mina Ministro Hales (MMH)
was discovered by CODELCO in 1989 under a blanket
of gravels, west of the West Fault that truncates
Chuquicamata (Sillitoe et al. 1996; Ossandón et al.
2001). Previously known as Mansa Mina or MM, the
mine was renamed in 2004 after a former Minister of
Mines, Alejandro Hales. It is centered at 22° 22’45”Lat.
S; 68°54’50” Long. W, at an elevation of 2400 m.a.s.l., 7
km south of Chuquicamata and 7 km north of Calama.
MMH extends 7 km NS, 200 to 320 m EW and more
than 1200 in depth. It developed as a tabular body,

Figure 1. Location of the MMH Project
Chuquicamata and Calama (from Boric et al. 2009).

between

has been intersected deep in the deposit and adjacent to
the West Fault; its U/Pb age in zircon is 38.9 Ma
(Eocene; Boric et al. 2009). The MM Quartz Porphyry
was intersected in one deep drillhole. It is characterized
by abundant quartz eyes; it has been dated at 35.5 Ma
(U/Pb age in zircon; Eocene; Boric et al. 2009). Other
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rocks units described from drill-logs are a Hornblende
Porphyry, a Feldspar Porphyry, and several generations
of Dacitic dykes (Boric et al. 2009).
The oldest and deepest mineralization is porphyry
type: veinlets of molybdenite and chalcopyrite, bornitechalcopyrite-(digenite) and potassic alteration with Kfeldspar, green-grey sericite and anhydrite. Younger,
high-sulfidation mineralization, characterized by
hydrothermal breccia bodies and stockworks overprinted
the mid- and upper levels of MMH; they contain
chalcocite, enargite, pyrite, bornite, covellite,
chalcopyrite, tennantite, and sphalerite, accompanied by
advanced argillic alteration (quartz, alunite, pyrophyllite,
sericite and dickite). High-grade Cu zones (>2%) carry
high As, Ag, and Zn values (Sillitoe et al. 1996; Boric et
al. 2009).
Re-Os dates on molybdenite (oldest age 37.3 Ma)
suggest that some of the early ores may be associated
with the recognized Eocene porphyries, but no intrusions
have been identified as the parents of the high sulfidation
bodies with hypogene alunite that yields 40Ar/39Ar ages
of 31.4 to 32.2 Ma (Boric et al. 2009).
Comprehensive studies of mineralogy, geochemistry
and geochronology are underway to support the
geological model of MMH Project in preparation for
mining.

(Fig. 2) shows two populations: a distinct one for the

Figure 2. Comparison of the Zr and TiO2 values between the
Triassic MM Granodiorite (diamonds), and Eocene MM
Porphyry (Triangles), MM Hornblende Porphyry (circle) that
occupy the same field; MM Quartz Porphyry (rectangles) has a
distinct composition.

Eocene MM Quartz Porphyry and another where the
Eocene MM Porphyry and Triassic MM Granodiorite
fully overlap.
In rock/chondrite plots showing deviations in rare
element (REE) concentrations from a primitive mantle
source, the Triassic MM Granodiorite and the Eocene
MM Porphyry and MM Quartz Porphyry have
indistinguishable enrichment patterns. This indicates that
the units formed under analogous geochemical
conditions with respect to trace element partition.
In an empirical classification diagram by Baldwin
and Pearce (1982) that in theory discriminates between
metallogenically
productive
vs.
non-productive
porphyries in northern Chile, the data from the MM
Quartz Porphyry falls into the productive field, most of
the data from the MM Porphyry falls into the subproductive field and the data from the Triassic MM
Granodiorite is split between the productive field and the
non-productive field.
MMH igneous rocks were compared with those
from other plutons in the region, using data from other
sources (e.g., Ballard 2001; Arnott 2003; Maksaev
1990). MMH host rocks are alike in trace element
composition to Este (34.6-34 Ma) and Banco (33.3-33.1
Ma) porphyries in Chuquicamata. MMH rocks, both the
Eocene porphyries and Triassic Granodiorite have
similar trace element contents to the Eocene Fortuna
Igneous Complex that outcrops on the western flank of
the Chuquicamata open pit, across the trace of the West
Fault. Geological mapping on opposite sides of the
regional West Fault (e.g., Tomlinson and Blanco 1997;
Dilles et al. 1997) supports a left-lateral displacement of
ca. 35 km since ca. 31 Ma (post Chuquicamata and
MMH
high-sulphidation
mineralization).
This
displacement would be compatible with a correlation
between Eocene Al Abra intrusive complex and Eocene
Fortuna Intrusive Complex. The Zr vs. TiO2 values from
the Eocene El Abra Apolo Leucogranite and the Eocene
El Abra Mine Porphyry show a strong correlation with
those from the Triassic MM Granodiorite and the Eocene
MM Porphyry (Fig. 3).

2 Geochemical study
2.1 Sampling and analysis
With the advice from mine staff, fifteen rock samples
from MMH drillcore were selected for this pilot study, to
be representative of major lithologies recognized in
geological maps and drillhole logs. Any veining or
conspicuous alteration was removed with a diamond
saw; saw marks were abraded and fragments were
washed with distilled water. Optical microscopes and
electron microprobe were used to describe the rocks.
Analyses for major and trace elements were performed
by ACTLABS of Ancaster, Ontario, Canada. Analyses
were carried out following ACTLABS Codes 4E-XRF
and 4E-ICP/MS using research grade analytical
procedures, and S was analysed by infrared methods.
The elements Ga, Pb, Sn, Nb and Rb were analysed
using pressed pellet XRF to achieve best detection limits
and accuracy.
2.2 Results and correlations
The SiO2 values for the MMH deposit lie between 55
and 79 wt.%. The behaviour of most major elements as
displayed in petrological plots, in particular the alkalis
deviate from what is considered igneous trends, as could
be expected from the effects of alteration. Minor and
trace elements such as Ti and the REE are more likely to
have been relatively immobile during alteration
processes. If the porphyritic rocks analysed had been
extrusives, their composition would be andesite and
dacite, and the MM Granodiorite has the composition of
calc-alkaline andesite.
The results were surprising. The plot of TiO2 vs. Zr
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volcanic and subvolcanic rocks in Chile and Argentina
(Choiyoi Group) and Peru. It is generally thought that
the Triassic was a time of tectonic extension and
relaxation, but the presence of mineralized calc-alkaline
plutons of Triassic age in the Domeyko Cordillera,
suggests the notion needs review.
So far the fact that giant porphyry copper deposits
developed in 5% of the 200 Ma of Andean subduction
(Maksaev 1990) has been explained by invoking unusual
conditions of magma generation associated to oblique
subduction and rapid exhumation (e.g., Maksaev and
Zentilli 1999). However, if almost identical magmas can
be generated in the same region separated ~250 Ma in
time, the tapping of a common source region at depth to
form productive magmas should be considered, and
investigated using the appropriate isotopic tools.

Figure 3. Comparison of the Zr and TiO2 values between the
Triassic MM Granodiorite (diamonds), and Eocene MM
Porphyry (Triangles), MM Hornblende Porphyry (circle) and
the MM Quartz Porphyry (squares), with El Abra igneous
rocks (in red; analyses in Ballard 2001).
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erroneous logging. Petrographic descriptions (Wilson
2011) point to differences in primary textures. The least
altered MM Granodiorite sample, which plots in the
middle of the cluster in all diagrams, was collected in the
same drillcore, within 1 m of a sample dated by U/Pb on
zircon, which yielded a Triassic age of 224 Ma. The fact
that the MM Granodiorite of Triassic age has trace
element geochemical signatures indistinguishable from
Eocene MM Porphyry, and the Fortuna and El Abra
igneous suites of Eocene age, may have important
metallogenic implications for the Domeyko Cordillera.
The existence of giant porphyry copper deposits in
the Central Andes in northern Chile has traditionally
been associated with the “Andean” orogenic cycle and
“Andean” has generally implied Jurassic to Holocene,
ca. 200 Ma, of which only the Eocene-Oligocene
generated giant ore deposits. However, copper and
molybdenum mineralization, mostly in non-economic
concentrations, is known to occur in the pre-Jurassic
basement of the Domeyko Cordillera. Several workers,
among them Cornejo et al. (1997), have pointed out that
directly south of Chuquicamata in the Sierra Limón
Verde the metamorphic basement is intruded by a
volcano-plutonic complex of Permo-Carboniferous,
Triassic and younger age. At the Lila prospect, Cu-Mo
mineralization is associated to hydrothermal alteration
with Triassic-Jurassic K-Ar ages (Marquardt et al. 1997;
Camus 2003). Triassic ages are known from alteration in
Cu-Mo mineralization north of Chuquicamata. More
recently, Munizaga et al. (2008) document Permian to
Triassic magmatic activity in the Domeyko Cordillera,
with the Triassic being associated with minor porphyry
type Cu-Mo mineralization in the region of Collahuasi
This Permo-Triassic magmatism (Collahuasi Group) was
generated before the “Andean” cycle, along the western
margin of the Gondwana supercontinent, correlative with

Arnott AM (2003) Evolution of the hydrothermal alteration at the
Chuquicamata porphyry copper system, northern Chile. PhD
dissertation, Dalhousie University, Halifax, Nova Scotia. 455 p
Baldwin J A, Pearce JA (1982) Discrimination of productive and
nonproductive porphyritic intrusions in the Chilean Andes. Econ Geol
77:664-674
Ballard JR (2001) A comparative study between the geochemistry of
the ore-bearing and barren calc-alkaline intrusions. PhD dissertation,
The Australian National University, Canberra, Australia
Boric PR, Díaz F, Maksaev V (1990) Geología y Yacimientos
Metalíferos de la Región de Antofagasta. SERNAGEOMIN, Boletín
No. 40, 246 p
Boric, R., Diaz, J., Becerra, H., and Zentilli, M. (2009). Geology of the
Ministro Hales Mine (MMH), Chuquicamata district, Chile. XII
Congreso Geológico Chileno, Santiago, Chile, S11-055, pp 1-4
Camus F (2003) Geología de los sistemas porfíricos en los Andes de
Chile. Sernageomin, Santiago, Chile, 267 p
Cornejo P, Matthews S, et al. (1997) Alteración hidrotermal y
mineralización recurrente de Cu y Cu-Mo durante el Pérmico y el
Triásico en la cordillera de Domeyko. Congreso Geológico Chileno,
Antofagasta, 2:219-222
Dilles JH, Tomlinson AJ, Martin MW, Blanco N (1997) El Abra and
Fortuna complexes: A porphyry copper batholith sinistrally displaced
by the Falla Oeste. VIII Congreso Geológico Chileno, 3:1883-1887
Maksaev V (1990) Metallogeny, geological evolution and
thermochronology of the Andes between latitudes 21° and 26 ° south,
and the origin of major porphyry copper deposits. PhD dissertation,
Dalhousie University, Halifax, Nova Scotia, 544 p
Maksaev V, Zentilli M (1999) Fission track thermochronology of the
Domeyko
Cordillera, northern Chile: Implications for Andean
tectonics and porphyry copper metallogenesis. Explor Min Geol 8:6589
Ossandón G, Fréraut R Gustafson L, Lindsay D, Zentilli M (2001)
Geology of the Chuquicamata mine: A progress report. Econ Geol
96:240-270
Sillitoe RH, Marquardt JC, Ramírez F, Becerra H, Gómez M (1996)
Geology of the concealed MM porphyry copper deposit, Chuquicamata
District, Northern Chile. Soc Econ Geol Spec Publ 5:59-70
Tomlinson AJ, Blanco N (1997) Structural evolution and displacement
history of the West Fault System, Pre-cordillera. Chile. VIII Congreso
Geológico Chileno, 3:1873-1882
Wilson J (2011) Geochemistry of the Igneous Rocks Associated with
the MMH Porphyry Copper Deposit, Chuquicamata District, Chile.
B.Sc. thesis, Department of Earth Sciences, Dalhousie University,
Halifax, Canada, 211 p

428

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Forensic zirconology: tracing the magmatic and
metallogenic evolution of intrusive porphyries of the
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Abstract. We report the results of a ‘forensic zirconology’
investigation into intrusives of the Ordovician-Silurian
Macquarie Arc, southeastern Australia. This involves the
sequential microanalysis of U-Pb, oxygen and hafnium
isotopes, and trace elements contents, to fingerprint the
source inputs and to deduce the crystallisation pathways
and intensive parameters (T, oxygen fugacity) of the
magmas. We aim to constrain the origin of the porphyry
magmas and to explore the link between the nature and
proportions of crustal and mantle sources and metal
endowment. New geochronological data refines the
magmatic history of the arc, particularly regarding the
timing of medium-K magmatism and in identifying a
Cambro-Ordovician component. Diversity in rare earth
patterns implies a range of magmatic oxygen fugacity,
and that the medium-K porphyries were intrinsically more
oxidised than high-K to shoshonitic rocks. Temporal Hf-O
isotope trends reveal that the oldest intrusives had
176
177
18
depleted mantle-like
Hf/ Hf but sub-mantle δ O,
indicating a distinctive source component, whereas
younger porphyries show a decrease in εHf accompanied
18
by a rise in δ O, consistent with the progressive addition
of supracrustal material. We interpret this trend to reflect
evolution in tectonic setting, and suggest that the
metallogenic fertility of the Macquarie Arc intrusives is
influenced by a supracrustal contribution.

related Cu-Au-Mo mineralization. In the last decade
much emphasis has been placed on the association
between oxidized, potassic arc rocks and Cu-Au
mineralization in many, but not all, arcs. Metallogenic
models propose that the fertility of high-K magmas is
due to their endowment in ore metals, chlorine, water
and sulphur. The ultimate source of these may be via
additions to the mantle wedge from subducted sediments
or altered oceanic crust, the remelting of ancient
metasomatised lithospheric mantle or from crustal
material incorporated above the Moho. Further progress
towards
understanding
which
processes
and
characteristics of arc magmatism are conducive to the
economic Cu-Au-Mo mineralization is not possible
without a more complete understanding of magma
generation in subduction zone environments.
Here, we use innovative microanalytical techniques to
unravel the generation and evolution of magmas within
the strongly mineralized Ordovician-Silurian Macquarie
Arc of southeastern Australia. This involves the
integrated isotopic (uranium-lead, oxygen and lutetiumhafnium) and trace element analysis of zircon crystals
using ion microprobe and laser ablation mass
spectrometry, an approach we refer to as ‘forensic
zirconology’. Zircons from both mineralized (porphyry
Cu-Au±Mo) and barren intrusives were targeted. Such
data can allow the reconstruction of the primary isotopic
composition, trace element composition, oxygen
fugacity and even the temperature of porphyry magmas,
and chart how these changed throughout the
crystallisation history. The reliable determination of
these parameters from the bulk rocks is precluded by an
intense hydrothermal overprint. We aim to use this
information to deduce the source and processes involved
in the generation of the Macquarie Arc porphyries, and
how these relate to metallogenic fertility.

Keywords. zircon, porphyry, O isotopes, Hf isotopes

1 Arc magmas and metal sources
Subduction zones are associated with a diverse range of
magma types that cannot be explained by a single
magma-generating mechanism. For example boninites
may form at the commencement of oceanic subduction
through the wet melting of thermally unperturbed
asthenosphere. Other magmas are generated deeper in
the mantle wedge during the mature stage of arcs. These
can vary significantly in primary composition depending
on the location and depth of the melting in the wedge,
degree of prior melt extraction from the mantle wedge,
and the addition of fluids or melts released from the
down-going slab and any sediment veneer.
Coincident with this diversity of magma types is a
wide range of metallogenic fertility along and across arcs
as evidenced by the uneven distribution of porphyry

2 The Macquarie Arc, SE Australia
Three fault-bound belts of Ordovician to early Silurian
metavolcanic, volcaniclastic and intrusive rocks in
central NSW are believed to represent tectonicallydismembered fragments of an intra-oceanic arc, the
Macquarie Arc, that was accreted to the Gondwana
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mantle) have distinctive Hf-O isotope signatures, and
since the flux of Hf from subducted crust to mantle
wedge is sensitive to the mode of elemental transfer (i.e.
fluids vs. melts) and thus the thermal regime of the
subduction zone.
Oxygen fugacity- Rare earth element chemistry.
Magma oxidation state exerts a critical control on
sulphur speciation and ore metal partitioning behaviour
during magmatic and hydrothermal processes. However,
post crystallization alteration in porphyry systems can
make the interpretation of ƒO2 data based on Fe-Ti
mineralogy and whole rock chemistry (viz. Fe2O3/FeO)
problematic. Relative magmatic oxidation states can,
however, be estimated using zircon REE abundances.
This is because cerium has a quadrivalent oxidation state
that is stable under conditions of high magmatic ƒO2.
The Ce4+/Ce3+ ratios in zircon (the ‘cerium anomaly’)
thus represent a tool for estimating the relative oxidation
state of intermediate to felsic igneous rocks (Ballard et
al. 2002). Europium provides a similar index of
magmatic ƒO2, such that high Eu3+/Eu2+ in zircon
denotes elevated ƒO2. In-conjunction with isotopic data,
Ce-Eu systematics in zircon can provide information on
the controls of oxygen fugacity in these magmatic
systems.
Other trace element ratios in zircon, such as Y/Hf
and Th/U, are sensitive indices of melt differentiation,
and can be used to track crystallization pathways during
the evolution of the porphyry magmas. Zircon Ti
contents constrain the temperature interval over which
zircon crystallizes in silica-saturated, high aTiO2 melts
(Watson and Harrison 2005), providing a framework in
which to assess the cause of any intra-zircon chemical
and isotopic fluctuations.

margin in the early Silurian. These rocks are poorly
exposed, but extensive at depth, and overprinted by
regional greenschist facies metamorphism and, locally,
intense hydrothermal alteration. The arc is characterised
by an unusually high proportion of high-K to
shoshonitic magmatism, manifest in monzodioritemonzonite dominated intrusive centres, although quartzbearing medium K dacitic porphyries are an important
component. The Macquarie Arc hosts numerous CuAu±Mo deposits, most notably in the large alkalic
porphyry systems of the Cadia (1310 Mt @ 0.74 g/t Au,
0.31% Cu) and North Parkes districts (153 Mt @ 0.46
g/t Au, 1.03% Cu; Cooke et al. 2007).

3 Zircon forensics- rationale
Powerful new technologies allow the isotopic (Hf and O)
and trace element characterization of zircons, and the
treatment of these crystals as progressive data recorders
of magmatic evolution. The advantage of the in situ
approach is that age, chemical and isotope tracer
information are measured sequentially, and from the
same part of single zircon crystals. Bulk rock isotopic
ratios (e.g. Pb, Nd, Sr and O) only provide an averaged
value that integrates the entire magmatic history of the
rock. Moreover, zircon is extremely robust and retentive
of primary isotope information under a range of
geological conditions; the ability of zircons to withstand
intense hydrothermal alteration in a mineralizing
environment is well established. A zircon approach thus
circumvents the effect of alteration and metamorphism
that is manifest within the geochemistry and petrography
of most of the Macquarie arc porphyries.
Magma/metal source inputs- hafnium and oxygen
isotope tracers. Hf isotopes evolve through time due to
production of 176Hf from radioactive decay of 176Lu (t1/2
~ 37.2 Ga). They generally differ strongly between the
mantle (high Lu/Hf ratio, thus relatively high 176Hf/177Hf
and εHf) and ancient crust (low Lu/Hf ratio, thus
relatively low 176Hf/177Hf and εHf). Hafnium partitions
strongly into zircon, which is thus an excellent recorder
of variations in melt initial εHf during its growth history.
Zircon also preserves the O isotope ratio (18O/16O,
expressed as δ18O) of the melt from which it
precipitated. Zircons in equilibrium with pristine mantlederived melts have a narrow range of δ18O (5.3 ± 0.3
‰). Values of δ18O in zircon above 5.6‰ diagnose nonmantle (e.g. supracrustal) components in the magma
from which the zircon crystallized, such as sediments
(10 to 30‰) or altered/weathered volcanic rocks (to
20‰). Sub-mantle values reflect contributions from
crustal materials with a prior history of high temperature
alteration. Thus, zircon δ18O values provide a valuable
record of the nature of any non-mantle equilibrated
contaminants into magmas. Combined, εHf-δ18O zircon
arrays can uniquely constrain the proportions of juvenile
mantle extracts versus shallow, sediment-rich crust or
deep meta-igneous crust in the sources of the magmas
(Kemp et al. 2007). Such information is particularly
instructive in arc environments given that the potential
magma source reservoirs (depleted mantle, subducted
sediment, altered oceanic crust, enriched lithospheric

4 Analytical techniques
Zircon grains were embedded in epoxy resin, polished to
half their thickness and imaged by cathodoluminescence
prior to (U-Th)-Pb dating and O isotope analysis by ion
microprobe at the University of Edinburgh (Cameca
1270) and Swedish Museum of Natural History (Cameca
1270e2), respectively. The trace element compositions
were then determined using a GeoLas 193nm ArF laser
and Varian 820 quadrupole ICP-MS, with a 20 μm beam
diameter and targeting the same zircon micro-domain
from which the age and O isotope data were measured.
Finally, the Hf isotope ratios were acquired with the
GeoLas laser and Thermo-Scientific Neptune multicollector ICPMS, typically by directly ablating the pit
generated by the preceding trace element analysis.

5 Results and discussion
Zircon U-Pb ages measured from the studied samples
range from ca. 484 Ma to 435 Ma. Medium-K
magmatism at Copper Hill is dated at 459 ± 2 Ma,
somewhat older than previously thought. Several buried
monzonitic intrusives in the far western belt yielded ages
of ~435 Ma, but are intimately associated with gabbroic
cumulates of Cambro-Ordovician
age. These
observations suggest that the geochronological
framework of the belt may need to be re-evaluated. In
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contrast to previous reports, older ‘inherited’ zircon
cores were not identified, in keeping with the envisaged
intra-oceanic affinity of the Macquarie Arc.
The REE patterns of zircons from the Macquarie Arc
porphyries exhibit prominent positive Ce anomalies,
suggesting that the host magmas were intrinsically
oxidized (Fig. 1). However, significant variability in the
REE patterns could attest to a variety of magmatic ƒO2
and to different crystallization histories. Intriguingly, the
Ce-Eu systematics suggest that the medium-K rocks
(Copper Hill) were more strongly oxidised than their
intensely mineralised high-K to shoshonitic counterparts,
including those from the Cadia complex. Overall, the
implied ƒO2 is generally low relative to the mineralized
porphyries of north Chile (Ballard et al. 2002; Fig. 1).

(Fig. 2). However, collectively, the data show a striking
trend towards lower, and more variable, εHf values with
decreasing age, accompanied by rising zircon δ18O. This
indicates the increased input of older supracrustal
material into these magmas with time, which we
attribute to evolution in tectonic setting, specifically the
transition from an intra-oceanic to continent-proximal
environment. That the largest ore deposits discovered
thus far (e.g., Cadia, North Parkes) are hosted by the
youngest intrusives suggests a key role for this crustal
component in enhancing the mineralization potential of
the Macquarie arc porphyries. The nature of this material
and the manner of its introduction into the porphyry
magmas will be discussed, but an obvious implication is
that ore deposit formation in the Macquarie Arc is not
simply a function of igneous crystallisation processes.

Figure 2. Closed system crystallization trend for an intrusive
sample of the Macquarie arc shown by zircon εHf -Yb/Hf
variations. The direction of crystallization (towards low Yb/Hf)
is established by Ti-in-zircon thermometry.
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Oxygen isotope ratios of the Macquarie arc zircons
also show large variability, ranging from slightly submantle δ18O values (to 4.3‰) through to distinctly 18Oenriched compositions (6-7‰). The latter are most
conspicuous in the younger rocks and register the
incorporation of supra-crustal material into the host
magmas. The origin of the depleted 18O signatures is less
straightforward but appears to be coupled with strongly
radiogenic 176Hf/177Hf.
The Hf isotope data reveals that the oldest Macquarie
arc magmas have juvenile isotope compositions that
resemble those of primitive intra-oceanic arc lavas.
Zircons from the Ordovician samples show εHf – trace
element trends consistent with simple crystallization
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Abstract. The Nihe iron deposit is a newly discovered
large scale iron deposit in the central part of the Middle
and Lower Yangtze River region in eastern China. This
study presents the latest discoveries from field and
laboratory works about the iron deposit. The
hydrothermal alteration and mineralization are newly
subdivided into six stages and each stage is described in
detail.
Moreover,
petrological,
geochemical,
geochronological (U-Pb dating and Ar-Ar dating) study
results are also reported. Our results show the age of the
magmatic and mineralization is corresponding to the
Early Cretaceous. Mineral chemistry (EPMA and LAICPMS) show fluids get more oxide towards to the late
hydrothermal stage, and the trace elements in the
magnetite are similar with the selected skarn and IOCG
deposits.

Jurassic, Cretaceous and Quaternary periods. The
overlying volcanic rocks are divided into four groups
(from oldest to youngest): the Longmenyuan Formation
(mainly hornblende trachyandesite, tuff and sandstone),
the Zhuanqiao Formation (mainly trachyandesite, tuff
and sandstone), the Shuangmiao Formation (mainly
andesite, tuff and siltstone) and the Fushan Formation
(mainly trachyandesite, tuff and ignimbrite). A number
of Cretaceous syenite, monzonite and quartz diorite
intrusions were found intrude into the sedimentary and
volcanic rocks. The Nihe iron deposit is a represent iron
deposit in Luzong volcanic basin. In the Nihe mining
district, occur two formations volcanic rocks (Zhuanqiao
formation and Shuangmiao formation) and different
intrusions (diorite porphyry, syenite and monzonite).

Keywords. Nihe iron deposit, Alteration, Mineralization,
Geochronology, Mineral geochemistry

2 Alteration and mineralization
The diorite porphyry and the volcanic rocks surrounding
the magnetite bodies are intensely and pervasively
altered. There is little diorite porphyry that has not
experienced some form of hydrothermal alteration.
Weakly altered diorite porphyry preserves the original
mineralogy, which consists of phenocrysts of plagioclase
and minor orthopyroxene with a Fe-Ti oxide phase in
matrix. We divided the hydrothermal activity in the Nihe
iron deposit into six stages (from early to late), they are
early alkali feldspar alteration stage, skarn alteration
stage, retrograde alteration stage, siliceous alteration and
sulphide alteration stage, late vein stage and supergene
stage. The magnetite mineralization occurred during

1 Geological background
The Middle and Lower Yangtze River area, Eastern
China, extends from Wuhan (Hubei province) to western
Zhenjiang (Jiangsu province). It is a very important
polymetallic belt including more than 200 economic
mineral deposits (Chang et al. 1991; Tang et al. 1998;
Pan and Dong 1999). The Luzong volcanic basin is
located at the central part of the Middle and Lower
Yangtze River area and contains numerous important
Cu-Au-Fe deposits. The sedimentary sequences in the
Lu-Zong volcanic basin mainly belong to the Triassic,
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an indicator of the nature of the hydrothermal fluids
involved in the formation of the Nihe deposit. For
instance, the trace elements LA-ICPMS map of pyrite
indicates that the pyrite core (maybe from magnetite
stage) enriched in Co, Ni, As and Se. While pyrite rim
(maybe from the sulphide stage) is enriched in Cu, Pb,
Zn, Ag, Au, Tl and so on. The characteristics Sn/Ga vs.
Al/Co in the magnetite of the Nihe iron deposit are
similar with the magnetite from selected skarn and
IOCG deposits (Singoyi et al. 2006).

skarn alteration stage and retrograde alteration stage, the
sulphide mineralization occurred during siliceous
alteration and sulphide alteration stage.
The magnetite ore bodies occur in the diorite
porphyry intrusion and the contact zone of the diorite
porphyry and the trachyandesite of Zhuanqiao
Formation. The pyrite ore bodies mainly hosted in the
Zhuanqiao formation volcanic rocks. The main iron ore
types include massive, disseminated and vein type,
locally developing brecciated structure. The main ore
mineral of the iron ore bodies is magnetite, which coexists with pyroxene, garnet and anhydrite or replaced
pre-existing skarn mineral.

5 Conclusions
Several hydrothermal alteration stages have been
investigate, the overlapping relationship indicate a
complex history of fluid activity related to the formation
of the Nihe iron deposit. The magmatism activity in the
Nihe district is from 134 Ma to 129 Ma. The phlogopite
40
Ar-39Ar dating result is 131.2 ± 0.9 Ma, which is
similar to the age of diorite porphyry, and represent the
age of magnetite mineralization. The mineralogy and
mineral chemistry characteristics of the minerals from
different hydrothermal stage shows some similar with
other skarn and IOCG deposits.

3 Geochronology
By using zircon dating, we got the ages of the magmatic
rocks in Nihe district. The results are summarised in Fig.
1, which shows that the magmatism activity in this area
is from 134 Ma to 129 Ma, and most of the intrusions
and dykes are associated with Zhuanqiao Formation
volcanic rocks, and only the syenite porphyry is
associated with the Shuangmiao Formation volcanic
rocks.
We constrained the age of the mineralization by
dating phlogopite, which co-existing with magnetite.
The phlogopite 40Ar-39Ar dating gives an age of 131.2 ±
0.9 Ma, which is similar to the age of diorite porphyry.
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Figure 1. LA-ICP-MS zircon age determinations and
schematic diagram depicting relative and absolute age
constraints for the intrusions dated. The age of the Zhuanqiao
Formation trachyandesite and Shuangmiao Formation andesite
are from Zhou et al. (2008).

4 Mineral chemistry
Based on the alteration and mineralization stages, we
chose several represent minerals (clinopyroxene, garnet,
apatite, magnetite, pyrite, sphene, chlorite, anhydrite and
so on) from different stages for chemical analysis by
means of EPMA and LA-ICPMS. These data are used as
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Abstract.
The Alta Floresta Gold Province,
southern portion of the Amazon Craton, represents a
tectonic unit composed primarily of plutono-volcanic
sequences generated in a continental arc during the
Paleoproterozoic. Particularly in the easternmost
segment of this province, the plutonic and volcanic rocks
are the hosts of several gold mineralizations, such as Pé
Quente and Francisco deposits. The ore in the Pé
Quente deposit, represented by pyrite + barite ± hematite
± chalcopyrite, occurs in strong sodic pervasive alteration
zones
that
affect
(quartz-)monzodiorite
to
leucomonzonite rocks, whereas in the Francisco deposit
the gold is associated with high concentrations of base
metals (Zn+Pb±Cu) within quartz veins that displays
huge sericitic alteration halos, that affect epiclastic
sedimentary rocks. In this scenario, the Pé Quente
deposit represents the roots of gold-porphyry systems.
The Francisco deposit, however, would be similar to the
model of polymetallic epithermal systems of intermediatesulfidation, which have been originated in a postcollisional setting, that by being more stable have
contributed its preservation from the erosion and
metamorphic late events.
Keywords: Alta Floresta Gold Province,
mineralizations, porphyry-epithermal system.

epithermal gold deposits. For this, two gold
deposits are presented as case studies in order to
support the proposal: the Pé Quente (granitoidhosted) and Francisco (sub-volcanic and volcanosedimentary-hosted).

2. Pé Quente deposit
The Pé Quente gold deposit is hosted by the
Pé Quente Suíte that consists of oxidized I-type
quartz monzodiorites to leucomonzonites dated on
1.979 ±31Ma that show geochemical affinities to
the calc-alkaline, medium K, meta- to peraluminous
and magnesium granitic rocks that have been
originated in an onset of volcanic arcs (Assis, 2011;
Miguel-Jr, 2011). The enclosing rocks of the Pé
Quente Suite correspond to a series of other
younger
oxidized
I-type
intrusions
with
compositions varying from tonalite to monzogranite.
The Pé Quente intrusion was affected by a
hydrothermal alteration sequence represented by:
(i) strong sodic alteration with albite (Fig. 1A); (ii)
potassic alteration with orthoclase and microcline;
(iii) sericitic alteration; (iv) carbonate alteration; (v)
pervasive to venular muscovite alteration; (vi)
silicification commonly accompanied by breccias,
comb-texture quartz veins; (vi) quartz + albite
veinlets and (vii) later propylitic alteration, with
magnesian chlorite proximal to the ore bodies,
whereas iron-rich chlorite is commonly observed at
the more distal sectors. Sometimes in the
muscovite alteration zones are observed muscovite
as “islands-texture” in hydrothermal microline.
The ore zones comprise pyrite + barite ±
hematite ± chalcopyrite ± galena and very
subordinately
galena,
wulfenite
(PbMoO4),
monazite and Bi-Te-rich phases, all related to both
earlier sodic alteration and later quartz+albite veins
(Fig1A). Gold generally occurs as small inclusions
within pyrite (Fig. 1B), and shows Ag
concentrations that range from 14.2 to 46.3%. In a
preliminary investigation, the ore zones are
dominated by primary carbonic fluid that coexisting
with primary two-phase aqueous fluid inclusions.

gold

1. Introduction
The Alta Floresta Gold Province (AFGP),
southern portion of the Amazon Craton, consists
primarily of plutono-volcanic sequences generated
in
continental
arc
settings
during
the
Paleoproterozoic. The AFGP lies within the limits of
two geochronological provinces: Ventuari - Tapajós
(1,95-1,8 Ga) and Rio Negro - Juruena (1,8-1,55
Ga) (Tassinari & Macambira 1999).
It is estimated that from 1980 to 1999 the
AFGP may have produced approximately 160 t Au
(Paes de Barros, 2007). This production came from
a significant number of alluvial and small size (<5 t)
and high grade primary gold deposits along a NWSW striking belt (Peru – Trairão belt) in the eastern
segment of this province. In this belt, primary gold
mineralizations occur as veins, stockworks or
disseminated mostly in I-type, calc-alkaline to subalkaline, medium to high K, meta- to peraluminous,
magnesium to slightly ferrous granitic rocks and,
more subordinately in volcanic sequences.
In this work we argue that some of the AFGP
granitoid-hosted gold deposits may be similar to
gold-rich, copper-poor porphyry deposits, but also
emphasize the potential of this province to host

3. Francisco deposit
The Francisco deposit is hosted by a
volcaniclastic unit which consists mainly of
feldspathic-arenite
and
feldspathic-wake
volcaniclastics, possibly derived from the erosion of
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silicification (quartz ± hematite), generally
enveloped by a sericitic alteration halo (sericita +
quartz ± muscovite ± chlorite) (Fig. 2A). Elevated
concentrations of massive silica, stratified and with
small amounts of alunite and clay-minerals are
observed in more distal sectors from ore zones. At
the contact with the volcaniclastic unit, but in the
vicinities of the gold mineralization, the União do
Norte Porphyry is strongly altered to sericite and
silica, and both may also contain sulphides
disseminated. The latter one is represented by
quartz-cemented
breccias,
veins,
veinlets,
stockworks, and comb- and spherulitic-texture
quartz veins, druses and small geodes.
The gold ore paragenesis consists mainly of
pyrite + sphalerite + galena + digenita ±
chalcopyrite ± hematite ± magnetite ± bornite ±
pyrrhotite. Gold occurs as small inclusions in pyrite
in close association with galena (Fig. 2B). Gold
shows Ag concentrations that range from 1.9 to
19.4%.

old volcanic centers of intermediate composition
that have been originated in an active continental
margin setting (Assis, 2011). This unit is intruded by
1.853 ±23 Ma granodiorite, by sieno- to
monzogranite suites and by a 1.774 ±7 Ma quartzfeldspar porphyry (União do Norte Porphyry) (Assis,
2011; Miguel-Jr, 2011). The first two suites consist
of high K, calc-alkaline, metaluminous and
magnesium to slightly ferrous, I-type granitic rocks.
The União do Norte Porphyry is a sub-volcanic
intrusion that ranges from alkali-feldspar granite to
monzogranite with well-developed micrographic
textures. The porphyry displays high K, alkaline,
meta- to peraluminous and ferrous geochemical
affinity. In additional, the granodiorite and sieno- to
monzogranite suites were probably emplaced in the
onset of a volcanic arc setting that later evolved to
a post-collisional stage favorable for the
emplacement of highly-evolved granitic rocks, such
as the União do Norte Porphyry.

Fig.1. The Pé Quente gold deposit. (A) The gold ore
occurs disseminated in the strongly albite-altered host
intrusion or in crosscutting pyrite-rich veins. (B) Gold
inclusions in pyrite. Legend: Py: pyrite; Au: gold.

Fig. 2. The Francisco gold-base metal deposit. (A) The
ore zone corresponds to a sulphide-rich lode
surrounded by a sericitic halo. (B) Gold inclusions in
pyrite closely associated with galena. Legend: Au: gold;
Ag: silver; Py: pyrite; Gn: galena.

Within the volcaniclastic unit and outwards from
the ore zones, potassic (ortoclase ± hematite ±
quartz ± biotite), argillic (kaolinite + sericite + quartz
± hematite) and propilitic (chlorite + epidote +
magnetite ± actinolite ±calcite ± apatite ± pyrite ±
chalcopyrite ± quartz ± shalerite ± margarite),
correspond to main hydrothermal alteration types.
Hematite and epidote + chlorite-rich veins with
orthoclase halos are also common features distal to
the ore zone, such as hematite-rich veins. At the
Francisco deposit the gold-sulphide ore occurs as a
N15-50W-striking lode, discordant to the primary
stratification (S0) of the volcaniclastic unit, oriented
in N30-40E 07-75SE. The gold-sulphide lode
displays a strong spatial relationship with

In a preliminary investigation, the ore zones are
dominated by low temperature and salinity aqueous
fluids. These fluids are represented by fluid
inclusions with heterogeneity in the vapor-phase
filling degree (10-70%).

4. Conclusions
In the Pé Quente deposit, the alteration
+
hydrothermal types show oscillations in the aNa ,
+
+
2+
aK , aH and aCa , which are suggestive of
multiple pulses of hydrothermal fluids due to
magma degassing. The presence of muscovite
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host fracturing driven by the União do Norte
Porphyry fluid oversaturation (adiabatic expansion
following by boiling), and so resulting in the influx of
cooler and oxidizing meteoric water. The high
concentrations of base metals suggest that the
variations on the temperature and pH of the fluid
have been an important key in the formation of the
mineralized ore zones. The boiling process causes
a decrease in the temperature plus an increase in
the pH fluid due to loss of H2S-rich steam. In
contrast, the gold solubility in base metals-rich
fluids decreases with the temperature increase.
Thus, it is proposed that the gold precipitation in the
Francisco deposit may have taken placed at
temperatures between 230-245°C and relatively
acid pH (5.5-4). The geological features from these
deposit, such as
(i) ore and hydrothermal
alterations closely associated to a sub-volcanic
granite that would have been oversaturated in a
residual aqueous fluid phase; (ii) alunite, although
in a small amouts, associated to a high-silica
concentrations; (iii) ore hosted in epiclastic
sedimentary rocks; (iv) ore zone that often shows
textures that indicate the percolation of fluids in a
shallow level; (v) gold mineralization associated
both to high-silver contents and base-metals; (vi)
ore paragenesis dominated by sulphite-rich phases
that indicative oscillations in the sulfidation state of
the sulfur; are all consistents with the model of
polymetallic epithermal systems of intermediatesulfidation. The deposit by having been formed in a
post-collisional setting, was favored by a more
stable setting, which might have promoted its
preservation from the erosion and metamorphic late
events.

“islands” in hydrothermal microcline associated to
coarse muscovite alteration is an evidence for
lowering of the internal pressure of the magma
chamber (Plithostatic → Phydrostatic). Breccias, combtexture quartz veins and open-space filling textures,
such as quartz druses, are associated to
silicification and indicate the host fracturing and
influx of external fluids, which could have promoted
the temperature lowering of the hydrothermal
system. The barite-sulphite-rich ore as well the
coexisting between carbonic and aqueous fluid
inclusion within the ore-zones indicate that the ore
precipitation might have taken place by fluid
immiscibility in a high-temperature and high-ƒO2 in
a system with a gradual drop at the pressure. About
this deposit, characteristics such as (i) the close
association to the I-type granitic rocks that have
been originated in a volcanic arc setting; (ii) the
extensive and zoning hydrothermal alteration, (iii)
the presence of oxidized fluids; are all consistents
with the model similar to those related to root zones
of gold-porphyry systems.
Similary to the Pé Quente deposit, the
Francisco deposit is placed in geologic units that
were developed in a magmatic arc that would have
evolved to a post-collisional one. The Francisco
deposit, however, corresponds to a shallow crustal
level magmatic-hydrothermal system. The orezones and hydrothermal types are proximal to the
União do Norte Porphyry, which has a welldeveloped
porphyritic-,
micrographic-,
microgranular-, spherulitic- and granofiric- textures,
which indicate that the porphyry would have been
emplaced in a shallow crustal level. Along its limits
are observed high-silica precipitation, strongly
sericitezed zones, silicified sub-volcanic conduits
with pyrite and some chalcopyrite, com-texture
veins, quartz veins systems, that suggest the suite
have been oversaturated in a residual aqueous
fluid due its final stages of crystallization, and
therefore attests its importance in the installation of
a local magmatic-hydrothermal system in a shallow
level. The high-silica precipitation on the União do
Norte Porphyry surroundings represents a drop in
the magmatic chamber pressure (adiabatic
expansion), which have promoted the quartz
precipitation, igneous fracturing, external fluid
influx, fluid inclusions with heterogeneity in vaporphase filling degree, and the consequent
temperature lowering of the system.
In these scenario, the hydrothermal alteration
shows a zoning related both to the União do Norte
Porphyry as ore-zones. The potassic and argillic
alterations are proximal to the União do Norte
Porphyry, propylitic alterarion is restricted and more
regional, the alunite occurrences indicate acid
smoker in relatively shallow crustal levels, whereas
silicification and sericitic alteration are closely
associated to ore.
Thus, it is proposed that the ore precipitation
might have taken place by temperature decrease
and increase on the fluid ƒO2 (hematite
precipitation) which have been promoted by the
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The Reko Diq porphyry copper-gold district, Chagai
Belt, Balochistan Province, Pakistan
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Abstract. Reko Diq, located in in the Chagai belt of
western Pakistan near the border with Afghanistan and
Iran, is one of the world´s largest porphyry Cu-Au
districts. The western Chagai belt hosts several porphyry
Cu and Cu-Au deposits and prospects, including the
clusters at Saindak, Sor Baroot, Koh-Dalil and Reko Diq.
Porphyry Cu-Au ± Mo mineralization at Reko Diq is
associated with multi-stage intrusions of Miocene calcalkaline, commonly cigar-shape stock and dykes,
emplaced into late Oligocene volcanic and sedimentary
rocks. The H14-H15 deposit (4,100 Mt at 0.50% Cu and
0.29 g/t Au) is the largest deposit in the district and is
characterized by Au-rich, Cu-Fe-sulfide mineralization
associated with intense, magnetite-bearing K-silicate
alteration. Supergene Cu oxidation and enrichment is
weak in the district and is only well preserved in the form
of a chalcocite blanket (0.70% Cu) in the central Tanjeel
porphyry Cu deposit.

1977) developed in response to the northward
subduction of the Arabian oceanic plate beneath south
easternmost Iran and western Pakistan (Sillitoe 1978;
Lawrence et al. 1981; Perelló et al. 2008). The Makran
arc-trench system is bounded to both the east and west
by regions of active continent-continent collisions and is
part of the continental-scale Tethyan belt that spans
eastern Europe and Asia (Perelló et al. 2008).

3 Regional geology
Over 10 km of volcanic, volcanoclastic and sedimentary
rocks are exposed in the Chagai belt. The oldest rock
unit is the Late Cretaceous Sinjrani Group composed of
massive lava flow, tuff and fragmental volcanic rocks
(Hunting Survey Corporation 1960; Ahmed et al. 1972;
Siddiqui 1996, 2004). The Sinjrani Group is intruded by
multi-stage, batholith scale Chagai intrusions of
granodiorite and quartz monzonite composition. The
volcanic group is overlain by a 2000 m-thick sequence
of calcareous and clastic sedimentary rocks of the Humai
Formation containing Late Cretaceous (Maastrichtian)
marine fauna. The Humai Formation is overlain by a
>4000 m thick sequence of shallow marine to fluviatile
shale, sandstone, conglomerate, shaly limestone and
subordinate lava flows of the Palaeocene Juzzak, Eocene
Saindak, Oligocene Amalaf, and Late Oligocene-Early
Miocene Dalbandin and Reko Diq Formations (Hunting
Survey Corporation 1960; Siddiqui 2004; Perelló et al.
2008).

Keywords. Reko Diq, Porphyry Copper-Gold, Alteration,
Hypogene Mineralization.

1 Introduction
Reko Diq is a large (10×10 km) volcano-magmatic
complex located between (29°05′ Lat S and 62°00′
Long W) in the western Chagai belt in western Pakistan
(Fig. 1). Over 48 porphyry Cu-Au centres are
recognized in the Chagai belt (Perelló et al. 2008).
Twenty of them, including the world-class H14-H15, are
located in the Reko Diq district. These deposits are
largely associated with four consecutive episodes of
magmatism during the Miocene. The porphyry centres
are characterized by stocks and dyke swarms of diorite,
quartz diorite and granodiorite composition. This paper
summarizes the geologic setting, alteration and
mineralization features associated with the porphyry
centres of the Reko Diq cluster as a basis for the
magmatic-hydrothermal evolution of the district.

2 Tectonic framework
The Reko Diq porphyry Cu-Au district lies in the
western Chagai magmatic arc belt of Balochistan
Province, Pakistan. The Chagai belt (Sillitoe and Khan
1977; Siddiqui 2004) is an east-west oriented, 400-kmlong and 140-km-wide belt of Late Cretaceous to
Pleistocene, dominantly calc-alkaline volcanic, plutonic
and sedimentary rocks located about 400 km north of
the Makran trench (Perelló et al. 2008). The 1000-kmlong Makran arc-trench system (Farhoudi and Karig

Figure 1. Regional geology map showing Chagai belt and
location of Reko Diq porphyry Cu-Au district, northwest of
Balochistan, Pakistan (after Hunting Survey Corporation 1960
and Perelló et al. 2008).
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generation of diorite porphyry intrusions emplaced
during late Miocene and commonly contain moderate
grades of Cu (0.30-0.40%) and Au (~0.25 g/t)

Porphyry Cu and Cu-Au deposits are spatially associated
with Miocene porphyry stocks at Saindak (Sillitoe and
Khan 1977), Reko Diq (Schloderer and McInnes 2006;
Razique et al. 2007) and many other prospects
throughout the Chagai belt (Perelló et al. 2008). The
Pliocene to Pleistocene volcanism resulted in the
formation of NW-trending, 35 km-long, 2,500 m-high,
Koh-e-Sultan composite stratovolcano as well as a
number of lava domes (Alam Reg), stratovolcanoes
(Dam Koh), volcanic plugs (Koh-e-Dalil), and remnant
eroded volcanic necks around Reko Diq (Fig. 1; Perello
et al. 2008).

4.2 Hydrothermal alteration
Hydrothermal alteration at Reko Diq is typical of
porphyry Cu deposits. The porphyry centres at H14-H15
are characterized by a central potassic zone surrounded
by phyllic (quartz-sericite-pyrite) and outer propylitic
(chlorite-epidote) alteration (Perelló et al. 2008). A zone
of chlorite-sericite alteration (cf., Sillitoe 2010),
commonly associated with D-veins (e.g., Gustafson and
Hunt 1975), occurs at the transition between the potassic
and phyllic alteration zones. At shallower levels, pyriterich D-veins with sericite alteration selvages are
abundant.

4 Reko Diq porphyry district
The Reko Diq porphyry district hosts a cluster of 20 CuAu porphyry centres in an area approximately 10×10 km
bounded by the NW trending fault systems of Drana
Koh in the north and Tuzgi Koh in the south (Fig. 1).
The underlying volcano-sedimentary rocks at Reko Diq
consist of thin-bedded shale, siltstone, shallow marine to
fluviatile sandstone and minor discontinuous
conglomerate and lava flow of the late Oligocene
Dalbandin and Eocene Saindak Formations. The
sedimentary rocks have a gradational contact with the
overlying volcanic rocks of the Reko Diq Formation,
which is dominated by andesitic lava flows in the lower
part and pyroclastic breccia and volcanoclastics in the
upper part. These are intruded by several late Oligocene
to Miocene porphyry stocks (Perelló et al. 2008).
4.1 Porphyry intrusions and deposits
The porphyry Cu-Au centres at Reko Diq are spatially
and genetically associated with early to late Miocene
calc-alkaline diorite, quartz diorite and granodiorite
intrusions (Perelló et al. 2008). The early mineralized
porphyry intrusions are crosscut by late-mineral and
barren post-mineral intrusive phases forming a low grade
to barren core in the porphyry systems (Perelló et al.
2008). The porphyry intrusions are characterized by
euhedral to sub-hedral phenocrysts of plagioclase
feldspars, quartz, biotite and amphiboles set within a
finer grained crystalline groundmass of similar
mineralogy (Fig. 2).
The central supergene enriched Tanjeel porphyry Cu
deposit (210 Mt at 0.70% Cu) is associated with early
Miocene diorite and quartz diorite, and is the oldest
porphyry center in the Reko Diq district. It is
contemporaneous with the Saindak porphyry Cu-Au
deposit (400 Mt at 0.45% Cu and 0.28 g/t Au; Perelló et
al. 2008). The second phase of porphyry mineralization
occurred in early-middle Miocene and is represented by
weakly mineralized (0.30% Cu, and <0.15 g/t Au),
hornblende-rich diorite stocks emplaced in Koh-e-Dalil
NE and Sor Baroot (25 km NW of Reko Diq; Perelló et
al. 2008). This was followed by a distinct phase of multistage biotite porphyry intrusion during middle to late
Miocene which formed strong alteration and associated
veining and mineralization at H14 and H15 (Perelló et al.
2008). Other prospects such as H9, H36, Parrah Koh,
Koh-e-Dalil and Sam Koh are associated with a younger

Figure 2. Miocene porphyry intrusions at Reko Diq complex.
(A) Quartz diorite with supergene Cu enrichment from Tanjeel;
(B) Hornblende diorite from Sor Baroot; (C) Au-rich biotite
porphyry from H14-H15; (D) Diorite with moderate Cu-Au
mineralization from the H36 centre.
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4.3 Mineralization
The
main
ore
stage
(chalcopyrite±bornite)
mineralization is generally disseminated in host
porphyries and occur in veinlets with a total sulphide
content of 2-3 vol. percent. The chalcopyrite to pyrite
ratio decreases at shallow levels. A distinct late stage
pyrite+chacopyrite±molybdenite assemblage associated
with D-veins is common in most of the porphyry
systems at Reko Diq. The bornite to chalcopyrite ratio
increases with the intensity of potassic alteration and
magnetite content (Perelló et al. 2008), which gives rise
to higher Cu-Au grades (0.8% Cu; ~0.6 g/t Au) in the
deep central part of the deposits. A high sulfidation type
assemblage of covellite+bornite+pyrite in association
with quartz+sericite±kaolinite alteration is identified
mainly in the sandstone and conglomerate units of the
H15 system. Overall, a metal zoning from Cu-Au at the
center and depth with potassic alteration and increasing
Mo in the margins and upper parts of the porphyry
system at H14-H15, can be defined.
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4.4 Supergene Cu enrichment
The supergene oxidation is commonly very weak in the
district with leached zone of less than a few meters. The
only supergene enriched Cu blanket at Reko Diq is
preserved in the central Tanjeel porphyry Cu deposit in
which an irregular, 50 to 100m-thick chalcocite blanket,
is developed beneath a 40-50m-thick leached cap
dominated by jarosite and local hematite (Perelló et al.
2008). The chalcocite blanket (0.5–1.0% Cu) has a
gradational lower contact with hypogene Cu-Fe-sulfide
mineralization at depth.

5 Discussion and conclusion
The discovery of Reko Diq and other porphyry Cu-Au
prospects identifies Chagai belt as an important
emerging Cu province within the Tethyan belt. The
porphyry Cu and Cu-Au centres in the district are
spatially and temporally associated with calc-alkaline
diorite and quartz diorite intrusions. The alteration
distribution is generally consistent with the alteration
pattern modelled by Lowell and Guilbert (1970).
However, multiple intrusive and hydrothermal events
lead to complex alteration zonation, as seen in many
other porphyry Cu districts (Gustafson et al. 2001; Dilles
et al. 2000). The highest Cu-Au grades are associated
with intense magnetite-bearing potassic alteration
dominated by hydrothermal biotite, K-feldspar, and up to
3.0 vol. percent total sulfide contents.
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The magmatic hydrothermal evolution of the El Laco
deposit as tracked by melt inclusions and isotope data
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Abstract. The giant El Laco iron oxide deposit is here
interpreted as a complex polyphase magmatichydrothermal mineralization in which most of the existing
magnetite formed as lava flows or (crypto)-domes and
associated feeder dykes. The magnetite ore is later
replaced by hematite that was synchronous with the
development of large zones of acid alunite-rich alteration
and a deeper alkaline alteration that includes actinolite,
scapolite, anhydrite and magnetite. The geochemistry of
the host andesite supports a volcanic arc related
magmatic origin with broadly similar chemical
characteristics to nearby coeval volcanoes, but shows a
18
higher degree of crustal contamination. The δ O values
of the magnetite indicate equilibration with the host
andesite at magmatic temperatures, thus supporting a
magmatic origin. Melt inclusions in plagioclase
phenocrysts reflect a complex crustal mixing process
between a mafic magma and a silica-rich component
(either a rhyolitic melt or siliciclastic sediments) that
promoted the separation of the iron-rich melt. The Nd
model ages of the andesite (0.4-0.5 Ga) are consistent
with the assimilation of iron formations of Early Paleozoic
age, which are abundant in the Andean basement. The
overall abundance of anhydrite in the deposit and its
presence in melt inclusions, coupled with the absence of
sulfides, indicate that the El Laco melts were sulfur-rich
but highly oxidized. This is a key issue to understand the
formation of these iron oxide melts.

Naslund 2004; Lledó 2005). This hypothesis is mainly
based on the presence of unequivocal magmaticvolcanic structures. Other studies support a
hydrothermal origin, with an almost complete
replacement of the host andesite by hydrothermal fluids
(Hitzman et al. 1992; Rhodes et al. 1999; Rhodes and
Oreskes 1999; Sillitoe and Burrows 2002). The latter
hypothesis is based on the presence of fluid inclusions,
the relationship with a large zone of argillic alteration,
the magnetite oxygen isotope composition and the
presence of fragments of altered andesite within the
magnetite ore.
Our data are consistent with a model of magnetite
ore derived from iron oxide melts, but it is also likely
that the formation of El Laco deposit involved a large
magmatic-hydrothermal system with exsolution of large
amounts of magmatic fluids.

2 Geology of El Laco deposit
The Laco deposit consists of several ore bodies
distributed around the homonymous peak, a recent (5.3
– 1.6 Ma, Naranjo et al. 2010) andesitic stratovolcano.
The magnetite mineralization is mostly found as lenses
interbedded within at least two different flows, or as
discordant dykes crosscutting earlier andesitic rocks.
These magnetite orebodies resemble volcanic edifices
typical of basaltic shield volcanoes and include domeor cone-like structures, with volcanoclastic aprons, and
lava lake deposits. The magnetite “lavas” are
characterized by aa and locally ropy or pahoehoe
structures, composed of highly vesicular friable
magnetite. The footwall includes a chaotic basal breccia
with abundant ripped off fragments of volcanic rock.
These features contrast with those of the host andesite.
These lava flows are massive, never vesicular, and with
individual flows having different proportions of
phenocrysts. The strikingly different textures of the
magnetite and the host rock suggest that it is highly
unlikely that magnetite could be produced by
hydrothermal replacement of the andesite.
The magnetite stratabound bodies host abundant but
discontinuous sub-vertical tubes filled with actinolite
and euhedral magnetite and coated with quartz,
sanidine, alunite, hematite, apatite, rockbridgeite and

Keywords. magnetite-apatite, IOCG, Chile, magmatism,
Sr-Nd isotopes, melt inclusions

1 Introduction
The El Laco deposit (ca. 1 Gt of iron ore) in the Andean
Central Volcanic Zone (CVZ) hosts one of the largest
iron oxide resources of the Andes. It is also the youngest
deposit of the Kiruna-type
magnetite-apatite
mineralization style, considered an end-member of the
IOCG clan (Hitzman et al. 1992; Williams et al. 2005).
Thus, a correct genetic interpretation of the El Laco
deposit could provide clues to the origin of this deposit
type. There are currently two contrasting hypotheses.
One supports a purely magmatic origin, with the ore
being related with the eruption of unusual iron oxide
magmas (Frutos and Oyarzun 1974; Henriquez and
Martin 1978; Broman et al. 1999; Henriquez and

443

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

area host abundant silica-iron-rich rocks.

fluorite.
Sub-vertical magnetite dykes show sharp contacts,
sometimes exhibiting perpendicular columnar joining.
They do not have vesicles and tubes, and are relatively
abundant in apatite.
Hydrothermal alteration is widespread in the area
and ca. 30-40% of the exposed El Laco volcanic rocks
shows some kind of alteration. The andesite shows an
early alteration that comprises diopside, scapolite and
quartz. This alteration occurs in the selvage of dykes
(Broman et al. 1999) or to a lesser extent in the footwall
of the flows. It is related to the widespread veining of
the same assemblage along with anhydrite. There is also
a younger and structurally controlled, more dominant,
advanced acid-sulfate alteration that affects the andesite.
It is dominated by natroalunite with lesser amounts of
cristobalite, kaolinite and jarosite.

5 Melt inclusions
No melt inclusions have been found in the magnetite ore,
probably due to quick quenching. However, melt
inclusions are abundant in plagioclase and ortho- and
clinopyroxene phenocrysts of the hosting andesite. Melt
inclusions in plagioclase are largely of glassy silicatemelt containing numerous gas bubbles as a result of
heterogeneous trapping of magma and volatiles. These
inclusions show irregular recrystallization (Fig. 1), and
magnetite inclusions have not been found. Those in the
pyroxene include glass, a shrinkage bubble and
frequently a grain of magnetite (Fig. 2). The proportion
of magnetite is variable between a few percent to up to
95%, suggesting that a silicate and a magnetite-rich melt
coexisted during the growth of the pyroxene
phenocrysts. These melt inclusions also host apatite
crystals and sometimes anhydrite, as previously reported
by Naslund et al. (2004).

3 Geochemistry of the volcanic rocks
Volcanic rocks from El Laco volcanic centre are
geochemically similar to those of nearby recent volcanic
edifices. They are typical arc-related calc-alkaline to
high-K calc-alkaline, I-type rocks, ranging in
composition between basaltic andesite to dacite. All
samples show geochemical signatures indicating crustal
contamination, probably as consequence of the
interaction of primitive melts and a 70-80 km thick crust
(Trumbull et al. 1999). However, the trace element
geochemistry, mostly Zr and Nb contents, suggest that
the more evolved El Laco andesite is more contaminated
than other rocks in the CVZ. Geochemical data also
shows that there are no major differences between the
various magmatic pulses that constitute the El Laco
system.

4 Isotope geochemistry
Andesite from El Laco has δ18O values between 7.2 and
8.3‰. Magnetite has δ18O signatures between 3.5 and
5.4‰, which are similar to values reported by Rhodes
and Oreskes (1999) (4.1 ± 0.5‰) and interpreted therein
as consistent with a hydrothermal origin. Average
temperatures of isotopic equilibrium between andesite
and magnetite (Zheng 1991; Zhao and Zheng 2003) are
in the order of 1180°C, which are unlikely to be
hydrothermal and probably reflect the temperature of
melt immiscibility. Hematite has significantly lower
δ18O values (-1‰), which are incompatible with a
magmatic origin and likely reflect equilibration with
meteoric water at temperatures below 400°C. The
variations observed in the magnetite ore are probably
related to the widespread presence of minute inclusions
of hematite. Volcanic rocks hosting the mineralization
have Sr-Nd isotope signatures that are significantly
different to those of primitive magmas but suggest
major crustal contamination. Whole rock εNd values
range between -5.5 and -4.1 while 87Sr/86Sr ratios are
between 0.7066-0.7074. Moreover, Sr, Nd and Pb
isotopes suggest two different sources. Calculated Nd
model ages (0.4-0.5 Ga) are consistent with interaction
with sediments of Ordovician-Silurian age, which in the

Figure 1. Melt inclusions in a plagioclase phenocryst within
andesite LC-1. Field view: 80 μm.

Glass in the melt inclusions shows variable
compositions. Silica contents are between 60.4% and
78.8%. In general, the increase in silica is coupled with
an increase in Al2O3, K2O, Na2O and Cl, and an irregular
decrease in CaO, FeO, MgO and TiO2. This trend does
not appear consistent with recrystallization of pyroxene
in the edge of the inclusion or a fractionation trend. We
interpret it as due to heterogeneous mingling with other
acid melts or interaction with wall rocks.

6 Discussion and conclusions
The geology and geochemistry of both the magnetite ore
and the hosting volcanic rocks are consistent with a
magmatic origin for the magnetite mineralization.
According to Naldrett (1969) Fe-rich magmas could
yield an early immiscible Fe-oxide melt if fO2 is kept
fairly high. In this case, the magnetite that crystallized
from the immiscible iron oxide melt would be rather
different from the titaniferous magnetite found in the
andesite formed directly from the silicate melt.
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Figure 2. Enstatite hosting heterogeneous melt inclusions
formed by glass, a shrinkage bubble and different proportions
of magnetite. Some of the inclusions have apatite crystals
and/or? anhydrite. Field view: 80 μm.

The El Laco and nearby volcanoes show evidence of
magmatic sulfate saturation (Chambefort et al. 2008).
The evidence includes the presence of magmatic
anhydrite in the erupted material (Matthews et al. 1994),
the presence of discrete grains of anhydrite in the melt
inclusions, and the abundance of anhydrite in early
hydrothermal veins.
Thus, there is no doubt that the El Laco magnetite
melt was (super)-saturated in water when emplaced. The
presence of abundant vesicles within the magnetite and
of tubes crosscutting the flows, suggest major degassing,
probably related to first boiling. Coatings on the walls of
the tubes indicate that exsolved fluids were acid,
probably SO4-2 and F-rich. When mixing with surficial,
likely nival or glacial waters, they could form acid fluids
which would be responsible for the overall geothermal
system that affect the country rocks. Further reaction
with host andesite would produce the acid-sulfate
alteration. Exsolution of fluids well above the two phase
curve led to a dominant gas-rich phase and a residual
accessory very saline brine that is possibly represented
by the phase trapped in the fluid inclusions in pyroxene
and quoted by Broman et al. (1999). In such an open
system, it is highly unlikely that vapour can be trapped
in fluid inclusions.
If this holds true, melt inclusion data suggests that
immiscibility of the iron oxide magma took place after
the crystallization of orthopyroxene but during
plagioclase formation. Melt immiscibility occurred in a
highly dynamic and heterogeneous environment with the
iron oxide magmas first ponding at the bottom of a
stagnant magma chamber and later erupting without
interaction from adjacent melts. Eruption of such dense
magmas can be related to small and local extensional
structures in an overall compressive setting, or to a drop
in density due to high contents of fluxing elements.

445

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Mineralogy, 40Ar/39Ar dating and structural analysis of
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Abstract. Peña Colorada is a magmatic-hydrothermal
iron deposit of the magnetite-apatite type, dated at 63.26
40
39
to 48.18 Ma ( Ar/ Ar ages from K-feldspar). It is made
up of three main stages of mineralization, and each of
them was predated by a change in strike of faulting. The
main stage of mineralization (~55 Ma) is virtually coeval
with a neighboring tholeiitic gabbro intrusion. Thus, it is
likely that ore-bearing fluids were derived at some extent
from magmatic sources, although the depth of
emplacement of parental magmatic rocks is unknown.
Keywords. Peña Colorada, magmatic-hydrothermal iron
oxide deposits, magnetite, apatite, SW Mexico.

1 Regional geology
Peña Colorada (state of Colima, SW Mexico) is the
largest iron deposit currently mined in Mexico. The iron
deposits in the area are located in the western portion of
the Zihuatanejo Terrane, as part of the Guerrero
Composite Terrane (Centeno-García et al. 2008). The
ill-defined stratigraphy of the Zihuatanejo Terrane
consists, in the study area, of a Cretaceous volcaniclastic
and carbonate rock sequence, and an evaporite sequence
that exceed 3000 and 1000 m in thickness, respectively.
Calc-alkaline andesitic tuffs interbedded with carbonates
(Tepalcatepec Fm) host most of the magnetite deposits
in the study area (Fig. 1) along with the overlying Cerro
de la Vieja Fm. Late Cretaceous dioritic rocks intruded
the Cretaceous volcano-sedimentary assemblage and
produced skarns and other skarn-like rocks. Monzonitic
rocks of undetermined age also occur, as well as
andesite dikes. Zürcher et al. (2001) described the
regional magmatism as due to a primitive arc with both
tholeiitic and calc-alcaline affinities.
Magmatic-hydrothermal iron deposits in SW Mexico
span Late Cretaceous to Eocene (Camprubí 2009). Their
distribution roughly coincides with that of magmatism
during the same period, although the regional
tectonomagmatic regime and its evolution are poorly
known. Likewise, no clear genetic association between
magmatism and such iron deposits has been established
to date.

Figure 1. Geological map of the Peña Colorada area.

2 Structural analysis
The Peña Colorada deposit is found in a horst west of
the Minatitlán Graben, and is limited to the south by the
regional Autlán Fault (Fig. 1). The ore deposits are also
affected locally by WNW-ESE and NE-SW striking
faults. Regional structural domains correspond to the
local ones; five domains were identified, with the
following distribution in time: (1) N-S to NNW-SSE, (2)
WNW-ESE, (3) E-W, (4) NW-SE, and (5) NE-SW (Fig.
2). Such patterns are also found at the Arrayanes
prospect. Earlier low-angle structures likely formed
during the Laramide orogeny. The dominant postLaramide structural features are high-angle faults.
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The latter are normal and strike-slip faults where
dikes and veins were emplaced. These strike three main
finite maximum-extension orientations: (a) N10°ES10°W, with E-striking normal faults and dikes, mostly
monzonitic, (b) N70°E-S70°W, with NNW-striking
faults that control the emplacement of andesite dikes
and calcite-epidote veins, and (c) N15°W-S15°E, which
coincides with the regional NE- and ENE-striking horstand-graben configuration. Most high-angle structures
reactivated several times; recent strike-slip faulting
strikes E-W, N00°E to N20°E, and N20°W to N40°W
for dextral faults, and N00°W to N20°W, N40°E to
N60°E, and E-W for sinistral faults.

intrusion of a microgranite; (2) barren stratabound skarn
or other skarn-like rocks, not in contact with the
intrusives; (3) disseminated orebody; (4) massive
orebody (may be coeval with the disseminated body); it
contains garnetite fragments replaced by K-feldspar; (5)
polymictic breccia and associated veins and veinlets; (6)
intrusion of andesitic dikes with associated small barren
skarn-like associations of garnets and pyroxenes
(Camprubí and Canet 2009). The above stages of
mineralization are closely found in space (Fig. 1; see
also Fig. 9 in Tritlla et al. 2003).
The massive orebody is basically tabular, up to 40 m
thick, over 1000 m long, and nearly parallel to the local
layering of host andesite flows and carbonate rocks. The
mineralogy of this orebody is dominated by subhedral to
euhedral magnetite (>85% in volume), partially
martitized, with subordinate pyrite, chalcopyrite,
pyrrhotite, K-feldspars, pyroxenes (mostly enstatite),
chlorite, apatite, and carbonates. Fragments of
feldspathic rocks are found sporadically in this orebody,
apparently dragged from a pre-existing mineralization.
Ferroan chlorite is intimately associated with K-feldspar
plus minor carbonate-hydroxylapatite, as pseudomorphs
of pyroxene and garnet.
The disseminated orebody, which is found 80 to 100
m below the massive ore body, is over 60 m thick, and
its hangingwall is subconcordant to the local layering of
the host andesitic rocks. This orebody has reserves of
~150 Mt grading 26% magnetite. It shows a laminated
internal arrangement derived from a skarn-like protolith
replaced by associations with dominant magnetite, Kfeldspar, chlorite and pyrite. Laterally to these layered
deposits are accumulations of poikilitic euhedral to
anhedral non-orientated K-feldspar crystals (similar to a
syenite) with subordinate euhedral magnetite that form
irregular bodies that extend for several meters. Such
accumulations may represent portions of deeper bodies
that were upthrown by faulting.

Figure 3. Paragenetic sequence at the Peña Colorada mine.
Figure 2. Digital model of the Peña Colorada area, with the
main post-Laramide structural domains and their time frame
(lower part). Upper left corner: rosettes for the drawn
lineaments; non-ponderated lineaments are plotted in gray, and
lineaments ponderated with their lengths in red.

The polymictic breccia is a subvertical zone of
brecciation that possibly cuts the massive and
disseminated bodies. The structure, morphology and
mineralogy of the breccia are highly variable through its
vertical extent of <150 m. This breccia is ~5 m wide in
its lower part and contains sharp-edged andesite blocks
in a fine-grained magnetite matrix that resemble a
breccia formed by hydraulic fracturing. Other fragments
up to 1 m in diameter are made up of aggregates of cm-

3 Zonation and mineralogy of the deposits
The events that led to the formation of the deposit can
be grouped as follows, from oldest to youngest: (1)
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prospect, where sodic alteration is dominant. This
supports a deeper formation for the Arrayanes prospect.
So it does the occurrence in the latter of ‘pegmatoid’
magnetite-apatite veins, and similar associations are
observed at Peña Colorada as fragments in the late
breccia.

sized crystals of magnetite, carbonate-hydroxylapatite
and diopside. Such fragments are interpreted as
xenoliths from deeper orebodies that do not outcrop nor
were reached by drilling at Peña Colorada. ‘Pegmatoid’
magnetite-apatite veins with a similar texture are found
in the Arrayanes prospect, and are interpreted to have
formed deeper than the breccia at Peña Colorada. In the
central section of the deposit, the breccia is >10 m thick,
>100 m long, and contains (1) magnetite blocks from
the massive body, (2) fragments of underlying host
aplites and andesites that are overgrown by coarse
magnetite crystals, and (3) fragments from the
disseminated body. An array of calcite and magnetitebearing hydrothermal veinlets are found in the
polymictic breccia and extend into the upper part of the
deposit. The partial replacement of conglomerate clasts
on top of the volcanosedimentary rocks is thought to be
coeval with the hydrothermal veinlets.
Potassic alteration is widespread in the Peña
Colorada deposit and propylitic alteration occurs in
association with the polymictic breccia. In the Arrayanes
prospect, sodic alteration (dominated by actinolite with
muscovite) covers several km2 with incipient or poorly
developed potassic alteration (dominated by K-feldspar
or biotite, with late ferroan chlorite) along magnetitediopside stringers.

4

40

Ar/39Ar dating

Figure 4. Chronology of faulting, intrusives and stages of
mineralization at Peña Colorada and the nearby Llanitos and El
Mixcoate areas.

Ten K-feldspar separates were obtained for 40Ar/39Ar
dating from disseminated, massive, and breccia bodies,
part of the barren potassic alteration and an andesite
dike at Peña Colorada, from different mineral
associations in every case. Most runs yielded good
isochron ages: 63.26 ± 0.85 and 63.26 ± 0.52 Ma for the
disseminated body, 59.39 ± 0.21 Ma for an andesite dike
with magnetite traces, 55.72 ± 0.75, 55.53 ± 0.45, 54.90
± 1.1, 54.84 ± 2.83 Ma for the massive body, and 50.70
± 0.40, 48.30 ± 0.30 and 48.18 ± 0.16 Ma for the
polymictic breccia. Also, a diorite from Peña Colorada
was dated at 67.6 ± 3.5 Ma by Sánchez-Quiroz and
Juárez (1988), and a gabbro (with tholeiitic affinity) that
hosts most of the mineralization in the Arrayanes
prospect, was dated at 53.3 ± 3 Ma by Solé et al. (2007).
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5 Conclusions
The mineralogy of the iron deposits of the Peña
Colorada area is compatible with the magnetite-apatite
(or ‘Kiruna-like’) type of the ‘clan’ of magmatichydrothermal iron oxide deposits.
The deposits are made up of three main stages of
mineralization, each one predated by changes of strike
of faulting and new structural domains (Figure 4). These
subsequently controlled the emplacement of both
intrusive rocks and stages of mineralization.
The formation of magnetite deposits in the area,
Paleocene-Eocene in age, spans at least ~15 m.y., as
revealed by extensive 40 Ar/39Ar dating. The main stage
of mineralization (~55 Ma) is virtually coeval with a
neighboring gabbro intrusion at Arrayanes.
Potassic alteration is widespread at Peña Colorada,
whereas it is incipiently developed at the Arrayanes
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The 1.6 to 1.5 Ga IOCG event: origin and timing of IOCG
mineral systems
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Abstract. In this paper we explore the origin and timing
of IOCG mineral systems by evaluating one of the most
significant IOCG ore forming events in Earth’s history; the
period between 1.5 and 1.6 Ga. Major economic
examples of IOCG deposits are found in the Gawler
Craton, South Australia, and the Cloncurry district,
Queensland, and include the giant Olympic Dam deposit,
and world class Prominent Hill and Ernest Henry
deposits. The most economically significant deposits are
characterized by hematite-magnetite breccias but other
styles are also mined including skarn-like (Eloise) and
ironstone-hosted examples (Osborne and Starra).
Economic IOCG breccia systems in the Gawler Craton
and Cloncurry district appear to have the most strongest
connection to magmatism based on their timing and fluid
chemistries. Recently dated IOCG skarn-like systems in
both terranes also coincide with magmatism. However,
ironstone-hosted deposits such as Osborne and Starra in
the Cloncurry district pre-date magmatism and their fluid
chemistries suggest a non-magmatic source. The subeconomic Wernecke breccias post-date magmatism in
that terrane and have the strongest basinal fluid
signature of all IOCG systems. This period in Earth’s
history likely coincided with the formation of two major
salt sources; (1) ultrasaline, anhydrous metal-charged F,
Cl and CO2 rich fluids derived from A-type magmas and
(2) high salinity, hydrous basinal fluids derived from one
of the first supercontinents that sequestered salt in giant
halite beds (Columbia). The combination of these two
exceptionally saline reservoirs likely resulted in the
generation of the most significant IOCG systems globally.

the Wernecke Mountains, Yukon. We examine the
timing and origin of the different styles of IOCG
deposits within the geological framework of these
terranes. The comparison highlights the geological
complexity that resulted in the formation of IOCG
deposits between 1.6 and 1.5 Ga but demonstrates that
IOCG deposits essentially form through processes that
generate ultra-saline fluids. This period in Earth’s
history coincided with two significant events that
potentially generated such fluids; major A-type magma
formation and the sequestering of large amounts of salt
due to supercontinent assembly. The combination of
these two exceptionally saline reservoirs likely
contributed to the most significant period of IOCG
formation in Earth’s history.

2 IOCG terranes
2.1 Gawler Craton, South Australia
The Eastern Gawler IOCG province occurs within the
Gawler Craton and is host to the world class Olympic
Dam mine (9080 Mt @ 0.87% Cu, 0.31 g/t Au, 1.5 g/t
Ag and 280 ppm U3O8), the newly developed Prominent
Hill mine (200 Mt @ 1.23% Cu, 0.5 g/t Au, and 3 g/t
Ag), and major recent IOCG discoveries of
Carrapateena (310 Mt @ 1.11% Cu, 0.48 g/t Au, 5 g/t
Ag and 229 ppm U3O8) and Hillside (170 Mt @ 0.7%
Cu and 0.2 g/t Au). The Gawler Craton hosts most of
Australia’s uranium (76%) and copper (62%) resources,
and 17% of Australia’s gold resource. Olympic Dam in
particular contains 36% of the world’s uranium
resources and is the world’s largest uranium deposit, as
well as globally being the 4th largest copper deposit and
6th largest gold deposit.
The main IOCG deposits in the Gawler Craton are
characterised by economic concentrations of Cu, Au ± U
hosted within structurally controlled hydrothermal
breccias (Olympic Dam, Prominent Hill and
Carrapeteena). The breccia mineralogy comprises
hematite, sericite, chalcopyrite, bornite and chalcocite.
Host rocks to the three main IOCG breccia deposits vary
but coincide spatially and temporally with the Hiltaba
Suite magmatic event (Jagodzinski 2005; Jagodzinski et
al. 2007; Skirrow et al. 2007). More recently, however,
economic IOCG mineralisation has been delineated
within higher temperature skarn-like assemblages
associated with magnetite-rich structures (e.g., Hillside;
Conor et al. 2010). New geochronology from Hillside
and other skarn-like occurrences such as Punt Hill
suggest they too coincided with the broad Hiltaba Suite

Keywords. iron oxide-copper-gold deposits, Gawler
Craton, Cloncurry district, Wernecke Mountains,
geochronology, high salinity fluids

1 IOCG mineral systems
The iron oxide-copper-gold (IOCG) class of deposit has
presented many challenges for both researchers and
exploration practitioners due to the wide range in styles
of deposits purported to belong to the group, lack of
clarity around the definition of the deposit class, multiple
mechanisms for ore formation, and the location of the
deposits within geologically complex terranes that
includes giant regional-scale alteration systems
(Williams et al. 2005; Groves et al. 2010).
In this paper we explore the timing and origin of
IOCG mineral systems by evaluating one of the most
significant IOCG ore forming events in Earth’s history;
the period between 1.5 and 1.6 Ga. A range of IOCG
deposit styles (sensu stricto and sensu lato; cf. Groves et
al. 2010) formed in this period in the Gawler Craton,
South Australia, the Cloncurry district, Queensland, and
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(Leichardt and Calvert Superbasins) comprises both
mafic and felsic metavolcanic rocks and mixed clasticcarbonate-evaporite metasedimentary rocks (~1780 to
1690 Ma) and cover sequence 3 (Isa Superbasin) consists
of metamorphosed siliciclastic and basic volcanic rocks
(~1655 to 1600 Ma; Foster and Austin 2008). Later Atype magmatism (gabbros to granites) of the WilliamsNaraku Batholith was emplaced between ~1550 and
1500 Ma. In the eastern Gawler Craton the major host
rocks at Olympic Dam are the Hiltaba suite granites
(~1590-1580 Ma) and Gawler Range Volcanics which
have an important, but subordinate mafic component. At
Prominent Hill isolated occurrences of Hiltaba suite
igneous rocks occur within mafic, intermediate and felsic
volcanic rocks. To the south in the Moonta Subdomain,
Hiltaba suite granites intrude the Wallaroo Group (~1750
Ma) volcano-sedimentary succession containing
siliciclastic, calcsilicate, albitite and scapolitic rocks
(metaevaporites) and bimodal A-type volcanics and
shallow-level porphyries. In the Wernecke Mountains
widespread brecciation at 1595 Ma lacks associated
magmatism, however, minor A-type magmatism of the
BPRI occurred at ~1710 Ma. These intrusions are hosted
by metaevaporite-bearing clastic and carbonate
sequences of the Wernecke Supergroup (<1710 (?) to
~1600 Ma; Thorkelsen et al. 2001b; Furlanetto et al.
2009).
The IOCG terranes experienced orogenesis between
~1620 and 1500 Ma commonly associated with high
temperature, low pressure metamorphism (Betts et al.
2009). The Gawler Craton underwent a spatially
restricted but widespread orogenic event between ~1585
and 1540 Ma known as the Kararan orogeny. The focus
of high grade Kararan metamorphism was the northern
Gawler Craton (Hand et al. 2007; Forbes et al. 2011). At
the crustal levels now exposed the central Gawler Craton
appears to have largely escaped significant deformation
or high-temperature metamorphism during the Kararan
orogeny. The primary control on this partitioning was the
macroscale architecture of the craton established during
previous orogenic phases. In particular, the eastern
Gawler Craton, the locus for IOCG mineralization, was
the region least affected by the major ~1730-1690 Ma
Kimban orogeny and therefore the metasedimentary
packages in this region remained at or below the
greenschist facies between their deposition ~1750 Ma
and the subsequent Gawler Range Volcanics-Hiltaba
Suite event, a situation that likely provided basin-derived
fluids and reactive lithologies that aided in localisation
of IOCG mineralization. The Isan Orogeny commenced
at around 1600 Ma with multiple episodes of low
pressure, high temperature metamorphism and
deformation spanning through to 1500 Ma. In contrast
the Racklan orogeny in the Wernecke Mountains is
manifest as a less intense, lower grade greenschist facies
event that has a minimum age of ~1600 Ma.
A characteristic feature of IOCG deposits is the
presence of high salinity, high temperature fluids. The
source of fluid salinity are diverse ranging from
predominantly basinal evaporite-related in the Wernecke
breccias (Gillen et al. 2009) to mixed magmatic-external
sources in the Cloncurry and Gawler systems (Haynes et
al. 1995; Baker et al. 2008). In detail the Cloncurry

magmatic event (Reid et al. 2011).
2.2 Cloncurry district, Queensland
The Cloncurry district is recognised for its diversity in
IOCG styles (Williams et al. 2005). The Ernest Henry
deposit (166Mt @ 1.1% Cu and 0.5 g/t Au) is
characterised by hydrothermal breccias although the
mineralogy differs from the Gawler Craton IOCG
breccia systems in that magnetite is the dominant Fe
oxide mineral phase. Other major IOCG deposits in the
Cloncurry district range in style from skarn-like systems
at Swan (340 Mt @ 0.5% Cu and 0.3 g/t Au), Mount
Elliot (24 Mt @ 1.1% Cu and 0.6 g/t Au) and Eloise (3.2
Mt @ 5.8% Cu and 1.5 g/t Au), to ironstone replacement
style deposits at Osborne (15.2 Mt @ 3.0% Cu and 1.1
g/t Au) and Starra (20 Mt @ 0.9 g/t Au and 0.8% Cu).
The timing of alteration and mineralisation in the
Cloncurry District is complex. The IOCG breccia and
skarn style deposits in the region formed post peak
metamorphism and synchronous with emplacement
Williams-Naraku granites (1550 to 1500 Ma e.g., Ernest
Henry, Mount Elliott, Swan and Eloise). However, U-Pb
and Re-Os dates from the ironstone replacement-style
deposits at Osborne and Starra suggest a syn- to late
peak metamorphic timing at 1595 Ma and1568 Ma
respectively (Gauthier et al. 2001; Duncan et al. 2009)
pre-dating the main Williams-Naraku magmatic event.
2.3 Wernecke Mountains, Yukon
The Wernecke Mountains, Yukon, contains extensive
breccias associated with IOCG mineralization but no
economic occurrences. The breccia prospects are hosted
within the Wernecke Supergroup but are commonly
spatially associated with volumetrically minor Bonnet
Plume River intrusions (BPRI). The BPRI are mafic to
intermediate in composition that occur predominantly as
clasts within Wernecke breccias and locally narrow (<1
to 5 m) dykes and sills that cut the host stratigraphy
(Thorkelson et al. 2001a). U-Pb (zircon) dating of BPRI
bodies shows they are ca. 1710 Ma old (Thorkelson et al.
2001b), however, recent detrital zircon analysis indicates
the WSG contains zircons as young as 1610 ± 30 Ma
(Furlanetto et al. 2009). Mineralization occurs as
disseminations and veins within the breccia and
surrounding rocks and is largely made up of early
magnetite and/or hematite and later chalcopyrite and
pyrite (Hunt et al. 2005). Gangue is dominantly
composed of carbonate (calcite, dolomite, siderite),
quartz, albite and K-feldspar. A single U-Pb date on
titanite from alteration in Wernecke Breccia has an age
of ~1595 Ma (Thorkelson 2000).

3 Comparison of IOCG terranes
Host rocks across the IOCG terranes share some similar
features, and in part may represent correlative
stratigraphic and magmatic units (Betts et al. 2009;
Thorkelson et al. 2001b). Important components that
may contribute genetically to IOCG formation include
the presence of meta-evaporites, A-type magmatism and
mafic rocks. In the Cloncurry district cover sequence 2
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systems are complex with the older ironstone-hosted
deposits (Osborne and Starra) having a non-magmatic
source (Kendrick et al. 2008; Fisher and Kendrick 2008).
Whereas Ernest Henry has a critical magmatic
component (Kendrick et al. 2007) and the highest Cucontents of fluid inclusions in the region have a
magmatic source (Baker et al. 2008).
This review highlights the complex nature of the 1.5
to 1.6 Ga IOCG event and illustrates that the deposits
can form by a number of processes. One of the key
ingredients was the generation of a high temperature,
ultra-saline fluids that interacted with an appropriate
source. This period in Earth’s history coincided with
two significant events that potentially generated such
fluids. The deposits formed 100-200 Ma after the
assembly of the first extensive supercontinent
(Columbia; Groves et al. 2010). The geodynamic
setting led to the generation of abundant A-type magmas
that produced relatively anhydrous but metal-charged F,
Cl and CO2 rich fluids (Collins et al. 1982). In addition,
globally a change occurred from saline seawaters (1.5 to
2x the modern value) in the Archean through to lower
salinity oceans in the Paleoproterozoic due to the
formation of the supercontinent that sequestered giant
halite beds (Knauth 2005). The combination of these
two exceptionally saline reservoirs likely contributed to
the most significant period of IOCG formation in
Earth’s history.
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Noble gas and halogen constraints on the hypogene
IOCG mineralization at Mantoverde, Chile
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Abstract. Noble gas and halogen signatures of fluid
inclusions in ore-related quartz from the Mantoverde
IOCG deposit, Chile, are compatible with a magmatichydrothermal fluid component during the main Cu-Au
mineralization. Br/Cl and I/Cl values are within the range
36
of porphyry copper-related fluids. The Ar concentration
in the samples from Mantoverde is lower than typical airsaturation values and together with the halogen data is
regarded as characteristic of magmatic fluids.
Keywords. copper-gold, fluid inclusions,
deposits, Chilean Coastal Cordillera, Atacama

with the Jurassic La Negra Formation (Lara and Godoy
1998). The Mantoverde district is a structural block
between the central and eastern branches of the Atacama
Fault Zone (AFZ), a regional strike-slip fault system of
>1,000 km in the Chilean Coastal Cordillera (e.g.,
Scheuber and Andriessen 1990; Fig. 1). Both AFZ
branches are connected by a NW-trending, 40° to 50°E
dipping major brittle fault, the Mantoverde Fault (MVF).
The MVF and subparallel NNW to NW-trending faults
control most of the IOGC ores in the district.

mineral

1 Introduction
The Mantoverde IOCG district is located in the Coastal
Cordillera of northern Chile. Industrial mining began in
1996 and focussed on leachable supergene oxide ores.
Recently, an additional hypogene ore resource of 440
Mt with 0.56 wt.% Cu, and 0.12 g/t Au has been
discovered (Rieger et al. 2010). Although mixing of
magmatic and non-magmatic hydrothermal fluids is
invoked by most genetic hypotheses (e.g., Vila et al.
1996; Cornejo et al. 2000; Rieger et al. 2010), the nature
and relevance of non-magmatic fluid(s) for the ore
formation is controversial. Based on sulfur isotope data,
Benavides et al. (2007) emphasize the role of nonmagmatic (seawater) source for sulfur and conclude that
exotic sulfur input is a prerequisite for economic or even
subeconomic copper mineralization in Andean IOCG
deposits. They propose that the incursion of brines with
a major seawater component, possibly mediated by
evaporites, occurred after high temperature Fe-K
metasomatism by magmatic-hydrothermal fluids and at
the outset of a period of intense hydrolytic alteration.
We discuss the implications of preliminary noble gas
and halogen data of fluid inclusions in ore-related quartz
from the hypogene zone at Mantoverde.

Figure 1. Location and geologic map of the Mantoverde
district (modified from Grocott and Taylor 2002).

3 Mineralization and alteration

2 Geological context

Copper and gold are associated with hematite at shallow
levels or distal locations relative to the inferred main
fluid conduits; and they are associated with magnetite at
depth or in the proximal parts of the hydrothermal
system (e.g., Rieger et al. 2010). Hematite or magnetitecemented breccia and stockwork zones are the most
common hosts. The mineralization is subdivided into
three hydrothermal stages: an early iron oxide stage, a

The rocks in the Mantoverde district formed in a
Jurassic-Early Cretaceous magmatic arc environment,
related to the eastward subduction of the Pacific plate
under the South American continent (Fig. 1). Plutonic
rocks are subalkaline to alkaline, metaluminous,
magnetite-series, I-type granitoids (e.g., Marschik et al.
2003). They intrude volcanic rocks, which are correlated
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have interacted with organic-rich sediments. In contrast,
the Br/Cl ratios vary from values typical of porphyry
copper-related fluids to higher values (Fig. 4).

sulfide stage, and a late stage (Rieger et al. 2010; Fig.
2). The bulk of the magnetite and hematite formed
during the early iron oxide Stage and is associated with
pervasive K-feldspar alteration, pervasive silicification,
quartz veining, and hydrolytic alteration. The main CuAu mineralization occurred during the sulfide stage and
was accompanied by quartz ± K-feldspar veining, and
sericite ± quartz veining. Calcite veining and pervasive
carbonatization is characteristic for the post-ore late
hydrothermal stage and marks the end of the IOCG
mineralization in the Mantoverde district (Rieger et al.
2010).

Figure 3. Hypersaline iron oxide-bearing fluid inclusions in
quartz from Mantoverde

Figure 2. Paragenetic sequence of the mineralization in the
Mantoverde district (modified from Rieger et al. 2010)

4 Samples and analytical methods
Halogen (Cl, Br, I) contents and Ar isotope composition
of fluid inclusions in ore-related quartz from
Mantoverde have been determined. The samples
analysed cover all hydrothermal stages. The fluids were
liberated by step-heating, which causes thermal
decrepitation, or mechanical crushing methods and
analysed according to Kendrick et al. (2006). They show
characteristics of a CO2-bearing aqueous NaCl-CaCl2
salt system (Rieger et al. submitted). Four main types of
fluid inclusions have been identified in quartz: complex
aqueous inclusions with multiple solid phases including
halite, fluid-vapor-halite, fluid-vapor, and vapor-only
inclusions (Fig. 3). Halite-bearing inclusions are
predominant and may attain salinities >50 wt.% NaCl
equiv. Fluid inclusion populations in quartz are similar
in all hydrothermal stages (Qtz I – III; Fig. 2). The
halogen data is shown in Fig. 4 relative to compositional
reference fields of evaporated seawater, halite and I-type
magmatic fluids based on U.S. porphyry copper deposits
(e.g., Kendrick et al. 2001; Kendrick et al. 2008 and
references therein). Initial 40Ar/36Ar ratios vary between
300 and 420. They were calculated based on
mineralization age of 119 Ma (Vila et al. 1996).

Figure 4. I/Cl vs. Br/Cl diagram with compositional fields of
seawater, evaporated seawater trajectory, halite, and I-type
magmatic fluids (after Kendrick et al. 2008). Circles: stepheated samples; squares: crushed samples.

The Br/Cl and I/Cl data preclude dissolution of
halite-bearing evaporates as a major source of salinity
(Fig. 4). The variation in halogen compositional data
could be explained if magmatic-hydrothermal fluids
have variable composition, or by magmatic fluids
mixing with sulphate-bearing sedimentary formation
waters. The fluids analysed have much higher salinities
than can be achieved in bittern brines formed by the subaerial evaporation of seawater (max. salinity 30 wt.%).
Therefore, if bittern brines are present they probably
represent a subordinate component of the fluids. Stepheating produced lower Br/Cl ratios, which are inside
the magmatic box (Fig. 4). The initial 40Ar/36Ar ratios
are close to that of modern atmospheric argon, which is
296. Similarly low 40Ar/36Ar ratios are found in porphyry
copper fluids (Irwin and Roedder 1995; Kendrick et al.
2001). They may be explained by mixing magmatichydrothermal fluids with fluids of a surficial origin, or
they could represent volatiles recycled in subduction
zone magmas, which would suggest that they are also
characteristic of volcanic arc magmas (Rusk et al. 2011).
The strongest evidence that the Mantoverde IOCG

5 Discussion and conclusions
The I/Cl ratios are in the range of magmatichydrothermal fluids that formed Phanerozoic porphyry
copper deposits in the western United States (Kendrick
et al. 2001; Fig. 4). They are relatively low compared to
many sedimentary fluids, particularly to those, which
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system contains fluids with a magmatic origin comes
from the exceptionally low 36Ar concentration. The
concentration of 36Ar in the fluid inclusions has been
estimated assuming a relatively high overall salinity of
38 wt.% NaCl equiv, and the maximum Cl/36Ar ratio
measured to minimise the possible influence of modern
air contaminants (e.g., Turner and Bannon 1992;
Kendrick et al. 2005). The 36Ar concentration in the
samples from Mantoverde is lower than typical airsaturation values and together with the halogen data is
regarded as characteristic of magmatic fluids.

Scheuber E, Andriessen PAM (1990) The kinematic and
geodynamic significance of the Atacama fault zone, northern
Chile. J Struct Geol 12:243–257
Turner G, Bannon MP (1992) Argon isotope geochemistry of
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Chemical composition of ore-forming fluids of Fe-F-REE
carbonatite deposits of the Central Tuva region, Russia
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Abstract. Based on the study of fluid inclusions in quartz
and fluorite from carbonatitic rocks and associated oremetasomatic minerals, we consider the formation
conditions of oxidized fluids produced at the final stages
of differentiation of alkaline and alkali-basic melts. We
identified the solid phases in multiphase fluid inclusions,
determined the concentrations of the main ore
components and composition of the gas phase of
inclusions, and, based on these data, refined the
composition of mineral-forming fluids from the Fe-F-REE
carbonatite deposits of the Central Tuva region, Russia.
Keywords. carbonatite deposit, fluid inclusion, magmatic
fluid, Fe-F-REE

1 Introduction
Determination of the conditions of generation of
magmatogene fluids and their composition and metalbearing capacity is the crucial fundamental problem of
ore formation. These data are required to elucidate the
genesis of different types of hydrothermal ore deposits,
develop genetic models of fluid-magmatic systems,
evaluate their ore productivity, and recognize the main
factors determining the ore presence in igneous
complexes and their metallogeny. One of the ways to
solve this problem is to study melt and fluid inclusions
in minerals from igneous rocks and related oremetasomatic formations.
The recent wide application of modern instrumental
analytical methods (LA-ICP-MS, ion and proton
microprobing, scanning electron microscopy, IR and
Raman
spectroscopy,
etc.)
combined
with
thermobarogeochemical investigations yields new data
concerning the generation conditions, composition, and
metal-bearing capacity of magmatic fluids released at
different stages of crystallization of granitoid, basic, and
alkali-basic melts (Borisenko et al. 2006; Panina and
Motorina 2008; Rusk et al. 2004; William-Jones and
Heinrich 2005; Xie et al. 2009). In addition to the earlier
data on the composition and metal-bearing capacity of
oxidized fluids (Borisenko et al. 2006, 2011), we present
the following new results for magma-derived fluids
related to the formation of alkaline and alkali-basic
complexes. The objects of investigation were Fe-F-REE
carbonatite deposits of Central Tuva.

Figure 1. Geological scheme of the Late Mesozoic Central
Asian carbonatite province (a) and geological map of location
of the carbonatite deposits in the Central Tuva region (b)
(modified after Lebedev et al. 2007). 1 - areas of Late
Mezozoic magmatic activity; 2 - Late Mesozoic carbonatite
regions: CA - Central Aldan, WTB - Western Trans-Baikal
region, CT - Central Tuva, SK - South Khangai, EM - Eastern
Mongolia; 3 - unconsolidated sediments (N -Q); 4 - gray
sandstones, siltstones, coals (J); 5 - Tuvinian depression:
sandstones, siltstones, grits, limestone, tuffites, tuffs (D-C); 6 Khemchiksko-Systyghemsky depression and the West-Sayan
block: sandstones, siltstones, grits, limestone (O-S); 7 quartzites, metabasites (Pr3-Є1); 8 - faults; 9 - granites,
Syutholsky complex (D 1); 10 - granitoids, Torgalyksky
complex (D 3-C 1) or Bayankolsky complex (D1) (I), including
outside scale of map (II); 11 - carbonatite deposits: Karasug
(1), Chaahol (2), Teeli-Orgudyd (3), Ulatai (4), South Chezsk
deposit (5), North-Chezsk deposit (6), Chaylyukhem (7).

2 Geology and mineralogy
Carbonatites of Tuva are part of the Late Mesozoic
Central Asian carbonatite province widespread in Russia
and Mongolia (Fig.1a). Fe-F-REE carbonatite deposits
are localized along the N-S striking Central Tuva
carbonatite-REE belt, and in general can be divided into
three ore groups (from north to south): Chailyukhem,
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microscopy was used to determine the composition of
solid phases in unsealed inclusions (LEO 1430VP
microscope, OXFORD detector).
Based on these investigations we established the
chemical composition of mineral-forming fluids from the
Karasug and Ulatai-Chezsk carbonatite deposits (Tuva).

Karasug, and Ulatai-Chezsk (Fig. 1b). The largest ore
deposit is Karasug. The size of the Karasug ore field is
13 km2. It includes 8 ore-bodies, 3 mines, and estimated
total reserves of iron-fluorite-barite-strontium-rare-earth
ores are about 415 Mt at 30% Fe, 19% BaSO4, 11.5%
CaF2, 1.1% REE2O3, 10-15% SrO (Bolonin et al. 2007).
Other deposits in this area are much inferior in quantity
and quality of ores. For example, the Ulatai deposit (91
Mt) has ore field size of about 25 km2 and its ores
contain an average of 5.7% fluorite and 3.9% barite.
Carbonatite ore-bodies are confined to the deep
structural
sublatitudinal
zone,
crossing
the
Kurtushibinsky ophiolite belt, the KhemchikskoSystyghemsky synclinorium and the Tuvinian
depression.
Carbonatites are situated in fault zones and tectonic
breccias. The Rb-Sr age of the carbonatites is 118 ± 9
Ma (Sugorakova et al. 2004). Late Mesozoic
carbonatites associate with intrusions (stocks and dikes)
of gabbros, gabbro-dolerites, granosyenites, syeniteporphyries, diorite porphyrites, and lamprophyres
(kersantites, spessartites).
Carbonatites are represented by two mineralogical
types: ankerite-calcite and fluorite-barite-siderite ones.
Fe-F-REE carbonatites are lenses, tube-like and
intricately shaped bodies composed of siderite, barite,
fluorite, ankerite, calcite, and scarcer hematite,
magnetite, bastnaesite, parisite, Ba-celestite, apatite, Kfeldspar, muscovite, biotite, and rare sulphides. In
general, ores are breccia and contain fragments of the
host sandstones, schists, syenite-porphyry, granosyenites,
and other rocks, produced by fluid-explosion processes.
On the earth surface, the ores are strongly oxidized and
replaced by goethite, hydrogoethite, and hematite.

3.2 Results of study
Thermobarogeochemical
studies
of
Fe-F-REE
carbonatites from the Central Tuva region (Bredikhina
and Mel’gunov 1989; Prokopiev et al. 2010) showed that
they are formed from highly concentrated melts-brines
of chloride-carbonate (±CO2) composition at rather high
temperatures (400–700°C) and 2.5–3.5 kbar. At the later
stages of rock formation, the temperatures of mineral
formation decreased to 300–480°C, and the salinity
dropped to 40–50 wt.% NaCl equiv. At the late
hydrothermal stage (calcite–fluorite–celestine), these
parameters were as low as 140–290°C and 40–25 wt.%
NaCl equiv., respectively.
Multiphase fluid inclusions from the Karasug deposit
were found in idiomorphic well-shaped colourless
crystals of quartz or smoky quartz morion and in violet
or green cubic crystals of fluorite which occur among
ankerite-calcite or siderite matrix of carbonatite ores.
Inclusions in quartz (Fig. 2) mostly contain a large cubic
crystal of halite, often with a violet tint, which occupies
most of the vacuole volume, as well as a small sylvite
crystal, three or four anisotropic crystalline phases, and
fine crystals of ore phases. The gas phase contains liquid
CO2. Multiphase inclusions in fluorite are of similar
phase composition, but the gas phase has little or no
liquid CO2.

3 Composition of fluids
3.1 Methods of investigation
To study fluid inclusions, we used traditional and new
instrumental thermobarogeochemical methods. The salt
composition of solutions, their concentrations, and N2
and CO2 densities in the gas phase of inclusions were
determined by thermometric and freezing methods on a
Linkam THMSG-600 thermal microstage in the
temperature range from –196 to +600°C. Thermal and
freezing data were used to determine the concentrations
of Na and K being an internal standard for the
calculation of concentrations of other elements in the
inclusions from the results of LA-ICP-MS analysis.
Concentrations of ore elements (S, Fe, Cu, Zn, As, Sb,
Mo, Ag, Th, U, REE etc.) and major elements (Na, K,
Ca, Mg, Rb, Sr, Cs, etc.) in individual fluid inclusions
were determined by LA-ICP-MS (X-series-2 mass
spectrometer with inductively coupled plasma and with a
UP-213 Nd: YAG laser adapter). Raman spectroscopy
was applied to determine the composition of the gas
phase of fluid inclusions and identify the solid phases of
inclusions (Ramanor U-1000 spectrometer, Horiba
DU420E-OE-323 detector (Jobin Yvon), Millennia Pro
laser, 532 nm, 2 W (Spectra-Physics)). Some results of
IR-spectroscopy were obtained using Confocal Raman
Microscope alpha300 R (WITec). Scanning electron

Figure 2. Multiphase fluid inclusion in morion without
analyzer (a) and with analyzer (b).

Multiphase fluid inclusions in quartz and fluotite
from carbonatite ores of the Ulatay-Chezsk group
deposits (Teeli-Orgudyd, Ulatai) also contain chlorides
of Na and K in different proportions which occupy a
larger vacuole volume of the inclusion, usually 1-2 solid
phases and/or particles of ore minerals (e.g., hematite).
Liquid CO2 prevails in the gas phase of early fluid
inclusions, whereas the inclusions in quartz of late
generations are characterized by the CO2–N2
composition of the gas phase.
Raman spectroscopy revealed calcite (CaCO3), Ceancylite (Sr(Ce,Ca,La)[CO3]2(OH)·H2O), anhydrite
thenardite
(Na2SO4),
ferricopiapite
(CaSO4),
(Fe5(SO 4)6(OH)2·20H2O), and gaylussite (Na2Ca(CO3)2
·5H2O) among the solid phases of multiphase inclusions.
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highly concentrated (>78 wt.% NaCl equiv.) water-salt
solutions-melts
of
carbonate-sulphate-chloride
composition. The main salt components are NaCl and
KCl, and the secondary ones are carbonates and
sulphates of Fe, Ca, Na, and REE. The presence of
sulphate (anhydrite and Fe-copiapite) daughter phases
and the predominance of CO2 and N2 (and the absence of
reduced gases) in the gas phase of the inclusions point to
the oxidized state of the fluids that participated in the
formation of carbonatite ores.

Using scanning electron microscopy we identified
REE-carbonate, probably bastnaesite (Nd,Ce,La)CO3
·(F,OH), galena PbS, barite-cellestite (Ba,Sr)SO4,
anhydrite CaSO4, carbonate ankerite Ca(Mg, Fe)[СО3]2
in uncovered vacuoles of multiphase inclusions
All this indicates that the ore-forming fluids were
highly concentrated melts-brines or brines of carbonatesulphate-chloride composition. These fluids were
oxidized their redox potential corresponded to the
sulphate-sulphide balance, as evidenced by the
coexistence of sulphates (thenardite, anhydrite,
ferricopiapite) and sulphides (galena) in the inclusions.
The oxidized state of fluids is also confirmed by the
presence of Fe(III) sulphates (ferricopiapite) and
hematite in the inclusions. The high concentrations of
CO2 and Fe(III) in the inclusions in early quartz and
fluorite suggest that the mineral-forming melts had low
pH values. According to Raman spectroscopic data, the
inclusions in quartz of late generations had a CO2–N2
composition of the gas phase (N2 = 86.7–72.6, CO2 =
13.3–27.4 mol.%), and the solid phases included hydrous
Na and Ca carbonates. This may suggests the alkaline
type of such melts.
Thermometric study of inclusions in quartz of early
generations indicate that sylvite melts at temperature
220-260°С and about 9/10 of halite volume dissolves at
480-500°С with subsequent decrepitation of inclusions.
Thus, the total salinity may be approximately estimated
to be no less than 78 wt.%. The concentration of NaCl
was determined to be not less than 48 wt.%, while that of
KCl was 30-27 wt.%.
The LA-ICP-MS analysis of multiphase inclusions
revealed high concentrations (1 to 0.1 wt.%) of Fe, Sr,
Ba, Mn, Pb, and Zn and superhigh concentrations (1 to
100 ppm) of Cu, Mo, As, Sb, Hg, Bi, and rare-earth
elements Y, Cs, La, Ce, and Nd (Table 1).
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Table 1. Concentration of elements in the multiphase fluid
inclusions in quartz determined by LA-ICP-MS.
Concentration
(ppm)
Na
173000* Ag
K
154000-140000* Sb
Ca
3200-140 Cs
Mn
11000-8250 Ba
Fe
130000-36600 La
Co
35-24,5 Ce
Cu
1900-1075 Nd
Zn
2300-1865 W
As
980-410 Au
Rb
800-685 Hg
Sr
6970-4888 Pb
Y
7-3 Bi
Mo
10-4 Th
Sn
0 U
* - according to the thermometric data.

Concentration
(ppm)
0,37-0,04
36-24
85-66
8000-7000
60-30
130-70
50-30
2,5-0,1
5-2,5
50-0,0
760-550
15-6,5
1,5-0,0
3,2-2,5

4 Conclusions
This study of the inclusions showed that the ore-forming
fluids of the Karasug and Ulatai-Chezsk ore fields are
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Abstract. Tourmalines from Chilean IOCG and
magnetite(-apatite) deposits are sodic, sometimes with Al
deficiencies that are mostly filled with Fe+3, and have
Mg/(Mg+Fetot)median ratios between 0.64 and 0.50. Most of
the tourmalines fall in or near the dravite-schorl and oxydravite-povondraite joints. The large compositional
overlap of tourmalines from the IOCG and magnetite(apatite) deposits prevents the use of tourmaline
composition as a discriminatory tool for the distinction
between these two deposit types in the Chilean Coastal
Cordillera.

Structurally, most of the magnetite(-apatite) deposits
show a close spatial relationship to the north-south
trending Atacama Fault Zone (AFZ), which is a
subduction-related, strike-slip fault system in the
Coastal Cordillera of northern Chile. In contrast, IOCG
deposits are mainly related to secondary NW or NNW
faults, which presumably developed during the
evolution of the AFZ.
The IOCG ores are mainly magnetite or hematite
cemented hydrothermal breccias, magnetite or hematitebearing stockwork zones, veins, or massive magnetite
replacement bodies. The mineralization is characterized
mainly by chalcopyrite with Au, Ag, and locally
important concentrations of Zn, or light rare-earth
elements. The ore-related alteration is zoned and shows
different mineral assemblages depending on the relative
position within the hydrothermal system (Marschik et al.
2001; Rieger et al. 2010). In a more generalized holistic
view, and with reference to the general alteration model
of Hitzman et al. (1992), the La Candelaria deposit
represents a proximal, i.e., upflow, zone of the
hydrothermal system characterized by intense Femetasomatism forming magnetite, intense potassic
alteration (K-feldspar, biotite), and commonly with
calcic amphibole alteration (Marschik and Fontboté
2001). The upper or hematite-rich part of the
Mantoverde district may be regarded as a distal or
outflow zone of the hydrothermal system, with variable
intense
K-feldspar
alteration,
chloritization,
sericitization, silicification, and/or carbonatization
(Rieger et al. 2010). The deposits in the Punta del Cobre
district take an intermediate place with alteration types
transitional between the distal and proximal zones, with
magnetite-biotite and calcic amphibole-rich rocks
located in the deeper parts of the deposits and zones of
hematite, biotite and/or K-feldspar ±calcite or albitechlorite ±calcite ±sericite alteration at shallow levels
(Marschik and Fontboté 2001).
The magnetite(-apatite) ores occur as pervasive
replacement bodies and veins within splays of the AFZ
(Marschik et al. 2009). Magnetite and minor hematite
are the principal metallic minerals, with negligible
pyrite and chalcopyrite. Apatite content is variable.
Sodic or sodic-calcic alteration is typically related to the
ore and consists mainly of albite, marialitic scapolite,
calcic amphibole, and epidote. Potassic alteration has
been also recognized locally, but it is far less developed
than in IOCG deposits like the La Candelaria (Marschik
and Fontboté 2001; Marschik et al. 2009).

Keywords. copper, mineral chemistry, Chile

1 Introduction
Tourmaline is recognized as an important gangue
mineral in hydrothermal mineral deposits. It has been
used in genetic studies to differentiate between
formational environments and fluid reservoirs (e.g.,
Henry and Guidotti 1985; Jiang et al. 1997; Slack 1996),
however, studies on IOCG deposits are still scarce
(Xavier et al. 2008). IOCG deposits are a major
exploration target for copper and gold in the Chilean
Coastal Cordillera, but strategies to successfully
discriminate between them and geologically similar
magnetite(-apatite) deposit need to be developed.
In this contribution, we test the potential of
tourmaline chemical composition to distinguish between
IOCG and magnetite(-apatite) deposits in northern
Chile. The study includes tourmalines from three IOCG
deposit types: (1) the mostly hematite-dominated
Mantoverde district, (2) the hematite-magnetite-bearing
Punta del Cobre district, and (3) the magnetite-rich La
Candelaria deposit. Tourmalines from iron ores of the
Chilean Iron Belt (CIB) are from the Cerro Negro Norte,
Los Colorados and Romeral deposits.

2 Geological background
Chilean IOCG deposits and the magnetite(-apatite)
deposits of the Iron Belt are mainly hosted in Jurassic or
Lower Cretaceous andesitic volcanic or volcaniclastic
rocks in the vicinity of Early Cretaceous calc-alkaline
granitoids of the Coastal Batholith. Both, volcanic and
plutonic rocks represent a volcanic-arc environment
related to the subduction of the Aluk plate under South
American continent (Scheuber and Andriessen 1990).
South of Copiapó, a shallow marine back-arc basin
developed during the Early Cretaceous to the east of this
arc.
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vacancies (median = 0.17 apfu); (2) the
Mg/(Mg+Fetot)median is 0.64 (Fig. 1); (3) mostly Al
saturated (median = 0.61 apfu); and (4) Fe fills the
deficiency in Al in the Z-site. There is no correlation
between Al and Fe, however, line scans combined with
BSE imaging suggest that in zoned tourmaline grains,
Fe fills the free-sites left by Al. Tourmaline composition
on the Al-Fe-Mg diagram displays a considerable
spread, but falls mostly in the intersection of the draviteschorl and oxy-dravite-povondraite joints (Fig. 2).

3 Tourmaline chemistry and occurrence
Tourmaline is a borosilicate mineral with a complex
composition and crystallographic structure. It has an
ideal chemical formula XY3Z6[T6O18][BO3]3V 3W
(Hawthorne and Henry 1999), where:
X = Na1+, Ca2+ with minor K1+ or vacancy (□)
Y = Li1+, Mg2+, Fe2+, Mn2+, Al3+, Cr3+, V3+, Fe3+ and Ti4+
Z = Al3+, Fe3+, Cr3+, V3+, Mg2+
T = Si, with less amounts of Al3+ and (B3+)
B = B3+
V = OH1-, O2W = F1-, O2-, OH1The subdivision in the main tourmaline subgroups,
i.e., alkali-, calcic-, and X-vacant-tourmaline subgroups,
is based on the dominant cation in the X-site
(Hawthorne and Henry 1999).
Tourmaline occurs late in the paragenetic sequence
and particularly after the main Cu mineralization at the
La Candelaria and the IOCG deposits of the Punta del
Cobre district. In the Mantoverde district, the
paragenetic position is not well constrained, though
tourmaline seems to post-date the main Fe-oxide
formation and may have formed before widespread
chloritization, which is thought to predate the main Cu
mineralization. A paragenetic study on tourmaline in the
magnetite(-apatite) deposits of the CIB is lacking and,
therefore, its paragenetic position is unknown.

Figure 1. Box plots of Mg/(Mg+Fetot) in tourmaline from
IOCG and magnetite(-apatite) deposits in northern Chile.

4 Samples and analytical methods
Tourmaline-bearing samples from Mantoverde (n = 6),
La Candelaria (n = 2) and the Mantos de Cobre (n = 1),
Trinidad (n = 1), and Santos deposits (n = 1) in the
Punta del Cobre district were selected for analysis. The
magnetite(-apatite) deposits of the CIB are represented
by the Los Colorados (n = 1), Cerro Negro Norte (n =
2), and El Romeral (n = 1) deposits.
A total of 616 single chemical analyses were
conducted on 84 tourmaline grains using a Cameca SX50 electron-microprobe at the Ruhr-Universität
Bochum, Germany. The following analytical conditions
were used: 15 kV accelerating voltage, 15 nA beam
current with a beam diameter of about 3 μm. Natural
and synthetic materials were used for calibration,
including: andradite (Fe, Ca, Si), spessartite (Al, Mn),
jadeite (Na), K-glass (K), rutile (Ti), cuprite (Cu), NiO
(Ni), ZnO (Zn), V-metal (V), Cr2O3 (Cr), topaz (F),
NaCl (Cl). The PAP-procedure (Pouchou and Pichoir
1985) was used for corrections. Tourmaline formulae
were calculated on a basis of 15 cations excluding Na,
Ca and K, i.e. assuming no vacancies in the tetrahedral
or octahedral sites and neglecting Li, using the program
MINCALC-V5. B was added stoichiometricaly with B
set to 3 apfu.

Figure 2. Al-Fe-Mg compositional diagram of Henry and
Guidotti (1985) for tourmaline analyses from Chilean IOCG
and magnetite(-apatite) deposits. Lines for the oxy-dravitepovondraite and dravite-schorl are indicated by dashed lines.

Tourmaline from the Punta del Cobre district
contains an element distribution in the X-site similar to
those of the Mantoverde district, i.e., Na (median = 0.65
apfu) dominates the X-site with minor Ca (median =
0.23 apfu) and K (median = 0.01 apfu), whereas the
vacant positions are slightly lower (median = 0.06 apfu;
Fig. 3). The samples have a Mg/(Mg+Fetot)median ratio of
0.52 (Fig. 1). Tourmaline from the Mantos the Cobre
deposit is mostly Al-poor (median = 0.53 apfu), whereas
that from Santos and Trinidad has Al around 6 apfu. Fe

5 Discussion and conclusions
Tourmaline from the Mantoverde district reveals the
following characteristics: (1) the X-site is mostly
dominated by Na (median = 0.63 apfu) with minor Ca
(median = 0.15 apfu), K (median = 0.01 apfu) and
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La Candelaria IOCG and the magnetite(-apatite)
deposits are essentially indistinguishable and define a
relatively narrow elongated field in the alkali-ternary
diagram (Fig. 3), with scarce vacancies in the X-site.
Therefore, tourmaline composition is unsuitable as a
tool to discriminate Chilean IOCG deposits and
magnetite(-apatite) deposits from CIB. The composition
of the Mantoverde tourmaline displays a wide variation
compared to the tourmaline from La Candelaria and
CIB. The Punta del Cobre tourmaline, in the other hand,
occupies an intermediate position between these two
groups.

and Mg fill the deficiency in Al in the Z-site of
tourmaline from the Mantos de Cobre mine. The
composition of tourmaline from the Punta del Cobre
district partially falls on the dravite-schorl and oxydravite-povondraite joints, in the Al-Fe-Mg diagram.
This tourmaline is enriched in Fe compared to that of
the Mantoverde district (Fig. 2).
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The tourmaline at La Candelaria comprises Na
(median = 0.61 apfu) predominantly in the X-site, with
minor Ca (median = 0.35 apfu), negligible K (median =
0.01 apfu) and low amounts of vacant positions (median
= 0.04 apfu). Additionally, this tourmaline also contains
a Mg/(Mg+Fetot)median of 0.50 (Fig. 1), low Al contents
(<6 apfu), and Fe in the deficient Al positions in the Zsite, as suggested by Fe-Mg-Al line scans combined
with BSE imaging on individual tourmaline, and by the
good negative correlation of Fe and Al. In the Al-Fe-Mg
ternary diagram, tourmaline from the La Candelaria
deposit is Fe-rich and has Al contents that fall below the
dravite-schorl joint and plot parallel to the oxy-dravitepovondraite joint. The composition of tourmaline from
the La Candelaria shows overlaps with that of the Punta
del Cobre district (Fig. 2).
The three tourmaline samples from the magnetite(apatite) deposits of the CIB have an X-site dominated
by Na (median = 0.67 apfu), with minor Ca (median =
0.29 apfu), negligible K (median = 0.01 apfu) and low
amounts of vacant positions (median = 0.04 apfu). The
samples show a Mg/(Mg+Fetot)median value of 0.60 (Fig.
1) and an Al-deficiency in the Z-site (<6 apfu). This
deficiency is complemented by Fe and seldom Mg in
samples from Cerro Negro Norte and El Romeral
deposits, whereas in samples from Los Colorados the Al
deficiency is filled by Mg. The data projected on an AlFe-Mg ternary diagram show that tourmalines from the
CIB have similar Fe and Al contents to those of the La
Candelaria, falling below the dravite-schorl joint (Fig.
2).
In summary, tourmaline from Chilean IOCG and
magnetite(-apatite) deposits is mostly of the alkalisubgroup type, in which Na is the only alkali element
present (Fig. 3). There is a significant compositional
overlap among the tourmaline samples from all the
investigated deposits. Tourmaline compositions from the
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Comparing Iron Oxide Copper-Gold systems of the
Carajás mineral province (Brazil) using apatite and
magnetite trace elements: implications on genesis and
exploration
Roberto Perez Xavier, Lena Virginia Soares Monteiro
Instituto de Geociências - UNICAMP, Campinas, Brazil
Brian Rusk
School of Earth and Environmental Sciences, James Cook University, Townsville, Australia
Ignacio Torresi
Xstrata Copper, Australia
Abstract. Trace element concentrations have been
determined by LA-ICP-MS and EPMA in hydrothermal
apatite and magnetite from the large-tonnage Sossego,
Alvo 118 and Igarapé Bahia iron oxide-Cu-Au (IOCG)
deposits of the Carajás Mineral Province (CMP), southeastern portion of the Amazon Craton, northern Brazil.
Although apatite and magnetite are invariably enriched in
a wide range of trace elements, only variations of Cl, F,
Sr, Y, Mn, and REE in the former and V, Ti and Ni in the
latter have shown potential to discriminate different
orebodies within a single deposit or different IOCG
deposits of the CMP. In a more general context, trace
elements may also distinguish the Carajás IOCG
deposits from iron oxide–apatite (Kiruna-type) deposits
and carbonatites, but differ from the patterns observed for
apatite and magnetite from Australian Proterozoic IOCG
deposits. These differences likely reflect variations in
temperature, fluid composition, pH, redox state, and/or
fluid-rock reactions and may not yield unique
geochemical fingerprints for IOCG systems.
Keywords. Carajás, iron
elements, magnetite, apatite

oxide-copper-gold,

In this context, we explore the trace element
concentrations in ore-related apatite and magnetite from
several Carajás IOCG deposits, including Sossego, Alvo
118 and Igarapé Bahia. The purpose of this investigation
is to: (i) identify patterns of trace element mobilization
linked with sulphide ore formation within these IOCG
systems; and (ii) assess possible geochemical
differences among orebodies and deposits with potential
implications for exploration.

2 Apatite and magnetite in the investigated
IOCG deposits
At the Sossego (Sequeirinho, Pista and Sossego
orebodies), Igarapé Bahia (Acampamento Norte - ACPN,
Acampamento Sul - ACPS and Furo Trinta - FT
orebodies) and Alvo 118 IOCG deposits, the Cu-Au ores
commonly form breccia bodies and, more subordinately,
vein stockworks.
Magnetite occurs as disseminated grains or massive
bodies, whereas apatite forms coarse-grained aggregates,
in actinolite –rich zones of the Sequeirinho and Pista
orebodies at Sossego. Magnetite and apatite in the
Sossego orebody are mainly confined to the breccia
matrix together with actinolite – biotite – calcite –
epidote – pyrite – chalcopyrite (Figs. 1A-B). Similarly,
breccia matrix and stockworks at the Alvo 118 deposit
contain fine-grained magnetite and apatite in association
with quartz, calcite, fluorite, gadolinite, hematite and
chalcopyrite (Fig. 1C). In the Igarapé Bahia ore breccia,
fine-grained magnetite and apatite appear together with
chalcopyrite, chlorite, carbonate, amphibole, biotite,
tourmaline and quartz mainly within the matrix (Fig. 1DF).
Despite the close spatial association with the Cu-Au
ore, apatite and magnetite are generally paragenetically
slightly earlier than chalcopyrite in all the investigated
IOCG deposits.

trace

1 Introduction
The Carajás Mineral Province (CMP) in the southeastern portion of the Amazon Craton, northern Brazil,
represents an Archaean cratonic block that contains the
world’s largest known concentration of large-tonnage
IOCG deposits (e.g., Sossego, Salobo, Igarapé
Bahia/Alemão, Cristalino, Alvo 118, Igarapé
Cinzento/Alvo GT46). These deposits are hosted by 3.0
to 2.74 Ga granitoids, 2.76 to 2.73 Ga metavolcanosedimentary units, 2.70 to 2.65 Ga gabbro/diorite, and
porphyry dykes, within brittle-ductile and ductile shear
zones.
In general, the Carajás IOCG deposits display a
hydrothermal alteration sequence characterised by early
sodic and sodic-calcic assemblages, followed by
potassic alteration, chloritic, copper-gold mineralisation
and hydrolytic alteration (Xavier et al. 2010).
Additionally, in all of the IOCG deposits of the CMP,
hydrothermal magnetite and apatite are ubiquitous and
they commonly display a close spatial relation to the
copper – gold ores.

3 Analytical conditions
This study used a GeoLas 200 ArF (193 nm) Excimer
laser ablation system coupled with a Varian quadrupole
ICP-MS 820 at the Advanced Analytical Centre of the
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and the highest F (39000 – 67000 ppm) contents. At
Sossego, apatite from the Sequeirinho orebody contains
much less F (< 6000 ppm) and more Cl (8300 – 40000
ppm) than the Sossego (F= 23000 – 43000 ppm; Cl= 120
– 21000 ppm) and Pista (F= 31600 – 48200 ppm; Cl= 0 3680 ppm) orebodies (Fig. 2).
On the basis of Sr-Y correlation, apatite from the
Igarapé Bahia and Alvo 118 deposits form two end
members: the former is more enriched in Sr (340 – 649
ppm) and more depleted in Y (Y= 270 – 412 ppm) than
the latter (Sr= 72 – 81 ppm; Y= 1179 – 3041 ppm).
Compared to these deposits, the Sossego apatite has
intermediate Sr-Y concentrations (Y= 152 – 1018 ppm;
Sr= 68 – 453 ppm) (Fig. 3).

James Cook University. The spot analyses were
conducted on 100 μm-thick polished sections employing
a laser spot size of 42 μm, laser energy of 152 mJ/pulse
and a repetition rate of 4 Hz.

Figure 1. Photomicrographs illustrating modes of occurrence
of apatite (Ap) and magnetite (Mgt) within the IOCG ore
zones. (A-B) Sossego deposit (reflected light): coarse-grained
apatite (Ap) grains crosscut by chalcopyrite (Cpy) in ore
breccias. (C) Alvo 118 IOCG deposit (BSE image): ore zone
with massive chalcopyrite, chlorite (Chl) and apatite. Igarapé
Bahia IOCG deposit (reflected light): (D) chlorite-rich breccia
with chalcopyrite and apatite; (E) same but in transmitted light;
(F) carbonate-rich breccia with chalcopyrite and magnetite.

Standard glasses (NIST 610 and NIST 612) were
used as external calibration standards and Ca and Fe
concentrations derived from EPMA analyses were used
for apatite and magnetite, respectively, as internal
standards to convert counts to concentrations. F and Cl
concentrations in apatite have also been determined by
EPMA.

Figure 3. Trace element compositions of apatite from IOCG
systems of the Carajás Mineral Province: correlation between
Sr and Y. Fields for carbonatites and Kiruna-type Fe ores
according to Belousova et al. (2002) are also shown. Legend
same as Figure 2.

4 Trace element compositions of apatite
and magnetite

Manganese concentrations in the Igarapé Bahia
apatite are noticeably higher (263 – 412 pm) than in the
Sossego (3.7 – 213 ppm) and Alvo 118 (34 – 63 ppm)
apatite (Fig. 4). The highest ΣREE contents are found in
the Sossego apatite (up to 8300 ppm), followed by Alvo
118 (up to 1600 ppm) and Igarapé Bahia (up to 681
ppm). Apatite from these deposits typically displays
ΣLREE/ΣHREE>1.0, except for the Alvo 118 apatite
which shows a strong enrichment of HREE

Significant concentrations of Mg, Si, Fe, As, S, Ba, Pb,
Th, and U are present in apatite from most deposits, but
variations in Cl, F, Sr, Y, Mn, and REE abundances
distinguish apatite from the IOCG deposits of the CMP.

(ΣLREE/ΣHREE= 0.37 ದ 0.86) (Fig. 4).

Figure 2. Trace element compositions of apatite from IOCG
systems of the Carajás Mineral Province: F – Cl variation
diagram.
Figure 4. Trace element compositions of apatite from IOCG
systems of the Carajás Mineral Province: correlation between
REE and Mn. Legend same as Figure 2.

Compared to Sossego, apatite from the Alvo 118 and
Igarapé Bahia deposits has the lowest Cl (0 – 570 ppm)
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of the alteration assemblage. Apatite Sr values tend to be
higher in deposits where mafic rocks are predominant,
such as at Igarapé Bahia. In a more general context,
apatite Sr-Y values are markedly different from iron
oxide–apatite (Kiruna-type) deposits and carbonatites.
Nickel concentrations in magnetite are more elevated in
cases where ultramafic rocks occur in the deposit area
(e.g., Sossego deposit). The different Mn concentrations
have not been fully assessed but may, in part, reflect
redox conditions during fluid/rock interaction: as Mn2+
tends to substitute for Ca2+, higher Mn contents are
expected in apatite formed in more reduced conditions
(e.g., H2O-CO2-CH4 fluids and magnetite at Igarapé
Bahia) than in more oxidizing environments (e.g., CO2free, H2O fluids and hematite at Alvo 118 deposits).
Nevertheless, trace element patterns observed for the
Carajás IOCG deposits are different from those of apatite
and magnetite from Australian Proterozoic IOCG
deposits (Rusk et al. 2010). Variations in trace element
patterns in IOCG deposits likely reflect variations in
temperature, fluid composition, redox state and fluidrock interaction and may not yield unique geochemical
fingerprints to be used for exploration.

Magnetite from all the investigated IOCG deposits
shows concentrations of Mg, Al, Mn, Ti, V, Co, Ni, and
Zn, above detection limit. Among these suites of trace
elements, plots involving Ti, V, and Ni best discriminate
orebodies within a single deposit, as well as different
IOCG deposits in the province (Fig. 5). The Sequeirinho
and Sossego orebodies at the Sossego IOCG deposit are
clearly distinguished on the basis of their Ni and Ti
concentrations. Ni also efficiently separates this IOCG
deposit from the Alvo 118 and Igarapé Bahia that contain
lower Ni values. V contents in magnetite are less suitable
to distinguish the Carajás IOCG deposits, but seem to be
an excellent fingerprint for the Igarapé Bahia orebodies,
with the highest values correlated with the higher grade
zones (e.g., Acampamento Norte orebody) (Fig. 5).
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Figure 5. Trace element compositions of magnetite from
IOCG systems of the Carajás Mineral Province: (A) V – Ni
and (B) Ti – V variation diagrams.

5 Preliminary conclusions
Trace element concentrations in apatite and magnetite
may be explored as a tool to discriminate between
different IOCG deposits of the CMP and even between
orebodies from a single deposit, in particular when F-Cl,
Sr-Y and Mn-REE plots for apatite and V-Ni and V-Ti
plots for magnetite are used. The contrasting F/Cl ratios
observed in the IOCG apatite from the investigated
deposits may be attributed to mixing of fluids of distinct
sources (e.g., magmatic and/or formational/metamorphic
brines, evolved meteoric waters) and/or preferential
partitioning of F-Cl into amphibole, biotite and chlorite
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The molybdenum (±Cu–Au) mineralization of the
Lanham’s prospect, Cloncurry district, Australia
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Abstract. The Lanham’s Prospect is located in the
Proterozoic Doherty Formation of the Cloncurry District
in the Mount Isa Block of northern Australia. The
prospect is characterized by molybdenum, copper and
gold mineralization. The main rock types include calcsilicates and carbonaceous metapelites, with various
degrees of brecciation and metasomatic alteration. The
meta-sedimentary units were intruded by gabbros and
granitoid bodies of the Williams Batholith. The
mineralization is hosted in moderately brecciated calcsilicate rocks. The metasomatic alteration associated
with the mineralization comprises four phases, starting
with a Na-rich phase that is followed by Cu-Au
mineralization that precedes the Mo mineralization. The
C-O isotope signatures of mineralized samples suggest
a magmatic and/or sedimentary (with up-temperature
evolution) signature. The sulfur isotopes of the
molybdenite display more likely sedimentary values
whereas the chalcopyrite and pyrite have inferred
34
magmatic signatures (δ SPy, Cpy is between -1‰ and
3‰; the δ34SMo is between -7‰ and -6‰ with two
outliers with -3‰ and 1‰). Two models are put forward
concerning the fluid source(s) and evolution: one mass
source for Mo, S, Cu, Au derived from magmatichydrothermal fluids; or multiple sources by mixing of
magmatic and sedimentary fluids.

In this extended abstract we report petrographic and
isotopic data gathered and forward two possible ore
genesis models.

2 Regional geology
The Mt Isa Inlier is located in northwest Queensland
and records a complex geological history characterized
by a protracted tectonic evolution that is best preserved
in the geological record between the Paleo- and
Mesoproterozoic, and outcropping over approximately
24000 km2. The eastern part of the Mount Isa Inlier is
renowned for Iron Oxide Copper Gold (IOCG) deposits
(related in part to intrusion of the Williams-Naraku
Batholith), and Broken Hill type silver-lead-zinc
deposits.
During the 1600-1500 Ma Isan Orogeny there were
two episodes of magma emplacement which occur synto post-peak metamorphism. The second episode of
magma emplacement was the Williams-Naraku
Batholith (ca. 1550-1490 Ma) (Page and Sun 1998).
The Saxby and the Mount Angelay igneous complexes
within this batholith have geochemical characteristics
of “A-type” granites. The Mount Angelay intrusives
are exposed within the study area.
The hydrothermal activity in the area has occurred
for more than 250 Ma covering all the tectonic
evolution events of the area (e.g., Oliver et al. 2008).
There is controversy about the ore genesis models and
the source of the metal bearing fluids that have formed
the IOCG deposits in the district. With the advent of
new age dates for the Osborne and Starra deposits (e.g.,
Rubenach et al. 2008), a revised model considers both
early ‘basinal’ or ‘metamorphic’ varieties including
Osborne and possibly Starra, and later deposits (most
notably Ernest Henry) that are related to the release of
fluids from the Williams-Naraku Batholith (Oliver et al.
2008).

Keywords. molybdenum, IOCG, Proterozoic

1 Introduction
Ivanhoe Australia Ltd. has recently discovered a high
grade molybdenite ore deposit with no parallel in the
world. This deposit, called Merlin, is located in the
Cloncurry District, an area well known for its metal
endowment. The deposits common in this area are of
the IOCG (Iron Oxide Copper Gold) type deposits and,
although Merlin has similar characteristics to the IOCG
deposits, the high grade of molybdenite confers a
unique mineralization style, unseen globally.
The Lanham’s Prospect shares many of the
mineralization characteristics seen in the Merlin
deposit and is therefore an ideal candidate for ore
genesis studies. Also, the study of a greenfield stage
prospect will allow for geological model comparisons
with the brownfield Merlin deposit and the definition
of main genetic characteristics of this new
mineralization type. The similarities between
Lanham’s and Merlin mineralization, spaced 50km
apart, suggest other possible economical molybdenum
ore deposit discoveries in the region.

3 Unit description and metasomatism
The main rock units are calc-silicate rocks,
carbonaceous metapelites and mafic and felsic
intrusions. The metasedimentary units belong to the
Doherty Formation (approximately 1750 Ma) while the
intrusive bodies are interpreted as part of the Williams
Batholith (approximately 1530 Ma). The field
relationships of the calc-silicates are complex with
three different sub-types defined, according to their
level of brecciation. This division consists of:
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this hydrothermal alteration. The fourth alteration
phase is a later, low temperature alteration with minor
pyrite formation, although barren in economic metals.
An important observation is that the molybdenite
postdates the Cu–Au mineralization and has, locally,
interacted with or overprinted the previously formed
sulfides.
The typical metamorphic mineral assemblages of
the calc-silicates indicate temperatures between 500
and 600ºC, while hydrothermal alteration phases 1 to 3
suggest temperatures between 400 and 500ºC.
Chemical effects of alteration were interpreted
using the Grant (1986) isocon plot method which
allowed to establish the presence of a K-Fe alteration
on the boundary between the metapelites and calcsilicates (Fig 4 and 5) which indicates the presence of
younger metasomatic fluids that have overprinted the
older Na-(Ca) alteration.

- Banded calc-silicates that consist of thinly, wellbedded rocks with foliation parallel to bedding. Small
discontinuous layers of marbles are commonly present.
- Sub-angular clast supported breccias.
- Discordant, matrix supported breccias. The
timing of these breccias relative to the other
metamorphic sedimentary units and crackle breccias is
clearly later.
The carbonaceous metapelite units are characterized
by thin bedded layers with pervasive foliation parallel
to bedding. These units are interlayered within the calcsilicates and can be divided into unaltered
carbonaceous metapelites and intensely altered leached
metapelites.
Gabbros and dolerites outcrop in semi-rounded
bodies from a few metres to ~500 m in diameter. The
felsic intrusions mainly consist of plagioclase and
quartz with grain size variations from micro-granite to
granite. These intrusions are less abundant than mafic
intrusions in the area, but are commonly spatially
associated with them.
Mineralization occurs in the clast supported
breccias adjacent to the carbonaceous metapelites. Four
alteration/mineralization phases were defined by
petrography and whole rock geochemistry (Fig. 1).
The four alteration phases are best represented in
the locally mineralized, calc-silicate crackle clast
supported breccias and are defined relative to these
rocks.

4 Stable isotopes
Carbon, oxygen and sulfur isotope studies were
performed on vein carbonates, rocks, and sulfide
mineral separates. The carbon and oxygen isotopes
results can be seen in Figure 2.

Figure 2. Lanham’s Shaft oxygen versus carbon isotope
results of calcite, reported in V-SMOW and PDB,
respectively. Text, arrows and blue circles highlight the
clustered results and/or the nature of the host rock and/or
metasomatic alteration and/or the mineralization

Figure 1. Paragenesis diagram showing the main
hydrothermal mineral assemblages and their style of
occurrence.

The first alteration phase is un-mineralized with
mineral assemblages typical of regional Na-(Ca)
metasomatic alteration. The second alteration phase
involved Cu–Au mineralization with possible early KFe metasomatic alteration. These two stages are
recognised elsewhere around IOCG deposits (e.g.,
Mark et al. 2006). The third alteration phase is related
to
molybdenite
mineralization.
Whole-rock
geochemistry and the presence of K-feldspar and
phlogopite indicate K-Fe alteration was associated with

Figure 3. δ34 S values for mineral separates of pyrite (δ34SPy),
chalcopyrite (δ34SCpy) and molybdenite (δ34SMo).

The δ34SPy, Cpy (pyrite, chalcopyrite) display a small
range of values between -1‰ and 3. The Lanhams
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δ34SMo (molybdenite) display a greater spread of values
(Fig. 3).

The multiple fluid and mass source model involves
a magmatic-hydrothermal source for the Cu-Au and
another fluid that equilibrated with the carbonaceous
metapelites, acquiring the sulfur isotope signatures of
sedimentary-formed sulfides, and precipitating the
molybdenite mineralization in calc-silicate breccias,
possibly by increase of the oxidation state (Fig. 5).

5 Discussion
The stable isotope studies suggest C, O and S were
derived in part from magmatic-hydrothermal fluids but
may also have had a sedimentary component. The
carbon and oxygen stable isotope results indicate also
that the hydrothermal system responsible for the
mineralization was fluid buffered with limited
interaction with the host rocks. This information
coupled with the K-rich local imprint of the regional
Na-(Ca) metasomatic alteration gathered from
petrographic and whole rock geochemistry studies
indicates two possible geological models for the mass
source of the molybdenum and Cu-Au mineralization
at Lanham’s.
The single mass source model involves a
magmatic-hydrothermal fluid that permeates the
carbonaceous metapelites, becoming increasingly
reduced (Fig 4). When this fluid reaches the calcsilicate breccias a pH increase would be responsible for
the precipitation of the Cu-Au mineralization and a
later increase in oxidation state would result in the
precipitation of the molybdenite mineralization, with
mixed sulfur isotopes.

Figure 5. Model 2 - Multiple fluid sources. See legend in
Figure 3.

It is important to note that in both models put
forward there is the need for magmatic fluid/s
interaction with the carbonaceous metapelites
occurring spatially close to the mineralization.
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Fe-Ti(-V) oxide mineralogy and thermo-oxybarometry
from the Kunene anorthosite Complex deposits (SW
Angola)
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Abstract. The Kunene Complex, in south-western
Angola, is one of the largest Proterozoic anorthosite
concentrations in the world. It is cut by a set of dykes or
lenticular bodies of massive Fe-Ti oxides, locally apatiterich (nelsonites), which contain remarkable reserves of Ti
and V. Massive oxides are separated from nelsonites by
a layer of transition breccias formed by phosphates and
oxides. Four of them are discussed here. The dykes
show two different structures, concentric and massive
types, one of them being affected by shear. The studied
orebodies consist of V-rich Ti-magnetite, ilmenite,
hercynitic spinel, apatite and other minor phases, such as
olivine, phlogopite and graphite. Normally, textures
denote equilibrium, although crystal boundaries may be
irregular. Ti-magnetite shows three kinds of exsolution
phenomena: magnetite-ulvöspinel with and without
spinel, and ilmenite. The compositions of the oxides are
consistent with temperatures between 601.6 and
-24.7
-14.7
820.6ºC, and fO 2 ranging from 10
to 10
of the
different orebodies. The structure of the orebodies
suggests that the oxides precipitated from a separate
phosphate-rich melt confined in the anorthositic host.

Ramdohr 1953; Roman’ko and Titov 2005).
In the present work, four Fe-Ti oxide bodies from the
Angolan KIC have been studied: Dongue (D),
Tchingunguanganda (CHU), Tchimbueio (TCB) and
Chiange (CH), which consist mainly of Ti-magnetite and
ilmenite. The aim of this contribution is to describe its
structure and main mineralogy and to provide an
approximation to their conditions of formation, based on
the interpretation of their textural and chemical
characteristics and Fe-Ti oxide thermo-oxybarometric
calculations.

2 The Kunene Intrusive Complex
The KIC consists of anorthosite bodies, associated to
leucogabbros, leuconorites, leucotroctolites, gabbros,
norites and troctolites, dated at 1379 ± 4 Ma (Mayer et
al. 2000). It also contains gabbroic bodies with a welldefined layering (Morais et al. 2000), possibly related to
a rifting stage. There is also a group of younger acidic
intrusives forming a SW-NE belt, called the “red
granites”. The KIC intruded in Archaean and Proterozoic
high grade paragneisses of the Panafrican Epupa
Complex (Brandt et al. 2000), and it is partially covered
by Pliocene-Quaternary alluvial sediments. Unlike other
anorthositic complexes in the world, the KIC has not
been affected by prograde metamorphism after its
emplacement (e.g., Ashwal andTwist 1994; Mayer et al.
2004).
Fe-Ti oxide mineralizations is frequent in the KIC
(e.g., Ashwal and Twist 1994), especially near the
granitic belt. Anorthosites in contact with mineralization
contains moderate quantities of ilmenite and/or
magnetite, suggesting a genetic relationship between
anorthosites and oxide orebodies (Mayer et al. 2004).
The mineralization reported in this work develop metric
to decametre-scale massive orebodies (Fig. 1a). D is
concentric, formed by a nelsonite (magnetite-apatite
rock) core, wrapped by oxide-phosphate breccias and a
massive oxide envelope (Fig. 1b). CHU, TCB and CH
are dikelike massive oxide bodies, associated to
nelsonites and breccias. Unlike the others, CH shows
shear deformation features.

Keywords. Kunene, Angola, Fe-Ti-V oxides, exsolutions,
thermo-oxybarometry

1 Introduction
Magmatic ilmenite-magnetite deposits represent the
major source of TiO2, apart from placers. Ilmenite
deposits in the world are up to several hundreds of
millions of tonnes with grades of 10-75% TiO2 and
<0.2% V. Ti-magnetite deposits are up to a billion
tonnes, with grades of 2-20% TiO 2 and an average of
0.25% V (Gross et al. 1997).
The Kunene Intrusive Complex (KIC) is one of the
largest and less known occurrences of anorthositic rocks
in the world, with an area of about 18,000 km2 (e.g.,
Ashwal and Twist 1994), between SW Angola and NW
Namibia. During Portuguese colonization, several Fe-Ti
oxide massive bodies were revealed (e.g., De Carvalho
1972), as well as related alluvial concentrations (Lorena
1969). Since then, only few works were published, due
to the difficult sociopolitical situation (De Carvalho and
Alves 1990; Silva 1992). Studies are more abundant and
detailed in the Namibian part of the complex (e.g.,
Drüppel et al. 2007; Gleißner et al. 2010) than in the
Angolan part (Ashwal and Twist 1994; Morais et al.
2000). This work is focused on the host anorthosites and
related rocks, about which little data exists (e.g.,
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3 Mineralogy and textures
3.1 Mineralogy
Twelve selected samples from massive Fe-Ti oxides and
nelsonites have been studied. First, a detailed structural
characterization of mineral phases was carried out by
full profile analyses of powder X-ray diffractograms,
permitting a modal quantification of mineral phases
(Table 1). Later, samples were examined by scanning
electron microscope (SEM-BSE-EDS) and electron
microprobe (EMP).
Quantitative XRD enabled to classify the diffracted
samples into two groups. The first corresponds to
samples from D, CHU and TCB. This group is
dominated by Ti-magnetite (from 45 to 80%) in two
different phases with different cell parameter, and
ilmenite the second most abundant phase (from 5 to
40%). Spinel is always present. Other minor phases are
fluorapatite (only found in nelsonites), goethite,
hematite, and graphite. Samples from the second group
(CH) contain similar amounts of magnetite and ilmenite,
but in this case, there is only one Ti-magnetite phase,
with a bigger crystallite size. The cell parameters of
ilmenite are smaller, suggesting a higher Mg content.
Spinel, hematite and goethite are also present, but
graphite is absent. Furthermore, one relict olivine crystal
and phlogopite were found in a sample from CH. The
XRD results are confirmed by SEM-BSE-EDS and
EPM.

Figure 1. Fe-Ti oxide mineralizations in the field: a) image of
the outcrop of TCB, b) geologic scheme of D orebody.
Table 1. Modal proportions of minerals obtained by XRD in
%. Mineral abbreviations are: Mag, magnetite; Ilm, ilmenite;
Spl, spinel; Gth, goethite; Hem, hematite; Ap, apatite; Kln,
kaolinite; Gr, graphite.

D
CH
TCB

Mag
52.0
46.3
56.8

Ilm
21.3
33.7
24.7

Spl
8.2
4.4
7.3

Gth
2.8
3.5
4.1

Hem
3.8
4.4
4.3

Ap
7.7
0.7
2.8

Kln
7.0
-

Gr
4.2
-

3.2 Textures
The two aforementioned groups of orebodies also differ
in textural features. In all deposits, minerals are coarsegrained, but in CH, most of Fe-Ti oxide rocks present
finer-grained minerals, which define a micrometric
layering with their elongation.
In general, major phases develop straight boundaries
and triple points. On one hand, in D, CHU and TCB, Timagnetite crystals are millimetric, anhedral and
exsolved, and ilmenite and spinel crystals are
millimetric, subhedral and homogeneous. Spinel crystals
may present fractures filled with Fe and Al
oxyhydroxides and hematite. This is the main feature
developed by all major phases both in massive oxide
rocks and nelsonites, although minerals may show
irregular boundaries in some cases.
All Ti-magnetite crystals present three kinds of
exsolution phenomena, which can coexist in the same
crystal (at least one of them is commonly present). These
are: a) blocky-type (Haggerty, 1991), micrometric
magnetite cubes or lamellae in ulvöspinel matrix (fig.
2a); b) box-type (Ramdohr, 1953), micrometric spinel
lamellae, wrapped by magnetite in ulvöspinel, and
following {100} planes of magnetite (fig. 2a); and c)
trellis exsolutions (Haggerty, 1991), micrometric
ilmenite lamellae oriented following {111} planes of
magnetite (fig. 2b). Ti-magnetite from D, TCB and CHU
contains blocky- and box-type exsolutions. In CH,
blocky-type is less apparent in layered rocks, whereas
box- and trellis-type are found in non-layered rocks.

Figure 2. Fe-Ti oxide textures under SEM-BSE. Image width:
a) 60 μm and b) 500 μm). See text for explanation.
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the host rock, anorthosite, is consistent with this
hypothesis.

In all deposits, Ti-magnetite shows a sequence of
subsolidus replacements of pinkish colour in reflected
light, which are associated to tiny fractures. They are,
from older to younger: dark pink, light pink and whitish.
The exsolutions described previously are found in all
these populations, although they are less visible in light
pink. Thus, the limits between these different
colourations are interpreted as reaction fronts of
hydrothermal fluids.
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4 Mineral chemistry
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5 Geothermobarometry
The temperature and fugacity values obtained by the
worksheet of Sauerzapf et al. (2008) plot in a wide range
of values, from 602.6 to 820.6ºC and from 10-24.7 to 1014.7
, within the graphite and magnetite stability fields.
This is coherent with the occurrence of magnetite and
graphite in the samples. In addition, there are no
remarkable differences according to lithologies or the
deposits.

5 Discussion and conclusions
Kunene Fe-Ti oxide massive orebodies present a simple
mineral association, which develops complex exsolution
features. Ti-magnetite, ilmenite and spinel represent
more than 85 wt.% of the analysed samples, and
secondary oxides (hematite) and Fe and Al
oxyhydroxides may represent around 7 wt.% and
fluorapatite 5-8%. Furthermore, Ti-magnetite contains
13-23.4 wt.% TiO2 and up to 0.5 wt.% V.
The temperatures and the fO2 obtained do not
correspond to equilibrium crystallisation conditions, but
to a later reequilibration. This is suggested by the
melting point of nelsonites, at 850-1000ºC (Philpotts
1967) and is supported by the presence of exsolution
phenomena.
The most accepted hypothesis on the formation of
magmatic Fe-Ti oxide deposits is by liquid immiscibility
between an oxide-rich phosphate melt and a silicate
melt. Liquid immiscibility in the system iron oxidefluorapatite-silicates was demonstrated experimentally
by Philpotts (1967). In the case of Kunene, the structure
of the massive oxides with regards to the nelsonite and
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Kiskamavaara a shear zone hosted IOCG-style of CuCo-Au deposit in Northern Norrbotten, Sweden
Olof Martinsson
Division of Geosciences, Luleå University of Technology, 971 87 Luleå, Sweden
Abstract. Northern Norrbotten is part of an important
metallogenetic province in the northern region of the
Fennoscandian Shield dominated by the commodities FeCu-Au including world class Fe-oxide and Cu-Au-Ag
deposits. These occurrences are hosted by 2.3-1.9 Ga
Palaeoproterozoic volcanic and sedimentary units
deposited on an Archean basement. Based on the style of
mineralization and the occurrence of regional scapolite
and albite alteration among other alteration types this
region has been regarded as a typical IOCG province.
Kiskamavaara is a subeconomic Cu-Co-Au deposit
situated together with several other epigenetic sulphide
occurrences along a major shear zone. Chalcopyritepyrite-magnetite-hematite ore minerals occur as breccia
infill in association with strong K-feldspar alteration within
an extensive zone of hydrothermal brecciation of andesitic
host rock. The mineralization may be part of a
symmetrically zoned system. A core rich in magnetite with
traces of molybdenite is surrounded by an inner
magnetite-pyrite-chalcopyrite assemblage and an outer
and more extensive zone of hematite. In this transition
zone sericite±tourmaline alteration partly overprints Kfeldspar alteration. Cu-Au-Co mineralization with breccia
and K-feldspar alteration at the transition zone between
magnetite and hematite is typical of magnetite- to hematite
group IOCG-deposits.

Groves et al. (2010).
Host rocks include rift related Palaeoproterozoic
greenstones (~2.3-2.0 Ga) and subduction related igneous
and sedimentary rocks of the Svekokarelian Orogen
(~1.9-1.8 Ga) deposited on an Archean basement. The
most mineralized units are the Kiruna Greenstone Group,
the Porphyrite Group and the Kiirunavaara Group. More
intensely mineralized areas are mainly found along two of
the major shear zones in Northern Norrbotten (Fig. 1).
The NNE-directed Karesuando-Arjeplog Deformation
Zone (KADZ) is the most prominent one separating
domains of different metamorphic grade and
lithostratigraphy (Bergman et al. 2001). It follows a deep
crustal structure suggested to represent a 2.1 Ga aborted
rift arm (Martinsson 2004).

Keywords. IOCG, copper, cobalt, gold, breccia infill, Kfeldspar, Northern Norrbotten

1 The Northern Norrbotten ore province
The northern region of the Fennoscandian Shield,
involving parts of Finland, Norway and Sweden, is an
economically important metallogenic province dominated
by Fe-oxide and Cu±Au deposits. Economically most
important are the apatite iron ores at Kiruna and
Malmberget and the Aitik Cu-Au-Ag deposit. Besides
these world class deposits there exists a large number of
sub economic to economic deposits containing Fe or
Cu±Au (Weihed et al. 2008).
Based on styles of Fe and Cu-Au mineralization,
extensive albite-scapolite±amphibole alteration and
subsequent
K-feldspar-sericite-iron
oxide-sulphides
alteration and mineralization, the region has been
regarded as a typical iron oxide-copper-gold (IOCG)
province (e.g., Martinsson et al. 2001; Williams 2010).
Characteristic is also the highly saline (Na-Ca-Cl) nature
of ore forming fluids (Broman and Martinsson 2000). The
Cu±Au deposits are quite variable in character with
magnetite as a minor or major component in most
deposits. However, in strictly genetic terms, only some of
these deposits may be classified as IOCG deposits while
others only share some of the features characteristic of
this ore type (cf., Edfelt et al. 2005; Wanhainen et al.
2005) according to the definition by Hitzman (2000) and

Figure 1. Epigenetic Cu±Au deposits and simplified
geological map of Northern Norrbotten. Modified from
Martinsson (1995).

2 The Kiskamavaara Cu-Co-Au deposit
2.1 Local geology
The Kiskamavaara Cu-Co-Au deposit, located 40 km east
of Kiruna, was found by the Swedish Geological Survey in
1972 by drilling on geochemical and geophysical
anomalies. It has been investigated by geophysical ground
measurements (Mag, SR, IP) and drilling (65 Dh) during
the period 1972-1980 (Bergman et al. 2001). The deposit is
situated together with several other epigenetic sulphide
occurrences along KADZ, partly in association with
extensive zones of albite-carbonate alteration. Intermediate
to felsic metavolcanic rocks and quartzite dominate the
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bedrock in the Kiskamavaara area. A granodiorite intrusion
occurs 1 km south of the mineralization.
Historic resources are estimated to 3.42 Mt with 0.37%
Cu and 0.09% Co. The content of Co in pyrite varies
between 0.07 to 3.6%, on average 0.9% (Martinsson and
Wanhainen 2000). Gold is not included in the resource
estimates as it was not systematically analysed.
The host rock to the mineralization is fragmental in
character with subrounded clasts, up to 4 cm in size of
altered volcanic rocks of intermediate composition. The
matrix to the clasts is mainly fine grained volcanic material
and varying amounts of hematite-magnetite-pyrite. Many
clasts are strongly K-feldspar altered, giving them a red
colour and increased grain size. Texturally similar Kfeldspar alteration occurs as diffuse patches in the matrix
to the fragments, indicating the alteration to partly precede
clast formation. Thus, a hydrothermal origin is suggested
with contemporaneous alteration and fragmentation due to
tectonic and hydrothermal activity.
The metavolcanic rocks are metamorphosed at lower to
medium amphibolite facies. Intense ductile deformation is
often developed in the andesite, resulting in a steep and
generally strong foliation in a NNE-SSW direction. In
contrast, the fragmental rock has only locally suffered
from ductile deformation, which is expressed as narrow
zones of mylonite or a weak to strong foliation. The
deformed rocks are commonly rich in sericite.
2.2 Deposit characteristics
Kiskamavaara contains three richer sulphide lenses
within a ca. 900 m long and 15 to 40 m wide mineralized
zone (Fig. 2). The deposit consists of Co-bearing pyrite
occurring disseminated in the matrix to the fragmental
rock together with magnetite and some chalcopyrite (Fig.
3). The composition of the breccia infill is changing from
almost massive pyrite in the central part of the rich ore
lenses to disseminated magnetite-pyrite in the peripheral
parts and hematite-magnetite outside the sulphide
mineralization (Fig. 4). Higher content of Cu is sporadic
within pyrite rich lenses but typical of their periphery.
Carbonate and locally quartz occur as gangue minerals,
enclosing euhedral pyrite and magnetite. However, the
carbonates are often weathered away giving the
mineralization a vuggy character. Elevated gold contents
(0.1-0.4 ppm) are related to sulphide mineralization and
molybdenite occurs locally as an accessory mineral.
Several types of alteration have affected the bedrock in
the Kiskamavaara area. Most prominent is a very strong Kfeldspar alteration, which comprises a 250 to 300 m wide
zone within the fragmental rocks. The central, and
sulphide mineralized part of the alteration zone, differ only
by its more reddish colour. A carbonate rich albite rock
occurs east of the deposit and may represent an altered
felsic intrusion or a strong hydrothermal alteration of the
andesite. The K-feldspar altered fragmental rock is
enriched in K2O (7.1-11.6%) and Ba (0.25-0.64%), while
Ca, Na, Zn and Y are depleted. Further east scapolite in
association with biotite is a common alteration assemblage
in metavolcanic rocks and metadiabase. Scapolite mainly
forms porphyroblasts but locally also veinlets.
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Figure 2. Geology of the Kiskamavaara deposit. Modified
from Martinsson and Wanhainen (2000).

Figure 3. Co-bearing pyrite from the central mineralized zone
at Kiskamavaara. Size of view 4 cm.

In more detail the host rock to the Kiskamavaara
deposit exhibit a rather distinct zoning pattern from west to
east that is truncated at its eastern side by a shear zone. In
the western part the rock has a reddish grey colour and is
dominated by K-feldspar alteration with disseminated
hematite as breccia infill. Further east sericite and minor
tourmaline overprint the K-feldspar alteration and
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magnetite and calcite starts to appear as breccia infill. This
is followed by a zone with a strong red colour and
remnants of scapolite alteration. Magnetite, pyrite and
some chalcopyrite and calcite occur as breccia infill but are
succeeded eastward by a magnetite zone almost lacking
sulphides and having traces of molybdenite.

Figure 4. Hematite-magnetite as breccia infill from peripheral
part of the mineralized zone at Kiskamavaara. Size of view
10 cm.

3 Discussion
Kiskamavaara is one of several epigenetic sulphide
deposits containing Cu±Co±Au along the KADZ and
most of them seem to be structurally controlled.
However, no age data exist to constrain firmly timing of
mineralization. Regionally, two major events of Cu±Au
mineralization have been identified at 1.9 and 1.8 Ga
(Billström and Martinsson 2000). Very extensive
hydrothermal alteration zones occur along the KADZ.
They commonly exhibit a zoned character with a distal
scapolite-biotite alteration grading into carbonate-albite
alteration with locally a carbonate rich core (Bergman et
al. 2001).
Similar
scapolite-biotite
and
albite-carbonate
alteration occur adjacent to the Kiskamavaara deposit but
have a faulted contact to the K-feldspar dominated
alteration hosting the deposit obscuring their relationship.
Possibly the alteration zone at Kiskamavaara is the
preserved western part of a symmetrically zoned system
within a more extensive hydrothermal breccia. In that
case a magnetite dominated core containing traces of
molybdenite is followed by a magnetite-pyritechalcopyrite zone that is surrounded by hematite and with
sericite-tourmaline alteration occurring in the transition
zone. This position of Cu-Au mineralization at the redox
boundary between magnetite-hematite dominated
mineralization is typical for magnetite- to hematite group
IOCG-deposits (Williams 2010).
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Formation ages of the two Phanerozoic IOCG belts in
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Abstract. In Mexico, two IOCG-bearing belts are
disposed roughly parallel to the Pacific Coast: (1) an
older, Mesozoic belt located near the Pacific border,
constituted by magnetite-rich bodies with Cu-Au
anomalies; and (2) a Tertiary belt, located inland Mexico,
grossly parallel to the Mesozoic belt,composed mainly by
magnetite-hematite-rich deposits. Recently, some new
data on the absolute age of these deposits has been
obtained.

al. 2003) in similar geological scenarios.
Tertiary deposits (La Perla, Chihuaha; Cerro de
Mercado, Durango), on the contrary, were proposed to
form after the upflow of iron rich magmas (Van Allen
1978; Lyons 1988), based mainly on textural evidences
and field relationships.

Keywords. IOCG deposits, Mesozoic belt, Tertiary Belt,
Fe deposits, Cu-Au deposits, Mexico

1 Introduction
In North America (US and Mexico), iron-oxide rich
deposits are widespread and located mainly in a belt
parallel to the Pacific border of the continent. These
deposits share an association with saline fluids,
voluminous alkaline (Na and/or K -rich) alteration, low
sulfur contents and variable enrichments in REE, Cu,
Au, Ag, Co and U (Barton et al. 2000).
Although iron deposits with problematic affiliation are
known in Mexico for quite a long time (Van Allen 1978;
Lyons 1988; Corona-Equivel 2000), the presence of
IOCG deposits in Mexico was only very recently
formally recognized by Tritlla et al. (2003). The age and
geological setting of these deposits are uncertain and this
paper provides some new descriptions and
geochronological data of some Mexican IOCGs.

Figure 1. (A) Distribution of IOCG deposits in Mexico

2.1 Pacific Coast (Mesozoic) belt
This IOCG belt is defined by deposits located, from
south to north, within the Guerrero (Nukay, Filos,
Bermejal), Michoacán (Aquila, Las Truchas), Jalisco (El
Encino, Chanquehahuil) and Colima (Peña Colorada,
Las Pesadas) States (Corona-Esquivel 2000, 2007b;
Tritlla et al. 2003) as well as in the Baja California
Peninsula (Alisitos Belt, López et al. 2006). These
deposits are mainly composed of magnetite, with minor
quantities of sulfides (chalcopyrite, pyrite, pyrrothite)
and fluorapatite. They have been mined exclusively for
iron ore, and where no real exploration has been
performed to look for other substances.

2 IOCG deposits in Mexico
In Mexico, two distinctive sub-belts can be recognized
(Corona-Esquivel et al. 2007; Fig. 1): (1) an older,
Mesozoic belt located near the Pacific border, constituted
by magnetite-rich bodies usually with several
mineralized bodies within a discrete zone, sometimes
related to mesozoic intrusives (Tritlla et al. 2003); (2) a
Tertiary belt, located inland Mexico, grossly parallel to
the mesozoic belt, made up by magnetite-hematite or
hematite-rich deposits of Tertiary age (Corona-Esquivel
2000).
Traditionally,
magnetite-dominated
mesozoic
deposits have been classified mainly as skarns (Peña
Colorada, El Encino, El Encino, Aquila, Las Truchas).
However, our revision indicates that true skarns (Cerro
Nahuatl) coexist with IOCG's (Peña Colorada, Tritlla et

2.1.1

Mezcala (Guerrero State)

The Nukay/Filos/Bermejal gold district, is a Cretaceous
to early Paleocene gold-rich IOCG system, closely
associated with an adakitic to calco-alcaline magmatic
event of ca. 63 Ma (ion-probe U/Pb on zircons; Levresse
el al. 2004). Gold abundance in wall rock correlates very
well with the composite thickness of the adjacent sills.
The fluid inclusion analyses reveal an evolution from
boiling magmatic brine to a diluted magmatic brine
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far. The presence of abundant martite after magnetite,
coupled with episodes of argillic alteration, suggest that
they formed in more surficial conditions than their older
(Mesozoic) counterparts.

inferred to have mixed with meteoric water (Gonzalez et
al. 2003)
Carbon and oxygen isotope analyses of the inner
mineralizing area calcite (-10 to -11.6‰ and +13.2 to
+14.6‰, respectively) suggest a magmatic signature of
the mineralized fluid. Carbon and oxygen isotopes from
the outer mineralizing area calcite (-8.8 to +3.4‰ and
+12.9 to +22.8‰, respectively) suggest a complex
mechanism of degassing and subsequent cooling/dilution
of the resulting magmatic brine with the meteoric water
(Levresse el al. 2004). Gold transport is related to the
outflow of highly oxidized magmatic brines from the
intrusion. The gold precipitation was triggered by
cooling/dilution of the degassed magmatic brine by the
meteoric fluids.
2.1.2

2.2.1

Cerro de Mercado (Durango State)

Cerro de Mercado ore deposit is located in the City of
Durango (Durango State, Mexico). Lyons (1998) and
Labarthe et al. (1990) indicate that this deposit is located
within the Chupaderos Caldera, a large rhyolitic volcanic
center of Oligocene age (30.8-30.1 Ma, Swanson et al.
1978).
The iron masses appear as massive lenses and
breccias within the upper Members of the Cacaria
Formation (Lyons 1988). At the present time, the mine
workings allow to see that the emplacement of the
deposit was controlled by the intersection of two faults
of N-S and NE-SW directions that also host part of the
breccia ore bodies. The massive bodies are conformable
with the surrounding rhyolitic rocks, even though in
some places they clearly cut and are cut by silicatealtered rocks. The different ore bodies present a fairly
simple mineralogy, made up of magnetite, hematite,
martite after magnetite, pyroxene and coarse apatite
crystals with minor quartz and clays, and is surrounded
by an aureole of argillic alteration. The age of the
massive ore has been recently re-calculated by the (UTh)/He method on the apatites to be 31.02 ± 0.22 Ma
(McDowell et al. 2005).

Peña Colorada (Colima State)

The iron ore bodies are hosted by the middle Cretaceous
Tepalcatepec formation, with an overlying volcaniclastic
unit, both of Albian age, and an upper conglomerate
formation of Cenomanian age (Corona-Esquivel 2000).
The lower clay and marl unit is locally intruded in the
mine area by a granodiorite apofisis of the Manzanillo
batholith (70-63 Ma, K-Ar, Schaaf et al. 1990) and by a
Tertiary aplite dike complex.
The Peña Colorada iron deposit is made up of three
different mineralized bodies: (1) an upper massive
magnetite body, up to 20 meters thick, sub-concordant
with the regional stratification, that contains decimetric
to metric fragments of an older garnetite (grossularandradite?) completely replaced by plumose K-feldspar;
(2) a sub-horizontal, lower disseminated magnetite body,
with a maximum thickness of 150 meters and made up
by an alternating pyrite-magnetite-pyroxene-K-feldspar
rock and (3) a mineralized diatreme, crosscutting the
whole sequence (Tritlla et al. 2003), including some
“pegmatitic”
magnetite-apatite-pyroxene-bearing
decimetric angular blocks.
Geochronology suggests two main mineralizing
phases in Pena Colorada. The lower disseminated body
appears to be the older, with an approximate age of 65.3
±1.5 (2σ; K-Ar, Tritlla et al. 2003) to 63.3 ±0.8 (Ar-Ar,
A. Iriondo, pers. comm.). The overlying main massive
body is younger, with an age of 57.3±2.1 Ma (2σ; K-Ar,
Tritlla et al. 2003) to 55.5±08 (2σ; Ar-Ar, A. Iriondo,
pers. comm.). This data suggest that the deposits formed
after recurrent mineralizing events during a 10 Ma time
span.

2.2.2

LA Perla (Chihuahua State)

La Perla iron deposit is located in the Chihuahua State,
in northern Mexico. It is composed mainly of hematite,
with minor magnetite and apatite. The overall shape of
the original deposit can be described as an elongated lens
with down-dipping marginal parts, resembling a
mushroom cap in cross-section. In detail, the unexploited
deposit was composed of many individual lensoidal
bodies, the largest being more than 400 m long and 50 m
thick (Corona-Esquivel et al. 2010).
The iron deposit is hosted by a ca. 250 m thick pile of
rhyodacitic lavas that is overlain by a lithic arkose. No
radiometric data has been reported for the
mineralization. The rhyodacite has been dated to
between 31.5 ± 0.7 and 31.8 ± 0.5 Ma with the K/Ar
method (Campbell 1977). A close relationship between
ore and host rock suggests they are coeval and that
therefore this age also is valid for the ore. Recently
(Corona-Esquivel et al. 2010) well preserved
palynomorphs and fungal spores were found
intermingled with the unconsolidated, highly laminated
powdery ore. The assemblage clearly indicates an Upper
Oligocene-Lower Miocene age, in clear concordance
with the rhyodacite radiometric ages. Moreover, the
exines of the pollen grains are well preserved indicating
that temperatures during the powdery ore accumulation
did not exceed 150ºC. No signs of replacement have
been found involving any kind of previous rock that
could contain the spores. The whole suggests that pollen
was scavenged in an ash-fall environment, perhaps in
close relationship with some lacustrine environment,

2.2 Meseta (Tertiary) belt
This IOCG belt is defined by deposits located in the
states of Durango (Cerro de Mercado; Lyons 1988;
Corona-Esquivel et al. 2007a), Coahuila (Hércules;
Corona-Esquivel 2000) and Chihuahua (La Perla; Van
Allen 1978; Corona-Esquivel et al. 2007c). Theses ore
deposits are located at the contact between the Sierra
Madre Occidental volcanic province and the Laramide
thrust and fold belt.
These deposits are mainly composed of magnetite,
martite and hematite, with minor quantities of
fluorapatite; no traces of Au or Cu have been reported so
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accounting for the primary kaolinite.

Corona-Esquivel R, Martínez-Hernández E, Henríquez F, Nyström JO,
Tritlla J (2010) Palynologic evidence for iron-oxide ash fall at La
Perla, an Oligocene Kiruna-type iron ore deposit in northern
Mexico. GFF 132:173-181
Levresse G, Gonzalez-Partida E, Carillo-Chavez A, Tritlla J, Camprubi
A, Cheilletz A, Gasquet D, Deloule E (2004) Petrology, U/Pb
dating and (C-O) stable isotope constraints on the source and
evolution of the adakite-related Mezcala Fe-Au skarn district,
Guerrero, Mexico. Miner Deposita 39:301-312
McDowell FW, McIntosh WC, Farley KA (2005) A precise 40. Ar–
39Ar reference age for the Durango apatite (U–Th)/He and fissiontrack dating standard. Chem Geol 214:3-4
Tritlla J, Camprubí A, Centeno E, Corona-Esquivel R, Iriondo A,
Sánchez-Martínez S, Gasca-Durán A, Cienfuegos-Alvarado E,
Morales-Puente P (2003) Estructura y Edad del depósito de Peña
Colorada (Colima). Rev Mex Cienc Geol 20:182-201
Van Allen BR (1978) Hydrothermal iron ore and related alterations in
volcanic rocks of La Perla, Chihuahua, México. M.Sc.thesis,
University of Texas Austin, 131 p
.

6 Discussions and conclusion
The deposits located within the Pacific Belt present
characteristics of a deeper system with clear
metasomatic bodies, no extrusive textures and, in Peña
Colorada, episodes of reworking due to the formation of
late explosive diatremes. Although more thorough work
must be done on dating the different iron-rich bodies,
these deposits seem to be associated with the Pacific
coast batholith development, sharing similar ages.
The deposits scattered within the inland Meseta Belt
are more surficial, distal and much younger equivalents
of the Pacific Belt. Indeed, these Tertiary deposits
present characteristics that suggest their formation in or
near the surface, in close relationship with the latest
magmatic pulses of the Sierra Madre Occidental
Volcanic Province. At La Perla, for instance, Upper
Oligocene-Miocene pollen was trapped by a relatively
cold, martite-rich ash fall in a possible lacustrine
environment.
So, at least two IOCG metallogenic epochs can be
envisaged to occur in Mexico. Unraveling such a
question is of great importance for future IOCG mining
developments for IOCG deposits in Mexico, specially
when some of the classic districts, as Mezcala, merit a
deep revision in the light of new genetic ideas.
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Abstract. Tourmaline-rich hydrothermal alteration is
common in the IOCG deposits of the Coastal Cordillera of
Chile where the tourmaline occurs as large crystals in the
groundmass of magmatic-hydrothermal breccias or as
disseminated small grains in the ore-bearing andesite.
Tourmaline shows strong chemical zoning, and has a
composition of schorl-dravite. The boron isotope
composition is fairly homogeneous, between -10.4 and
+6.0‰ with no major differences between the different
deposits, suggesting a common genetic mechanism. The
measured values are significantly lower than those of
seawater or marine evaporites and very similar to those
of the nearby but younger porphyry copper deposits and
volcanic rocks, indicating a magmatic derivation. The
likely ultimate boron source was the dewatering of the
subducting slab with a significant contribution from the
overlying continental basement.

relationship with the Atacama Fault System and related
structures.
The studied ore bodies are hosted and broadly coeval
with the shallow marine to sub-aerial calc-alkaline
andesite of Late Jurassic to Early Cretaceous age (Punta
del Cobre district; Candelaria and Carola mines) or the
cogenetic intermediate plutonic rocks of the Coastal
Batholith (Tropezón and Silvita mines). Near the first
deposits, the andesite is overlain by shallow marine
carbonatic and siliciclastic sediments deposited in an
ensialic back arc marine pull apart basin (Chañarcillo
Formation).
The mineralization is located along some steeply
dipping sub-circular to NNW-SSE structures. Here there
is a large aureole of hydrothermal alteration that has
replaced the igneous rock by biotite - magnetite ±
actinolite ± K feldspar ± quartz in the deep zones and
biotite - K feldspar ± quartz in the shallow ones; the
sulfide assemblage includes mainly chalcopyrite and
pyrite with the magnetite frequently replacing earlier
hematite (mushketovite). The locally overlying
limestone is irregularly replaced by a nearly barren
calcic skarn. Marschik and Fontboté (2001) found minor
tourmaline in the earlier hydrothermal assemblage of the
Punta del Cobre area, but we have found that it is fairly
common in the deep parts of these deposits, usually as
small disseminated euhedral grains (ca. 15-30 μm in
size). At Candelaria, fluid inclusions indicate the
circulation of CO2 -bearing fluids having salinities
between 25 and 47 wt.% (Marschik and Fontboté 2001),
something that in detail suggests the presence of a first
pulse of magmatic brines that was gradually replaced by
Ca-rich fluids of basinal derivation. A basinal origin of
the fluids and metals is also supported by the Os and
δ37Cl isotopes values of the mineralization and fluid
inclusions (Mathur et al. 2002; Chiaradia et al. 2006).
Prismatic to acicular coarse grained tourmaline is
much more abundant in large breccia pipes related to
magmatic-hydrothermal Cu-Mo mineralization at
Tropezón and Silvita, which is interpreted as the deep
equivalent of the former deposits. Here, ore forming
fluids are both CO2-poor and highly saline (50-70 wt.%
NaCl equiv.) Na-K-Ca brines that are interpreted as
having exsolved from the underlying intrusion above the
two phase curve (Tornos et al. 2010).
The geology and geochemistry of these, broadly similar,
groups of deposits suggest that ore forming fluids could
be magmatic water exsolved from intrusive rocks or

Keywords. IOCG, tourmaline, boron isotopes, Chile

1 Introduction
Models for the origin of IOCG (Iron oxide-Copper-Gold)
deposits fluctuate between magmatic-hydrothermal, with
the fluids and metals being derived from water-rich
intrusions (Pollard 2000; Tornos et al. 2010) and basinal,
in which the ore forming fluids are connate brines
equilibrated with evaporites, acting the coetaneous
igneous rocks as heat engines (Barton and Johnson
1996). Intermediate models suggest that there is a first
magmatic event and a later invasion of the system by
basinal brines (Marschik and Fontboté 2001). Neither
fluid inclusion studies nor stable or radiogenic isotope
geochemistry have been able to solve this question due
to the existence of non-conclusive signatures. However,
boron isotopes can be a useful tracer since they clearly
discriminate between brines of marine derivation and
other hydrothermal fluids.
Despite not widely recognized, tourmaline is frequent
in the IOCG mineralization of the Central Andes (Tornos
et al. 2010). However, it is much more abundant in the
nearby but younger porphyry and epithermal deposits.

2 The geology of the studied deposits
The IOCG deposits of the Coastal Cordillera of northern
Chile and Peru occur in a 1000 km long corridor that
runs parallel to the coast from near Santiago, Chile, to
near Lima, Peru. This ore belt shows an intimate
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connate water of the Chañarcillo Formation. Both
systems have similar geochemistry and could have
coexisted in both time and space with the ore forming
processes.

3 Geochemistry of the tourmaline
The studied tourmaline belongs to the schorl - dravite
series. The fine grained tourmaline from the Candelaria
and Carola mines shows a poorly defined chemical
zonation, while in Tropezón and Silvita the coarse
grained tourmaline crystals display a well defined
chemical zonation (Fig.1). Possibly, the cores of the
large prisms at Tropezón-Silvita are equivalent to the
fine grained disseminated crystals of Carola-Candelaria.
Tourmaline from the Tropezón and Silvita mines
approach the Mg-rich end-member with Fe/(Fe+Mg)
ratios from 0.5 to 0.1. Tourmaline from the Silvita mine
has the highest concentrations of Fe and the lowest Mg
contents, clearly corresponding to the Fe3+-rich endmember. The edge of the crystals can have up to 21.2
wt.% Fe; however, it is relatively poor in Al.
Tourmaline from the Candelaria and Carola mines
exhibits an intermediate composition with depletion in
Ca and a relative enrichment in Al that is more
pronounced in the tourmaline from Carola. The
ferromagnesian apfu contents are significantly less than
3 in the Candelaria and Carola tourmaline, probably
revealing the presence of Al, Fe3+ and/or others cations
in the Y-site.

Figure 1. Zoned tourmaline crystals from the Tropezón mine
showing a strongly embayed core and microfisures filled by
magnetite.

Calculations show that within individual deposits, the
observed variations cannot be interpreted as due to the
precipitation of tourmaline at different temperatures and
degrees of distillation unless extreme fractionation is
assumed. Thus, the observed variations must be
interpreted as having been inherited from the fluid
source.
Boron in magmatic rocks of continental arcs derives
from different reservoirs, with the final B released by the
hydrothermal fluids showing a more or less isotopically
homogenized mixture of that derived from the
subducting slab, the pelagic sediments, the mantle wedge
and the crust. Therefore, the δ11Β values can vary
significantly depending on the relative contribution from
those very different reservoirs.
In both the Andes (Rosner et al. 2003) and the Pacific
island magmatic arcs (Palmer 1991) there is a systematic
decrease in the δ11Β values of the magmatic rocks with
increasing distance to the trench and slab depth. In the
Andes, the δ11Β values vary from +4 to -7 per mil with
distance to the trench (Rosner et al 2003), something that
is interpreted as inherited from the gradual dehydration
of the subducting slab combined with crustal
contamination.
The observed δ11B signatures of the IOCG deposits
are similar to those of the Cenozoic volcanic rocks of the
Andes (-6.6 to +6‰; Rosner et al. 2003) and are only
slightly depleted in δ11B when compared with the wide
range observed in the porphyry copper deposits (-7 to
+12‰; Wittenbrink et al. 2009). Assuming that the δ11B
composition of the slab and basement has not changed
since the Cretaceous, the simplest interpretation is that
these values reflect boron being derived from two or
more reservoirs hosted respectively by the continental
crust and the underlying subducted slab. In fact, the SnAg deposits located in the eastern Andes have more
negative signatures (-14.1 to -8.7‰; Wittenbrink et al.
2009), something interpreted as reflecting a dominant
influence of the early Palaeozoic basement that has an
average δ11B signature of -11 to -5‰ (Kasemann et al.
2000).
The uppermost observed value, +6‰, is only slightly
higher than the +4‰ signature predicted for fluids

4 Isotope geochemistry
δ11Β values of tourmaline range between -10.4 and
+6.0‰, with an average value of -2.4‰ (n = 60) and do
show differences between different outcrops and
generations of tourmaline. These values are only slightly
more negative than those obtained by Wittenbrink et al.
(2009) in a study of the tourmaline and melt inclusions
within porphyry deposits of northern Chile. At the
crystal scale there are no marked differences, with the
δ11Β variation being always <4‰.

5 Discussion and conclusions
Fluid inclusion data show that tourmaline in Tropezón
and Silvita precipitated between 400 and more than
600°C (Tornos et al. 2010). This range of temperature is
similar to that calculated by Marschik and Fontboté
(2001) for the early stage of hydrothermal alteration and
mineralization at Candelaria (500 to 600°C). Boron
fractionation between tourmaline and an aqueous fluid is
-2.7 per mil at 400°C and -1.3 per mil at 600°C (Meyer
et al. 2008). Thus, changes in the temperature can only
explain a relatively small variation of ±1‰, a range
close to the analytical uncertainty. Mixing with B
inherited from the host rocks was probably negligible
because of the likely high fluid/rock ratios expected
during tourmaline growth.
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directly derived from a subducting slab during the early
stages of subduction. The most negative values could
also hypothetically be explained by B derived by a
dewatering of the slab at much higher depths, but it
seems unlikely that this occurred during the early stages
of slab subduction. Thus, we interpret our range in B
isotope signatures as reflecting an 11B-depleted
component derived from the continental basement. If
correct, this implies that the boron hosted in the IOCG
deposits of the Andes was derived from the same rocks
as was the case for the nearby volcanic rocks. The few
existing Nd and Sr isotope data confirm major
interaction with continental crust and exclude the
influence of a MORB-like crust.
The boron isotope signatures and the geologic
environment of formation of the studied IOCG deposits
exclude a dominant derivation from continental
evaporites, unmodified seawater or marine carbonates. It
can be argued that the observed δ11B signatures reflect
the interaction of seawater derived from the coeval back
arc basin where the Chañarcillo Fm was deposited with
an underlying continental basement. Percolation of
evaporitic brines into the crust and further equilibration
might produce the measured values. However, this
mechanism is unlikely since only equilibration at
fluid/rock ratios higher that 12 wt %, assuming
equilibration in an open system, would produce the
observed δ11B values. Such high fluid/rock ratios seem
unrealistic for these systems since metals would never
have been leached in sufficient amounts to form the
observed ore deposit. Furthermore, the Li content of the
tourmaline is low, in the 7-115 μg/g range, arguing
against any role of evaporites in the fluid.
An interaction of deep melts with the overlying
continental crust seems to be a prerequisite for the
formation of the Andean IOCG systems. Thus, our
model is contradictory with the interpretations of
Marschik et al (2003) and Sillitoe (2003) that suggest
that IOCG systems are related to primitive melts with
negligible interaction with crustal rocks.
Also, our results are somewhat different to those of
Xavier et al (2008) in the Carajás district, Brazil, who
reported a broad suite of δ11B values between -8 to
+26.5‰ and with significant variations between
deposits. Their data are interpreted as suggest that fluids
derived from marine evaporites, which mixed with fluids
derived from or equilibrated with felsic igneous rocks.
The data from Sossego (δ11B, -8 to +11‰) are very
similar to those of the magmatic-hydrothermal deposits
of the Andes. The isotopically heavier boron of IgarapéBahía and Salobo (+5.8 to +26.1‰) suggest a clearer
evaporitic influence but can also be explained as the
boron being dominantly derived from altered oceanic
crust.
As a whole, these results reinforce the idea that,
viewed worldwide, IOCG deposits do not reflect a single
uniform evolutionary system and that supposedly similar
ore deposits differ remarkably in their evolution.

This study has been supported by the Spanish MICINNFEDER BTE2006-0378 project. We thank Nicolae Pop
(Mina Carola) and Manuel Erazo and Walter Gil (Mina
Tropezón) for allowing access to the mine site and
sharing information. We also thank D. Morata and F.
Barra their help in the realization of this study.
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Trace element geochemistry of magnetite from the
Ernest Henry IOCG Deposit, Australia
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Abstract. Trace element of magnetite plays a vital role in
mineral exploration using minerals. We use EMPA and LA
ICP-MS to analyse trace element concentrations in
magnetite from the Ernest Henry IOCG deposit.
Quantitative multi-element analyses suggest that trace
element concentrations in magnetite are controlled by
many factors such as the degree of crystallization; the
degree of deformation; post-precipitation oxidation to
hematite; the abundance of associated sulphides; the
origin of the magnetite as infill or replacement of wall
rock. Electron microprobe trace element maps indicate
that magnetite is not zoned with respect to trace element
distribution. The variation of trace element concentrations
in magnetite likely reflects a complex combination of fluid
composition, temperature, redox conditions, and fluidrock interaction.

2 Geology background
Ernest Henry is the largest magnetite-hosted IOCG
deposit in Australia, with 226 Mt at 1.10% Cu and 0.51
g/t Au. The pipe-like Ernest Henry orebody extends
>1400 m down dip (Mark et al. 2006; Ryan 1998) and is
bound by two northwest trending shear zones that dip
~50° toward the southeast.
Copper and gold mineralization is hosted by a
breccia body dominated by rounded clasts of potassically
altered metavolcanics (Oliver et al. 2008) and a matrix
dominated by magnetite, pyrite, chalcopyrite, calcite,
and quartz with minor apatite, actinolite, fluorite, barite,
and biotite. The main ore breccia grades upwards into
the hanging wall through a narrow zone of clastsupported breccia (CSBX) into crackle brecciated
(CRBX) volcanic rocks, and then into the Hanging wall
Shear Zone (HWSZ, SCH4). Below the HWSZ, the ore
body is hosted in milled breccias that range from clastsupported to matrix-supported Breccias (MSBX). The
main ore breccia passes downwards into a zone of
variably brecciated and intensely sheared intercalated
metavolcanic and meta-sedimentary rocks (FWSZ).
Much of FWSZ consists of a medium- to coarse-grained
calcite-dominated unit termed ‘marble matrix breccia
(MMB)’.
Hydrothermal alteration and mineralisation around
Ernest Henry orebodies are characterized by regional
pre-ore Na-Ca alteration, which is overprinted by pre-ore
K-(Mn-Ba) alteration represented by intense biotitemagnetite and less common K-feldspar- garnet (Mn-rich)
alteration. K-feldspar alteration is most intense in the
region of Cu-Au mineralization (Mark et al. 2006).
Multiple stages of fluid flows and mineralization are
evident from multiple stages of brecciation and later
veins cutting the breccia body.

Keywords. trace elements, magnetite, geochemistry, LA
ICP-MS, Ernest Henry, IOCG

1 Introduction
Magnetite is a common accessory mineral in many
magmatic, sedimentary and metamorphic rocks. Many
hydrothermal ore bodies also contain significant
concentrations of magnetite. Studies on igneous
magnetite have shown that the geochemistry of
magnetite responds to several factors: (1) whole rock,
magma or fluid composition, (2) temperature, (3)
pressure, (4) cooling rate, (5) oxygen fugacity, (6)
sulphur fugacity, and (7) silica activity (Ghiorso and
Sack 1991). Minor or trace element in magnetite and
hematite from various mineral deposit types show
compositional differences that can be used to construct
discriminate diagrams that separate different styles of
mineralization (Beaudoin and Dupuis 2009; Dupuis and
Beaudoin 2011).
Several recent studies have used magnetite trace
element abundance to attempt to vector to ore bodies or
to distinguish between barren and mineralized systems.
(Beaudoin and Dupuis 2009; Carew 2004; Dupuis and
Beaudoin 2011; Nadoll 2010; Rusk et al. 2011; Singoyi
et al. 2006). In this study, we used Laser AblationInductively Coupled Plasma-Mass Spectrometry (LAICP-MS) to quantify trace element concentrations and
used electron microprobe (EMP) mapping to investigate
the distribution of trace elements in magnetite. The data
is then being used to discriminate geochemical vectors
to ore bodies, and to understand the genesis of the
Ernest Henry IOCG deposit.

3 Analyses
We analysed 250 spots on individual magnetite from 48
representative samples using a GeoLas 193 nm excimer
laser ablation system coupled to a Varian 820-MS series
quadrupole ICP-MS at the Advanced Analytical Center
(AAC) at James Cook University. Spot size ranged from
32 to 60 μm. The laser repetition rate was typically 10
Hz and laser beam energy at the sample was maintained
around 8 J/cm2. The analysis time for each spot was 65s,
comprising a 30s measurement of background (laser off)
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ppm), Co (2-291 ppm, average 24 ppm), Ni (5-4325
ppm, average 300 ppm), Zn (2-117 ppm, average 19
ppm), Ga (10-180 ppm, average 37 ppm). Magnetite
compositions vary widely across the deposit and most
trace elements vary over two to three orders of
magnitude among samples (see Fig. 2) or even among
grains within a single sample. In all 48 samples where
large variations in magnetite trace element concentration
exist among grains, petrography shows that the
magnetite can be distinguished and may belong to a
different paragenetic stage or multiple grains of the same
paragenetic stage may have been affected by different
post-precipitation processes.

and a 35s analytical signal. Data reduction was carried
out using Glitter (Jackson et al. 1992) according to
standard methods (Longerich et al. 1996) and using
NIST SRM 610 and 612 silicate glass standards. Iron
was used as the internal standard for concentration
calculations assuming stoichiometric magnetite. Signals
were manually screened for heterogeneities such as
mineral or fluid inclusions or other contamination.
Where mineral inclusions were identified, data were
discarded.
Elemental mapping was conducted on a Jeol
JXA8200 super-probe at the James Cook University
AAC to investigate the element distribution in
individual magnetite grains. The steps ranged from 1 μm
to 5 μm. Analyses used a 20 kV accelerating voltage
with 100 ms dwell time. Elements such as Mg, Al, Ti, V,
Mn, S, Fe and Cu were mapped on the Super probe. The
maps size ranges from 100 μm by 150 μm to 400 μm by
500 μm.

4 Results
Electron microprobe trace element maps indicate that
magnetite is not zoned with respect to trace element
distribution (Fig. 1). Hence, small laser spot analyses
can be used to characterize the whole individual
magnetite grain.

Figure 2. Average trace element contents and range of trace
element concentrations in magnetite from the Ernest Henry
IOCG deposit by using LA ICP-MS.

In some samples, magnetite is altered to hematite
(martitization) along cleavage planes, crystal faces,
cracks and rims. To assess the affect of oxidation of
magnetite to hematite, we also analysed hematite from 6
samples (Fig. 3).

Figure 1. Trace element mapping by using Electron
microprobe and the numbers are analyzed by LA-ICP-MS.
Mag: magnetite; Py: pyrite; BSE: back scatter electron image.
Sample from EH554 551.3m.

Figure 3. Trace element composition of magnetite and its
alteration product hematite show that some elements have been
changed during this process, Arsenic and Sb are below the
detected limits in magnetite.

We analysed for the following elements (typical
detection limits for a 45 (or 60) micron spot are shown
in Table 1.

Manganese, Cu and Zn slightly decrease while As,
Sr, Sn, Sb, W, U increase during martitization.

Table 1 The detected limits of elements in this study.
Element
D.L.
Element
D.L.
Element
D.L.
Element
D.L.
Element
D.L.
Element
D.L.

Li
1.62
K
1.41
Mn
0.29
Zn
0.96
Ag
0.01
W
0.005

Na
518
Ca
18.39
Fe
5.73
Ga
0.55
In
0.08
Au
0.004

Mg
0.58
Ti
0.17
Co
0.03
Ge
0.82
Sn
0.11
Pb
0.01

Al
0.93
V
0.03
Ni
0.89
As
0.17
Sb
0.03
Th
0.001

Si
80
Cr
1.13
Cu
0.28
Mo
0.03
Ba
0.29
Mo
0.03

Magnetite from Ernest Henry deposit commonly
contains detectable quantities of numerous elements: Mg
(6-2048 ppm, average 58 ppm), Al (26-4502 ppm,
average 521 ppm), Ti (5-1115 ppm, average 264 ppm),
V(2-3250 ppm, average 844 ppm), Cr (2-344 ppm,
average 43 ppm), Mn (90-20088 ppm, average 2033

Figure 4. Vanadium and Mn concentrations in both replacive
and infill magnetite from the upper to lower part of the orebody.

On the basis of different origin (e.g., replacement or
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infill) and different paragenesis of magnetite,we found
there is no an obvious correlation between magnetite
trace element composition and some factors such as
location within the deposit, paragenesis (Fig. 4), rock
type, or ore grade. However, some samples in this study
suggest that trace element concentrations in magnetite
are affected by factors such as: the degree of
crystallization (Fig. 5-a); the degree of deformation (Fig.
5-b); post-precipitation oxidation to hematite (Fig. 3);
the abundance of associated sulphides and the origin of
the magnetite as infill or replacement of wall rock, for
example, the abundance of associated sulphides affected
Co and Ni concentration in magnetite and associated
sulphides, but the partition coefficient (KD) between
magnetite and associated sulphides is not a constant,
which may be inferred that they are exists in a
disequibrium phase.
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Figure 5. Trace element bivariate diagrams, (a) Cr vs. Mn in
magnetite from EH691 (830.8m), suggest that with Cr and Mn
concentrations decrease with decreasing degree of
crystallization, (b) Ti vs. V in magnetite from EH569 (505.5m),
suggesting that with increasing degree of deformation, Ti and
V concentrations decrease, but it is not always consistent.

Manganese concentrations in magnetite broadly
increase with depth within the orebody at the deposit
scale.

5 Discussion
Rusk et al. (2011) showed that high Mn/Ti ratios can be
used to distinguish Ernest Henry and other regional
Cloncurry IOCGs from unmineralized magnetite-rich
breccia bodies in the region. Xavier et al. (2008)
presented that different trace element signatures in
magnetite are controlled by the local factors such as fluid
composition or host rock composition as opposed to
extrinsic factors such as pressure or temperature. In this
study, LA-ICP-MS and EMPA analyses of magnetite
from the Ernest Henry deposit show that trace element
variations range from 1s to tens of thousands of ppm.
Most of these variations (except for Mn) do not seem to
be associated with location within the deposit,
paragenesis, rock types and ore grade, but are locally
controlled by other factors such as the degree of
crystallization; the degree of deformation; postprecipitation oxidation to hematite; the abundance of
associated sulphides; the origin of the magnetite as infill
or replacement of wall rock. To sum up, we know trace
elements partition into magnetite under certain
conditions but is is poorly understood what controls the
actual concentration of these elements and it likely
reflects a complex combination of fluid composition,
temperature, redox conditions and fluid rock interaction.

481

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Controls on uranium in iron oxide copper-gold systems:
insights from Proterozoic and Paleozoic deposits in
southern Australia
Roger G. Skirrow
Geoscience Australia, GPO Box 378, Canberra, ACT 2601
Abstract. Systematic variations are present among a
spectrum of U-rich to U-poor iron oxide copper-gold
(IOCG) deposits in the Gawler Craton, Curnamona
Province and Mt Painter Inlier of southern Australia. A
subset of hematite-rich IOCG deposits show much
greater U contents than magnetite-rich IOCG deposits in
the same districts or metallogenic belts. Fundamental
controls include the U content of the host rock, crustal
level of mineralisation which determines the involvement
of highly oxidised surface-derived waters, and the relative
timing of felsic and mafic magmatism.

the metallogenic belt hosting the known IOCG deposits
in the Gawler Craton (Skirrow et al. 2002; Hayward and
Skirrow 2010). The most significant U resources, in the
Olympic Dam, Carrapateena and Prominent Hill
deposits, are all hosted by breccias, with hematite the
dominant iron oxide, and characteristic sericitechlorite±carbonate alteration. It is notable that Olympic
Dam and Carrapateena are both hosted by granites and
have higher overall U grades than the Prominent Hill
deposit (Table 1), which is hosted by altered intermediate
volcanic and metasedimentary rocks (Hitzman and
Valenta 2005; Fairclough 2005; Belperio et al. 2007).
One of the few other deposits in the Olympic IOCG
Province hosted by granite is Oak Dam, which also
contains relatively high grade U mineralisation.
Conversely, the IOCG deposits with magnetite as the
dominant iron oxide typically contain small overall U
resources although locally elevated U concentrations
may be present. These deposits in the Olympic IOCG
Province (e.g., Hillside, Cairn Hill, Acropolis, Wallaroo)
are generally vein and replacement style with
subordinate breccia, and alteration is characterised by
biotite±albite or K-feldspar-actinolite with late-stage
chlorite. In general terms the magnetite-dominant
deposits are considered to have formed at deeper crustal
levels than the hematite- and breccia-dominated styles
(Hitzman et al. 1992; Skirrow et al. 2002, 2007;
Hayward and Skirrow 2010).
Similar patterns are evident in IOCG deposits of the
Olary Domain of the Curnamona Province to the east of
the Gawler Craton, although the U contents are much
lower than in the Olympic IOCG Province. The
hematite-rich North Portia deposit contains locally
elevated U whereas magnetite-dominated deposits such
as Kalkaroo contain only very low or unreported levels
of U (Table 1). All of these IOCG deposits are hosted by
metasedimentary rocks and are generally of vein and
replacement style. The timing of IOCG mineralisation
appears to be similar or slightly earlier than in the
Gawler Craton, around 1600-1605 Ma, based on Re-Os
dating of molybdenite in the IOCG mineralisation (R.
Creaser, unpublished data). However, felsic magmatism
in the Curnamona Province was mainly between ~1595
Ma and ~1580 Ma, and therefore may not have been
coeval with IOCG mineralisation.
The Mt Gee U-REE deposit in the Mt Painter Inlier,
to the immediate northwest of the Curnamona Province,
is hosted by hematite-rich breccias mainly within early
Mesoproterozoic granites. Recent Re-Os dating of
molybdenite associated with uraninite has yielded ages
of 361-364 Ma (Skirrow et al. 2011). No magmatism of
this age is known from the region, although parts of

Keywords. uranium, iron oxide copper-gold, ore deposit,
Gawler Craton, Curnamona Province, Mt Painter Inlier

1 Introduction
Uranium is enriched in only some iron oxide coppergold (IOCG) deposits, known principally from the
Gawler Craton in South Australia which hosts the
supergiant Olympic Dam IOCG deposit. Although
containing the world’s largest U resource (BHP Billiton
2010, www.bhpb.com), the origin and controls on U in
this and other IOCG deposits have not been well
understood. Both non-magmatic and magmatichydrothermal sources have been proposed for the U as
well as Cu and Au (e.g., Haynes et al. 1995; Reynolds
2000; Hitzman and Valenta 2005).
In this contribution U-rich and U-poor Mesoproterozoic
IOCG deposits are compared in the Gawler Craton and
Curnamona Province in southern Australia, to better
understand the controls on U distribution and grade.
New geochronological data for the Paleozoic Mt Gee UREE iron oxide deposit in the Mt Painter Inlier provide
additional insights on the origins of U in IOCG systems
of southern Australia.

2 IOCGU and IOU systems of southern
Australia
IOCG deposits in the eastern Gawler Craton contain
highly variable concentrations of U, despite broad
similarities in: Cu and Au grades among the major
deposits (Table 1); timing; and spatial relationships with
coeval magmatism. All deposits for which there are
geochronological constraints formed during ~1600 Ma to
1570 Ma, which overlaps with the period of the Hiltaba
Suite granite and Gawler Range Volcanics magmatism
(~1595-1580 Ma; Johnson and Cross 1995; Skirrow et
al. 2002, 2007). Nevertheless, there appear to be
systematic geological differences between the U-rich and
U-poor IOCG deposits in the Olympic IOCG Province,
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contents, and relatively small scale of the system.

eastern Australia were affected by the Kanimblan
Orogeny at this time. The Mt Gee deposit is proposed to
represent a Cu-Au-poor and U-rich variant of the IOCG
family: an iron oxide U (IOU) deposit of the type
predicted to exist by Hitzman and Valenta (2005).

Table 2. Generalised characteristics of U-rich IOCG, U-poor
IOCG, and iron oxide U deposits (Gawler Craton, Curnamona
Province, Mt Painter Inlier).

Table 1. U, Cu and Au grades and total resources of IOCG and
iron oxide U deposits of the Gawler Craton, Curnamona
Province, and Mt Painter Inlier, Australia.
Million
U, ppm
Cu, %
tons
Hematite-rich IOCG deposits
Olympic
9,075
230
0.87
Dam1
Carrapateena2 225-250 210
1.2-1.3
Prominent
200
103
1.23
Hill3
Oak Dam4
?10
690
0.3
North Portia5
11
n.r.
0.89
Magnetite-rich IOCG deposits
Hillside6
170
n.r.
0.7
Cairn Hill7
11
n.r.
0.4
Kalkaroo8
62
n.r.
0.52
Hematite-rich iron oxide uranium deposit
Mt Gee9
51
525
0.11

Oxidation state
Alteration

Au, g/t

Host rocks
U contents of
host rocks,
ppm
Age
differential:
host rock and
U
mineralisation
Coeval felsic
magmatism?
Coeval mafic
magmatism?
Breccias host?
Other elements

0.33
0.5
0.5
0.64
0.2
0.1
0.48
n.r.

1

BHP Billiton (2010, www.bhpb.com)
OZ Minerals (9 th March, 2011, ASX Release, www.ozminerals.com)
OZ Minerals (2010); uranium from earlier resource estimates.
4
Davidson and Paterson (1993); grades over 60m intersection
5
Havilah Resources (2010, www.havilah-resources.com.au)
6
Rex Minerals (2010, www.rexminerals.com.au)
7
IMX Resources (2011, www.imxresources.com.au)
8
Havilah Resources (2010)
9
Marathon Resources (2010); Cu grade from Drexel and Major (1990) for 61 surface samples.
2
3

Crustal level

U-rich
IOCG
Hmpy±SO4
Hm-serchl-carb
Granitoids
5-15

U-poor
IOCG
Mt-py±po

IOU

Mt-bt±alb, or
mt-Kfs-act or
mt-chl
Metaseds
<10

Hm-chl

Hm-py

Granitoid
5-15

<5 m.y.
(OD)
~150 m.y.
(Oak Dam,
Carr?)
Yes

~150 m.y.

~1200
m.y.

Yes

No

Yes

Yes

No

Yes
REE, Ag,
F, Ba, P
v. high

No
Mo

Yes
REE, Mo,
F, P
v. high

mesothermal

4 Key controls on U in IOCG systems
In conclusion the key factors in recognising IOCG
districts likely to contain U-rich IOCG deposits are as
follows.
(1) Higher grade uranium is associated spatially
with hematite-rich oxidised hydrothermal
alteration and mineralisation, whereas it occurs
at trace or low concentrations in the more
reduced magnetite-rich style of IOCG systems.
However, only a subset of hematite-rich
deposits contains significant uranium.
(2) Uranium-rich mineralisation occurs generally
in breccia-hosted IOCG deposits where there is
evidence for involvement of relatively low
temperature fluids (~100-200°C).
(3) Zoning of uranium versus copper and gold
mineralisation is present in most U-rich IOCG
deposits, with some of the higher grade
uranium spatially separate from copper and
gold. In some cases uranium-rich iron oxide
deposits occur with only low grade copper and
gold (IOU deposits).
(4) There is generally a strong spatial association
with LREE and F.
(5) The host rocks of the U-rich IOCG deposits are
felsic igneous, with the richer U mineralisation
occurring in hosts of unusually high magmatic
U contents. Other hematite-rich deposits in the
same districts hosted by metasedimentary or
low-U igneous rocks contain lower grade
uranium mineralisation.
(6) The larger U-rich IOCG deposits occur in
districts where there was coeval high-

3 Discussion
Some of the key differences between U-rich IOCG and
IOU and U-poor IOCG deposits in Gawler Craton,
Curnamona Province and Mt Painter Inlier are
summarised in Table 2. A fundamental control on the U
content of the IOCG deposits appears to be the host rock
bulk composition and in particular the U content, as
suggested by Hitzman and Valenta (2005). Additionally,
the crustal level of ore formation is critical in
determining whether the system is likely to contain
significant U. The shallow, highly oxidised (hematitepyrite±SO4 -stable, Table 2), breccia-hosted and lower
temperature systems typically contain higher U levels
than the deeper, higher temperature systems with
intermediate or reduced alteration and mineralisation
assemblages (magnetite-pyrite±pyrrhotite). The crustal
level of preserved mineralisation is in turn determined by
such factors as the exhumation and tectonic history of
the terrane (Skirrow 2009). IOCG systems that formed at
very shallow crustal levels record the involvement of
(evolved) meteoric waters as well as higher temperature
‘deep-sourced’ fluids (see Bastrakov et al. 2007 and
references therein). Based on mineral assemblages
including chalcocite, barite and native Cu, and on other
evidence, such fluids were probably oxidised and highly
capable of leaching and transporting U (Haynes et al.
1995; Bastrakov et al. 2007). A similar scenario is
envisaged at the Mt Gee iron oxide U-REE system,
except that coeval felsic and mafic magmatism was
lacking, perhaps explaining the very low Cu and Au
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temperature A- or I-type felsic and mafic
magmatism.
(7) Volcanic rocks coeval with the intrusive
magmatism are preserved in districts with Urich IOCG deposits.
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The Iron Oxide-Copper-gold deposits from the southern
copper belt of the Carajás mineral province, Brazil
Lena Virginia Soares Monteiro, Carolina P. N. Moreto, André Luiz Silva Pestilho, Roberto Perez Xavier, Gustavo
Coelho Melo, Marco Antônio Delinardo da Silva
Geoscience Institute, University of Campinas – UNICAMP, Campinas, Brazil
Caetano Juliani
Geoscience Institute, University of São Paulo – USP, São Paulo, SP, Brazil
Anthony E. Fallick
Scottish Universities Environmental Research Centre
Abstract. The Southern Copper Belt in the Carajás
Mineral Province is notable for the large concentration of
iron oxide-copper-gold deposits (IOCG). The Carajás
IOCG deposits are hosted mainly by quartz-feldspar
porphyry, granophyric granite, granite and gabbro, 2.76
Ga metavolcanic-sedimentary rocks of the Itacaiúnas
Supergroup and Mesoarchean basement.
These deposits share a similar paragenetic evolution
characterized by early high-temperature sodic-(calcic)
alteration controlled by ductile structures and mylonitic
fabric, followed by magnetite-(apatite) formation and
potassic metasomatism. These stages were overprinted
by low-temperature chloritic, carbonate-epidote or
sericite-hematite alteration, coeval with the copper-gold
mineralization, controlled by brittle structures. The
regional spatial alteration pattern is represented by distal
scapolite-rich zones, intermediate to deeper zones with
predominance of magnetite-apatite-actinolite bodies and
shallowest zones with prominent potassic and chloritic
alteration.
Low fS 2 conditions predominate in deeper or distal
deposits in which δ34Scpy values are close to those of
34
mantle sources. Higher δ Scpy values (> 7.5‰) may
suggest surface-derived sulfate contribution in deposits
developed in shallow portions of the paleo-hydrothermal
system. Mixing of hot hypersaline metalliferous fluids with
an important magmatic component and modifiedseawater and meteoric fluids within shear zones
represents the main ore precipitation mechanism.

fault zones.
Available geochronological data for IOCG deposits
of the CMP, including for their host rocks, are not
sufficiently precise to support that all these deposits are
genetically linked. However, relationships between
paragenetic and microstructural evolution in several
IOCG deposits along the southern contact suggest
synchronicity in the genesis of these deposits.
The regional distribution of hydrothermal alteration
zones, ore mineralogy and isotopic signatures of
mineralizing fluid and ore components in distinct IOCG
deposits of the CMP are discussed here with the aim of
reconstructing the evolution of the IOCG paleo
hydrothermal system.

2 Host rocks
The IOCG deposits of the Southern Copper Belt are
hosted by: (i) intrusive rocks represented by quartzfeldspar porphyry, granophyric granite, granite and
gabbro bodies; (ii) mafic and felsic volcanic and
volcaniclastic rocks of the 2.76 Ga volcanic-sedimentary
Itacaiúnas Supergroup; (ii) ultramafic rocks, represented
by imbricated lenses of talc-tremolite schist, attributed to
the 2.97 Ga Sapucaia greenstone-belt; and (i)
Mesoarchean basement units, including the ca. 2.86 Ga
Serra Dourada Granite and the ca. 3.0 Ga Bacaba and
Sequeirinho tonalites.
The Mesoarchean rocks could be correlated to older
TTG suites also recognized in the Rio Maria GraniteGreenstone terrane and possibly reflects a major mantlecrust differentiation event in the Amazonian Craton at ~
3.0 Ga (Moreto et al. 2011).
Each IOCG deposit within the WNW–ESE shear
zone is hosted predominantly by some of these units, but
only gabbro intrusions are ubiquitous in all deposits.
These host rocks have been variably intensely
hydrothermally altered.

Keywords. Carajás, iron oxide-copper-gold, scapolite,
stable isotope

1 Introduction
The Southern Copper Belt in the Carajás Mineral
Province (CMP), located in the Amazonian Craton, hosts
a large concentration of iron oxide-copper-gold deposits
(IOCG), such as the world-class Sossego, Cristalino and
Alvo 118 and minor Bacaba, Castanha, Jatobá, Bacuri,
and Visconde deposits.
These IOCG deposits occur along an important
structural corridor represented by a WNW–ESE shear
zone that marks the limit of two tectonic domains. The
Carajás Domain, to the north, is mainly represented by
the 2.76 Ga rift-related Carajás Basin. The Transition
Domain has been interpreted as a portion of the southern
(>2.87 Ga) Rio Maria Granite-Greenstone terrane,
which would have been extensively reworked by several
Archean to Paleoproterozoic (2.85-1.88 Ga) episodes of
reactivation of regional E-W trending steeply dipping

3 Temporal and spatial alteration zoning
The Carajás IOCG deposits share a similar paragenetic
evolution characterized by early high-temperature
(>500oC) sodic-(calcic) alteration with albite-scapoliteactinolite, controlled by ductile structures and mylonitic
fabric, followed by magnetite-(apatite) formation and
potassic (K-feldspar and biotite) metasomatism. These
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stages were overprinted by low-temperature (<300oC)
chloritic,
carbonate-epidote
or
sericite-hematite
alteration, coeval to the copper-gold mineralization,
controlled by brittle structures.
Spatial alteration zoning is an important feature of
the world class Sossego deposit. It appears to contain
mineralized zones similar to those recognized worldwide
as formed at a range of depths, providing a vertical view
of a major IOCG hydrothermal system. The deeper
portion of the deposit, represented mainly by the
Sequeirinho orebody, has undergone regional sodic
(albite-hematite) and
actinolite-rich
sodic-calcic
alteration. The latter was associated with the formation
of massive magnetite bodies enveloped by apatite- and
actinolite-rich rocks (Monteiro et al. 2008a,b). Vertically
focused potassic alteration zones cut the sodic-calcic
alteration zones and grade laterally to chloritic zones,
which predominate in the structurally higher Sossego
and Curral orebodies. Similar potassic alteration
overprinted by chloritic alteration was also identified in
the Alvo 118 deposit, which may represent a shallowemplaced deposit (Torresi et al. in press).
The regional spatial alteration pattern is defined by
predominance of specific alteration zones in each
deposit. Scapolite-rich zones occur in the Bacaba,
Jatobá, Visconde, Castanha, and Bacuri deposits. These
deposits occur in an approximated radius of 8 km from
Sossego, defining a wide and distal scapolite-rich zone
in relation to Sossego. Massive magnetite-apatiteactinolite bodies have been recognized only in the
Sossego (Sequeirinho orebody) and Castanha deposits,
defining deeper alteration zones. The shallowest zones
with prominent potassic and chloritic alteration have
been identified in the Sossego (Sossego orebody) and
Alvo 118 deposits. In the latter hematite is also
ubiquitous.
Scapolite occurrence is notable in the Mesoarchean
basement rocks and supracrustal units. It occurs as
fibrous crystals in veins (>10 m) and as zoned crystals in
replacement zones associated with biotite, tourmaline
and chlorine-potassium hastingsite.

(II) pyrrhotite (~50%) + chalcopyrite (~ 35%), + pyrite
(~15%) + sphalerite + pentlandite + marcasite in the
richest and more extensive ore bodies. Subordinate
uraninite, galena, monazite, Co-pentlandite, Pd-melonite,
sugakiite, and molybdenite have been also identified
(Pestilho, 2011). Pyrrhotite-rich breccias and nickel and
zinc enrichment are distinctive in the Castanha deposit.
5 Evolution of the hydrothermal system
Chlorine-bearing scapolite represents a particularly
sensitive indicator of fluid hypersalinity. Thus, its
abundance could reveal the predominance of hot
(>500oC) hypersaline fluids during early system
evolution. Additionally, marialite formation requires
buffered activity gradients in chlorine in the
hydrothermal fluids (Mora and Valley 1989), implying
little if any influx of dilute meteoric fluids. This points to
a fluid regime dominated by deeply-sourced brines
without significant contribution of surface-derived fluids
during the pre-mineralization sodic alteration stage in
distal portions of the hydrothermal system.
Scapolite formation was related to channeled hot
hypersaline (28 to >40% wt.% NaCl equiv.) fluids with
magmatic signature (δ18Ofluid = 4.6 to 7.3‰, at 350oC)
similar to that of fluids associated with magnetiteapatite-actinolite bodies (δ18Ofluid = 6.0 to 7.8‰ and
δDH2O = –72 ± 4‰ at 550oC) in Sossego and Castanha
deposits. Contribution of externally-derived fluid (300
to <250o C; salinity <10% wt.% NaCl equiv. and δ18Ofluid
= –0.4 to –5.2‰ at 300oC) might have been important in
the copper-gold mineralization mainly in shallowemplaced deposits (Alvo 118 and Sossego).
Higher δDH2O values (–17±8‰ at 370 ± 50°C)
associated with later alteration stages in the Bacaba
deposit (sericite formation) point to a possible
contribution of seawater in the hydrothermal system.
Boron isotopes combined with systematic study of
the Cl/Br–Na/Cl ratios also suggest that the fluids
responsible for the formation of the Sossego deposit
involved significant contribution of residual fluid from
evaporative source that may have mixed with fluids of
magmatic origin (Xavier et al. 2008).
The regional spatial distribution of sulfur isotopic
signatures displayed in an interpolated trend surface
shows predominance of higher δ34S values close to the
Sossego Mine and Alvo 118 deposits, while the lowest
δ34S values occur in the areas of the Castanha, Bacuri,
and Visconde deposits (Pestilho 2011), as well as minor
irregular mines (“garimpos”).
Typical presence of pyrrhotite indicates relatively
low fO2 and fS2 conditions in deeper or distal deposits
(e.g., Castanha), in which δ34Scpy values (0.9 to 3.5‰)
are close to those of mantle sources. Higher δ34Scpy
values (>7.5‰) may suggest a surface-derived sulfate
contribution in deposits developed in shallow zones
(Sossego and Alvo 118).
Mixing of (i) hot hypersaline metalliferous fluids
with an important magmatic component and (ii)
modified-seawater and meteoric fluids within shear
zones represents the main ore precipitation mechanism.

4 Ore mineralogy
The Sossego ore minerals occur in ore breccias and are
represented by chalcopyrite associated with magnetite
(partially replaced by hematite), pyrite (up to 2.3 wt.%
Co and 0.2 wt.% Ni), native gold (up to 14.9 wt.% Ag),
siegenite, millerite, vaesite, Pd-melonite, and hessite
(Monteiro et al. 2008b).
The Bacaba ore occurs as veins and replacement
zones of the host tonalite and granite along mylonitic
foliation and comprises chalcopyrite, bornite, chalcocite,
magnetite and hematite with subordinate melonite,
hessite, altaite, uraninite, cassiterite and ferberite. Early
lamellar hematite was replaced by magnetite, but late
hematite is also observed along fracture or rims in
magnetite or musketovite crystals.
In the Castanha deposit, the copper orebodies occur
in veins or within structurally-controlled breccias in two
distinct associations: (I) chalcopyrite (up to 75%) +
pyrite (up to 25%) + molybdenite + quartz + monazite +
associated with magnetite- and actinolite-rich zones, and
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Figure 1. Oxygen and hydrogen isotope composition of the fluids in equilibrium with hydrothermal minerals from Carajás IOCG
deposits. Data source: Sossego (SOS) – Monteiro et al. 2008a; Castanha (CAS), Bacaba (BAC) and Jatobá deposits - Pestilho (2011)
and this study.

The mixing process might also have been favored by
increase of fS2 conditions due to magnetite formation
and reduction of sulfate from surface reservoirs. The
relative contribution of deep-seated magmatic and
externally-derived fluids, including seawater and
meteoric water, may be correlated to ore reserves. In the
Carajás world-class deposits, evidence of external fluid
and sulfur sources in addition to magmatic sources have
been identified.

Sossego iron oxide–copper–gold deposit, Carajás Mineral
Province, Brazil: paragenesis and stable isotope constraints.
Miner Deposita 43:129–15
Monteiro LVS, Xavier RP, Hitzman MW, Juliani C, Souza Filho
CR, Carvalho ER (2008b) Mineral chemistry of ore and
hydrothermal alteration at the Sossego iron oxide-copper-gold
deposit, Carajás Mineral Province, Brazil. Ore Geol Rev
34:317–336
Mora CI, Valley JW (1989) Halogen-rich scapolite and biotite:
Implications for metamorphic fluid-rock interactions. Am
Mineral 74:721–737
Moreto CPN, Monteiro LVS, Xavier RP, Amaral WS, Santos TJS,
Juliani C, Souza Filho CR (2011) Mesoarchean (3.0 and 2.86
Ga) host rocks of the iron oxide-Cu-Au Bacaba deposit,
Carajás Mineral Province: U-Pb geochronology and
metallogenetic
implications.
Miner
Deposita
DOI:
10.1007/s00126-011-0352-9
Pestilho ALS (2011) Sistemática de isótopos estáveis aplicada à
caracterização da evolução dos paleo-sistemas hidrotermais
associados aos depósitos cupríferos Alvo Bacaba e Alvo
Castanha, Província Mineral de Carajás, PA. M.Sc. thesis,
University of Campinas, UNICAMP (in Portuguese)
Torresi I, Bortholoto DFA, Xavier RP, Monteiro LVS (2011)
Hydrothermal alteration, fluid inclusions and stable isotope
systematics of the Alvo 118 iron oxide–copper–gold deposit,
Carajás Mineral Province (Brazil): implications for ore
genesis. Miner Deposita (in press)
Xavier RP, Wiedenbeck M, Trumbull RB, Dreher AM, Monteiro
LVS, Rhede D, Araújo CEG, Torresi I (2008) Tourmaline Bisotopes fingerprint marine evaporites as the source of highsalinity ore fluids in iron oxide-copper-gold deposits, Carajás
Mineral Province (Brazil). Geology 36:743–746
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Hydrothermal alteration and mineralization in Santo
Domingo Sur Iron Oxide (-Cu-Au) (IOCG) deposit,
Atacama Region, Chile
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Abstract. The Santo Domingo Sur (SDS) deposit, near
Diego de Almagro, is a recent IOCG discovery in the
Chilean Iron Belt (CIB) containing 486 Mt at 0.32% Cu,
0.043 ppm Au and 27.2% Fe. Recent field work and
petrographic studies have refined the main geological
features and provided insight into the time-space
evolution of the hydrothermal system. SDS is hosted by
volcanic and volcaniclastic rocks correlated with the Early
Cretaceous Punta del Cobre Formation and the
Bandurrias Group, and a limestone-bearing volcanic
section that may belong to the Chañarcillo Group. These
rocks are intruded by variably altered sills and small
stocks. Mineralization occurs as chalcopyrite-bearing
semi- to massive specularite and magnetite mantos with
minor veins and breccias. The mantos zone forms an
outer rim of specular-hematite over a magnetite-rich core.
Hydrothermal zoning goes from distal, low-moderate-T
Na(Ca) associations, recognized in the upper levels of
the orebody, towards proximal and moderate-T Na(Ca)
minerals in the deeper parts of the deposit. Nearby
garnet-magnetite-rich skarns surround oligoclaseactinolite(-scapolite-titanite) altered quartz diorites. SDS
has similarities with the Candelaria / Punta del Cobre and
Mantoverde districts.
Keywords.
IOCG,
mineralization

Santo

Domingo,

comparison with other IOCG systems in the Chilean Iron
Belt (CIB).

2 Geologic and mineralization framework
During Jurassic through Early Cretaceous, the Coastal
Cordillera of northern Chile and southern Peru
developed a volcanic-plutonic arc and back-arc basin
tectonic setting, producing hundreds to thousand of
meters of volcanic and volcaniclastic rocks, represented
by La Negra and Punta del Cobre formations, and the
Bandurrias Group. In addition, a contemporaneous
marine sediment deposition took place at the back-arc
basin characterized by the Chañarcillo Group. These
supracrustal rocks were roughly coeval with
emplacement of plutonic complexes; collectively they
provide evidence for preservation of high structural
levels and they form favourable host rocks for iron oxide
(-Cu-Au) mineralization (Marschik and Fontbote 2001).
Broadly contemporaneous with arc development, the
Atacama Fault System (AFS) initiated during Early
Cretaceous as a major left-lateral strike-slip, N-S arcparallel fault system, accommodated the emplacement of
Early Cretaceous (~132 to 106 Ma) plutonic complexes
(Grocott and Taylor 2002). This geologic framework
provided the setting for the development of magnetiteapatite-actinolite dominated and hematite-magnetite (Cu-Au) rich systems along the CIB. The main examples
within 50 km of Santo Domingo include the hematite- to
magnetite-rich Mantoverde and the Cu-barren magnetite
dominated Carmen deposit (Fig. 1; Benavides et al.
2007; Rieger et al. 2010).

alteration,

1 Introduction
Iron-oxide (-Cu-Au) (IOCG) systems are numerous and
widely distributed globally and throughout geologic time
space (Williams et al. 2005). A well-known province is
the Mesozoic belt along the subduction margin of
southern Peru and northern Chile. The major deposits
located in this belt (Candelaria and Mantoverde, Chile
and Raul-Condestable, Peru) has been well described
during the last decade, however several uncertainties still
remain in relation to the understanding of their
formation. The source of metals, sulfur and salinity are
not well constrained and the proposed genetic models,
fundamental for an effective exploration, are still subject
of debate (Barton and Johnson 2000; Pollard et al. 2000;
Williams et al. 2005).
Ongoing geological studies at Santo Domingo area
focus on documenting the main features of the deposit,
enabling comparison with other deposits in the region in
support of both project development and continued
exploration. This paper summarizes the geology of the
Santo Domingo Sur area and provides new
documentation of the hydrothermal alteration and
mineralization features, their timing and spatial relations
with respect to the main ore body, and a brief

3 Santo Domingo district geology
The rocks in Santo Domingo area (8 x 5 km) are
represented by a sequence of andesitic volcanic flows
and volcaniclastic units that have been correlated with
Punta del Cobre Formation and possibly Bandurrias
Group. Drilling and surface exposures show that these
rocks interfinger with limestones, clastic rocks and tuffs
of the Chañarcillo Group. The host rocks dip ~15° to the
northwest and are intruded by a suite of andesitic
porphyry-microdioritic dykes. The district contains
distinct areas of structurally and/or stratigraphically
controlled IOCG mineralization (Fig. 1).
3.1

Lithology and structure

The andesitic flows are well exposed in the Santo
Domingo district and commonly are massive to
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brecciated, containing abundant amygdules filled by
mixtures of quartz, calcite, epidote, chlorite, limonites
and copper oxides (Rennie 2010). The flows are
aphanitic to porphyritic and exhibit 10-30% (1-7 mm)
euhedral white tabular plagioclase commonly with minor
hornblende phenocrysts. The volcaniclastic rocks,
consist of tuffaceous clastic rocks, and lithic and crystal
tuffs (andesitic), intensely altered and mineralized. These
are massive to poorly bedded and fine- to mediumgrained (0.02-0.5 mm), and they comprise most of the
sedimentary package in the area (Rennie 2010). In the
SDS deposit, this sequence hosts the bulk of
mineralization, and passes laterally into limestone and
carbonate sediments, commonly massive to thickly
bedded and fine-grained (Fig. 2). Several intrusive
phases are recognized in the Santo Domingo area. The
first one is a medium-grained equigranular diorite, which
best crops out in the southern part of the district. In
addition, diorite-andesitic porphyritic sills with fine
groundmass and 30-35% of subhedral plagioclase
phenocrystal are intruding in the SDS sequence. Finally,
a set of feldspar – hornblende porphyry dykes is cutting
all other rocks types.

Figure 2. Interpreted cross section through SDS deposit.
Blue = area of magnetite > hematite; Red = area of hematite >
magnetite; Kpdc = andesitic flows; Kch = limestones; Kpdcs =
volcaniclastic rocks; Kdi = diorite dykes; Kdfh = feldsparhornblende porphyry.

3.2 Hydrothermal alteration and mineralization
Several iron-oxide (-Cu-Au) mineralization styles occur
in the Santo Domingo area. Specular-hematite ± copper
oxides veins and hydrothermal breccias are the typical
near-surface mineralization. The main modes of
occurrence are iron oxide replacement mantos within
volcaniclastic
rocks,
structurally
controlled
mineralization characterized by north-west trending
moderate to steeply north-east dipping veins and
hydrothermal breccias (Fig. 1), and massive magnetiteapatite replacement (Carmen). Iris and Iris Norte
deposits represent the northern extension of SDS, and
both deposits exhibited similar hydrothermal features.
On the other hand, the Estrellita (ES) deposit is
characterized by structurally and stratigraphicaly
controlled specularite-rich breccias and minor mantos
with copper oxides (Fig. 1). At district scale
hydrothermal alteration in the Santo Domingo area is
represented by albite ± epidote replacing the feldspars
and actinolite + chlorite affecting the mafic minerals. In
addition, quartz ± carbonate and later carbonate veins are
common and widely distributed in the area. In the
southern part of the district (Fig. 1), garnet + magnetite ±
pyrite skarns are developed in the vicinity of several
quartz-diorite dykes and plugs, and are characterized by
oligoclase + actinolite ± scapolite ± titanite assemblages.
Fieldwork, core logging, and new petrographic
studies in the Santo Domingo Sur deposit provide
evidence for hydrothermal zoning from proximal to
distal mineral associations, which are spatially
distributed in the upper and lower levels of the main
orebody. At SDS, chalcopyrite-bearing semi-massive to
massive specularite and magnetite mantos partially
replace several volcaniclastic units. The mantos are 4 to
20 m thick and extend laterally up to 700 m. A lateral
zoning exists inside the mantos from an outer specularhematite domain toward a more magnetite rich core in
the center of the deposit (Fig. 2). The Cu-Fe sulfides are
more abundant in the specular-hematite domain, with
chalcopyrite + pyrite ± bornite. In addition, several steep
veins, mainly composed of specular-hematite ±
mushketovite and chalcopyrite cut the volcaniclastic
rocks, the mantos, and the lower and upper andesitic

Figure 1. Geological map of Santo Domingo area. Geology
modified after Lara and Godoy (1998). Kch = Chañarcillo
Group; Kpdc = Punta del Cobre Formation; Kdi = Cretaceous
diorite. Red = limit of the Fe-Cu orebody. SDS = Santo
Domingo Sur; IR = Iris; IN = Iris Norte; ES = Estrellita.

Faults in the Santo Domingo area are the N-S Iris
Fault, which intersects a N-W fault in the southern edge
of SDS orebody, an E-W fault that is controlling the
mineralized occurrences around Estrellita (ES) deposit,
and a major NNE-SSW fault located in the northern part
of the district (Fig. 1).
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andesites (Middle-Upper Jurassic). Several inter- and
post mineral plugs and sills of dioritic-andesitic
composition intrude the sequence, which are a likely
source of heat, driving fluid circulation. This situation
appears to be similar for the Candelaria, Punta del Cobre
and Mantoverde districts. SDS also resembles
Candelaria, Punta del Cobre and Mantoverde in that
copper is closely related to the hematitic facies and that
hypogene magnetite is poor in copper (or removed
copper). The stratabound character and clear lithologic
control are akin to the manto deposits (Candelaria, some
in Punta del Cobre district) in contrast to the strongly
discordant ores of Mantoverde, parts of Punta del Cobre
and Ojancos Viejo districts (Marschik and Fonboté 2001;
Benavides et al. 2007; Rieger et al. 2010; Kreiner and
Barton this volume).

flows.
In detail, hydrothermal features in the orebody are
complex with multiple overprinting components
including some with late carbonate + quartz-bearing
assemblages. The distal zones are characterized by
specular-hematite + mushketovite with chalcopyrite ±
bornite ± chalcocite (Fig. 3). Iron oxides in this zone
show complex cycling between hematite and magnetite.
Early elongate specularite crystals have been
transformed into mushketovite following a zoned
pattern, from an inner specularite crystal towards an
outer zone with magnetite. The main Cu-sulfide is
chalcopyrite that replaces early magnetite + pyrite
associations, and is found interstitial to specularite ±
mushketovite and replacing fractures in early pyrite.
Distal hydrothermal associations consists of early
actinolite ± albite ± epidote ± titanite and later chlorite +
actinolite + carbonate ± quartz consistent with low to
moderate-T Ca(Na) alteration (Fig. 3). Actinolite crystals
are fine grained and show radial patterns, and their shape
is preserved after carbonate replacement. Potassium
silicate alteration is sparse, and is found as K-feldspar
related to the distal mineral associations.
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Figure 3. Preliminary Time-Space diagram showing the main
hydrothermal associations in Santo Domingo Sur deposit.

The proximal mineral associations are dominated by
magnetite ± mushketovite with pyrite ± chalcopyrite and
by early moderate-T Ca(Na) assemblages, characterized
by epidote ± scapolite ± quartz, followed by actinolite ±
albite ± epidote ± titanite and later quartz ± carbonate ±
chlorite (Fig. 3). Early associations exhibited a timing
relationship with later actinolite crystals, which is
invading and fracturing epidote crystals. Several
mineralized veins present specularite + chalcopyrite ±
pyrite and actinolite ± feldspar ± quartz ± epidote with a
narrow halo of carbonate. In addition to that, later quartz
± carbonate and carbonate veins are common and exhibit
a variety of crosscutting relationships.
4 Comparison with other IOCG systems
SDS mineralization occurs in a volcaniclastic sequence
correlated with the Punta del Cobre Formation (Early
Cretaceous), at a similar stratigraphic level than the
Candelaria/Punta del Cobre district, but different from
the Mantoverde deposit, hosted by La Negra Formation
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A new model for Co-Cu-Au deposits in metasedimentary
rocks: an IOCG connection?
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Abstract. A compilation of data on Co-Cu-Au deposits in
metasedimentary rocks worldwide refines previous
descriptive occurrence models. The Co-Cu-Au deposits
contain disseminated to semi-massive Co-bearing
sulphide minerals, with associated Fe- and Cu-bearing
sulphides and variable gold content, predominantly in riftrelated, siliciclastic rocks of Mesoproterozoic age. Some
deposits have appreciable Ag ± Bi ± W ± Ni ± Y ± rare
earth elements (REE) ± U. Deposit geometry includes
stratabound and stratiform layers, lenses, and veins,
and/or discordant veins and breccias. The ore minerals
are mainly cobaltite, skutterudite, glaucodot, chalcopyrite,
with local gold, accompanied by minor arsenopyrite,
pyrite, pyrrhotite, bismuthinite, and bismuth; some
deposits have appreciable tetrahedrite, uraninite,
monazite, allanite, xenotime, or molybdenite. Magnetite
can be abundant in breccias, veins, or stratabound
lenses within ore or country rocks. Gangue minerals
include quartz, biotite, muscovite, K-feldspar, albite,
chlorite, tourmaline, and scapolite. Altered wall rocks
typically contain abundant biotite or albite. Felsic or mafic
plutons are spatially associated with many of the
deposits, and may be contemporaneous with, and
involved in, ore formation. A post-diagenetic, epigenetic
hydrothermal model, with possible links to IOCG
deposits, is proposed.

2 Tonnage-Grade variations
Most of the Co-Cu-Au deposits comprise resources of
100 to 10,000 tonnes of contained Co (Fig. 1). Cobalt
resources overlap those of sedimentary Cu deposits of
the Central African Copperbelt. Except for Blackbird
(USA), the Co-Cu-Au deposits contain smaller Co
resources than magmatic Ni-Cu deposits and Co-rich
volcanogenic massive sulphide (VMS) deposits. Some
large cobaltiferous iron oxide-copper-gold (IOCG)
deposits such as Olympic Dam and Ernest Henry
contain significant Co resources (~100,000 tonnes), but
Co is not currently produced from these deposits.

Keywords. cobalt, copper, gold, metasedimentary rocks,
Mesoproterozoic, iron oxide-copper-gold, IOCG

1 Introduction
Ore deposit occurrence models are valuable for both
exploration programs and mineral resource assessments.
This report provides a new model for one type of CoCu-Au deposit that will be evaluated in the next U.S.
Geological Survey (USGS) assessment of undiscovered
mineral resources in the United States. Emphasis is on
describing a unified deposit model that includes both
descriptive and genetic aspects. The report is based on a
synthesis of information on 20 Co-Cu-Au deposits in
metasedimentary rocks worldwide that share common
geological, mineralogical, and geochemical features
(Slack et al. 2010). Many of the deposits are noteworthy
also as possible resources of Ag, Bi, W, Ni, Y, rare earth
elements (REE), and U. Significantly, our grouping of
Co-Cu-Au deposits includes deposits that other workers
have classified differently.

Figure 1. Tonnage-grade data for Co-Cu-Au deposits in
metasedimentary rocks compared to those for other Co-bearing
deposits. All Co-Cu-Au deposits plotted here are in Finland
except NICO (Canada), Blackbird (USA), Modum (Norway),
Werner Lake (Canada), and Mount Cobalt (Australia);
complete data for these and similar deposits are in Slack et al.
(2010). Abbreviations: DL, Duluth (USA); EH, Ernest Henry
(Australia); GM, Guelb Moghrein (Mauritania); JC, Jinchuan
(China); KB, Kambalda (Australia); KM, Kamoto and related
deposits (D.R. Congo); LW, Luiswishi (D.R. Congo); MK,
Mukondo (D.R. Congo); NM, Nkana-Mindola (Zambia); NT,
Noril'sk Talnakh (Russia); OD, Olympic Dam (Australia); OK,
Outukumpu-Keretti (Finland); PC, Pechenga (Russia); SB,
Sudbury (Canada); TH, Thompson (Canada); VB, Voisey’s
Bay (Canada); WC, Windy Craggy (Canada).
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Canada that contains some metarhyolite (Goad et al.
2000). No deposits are hosted by plutons. The Blackbird
district is in a thick succession of siliciclastic marine
turbidites (Lund and Tysdal 2007). Many deposits are
spatially associated with volumetrically minor,
extension-related, mafic and/or felsic intrusions.
Metamorphic grade of the host sequences is generally
greenschist or amphibolite. Ages of mineralization are
mostly undetermined, owing to several factors: (1)
poorly-known absolute ages of the mainly Precambrian
sedimentary host rocks, (2) degree and complexity of
metamorphic and tectonic overprint(s), and (3) generally
large time intervals between sedimentation and tectonic
events. An important feature common to several deposits
is a tectonic setting involving multiple episodes of
reworking of continental crust, including (1)
intracontinental extension resulting in crustal-scale
structures and thick, syntectonic basin fill; (2) younger
extension causing bimodal within-plate magmatism; and
(3) compression resulting in reactivation of deep-seated
structures and circulation of metamorphic fluids through
a thick section of crust.

In general, the metasedimentary Co-Cu-Au deposits
have more Co and less Cu, and higher Co/Cu ratios,
than other deposit types, except for several Co-rich
sedimentary Cu deposits of the Central African
Copperbelt (Fig. 2A). Relatively high Au grades are a
key distinguishing feature of the metasedimentary CoCu-Au deposits (Fig. 2B). The lack of associated redbed
sedimentary strata, or their metamorphosed equivalents
(e.g. magnetite-bearing quartzite), further distinguishes
the Co-Cu-Au deposits considered here from Co-rich
sedimentary Cu deposits of the Copperbelt.

4 Deposit geometry
Most of the mineralized zones are less than a few meters
thick and several hundred meters in length, but some
zones are much larger, such as those in the Blackbird
district that are up to 1 km long (Bookstrom et al. 2007)
and Skuterud (Modum district) in Norway that is about 2
km long (Grorud 1997). The Bowl zone of the NICO
deposit is up to 70 m thick and 1.9 km long (Goad et al.
2000). The mineralized zones may be stratabound or
discordant, and typically are elongate parallel to local
structures such as faults, shear zones, and fold axes, or
to intersections of axial plane cleavage with bedding.
Breccias are common. A few deposits, such as some in
the Blackbird district, are localized along lithologic
contacts and hence appear to be stratabound.

5 Mineralogy and paragenesis
Ore mineralogy includes major Co ± As ± Ni sulphides
such as cobaltite, glaucodot, skutterudite, safflorite,
smaltite, carrollite, linnaeite, and gersdorffite. Generally
subordinate are chalcopyrite and gold, with local
arsenopyrite, pyrite, pyrrhotite, marcasite, millerite,
tetrahedrite, bismuthinite, bismuth, uraninite, monazite,
allanite, xenotime, apatite, and/or molybdenite. Some
deposits contain sparse bornite, sphalerite, tellurobismuthite, gadolinite, Co-selenides, or stannite. Gangue
minerals are chiefly quartz and muscovite, with locally
abundant tourmaline, albite, biotite, chlorite, K-feldspar,
and scapolite. Most deposits have appreciable magnetite
in the mineralized zones or in surrounding country rocks.
A general feature is paragenetically early magnetite
veins, lenses, or breccias that are cut or replaced by later
sulphides, gold, and other minerals. Tourmaline, where
present, is also typically early in the paragenesis.
Bismuth concentrations, commonly in native Bi and
bismuthinite, tend to be spatially associated with gold,
but in some cases gold is paragenetically unrelated to Bi
minerals.

Figure 2. Co vs Cu (A) and Co vs Au (B) data for Co-Cu-Au
deposits in metasedimentary rocks compared to those for other
Co-bearing deposits. Abbreviations as in Figure 1.

3 Geological setting
The Co-Cu-Au deposits occur mainly within siliciclastic
Mesoproterozoic metasedimentary sequences but several
are hosted by Archean or Paleozoic units. A few deposits
have different wall rock lithologies, such as NICO in
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6 Hydrothermal alteration

metamorphosed character of most of the Co-Cu-Au
deposits obscures primary features of hydrothermal
mineralogy, texture, and alteration, such that discerning
the nature and timing of original mineralization is
difficult at best. Testing an IOCG model for the deposits
described herein will require more detailed geological,
mineralogical, geochemical, and isotopic studies,
including high precision U-Pb dating.

Hydrothermally altered rocks spatially associated with
the deposits extend tens to hundreds of meters from the
mineralized zones. Three distinctive types of altered
rocks have been recognized, consisting of stratabound
and locally stratiform lenses composed mainly of (1) Ferich biotite, such as the abundant Fe- and Cl-rich biotite
in wall rocks to the Blackbird deposits (Nash and Hahn
1989); (2) Fe-Mg tourmaline, which is locally abundant
in the Blackbird district (Nash and Hahn 1989); and (3)
albite, as in host rocks to the Skuterud deposit in the
Modum district (Grorud 1997). Scapolite also occurs in
country rocks surrounding several of the deposits, such
as at Modum, but the relationship of this scapolite to the
Co-Cu-Au mineralization is unclear.
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7 Geochemical and isotopic features
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Williams PJ, Barton MD, Johnson DA, Fonboté L, de Haller A,
Mark G, Oliver NHS, Marschik R (2005) Iron oxide coppergold deposits: geology, space-time distribution, and possible
modes of origin. In: Hedenquist JW, Thompson JFH, Goldfarb
R, Richards J (eds) Economic Geology 100th Anniversary
Volume (1905–2005). Society of Economic Geologists,
Littleton, Colorado, USA pp 371–405

8 Genetic models
The broadly stratabound character of mineralized zones
in most of the Co-Cu-Au deposits led many previous
workers to invoke syngenetic to early diagenetic
mineralizing processes, such as those that formed VMS
and SEDEX deposits. However, re-evaluation of the
deposits in the present study suggests an origin
involving epigenetic hydrothermal processes long after
sedimentation and diagenesis. The presence in or near
most of the Co-Cu-Au deposits of magnetite-rich rocks,
abundant K-rich (biotite) or Na-rich (albite) minerals in
altered wall rocks, and in some cases very high
concentrations of Y, REE, and U, provides permissive
evidence for a link to IOCG-type deposits (e.g. Williams
et al. 2005). We speculate that the metasedimentary
rock-hosted Co-Cu-Au deposits represent a Co-rich
variant of IOCG deposits, as proposed by Goad et al.
(2000) for the NICO deposit; the Cloncurry-type
classification of Corriveau (2007) is a possible analog. It
is important to note that the highly deformed and
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Oxygen isotopes and geochemistry of Palaeoproterozoic Kiruna-type deposits in the Bergslagen
province, central Sweden
Erik Jonsson, Katarina P. Nilsson, Anders Hallberg
Geological Survey of Sweden, Box 670, SE-75128 Uppsala, Sweden
Karin Högdahl, Valentin R. Troll, Franz Weis
Department of Geosciences, Uppsala University, Villavägen 16, SE-75236 Uppsala, Sweden
Chris Harris
Department of Geological Sciences, Louis Ahren Building, Library Rd, University of Cape Town, Rondebosch 7701, RSA
Abstract. The apatite-iron oxide ores in the Grängesberg
region represent the largest iron ore accumulation in the
classic Palaeoproterozoic Bergslagen ore province in
central Sweden. Despite their overall high degree of
metamorphic overprint and deformation, their mineralogy,
geochemistry, geometry and host rock relations suggest
that they belong to the Kiruna-type class of iron oxide
18
deposits. The Grängesberg ores exhibit δ O between 0.4 and +6‰, whereas the metavolcanic to
metasubvolcanic, ca. 1.90-1.87 Ga host rocks exhibit
18
δ O between ca. +5 and +10 per mil. These datasets are
in part comparable with published data from the Kiruna
deposit, as well as with related Chilean deposits including
El Laco, and suggest that the Grängesberg deposits have
essentially preserved their primary isotopic character
through later overprinting events. The geochemical data
from iron oxide ores and host rocks, including apatite-rich
ores and biotite-chlorite-amphibole-dominated alteration
assemblages show systematic similarities between ores
and variably altered host rocks. Ore-associated alteration
assemblages directly mimic apatite-rich ores, featuring
high REE contents and very similar profiles, thereby
linking alteration with oxide ore formation. It is likely that
the formation of the apatite-iron oxide ores in the
Grängesberg district included a hydrothermal component
responsible for host-rock alteration. However, the
evidence does not rule out a major mechanism of
orthomagmatic ore formation for these deposits.

province, but all except those in the GrängesbergBlötberget-Idkerberget zone are either banded iron
formations or skarn-type deposits. The GMD and its
northern extension to Idkerberget thus represents a
significant ore genetic and geological anomaly in the
province, as well as being the largest iron oxide resource
in southern and central Sweden. Based on the
mineralogy, deposit geometry, host rock relations and
geochemical character, it is evident that the GMD
apatite-iron oxide ores represent deformed and
amphibolite-facies metamorphosed, Palaeoproterozoic
Kiruna-type deposits (Jonsson et al. 2010).

Keywords. Kiruna-type deposit, geochemistry, oxygen
isotopes, Grängesberg, Bergslagen, Sweden.

1 Introduction
The apatite-iron oxide deposits of the Grängesberg
Mining District (GMD; past production 152 Mt of ore
with 58% Fe and 0.81% P, now targeted for reopening)
are situated in the Palaeoproterozoic Bergslagen ore
province in central Sweden. Besides iron, apatite in these
ores constitutes a significant reserve of REE and P, with
future economic potential. Historically, the GMD
deposits were at one point compared to those of the
Kiruna district, northern Sweden (Looström 1929), and
debated as to their actual mode of formation. The
apatite-iron oxide deposits of the GMD and its NNE
continuation via Blötberget to Idkerberget constitute an
anomaly in the Bergslagen province. There are several
thousands of discrete iron oxide deposits known in the

Figure 1. Overview geological map over the main ore zone in
the Grängesberg district. Based on Geological Survey of
Sweden (SGU) datasets.

2 Geology
2.1 Host rocks
The host rocks to the Grängesberg ores have
traditionally been classified as belonging to the ”leptite
formation”, i.e. mainly felsic to intermediate, regionally
metamorphosed ca. 1.90-1.87 Ga volcanic rocks. In
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Grängesberg ore field post-dates the ores. This is amply
demonstrated by field relations in the northern part of
the GMD, where similar apatite-iron oxide
mineralisation occurs as decimetre to metre-sized
xenoliths in the granite. The recent discovery of apatite
fragment horizons (i.e., volcanic breccias) in the
footwall metavolcanics is of major importance, as it
shows that fragments of an already crystallised massive
apatite assemblage were being erupted. Thus, formation
of at least part of the apatite-iron oxide system was
either coeval with, or pre-dated these 1.90-1.87 Ga
volcanic units.

most parts of the Bergslagen ore province, these
”leptites” are predominantly SiO2-rich and mainly
rhyolitic to dacitic. Yet, the immediate host rocks to the
GMD ores exhibit significantly more of intermediate to
basic compositions. The metavolcanic rocks are locally
feldspar-porphyritic, fine-grained and generally range
between rhyolitic-dacitic to basaltic-andesitic in
composition. A number of the observed ”leptites” within
the GMD, particularly in the Export field, also exhibit
cross-cutting relations to various rock units and have
been interpreted as subvolcanic in origin. Alteration is
evident in these host rocks, both in the form of regionalstyle sodic or potassic alteration and locally, as
disseminated as well as discrete phyllosilicate (mainly
biotite + chlorite) and amphibole-rich zones. These
alteration assemblages systematically occur in and
around the major ore zone.

3 Geochemistry
Relative to average crust, the GMD Fe oxide ores are
typically enriched in Th, U, La, Ce, Nd, P, Fe, Sm, Tb,
Y, Tm and Yb, and depleted in Ba, Sr and Ti. K and Zr
are variably depleted. The apatite-iron ore is enriched in
REE to different degrees, particularly in the LREEs (Fig.
2). The phyllosilicate-amphibole-altered rocks and
apatite-rich assemblages associated with the ore follow
the same trend but are several magnitudes more enriched
in these elements compared to the less altered, local
metavolcanic rocks. Both the ores, the relatively
unaltered host rocks as well as the altered host rocks and
the apatite-rich samples follow the same trend with a
moderate to steep LREE section, a negative Eu-anomaly
and flat HREE section, with the exception of the
hematite ores, which exhibit positive Eu-anomalies.

2.2 Ores
The Fe oxide ores range from magnetite to hematitedominated, variably rich in fluorapatite and accessory
silicates (e.g., amphibole, biotite, chlorite). Overall, the
main Grängesberg ore field has been estimated to consist
of about 80% magnetite ore and 20% hematite ore.
Almost all ore types show a variable degree of banding.
Fluorapatite and accessory silicates mostly dominate
bands, occurring as fine-grained aggregates. Ore
minerals and apatite were recrystallised together with the
metavolcanic host rocks during ca. 1.85-1.80 Ga regional
lower amphibolite facies metamorphism. In the ores,
REEs are mainly hosted by the granular apatite, which is
typically high in Y, Ce, La and Nd, but are also present
in monazite, allanite and epidote, as well as in REEfluorocarbonate(s).
2.3 Structural evolution
The ores in the GMD occur as north-northwest trending
sheet-like bodies dipping moderately to steeply towards
the east. The ores have been described as “log-shaped
bodies” (Geijer and Magnusson 1944) and there are
indications of development of sheath folds within the
meta(sub)volcanic host rocks. The hematite-dominated
ores occur mainly towards the structural footwall
whereas the main magnetite ore occurs further to the
east, towards the structural hangingwall. The iron oxide
ores and the metavolcanic host rocks have been affected
by two fold phases (F1 -F2). Both F1 and F2 have well
developed S-structures, which generate a pervasive
intersection lineation in the metavolcanic host rocks. The
S0 -S1 intersection is subhorizontal whereas S0/S1-S2 is
moderately to steeply plunging and parallel or
subparallel to a regional stretching lineation. The
stretching component is locally strong and is associated
with D2. These earlier structures are refolded by large
scale F3 open buckle folds.

Figure 2. Chondrite-normalised (Sun and McDonough 1989)
REE spidergram of ores, alteration assemblages and host rocks
to the main Grängesberg deposit (“Export field”). Light grey
shaded field shows range of data from ore-associated
phyllosilicate-amphibole alteration zones as well as pure
apatite associations from the ore; dark grey field shows range
of data from less altered metavolcanic host rocks.

4 Oxygen isotopes
Oxygen isotope analyses have been performed on
samples of host rocks, alteration assemblages and ores.
These were sampled both in the field and in drill cores
transecting the ore horizon (Fig. 3). A majority of host
rock δ18O (including wholerock and mineral separates,
from both outcrops and drill cores) plot between ca. +5
and +10‰ (V-SMOW), i.e., within the normal spectrum
of igneous compositions. However, some alteration

2.4 Relative timing of ore formation
The timing of ore formation in the GMD deposits has
been variably interpreted in previous studies. The major,
foliated granite body occurring directly east of the main
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ores. At Grängesberg, the light δ18O associated with the
massive iron oxide ores contrast the data from the
metavolcanic host rocks, but a majority can be directly
related to oxygen fractionation at a high temperature
between a rhyolitic to andesitic melt and magnetite. We
conclude that the formation of the apatite-iron oxide ores
in the Grängesberg district probably included a
hydrothermal component responsible for the observed
host-rock alteration, the lightest δ18O magnetite, as well
as REE mobility, but that no evidence excludes a major
mechanism of direct magmatic ore formation. In
contrast, many observations, including the intrusive-like
breccia relations between magnetite ore and host rocks
lend some credence to an intrusive-extrusive iron oxide
magma scenario.

assemblages and most of the iron oxides from the ores
show significantly lighter δ18O, with massive ores
ranging between +0.2 and +3.4‰ in core 717, and +6‰
in core 690 (Fig. 3). Overall, the majority of δ18O from
iron oxide samples (mostly magnetites) lie in the range
+1 to +4‰, which is consistent with fractionation of
oxygen into magnetite in a felsic to intermediate magma
at high temperatures (Chiba et al. 1989). Recalculated to
an andesitic parental magma (Zhao and Zheng 2002)
magnetites with δ18O >+2‰ yield values between +6.2
and +7.6‰, i.e, within the range of the wholerock data.
The relatively wide variability in δ18O in otherwise
similar alteration assemblages is notable, particularly in
comparison with the iron oxide ores. Still, it is clear that
later localised tectonisation and associated fluidmediated alteration overprint has affected some of these
zones. We suggest that the magnetite ores have been less
affected by later geological events and represent a robust
δ18O buffer.
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Figure 3. Oxygen isotope data for two drill core profiles
through the main ore zone at Grängesberg. All oxygen data is
reported as standard δ-notation relative to the V-SMOW
standard. The δ18O ranges for the mantle and normal igneous
rocks are from Rollinson (1993).

5 Discussion and conclusions
It is apparent from the geochemical data that the
phyllosilicate-amphibole alteration assemblages and orehosted apatites (light shaded field in Fig. 2) are both
characterised by a strong enrichment in REEs. These
assemblages occur within and close to the ore zone, thus
suggesting a direct relation between Fe oxide formation,
rare earth enrichment and alteration. The oxygen isotope
data on the Grängesberg Fe oxide ores compare partly
with that generated by Nyström et al. (2008) for Chilean
(including El Laco) and Swedish Kiruna type iron oxide
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High-level alteration in Iron-Oxide(-Cu-Au) (IOCG) vein
systems, examples near Copiapó, Chile
Douglas C. Kreiner, Mark D. Barton
Institute for Mineral Resources, Department of Geosciences, University of Arizona
Abstract. Mesozoic IOCG deposits of the Chilean Iron
Belt, including the "simple" vein systems hosted by the
Copiapó batholith, allow comparison of contrasting levels
within IOCG systems. Exposed at the highest levels of
the systems studied near Copiapó are zones of hydrolytic
alteration
characterized
by
either
calcitespecularite±chalcopyrite veins with chlorite-hematite
alteration, or specularite dominated vein(let)s with
sericitic and/or advanced argillic alteration (AAA).
Multiple zones of AAA in the Copiapó area are hosted in
volcaniclastic rocks and form strataboumd, structurally
controlled, and breccia-pipe bodies. Mineralization is
texturally complex typically with
superimposed
assemblage (e.g., contact metamorphic andalusite on
hydrothermal pyrophyllite). In some cases, AAA clearly
overlies Cu-Fe mineralization (Jesus Maria, Ojancos
Viejo) whereas in others the relationship is uncertain
(Vinita Azul, Ojancos Nuevo). AAA associated with IOCG
systems in Chile and elsewhere is sulfide-poor,
evidenced by an abundance of hypogene hematite and
little or no pyrite. These systems contrast markedly with
high total sulfide AAA in epithermal and porphyry
systems. Acid sources are problematic In low ∑S
systems, we suggest that AAA can result from the
precipitation of metals (principally iron) from Cl
complexes at depth in systems with very high W/R.
Keywords.
epithermal

IOCG,

advanced

argillic,

development of AAA is now represented by pyrophyllite
and/or andalusite assemblages, is devoid of sulfide
minerals and may have a few percent pyrite. Hypogene
alunite has not been observed. These features are
analogous to the more complicated, larger and
economically important IOCG deposits in the region.
This paper summarizes recent studies of alteration
and zoning about IOCG veins near Copiapó, with a
focus on sericitic and advanced argillic alteration
developed in the shallower levels.

2 Geologic framework
The Chilean Iron Belt is part of one of the world’s
premier IOCG belts; it lies along the Mesozoic arc of
northern Chile and southern Peru. Deposits are hosted in
the Coastal Batholith and related supracrustal rocks
(mostly volcanic) (Sillitoe 2003). Multiple styles of
IOCG mineralization occur varying from strataboumd
(manto-type) to discordant breccia bodies, both hosted
primarily in supracrustal rocks. These texturally varied
bodies typically exhibit complex superposition of
events. In contrast, plutonic rocks generally host
somewhat simpler, smaller, but locally economic veins
that exhibit systematic zoning from shallow or distal
advanced argillic alteration to deeper, proximal Na(-Ca)
styles of alteration.

hydrolytic,

1 Introduction

2.1 Copiapó Batholith

Use of zoning patterns in iron-oxide(-Cu-Au) (‘IOCG’)
deposits can be a key to exploration and an improved
understanding of their origin, however the tops of few
systems are well documented. Some models for IOCGs
predict moderate to intense acid alteration should form
at shallow levels (Barton and Johnson, 2000), and it is
known that various styles of hydrolytic alteration
including hematite-bearing sericitic and advanced
argillic alteration (AAA) occur in a number of IOCG
systems (Barton et al. 2010; Kreiner and Barton 2010).
Hydrolytic alteration in IOCG systems contains
hypogene iron oxide (as specularite) and lacks abundant
sulfide minerals that can constitute 10-20% of AAA in
other ore forming environments.
The Ojancos Viejo and adjacent districts, near
Copiapó in northern Chile have field patterns and
petrologic and fluid inclusion evidence that indicate
preservation of high levels in these Early Cretaceous
IOCG systems. Hydrolytic alteration is distal and
overlying many small, yet locally high-grade copper
bearing magnetite and hematite dominated vein deposits
(Fig. 1). AAA is present in the overlying
volcanisedimentary sequence and has not been observed
in the plutonic units. Intense acid leaching and

The Copiapó Batholith is an Early Cretaceous (95-127
Ma) composite batholith of broadly dioritic composition
(Marschik and Söllner 2006). Plutons range in
composition from a two-pyroxene diorite to
monzodiorites and tonalites. The batholith was
emplaced into Jurassic and Cretaceous volcanic and
marine sedimentary rocks with local evaporite-bearing
layers (Marschik and Fontboté 2001). Each pluton in the
Copaipó batholith has an associated and distinct
hydrothermal system associated with its emplacement
(Barton et al. this volume). These plutons have
alteration ranging from proximal and deep high-T Na(Ca), to moderate and low-T Na with local potassic
alteration; high-levels are characterized by sericitic and
advanced argillic assemblages. Excellent exposure of
pluton-supracrustal environments in the batholith allows
examination of IOCG veins, including their upper
levels.
2.2 District scale mineralization
The largest IOCG occurrences in the vicinity of Copiapó
include the volcanic-hosted strataboumd to discordant
breccia bodies of La Candelaria and similar deposits of
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the 127 Ma mineralization. Overprinting and
overgrowing the AAA are tourmaline-andalusite- quartzcalcite±hematite (Fig. 2a). Superimposed andalusite and
perhaps some of the pyrophyllite on early dumortieritepyrophyllite may represent a metamorphic overprint
related to the voluminous 118-115 Ma plutons that are
related to the Ojancos Viejo and Nuevo districts.

the Punta del Cobre district (Marschik and Fontboté
2001). There are, however, several well defined IOCG
vein districts located in the Copiapó batholith and
surrounding areas (Segerstrom et al. 1963); these
provide geologically simpler systems suited for
comparative study. New geologic mapping, structural
reconstruction, and petrologic studies indicate the vein
systems continue upward into penecontemporaenous
volcanic rocks and have vapor-rich, CO2-poor inclusions
which imply low pressures and indicates the veins are
exposed from near the contemporaneous paleosurface to
paleodepths of 2-3,000 m.
Investigating the vein systems at multiple points
along strike has allowed for the development of a
paragenesis that indicates the veins are exposed over
multiple structural levels. Veins zone from proximal and
commonly deep magnetite-scapolite-dominated, copperpoor assemblages with Na-Mt alteration to
mushketovite-chalcopyrite-pyrite-quartz
assemblages
with Hm-Na-K(-H+) alteration to distal and shallower
calcite-hematite with hematite-chlorite alteration (Fig.
1). Overlying and/or distal to mineralization are zones
of Cu-poor, sericitic and advanced argillic assemblages
(Fig. 1). Zones of AAA are restricted to the northern end
of the Ojancos Nuevo vein district, the southern end of
the Ojancos Viejo vein district, the Vinita Azul district
and the northern end of the Jesus María district (Fig. 1).

3 Distribution and characterization of
shallow alteration
Shallow level alteration associated with the vein-style
mineralization in the batholith is characterized by
sericite-hematite(-quartz-pyrite) and/or chlorite-hematite
alteration. Zones of AAA are commonly devoid of veins
or mineralization. Mineralization in shallow levels is
manifested by calcite-specularite±chalcopyrite veins (up
to several meters in width) with chloritehematite(±carbonate) dominated envelopes. Zones of
calcite, sericite, hematite and AAA are overlying the
zones of the main magnetite-mushketovite±hematitechalcopyrite mineralization.
Calcite-specularite±chalcopyrite veins typically have
local alteration envelopes of intense chloritehematite(±carbonate±albite) (Fig. 1) and are present at
the distal ends of mineralized structures (e.g., San
Francisco vein). Calcite-dominated assemblages are one
of the latest paragenetic stages of vein development and
thus may also be present at deeper levels of
mineralization.
Sericitic alteration is more widespread than AAA,
and well developed along pyrite and specularite
dominated structures. Sericitic alteration can be
texturally destructive and pervasive, with minor
hematite and quartz, and often contains little or no pyrite
and may zone inwards to AAA.
The Jesus Maria area contains zones of strataboumd
AAA hosted in volcaniclastic rocks. The AAA
structurally overlies deeper magnetite-apatite-actinolite
and intermediate Cu-bearing mineralization (Fig. 1);
these are cut by intramineral dikes (127 Ma; U-Pb
zircon). AAA is characterized by early dumortieritepyrophyllite±hematite (Fig. 2a) assemblages related to

Figure 1. Location map and vein zoning. Zones of Mtdominated veins with Na-Mt alteration in core are enveloped
by Hm-dominated veins with Na-K-Hm(H+) alteration. Zones
of AAA and Ser-Hm found coincident with supracrustal rocks.
Base map compiled from Arevalo (1999) and Tilling (1963)
and modified by Barton et al. (this volume).

In the Vinita Azul area, AAA is strongly localized on
NNE oriented structures. Zones of AAA are hosted in a
package of interbedded volcanic and clastic rocks with
interbedded sill-like bodies of fine-grained diorite.
Assemblages are dominated by quartz-pyrophyllitelazulite±hematite (Fig. 2b), locally with andalusite near
a cross-cutting pluton, and flanked by zones of sericitehematite±pyrite alteration. AAA alteration is cut and
overprinted by potassic (biotitic) and sericitic alteration
that likely formed with a 98 Ma tonalite. Deeper styles
of mineralization are not exposed in this area.
In the northern part of La Brea pluton (Fig. 1), in the
Ojancos Nuevo district, a zone of AAA has a brecciapipe geometry. Host rocks are porphyritic andesites.
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region, and Carolina Slate Belt all have examples of
IOCG-related AAA (Barton et al. 2010; Kreiner and
Barton 2010).
The understanding of the mineral assemblages
characteristic of the upper levels of IOCG systems have
implications on effective mineral exploration. Zones of
AAA and calcite-dominated iron-oxide veins may
represent, respectively, the fluid-buffered and rockbuffered flow paths generated by the precipitation of
metals (particularly iron from Fe-Cl complexes) at
depth. These zones may be overlying or distal to copperbearing mineralization.

Alteration assemblages are characterized by andalusitehematite-quartz±pyrophyllite that zone out into sericitehematite. The intense acid alteration overlies a
prominent magnetic anomaly, is truncated by the San
Gregorio fault, does not affect the San Gregorio pluton.
The southern end of the Ojancos Viejo district has
volcaniclastic-hosted, restricted zones of intense acid
assemblages overlying the magnetite and hematite
dominated, Cu-bearing vein systems (Fig. 1).
Volumetrically sericite-quartz±hematite is the most
abundant but is locally cut by pyrophyllite±quartz veins.
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Figure 2. AAA Examples. a) photomicrograph dumortierite
(Dum)-hematite-quartz(Qz) overgrown by tourmaline(Trm)andalusite(And) with late calcite(Cc) from Jesus María; b) Qzlazulite-pyrophyllite-hematite from Vinita Azul, scale 1 cm.

4 Discussion
The upper levels of IOCG systems contain distinct lowtemperature styles of alteration and mineralization.
Portions of the vein systems are dominated by calciterich assemblages and these commonly occur distal to the
main zones of mineralization. Overlying and distal to
mineralization are intensely acid-altered zones,
characterized by sericite-hematite and local AAA.
AAA associated with IOCG systems is marked by the
scarcity of pyrite and alunite and by the presence of
hypogene iron oxides. This contrasts with high-S
systems, such as epithermal and porphyry environments
where pyrite constitutes 5-20% of the altered zones and
alunite may be abundant. Low-sulfidation (LS)
epithermal systems also contain zones of AAA but only
locally in steam-heated zones. All of these systems share
similar geometries with strong structural controls.
AAA associated with IOCG systems is not unique to
the Copiapó region. Mantoverde, has zones of intense
sericitic alteration and El Laco and Productora have
local AAA (Vila et al. 1996; Ray and Dick 2002; Sillitoe
and Burrows 2002). Sillitoe and Burrows (2002) suggest
the zones of AAA at El Laco are formed in a steamheated environment, similar to the LS epithermal
environment. However, formation in a steam heated
zone requires the presence of H2S as a product of
boiling in a sulfide-bearing fluid. This intrinsically
drives the system to high-sulfidation states, which is not
recorded in the AAA mineral assemblages associated
with IOCG. AAA related to IOCG mineralization is not
unique to the deposits in northern Chile. Several
systems in southwest North America, the VA piedmont
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In situ LA-ICPMS U-Pb zircon dating of the host rocks of
the Sossego and Bacaba iron oxide-copper-gold
deposits, Carajás Mineral Province, Brazil
Carolina P. N. Moreto, Lena V. S. Monteiro, Roberto P. Xavier, Carlos Roberto de Souza Filho
Department of Geology and Natural Resources, University of Campinas, 51 João Pandiá Calógeras, Campinas, Brazil
Tony I. S. Kemp
School of Earth and Environmental Sciences, James Cook University, Townsville, QLD 4811, Australia
Abstract. The world-class Sossego and the Bacaba iron
oxide-copper-gold deposits are located in the southern
margin of the Carajás Domain, Carajás Mineral Province,
along a regional WNW-ESE-striking shear zone. In the
Sossego deposit, U-Pb LA-ICPMS zircon data for the
host Granophyric Granite and the Sequeirinho Granite
returned dates of 2740 ± 26 Ma and 3010 ± 21 Ma,
respectively. In the Bacaba deposit, zircons from the
Bacaba Tonalite and the Serra Dourada Granite yielded
dates of 3001 ± 4 Ma and 2860 ± 22 Ma, respectively.
These dates are interpreted as the igneous crystallization
age of the host rocks and could represent one of the
oldest magmatic events recognized in the Carajás
Domain. The 3.0 Ga old Sequeirinho Granite and Bacaba
Tonalite and the 2.86 Ga old Serra Dourada Granite are
interpreted to largely predate the genesis of the Sossego
and Bacaba deposits. A genetic link with these intrusive
rocks is unlikely because the Sossego and Bacaba
deposits might represent different portions of the same
hydrothermal system, which is hosted by the younger
2.74 Ga Granophyric granite (Sossego deposit). In this
context, these deposits could be mainly controlled by
important crustal discontinuities, such as regional shear
zones, rather than be associated with a particular rock
type.
Keywords.
IOCG
deposits,
geochronology, Carajás Mineral
Craton

of ~3.0 Ga basement rocks and the ~2.76 Ga
metavolcano-sedimentary units of the Carajás Basin.
The Sossego deposit is hosted by the Sequeirinho
Granite, Granophyric granite, felsic metavolcanic rock
and gabbro. The Bacaba deposit is hosted by the Serra
Dourada Granite, the Bacaba Tonalite and gabbro. These
host rocks were intensely affected by sodic, ironpotassic, chloritic, epidote-rich and carbonate
hydrothermal alteration.
This report presents results of in situ LA–ICPMS U–
Pb zircon geochronological analyses of hydrothermally
altered samples of the granitic host rocks of the Sossego
and the Bacaba IOCG deposits. The results provide new
insights into the metallogenesis of IOCG deposits and
the Archean magmatism of the CMP, revealing the
existence of magmatic events so far unconsidered for
the northern sector of the CMP.

2 Geochronology of IOCG deposits in the
Carajás Mineral Province
Available geochronological data for the IOCG deposits
and their host rocks are still scarce. Additionally, dating
of ore-related minerals has given different ages even for
a single deposit. In general, Pb-Pb dating yields older
model ages (~2.7 Ga) and suggests metal sources from
the Carajás Basin units and temporal relationships with
the 2.74 Ga granites (e.g. Planalto Granite). More robust
and precise geochronological data (U-Pb SHRIMP II
monazite; Re-Os molybdenite) have pointed to an
important metallogenic event at 2.57 Ga (Réquia et al.
2003; Tallarico et al. 2005), which correlates to 2.57 Ga
granites (e.g., Old Salobo and Itacaiúnas granites).
However, granites of this age are very limited and in fact
occur only close to the Cinzento shear zone. Except for
the occurrence of the Old Salobo Granite in drill cores
from the Salobo deposit, no clear spatial association
between IOCG deposits and granitic magmatism of this
age has been demonstrated in the province.

LA-ICPMS
U-Pb
Province, Amazon

1 Introduction
The Carajás Mineral Province (CMP), located in the
southern part of the Amazon Craton, represents one of
the best-endowed mineral provinces in the world. It
hosts different mineral deposits (e.g., iron, manganese,
gold, chrome–PGE) and includes numerous deposits
assigned to the iron oxide–copper–gold (IOCG) class of
deposits (e.g., Salobo, Gameleira, Igarapé Bahia,
Sossego, Alvo 118, Bacaba).
Although the genetic models of the Carajás IOCG
deposits highlight the importance of Neoarchean and
Paleoproterozoic granitic intrusions as a source of heat
and fluids for the development of the hydrothermal
systems, not all deposits show clear spatial and temporal
association with coeval granitic rocks. The Sossego and
Bacaba deposits are hosted, among other rocks, by
granitic intrusions, which allow the investigation of the
role of the granites on the genesis of these deposits.
The Sossego and Bacaba deposits are located along a
WNW–ESE-striking shear zone that defines the contact

3 U-Pb LA-ICPMS results
The U–Pb LA–ICP–MS zircon data (Fig. 1) for the
Bacaba deposit were acquired at the Geochronology
Laboratory of the University of Brasília according to the
method described by Bühn et al. (2009). Zircons from
the Sossego deposit were analysed from 30 micrometer
thick petrographic thin sections by the U–Pb LA–
ICPMS technique at James Cook University, Australia.
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The analyses comprised four hydrothermally altered
samples from drill cores of the granitic rocks that host
the Sossego and Bacaba deposits. In the Sossego
deposit, thirteen zircon crystals from a sodically altered
sample of the Granophyric Granite rendered an upper
intercept age of 2740 ± 26 Ma (MSWD = 11.4; Fig.
1A). Seventeen zircon grains from the Sequeirinho
Granite with sodic and potassic alteration resulted in an
upper intercept age of 3010 ± 21 Ma (MSWD = 0.81;
Fig. 1B). In the Bacaba deposit, forty seven zircons
from a potassically altered sample of the Bacaba
Tonalite yielded an upper intercept age of 3001.2 ± 3.6
Ma (MSWD = 0.81; Fig. 1C), while twenty four zircon
crystals from the Serra Dourada Granite with sodic
alteration and sillicification rendered an upper intercept
age of 2860 ± 22 Ma (MSWD = 0.81; Fig. 1D). These
dates are interpreted as the timing of the igneous
crystallization of the host granites.

4 Discussion and conclusions
The ~3.0 Ga ages obtained for the Sequeirinho Granite
and Bacaba Tonalite represent the oldest magmatism
recorded in the CMP. Similar Archean ages in the
Carajás Domain were attributed only to the
crystallization of the igneous protolith of granulites that
are part of the Carajás Basin basement. These rocks
could have been broadly coeval with the ca. 2.93-2.98
Ga TGG suites identified in the Rio Maria granitegreenstone terrane, located in the southern portion of the
CMP (e.g., Arco Verde and Caracol tonalites).
The 2.86 Ga Serra Dourada Granite is older than
other granitic rocks in the Carajás Domain, such as the
widespread 2.76 to 2.74 Ga syntectonic alkaline granites
(e.g., Plaquê, Planalto, Estrela and Serra do Rabo
suites). However, the 2.86 Ga ages could be related to
magmatic events characterized in the Rio Maria granitegreenstone terrane (e.g., 2.86 Ga Xinguara, Mata Surrão
and Guarantã granites). The ~3.0 and 2.86 Ga ages
provide evidence that these magmatic events were much
more extensive than previously considered in the CMP.
The 2.74 Ga Granophyric granite has the same age as
the 2.76 to 2.74 Ga syntectonic alkaline granites widely
recognized at Carajás.
The ~3.0 Ga TDM Nd model ages and the evolved Nd
isotope signatures obtained for the Sequeirinho,
Granophyric and Serra Dourada granites and for
hydrothermally altered and ore sample from the Sossego
and Bacaba deposits (Moreto et al. 2011) suggest that
the hydrothermal fluids responsible for the genesis of
these deposits have strongly interacted with
Mesoarchean rocks (e.g., Sequeirinho Granite, Bacaba
Tonalite and Serra Dourada Granite) or with younger
rocks derived from Mesoarchean sources (e.g., 2.74 Ga
Granophyric granite).
High-salinity metalliferous fluids have been
previously reported in the Sossego and Bacaba deposits
(Monteiro et al. 2008a,b).
Figure 1. 206 Pb/238U vs. 207Pb/235U diagrams for (A)
Granophyric granite with sodic alteration; (B) Sequeirinho
Granite with sodic and potassic alterations; (C) Bacaba
Tonalite with potassic alteration; (D) Serra Dourada Granite
with sodic alteration and silicification.
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The source of hypersaline brines from unmixing of
magmatic fluids has been considered of fundamental
importance for the genesis of IOCG deposits worldwide
(Perring et al. 2000; Pollard 2001 and 2006; Beardsmore
1992; Adshead 1995; Mark et al. 2004; Mustard et al.
2004), although in the CMP chlorine and boron isotopes
combined with Cl/Br - Na/Cl systematics, suggested a
significant participation of residual evaporative fluids
that may have mixed with ascendant magma-derived
brines (Xavier et al. 2008). Nevertheless, the
relationship between crystallization of the granitic
intrusions and generation of hypersaline fluids should be
evaluated in the Bacaba and Sossego deposits.
The record of such old Mesoarchean host rocks (ca.
3.0 and 2.86 Ga) for the Sossego and Bacaba deposits
could imply that the ~3.0 Sequeirinho Granite and
Bacaba Tonalite and the 2.86 Ga Serra Dourada Granite
were not responsible for, or related to, the establishment
of the IOCG-forming processes. This is likely because
the Sossego deposit is hosted by the younger 2.74 Ga
Granophyric granite and, as the Sossego and minor CuAu deposits (e.g., Bacaba, Alvo 118, Castanha) were
formed in the same IOCG hydrothermal system
(Monteiro et al. 2008a and b), it is also improbable that
the Bacaba deposit formed at 2.86 or 3.0 Ga.
The ca. 440 Ma lower intercept ages obtained in the
Concordia diagrams for the Granophyric, Sequeirinho
and Serra Dourada granites (Fig. 1) have not been
previously recognized in the CMP. In the Araguaia Belt,
which borders the CMP to the east, the granitic
magmatism is represented by small 550 Ma old granites,
which are significantly older than the lower ~440 Ma
intercept ages. Therefore, the radiogenic Pb loss around
440 Ma is at the moment enigmatic.
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The San Fernando prospect, Baja California, México: a
cousin to Andean iron oxide-copper-gold systems?
Rob Duncan, Murray Hitzman
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Abstract. The San Fernando prospect is an iron oxidecopper-gold (IOCG) hydrothermal system that formed
during transtension in an intra-arc setting. Rhenium-Os
molybdenite model ages of 111.8 ± 0.9 and 113.4 ± 0.4
Ma are similar to age data for the host volcanic rock
package and nearby granodiorite intrusive bodies, and
18
13
along with stable isotopic constraints (δ O, δD, δ C and
34
δ S) demonstrate that the development of alteration and
mineralization at San Fernando was associated with
magmatic-hydrothermal fluids. There is evidence to
suggest the influx of a basinal fluid at the time of
chalcopyrite precipitation implying that fluid mixing may
have induced mineralization. Numerous geological
similarities exist between the setting and timing of IOCG
mineralization in the Alisitos arc and the world-class
Coastal Cordillera IOCG district.
Keywords. iron oxide-copper-gold (IOCG),
California, Mexico, geochronology, stable isotopes

hydrothermal alteration. Moderate to strong sodic,
potassic, and sodic-calcic alteration have been identified
over an area of 3 km2 at San Fernando and several
mineralized bodies, including an historic mine that
exploited a narrow, copper-rich vein, and a broader area
of lower grade copper mineralization (up to 293.5 m at
0.19% Cu including 31 m at 0.92% Cu and 0.07 g/t Au
have been intersected during more recent drilling).

2 Alteration and mineralization
The earliest alteration at San Fernando is an intense
sodic event that produced an albite-magnetite (Fig. 1a)
assemblage with minor actinolite and scapolite.
Commonly sodic alteration resulted in the complete
replacement of volcanic clasts by magnetite. This event
is overprinted by a sodic-calcic assemblage of albiteactinolite-magnetite-scapolite that resulted in pervasive
alteration of both clasts and matrix in volcaniclastic units
(Fig. 1a).

Baja

1 Geological setting
The San Fernando iron oxide-copper-gold prospect is
located ~350 km south-southeast of San Diego in Baja
California Norte, México. The prospect is hosted by the
lower Cretaceous Alisitos Formation that is thought to
have formed during a rifting event in an intra-arc setting
associated with a subduction zone to the west (Busby et
al. 2006). This event was followed by tectonic inversion
during accretion of the Alisitos arc onto North America
at 105 Ma (Wetmore et al. 2002). The Alisitos
Formation is ~4 km thick and is dominated by andesite,
dacite, and rhyolite flows, pyro-/volcaniclastic deposits,
and bioclastic limestone that accumulated in a shallow
to deep marine setting (Busby et al. 2006).
At San Fernando three major Alisitos Formation units
have been distinguished; a basal unit of andesitic flows
and flow top breccias, a submarine volcaniclastic breccia
and conglomerate unit which appears to be largely
derived from the underlying unit, and an upper
porphyritic andesitic unit. These rocks dip gently to the
south and are overlain by late Cretaceous, Tertiary, and
Quaternary alluvial gravels. The San Fernando
Granodiorite intrudes the northern part of the prospect.
A series of roughly east-west trending faults cut the
western part of the prospect and in the eastern zone
faults strike northwest. San Fernando represents the best
studied prospect in a series of IO(CG) occurrences in
Baja California that occur within large areas of

Figure 1. Typical examples of IOCG-style alteration and
mineralization at the San Fernando prospect, Baja California
Norte, México (see text for details).

503

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

(Fig. 2) were measured on a GV instruments IsoPrime
gas-sourced mass spectrometer at the Colorado School
of Mines. Oxygen isotopic ratios in silicate and
magnetite separates were measured using a CO2 laserbased fluorination line (BrF5 reagent).

A later potassic alteration event (biotite-minor Kfeldspar-magnetite-apatite) is associated with the first
stage of sulfide (pyrite-chalcopyrite) deposition (Fig.
1b). The development of the sodic-calcic and potassic
alteration assemblages is particularly intense in the
western area of the prospect where early sodic alteration
assemblages have been almost obliterated. A complex
calcic-potassic alteration then occurred, and typically
generated veins that may contain K feldspar, scapolite,
actinolite, magnetite, tourmaline, epidote, calcite,
chlorite, sericite, quartz, pyrite and chalcopyrite (Fig.
1c). The latest event to occur was calcite veining and in
some instances is accompanied by very minor
chalcopyrite.
Chalcopyrite mineralization is strongly associated
with the potassic (especially biotite) and the later calcicpotassic overprint. Chalcopyrite typically overprints or
replaces magnetite and earlier pyrite. Chalcopyrite is
generally vein(let)-hosted, although disseminated
chalcopyrite also occurs. Gold (typically electrum <10
μm in diameter) and silver (<20 μm) grains have been
identified, and are spatially associated with pyrite,
chalcopyrite, sphalerite, biotite, and quartz. Minor
amounts of galena and sphalerite overprint pyrite and
chalcopyrite.
Trace cobaltite is intergrown with
chalcopyrite, and molybdenite appears to be mostly
associated with pyrite that precipitated during the early
stages of potassic alteration.

3 Controls on alteration and mineralization
Alteration and mineralization were both most intense in
the volcaniclastic unit, presumably due to higher
instrinsic permeabilities in this unit relative to
surrounding lithologies. Measurements on oriented core
demonstrate that potassic, sodic-calcic and chalcopyritebearing veins all dip moderately to the northwest. It
appears that the San Fernando Granodiorite acted as a
buttress during deformation and that the contact between
the granodiorite and surrounding volcanic rocks was
structurally disrupted allowing the ingress of the
hydrothermal fluids that were responsible for alteration
and mineralization.
We interpret the development of the faults in the area
to be the result of a lateral transfer zone (between two
arc-parallel structures) that developed in a high strain
zone adjacent to a structural buttress (the San Fernando
Granodiorite). The distribution of shear zones in the
Alisitos Arc has previously been interpreted to be related
to the distribution of intrusive bodies (Alseben et al.
2008). Slickenlines demonstrate that movement along
faults at San Fernando was dominantly strike-slip,
although the motion has not been resolved.

Figure 2. Stable isotopic results for samples from the San
Fernando prospect. a) plot of calculated δDfluid versus δ18Ofluid
isotopic data for hydrosilicates, range of calculated δ18Ofluid
values for magnetite and feldspar also shown. b) histogram of
δ34S isotopic data from sulfides. c) plot of δ13C versus δ18O
isotopic data for calcite.

Deuterium isotopic ratios in hydrosilicate separates
were measured as H2 gas with a dual inlet after a ~12
hour period of sample outgassing at 250oC. Both oxygen
and deuterium were run at GNS Science, Gracefield,
New Zealand. Isotopic ratios are reported relative to
VSMOW (δ18O, δD), PDB (δ13C), and CDT (δ34S).

5 Results and interpretation/genetic model
The molybdenite samples gave Re-Os model ages of
111.8 ± 0.9 and 113.4 ± 0.4 Ma (2σ uncertainty). As ages
for these two samples do not quite overlap at the twosigma uncertainty level we suggest that at least two
closely-spaced mineralizing events occurred at San
Fernando. This is consistent with the mineral paragenesis
that demonstrates at least two periods of copper
mineralization. These dates are similar to U-Pb zircon
ages for the San Fernando Granodiorite (110.1 ± 0.1
Ma), a welded tuff towards the top of the Alisitos
Formation exposed southeast of San Fernando (~110.6

4 Methods
Rhenium-Os molybdenite ages were derived using the
analytical methods developed by the AIRIE Program at
Colorado State University. Isotopic measurements were
acquired using a ID-NTIMS following Carius tube
dissolution of the samples with a double Os spike.
Oxygen and carbon isotopic ratios in carbonate
separates and sulfur isotopic ratios in sulfide separates
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Ma) and ages that have been reported for similar
intrusive and volcanic rocks regionally (Busby et al.
2006). This implies a temporal relationship between
IOCG-style alteration and mineralization at San
Fernando and igneous activity in the Alisitos arc.
Calculated δ18Ofluid and δDfluid compositions at
temperatures suitable for IOCG-style alteration (300 to
500oC) demonstrate involvement of a magmatic fluid
during early sodic (albite-actinolite) alteration (Fig. 2a).
Despite the uncertainties surrounding the δDfluid
calculated from later biotite alteration (potassic) as a
result of relatively poorly constrained temperatures, it
appears that the initial strongly magmatic fluid input
may evolve to high temperature volcanic vapors. This is
geologically reasonable given the close temporal
relationship between mineralization at San Fernando and
the emplacement of nearby batholiths and the associated
eruption of volcanic rocks. The complex calcic-potassic
alteration appears to relate to the mixing of pre-existing
magmatic fluids with meteoric and/or basinal fluids as
seen in the relatively low δ18 Ofluid and δDfluid values
calculated from tourmaline separates. This recognition of
the introduction of an isotopically distinct fluid at this
stage in the alteration paragenesis is extremely important
because the majority of chalcopyrite is associated with
the potassic and calcic-potassic event, suggesting that
fluid mixing may be fundamental to the formation of the
copper(-gold) mineralized zone at San Fernando.
The δ34Ssulfide values vary from 0.6 to 9.2 ‰ in
chalcopyrite, and between 3.4 to 5.8 ‰ in pyrite (Fig.
2b). The clustering of these values imply that the sulfur
was magmatically-derived, either as direct input from
degassing intrusive phases (e.g., San Fernando
Granodiorite) or from the Alisitos volcanic units.
However, the spread of δ34Ssulfide values imply that other
sulfur sources may have contributed to the system, this is
consistent with the other isotopic data.
Calculated δ13CCO2 of between 0.6 to -1.7 ‰ for
calcite samples associated with chalcopyrite are
compatible with a magmatic origin, although a seawater
component may also be involved (Fig. 2c). A trend of
decreasing δ13Ccarbonate and increasing δ18Ocarbonate in
samples from amygdules and paragenetically late calcite
veins probably represents progressive fluid-wall rock
interaction and/or cooling of the hydrothermal system.
In summary, the geochronological and stable isotopic
data demonstrate that mineralization at San Fernando
was closely associated, both temporally and genetically,
to the magmatic evolution of the Alisitos arc. Early
hydrothermal fluids and probably some sulfur could
have been sourced from a combination of co-eval
intrusive and extrusive rocks. During the main copper
mineralization phase there appears to have been the
involvement of at least one other fluid, either seawater
or a basinal fluid. Mixing of these distinct fluids
coincides with the main period of copper mineralization.
The source of metals at San Fernando is unconstrained;
they were probably derived from magmatic rocks, either
directly via the degassing of juvenile magmas or from
leaching of the large volcanic pile. The hydrothermal
system at San Fernando developed along strike slip
faults in a transtensional environment that formed in a

rifted oceanic arc environment prior to the suture event
with the North American continent (e.g., Wetmore et al.
2002; Busby et al. 2006).

6 Andean relatives?
There are number of similarities between the IOCG
occurrences in the Alisitos arc of Baja California and the
world-class IOCG systems in the Coastal Cordillera of
northern Chile and Southern Peru (e.g., Sillitoe 2003).
Similar apparent characteristics are;
• style, intensity, mineralogy, and temporal evolution
of hydrothermal alteration (sodic, calcic and/or
potassic assemblages),
• presence of both mineralized and barren (magnetiteapatite – not discussed here) systems in close
geographic proximity,
• both temporal and spatial relationship with arcrelated volcanism, pluton emplacement and the
development of major arc-parallel structures,
• mineralization associated with transtension or
extension in an intra-arc basin,
• the recognition of a major mineralizing period at
around ~110 to ~120 Ma,
• involvement of both magmatic and non-magmatic
fluids in the mineralizing systems,
A potentially imported difference between the Baja
and South America districts is that the Alisitos arc
apparently developed on oceanic crust (Busby et al.
2006), whereas the Coastal Cordillera formed on top of
Palaeo- and Proterozoic crust. This may not be
important, however, given that the input of mantlederived, juvenile material is becoming increasingly
recognized as a crucial factor in the development of
IOCG-bearing terranes (e.g., Groves et al. 2010).
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Iron Oxide-Apatite (IOA)-type mineralization, Republic of
Korea: the Yangyang magnetite deposit
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Abstract. New petrographical, mineralogical and
geochemical data on ores, hornblendites and
metabasites from the Yangyang magnetite deposit
indicate that diverse mineralization and alteration
occurred in the Yangyang deposit. The Yangyang deposit
is characterized by distinct mineral assemblages
including Na-Ca-K alteration phases such as albite,
actinolite, biotite and diopside, and high field strength
element-bearing
accessory
minerals
including
fluorapatite, titanite, allanite and monazite. The
fluorapatites from the Yangyang magnetite ores contain
1000-12000 ppm REE and show LREE/HREE
fractionated patterns with a negative Eu anomaly in
chondrite normalized diagram. These mineralogical and
geochemical features are similar to Kiruna-type
magnetite-apatite deposits. Preliminary sulfur isotopic
data of pyrite intergrown with magnetite reveals a
magmatic source for the sulfur. Strongly depleted
hydrogen isotopic compositions with slight depletion in
oxygen isotopic data from alteration phases indicate that
silicates are derived from the magmatic system. These
results suggest that the Yangyang magnetite ores formed
by magmatic-hydrothermal process in a subvolcanic
environment.

2 Geology and ore deposits
2.1 Geological setting
The Yangyang district is located at the eastern margin of
the Precambrian Gyeonggi massif bordered by two
major N-S striking faults (Fig. 1). It mainly consists of
stratum of metamorphosed volcanic-sedimentary units
(MSVS) enclosed within a Paleoproterozoic gneiss
complex which is intruded by Paleoproterozoic
batholiths (1860–1840 Ma), Triassic syenites and
Jurassic biotite granites (Zhai et al. 2005). The MSVS
consists predominantly of metavolcanic rocks together
with different varieties of metasedimentary rocks
(arenites and carbonates), metabasites (amphibolemagnetite alteration), hornblendites and magnetiteapatite ores. The Yangyang deposit occurs as ca. 20
magnetite ore bodies arranged within and adjacent to a
NNE-trending shear zone developed in MSVS (KORES
2010).

Keywords. IOA, apatite, REE, magnetite, Yangyang,
Korea

1 Introduction
The Yangyang deposit (YD) is one of the biggest iron
deposits in the Republic of Korea. The past iron
production amount was up to about 8 million metric
tons with an average iron content of ca. 60 wt.% Fe
(KORES 2010). Nevertheless, no potential and
economic Cu and Au deposits have been identified. The
metabasite with iron ores in the YD have been
considered as the poly-metamorphosed contact products,
and alkali metasomatized meta-sediments or regionally
metamorphosed iron-rich calcareous sedimentary rocks
(So 1978; Lee and Stout 1989). One of the important
evidences supporting for a sedimentary origin of the
Yangyang ore is an amphibole-biotite-banded magnetite
ore, which accompanies varying extent ore bodies (So
1978). In this study we present some geological,
mineralogical and geochemical evidences for IOA-type
mineralization in the YD (as per the classification
scheme of Williams 2010).
Figure 1. Geological map and cross section of the Yangyang
metallogenic province in Republic of Korea.
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different domains (dark and bright areas) under
backscattered electron imaging. The dark domain is
consistently depleted in REE and some trace elements
such as Si, S, V, Zr, Y, Pb, Th, and U relative to the
adjacent bright domain (Fig. 3). However, it should be
noted that LREE depletion is much larger than HREE
depletion in the dark domain of type-1 apatite,
suggesting an interaction between apatites and
hydrothermal fluids (Harlov et al. 2002; Bonyadi et al.
2011).
The paragenetic sequence of YD can be interpreted
in terms of an early calcic-iron (amphibole-magnetite)
alteration accompanying iron oxide mineralization with
the rarity of sodic alteration. This calcic-iron alteration is
overprinted by later potassic (biotite) alteration (also
associated with magnetite, apatite or pyrite). Multiple
generations of both calcic (amphibole-apatite) and
potassic (biotite) alteration are recognized. Sulfides
clearly overprint the early iron oxide stage assemblages
and consist of minor pyrite ± chalcopyrite.

2.2. Mineralization
Iron mineralization occurs as concordant to discordant
layered, lenticular or massive magnetite-biotite,
magnetite-actinolite and magnetite-apatite-biotite-pyrite
ores. The magnetite ore-bearing rocks consist of various
combinations of magnetite, fluorapatite, actinolite and
biotite with subordinate amounts of titanite, scapolite,
albite, diopsidic pyroxene, pyrite, fluorite and carbonates.
Magnetites are commonly arranged in triple junction
configuration and are partly martitized in some grains.
Based on mineralogical and chemical data, the
Yangyang ores can be subdivided into two major groups:
1. apatite-titanite-rich iron ore, 2. apatite-poor iron ore.
The phosphorous contents are relatively variable. P2O5
contents are < 0.3 wt.% in apatite-poor iron ore whereas
P2O5 contents in apatite-rich iron ore range from 1.29 to
7.38 wt.%. The ores in both groups have ~40 to 90 wt.%
Fe2O3 (total) but have significantly low Ti content
(<3440 ppm) and V content (<404 ppm) (Fig. 2).
However, high Ti content (~ 20,000 ppm) in apatitetitanite-rich low grade iron ores is found due to high
content of titanite.


Figure 2. Ti versus V compositions in magnetite ores from the
Yangyang deposit. Compositional field of magnetite ores from
the Kiruna deposit (Nyström and Henrìquez, 1994), Fe-oxide
deposit in the Bafq district (Daliran 1990; Mosavi Nasab 1994),
and BIF (Loberg and Horndahl 1983) are presented for
comparison.


The YD is characterized by the occurrence of a
distinctive type of iron oxide apatite deposit that is
commonly referred as Kiruna-type and can be classified
as an IOA deposit. The fluorapatites of the Yangyang
magnetite ores contain 1000– 12000 ppm REE and show
weakly to moderately LREE/HREE fractionated patterns
with a negative Eu anomaly in chondrite normalized
diagrams (Fig. 3). There are two types of apatite in the
Yangyang ore bodies. Type-1 apatite consists of large
(>1 mm) apatite grains containing abundant Th-poor
monazite, allanite, magnetite, actinolite and sulfide
inclusions. The rims of these apatites are distinctly
embayed and corroded. The second type consists of
small (<500 um) apatite grains that rarely contain
inclusions (type 2). Both types of apatite exhibit two

Figure 3. Chondrite-normalised REE patterns of apatite from
Yangyang magnetite deposit. (A) Type 1 apatite. (B) Type 2
apatite. Open circle and gray areas represent average value and
compositional boundaries for bright domain (n = 6). Filled
circle and dark gray areas represent average value and
compositional boundaries for dark domain (n = 10).

3 Discussion and conclusions
The Yangyang magnetite deposits in Korea have various
mineralogical and geochemical attributes of Kiruna-type
magnetite-apatite ores. The Ti and V compositions of
magnetite and the REE patterns of apatite in the
magnetite-apatite ores are generally similar to those of
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Kiruna magnetite and apatite. The halite-bearing fluid
inclusions in apatite indicate a hydrothermal system
evolved from saline fluids. Strongly depleted hydrogen
isotopic compositions with slight depletion in oxygen
isotopic data from alteration phases suggest that silicates
are derived from the magmatic system. The δ34S values
of pyrite in the apatite-bearing magnetite-pyrite ores fall
in the narrow range from 1.6 to 2.5 per mil indicating
igneous origin for the sulfur. The Yangyang magnetiteapatite ores probably precipitated from iron oxidevolatile-rich magmatic-hydrothermal fluids derived from
slightly alkaline magma.

13:105–117
Williams PJ (2010) Classifying IOCG deposits. In: Corriveau L,
Mumin AH (eds) Exploring for Iron Oxide Copper-Gold
Deposits. Canada and Global Analogues: GAC Short Course
Notes 20:13–22
Zhai M, Ni Z, Oh CW, Guo JH, Choi SG (2005) SHRIMP zircon
of a Proterzoic rapakivi granite batholith in the Gyeonggi
massif (South Korea) and its geological implications. Geol
Mag 142:23–30

Table 1. Sulfur (δ34 S) isotope data of the pyrite from the
Yangyang magnetite deposit.
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IOCG breccia hydrodynamics
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Abstract. Chaotic hydrothermal breccias host many ironoxide-copper-gold (IOCG) deposits. Their geometry,
evidence for fluidized clast transport, relationship to
permeability barriers, intrusions and paleosurfaces are
consistent with the rapid development and collapse of
large fluid pressure gradients. The occurrence of
chalcopyrite as hydrothermal precipitate in vein
stockworks, crackle breccias and chaotic (milled)
breccias also suggests breccia cementation and sulfide
precipitation was pressure driven. Pressure cycling
developed from a) fluid overpressures by release from
oxidized, CO2-bearing intermediate to mafic magmas into
impermeable pressure chambers, b) explosive breaching,
and c) pressure drop and breccia cementation (including
mineralization) after the main volume of brecciated
material reached pressures similar to the surrounds,
either by upwards transport or by collapse. However,
broad alteration haloes, reactivated faults, and other
features suggest long-lived fluid-rock interaction around
IOCGs. Early IOCG mineralization and regionally
circulating metal-bearing brines may have been entrained
into the breccia pipes during faulting, explaining some of
the diversity of this broader deposit style.

maars with deeper roots and syn-intrusive ages (Olympic
Dam). Many deposits show several of these features
superimposed, stacked or zoned. Individual vein-like
deposits may contain entrained magmas at depth and
fluidized breccias at shallower levels (e.g. Hopper and
Correa 2000; Sillitoe, 2003). However, vein-only
deposits are typically small in total tonnes (Williams et
al. 2005), as are IOCG breccias with little apparent
igneous heritage (Hunt et al. 2005).

3 Breccia character

a)
b)

c)

Keywords: breccia, copper, gold, fluidisation, CO2

1 Introduction
Defining common characteristics of iron-oxide-Cu-Au
deposits has been difficult, and an understanding of the
key ore-forming processes has thus been slow to
develop. One important aspect described for many IOCG
deposits are hydrothermal (and other) breccias as ore
hosts. The role of these breccias, their mechanics and
hydrodynamics are not well understood. In this paper,
we try to develop a process model for these brecciahosted IOCGs. The hypothesis we present is that rapid
pressure fluctuations during brecciation are essential for
good grades and tonnes for breccia-hosted IOCGs.

d)

Figure 1. Ore breccias from the Ernest Henry orebody (each
panel 6cm wide drillcore) in Australia show a progressive
transition inwards and downwards from a) an external 20m
thick sleeve of crackle- to mosaic breccia with sulphides,
magnetite and calcite as hydrothermal precipitates in the
matrix, b) an internal (50m-scale) core of chaotic matrix
supported breccia with the ore minerals precipitated as infill
around microclasts, c) deep (> 300m) feeder-like dikes of
chaotic polymictic breccia in which chalcopyrite forms some of
the clasts, and d) a second generation magnetite-rich breccia
vein with the same character as c) cuts the earlier formed
mosaic breccia, also deep in the core of the deposit.

2 Breccia versus ‘other’ IOCGs
An igneous association connects most extremes of the
IOCG ‘family’ (Williams et al. 2005), from deeper,
intrusion-proximal skarn-like and vein deposits (e.g. Mt
Elliott in the Cloncurry District, Australia; San Antonio
near La Serena, Chile) through breccia-hosted deposits
that may not have been connected to the paleo-surface
(Ernest Henry, Australia; Teresa de Colmo and
Mantoverde, Chile), to surface-venting diatremes and

IOCG breccias are dominated by chaotic to mosaic
breccias (using terminology of Woodcock and Mort
2008), usually taken to indicate some clast transport. At

509

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

confirmed also by the abundance of fluid inclusions rich
in CO2 in IOCGs (relative to porphyry systems) and the
general low solubility of silica in IOCG alteration due to
reduced water activities. If CO2 released from mafic
magmas at 300 to 400 MPa is suddenly de-pressurized,
the very large volume change would be a powerful
driver for upwards, explosive fluidized transport (Fig. 2).
As proposed within the general breccia literature, IOCG
breccias could form either by upward transport into a
dilating fault zone where the pressure is dropped and the
energy dissipated (e.g. Woodcock and Mort 2008), or by
connection of the surface to an overpressured reservoir at
depth, such that brecciation triggered near-surface
propagates downwards, as suggested for many diatremes
(e.g. Wolfe 1980; Davies et al. 2008).

cm-scales, some of these breccias have iron oxides
and/or Fe-Cu sulphides (± carbonates, apatite etc.) in the
matrix of the breccia, others have these minerals as
apparent replacements in breccia clasts, and rarely,
sulphides form clasts themselves (Fig. 1).
These several forms of sulfides relative to the
breccias imply that sulfide precipitation can occur prior
to brecciation, or as part of the cementing of the breccia.
In IOCGs where surface processes have been invoked
(e.g. Olympic Dam), chaotic breccias with rounded
clasts may have formed by collapse into voids formed by
explosive volcanic activity (e.g. maars, diatremes). Even
though transport in such breccias may have been
dominated by collapse, the likely cause is an abrupt
event of volcanic to phreatic venting, implying a big
fluid pressure release (Oreskes and Einaudi 1990).
However, in many other deposits, the geological
relationships indicate that clast transport was upwards
and in the sub-surface (Hopper and Correa 2000; Oliver
et al. 2006), and by implication the fluids that caused
clast abrasion and transport were derived from depth. In
the district around Ernest Henry, the regional, strongly
discordant (albite-actinolite-magnetite-bearing) breccias
can be readily traced through schists to the carapaces of
the Williams Batholith where juvenile clasts of gabbro
and granite are found in the breccias, indicating that clast
entrainment, magma emplacement, rapid brecciation and
clast transport were synchronous.
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4 Breccia cement – active or passive?

Figure 2. P-V relationships for H2O-CO2 fluids at 500°C
calculated using Duan et al. (1992), showing a large change in
dV/dP between 300 and 50 MPa, and the higher volume of
more CO2-rich fluids compared with more water rich fluids at
the same P and T. Release of CO2 from mafic magmas, and/or
separation of CO2 from mixed volatile fluids, can readily lead
to explosive brecciation and may also be linked to pressuredependent chalcopyrite deposition.

The transition from vein-hosted to breccia-hosted copper
sulphides can be observed in many composite IOCGs
(e.g. Candelaria, Marshik and Fontboté 2001; Ernest
Henry, Mark et al. 2006; other examples summarized by
Sillitoe 2003). The concept of a breccia acting as a
static, permeable, conglomerate-like host for postbrecciation fluids at depth is difficult to sustain for
deposits formed in rocks at depths > 2 to 3 km. That is,
the presence of ore minerals as hydrothermal infill in
veins and the same association found in contiguous
breccias, implies that dynamic veining and brecciation
processes caused sulfide deposition. We draw the
connection between the same processes that drive clast
transport (i.e. fast velocities with initial overpressure)
and the process of pressure drop implicit in vein
formation and dynamic breccia cementation, because
these two processes are implicitly linked in the
mechanics of fault breccias (Woodcock and Mort 2008).

6 Conclusions
The CO2 -dependent P-V changes have a clear parallel
with Norton and Cathles (1973) and Burnham’s (1985)
earlier concepts of rapid volume changes driving
brecciation during 1st and 2nd boiling in hydrous
magmatic systems, but the dV/dP gradients for the CO2
system are even more extreme in the 300 to 50 MPa
range (Fig. 2), permitting fluidized brecciation processes
over this interval, and the potential for surface breaching
of CO2-rich fluids derived from mid-crustal reservoirs.
In kimberlites, pressure dependence of CO 2 volume is
considered the major reason for rapidity of the eruptions,
because the upwards transport towards lower pressures
drives further CO2 expansion and thus acceleration of the
fluidized mass (Wilson and Head 2007).
It is difficult to constrain the pressure-dependence of
Cu-(Fe) sulfide deposition independently of other
variables, particularly phase separation. However, we
propose that the cycle of overpressure, fragmentation,
rupture, brecciation and fluidization naturally culminates
in rapid sulfide deposition as the pressure drops upon
venting or connection with fault-driven dilatant spaces,
providing a connecting theme for the genesis of brecciahosted IOCGs over a moderately broad mid- to upper-

5 Role of CO2
Many of the plutons within the Williams-Naraku
Batholith near Ernest Henry contain mingled bodies of
tholeiitic gabbro and granite, and the Hiltaba Suite
intrusions at Olympic Dam are punctuated by late stage
mafic dykes that many authors have implicated in
mineralization (Haynes et al. 1995). Sillitoe (2003) notes
that the main magmatism inferred to be synchronous
with mineralization in the coastal Cordillera is
intermediate to mafic, and oxidized. These observations
suggest that CO2 derived from mafic magmas, either
proximal or deep, were crucial in IOCG genesis, as
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crustal depth range (Fig. 3). The globally irregular
association with regional alkali metasomatism can also
be explained. Interaction of CO2 - charged fluid
‘explosions’ with regional brines may be the most
effective way of mixing key ingredients for the largest of
the breccia-hosted IOCGs.
Regional faults

a)

Low T regional
K-alteration
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host to ore package
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Figure 3. Cartoons summarizing the magma-CO2-breccia
connections for IOCGs, a) based on Andean vein-breccias,
modified from Sillitoe 2003, and b) based on Ernest Henry and
the Cloncurry district. Both models have several common
features including utilization of reactivated faults, the
breaching of barriers, and the presence of discrete pipes or
veins within broader alteration haloes.
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Abstract. The Carajás Mineral Province, located in the
southwestern margin of the Amazonian Craton, hosts
important Cu-Au deposits with great amounts of
magnetite, similar to the world-class iron oxide-coppergold deposits.
At Carajás, the geochronological data are insufficient to
support the synchronicity of the genesis of all iron oxidecopper-gold deposits in the province. Besides this, effects
of hydrothermal events overprinting mineralization, e.g.
those related to magmatism or tectonism, still remain
poorly understood in terms of their influences on the
resetting of isotopic systems.
In order to provide support to future geochronological
studies, this study is focused on detailed characterization
of mineral paragenesis, aiming to define the temporal
relationship of hydrothermal and mineralization events
and between datable and ore minerals.

distinct zircon generations may occur in the same deposit
with both magmatic and hydrothermal origin, associated
or not with the ore formation event.
Trying to fill one of the gaps in the construction of a
genetic model for the Carajás IOCG deposits, this study
purposes the detailed characterization of the mineral
paragenesis aiming to identify the temporal relationship
of hydrothermal and mineralization events and between
datable and ore minerals.

Keywords. iron oxide-copper-gold deposit,
geochronology, Carajás mineral province

The petrographical studies and the scanning electron
microscopy analyses were carried out in samples from
the Sossego, Bacaba and Castanha ores and their host
rocks. A general sequence of hydrothermal alteration
stages was identified, encompassing sodic and sodiccalcic alterations and iron oxide formation followed by
potassic, chloritic and hydrolytic alterations (Fig. 1).
In the Sossego deposit, the main datable mineral
phases are represented by zircon, allanite, titanite,
apatite, and monazite. Zircon is commonly identified in
biotite-rich rocks from potassic alteration zones. The
zircon crystals are euhedral with an average length of
100 μm, show oscillatory zoning, and some of them have
inclusions of quartz and apatite (Fig. 2).
Euhedral titanite crystals occur mainly in sodic-calcic
alteration zones and in paragenesis with chalcopyrite
(Fig. 3). Tiny monazite occurs along fractures and
altered zones at the rims of apatite from magnetite- and
actinolite-rich rocks and ore samples. These altered
zones, evidenced by cathodoluminescence patterns (Fig.
4), are characterized by lower Cl and REE contents in
relation to those of monazite-free apatite cores. Zoned
Ce-allanite crystals with epitaxial growth of clinozoisite
occur commonly around altered apatite crystals in the
ore samples. Allanite crystals are euhedral with 100 to
200 μm size and have inclusions of chalcopyrite, pyrite
and apatite (Fig. 5). However, replacement of allanite by
late apatite can also be observed.
In the Alvo Bacaba samples, the occurrences of small
crystals of euhedral zircon (30 to 70 μm) with oscillatory
zoning have been identified.
One zircon crystal shows inclusions of quartz and
galena (Fig. 6) defining a sponge texture (Hoskin and
Schaltegger 2003). Very thin textureless mantles in
zircon from the Alvo Bacaba deposit have been
identified using SEM (Moreto et al. 2011).

2 Characterization of datable mineral
phases
2.1 Petrographic studies and scanning electron
microscopy (SEM) results

1 Introduction
The Carajás Mineral Province (CMP), one of the major
metallogenetic provinces in the world, hosts iron oxidecopper-gold (IOCG) deposits, which are one of the
greatest targets in mineral exploration (Hitzman 2000;
Williams et al. 2005). These deposits are represented by
Salobo, Igarapé Bahia/Alemão, Sossego, Gameleira,
Alvo 118, Cristalino deposits and targets in evaluation,
such as Alvo Bacaba, Alvo Castanha, and Jatobá.
In the CMP, the proposed genetic models for the
IOCG deposits are controversial and suggest
relationships with Late Archean (~2.57 Ga; Tallarico et
al. 2005; Réquia et al. 2003) or Paleoproterozoic (1.88
Ga; Pimentel et al. 2003) events of granite formation,
and reinforce its importance in the establishment of
extensive magmatic-hydrothermal systems. However,
available geochronological data is not sufficiently
precise to support the simultaneous genesis of all
deposits in the CMP. Dating of ore minerals provided a
range ages for the IOCG deposits in the region and even
within a single deposit, as shown in the Igarapé Bahia
deposit (2772 ± 46 Ma; Pb-Pb in chalcopyrite, Galarza et
al. 2008; 2575 ± 12 Ma; U-Pb SHRIMP II in monazite,
Tallarico et al. 2005). The comparison of these data is
hampered due to the different isotope systematic.
Despite that, the influence on the isotopic system of the
magmatic and thermo-tectonic events registered in the
CMP, including the overprinting of hydrothermal events
and the development of shear zones, still need to be
better understood. Additionally, the mobility of Zr and
REE, documented in IOCG deposits worldwide
(Lottermoser 1995; Valley et al. 2009), suggest that
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Figure 1. General paragenetic evolution of the Sossego, Bacaba and Castanha IOCG deposits, showing the relationship among
datable minerals (in blue), hydrothermal alteration stages and mineralization.

apatite by late hydrothermal fluids and reconcentration
in ore-related Ce-allanite.
Allanite is a syn-ore mineral phase that also shows
evidence of destabilization due to interaction with late
hydrothermal fluids.

In the rocks of the Alvo Castanha deposit, subeuhedral
crystals of titanite occur in quartz vein crosscuting
actinolite-rich rocks. The titanite shows in the edges
euhedral zircon crystals with 5 μm, which can represent
a hydrothermal phase. Monazite is a common mineral
phase in magnetite-rich rocks.

Figure 3. SEM image showing titanite (Spn) in contact with
chalcopyrite (Cpy) from the Sossego deposit.
Figure 2. SEM image of a zircon crystal with an apatite (Ap)
inclusion (Sossego body).

2.2 Temporal relationship with hydrothermal
and igneous activity
The analysis of temporal relationship with hydrothermal
and igneous activity was determined mainly by
petrographic studies. In the Sossego deposit, despite the
association of zircon crystals with potassic alteration
zones, their textures are typically igneous. However,
zircon from quartz veins associated with chlorite and
epidote could have a hydrothermal origin related to late
stages of alteration. Hydrothermal titanite formation was
syn to late sodic-calcic alteration.
Monazite generation was posterior to the sodic-calcic
alteration and the magnetite-apatite formation, as
indicated by its formation along fractures and altered
zones in apatite. These Cl- and REE-depleted altered
zones could indicate REE mobilization from early

Figure 4. CL image of apatite crystals, showing dark green
colour in unaltered Cl- and REE-rich apatite and light green
colors in altered zones (Sossego deposit).

In the Alvo Bacaba deposit, the zircon crystals show
characteristics of igneous minerals, but they often occur
associated with hydrothermal chlorite and epidote, and in
some cases in contact with allanite. Moreover, one of
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degree all these mineral phases show evidence of
chemical alteration or replacement due to interaction
with hydrothermal fluids during the late chloritic or
hydrolytic alteration.
Due to the telescoping of the hydrothermal system,
careful separation of mineral from samples without
evidences of overprinting by late hydrothermal stages
would be required in order to achieve reliable
geochronological results.

these crystals has a sponge texture, which is typical of
hydrothermal zircons, according to Hoskin and
Schaltegger (2003).
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consists of peralkaline to weakly peraluminous,
hypersolvus to subsolvus granites with associated basalt
and high silica rhyolites. These A-type granites were
emplaced as part of a voluminous Late Ordovician to
Early Silurian magmatic event (~450-425 Ma) following
the collision of the Laurentian and Gondwanan plate
margins (Whalen et al. 1996). They intrude and overlie
Early to Middle Ordovician subduction-related calcalkaline igneous and volcanic rocks. The origin of A-type
granites from the TIS has been interpreted to involve
crustal melting, volatile fluxing and subsequent high level
emplacement and fractionation (Taylor et al. 1980;
Whalen et al. 1996). In many cases high-level intrusions
contain miarolitic cavities (Whalen 1989; Whalen et al.
1996), are enriched in fluorite, uranium and REE’s as
well as hosting rare Cu-sulfides.
The Koorae Cu prospect is hosted in an arfvedsoniteaegirine granite and represents the only magmaticassociated Cu-Mo-Ag-Au occurrence in the TIS. Detailed
mapping and sampling has outlined over 100 meters of
continuously mineralized granitic quartz-feldspar
porphyry intruding a volcanic sequence of lapilli tuff,
flow banded rhyolite and subaerial basalt. Grab samples
from two locally derived altered tuffaceous boulders
returned assays of up to 3.5% Cu, 0.16% Mo, 35.1 g/t Ag
and 0.29 g/t Au. Of twenty-three grab samples collected
from the granite porphyry, twenty-one returned
anomalous values of up to 0.87% copper, with an average
of 0.15% copper.
Petrographic evidence of the granite supports an early
sodium metasomatism of alkali feldspars followed by a
sodic-potassic and calcic-magnesian assemblage. The
latter is often associated with abundant Fe-Ti oxides and
Cu sulfides. Accessory minerals such as zircon and

Abstract. The Topsails Intrusive Suite (TIS) in the westcentral Newfoundland Appalachians is a widespread and
underexplored Silurian, bimodal volcanic-plutonic suite of
peralkaline (A-type) rocks. Recent discoveries of Cu, U
and rare earth element (REE) occurrences provide a new
setting and association for mineralization in the TIS. The
Koorae prospect represents a granite- and volcanichosted Cu-Mo-Ag-Au occurrence within the TIS. Copper
sulfides are disseminated in miarolitic cavities throughout
a granite porphyry and form veinlet or breccia textures
within a volcanic sequence of lapilli tuff and rhyolite.
Alteration assemblages include hematite, magnetite,
quartz, chlorite, muscovite, titanite, apatite, zircon and
fluorite as interstitial phases and replacing primary sodicamphiboles. Sulfides are partially or completely replaced
by iron oxides in the porphyry. Petrographic relationships
indicate that the porphyry has undergone Nametasomatism followed by Fe-Ti-oxide alteration
associated with Ca-bearing silicates and accessory
minerals including zircon, fluorite monazite and
phosphates. Mineralogical evidence suggests that
oxidized, fluorite rich, sulfur-bearing magmatic fluids are
responsible for mineralization and remobilization of REE
bearing minerals. Field evidence and geochronology
indicate a close temporal (co-magmatic) relationship
between granite and volcanic host rocks as well as
yielding one of the oldest known ages for this unique style
of granite-hosted copper mineralization in the
Appalachians.
Keywords. Topsails Intrusive Suite, A-type, Koorae,
Appalachians, copper

1 Introduction
The Silurian (~429-427 Ma) Topsails Intrusive Suite
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monazite (La-Ce-Nb-Y) show distinct textures suggesting
remobilization in oxidized fluids and are often associated
with fluorite and quartz.

van Staal 2007). The TIS consists of several intrusive
phases that are dominated by amphibole-sodic pyroxene
granite and several marginal phases classified according
to their ferromagnesian assemblage and hypersolvus or
subsolvus mineralogy. Biotite, aegirine and riebeckite to
arfvedsonite are common mafic minerals in marginal
suites. The TIS granite intrudes the overlying Silurian
Springdale Group, a slightly older, bimodal sequence of
subaerial vesicular basalts and voluminous red flowbanded rhyolites and ash-flow tuffs (Whalen et al. 1989).
High-level quartz-feldspar porphyries intrude the above
units and form dark grey to brick red porphyritic plutons
with similar mineralogy and may grade into rhyolite with
locally interbedded basalt (Whalen et al. 1996).

2 Regional geology
The Topsails Intrusive Suite is a large (>6000 km2) suite
of A-type, peralkaline to weakly peraluminous granite
with subordinate syenite, monzonite and diabase, and comagmatic basalt and high silica rhyolite (Whalen et al.
1996). It forms a large part of the Dunnage Zone and
developed during post-orogenic collapse and extension
following Silurian orogenesis (Whalen and Currie 1984;
Whalen 1989; Whalen et al. 1996; Whalen et al. 2006;

Figure 1: A geological trench map of the Koorae prospect that displays the intrusive relationship between a quartz-feldspar porphyry
and volcanic stratigraphy. Heavy weighted dashed lines identify margins of the porphyry while the lighter dashed line marks a post
mineral fault zone that offsets stratigraphy. The site location is highlighted on a map of Newfoundland.

3 Geology, mineralization and alteration of
the Koorae prospect

all units, are weakly deformed, locally pyritic and rarely
host mineralization.
Copper sulfide mineralization in the quartz-feldspar
porphyry is associated with miarolitic cavities that
contain common iron oxides, quartz and other accessory
minerals. Chalcopyrite, bornite, chalcocite, pyrite and
covellite are the predominant sulfides and are commonly
associated with magnetite and hematite (Fig. 2a). Veining
in the porphyry is limited to mm scale quartz-magnetite
and carbonate veins that are associated with post mineral
faulting (Fig. 1). Ore textures in the lapilli tuff and
rhyolite are structurally controlled displaying veinlet to
breccia styles in the tuff and fill voids at rhyolite margins.
Copper sulfides in the volcanic assemblage often show
detailed stringer like textures in thin section (Fig 2d) of
chalcopyrite, bornite and covellite, similar to those seen
in Fe-oxide breccia hosted Cu-ore in the Sue Diane
deposit.
The quartz-feldspar porphyry is pervasively
hematized and has an alteration assemblage of magnetite,

The Koorae discovery represents the only granite
porphyry-hosted Cu-Mo-Ag-Au occurrence in the TIS. It
is mostly hosted in the porphyritic margin of a
amphibole-sodic-pyroxene hypersolvus granite and
volcanic rocks of the Springdale Group. The showing is
approximately 200 m in length and contains medium- to
coarse-grained hematized quartz-feldspar porphyry
intruding a volcanic sequence consisting of green lapilli
tuff, flow-banded to spherulitic rhyolite and subaerial
basalt (Fig. 1). The lapilli tuff displays welding that is
conformable to flow banding in the rhyolite. Two rhyolite
dykes (2-7 m thick) display spherulitic margins that
contain well preserved (up to 5 cm) concentric and
radiating spherulites in a glassy groundmass. The
volcaniclastic rocks lie unconformably on partially
mineralized basement gneiss of the Ordovician Hungry
Mountain Complex. Sub-parallel diabase dikes cross-cut
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quartz, chlorite, muscovite, aegirine and ilmenite
associated with copper sulfides. Accessory minerals
associated with mineralized cavities include zircon,
monazite, apatite, titanite and fluorite. Rounded,
hydrothermal zircon is associated with euhedral crystals
of aegirine and chlorite directly associated with
chalcopyrite mineralization. Zircon inclusions in iron
oxides that rim existing sulfides also show distinctly
rounded textures. Evidence for REE remobilization in the
porphyry is supported by the occurrence of monazite in
Fe-oxide veinlets and zircon in quartz filled cavities.

Topsails Intrusive Suite. Petrographic results show that
sulfide-bearing, oxidized magmatic fluids are responsible
for mineralization. Besides hematite, magnetite, aegirine,
and chlorite, the sulfide mineralization is commonly
associated with REE-bearing phases (e.g., fluorite,
apatite, monazite and titanite) and hydrothermal zircon.
These assemblages suggest that mineralization was
associated with volatile-rich, fluorine bearing fluids that
remobilized REE’s, high field strength elements (HFSE),
and base metals. There is a progression from early
sodium metasomatism to calcium bearing silicates,
sulfosalts and oxides with which copper sulfide
mineralization and Fe-Ti oxides have a late association.
The setting for this style of mineralization in volatile rich,
alkaline melts formed in an extensional tectonic setting
suggests similarities with many iron-oxide copper-gold
deposits. In combination with their enrichment of REE, F,
U and Th, the Topsails Intrusive exhibits many
characteristics related to these substantial mineralizing
systems.
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Figure 2: SEM (scanning electron microscope) backscatter
images (b and c) and reflected light images (a and d) of sulfide
assemblages from Koorae. (a) Interstitial Chalcocite and
covellite mineralization surrounded by magnetite and hematite
in granite porphyry. (b) Bornite grain with inclusions of
clausthalite (PbSe), hessite (Ag2Te) (bright white) and
molybdenite fans in mineralized tuff. (c) Chalcopyrite
associated with aegirine and disseminated rounded zircon in
strongly hematized rhyolite. (d) Distinct stringers of
chalcopyrite and covelite in bornite grains from mineralized
tuff.
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Sodium metasomatism of the feldspar phenocrysts and
groundmass is overprinted by Fe-Ti oxide alteration that
occurs closely with Ca-Mg silicates. The petrogenetic
relationship between copper mineralization and REE
bearing minerals is interpreted to be the result of the
breakdown
of
ferromagnesian
minerals
and
remobilization in volatile rich, fluorine bearing fluids.
Multiple oxidized, volatile-rich and sulfur-bearing
magmatic fluids are suggested to have been responsible
for the mineralization.

4 Conclusions
The Koorae prospect is a unique showing of granite and
volcanic hosted Cu-Mo-Ag-Au mineralization in the
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Fluid inclusion study of the Alvo Bacaba copper
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Abstract. The Carajás Mineral Province hosts important
world class iron oxide-copper-gold (IOCG) deposits. An
important unsolved question on the genesis of the IOCG
deposits is about the origin of the mineralizing fluids and
the participation of these fluids in the hydrothermal
system. In the Alvo Bacaba deposit, microthermometric
data indicate eutectic temperature variation from -62.3ºC
to -79.8ºC, suggesting the presence of CaCl2. Ice-melting
temperatures in L-V fluid inclusions range from -0.2ºC to 24.8ºC and halite melting temperatures in L-V-S fluid
inclusions range from 140.6ºC to 293.5ºC, resulting in a
wide salinity interval (5 wt.% NaCl equiv. to 37.7 wt.%
NaCl equiv.). The total homogenization temperatures of
L-V-S fluid inclusions range from about 162.1°C to
293.5°C, showing the bubble disappearance followed by
halite melting. Lower homogenization temperatures for
the L-V fluid inclusions (148°C to 205°C) have been
recorded.
The microthermometric data suggest that the Alvo
Bacaba deposit was hybrid and evolved from mixing
process between magmatic and surface-derived fluids.

In this report we present new microthermometric data
for fluid inclusions from ore-related quartz of the Alvo
Bacaba deposit. This study may contribute to the
understanding of the genesis of the Alvo Bacaba deposit
and its genetic relationship with other IOCG deposits in
the Carajás Mineral Province.

2 Fluid inclusion studies
2.1 Fluid inclusions petrography and EDS
(Energy-Dispersive Spectrum) analysis
Three bipolished thin sections were made from drill
cores of quartz veins associated with the copper-gold
mineralization of the Bacaba deposit.
Fluid inclusions assemblages in the Bacaba samples
have been identified based on number of phases,
temporal classification, size, bubble and solid volume,
and lately on the physicochemical properties according
to the microthermometry.
Four primary assemblages, including isolated,
dispersed and randomly distributed fluid inclusions,
were characterized in this study, besides assemblages
including
secondary
fluid
inclusions.
The
microthermometric data for primary assemblages is
summarized in the Table 1.
The primary assemblages include two-phase
inclusions (liquid + vapor) and/or three-phase inclusions
(liquid + vapor + solid) showing daughter solids with
about 10 to 30% of the whole volume of the inclusion
(Fig.1). Additionally, in the 1A assemblage (Table 1)
multiphase inclusions with several solids have been
identified.
The fluid inclusions have been analyzed through the
SEM (Scanning Electron Microscope). Data from EDS
(Energy-Dispersive Spectrum) showed the presence of
halite, sylvite, pyrosmalite (Fe,Mn)8Si6O15(OH,Cl)10 and
other solids composed mainly of Cl, Ca and Fe (Fig. 1).

Keywords. fluid inclusions, Bacaba, IOCG deposits,
Carajás

1 Introduction
The Carajás Mineral Province became one of the most
important targets for copper exploration around the
world after its discovery in 70’s. The world-class copper
deposits from Carajás contain about 2,000 million of ton
of ore (Huhn et al. 1999; Rigon et al. 2000; Tallarico et
al. 2005).
The Carajás copper deposits share attributes with the
iron oxide-copper-gold deposits (IOCG; Hitzman et al.
1992). However, the genetic model of this deposit class
is controversial and several questions about its genesis
have not been solved yet. One of these questions is
related with the origin of the hydrothermal fluids, if
magmatic or non-magmatic (marine or continental brine
or metamorphic fluids).
The Alvo Bacaba iron oxide-copper-gold deposit,
situated within a WNW-ESE-striking shear zone in the
Carajás Domain, is hosted by the ~2.86 Ga Serra
Dourada Granite, the ~3.0 Ga Bacaba Tonalite and
crosscutting gabbro intrusions, which were intensely
affected by sodic (albite-scapolite), potassic, chloritic
and hydrolytic hydrothermal alteration (Moreto et al.
2011). This deposit is located 7 km northeast of the
world-class Sossego iron oxide-copper-gold deposit
(Monteiro et al. 2008) and might represent a distal or
deeper portion of a related or similar hydrothermal
system.

2.2 Microthermometric analysis
Eutectic temperatures acquired in the microthermometric
analysis (Table 1) vary between -62.3°C and -79.8°C for
all the assemblages, indicating a similar composition in
the NaCl-CaCl2-H2O system, with some components of
MgCl2 and FeCl2.
Ice melting temperatures in two-phase inclusions
range from -0.2°C to -24.8°C corresponding to salinities
between 4.96 wt.% NaCl equiv. and 25.96 wt.% NaCl
equiv.
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Table 1. Summary of the microthermometric data for the primary assemblages 1A, 1B, 2, and 3. Abbreviations: Te – temperature of
eutectic; Tmi – melting ice temperature; Th L-V – homogenization temperature; Tmhalite- halite melting temperature, Tc –
temperature of clathrate melting.

Sample

Assemblage

Phases
(25 °C)

Origin

BACD
25

1A

Primary

2

L-V-S
(polyphase)
L-V-S
L-V
L-V-S
L-V
L-V-S

Primary

10 to 20
10 to 20
10 to 20
15
10 to 15

3

L-V

Primary

15

1B
BACD
13/78
BACD
03/210

Primary

Size
(μm)
10 to 20

Te (°C)

Tmi
(°C)

Th L-V
(°C)

Tm halita
(°C)

Tc
(°C)

-64.3 to
-79.8

-3 to
-24.8

162.1 to
205

140.6 to
222.8

~300

--62.3 to
-78.9
-63.3 to
-79
-65.6 to
73.4

-0.2 to
-20
-

172 to
210.5

~300

-6.2 to
-15.2

145.2 to
175.1

203 to
293.5
160.5 to
268.3
-

~300
-

Figure 1. (a) Fluid inclusion assemblages in quartz from the Bacaba deposit. The primary assemblage 1B occurs in a random way,
while a secondary assemblage occurs in the right superior part in a micro crack. (b) Image acquired through SEM (Scanning Electron
Microscope) showing solids inside the cavities in fluid inclusions and in the host mineral. EDS analysis allow define the composition
of some solids, which are composed of Cl, Fe and Ca.

(i) low to moderate salinities (5 to 20 wt.% NaCl equiv.)
and temperatures (145°C to 200°C) and (ii) higher initial
temperature (> 300°C) and salinities (>37 wt.% NaCl
equiv.).
Evidence of contribution of hot hypersaline
metalliferous fluids and lower temperature surfacederived brines have been reported in several other
Carajás IOCG deposits (e.g., Sossego, Alvo 118, Igarapé
Bahia; Xavier et al. in press). This could suggest that
mixing process may represent an effective mechanism of
ore precipitation in the Carajás IOCG deposits.
Estimated oxygen and hydrogen stable isotopic
composition for the fluids in equilibrium with
hydrothermal minerals from the Alvo Bacaba deposit
also suggests that at least two fluid sources, a magmatic
(δ18O = 7.2‰ and δD = -50‰ at 350o C) and a nonmagmatic (δ18O = 2.5‰ and δD = -6‰ at 350°C);
participate of the hydrothermal system evolution
(Pestilho 2011). The latter has isotopic composition
close to that of the Standard Mean Ocean Water
composition.

Halite melting temperatures range from 140.6°C to
293.5°C, indicating salinities of the three-phase
inclusions between 29.3 wt.% NaCl equiv. and 37.67
wt.% NaCl equiv. Homogenization temperatures for the
L-V fluid inclusions vary from 148°C to 205°C. Higher
total homogenization temperatures of L-V-S fluid
inclusions (162.1°C to 293.5°C) have been recorded. In
all three-phase inclusions the bubble disappears first
followed by halite melting.
The salinity vs. homogenization temperature plot
shows wide variation in salinity for the 1B assemblage
and predominance of high temperature and salinity in
fluid inclusions from the 1A and 2 assemblages.
Narrower interval of moderate salinities at relatively low
temperatures characterizes the 3 assemblage.

3 Discussions and conclusions
Collectively, the microthermometric data for fluid
inclusions in quartz from the Alvo Bacaba deposit
indicate contribution of two distinct fluids with:
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Figure 3. Salinity vs. Temperature of Homogenization diagram, showing wide variation of salinity in the 1A assemblage and lower
salinity variation in the Assemblage 3.

The microthermometric and the stable isotope data
are consistent and might suggest: (1) a system that
evolved from the mixing of two fluids, one
corresponding to water with composition close to that
low latitude meteoric or oceanic waters and the other
with magmatic signature. However, participation of a
non-magmatic fluid that acquired magmatic signature
from assimilation through fluid-rock interaction with the
igneous host rocks cannot be ruled out during the genesis
of the Alvo Bacaba deposit.

Carajás Mineral Province: U-Pb geochronology and
metallogenetic
implications.
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Deposita
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Multiple igneous-related hydrothermal systems and
related IOCG mineralization, near Copiapó, Chile
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Abstract. The composite, Early Cretaceous Copiapo
batholith and adjacent, broadly coeval volcanic rocks
host many IOCG systems notably Candelaria and the
Punta del Cobre district. New geologic mapping (>200
2
km ) and U-Pb geochronology has elucidated the
character and time-space development of hydrothermal
alteration and its relationship to a complex igneous
history. These observations demonstrate that each
magmatic center generated its own hydrothermal system
with voluminous sodic-calcic (Na-Ca) associations and
variable, but widely recognized K-silicate suites. Shallow
hydrolytic
alteration
is
common.
Hydrothermal
characteristics correlate with the composition of coeval
magmatism. Na-Ca (± Ca) is most intense with dioritic
rocks and weakens inward from intrusive margins.
Consistent with petrologic predictions, intrusion-hosted Ksilicate styles vary: widespread K-Ca (+local hydrolytic)
relates to upflow (cooling) of Na-Ca fluids; rarer, week
porphyry-like K-Si reflects cooling of magmatic fluids and
forms only with felsic plutons; stratabound types might
reflect recharge. Lab studies show that magmas were
calcalkaline, mantle-dominated, and emplaced in the
uppermost crust. Most exsolved little fluid yet all
87
86
circulated voluminous external brines ( Sr/ Sri).
Questions remain about metal sources and traps,
however similar patterns in many Cordilleran and global
IOCG districts suggest a common genesis.

with respect to multiple magmatic and structural events,
the temporal and spatial evolution within individual
systems, the conditions of alteration, the sources and
drives for hydrothermal fluids, and an evaluation of
controls on Fe and Cu-Au mineralization. These are
motivated by the fact that in a well-exposed,
geologically varied system such as that near Copiapó, it
should be possible to test the multiple hypotheses
regarding the origin of IOCG systems – such as the role
of contrasting fluid sources that make fundamentally
different predic-tions about the hydrothermal features
(Barton and Johnson 1996, 2000, 2004). The pyroxene
diorite to biotite monzodiorite to granodiorite spectrum
in the area (Fig. 1) was expected – and found – to have
fundament-ally different relationships among alteration
types.

Keywords. IOCG, alteration, Candelaria, Punta del
Cobre, zoning

1 Introduction
Three distinct hydrothermal origins have been proposed
for IOCG deposits reflecting fundamental differences in
fluid, material, and energy sources: (1) materials and
fluids expelled from intrusions presmably of distinctive
character; (2) non-magmatic brines circulated by
magmatic or other heat sources deriving materials along
the flow path; (3) fluids generated from atypically Clrich rocks during metamorphism (Barton and Johnson
2004; Williams et al. 2005). This paper highlights some
geologic and a few geochemical results from a multiyear, multi-part study designed to test these ideas (and
aid exploration) in the well exposed and well preserved
IOCG cluster in the Candelaria-Punta del Cobre region,
near Copiapo, Chile (Fig. 1). Past and ongoing studies
have documented numerous vein, manto and breccia
style deposits hosted in Late Mesozoic volcanic rocks
and rocks of the adjacent Copiapo Batholith (Fig. 1;
e.g., Segerstrom and Ruiz 1962; Marschik and Fontboté
2001; Kreiner and Barton this volume).
New mapping, petrology, geochemistry, and geochronology have focused on determining the character
and distribution of hydrothermal alteration, its timing

Figure 1. Copiapó Batholith and Location Map. Inset of
northern Chile showing the Copiapó region. Copiapó Batholith
map showing plutonic units (highlighted), supracrustal rocks,
and principal mining districts. La Brea diorite = brown; San
Gregorio monzodiorite = pink; Los Lirios tonalite = flesh.
Geologic map compiled from Tilling (1963) and Arevalo
(1999) as modified by our new mapping.

2 Character and time-space distribution of
hydrothermal alteration
Figure 2 shows the generalized distribution of
hydrothermal alteration and its time-space development
with respect to magmatism. Ca-rich assemblages are
extensively developed near the border of the batholith;
the carbonate rocks host andradite-dominated skarn
whereas the edges of the large intrusive units have calcic
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Figure 2. Maps (a-d) showing generalized distribution of hydrothermal alteration at the current surface based mainly on new
mapping – see Fig. 1 for the geologic framework; (e) simplified time-space relationships for magmatism and hydrothermal alteration
projected along a WNW-ESE transect (times based on published data and new U-Pb work by our group); and (f) spatial distribution
of initial strontium isotope ratios and calculated percentage of non-magmatic strontium for unaltered igneous and sedimentary rocks
and hydrothermal alteration within the batholith and adjacent rocks.
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systems have considerable non-magmatic Sr; a result
compatible with the results of Chiaradia et al. (2006) on
the volcanic-hosted deposits.

(garnet-and/or epidote-rich) veins or locally pervasive
alteration (~endoskarn; Fig. 2a). A variety of sodiccalcic (Na-Ca) assemblages are present through much of
the batholith and are common in the adjacent volcanic
rocks. (Fig. 2b) These are dominated by combinations of
sodic plagioclase, scapolite, actinolite, titanite and,
locally, (in upwelling zones?) magnetite. Na-Ca
alteration is most intense in the more mafic (and drier)
intrusive phases near the sides or, more rarely, along the
tops of individual intrusive units. Lower-T albitedominated assemblages occur mainly in the Lower
Cretaceous volcanic rocks (Fig. 2d) where they are
commonly overprinted by other types of alteration.
As with Na-Ca, K-silicate and hydrolytic
assemblages are varied and widespread; both groups
tend to be more common at higher structural levels
whether within veins or widely distributed. Three
groups of K-silicate alteration are present (Fig. 2c).
Intense stratabound K-silicate alteration is widespread in
the Early Cretaceous volcanic rocks where it takes the
form of disseminated biotite or K-feldspar; it overlaps
but is not confined to the areas with IOCG
mineralization (Fig. 1, 2c; Marschik and Fontboté
2001). High-T (Bi-Qz±Kf, Kf-Qz-Tur) veins are
restricted to the more felsic plutons. Weak porphyry Custyle K-alteration occurs with Los Lirios tonalite dikes
and contacts, whereas Cu-absent Qz-Kf-Tur veins and
miarolitic cavities typify parts of the Qz-Bi-Px
monzodiorites. Lower-T, vein-related K-silicate alteration is common in the IOCG veins in the batholith
(Kreiner and Barton this volume), and in analogous
settings in the volcanic rocks (Marschik and Fontboté
2001). These transition into chloritic, sericitic, and local
advanced argillic types of hydrolytic alteration (Fig. 2d;
see Kreiner and Barton, this volume). The most intense
acid alteration is localized in structures or porous strata.
The spatial distribution of alteration and many crosscutting relationships show that each of the major
intrusive events generated its own hydrothermal system
as summarized in the time-space diagram (Fig. 2e).
Each episode, beginning with the Early Cretaceous
volcanic sequence (Punta del Cobre Fm) generated
significant alteration and at least some mineralization.
Our field work indicates that the most intense IOCG
mineralization events were associated with the more
mafic episodes, including pre-batholith andesitic
intrusions in the Punta del Cobre area. IOCG styles are
present with the monzodiorites and tonalites, but are
weakly developed and overprint the high-T K-silicate
features. New mapping along an E-W transect across the
full coastal batholith (~80 km) shows that similar
patterns occur throughout this trend (Barton et al. 2010).
Barometery and structural reconstructions indicate
depths of at most a few km at the time of formation;
conditions consistent with the widespread (nearly
ubiquitous) presences of moderately saline (ca. 20-50
wt.% NaCl equiv.) and CO2-poor, vapor-rich fluid
inclusions. Although numerous isotopic studies have
been performed in the area, Sr isotopes (Fig. 2f) provide
one of the key insights because among those systems
examined these clearly distinguish magmatic from
external ('basinal') reservors. Our recent results in the
batholith and aureole (Fig. 2f) show that the IOCG

3 Implications
The geologic (and geochemical) results summarized
here show that repeated emplacement of varied calcalkaline, indeed rather primitive magmas can generate
IOCG-related hydrothermal systems including some
with major economic deposits. There is no evidence for
either special (e.g., alkaline) magma types or other
unusual (e.g., enriched) sources. Moreover, the only
intrusions in this area, of the many examined, that
generated (consistently) unequivocally magmatic
hydrothermal features are just those for which such
systems would be expected – relatively felsic and waterrich. Conversely, the volumes of alteration, the zoning
controlled by contacts, stratigraphy, and structure, and
the non-ambiguous geochemical and petrological
evidence all point to a major involvement of external
fluids. These types of observations, along with evidence
and geochemical reasoning that make an evaporitic
(exernal brine) source plausible for many IOCG systems
(Barton and Johnson 1996, 2000), and most important
testable, especially in well preserved and exposed
terranes such as those of the American Cordillera.
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The Great Bear magmatic zone (Canada): the IOCG
spectrum and related deposit types
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Abstract. The 1.87-1.84 Ga Great Bear magmatic zone
is the most prospective belt for iron oxide copper-gold ±
uranium deposits currently recognized in Canada. It hosts
the 31 Mt Au-Co-Bi-Cu NICO deposit (atypical magnetitegroup IOCG deposit), the 8 Mt Cu-Ag-Au Sue Dianne
deposit (typical magnetite- to hematite-group IOCG
deposit), and a great variety of associated deposits and
prospects. Collectively they span the entire spectrum of
IOCG and related deposit types, and demonstrate that
the Great Bear magmatic zone is a large-scale IOCG
province with major untested exploration potential for
base, precious, strategic and nuclear metals. It also
provides a predictive model that is a powerful tool in the
search for new deposits.

continuously reacts with host rocks (e.g., Hitzman et al.
1992). Stages (1) sodic (Na±Ca) and (2) hightemperature calcic-iron alteration with magnetite (Ca-Fe)
lead to iron-oxide apatite (IOA; Kiruna-type) deposits
and demarcate prospective areas at regional scales.
Albitites display intense leaching of both mobile and
immobile elements and are particularly susceptible to
structural brecciation. Though commonly barren, stage 1
and 2 alteration may host polymetallic mineralization
where intensely overprinted by fertile stages 3 to 5.
Stage (3) high-temperature potassic-iron alteration (HT
K-Fe) leads to brecciation and polymetallic magnetitegroup (Cloncurry-type) deposits. Stage 2 and 3 fluids
may lead to potassic-iron-oxide hosted skarn
mineralization at or near magnetite-to-hematite
transitions where carbonate-bearing rocks or earlier
carbonate alteration were present. Stage (4) lowertemperature potassic-iron-hydrolitic (LT K-Fe3+)
alteration types lead to hematite-group polymetallic (±U
and rare-earths; Olympic Dam-type) IOCG deposits.
Stage (5) silicification contributes to peripheral
epithermal systems. Potassic alteration within stages 3
and 4 is complementary to the potassic alteration halo of
Hitzman et al. (1992). Transitions between and
overprinting of alteration types are common, however
potassic felsite and albitite units formed through
pervasive alkali metasomatism and associated leaching
tend to not be replaced significantly by stages 2 and 3
unless brecciation occurs. Within breccias, renewed
alteration can replace fragments selectively or
pervasively, and generate a variety of hydrothermal
breccia infillings.

Keywords. IOCG, deposit model, NICO, Port RadiumEcho Bay, Great Bear magmatic zone

1 IOCG alteration model
Magmatic-hydrothermal systems that host iron oxide
copper-gold (IOCG) deposits are regional in scale and
form through interaction of evolving fluids with host
rocks (Barton and Johnson 2000; Williams et al. 2005).
Systematic hydrothermal alteration and deformation
transform pre-existing units chemically, mineralogically
and texturally, leading to development of an
extraordinary range of deposit styles (Hitzman 2000;
Corriveau et al. 2010; Groves et al. 2010; Mumin et al.
2007, 2010; Williams 2010).
Superb glacially-polished field exposures and drilling
from several IOCG systems of the Great Bear magmatic
zone in Canada provide clear observations on the spacetime evolution of these systems at regional and deposit
scales. These observations combined with available
models and case studies of global analogs (e.g.,
Corriveau et al. (2010); references listed above) fit
within the conceptual alteration model shown in Figure 1
(cf. deposit classification in Williams 2010). Predictive
capabilities of the model were tested during ongoing
mapping in the GBmz. Alteration zoning patterns
consistently provided systematic vectors towards
mineralization of various types within the regional-scale
IOCG hydrothermal cells.
The model comprises five stages reflecting the spacetime evolution of alteration at declining temperatures,
more oxidizing conditions and a general evolution of the
system (a function of depth, lateral distribution from the
magmatic source, time, and fluid evolution as it

Figure 1. IOCG alteration model (modified from Corriveau et
al. 2010).

2 Great Bear magmatic zone IOCGs
The Great Bear magmatic zone (GBMZ; Fig. 2; Canada)
is a 1.87-1.84 Ga continental magmatic arc (Hildebrand
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iron-oxide apatite deposits are widespread in the Port
Radium-Echo Bay district (Mag Hill, deep-K2, Port
Radium), and these grade laterally and vertically to stage
3 alteration and mineralization.

et al. 2010). It was built along the western margin of the
Archean Slave craton on the composite Hottah arc
terrane overlain by a thin sedimentary basin (Treasure
Lake Group). Overall GBmz mineralization occurs
within coalescing magmatic-hydrothermal cells that
originated in the root zones of stratavolcano complexes.
These cells were often long-lived and complex due to
repeated sub-volcanic intrusions, porphyry emplacement
and cycles of volcanic eruption, collapse and
exhumation, and may be related to the onset of batholith
development (Goad et al. 2000; Hildebrand 1996;
Hildebrand et al. 2010; Mumin et al. 2010). The GBMZ
satisfies the criteria of terranes with potential for worldclass U-rich polymetallic IOCG deposits suggested by
Skirrow (2010). It is the most prospective terrain
recognized in Canada; however, it remains underexplored (Corriveau et al. in press).
The GBmz hosts two IOCG deposits, the Au-Co-BiCu NICO deposit with reserves of 31 Mt @ 0.91 g/t Au,
0.12% Co, 0.16% Bi, 0.04% Cu (Fortune Minerals Ltd.
2010) and the Cu-Ag-Au Sue Dianne deposit with
indicated resources of 8.4 Mt @ 0.8% Cu, 3.2 g/t Ag
(Hennessey and Puritch 2008). Sue Dianne is a typical
magnetite- to hematite-group IOCG deposit with iron
oxide breccias and intense potassic alteration at the
transition from stages 3 and 4 (Goad et al. 2000; Mumin
et al. 2010). In contrast, NICO is an atypical magnetitegroup IOCG deposit in that cobaltian arsenopyrite
prevails over copper sulphides within the ore zone. It
formed through cyclical build up of stages 2 and 3
alteration. The Port Radium-Echo Bay and Camsell
River districts host prospects and deposits exhibiting
stages 1 to 5 alteration types, with attributes of
magnetite- to hematite-group IOCG and affiliated skarns,
IOA and epithermal deposits (Walker and Rajnovich
2007; Mumin et al. 2007, 2010; Acosta et al. 2011).
Other extensive IOCG-type hydrothermal systems
include those of Cole and Southern Breccia (stages 1, 4,
5), Damp (stage 4), DeVries and Fab (stages 1-4),
Grouard (stages 2, 3) (Fig. 2; Gandhi 1994; Ootes et al.
2010; Corriveau et al. 2010; Acosta et al. 2011).

3 Development of IOCG systems
Across the GBmz, sodic (±calcic; stage 1) and calciciron (±sodic; stage 2) alteration zones form early and at
high temperatures near or at the margins of sub-volcanic
intrusions. Early sodic fluids led to albite and albiteamphibole alteration which can be laterally extensive,
selective to pervasive and protracted. Enclaves of albitite
occur within albite-altered intrusions. Replacement-type
albitisation grades from incipient to intense and texture
destructive with pervasive recrystallisation leading to
metasomatic fine- to coarse-grained albitites. Structural
brecciation of albitite is common near fault zones, which
facilitates superposition of later alteration types and
mineralization. Where stage 1 alteration is crosscut by
and/or evolves to stage 2 albite-amphibolemagnetite±apatite alteration, recrystallization, chemical
reorganisation and grain coarsening can lead to pseudopegmatite textures independent of the precursor rock
type (porphyry at Fab, andesite at Mag Hill and
sedimentary rocks at other localities). Vanadium-bearing

Figure 2. A Location of Great Bear magmatic zone in
Canada. B Location of deposits, mineral occurrences and
hydrothermal systems after Hoffman and Hall (1993) and
NORMIN.db (www.nwtgeoscience.ca/normin).

Alteration stages 3 and 4 are fairly consistently
associated with brecciation (mesoscopic to microscopic)
and polymetallic sulphide mineralization (e.g., NICO
and Sue Dianne deposits, Fab, Hoy, Mile Lake and K2).
In the Port Radium-Echo Bay district, a 6 km long
breccia extends from Mile Lake to Hoy Bay along the
ring of a collapsed cauldron (Mumin et al. 2010).
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when, and why. In: Porter TM (ed) Hydrothermal iron oxide–
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Miner Fund, Adelaide, v.1, pp 9–25
Hitzman MW, Oreskes N, Einaudi MT (1992) Geological
characteristics and tectonic setting of Proterozoic iron oxide
(Cu-U-Au-LREE) deposits. Precambrian Res 58:241–287
Hoffman PF, Hall L (1993) Geology, Slave craton and environs,
district of Mackenzie, Northwest Territories. Geol Surv
Canada, Open File 2559, scale 1:1 000 000
Mumin AH, Corriveau L, Somarin AK, Ootes L (2007) Iron oxide
copper-gold-type polymetallic mineralization in the Contact
Lake Belt, Great Bear Magmatic Zone, Northwest Territories,
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(2010) The IOCG-porphyry-epithermal continuum of deposits
types in the Great Bear Magmatic Zone, Northwest Territories,
Canada. In: Corriveau L, Mumin AH (eds) Exploring for iron
oxide copper-gold deposits: Canada and global analogues.
GAC Short Course Notes 20:59–78
Ootes L, Goff S, Jackson VA, Gleeson SA, Creaser RA, Samson
IMS, Evensen N, Corriveau L, Mumin H (2010) Timing and
thermochemical constraints on multi-element mineralization,
Great Bear magmatic zone, Northwest Territories, Canada: The
Nori/RA Cu-Mo-U prospect. Miner Deposita 45:549–566
Skirrow R (2010) "Hematite-group" IOCG±U ore systems:
Tectonic settings, hydrothermal characteristics, and Cu-Au and
U mineralizing processes. In: Corriveau L, Mumin AH (eds)
Exploring for iron oxide copper-gold deposits: Canada and
global analogues. GAC Short Course Notes 20:39–58
Walker EC, Rajnovich L (2007) Cooper Minerals exploration for
IOCG-type deposits within the Terra Property, Great Bear
Magmatic Zone, NWT. NTGO, YKGSF Abstracts Volume
2007, p 65
Williams PJ (2010) Classifying IOCG deposits. In: Corriveau L,
Mumin AH (eds) Exploring for iron oxide copper-gold
deposits: Canada and global analogues. GAC Short Course
Notes 20:13–22
Williams PJ, Barton MD, Johnson DA, Fontboté L, de Haller A,
Mark G, Oliver NHS, Marschik R (2005) Iron oxide-coppergold deposits: Geology, space-time distribution, and possible
modes of origin. In: Hedenquist JW, Thompson JFH, Goldfarb
RJ, Richards JP (eds), Economic Geology, 100th Anniversary
Volume, Society of Economic Geologists, pp 371-405.

4 A predictive exploration tool
At NICO, ore is associated with cyclical build-up of
stages 2 and 3 in Treasure Lake Group metasedimentary
rocks. Cyclical superposition of stratabound alteration
and mineralization, crosscutting relationships among
alteration types and sulphide veins as well as repeated
brecciation are documented through the ore zone. Prior
to this work, stage one albite alteration was
conspicuously absent from the immediate NICO deposit
area, however, albite altered intrusions and other rocks
had been reported south of the deposits. Of particular
interest is the recent discovery of the Southern Breccia,
an albitite-hosted U-Th±Cu-Mo-sulphide anomaly
associated with hydrothermal iron oxide (magnetite and
hematite) breccias. This 3 km long breccia zone
preserves evidence of a cyclical build up of stages 4 and
5 alteration within albitite. This albitite-hosted U system
is spatially distinct from the NICO ore zone (which does
not contain U), and is interpreted as representing parts of
the NICO system not present within the deposit.
Across the belt, the alteration model combined with
geological mapping has proven powerful as a predictive
exploration tool, both at regional and deposit scales to
find new mineralization and explain existing ones. A
large spectrum of IOCG and affiliated deposits is
observed in the GBmz, and can be placed within a
continuum of alteration and mineralization types.
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Near-equilibrium metamorphic fluid-rock interaction and
gold mineralisation in the Otago Schist, New Zealand
Dave Craw, Anicia Henne
Geology Department, University of Otago, PO Box 56, Dunedin 9054, New Zealand
Phaedra Upton
GNS Science, Private Bag 1930, Dunedin 9054, New Zealand

Abstract.
Structurally-controlled
metamorphichydrothermal enrichment of schists in graphite, pyrite,
and arsenopyrite occurred in Otago Schist during
Mesozoic metamorphism. Some of the pyrite and
graphite is porphyroblastic, while some is in veins and
matrix, and these minerals are part of the metamorphic
assemblage. The Macraes orogenic gold deposit consists
3
of >1 km of variably mineralised graphitic and pyritic
schist in a late metamorphic shear zone. Subtle
hydrothermal alteration affected the Macraes lower
greenschist facies rocks under lower greenschist facies
conditions, initially during ductile deformation. Gold is
encapsulated in pyrite and arsenopyrite that occur as
disseminated porphyroblastic grains that have grown and
recrystallised with a greenschist facies mineral
assemblage, and in associated quartz veins. Graphite
and pyrite enrichment, and gold mineralisation, were
essentially
metamorphic
processes,
from
metamorphogenic fluids that were broadly in equilibrium
with the rock. Fluid flow was primarily along grain
boundaries and microshears at slow flow rates
(mm/year), with only localised and temporary fractures
allowing vein formation. Porphyroblastic growth of pyrite
and arsenopyrite at Macraes may have depleted the fluid
of dissolved sulphide in the immediately vicinity (mm to
cm scale) of pyrite and arsenopyrite grains, facilitating
gold deposition from reduced sulphur complexes.

graphite is then formed during metamorphism of the
host rocks, forming, in many cases, carbonaceous schist.
Alternatively, some graphite may have been introduced
by hydrothermal processes during gold mineralisation.
This study examines formation of graphite and
sulphides as metamorphic processes that are, in some
cases, directly related to formation of disseminated gold
mineralisation during Mesozoic metamorphism in the
Otago Schist, New Zealand.

2 Otago Schist
The Otago Schist belt was formed during tectonic
juxtaposition of Mesozoic metagreywacke terranes in
the Jurassic. Metamorphic grade increases on both sides
of the belt towards a higher grade, upper greenschist
facies, core (Fig. 1). The pervasive foliation is almost
horizontal over most of the schist belt, except where
post-metamorphic deformation has disrupted it. Goldbearing structures were emplaced in the schist belt
during progressive uplift from metamorphic depths in
the late Jurassic or early Cretaceous.

Keywords. pyrite, graphite, porphyroblast, gold, fluid

1 Introduction
Orogenic gold deposits are commonly dominated by
quartz veins in major structural systems in which
crustal-scale hydrothermal mobility has occurred. These
have traditionally provided the highest grades in gold
mines. However, as the price of gold rises, it is
becoming economic to mine progressively lower grades
of ore, commonly containing gold disseminated through
the host rocks.
Disseminated deposits reflect an entirely different
style of fluid movement than fracture-controlled
mobility that leads to veins. Formation of disseminated
gold deposits involves fluid flow that is more similar to
metamorphic flow, rather than flow in fractures. Hence,
these disseminated deposits should be examined from a
metamorphic perspective in order to understand
formation processes.
Many orogenic gold deposits have a close association
between gold and graphite. In some such deposits, the
graphite is metamorphosed primary carbonaceous
material that was deposited in a sedimentary
environment with the metasedimentary host rocks. The

Figure 1. Regional geological map of the Otago Schist. The
Macraes orogenic gold deposit is in a late metamorphic shear
zone in lower greenschist facies metasedimentary schist.

Gold was mobilised from the host rock, probably as
reduced sulfur species, during metamorphism at the
transition between greenschist facies and underlying
amphibolite facies (Pitcairn et al. 2006). At the same
time, many elements that typically form oxyanions were
also mobilised and locally enriched in gold deposits,
including: S, As, Sb, Hg, and W (Pitcairn et al. 2006).
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3 Metamorphic-hydrothermal pyrite and
graphite
Lowest grade rocks (prehnite-pumpellyite facies) on the
margins of the schist belt generally contain only minor
amounts (<1%) of disseminated diagenetic pyrite
(typically
framboidal)
and
scattered
detrital
carbonaceous material. This material is typically most
abundant in argillaceous rocks. However, higher grade
rocks (pumpellyite-actinolite facies), locally contain
higher proportions of pyrite and graphite, locally up to
5% of both these minerals. These minerals are most
abundant in highly micaceous pelitic schists that have
been derived from argillaceous protoliths.
Pyrite forms coarse grained porphyroblasts that have
grown with and cut across the foliation (Fig. 2), and the
foliation bends around some porphyroblasts.
Porphyroblasts commonly have quartz-rich pressure
shadows, with minor muscovite and chlorite (Fig. 2).
Abundant pyrite (up to 5%) also occurs in latemetamorphic quartz veins that cut the foliation in these
rocks.

Figure 3. Graphite porphyroblasts in a synmetamorphic
quartz vein, with finer grained graphite defining a foliation, in
pumpellyite-actinolite facies schist. Transmitted light image;
porphyroblasts are 0.5-1 mm across.

Figure 4. Brecciated graphitic schist with post-metamorphic
graphite cement, in pumpellyite-actinolite facies schist. Each
graphite grain is crystallographically continuous, and adjacent
grains show differing reflectance because of differing
orientations. Reflected light image; porphyroblast on lower
right is 400 micrometres across.

Figure 2. Pyrite porphyroblasts in pumpellyite-actinolite
facies schist, with quartz pressure shadows. Some graphite
porphyroblasts have similar textures. Transmitted light image;
porphyroblasts are 0.5-1 mm across.

These pyritic schists also contain elevated (compared
to low grade argillites) amounts of dusty graphitic
material within the foliation. Less commonly, the
graphite is coarse grained and porphyroblastic (Fig. 3).
These porphyroblasts occur within synmetamorphic
quartz veins (Fig. 3), and parallel to the foliation
adjacent to quartz veins. In the latter situation, the
textures are similar to synmetamorphic pyrite, including
having quartz-rich pressure shadows. Graphite
porphyroblasts are single graphite crystals up to 1 mm
across. Post-metamorphic deformation has disrupted
graphitic quartz veins, yielding graphitic breccias
cemented with hydrothermal graphite (Fig. 4).
Both pyrite and graphite are part of the metamorphic
assemblage in these pelitic schists and associated veins,
although the sulphur and carbon appear to have been
introduced hydrothermally during the metamorphic
process. Some of this pyrite and graphite has been
metamorphically recrystallised subsequent to its
introduction, and at least locally remobilised into veins.

4 Macraes mine
The Macraes orogenic gold deposit consists of >1 km3 of
variably mineralised schist in a late metamorphic shear
zone, the Hyde-Macraes Shear Zone (Fig. 1). Subtle
hydrothermal alteration affected all the lower greenschist
facies schist under lower greenschist facies conditions,
initially during ductile deformation. Deformation and
mineralisation were focussed into fissile micaceous
schists, but also affected intercalated massive feldspathic
schists. Mineralised quartz veins form a small proportion
of the rock mass (<5%) and are typically small (cm to m
scale) and discontinuous.
Gold is encapsulated in pyrite and arsenopyrite
disseminated as porphyroblastic grains, commonly with
quartz-rich pressure shadows and minor silicification of
the rock. The porphyroblasts have grown and
recrystallised within the pervasive foliation with a
greenschist facies mineral assemblage (Fig. 5), and in
associated quartz veins. The sulphides principally
replaced phengitic muscovite, and illitic sericite
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recrystallised in associated graphitic ductile shears (Fig.
6). The Macraes mineralised rocks contain elevated
proportions of pyrite (typically 5 wt.%), and carbon as
hydrothermal graphite (up to 3 wt.%) that cuts across
foliation (Fig. 5 and 6). Graphite and pyrite enrichment,
and gold mineralisation, were essentially metamorphic
processes, from metamorphogenic fluids that were
broadly in equilibrium with the rock. Subsequent
deformation has remobilised these minerals, and gold,
under ductile and brittle conditions.

Figure 6. Model results for fluid flow under middle crustal
conditions, for fluid generated by dehydration of hydrous
minerals in ductile rocks at the base of the greenschist facies,
and driven laterally by compressive tectonics in deformationenhanced microfracture permeability (after Upton and Craw
2009).

6 Conclusions
Slow (mm/year) fluid flow, along grain boundaries and
microshears under ductile conditions is widespread
throughout a metamorphic pile. This fluid flow results in
mineral crystallisation, recrystallisation, and element
remobilisation that can involve pyrite, graphite, and
metals, including gold, that are characteristic of orogenic
gold deposits. This fluid flow, when enhanced by shear
zone development, can lead to disseminated gold
deposits.

Figure 5. Composite pyrite and arsenopyrite porphyroblast,
with quartz pressure shadows, in ore grade lower greenschist
facies schist, Macraes mine. Gold is micron-scale blebs in the
sulphides. Metamorphic foliation, with minor graphite, is
subhorizontal in the image, overprinted by late-metamorphic
weak graphitic shear development. Transmitted light image;
porphyroblast is 0.6 mm across.
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5 Fluid flow and flow rates
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The origin and provenance of igneous rocks associated
with the Archean Golden Pride deposit, Nzega
Greenstone Belt, Tanzania
Frank P. Bierlein
School of Earth and Environment, University of Western Australia, Crawley WA 6009, Australia
Ivo Vos
SRK Consulting, Toronto, Ontario M5C 3A1, Canada
Abstract. We report here on geochemical studies of
transitional alkalic mafic, intermediate and felsic
intrusions that were emplaced into the Golden Pride
Shear Zone (GPSZ) in the Archean Nzega Greenstone
Belt. Formation of these intrusions was influenced by
volcanic arc magmatism, but at least some of the rocks
have strong within-plate affinities, implying that the GPSZ
intrusions underwent crustal assimilation, formed at
significant depths, and/or were emplaced in a postcollisional setting further inboard of the active subduction
margin. The exploration significance of these findings
includes 1) recognition of a deep-seated late Archean
magmatic system underneath the Golden Pride gold
deposit with the GPSZ representing a long-lived, translithospheric structure; and 2) the Nzega Greenstone Belt
might have formed in a more continental margindominated to post-collisional setting above thicker
lithosphere, when compared to the central Lake Victoria
Greenstone Belt to the north and northwest. Calculated
TDM ages obtained for igneous rocks in the GPSZ
suggest that they pre-dated gold mineralization by >100
Ma. This compares to ca. 50 – 70 Ma in highly endowed
Late Archean greenstone belts in the Eastern Goldfields
Province and the Abitibi Belt (recorded production of
~5,200 t and ~12,000 t Au, respectively), and 200 to 400
Ma in the far less well-endowed northern Pilbara Craton
(93 t Au) and Karelian Craton (37 t Au).

fingerprinting of igneous rocks provides a powerful tool
to decipher the tectonic make-up of a terrane under
study, and, via the comparison with analogous regions
elsewhere, allows for an evaluation of its metallogenic
potential.
In this study, 62 whole-rock samples from diamond
drill core were analyzed for their major oxide and trace
element compositions in order to determine the tectonic
affiliation of a variety of igneous rock types that are
spatially associated with the Golden Pride gold deposit.
In addition, a sub-set of 12 representative samples were
analyzed for Nd isotope patterns to further constrain the
source and age of these intrusions.

2 Geological context
The Golden Pride gold deposit is situated in the Nzega
Greenstone Belt (NGB) of the Nzega-Sekenke Terrane
which forms the southernmost portion of the LVR and is
juxtaposed against the Dodoman Granite-Gneiss Belt to
the south (Harpum 1970). A number of gold camps have
been recognized within the NGB, including the camp
hosting the Golden Pride gold deposit. In addition,
several diamondiferous kimberlite pipes occur within
the belt. Thick sequences of mafic meta-volcanic rocks
occur at both ends of the belt. The remainder of the
NGB is dominated by greenschist facies, fine to
medium-grained siliciclastic rocks interbedded with
banded iron formations. A prominent ~150 km long,
generally E-W trending shear system termed the
Bulangamirwa Shear Zone, is situated centrally in the
NGB. Due to the vicinity of the Golden Pride gold
deposit to this shear system, the local name adapted for
this shear zone is the Golden Pride Shear Zone (GPSZ).
The Golden Pride deposit has been mined for over 30
years, with a total production of ca. 52 tonnes Au to
2010. At average grades of 2.5 g/t, the total remaining
resource is estimated at ca. 85 tonnes Au (Resolute
Mining Ltd. written communication 2010).
Detailed lithological and structural studies have
shown that the rocks hosting the Golden Pride deposit
mainly comprise a series of isoclinally folded and
strongly foliated, lower- to middle-greenschist facies,
interbedded sandstone and siltstone units (Vos et al.
2009). Where the GPSZ intersects this sequence
intensely foliated (i.e., schistose) and chlorite-carbonatealtered rocks divide the mine stratigraphy into a
hanging-wall and a footwall sedimentary sequence.
Along the trend of the deposit, the GPSZ varies in width

Keywords. orogenic Au, Archean, greenstone belt,
Tanzania Craton, metallogeny, endowment

1 Introduction
The Lake Victoria Region (LVR) of Tanzania comprises
an amalgamation of Late Archean, generally E-W to
NW-SE striking granite-greenstone terranes which are
host to a number of world-class orogenic gold camps
such as Sanza-Geita (>900 t Au), BulyanhuluBusulwangil (>500 t Au), and Lusu (>130 t Au; Kabete
et al. in press). The LVR bears many geological
similarities with extremely well endowed, and from an
exploration viewpoint far more mature, Archean granitegreenstone terranes such as the Eastern Goldfields
Terrane in the Yilgarn Craton (Western Australia) and
the Abitibi Belt in the Superior Province (Ontario,
Canada). As the orogenic gold endowment of a given
terrane is, at a fundamental level, controlled by
lithosphere-scale processes (e.g., Bierlein et al. 2006),
an in-depth understanding of the terrane’s geodynamic
evolution is essential for the formulation of conceptual
exploration targeting models and the definition of
criteria for area selection. Geochemical and isotopic
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large ion lithophile elements (LILE), as well as irregular
normalized abundances of high field-strength elements
(HFSE). Notably, the diorites and granites display
negative Nb, P, Zr, Ti, Sc, and Cr anomalies, while Rb,
Th, Sr, and V are relatively enriched. Both Rb/Sr and
Rb/Ba ratios generally increase with SiO2
concentrations in the felsic samples, indicative of the
crystallization of feldspar. Furthermore, the felsic
intrusions are all characterized by moderate to high Sr/Y
ratios and are thus Sr-undepleted/Y-depleted. Such ratios
are indicative of deep-crustal melting with garnet as a
melted-out phase, a signature typically displayed by
some (adakite-like) granitoids derived from the deep
section of overthickened arc crust (e.g., Tulloch and
Kimbrough 2003). Elevated Sr concentrations also
imply plagioclase was not stable during crustal melting,
which, in turn, points to melting of the felsic magmas at
significant depths in the crust.
The mafic intrusions are characterized by scattered
primitive mantle-normalized element trends for LFSE
and LILE across three orders of magnitude, but display
generally consistent conservative (relative to primitive
mantle; Pearce 1996) trends for the incompatible
elements, with positive anomalies of K, Nd, Sr and V,
while also displaying negative Nb and Cr anomalies. In
general, with increasing SiO2, the concentrations of
K2O, TiO2, and P2O5 increase. These rocks are also
characterized by relatively ‘flat’ Zr/Y and TiO2/Y ratios,
typical of basaltic rocks associated with attenuated
continental terrane settings (Pearce 1996).
Rare earth element (REE) patterns of the felsic
intrusions are somewhat atypical of upper crustal rocks
in that they lack a characteristic negative Eu anomaly.
REE concentrations vary significantly as a function of
mineralogy in these rocks, but their patterns are
coherent in all cases. Together with moderate to strongly
developed depletions in heavy REE, these trends
support the notion that the felsic intrusions were derived
from progressively deeper crustal levels, which would
have promoted the wholesale melting of feldspar and
garnet, and variable degrees of fractional crystallization
upon their descent. The intermediate intrusions from the
GPSZ also display coherent patterns, with variable but
consistent light REE enrichment attributed to
fractionation, and overall depletion in heavy REE. The
REE patterns of the mafic intrusions also range from
‘flat’ to pronounced light REE enrichment, indicative of
various degrees of contamination during the formation
and emplacement of these rocks.
Initial εNd values for twelve samples from the GPSZ
are very similar and only vary from 1.3 to 3.9. These
values thus delineate a relatively contracted range of
depleted mantle model ages (TDM) between 2.82 and
2.89 Ga. Two narrow age intervals can be defined within
this range: 1) an older interval bracketing 2.89 – 2.87
Ga, and 2) a younger period that gives 2.84 – 2.82 Ga.
The narrow εNd range defined by the mafic, intermediate
and felsic intrusions in the Golden Pride gold deposit
most likely reflects limited mixing of crustal and mantle
sources.

from 5-20 m and may splay into several sub-parallel
subordinate shear zones. The GPSZ strikes
approximately 100º and dips steeply to the south.
Gold mineralization at Golden Pride extends over a
minimum strike length of 2.7 km along the GPSZ. Gold
is mainly associated with pyrrhotite- and pyrite-bearing
chlorite-biotite-quartz-calcite shear veins, and is also
finely dispersed in quartz-sericite-arsenopyrite-altered
metasedimentary rocks. Gold was emplaced post-peak
metamorphism, and more or less synchronous with an
assemblage of dominantly vein-associated pyrrhotite +
pyrite ± chalcopyrite ± sphalerite ± galena following
incipient resorption of early magnetite and arsenopyrite.
A variety of intrusions crosscut the host
metasedimentary rocks in close spatial association with
the GPSZ and related structural elements. These
intrusions are, in turn, deformed and offset by prolonged
movement of the GPSZ indicating that they were
emplaced either prior to or during deformation along the
GPSZ. Chamberlain and Tosdal (2007) obtained a U-Pb
age of 2680 ± 15 Ma on a porphyry from the Golden
Pride gold deposit. These authors also reported U-Pb
ages of 2716 ± 11 Ma for a homogeneous zircon
population derived from metasandstone interbedded
with BIF.
Based on geological and petrographic characteristics,
timing relationships, and the spatial association with
large-scale compressional structures, the Golden Pride
gold deposit has been classified as an orogenic gold
deposit (Vos et al. 2009).

3 Petrogenesis of igneous rocks
The intrusions range in composition from mafic and
intermediate to felsic. The felsic intrusions are
peraluminous and potassic, and plot in the field of subalkalic diorites and granites on a SiO2 versus Na2O+K2O
diagram. The intermediate intrusions are also mediumto high-K, peraluminous rocks and plot into the gabbro,
syenodiorite and diorite fields. Both the felsic and
intermediate samples plot entirely within the field for
‘volcanic-arc’ and ‘syn-collisional’ (or ‘S-type’) granites
in an Yb vs. Nb discrimination diagram from Pearce
(1996). The mafic intrusions consist mainly of
peraluminous, high-K, alkaline rocks that plot in the
field for gabbro, but they also include metaluminous
equivalents, and medium-K, alkaline rocks. Immobile
trace element discrimination plots classify the mafic
intrusions as having calc-alkaline, andesitic-basaltic to
sub-alkaline and basaltic compositions.
On a Nb-Zr-Y diagram the mafic and intermediate
intrusions delineate a transitional trend that includes
MORB, VAB and WPB fields. The same transitional
trend between arc-related and within-plate affinity is
evident from the Zr-Th-Nb diagram. In addition,
evidence for the assimilation of continental crust and/or
a subduction component is apparent on a Ti-Zr-Y
diagram. Significant crust-magma interaction and
mantle enrichment at low-% melting is further indicated
by relevant trends in a Hf-Th-Ta diagram.
When normalized against primitive mantle element
concentrations, the felsic intrusions are characterized by
a general enrichment in low field-strength (LFSE) and
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4 Tectonic and metallogenic implications

(if a speculative ca. 2.68 – 2.65 Ga emplacement age for
gold is assumed) at Golden Pride can be considered a
very favourable indicator for the potential gold fertility
of the NGB. However, the relative maturity of the NGB
compared with the Abitibi Belt and Eastern Goldfields
Province might explain the absence of giant gold
systems in the NGB (at least based on exploration to
date). It has to be noted, however, that although this
concept provides an excellent first-order indicator for
gold endowment, the actual position (and magnitude) of
gold deposits within any given province clearly requires
the conjunction of several critical factors that operate at
the (intra-) province scale, such as efficient plumbing
systems, orientation of the stress field, availability of
dilational sites along misaligned fault segments, and
reactive host rocks and rheological contrasts between
them.

The igneous rocks are compositionally diverse, but by
and large delineate a coherent geochemical trend, and
are also characterized by relatively uniform Nd isotope
compositions. Although some ambiguity remains
regarding the ‘true nature’ of the geodynamic setting for
the formation of the mafic precursor rocks from the
GPSZ, the trends illustrated on Pearce-type
discrimination plots can best be accounted for by a
combination of processes that involved variable degrees
of partial melting of a metasomatised mantle wedge in a
thickened continental margin setting. These processes
occurred in a transitional tectonic setting and may have
been coupled with the subduction and/or assimilation of
crustal material with volcanic-arc-like characteristics.
The composition of mafic and intermediate intrusive
rocks from the Golden Pride gold deposit are similar to
those of tholeitic basalts and andesites in the
neighbouring Sukumaland Greenstone Belt as reported
in Manya and Maboko (2003) and Cloutier et al. (2007).
These geochemical similarities suggest that the northern
and southern margins of the Tanzanian Craton were
affected by similar lithospheric processes, even though
the timing of these processes remains poorly
constrained.
Orogens comprising relatively immature terranes of
all ages that are characterized by primitive, oceaniccharacter crust are generally well endowed and tend to
contain giant gold deposits, whereas those with a
significant prehistory or pericratonic association may
contain gold ores, but not giant deposits (Goldfarb et al.
2001; Bierlein et al. 2006). The longevity of crust in the
host orogen can be used, in most cases, as a proxy for
syn-gold mineralization lithosphere thickness, with
crustal age normally inversely proportional to gold
endowment and the abundance of giant orogenic gold
deposits. The two best endowed Archean greenstone
belts are the Abitibi belt of the Superior Province,
Canada (recorded production of ~12,000 tonnes Au) and
the Eastern Goldfields Province of the Yilgarn Craton
(>5,150 tonnes Au). In both cases, gold mineralization is
developed in greenstone belts that comprise oceanic
crust formed within about 50 to 70 Ma prior to gold
deposition, with little evidence for >2.9 Ga continental
basement. These greenstone belts are also characterized
by very few, if any, xenocrysts and by primitive εNd
values. Far less well-endowed greenstone belts in, for
example, the northern Pilbara Craton (93 t Au) and the
Karelian Craton in Finland (37 t Au) lack evidence for
the addition of substantial oceanic lithosphere via
rifting. Instead, these belts developed on predominantly
continental-character lithosphere that formed at least
200 – 400 Ma prior to emplacement of orogenic gold
mineralization (Bierlein et al. 2006).
Although robust geochronological data are sorely
lacking, the LVR appears to essentially mirror other
well-endowed Late Archean greenstone belts in terms of
its crustal evolution, timing of major crustal growth, and
timing of gold formation relative to the Late Archean
global orogenic gold ‘bonanza’. Based on the above, the
presence of relatively juvenile magmatic rocks with TDM
model ages of about 100 Ma prior to gold mineralization
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A >3 km vertical section through mesothermal to
epithermal levels of a Carboniferous, alkali intrusionrelated hydrothermal system in the Eastern Andean
Cordillera, Pataz, northern Peru
Walter K.Witt, Steffen G. Hagemann
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009
Carlos Villanes, D. Sologuren
Compania Minera Poderosa S.A., Lima, Peru
Torsten Vennemann
University of Lausanne, Lausanne, Switzerland
Horst Zwingmann
CSIRO ESRE, Kensington, Western Australia
Fred Jourdan
Curtin University, Kensington, Western Australia
Abstract. Topographic relief and differential uplift in the
Pataz district of the Eastern Andean Cordillera have
combined to expose mesothermal to epithermal levels of
an extensive Carboniferous system of hydrothermal
alteration between 1300 and 4000 m a.s.l. Carboniferous
hydrothermal alteration and associated gold-zinc-lead
mineralization are temporally and spatially related to an
inferred weakly alkaline, ferroan magma chamber
genetically related to the co-magmatic Esperanza
Subvolcanic Complex and the Lavasen Volcanics. A deep
magma chamber below the present level of erosion is
implied by coarse-grained mineral clots in the Esperanza
Subvolcanic Complex and the immense volume of the
Lavasen volcanics. The Carboniferous hydrothermal
system produced (from deepest to shallowest): i)
mesothermal Au-Zn-Pb veins hosted by the Pataz
batholith, ii) carbonate – base metal veins carrying AuZn-Pb in basement rocks at Santa Filomena, Asnapampa
and Revolcadoro, iii) weak potassic and calc-silicate
alteration with minor pyrite-chalcopyrite in the Esperanza
Subvolcanic Complex and iv) a phreatomagmatic breccia
dike with associated anomalous Au, As, Sb, Tl and Hg in
an epithermal environment at Misquichilca. The U-Pb in
zircon (SHRIMP) age of the Esperanza Subvolcanic
Complex (333.6 ± 2.9 Ma) is within error of a recently
reported Re-Os age for molybdenite from one of the
batholith-hosted veins in the adjacent Parcoy district
(331.9 ± 1.7 Ma).

The hydrothermal system is exposed over more than 3
km vertical distance, between the Maranon valley (1300
m a.s.l.) and the Olmatanes Mountains (>4000 m a.s.l.).
Although the geology between north northwest-striking
faults is consistent with progressively deeper geological
environments exposed in more deeply eroded terrains,
the deepest styles of mineralization are between 2000
and 3000 m a.s.l. This is explained by postmineralisation differential uplift.

2 The Pataz hydrothermal system
In the Maranon valley (1300 m a.s.l.), the late
Neoproterozoic to Cambrian basement (Maranon
Complex) hosts a large area of argillic alteration (quartzillite-dominant), which extends for 50 km NNW of
Vijus. Potassium-argon dating of illite has given a
minimum age of 322.6 ± 6.5 Ma for the alteration. At the
southern end of this large argillic alteration zone,
artisanal mining of quartz-carbonate (siderite, ankerite)barite-sulfide
(pyrite-arsenopyrite-sphalerite-galena)
veins for gold takes place at several localities, including
Santa Filomena, Revolcadoro and Asnapampa. These
veins occur in brittle faults and have argillic alteration
halos comprising quartz, illite, iron oxides (± kaolinite,
barite). Illite from two of these alteration halos gave KAr ages of 276.0 ± 5.6 Ma and 232.8 ± 4.7 Ma,
interpreted as minimum ages of formation. The veins are
interpreted as carbonate – base metal veins, which form
at intermediate depths between those of porphyry and
epithermal environments.
East of the Maranon valley, the sill-like, mainly
granodioritic, calc-alkaline Pataz batholith has intruded
northeast dipping volcano-sedimentary units of the lower
Paleozoic Eastern Andean Cordillera. SHRIMP dating of
zircons suggests the batholith was emplaced at ca. 340 to
330 Ma. The batholith, which is exposed between 2000
and 3000 m a.s.l., contains metre-scale mesothermal
quartz-carbonate (dolomite, calcite)-sulfide veins that

Keywords. Andes, Pataz, hydrothermal alteration, gold,
geochronology

1 Introduction
The Pataz – Parcoy area in the Eastern Andean
Cordillera of northern Peru has produced >8 Moz of
gold, mainly from veins hosted by the Pataz Batholith.
Our recent research in the Pataz district suggests that
these veins are part of a much larger, auriferous
Carboniferous hydrothermal system that extended from
mesothermal to epithermal environments and is
genetically related to weakly alkaline igneous activity.
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Complex. The Santa Catalina Fault represents the
western boundary of a major graben in which more than
2 km of Lavasen Volcanics accumulated between present
altitudes of 2000 and >4000 m a.s.l.
The Misquichilca area, at altitudes of >4000 m a.s.l.,
lies within the graben into which Lavasen Volcanics
were deposited. Quartz-poor felsic pyroclastic and
resedimented pyroclastic rocks display pervasive, low
intensity argillic alteration and silicification. A
polymictic volcaniclastic conglomerate (possible lahar
deposits) accumulated in a second order rift and overlies
the volcanic pyroclastic rocks, and the whole sequence
has been gently folded. Evidence of localised (faultcontrolled) hydrothermal activity in the Misquichilca
area includes lithophysae, jasper veins, green Fe-rich
clays, quartz after bladed calcite veins, zoned carbonate
(siderite – calcite) veins and massive to bladed barite
veins. In the south of the second order rift, the
polymictic volcaniclastic conglomerate has been eroded
to reveal a phreatomagmatic breccia dike with associated
anomalous Au, As, Sb, Tl and Hg, a typical epithermal
geochemical signature (Hayba et al. 1986). Proximity to
the palaeo-surface is indicated by interbedded air fall tuff
and black shale deposited in a crater lake around the
breccia dike. The western margin of this breccia dike is
characterized by intense argillic alteration and abundant
lithophysae. Lithophysae are zoned from (outer) ankerite
intergrown with skeletal quartz – albite intergrowths,
through dolomite to a (inner) zone of calcite or barite.
The range of carbonate compositions is interpreted to
reflect the evolution from Fe-rich magmatic fluids to
dilute ground waters during hydrothermal infilling of the
lithophysae. A 251.8 ± 5.5 Ma K-Ar age for illite from
the intensely altered western margin of the breccia dike
is interpreted as a minimum age for associated argillic
alteration.

have produced most of the gold in the Pataz district.
High-grade sections of the veins contain up to 50%
sulfides, including an early stage of massive, finegrained pyrite + arsenopyrite and a later stage of quartz
and coarse-grained pyrite, arsenopyrite, sphalerite and
galena. The high sulfide content of these veins is not
consistent with current definitions of orogenic veins and
the high iron and base metal content implies a saline ore
fluid, probably derived from a magmatic source.
However, the Pataz batholith is not a viable source for
this ore fluid (Witt et al. 2009). The most accurate age
of the veins is probably given by a Re-Os age of 331.9 ±
1.7 Ma for molybdenite taken from a batholith-hosted
vein in the Parcoy district (Szappanosne et al. 2010).
Previously published 40Ar-39Ar dates of 312-314 Ma for
hydrothermal illite from the margins of batholith-hosted
veins (Haeberlin et al. 2004) are ≥20 Ma younger than
igneous emplacement ages and have probably been reset
by post-mineralisation events or 39Ar recoil, or reequilibrated during slow cooling. The veins display
mesothermal structural characteristics (laminated
margins and brecciated interiors) and have been
interpreted as forming at 11 to 13 km depth (Haeberlin et
al. 2004). Thus, although the host rocks are located at
intermediate altitudes, between those of the Maranon
valley and the Lavasen Volcanics, the batholith-hosted
veins represent the deepest form of mineralisation and
hydrothermal activity in the Pataz district. Assuming
temperatures of between 400 and 250ºC, O and H
isotope compositions for illite from alteration halos
around batholith-hosted veins are compatible with ore
and alteration fluids being predominantly of magmatic
origin with lesser contributions of meteoric fluids.
The Esperanza Subvolcanic Complex and Lavasen
Volcanics are exposed at similar altitudes (2000 to 3000
m a.s.l.) north and east of the Santa Catalina Fault, which
forms the eastern contact of the Pataz batholith. The
Esperanza Subvolcanic Complex is a bimodal igneous
suite comprising oxidised, weakly alkaline latite and
quartz latite porphyry intruded by Fe-rich dolerite. Latite
and quartz latite porphyry display flow banding and
spherulitic textures and are interpreted as forming a flow
dome complex. They also contain coarse-grained clots of
plagioclase, biotite, amphibole and pyroxene, probably
derived from a deeper, unexposed magma chamber. The
felsic rocks locally display weak potassic alteration
(biotite veinlets with hematitic alteration selvages) and
dolerite displays calc-silicate alteration with minor
associated pyrite and chalcopyrite. Late-stage,
discontinuous veinlets of magnetite - plagioclase (An7084) suggest the dolerite exsolved an Fe-rich
hydrothermal fluid. U-Pb in zircon (SHRIMP) data for a
sample of latite porphyry indicate emplacement of the
Esperanza Subvolcanic Complex at 333.6 ± 2.9 Ma,
within error of the molybdenite age for auriferous veins
in the Pataz batholith at Parcoy.
North of the Esperanza Subvolcanic Complex,
Lavasen Volcanics are separated from the Pataz batholith
by the Santa Catalina Fault. Comprising predominantly
resedimented pyroclastic breccia and tuff, a sample of
Lavasen Volcanics from near the village of Santa
Catalina gave a U-Pb in zircon (SHRIMP) age of 334.3
± 1.8 Ma, within error of the Esperanza Subvolcanic

3 Conclusions
Evidence from the Pataz district, extending from the
Maranon valley (1300 m a.s.l.) to the Misquichilca
highlands (>4000 m a.s.l.), indicates an extensive
hydrothermal system developed concurrently with mafic
to felsic magmatism at around 340 to 330 Ma. The calcalkaline Pataz batholith was emplaced first, but was
followed by a weakly alkaline magmatic episode that
produced the Lavasen Volcanics, the Esperanza
Subvolcanic Complex and, by inference, a deeper,
plutonic intrusion that crystallised from a parent magma
chamber. Field, petrographic, and geochronologic
evidence identify the weakly alkaline intrusion(s) as the
source of hydrothermal fluids that caused argillic
alteration in epithermal to transitional environments at
Misquichilca, the Esperanza Subvolcanic Complex and
the Maranon valley, and deeper-seated Au-Zn-Pb
mesothermal vein mineralisation in the Pataz batholith.
Stable isotope data indicate that magmatic fluids formed
a significant, perhaps dominant, component of the ore
fluid for the economic, batholith-hosted veins.
Potassium-argon and 40Ar-39Ar ages of clays from
argillic alteration zones have been partially reset to
between 330 and 230 Ma, due to slow cooling or
reactivation of faults during the late Cretaceous to

536

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Cenozoic Andean orogeny.

Carboniferous orogenic gold and Late Cretaceous to Cenozoic
porphyry-related gold associated with the Pataz batholith,
northern Peru. In: Williams PJ (ed) Proceedings of the 10th
Biennial SGA Meeting Townsville Australia 17th - 20th
August 2009. Townsville

Figure 1. Geology of the Pataz distric showing location of
study areas and cross section A-B shown in Figure 2.

Figure 2. Cross section A-B (see Figure 1)
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Characterization of gold mineralization processes in
Las Animas mine, Santa Isabel Tolima, Colombia
Andersson A. Acevedo, Juanita Rodriguez
Universidad Nacional de Colombia, Bogota, Colombia

The deposit is characterized by a brittle - ductile
regime associated to Chapeton Pericos Fault that
produced changes in the vein´s thickness between 0.6m
to 5 m (rosary effect), and also produced mineralized
veins associated to the principal structure.

Abstract. The objective of this work is to characterize the
gold mineralization fluids that formed the mineral deposit
in the Tierradentro Amphibolite (Las Animas Mine). This
formation was dated by different methods as of
approximately 1200 Ma (Colombian Geological Survey INGEOMINAS). The deposit is characterized by a brittle ductile regime that produced changes in the vein´s
thickness (rosary effect).To determine the nature of the
ore fluid, 100 fluid inclusions were analyzed, taken from
principal veins that represent the 3 principal
mineralization events. The microthermometric analysis
showed an H2O-CO2 system, with low salt (NaCl)
concentration. The homogenization temperatures show 3
different clusters correspond to the 3 pulses.
The sulfides present in the host rock do not exceed 5%,
and are pyrite, sphalerite and pyrrhotite and rare galena.
The thin sections shows alteration minerals are sericite
and secondary biotite.
Based on all the observations is possible to classify this
deposit as an Orogenic Gold Deposits, and with the
analysis of fluid inclusions was possible to define the
pressure, that helps to define the depth of formation of
the deposit at approximately 5km. The pressure was 1.4
Kbar, which corresponds to mesozonal part (Groves et al.
2003).
Keywords. fluid inclusions,
orogenic gold deposits

pressure,

mesozonal,
Figure 2. Geologic Map, Santa Isabel, Tolima.

1 Location and geology

3 Deposit geology and gold mineralization

Las Animas Mine is located in the central cordillera of
Colombia in the Tolima Department.

The gold mineralization in Las Animas mine is related to
3 principal events.
The first pulse shows massive sulfides (pyrrothite,
pyrite and sphalerite) and is distributed in the three
levels of the mine. The second pulse shows less sulfides
than the first and is dominated principally by a banded
“quartz” with sphalerite; according to information given
by the company, in this pulse, gold is associated with
sphalerite. This second pulse is distributed in the low
and intermediate levels of the mine. The last
mineralizing event shows: disseminated pyrite, host
rock fragments of different sizes with hydrothermal
alteration, generating some breccias textures. This pulse
is only seen in the lowest level of the mine.
Petrography of the host rock shows an amphibolite
that has hydrothermal alteration: secondary biotite,
sericite and posterior events of carbonization. The
sulfides present in the veins do not exceed 5%, and are
pyrite, sphalerite, pyrrhotite and rare arsenopyrite and
galena.

Figure 1. Location of Las Animas Mine.

2 Regional geology
The host rock is the Tierradentro Amphibolite. This
formation was dated by different methods as of
approximately 1200 Ma (Colombian Geological SurveyINGEOMINAS).

4 Results
The microthermometric analyses were developed using
the Linkam THMS600 heating and freezing stage in vein
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quartz samples. The results obtained showed an H2OCO2 system with some other additional gaseous
component (CH4), defined by the eutectic temperature
that is between -57.5°C to -55.5°C. Also, the fact that it
is possible to see double ring in the fluid inclusions,
allows to identify the homogenization temperature of
CO2. This temperature is between 29°C to 31°C and the
phase passes from gas to liquid.
The ice melt temperature (-8.0°C to -1.0°C) indicates
low salt (NaCl) concentration. Homogenization
temperatures show 3 different clusters: the first one of
270°C to 275°C, the second of 295°C to 300°C, and the
third from 320°C to 330°C. These fluid inclusion results
correspond to the 3 pulses identified, based on
morphology, composition, and distribution. All these
pulses are mineralizing.

Figure 4. Combined diagram P-T for CO2 and H2O.
(Kalyuznhyi and Koultun 1953).

A
LCO2
LH2O

The second diagram was presented by Lerov and
Swanenburg (1979), where it is possible to use the
smallest fluid inclusion´s decrepitation temperature to
calculated the internal pressure and compared it with the
pressure calculated used the diagram of Kalyuzhnyi and
Koltun (1953).

LH2O

LCO2

VCO2

VCO2

B
L
v

Figure 3. A. Fluid inclusion type V with double ring of CO2;
B Fluid Inclusion Type II. L: Liquid; V: Vapor

5 Discussion

Figure 5. Relationship between inclusion size and the internal
pressure required to stretch or decripitate inclusions in quartz
under one atmosphere confining pressure. From Swanenburg
(1980)

For the interpretation of the results two experimental
graphics were used. They indicate basically lithostatic
pressure, temperature and depth formation of the
mineralizing fluid.The first graphic is define by
Kalyuzhnyi and Koltun (1953), cited by Bodnar (1980),
that relates the homogenization temperature of H2O and
CO2 and helps to estimate the formation pressure of this
fluid inclusions. It is very important to say that this
diagram can only be used when “fluid inclusions have
been formed as pure compounds at the same conditions
of pressure and temperature”. In this case it was
assumed this hypothesis because the results of eutectic
temperatures
(-56.6°C),
and
homogenization
temperatures of CO2 (31.9°C), show values of almost
pure H2O-CO2 system.

The pressure calculated in both diagrams is between
1.2 and 1.4 Kbar. With this, it is possible make the
pressure correction and calculate the homogenization
temperature in this conditions, obtaining a temperature
between 370°C to 400°C.
Based on all these observations is possible to classify
this deposit as an Orogenic Gold Deposits, and with the
fluid inclusions analyses to define the lithostatic
pressure, that helps us calculate the depth of formation
of the deposit that at approximately 5km. This depth
corresponds to mesozonal part of the orogenic gold
deposit (Groves et al. 2003).
In accordance to the information of the Colombian
Geological Survey – INGEOMINAS about the age and
mapping, it can be concluded that this is the first deposit
in Proterozoic rocks in Colombia and one of the first
classified as Orogenic Gold Deposit.
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6 Conclusions
The characteristics of the ore fluids, hydrothermal
alteration assemblage and structural control, are typically
of Orogenic Gold Deposits. With the results is possible
to calculate the pressure formation of the mineralization
1.4Kbar, with this is possible obtain a depth
approximately for the formation of this deposit, it is 5
km for this reason we can defined a mesozonal part of
the Orogenic Gold Deposit (Groves et al. 2003). This
deposit may be the first deposit of this type in Colombia.
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The gold-bearing quartz-vein system of the Limarinho
Deposit (northern Portugal)
Mercedes Fuertes-Fuente, Antonia Cepedal, Agustín Martin-Izard
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Abstract. The Limarinho deposit (northern Portugal) is
located in the Variscan Iberian Massif and is a set of Aubearing quartz-arsenopyrite veins hosted by a Variscan
S-type granite. A detailed study of the ore in these veins
enables us to establish two stages of ore deposition. An
earlier Stage I characterized by arsenopyrite deposition
that took place at T from 350-435ºC (from arsenopyrite
geothermometry). Later on, native gold (up to 4 wt.% Ag)
and maldonite together with Bi-Te-(±S) minerals (nativeBi, hedleyite, joseite-A and joseite-B) were formed under
reduced conditions and low fS2 and fTe2 according to
stability conditions of this paragenesis. In Stage II, higher
fS 2, sulfides (pyrite, galena, chalcopyrite, sphalerite and
marcasite) associated with electrum (up to 25.5 wt.% Ag),
Bi-telluride (pilsenite), Pb-Bi sulfotellurides (aleksite and
the phase Pb3Bi4Te4S5), Pb-Bi-Ag sulfosalts (lillianitehomologous series), hessite, bismuthinite and native-Bi
were subsequently deposited. Despite a syn-tectonic
granite host rock, there is no evidence of a genetic link
between the Au-bearing veins and the enclosing igneous
rock. This quartz-vein system trends almost parallel to
the Régua-Verín fault which is a major structural
discontinuity that could control the hydrothermal fluid
circulation.

Figure 1. Geological map of the NW Iberian Massif showing
where the Limarinho deposit is located in the Galicia-Trás-OsMontes Zone (modified from Martínez Catalán et al. 1996).

2 Geological setting
The Limarinho deposit is in the Iberian Massif which
presents the westernmost exposures of the European
Variscides and shows the most complete section from
the external to the internal parts of this collisional belt.
The Iberian Massif has been divided into four zones
(Julivert et al. 1972; Farias et al. 1987), the innermost
being the “Central Iberian Zone” (CIZ) and the “GaliciaTrás-Os-Montes Zone” (GTMZ), where the Limarinho
deposit is located (Fig. 1). The GTMZ represents a stack
of allochthonous units emplaced over the CIZ. The
GTMZ is characterized by allochthonous, mainly basic
and ultrabasic massifs (Mafic and Ultramafic
Complexes),
surrounded
by
parautochthonous
(Ordovician-Lower
Devonian)
metasedimentary
sequences (Schistose Domain). The Schistose Domain
probably represents a part of the continental margin of
Gondwana whereas the “Mafic-Ultramafic Complexes”
are ophiolitic and catazonal units of more exotic origin
(Pérez Estaún et al. 1990; Martínez-Catalán et al. 1996).
The GTMZ tectonic style is dominated by the thrust
regime related to nappe emplacement with two Variscan
deformation stages associated with this emplacement
(D1 and D2). The tectonic evolution subsequently
became a predominantly wrench regime (D3 stage)
characterized by folds with subvertical axial planes and
subparallel shear zones. The late Devonian-early
Carboniferous compressional event described above was
followed by regional extension during the later stage of
the orogeny, and several E-W, NW and NE trending
fault systems with an extended history of movement

Keywords. gold, quartz veins, tellurides, bismuthides,
northern Portugal

1 Introduction
In the Variscides of NW Iberian Peninsula, Au-bearing
quartz-arsenopyrite veins hosted by Variscan granites
and their host rocks are widespread. In fact, this region
has rewarded the persistent explorer since the dawn of
recorded history. Several Roman ore working remains
have been recognized (e.g., Três Minas, Portugal), and
during the 19th and 20th centuries important activity
was centred around these vein systems with exploitation
of gold in veins (e.g., Jales, Portugal). Nowadays,
several gold prospects in Portugal and Spain (e.g.,
Gralheira, Limarinho, Corcoesto) are being explored by
mining companies. The present work focuses on the
Limarinho deposit which is a gold-bearing quartzarsenopyrite vein system hosted by a late variscan S
type granite located in northern Portugal (Vila Real
district). The aim of this study is to characterize in detail
the ore paragenesis and explain the distribution of gold
in the paragenetic sequence in order to obtain data on
the gold deposition conditions and ore forming
processes.
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with fluor-apatite and, sporadically, some sparsely
distributed sulfides (largely arsenopyrite). The transition
towards the fresh granite is characterized by the presence
of chlorite accompanied by rutile, pyrite and marcasite,
all replacing biotites from the granite. The veins are
crosscut by irregular veinlets (less than 1cm up to 3cm)
composed of chlorite (ripidiolite-daphnite) and clear
euhedral quartz together with pyrite and chalcopyrite as
the main sulfides. This mineralogical association also
occurs filling open spaces or as randomly distributed
patches that replace the granite.
From petrographic observations in the ore-bearing
veins described above, two main stages of ore deposition
have been established:
Stage I is characterized by an earlier arsenopyrite
(Apy I) with 31 to 32.5 at.% As (mean: 31.8), together
with minor quantities of molybdenite. A later stage of
arsenopyrite is recorded, Apy II which frequently forms
a rim around the previous Apy I. Apy II has lower As
content (28 to 31.5 at.% As, mean: 30.3), and impurities
of Sb (175-1485 ppm) and Te (240-1495 ppm). Gold is
associated with Bi-Te-(±S) minerals: native-Bi,
hedleyite, joseite-A and joseite-B, and occurs as nativeAu (up to 4 wt.% Ag) and maldonite. These minerals
appear as small (5 to 30 μm) irregular inclusions within
the arsenopyrite crystals or as trails of droplets along
healed fractures in quartz. They form composite grains
or aggregates, showing curvilinear boundaries or triple
junctions between the phases, indicating equilibrium
crystallization from a melt (Ciobanu et al. 2006). With
respect to the possibility of invisible gold in
arsenopyrite, it was not detected in the EMP traceelement analyses. In fact, only one Apy II analysis gave
a Au content (311 ppm) above the detection limit The
main stage I gangue mineral is quartz.
Stage II: The base metal-bearing sulfides that formed
during this stage were pyrite, galena, chalcopyrite, and
minor quantities of sphalerite and marcasite. Rutile is
also frequent. That Apy II is partially corroded by
chalcopyrite supports the later character of this stage II.
Other minerals are Bi-tellurides (pilsenite), Pb-Bi
sulfotellurides (aleksite and the phase Pb3Bi4Te4S5), PbBi-Ag sulfosalts (members of the lillianite-homologous
series), hessite, bismuthinite and native-Bi. Gold occurs
as electrum (from 9 to 25.5 wt.% Ag). Electrum and
these Te-Bi-Ag-Pb bearing minerals along with galena
appear in intergranular spaces between arsenopyrite
crystals or fill cavities and intragranular micro-fractures
of arsenopyrite and pyrite. Scarcer electrum appears as
rounded inclusions in chalcopyrite.
The galena EMP analyses indicate coupled
substitution of Pb+2 for Bi+3 and Ag+. This sulfide often
occurs along with bismuthinite and shows exsolution
lamellae of minerals from the lillianite-gustavite series.
On other occasions, native-Bi accompanies galena as
coarse grains at the border of the sulfide or as microinclusions oriented along (111) planes of the galena
crystals. The BSE images of these micro-inclusions
showed the presence of an Ag-rich sulfide (probably
Ag2S) together with the native-Bi. However, its small
size (0.5 to 2.0 μm) does not allow us to obtain reliable
analyses to identify this sulfide accurately. The main
stage II gangue mineral is chlorite (ripidiolite-daphnite).

were developed. In the studied area, these structures are
mainly represented by the Régua-Verín NE trending
fault system (N20-40E). Variscan granitoids are
widespread in the GTMZ and two main groups have
been distinguished: synkinematic and post-kinematic.
The former are S-type two mica granites (syn-D3: 315310 Ma) and the latter are biotite granites that were
emplaced after the main phases of crustal shortening,
thus being late to post-D3 (310-280 Ma) (Noronha et al.
2000 and references therein).

3 Sampling and analytical methods
Samples from two drill cores were studied by optical
microscopy, SEM-EDAX, EPMA (Cameca SX100) at
Oviedo University in order to characterize thoroughly
the ore paragenesis. In addition, 160 analyses of trace
elements (Au, Ag, Sb, Pb, Bi, Te) were performed in
arsenopyrite by EPMA with the operating conditions: 20
kV, 100 nA and 120-180s count time to obtain lower
detection limits (Au 265 ppm, Ag 92 ppm, Sb 160 ppm,
Pb 330 ppm, Bi 460 ppm, Te 215 ppm, 95%
confidence).

4

The Limarinho deposit

The mineralized structures are a system of quartz veins
with a strike of N30-40E and subvertical dip. Most of
them have a thickness of around 2 cm, although they can
reach up to 20 cm. They are hosted by peraluminous
muscovite-biotite granite belonging to the Chaves
Granitic Complex. This is a syn-D3 granitic massif
which is located in a D3-antiform core. These quartzvein sets occur close to the Régua-Verín fault (Fig. 1),
the trend of these veins running almost parallel to that of
this major fault. A detailed structural analysis (Griveaud
and Dixsaut 1989) showed that the trends of exposed
mineralised veins are grouped predominantly in the NE
sector and another subordinate group is in the N sector.
These authors proposed an stress field rotation occurred
during the mineralizing event, with initially N-trending
sinistral strike-slip producing one auriferous veins set,
and then a rotation of the sinistral strike-slip direction to
a NE-orientation producing cross-cutting veins.
4.1Ore paragenesis: mineralogical, textural and
chemical characteristics
Arsenopyrite is the commonest sulfide in the ore-bearing
veins, and occurs together with base-metal sulfides,
native gold, electrum and sulphosalts, mostly tellurides
and bismuthides. These minerals occur mainly in veins
filled by milky quartz with textures of deformation
(undulose extincion and deformation bands), and minor
proportions of K-feldspar (Or96.9-98.5Ab1.5-3.1), fluorapatite (3-4 wt.% F), muscovite and arsenopyrite as the
main opaque. The sulfoarsenide is coarse-grained and
often fractured and healed by quartz, indicating repeated
tectonic activity during and after its deposition. In vein
selvages, a halo of alteration (4 to 10 cm in width) is
present and in which K-feldspar and biotite of the granite
are replaced by quartz, muscovite and albite, together
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5

Conclusions

The ore paragenesis study in the Limarinho deposit
allows us to establish two main stages of gold
deposition. The gold-deposition stage I is characterized
by the presence of Bi-Te-S phases with Bi/Te ratios <1,
indicating low fS2 and fTe2. Also, the presence of
maldonite indicates reduced conditions (Cook and
Ciobanu 2004). Temperature (T) for the early
arsenopyrite-bearing Stage I can be estimated using Apy
I composition and the geothermometer of Sharp et al.
(1985). Even though pyrrhotite was not found in the
studied samples, we assume from the Bi/Te ratios
mentioned above that the fS2 was that of the
arsenopyrite-pyrrhotite assemblage, in order to use this
geothermometer. The obtained T for the Apy I deposition
ranges from 350 to 435ºC. The distribution of the of AuBi-Te phases indicates they formed later than the main
stage of arsenopyrite deposition. But the observed
textures suggest these phases would have deposited as
melt droplets at temperatures higher than the melting
point of the Au-Bi-Te phases [e.g., Au2Bi (maldonite) +
Bi + Bi7Te3 (hedleyite) at 235 ºC; Bi7Te3 + Bi at 266 ºC].
The stage II mineral assemblages are interstitial to
arsenopyrite crystals, filling fractures in the
sulfoarsenide or corroding it, thus they postdate the
arsenopyrite deposition. This stage is characterized by
the presence of sulfides (pyrite, galena and bismuthinite)
and sulfotellurides, indicating higher fS2 than that of the
previous stage I. Moreover, tellurides appear corroded
and replaced by the sulfides, indicating an evolution
towards increasing sulfur fugacities during stage II. The
presence of Bi- and Ag-bearing galena and several PbBi-Ag sulfosalts, as well as exsolution evidence enable
us to consider the precipitation of intermediate solid
solutions of the system Bi2S3-Ag2S-PbS at higher
temperatures. Further studies of these assemblages in the
deposit are necessary before using them as deposition
temperature indicator. However, these previous
investigations have proved that a detailed study of these
assemblages can be a helpful tool to aid in the
comprehension of gold deposition conditions.
The Limarinho deposit shows features which are quite
similar to other Au-bearing quartz veins in late Variscan
deposits all over Europe (NW Iberian Peninsula: N
Portugal and Galicia, French Massif Central, Bohemian
Massif) as described by several authors (e.g., Noronha et
al. 2000; Boiron et al. 2003). These analogies include the
timing of gold introduction and the association of Au with
Pb, Bi, Cu, Te, Ag bearing-minerals. According to these
authors, the gold ores formed as a result of successive
periods of fluid circulation during the uplift of the
Variscan basement. These ores are frequently hosted in
granites because major structural discontinuities (shear
bands and faults) favoured emplacement of the igneous
rock and the later circulation of the ore-bearing fluids. In
the studied area, one of these structural discontinuities
could be the Régua-Verín NE-trending fault system.
According to a number of authors (e.g., GutiérrezClaverol et al. 1988; Martin-Izard et al. 2000; Cepedal et
al. 2000) these structures exhibit regional control on sites
of gold deposition and igneous intrusion in the Iberian
Massif. However, there is no evidence of a genetic link
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between this gold ore and the enclosing syn-tectonic
granite. In order to confirm this assessment, stable
isotopes and fluid inclusion studies are in progress in the
Limarinho deposit.
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Host rock composition and hydrothermal alteration as
tools for exploration in the Nanortalik gold district
Denis M. Schlatter, Jochen Kolb
Department of Petrology and Economic Geology, Geological Survey of Denmark and Greenland (GEUS), Øster
Voldgade 10,1350 Copenhagen K, Denmark
Abstract. Nalunaq, Greenland’s first gold mine, was
officially opened in August, 2004 and is located on the
Nanortalik peninsula in South Greenland. The high-grade
gold mineralization is hosted in an up to 2 m wide quartz
vein in hydrothermally altered amphibolite of
Paleoproterozoic age. The auriferous quartz vein is
controlled by a higher-order thrust in the lowermost
stratigraphy of the Ketilidian Nanortalik nappe. Immobileelement ratios indicate seven different primary
amphibolite rock types and identified one single marker
horizon namely basalt X. Three different hydrothermal
alteration stages were distinguished but only the latest
one is associated with economic gold mineralization. The
most proximal part of the gold-stage hydrothermal
alteration system is the auriferous quartz vein. The
medial alteration zone comprises biotite and the distal
alteration zone is made up of diopside and quartz.
Lithogeochemical techniques show that the gold-stage is
characterized by mass gains of Si and K and that the Aurich fluids were enriched in Ag, As, Sb, Bi and W which
are typical characteristics for hypozonal orogenic gold
deposits.

Zone, which comprises mafic meta-volcanic rocks,
meta-arkoses as well as post-kinematic rapakivi
granites. The Nalunaq gold deposit is hosted in mafic
meta-volcanic rocks metamorphosed to upper
greenschist to amphibolite facies grades, which are
thrust over the meta-arkose. In the following the prefix
“meta” is omitted for simplicity.

Keywords. orogenic gold, Nalunaq, South Greenland
Figure 1. Schematic geological map of the Ketilidian Orogen,
South Greenland (modified after Chadwick and Garde 1996).
The Nalunaq gold mine is about 35 km NE of Nanortalik.
Other gold occurrences near Nalunaq are Lake 410, Ippatit and
Niaqornaarsuk.

1 Introduction
Nalunaq is the first and only gold mine in Greenland. To
date >300,000 troy ounces of gold have been produced.
The Nalunaq ore body yields high gold grades with
several hundred g/t of gold and underground samples
with visible gold (VG) and gold contents of up to 5200
g/t (Kaltoft et al. 2000). Here we present the
geochemical whole rock data of >4,700 rock samples.
These were reported by exploration companies in the
period 1992 to 2004, however a comprehensive
interpretation of this data set was only undertaken by
this study. Angel Mining (Gold) A/S has recently built
an underground CIP plant, which is expected to produce
35,000 ounces of gold per year (Chadwick 2010). The
data and interpretation presented here aim to provide
inspiration to define brownfield exploration targets
which can be tested and possibly provide ore feed to the
CIP plant in the future.

2.1 Geological setting of the Nalunaq gold
deposit
The Nalunaq gold mineralization has an age of
approximately 1.80 to 1.77 Ga (Stendal and Frei 2000),
is hosted in a thrust sheet of the Nanortalik nappe and
formed during the Ketilidian orogeny. The true
stratigraphic way up of the host rock unit is unknown
because of the lack of primary textures; hence the unit is
labelled into structural footwall (FW) and structural
hanging wall (HW) with respect to the main auriferous
quartz vein (MV-Qtz); (Fig. 2).
The FW is made up of biotite granite belonging to
the Julianehåb Batholith and underlying the volcanic
rocks. The biotite granite is intruded by a porphyritic
granite that contains up to 200 ppb gold. The FW also
comprises basaltic volcaniclastic rocks, fine-grained
amphibolite and several metres thick coarse-grained
dolerite sills. Although the sequence of volcaniclastic
rocks are sulfide-enriched, they never contain economic
gold mineralization.
The Nalunaq ore horizon comprises the 0.5 m to 2 m
thick auriferous MV-Qtz and the proximal about 1 m to
1.5 m wide hydrothermal alteration halo, which occurs

2 Regional geology
The Ketilidian orogen evolved between 1850 Ma and
1725 Ma during northward subduction of an oceanic
plate under the southern margin of the Archaean North
Atlantic craton. The orogen is divided into four
geological domains: the Ketilidian Border Zone, the
Julianehåb Batholith Zone, the Psammite Zone and the
Pelite Zone (Fig. 1). Nalunaq is located in the Psammite
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granite and volcaniclastic rocks of the FW and epidote
occurs in the contact aureole (Fig. 2); and a third
alteration stage is associated with economic gold
mineralization. The most proximal part is the auriferous
quartz vein (Fig. 3). The intermediate hydrothermal
alteration zone comprises biotite-altered bands of about
15 cm thickness containing sulfides. The distal
hydrothermal alteration zone is about 1.5 m thick and is
made up of diopside and silica-altered amphibolite and
dolerite rocks. The thickness of the hydrothermal
alteration zones varies between several tens of
centimetres to up to a few meters.

on both sides of the vein. The MV-Qtz can be traced at
surface for about one km on the east and north facing
slopes of the Nalunaq mountain and crosscuts the
foliation at a low angle, whereas the foliation is parallel
to the bedding. The Nalunaq hanging wall vein (HWV),
although thinner, less continuous and containing less
gold than the MV-Qtz, comprises a few tens of
centimetre thick Qtz vein sometimes with VG. The HW
consists of a sequence of fine-grained amphibolite,
medium-grained and coarse-grained dolerite. Several
generations of pegmatite and aplite crosscut the
tectonostratigraphic sequence.

Figure 3. Photograph of a sample from the MV-Qtz at the 450
m drift. Zones of lighter parts are quartz and the green parts
represent diopside slivers. Gold grains are indicated.

3 Lithogeochemistry
In order to establish the geochemical classification, we
used immobile element ratios involving Zr/TiO2,
Zr/Al2O3 and Al2O3/TiO2. 447 amphibolites are
classified into basalt 1, basalt 2, basalt 3, basalt 4, basalt
X, basaltic andesite 1 and basaltic andesite 2 (Table 1).
Table 1. Average immobile-element ratios of the amphibolites
(division from Barrett and MacLean 1994).

Figure 2. Simplified tectonostratigraphic sequence of
Nalunaq. The stratigraphy is relatively simple and consists
mainly of fine-grained amphibolite and coarse-grained dolerite
sills. Host rocks are amphibolite or dolerite because of the
cross cutting nature of the MV-Qtz.

2.1 Hydrothermal alteration and gold
mineralization
The most abundant hydrothermal alteration minerals are
quartz, biotite, diopside, Ca-rich amphibole, Ca-rich
plagioclase, carbonates, muscovite, epidote, chlorite,
tourmaline and sphene and the ore minerals are gold,
arsenopyrite, pyrrhotite, pyrite, chalcopyrite, scheelite,
maldonite, löllingite and Bi-sulfosalts (Kaltoft et al.
2000). Three hydrothermal alteration stages are
distinguished: early alteration is characterized by garnet,
epidote, diopside and plagioclase; a second alteration
stage is caused by contact metamorphism between

In detail basalt 2, basalt 3 and basalt 4 have similar
geochemical characteristics, are tholeiitic as shown by
their Zr/Y ratios (Table 1) and are possibly co-magmatic
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alteration mineral assemblage and lithogeochemistry
three hydrothermal alteration stages were distinguished.
Nevertheless only the latest stage characterized by
quartz, biotite and diopside is associated with economic
gold mineralization. Diopside and garnet occur also in
the first alteration stage, which is barren and possible
related to sea-floor hydrothermal alteration. The latest
hydrothermal alteration stage involving Au, Si and K
might
then
have
overprinted
pre-existent
metamorphosed alteration assemblages.
The gold mineralisation at Nalunaq is located in
volcanic rocks at the contact of dolerite and amphibolite
units where a maximal rheological contrast occurs. At
this contact the MV-Qtz developed from Au, As, Ag, Sb,
Bi and W-enriched fluids. Although the Nalunaq deposit
is orogenic, the close spatial association with calcalkaline and porphyritic granites is intriguing. Elements
such as Sb, Bi and W are often associated with felsic
igneous rocks and also indicate a possible intrusion
related gold system (Groves et al. 2003). It is, therefore
recommended, to target volcanic rocks associated with
calc-alkaline and porphyritic granites for gold
exploration. Within these volcanic rocks, or even
possibly within granitic rocks, a shear zone associated
with Si-and K-enriched rocks with anomalous levels of
Au, As, Ag, Sb, Bi and W represent a particular good
target in the Nanortalik gold district or elsewhere in
South Greenland.

although time relations are unknown. Basalt X has
different immobile element ratios (Table 1) and
represents one single geochemical marker horizon,
which is only found in the FW.
3.1 Pathfinder elements for gold and mass
change calculations
The elements Ag, As, Sb, Bi and W correlate with gold
and display Spearman rank correlation coefficients
>0.45 (Schlatter and Olsen, 2011). The hydrothermal
alteration as defined by mass change calculations using
single-precursor treatments (Barrett and MacLean 1994)
is characterized by the addition of SiO2 (up to 35 g/100g
of rock), K2O (up to 1.2 g/100g), CaO (up to 20 g/100g)
and gold. Enrichment of As is seen not only from the
MV-Qtz level, but also in the FW and HW. This is in
agreement with the observations from rocks, which are
characterized by strong As enrichment accompanied by
silicification but without gold enrichment (Fig. 4). E.g.,
several silicified rocks from the HW-dolerite located
about 25 m above the MV-Qtz level are strongly
enriched in As, but not Au-enriched. It is suggested that
this alteration belongs to the latest stage occurred distal
to the MV-Qtz and involved lower fluid/rock ratios and,
thus, less gold. Therefore As enrichment cannot be used
solely as a vector to the ore.
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Figure 4. As versus ΔSiO2 for samples of the footwall, the
hanging wall and the ore horizon.

4 Discussion and conclusions
Rocks of low-K tholeiitic basaltic composition are
known from island arc and sea floor settings. Therefore
it is conceivable that the volcanic rocks at Nalunaq
represent oceanic basalts. This is in agreement with lowK tholeiitic amphibolites exposing relict pillow
structures in fine-grained amphibolite (Petersen et al.
1997). Although the gold mineralization is not hosted in
a distinctive chemical rock type, Basalt X is only seen in
the FW and allows the establishment of the
chemostratigraphy. The location of the economic gold
mineralization is likely not controlled by the wall rock
geochemistry, but is rather controlled by the rheology
contrast between dolerite and amphibolite. Based on the
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Metamorphosed and orogenic gold-quartz veins of the
Paamiut gold province, South-West Greenland: a
genetic model for prograde metamorphism of orogenic
gold deposits
Jochen Kolb
Department of Petrology and Economic Geology, Geological Survey of Denmark and Greenland, Øster Voldgade 10,
1350 Copenhagen K, Denmark
Abstract. The Paamiut gold province in the North Atlantic
craton of South-West Greenland comprises mesozonal
orogenic gold occurrences and metamorphosed orogenic
gold occurrences. Gold is hosted in favourable structures
of a foreland fold-and-thrust belt in a lateral and frontal
ramp system. Whereas the mesozonal gold is hosted in
SE-vergent structures, the metamorphosed gold
occurrence is hosted in NW-vergent structures
interpreted as back thrusts. Thrust tectonics and
hydrothermal gold mineralization are interpreted to be
related to NW-SE accretion orogeny. The outermost parts
of the foreland fold-and-thrust belt were probably
involved into subduction, which would explain prograde
metamorphism and partial melting of the gold ores.
Exhumation is thought to have occurred during
progressive accretion along the back thrusts. Both, the
mesozonal gold and the metamorphosed gold are
interpreted as having formed during the same accretion
orogeny and, thus, belong to the same mineralizing
system.
Keywords. orogenic gold,
overprint, Archean, Greenland

prograde

2 Regional geology
The Paamiut gold province is situated in the North
Atlantic craton of South-West Greenland. The area is
characterized by an approximately 1.5 km wide
greenstone belt that is intruded by the precursor rocks of
TTG gneiss and late-tectonic leuco-granite (Fig. 1). The
stratigraphic base of the greenstone belt is formed by
komatiite, followed by basaltic flows and volcaniclastic
rocks, and andesitic to dacitic volcaniclastic rocks at the
top. Aplitic intrusions that cross cut the volcanic and
volcaniclastic rocks yield an age of ca. 2920 Ma, giving
an age frame for the supracrustal succession (Kokfelt
pers. com.). The TTG gneisses have intrusion ages of ca.
2875-2850 Ma (Friend and Nutman 2001).

metamorphic

1 Introduction
Recently, the crustal continuum model for orogenic gold
deposits has been discussed, mainly questioning the
existence of the high temperature (hypozonal) end
(Phillips and Powell 2009; Tomkins and Grundy 2009).
A maximum temperature of approximately 550-650°C is
suggested based on the facts that: (1) metamorphic
devolatilization, providing the ore fluids, is most
effective in the range of 440-520°C (Phillips and Powell
2010); and (2) partial melting of the hydrothermal
alteration zones would start at approximately 650°C
(Tomkins and Grundy 2009). Hypozonal deposits such
as Griffins Find and Challenger are now recognized as
being metamorphosed deposits (Tomkins and
Mavrogenes 2002; Tomkins and Grundy 2009), whereas
Renco is a hypozonal deposit that formed on the
retrograde path (Kolb et al. 2000; Kolb and Meyer
2002).
In this paper, I present data from the Paamiut gold
province in South-West Greenland (Fig. 1), where
typical mesozonal gold-quartz veins occur along strike
with metamorphosed gold-quartz veins that show in situ
partial melting textures of the hydrothermal alteration
zones.

Figure 1. Schematic geological map of the Paamiut gold
province

2.1 Metamorphism
The main lithology of the greenstone belt is amphibolite
with an amphibolite facies mineral assemblage,
comprising hornblende, plagioclase and quartz. Also the
ultramafic and felsic lithologies as well as the TTG
gneisses have typical amphibolite facies assemblages. In
the east however, the TTG gneiss shows migmatitic
banding and the supracrustal rocks contain in situ partial
melt pockets. These pockets are coarse-grained,
comprising
plagioclase,
quartz,
clinopyroxene,
orthopyroxene, garnet and hornblende. This mineral
assemblage and the partial melt fabrics indicate granulite
facies peak metamorphic conditions in this area.

547

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

alteration is characterized by proximal hornblende
selvages around the quartz veins. The distal alteration
assemblages vary between the different host rocks: (1)
amphibolite has a quartz-hornblende/orthoamphibolebiotite-tourmaline-ankerite-pyrrhotite-arsenopyrite-chalcopyrite±garnet±muscovite assemblage; (2) a quartzmuscovite-calcite-hornblende-pyrrhotite-arsenopyritechalcopyrite alteration assemblage is developed in the
intermediate to felsic meta-volcaniclastic rocks; and (3)
the TTG gneiss shows a hornblende-biotite-tourmalinecalcite-pyrrhotite-arsenopyrite-chalcopyrite
alteration
assemblage.
The hydrothermal alteration assemblages replaced
the peak metamorphic minerals and probably formed
retrograde in the upper greenschist facies under
mesozonal hydrothermal conditions.
The quartz veins comprise bluish grey to milky
quartz, arsenopyrite and gold. They are 2-20 cm wide,
only very few are wider and reach up to 20 m width.
Three different sets are distinguished: (1) S1 foliation
parallel shear veins; (2) folded veins where the S1
foliation is axial planar and (3) veins crosscutting the S1
foliation at an angle typical of extensional shear veins.
The different quartz veins formed initially during D1
reverse or strike-slip shearing as a set of veins in shear
vein, extensional shear vein and extension vein
orientation. Progressive shortening perpendicular to the
shear zone boundary resulted in boudinage of shear veins
parallel to the S1 foliation and folding of veins that
initially formed oblique to the shear zone boundary, i.e.
extensional shear veins and extension veins.

2.2 Structure
The greenstone belts and gneiss areas are characterized
by one penetrative foliation (S1) that is defined by the
amphibolite facies mineral assemblages. In the eastern
granulite facies area, two major foliations (S1 and S2) are
distinguished.
In the west, the S1 foliation parallels the greenstone
belts (Fig. 1). NE-SW trending S1 dips moderately to the
NW and formed during SE-vergent thrusting. Several
parallel thrust zones occur and have a spacing of
approximately 1-3 km. The thrust zones are linked by
ENE-WSW trending zones characterized by near
vertical, NNW dipping S1 (Fig. 1). These zones represent
dextral strike slip shear zones, forming a lateral and
frontal ramp system with the thrust zones. The thrust
planes are folded into open folds with fold axes parallel
to the strike of S1, indicating that folding occurred during
the late stages of thrust tectonics and the formation of a
fold-and-thrust belt. Rare late veins and foliations
(extensional crenulation cleavage fabrics) formed during
NW-SE extension postdating the thrust tectonics.
In the east, S1 trends NNW-SSE and forms a
sigmoidal foliation between the NNE-SSE trending,
moderately SSW dipping S2 foliation. S1 and S2 form
10’s-100’s meter-scale duplex structures showing reverse
sense of deformation to the NW (Fig. 1). TTG gneiss
sheets are parallel to the S1 foliation. Leuco-granite
sheets intruded late-tectonically parallel to S2 into the
thrust zones. Ductile and brittle fabrics are parallel and
show consistent sense of movement, suggesting
exhumation from the ductile to the brittle regime along
these D2 thrusts.
The geometry of the structures in the Paamiut gold
province characterizes a SE-vergent fold-and-thrust belt
in a lateral and frontal ramp situation. The NW-vergent
D2 thrusts in the east represent back thrusts, along which
higher metamorphic grade rocks were exhumed.

3.2 Metamorphosed orogenic gold
mineralization
In the eastern granulite facies area, gold mineralization is
hosted in quartz veins and surrounding zones. The quartz
veins are generally parallel to the S1 foliation and
deformed by the D2 deformation. The zones surrounding
the quartz veins show only relics of the mesozonal
alteration assemblage described above. These zones are
often characterized by a coarse-grained assemblage of
quartz-plagioclase-clinopyroxene-garnet-chalcopyritearsenopyrite-pyrrhotite (Fig. 2), where the sulfides
commonly form semi-massive to massive aggregates.
These leucocratic seams likely represent in situ partial
melt features: they contain between 100-400ppb Au.

3 Hydrothermal gold mineralization and
alteration
The Paamiut gold province comprises several gold
occurrences in the fold-and-thrust belt over a strike
extent of approximately 40 km. The province is located
to the east of the Paamiut village that has a harbour and
an air strip. NunaMinerals A/S is exploring one of the
gold occurrences on the Akuliaq peninsula and has
reported (1) quartz-carbonate alteration zones containing
pyrite, chalcopyrite, arsenopyrite and up to 12 g/t gold;
and (2) quartz veins with carbonate-pyrite-arsenopyrite
alteration halos containing up to 4 g/t gold. GEUS found
new occurrences of up to 2.6 ppm gold during the 2010
expedition. Gold mineralization is hosted by higherorder thrust zones and in complex duplex structures of
the strike-slip zones.

partial melt

3.1 Mesozonal gold mineralization
The mesozonal gold mineralization is hosted in quartz
veins and hydrothermal alteration halos in different host
rocks mainly of the greenstone belt. The hydrothermal

Figure 2. Photograph of quartz vein with a coarse-grained
plagioclase-clinopyroxene-quartz halo, derived from partial
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melting of a hydrothermal alteration zone.

the typical orogenic gold deposits and the
metamorphosed deposits formed in the same orogenesis
during progressive accretion and, thus, formed in the
same orogenic mineralizing system.

There is compelling evidence that quartz veins and
hydrothermal alteration zones formed early in the
tectono-metamorphic
evolution
and
that
the
hydrothermal alteration zones were partially molten
similar to unaltered host rocks in the granulite facies.
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The mesozonal gold mineralization of the western
Paamiut gold province shows typical features of an
Archean orogenic gold mineralizing system. The gold
mineralization is hosted in quartz veins that formed in a
metamorphic terrane and are controlled by the regionalscale fold-and-thrust belt and the lateral and frontal ramp
structure. The hydrothermal alteration assemblages
formed during deformation and metamorphism and are
relatively poor (<5 vol.%) in sulfides. The tectonic
setting in a fold-and-thrust belt is typical for the foreland
in an accretionary orogen (Groves et al. 2003; Goldfarb
et al. 2001; Kerrich et al. 2000). Orogenic auriferous
fluids likely were tapped by the shear zone system and
focused into structurally favourable sites, locating
mesozonal gold mineralization (Fig. 3).
Metamorphosed orogenic gold mineralization is
indicated by partial melt production in hydrothermal
alteration zones during prograde granulite facies
metamorphism (Fig. 2). The gold mineralized rocks were
exhumed along back thrusts in the foreland fold-andthrust belt (Fig. 3).
The Paamiut gold province likely formed during
NW-SE accretion of different terranes. Mesozonal
orogenic gold mineralization formed during progressive
shortening in the foreland fold-and-thrust belt. The
outermost parts of the foreland were most probably
involved in a NW-progressing and NW-vergent
subduction.
Early
mesozonal
orogenic
gold
mineralization is interpreted to having been involved in
subduction, which resulted in the prograde metamorphic
overprint and partial melting of the hydrothermal
alteration assemblages. In later stages of the progressive
NW-SE accretion these metamorphosed orogenic gold
occurrences were exhumed again along back thrusts of
the foreland fold-and-thrust belt.
NW

mesozonal gold
Mellembydgen

Au

Akuliaq

Au Au

Au

metamorphosedgold
Akulleq glacier

Au
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Figure 3. Schematic cross section through the fold-and-thrust
belt, showing the mainly SE-vergent structures. The NWvergent structures in the east are interpreted as back thrusts,
where the granulite facies rocks were exhumed.

5 Conclusions
The Paamiut gold province comprises typical mesozonal
orogenic gold occurrences and metamorphosed orogenic
gold occurrences. Both are hosted in the same regionalscale fold-and-thrust belt structure and form an integral
part of its formation during accretionary tectonics. Both
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The Villalba gold district (Lugo, NW of Spain)
Iker Martínez-Abad, Antonia Cepedal, Daniel Arias, Agustín Martin-Izard
Department of Geology, University of Oviedo, C/ Arias de Velasco s/n, 33005, Asturias, Spain
Abstract Located near the city of Villalba (Lugo, Spain),
within the West Asturian Leonese Zone (Iberian Variscan
Massif), three mineralized areas have been found in a 15
km long NNW-SSE oriented zone which is thus defined
as a new gold district in the NW of the Iberian Peninsula:
the Villalba Gold District. The mineralization is related to
late-Variscan faults that controlled the intrusion of granitic
bodies and later rhyolitic sub-volcanic dikes, and is
hosted mainly by metamorphosed impure limestone and
black slates, lower Cambrian in age. Two main types of
deposit has been identified, one a gold skarn with Bi-TeAu metal assemblage and the other low-temperature
polymetallic mineralizations with Au-As-Sb and Ag-PbZn±Cu±Au metal assemblages. The low-temperature
mineralizations occur disseminated in altered host rocks
and also infilling veins in at least two stages. The first
mainly consists
of
fine
grained
gold-bearing
sulfoarsenides, the gold mainly being refractory. This
stage is partially replaced by the second one that
consists of base metals and Pb/Sb/Ag sulphosalts. The
different types of deposit, metal association and
geochemistry signature observed allow us to propose a
intrusion-related gold system model for the Villalba Gold
District.
Keywords. intrusion-related gold systems, Skarn,
Villalba, Spain

1 Introduction
In the NW of the Iberian Peninsula the presence of gold
has been recognized since Roman times. To date,
several gold mineralized areas have been defined in this
part of the peninsula. They are grouped into four gold
belts (Spiering et al. 2000). In this work we report on
three gold mineralized areas, located between the
westernmost gold belts of Oscos and Malpica (Fig. 1a),
near to the town of Villalba (Lugo), constituting a new
gold district in NW Spain, the Villalba Gold District.
These areas, known from N to S as Castro de Rey,
Valiña and Arcos (Fig. 1b), are situated in a narrow 11
km long, NNW-SSE oriented zone. The mineralization
of Valiña was recognized by Schulz in 1835. Later,
González Lodeiro et al. (1982) made a first description
of the ore, describing löllingite, jamesonite, galena,
tetrahedrite, pyrite and chalcopyrite. Both Castro de
Rey, which consists of a gold skarn, and Arcos, which
consists of a polymetallic deposit similar to Valiña, were
discovered during exploration started in 1998 by the
company Outokumptu. Both of these occurrences were
hither to unknown. From 1998 to 2004, the last year in a
joint venture with Río Narcea Gold Mines, a regional
airborne geophysical survey and 56 drill holes totaling
more than 11,500 m of drilling distributed throughout
the three mineralized areas were carried out. These
works also enabled us to recognize igneous rocks within
or close to the mineralized areas. The outcrop of a
porphyritic dike in Castro de Rey was previously the

Figure 1. a. Regional geology of the NW of Spain with the
situation of the gold belts defined by Spiering et al. (2000) b.
Schematic geological map of the Villalba gold District.

only igneous rock known in the area (González Lodeiro
et al. 1979).
The aim of this study is to describe the geological
features that controlled the mineralization and to give the
first petrographic and geochemical characterization of
the igneous rocks recognized during the exploration. At
the same time we aim to provide a preliminary
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like apophyses. All these subvolcanic rocks normally
exhibit slight to pervasive hydrothermal alteration.
Sericitization is the most common, although
argillization, and feldespathic and propylitic alteration
were also recognized. In Castro de Rey mafic
subvolcanic rocks were also found by drilling. These
rocks show similar characteristics to the NE-SW
subvertical mafic dikes related to the Cretaceous
magmatism in the NW of Spain, although a more
detailed study needs to be done.
Fresh samples of the dikes were taken for
petrographic and geochemical studies, which revealed
two types: rhyolites, muscovite- or biotite-bearing, and
basaltic andesites. The muscovite-bearing rhyolites occur
in the Arcos area with porphyritic to microgranitic
texture, and comprise abundant phenocrysts of quartz,
alkali feldspars, slightly or pervasively sericitized, and
muscovite. Accessory minerals are biotite, zircon,
apatite, monazite, allanite and pyrite and arsenopyrite,
usually completely oxidized. The biotite-bearing
rhyolites occur in Castro del Rey, are porphyritic in
texture, with biotite instead of muscovite as a major
mineral. The basaltic andesites are intergranular in
texture and consist of plagioclase (An30-70) and biotite
with ilmenite and pyrite as accessories.
All these rocks are high potassium calc-alkaline and
subalkaline rocks. The rhyolite rocks range from
metaluminous to peraluminous, while the basaltic
andesites are metaluminous.

characterization of the different types of mineralization
that occur in the district as well as propose a possible
metalogenetic model for them.

2 Geology of the district
The Villalba gold district is situated in the west part of
the West Asturian Leonese Zone (WALZ) (Julivert et al.
1972) of the Iberian Massif (Fig. 1a), the westernmost
exposures of the European Variscan Belt.
The stratigraphic sequence is formed by the Cándana
Group (lower Cambrian; Walter 1966), comprising the
Lower Quartzite Fm., and the Limestones and Slates Fm.
that can also be divided into two members. The lower
member hosts almost the whole of the mineralization. It
consists of impure limestones with intercalated layers of
calcareous and black slates, 150 m in thickness, which
change laterally to a slate-predominant sequence. The
upper member is formed by green sandstones and slates.
Regional metamorphism that increases towards the
west from greenschist to amphibolite facies affected the
rocks of the WALZ during the Variscan orogeny. The
District is located within the biotite zone. However, as
we observed in the cores of Castro de Rey, this area was
also affected by contact metamorphism, and the rocks
described above were metamorphosed to marbles,
biotitic slates and hornfels and tourmaline hornfels.
The district was affected by three Variscan
deformation phases (Martínez Catalán et al. 1990): the
first (D1) produced large recumbent and overturned
folds, and a generalized slaty cleavage (S1); the second
(D2) was responsible for thrust-type structures and
associated shear zones; the third (D3) gave rise to large
open folds, approximately homoaxial with the D1 folds,
and also crenulation cleavage (S3), intense fracturing and
shear zones. During the Late-Variscan N-S, E-W and
NE-SW trending fault systems dissected the area. These
fault systems controlled the emplacement of small posttectonic calc-alkaline igneous intrusions in other areas of
the NW of the Iberian Peninsula (Corretgé and Suárez
1990; Spiering et al. 2000; Martin Izard et al., 2000a),
and, in several localities, skarn mineralization are
associated with them (Martin Izard et al. 2000b; Cepedal
et al. 2000; Fuertes-Fuente et al. 2000). In the Villalba
district the late Variscan faults controlled the intrusion of
felsic subvolcanic dikes, but no plutonic rocks outcrop or
were intersected during drilling. However, the contact
aureole and gold skarn in the area of Castro de Rey
indicate the occurrence of a buried igneous body.
Moreover, the geophysical results revealed several
magnetic anomalies trending N-S, located near the
mineralized zones and controlled by late variscan faults
that were interpreted as small granitic post-tectonic
intrusions by the mining companies.

3 Ore deposits
Two main types of ore deposit can be distinguished
throughout the district, a gold skarn and low temperature
polymetallic deposits. Whereas both deposit styles are
present in the Castro de Rey area, only the latter is
present in Valiña and Arcos.
3.1 Gold Skarn (Bi/Te/Au)
The structure of the Castro de Rey area is dominated by
an overturned syncline (D1) affected by sub-vertical (D3)
folds and late variscan faults. The core of the syncline
comprises the Limestones and Slates Fm., while the
outer part comprises the lower Quartzite Fm. The skarn
alteration is mainly controlled by a sub-vertical N-S late
variscan fault, known as the Castro fault (Fig. 1b), and
spreads laterally across both flanks of the syncline along
bedding planes and receptive facies of the lower member
of the Limestones and Slates Fm. The alteration consists
of several levels of calcic skarn with variable thickness
(from a few centimeters to 5 m).
The prograde skarn consists of wollastonite, garnet
(Adr25-62), pyroxene (Hd20-100), quartz, calcite, and scarce
fluorapatite and scheelite. The retroskarn consists of
amphibole (ferrohornblende to actinolite), epidote,
scapolite, prehnite, sphene and sulfides. The sulfides are
early pyrrhotite with scarce chalcopyrite, sphalerite,
molybdenite and cobaltite; and late gold mineralization
occurring as Bi/Te/Au assemblages formed by native-Bi,
bismuthinite, hedleyite, joseite-B and electrum. In more
distal areas, around 200 m from the well-developed

2.1 Igneous rocks
Several felsic subvolcanics dikes were found in Arcos
and Castro de Rey areas during the exploration. They
intruded along N-S and NE-SW late-variscan faults after
the skarn formation, and dip from 45º to near vertical
with variable thickness (up to 5 m). In Arcos, they also
intruded along bedding planes and D2 thrust faults in sill-
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assemblages, such as the Castro de Rey skarn, would
represent the type of deposit that is formed adjacent to
intrusions. Meanwhile, deposits with Au-As-Sb
signatures, as well as late or peripheral veins with an
assemblage dominated by Ag-Pb-Zn±Cu±Au, like the
low temperature mineralization described above, would
represent the type of deposit formed peripheral to
intrusions. Finally, we interpret two independent systems
for the district. One would comprise the skarn of Castro
de Rey and the peripheral mineralization of Valiña. The
other one would comprise the mineralized area of Arcos
that has been interpreted as late and/or peripheral to an
igneous body sited at depth. This fact must be taken into
consideration to plan future exploration targets.

skarn, there are several levels of limestone replacement
with abundant pyrrhotite and accessory chalcopyrite and
sphalerite.
The geochemistry of the mineralized skarn samples
shows a strong correlation between Au and Bi.
3.2 Low temperature mineralization
This type is present in all the mineralized areas and is
spatially related to the rhyolite dikes. The mineralization
occurs disseminated in altered host rocks and within
veins (centimetrical in scale) located along fractures,
bedding planes and cleavage planes. The host-rock
hydrothermal
alteration
types
are
mainly
decarbonatization–dolomitization, silicification and
argillization. The intensity of the alteration is locally
variable and ranges from weak to pervasive. The
calcareous
rocks
were
mainly affected
by
decarbonatization-dolomitization
and
silicification,
developing in some cases jasperoids, as occurs in the
Arcos and Castro de Rey areas. Argillization was only
recognized in the Arcos area, affecting the Lower
Quartzite Fm. Moreover, supergene oxidation is spread
throughout the superficial levels of this area. In the
Valiña area, the mineralization is hosted by calcareous
and black slates, infilling veins, disseminated within
weak silicified selvages and cementing fault breccias. In
general, for all the mineralized areas, the orientation of
these veins is the same as those given for the subvolcanic
igneous rocks.
The mineralization was developed in at least two
phases. The first consists of fine-grained pyrite, As-rich
pyrite and arsenopyrite, in a matrix of quartz and/or
calcite. Gold mainly occurs as "invisible gold" in the Asrich pyrite and arsenopyrite, although some electrum
grains were also observed. As an example, in the area of
Arcos, the As content of these pyrites ranges from 1 to 5
wt.%, the Au contents being up to 0.2 wt.%.
The second stage replaces the early stage along with
quartz, Fe- and Mg-rich carbonates and chlorite. The
metal assemblage observed depends on the area. In
Valiña, it comprises sphalerite, galena, chalcopyrite, Agrich tetrahedrite (up to 19 wt.% Ag) and jamesonite. In
Arcos, it consists of pyrrhotite, chalcopyrite, sphalerite,
galena, Ag-rich tetrahedrite (up to 4 wt.% Ag), and
Pb/Sb sulphosalts. In Castro de Rey the presence of
bismuth is noticeable, and the assemblages consist of
base metals, native-Bi, bismuthinite, Ag-rich tetrahedrite
to freibergite (4 to 40 wt.% Ag), stibnite, Bi/Sb/Pb/Ag
sulphosalts and electrum.
In the area of Arcos, younger veins with fluorite,
carbonate and chlorite crosscut the mineralization stages
cited above as well as the rhyolites dikes.
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4 Metalogenetic model
The different types of deposit, metal association and
geochemistry signature observed in the Villalba Gold
District allow us to propose a related-intrusion gold
system for the district. In the exploration model
proposed by Lang et al. (2000), the metal assemblage of
RIGS varies in depth and proximity to intrusive contacts.
Based on this model, deposits with Au-Bi-Te±W±Mo
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Invisible gold at the Arcos deposit (Lugo, NW of Spain)
Iker Martínez-Abad, Antonia Cepedal, Daniel Arias, Agustín Martin-Izard,
Department of Geology, University of Oviedo, C/ Arias de Velasco s/n, 33005, Asturias, Spain
Stephen Roberts
School of Ocean and Earth Sciences, University of Southampton, SO14 3ZH, United Kingdom
Abstract The low-temperature mineralization of the
Arcos deposit (Lugo, NW Spain) is spatially related to the
intrusion of porphyritic rhyolites that produced host-rock
alteration,
mainly
decarbonation-dolomitization,
silicification, argillization and sulfidation. The study of
non-oxidized samples has shown an early gold
mineralization stage composed of pyrite and
arsenopyrite, with gold mostly occurring as “invisible
gold”. Several types of pyrite and arsenopyrite were
defined considering their chemical and textural
characteristics. Among these, the Py-II type, which is Asrich (up to 5 wt.%), is the main gold-bearing mineral (up
to 0,2 wt.% of Au), whilst the gold content in arsenopyrite
is erratic and low. The Py-II occurs as fine-grained
pyritohedra and overgrowth rims of previous pyrite
crystals, showing oscillatory As-zoning, the highest Aucontents being in the As-richer zones. This pyrite is
related to silicification of the host-rocks and sometimes
occurs as pseudomorphic replacements of previous Feminerals. The EMPA indicate that gold was both
deposited as free gold (nanoparticles) and as solidsolution in As-rich pyrite. Removal of gold from the
hydrothermal solutions was aided by a sulfidation
process. The slightly negative correlation observed
between the Au and Fe suggests that the mechanism for
Au incorporation into pyrite and arsenopyrite is
substitution for Fe.

2 Geology
The Arcos deposit is located in the West Asturian
Leonese Zone (WALZ) (Julivert et al. 1972) of the
Iberian Massif. The sedimentary rocks in the area are
formed by the Cándana Group (lower Cambrian),
comprising the Lower Quartzite Fm. with quartzites,
sandstones and slates; and the Limestones and Slates
Fm. that can be divided into two members. The lower
one hosts almost the whole of the mineralization. It
consists of impure limestone with intercaleted levels of
calcareous and black slates, 150 m in thickness, which
changes laterally to a slate-predominant sequence. The
upper member is formed by green sandstones and slates.
During the Variscan orogeny, the WALZ was affected
by three deformation phases (Martínez Catalán et al.
1990). The Arcos mineralization is hosted in the inverted
flank of a recumbent and overturned syncline developed
during the first variscan phase (D1). With associated
cleavage (S1), the Limestones and Slates Fm. comprises
the core of the syncline whereas the Lower Quartzite
Fm. comprises the outer part of the fold. The second
phase (D2) was responsible for a thrust-fault that affected
the inverted flank of the syncline, while the third (D3)
gave rise to large open folds, approximately homoaxial
with the D1 folds, and also crenulation cleavage (S3).
During the Late-Variscan, N-S, E-W and NE-SW
trending fault systems dissected the area. Several
rhyolitic dikes intruded along the N-S faults, showing
near vertical dips. These rocks also intruded along
bedding planes and D2 thrust faults, showing low angle
to sub-horizontal dips, in sill-like apophyses.
Spatially related to the rhyolites, low temperature
polymetallic mineralization occurs disseminated in
altered host rocks and within veins (centimetrical in
scale) located along fractures, bedding and cleavage
planes. Different types of host-rock alteration were
observed: sericitization, silicification, decarbonatization,
dolomitization, argillization and sulfidation. The
intensity of the alteration is locally variable and ranges
from weak to pervasive. Sericitization ocurred in the
subvolcanic rocks. The calcareous rocks were mainly
affected by decarbonatization-dolomitization and
silicification, in some cases developing jasperoids.
Argillization affected the igneous rocks and the Lower
Quartzite Fm, in some cases producing pervasively
altered masses of rock with fine-grained quartz, kaolinite
and disseminated sulfides.
In the low temperature mineralization of Arcos, gold
mineralization occurred in an early stage consisting of
fine crystalline gold-bearing As-rich pyrite and
arsenopyrite. The ore occurs disseminated in silicified
impure limestone and calcareous slates of the

Keywords. invisible gold, pyrite, Spain, Arcos, refractory

1 Introduction
In the NW of Spain, there are several deposits in which
gold occurs as invisible-gold in arsenian pyrite and
arsenopyrite (Crespo et al. 2000; Cepedal et al. 2008;
Martin-Izard and Terente 2009), some of them showing
strong analogies with Carlin-type and/or distal
disseminated gold deposits. During the last three
decades, numerous studies have recognized a close
association between Au and As in As-rich pyrite and,
even greater one with an excess of As in arsenopyrites,
and Fe-deficiency in As-rich pyrite and arsenopyrite.
This work focuses on the Arcos deposit (Lugo, NW of
Spain), discovered in 2001 by Outokumptu mining
company, and situated in the newly defined Villalba
Gold District (Martínez-Abad et al. this volume). The
Arcos deposit is a low temperature polymetallic deposit
with an early mineralization stage consisting of finegrained disseminated gold-bearing iron sulfides and
sulfoarsenides. The aim of this study is to establish the
mineralogical, textural and chemical affinities between
gold and the different varieties of pyrite and
arsenopyrite. As well as proposing a possible mechanism
of gold deposition, we focus on the forms in which gold
is present in these minerals.
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correlation between As and Fe is not so evident. As a
general rule, an increase in As is accompanied by
increasing amounts of Au, as will be shown.

Limestones and Slates Fm.; and argillized rocks of the
Lower Quartzite Fm. Moreover, the ore also occurs
infilling veins and fault breccias along with quartz and/or
calcite. Gold mainly occurs as "invisible gold", although
some electrum grains were also observed. Widespread
weathering affected the superficial levels of the area
masking the alteration of the host rocks, especially the
argillized rocks. The supergene alteration developed
gold-enriched gossanized zones, where gold occurs
disseminated as free gold grains liberated from oxidized
gold bearing sulfides.

3 Samples and analytical methods
The samples were taken from outcrops and drill cores in
non-oxidized zones of high Au-grade and barren
mineralization at the Arcos area. The mineralized
samples used in this study are from silicified host rocks,
veins and cemented fault breccias. They were studied by
reflected light microscopy, SEM-EDAX and EPMA
(Cameca SX100) at Oviedo University and the Natural
History Museum of London. More than 70 selected
analyses of trace elements were performed with low
detection limits (e.g., Au 250 ppm, 95% confidence)
under these operating conditions: 20 KV, 100 nA and
acquisition times of 120 and 180s. For the X-ray
mapping images, the beam current used was 40 nA.

4 Sulfide morphology and texture
Both pyrite and arsenopyrite have been divided into
different types, according to their chemical composition
and morphology under the optical microscopy and BSE
images. Pyrite is the most abundant sulfide in Arcos and
has been divided into the following three types.
Py-I: low–As pyrite. In general, this pyrite occurs
disseminated or infilling veins as isolated cubic crystals
or as porous pyrite (Figs. 1a, b). According to
Murowchick (1992), the porous appearance is probably
due to diagenetic origin or inversion of marcasite to
pyrite. Py-I commonly forms a core overgrown by the
other two types of pyrite that will be described later.
Chemically, this Py-I is poor in arsenic (<0.5 wt.%) and
generally lacks other trace elements.
Py-II: As-rich pyrite. This Py-II forms polygonal bands
with oscillatory arsenic zoning, overgrowing the
previous Py-I or separated by a narrow band of gangue
minerals (Figs. 1a, b, c). In few cases, tiny electrum
inclusions occur within the Py-II (Fig. 1a). In jasperoids,
this pyrite occurs disseminated as isolated or in
aggregates small (5 to 20 μm) pyritohedra, sometimes
showing As-zoning and relicts of As-deficient
arsenopyrite. This Py-II texture can also be observed in
weak silicified slaty host-rocks, occurring as
disseminated small pyrites situated along cleavage
planes. The pyritohedra often occur associated with
rutile crystals, as pseudomorphic replacements of
previous Fe-silicates. Chemically, Py-II is characterized
by an enrichment in As from 1 to 5 wt.% (0.6 to 2.7
at.%), and impurities of Cu (up to 0.3 wt.%) and Sb (up
to 0.3 wt.%) (Fig. 1e, f), and occasionally, of Ni (up to
0.1 wt.%) and/or Co (up to 0.1 wt.%). The EMPA
indicate substitution of S by As in the pyrite structure. A

Figure 1. A) and B) BSE images of the As-rich Py-II
overgrowth on Low-As Py-I. In A) a small grain of electrum is
seen. In B) the position of EMPA and gold concentration
(ppm) is indicated. C) BSE image of a single crystal with the 3
different types of pyrite. D), E) and F) X-ray images showing
the distribution of As, Cu and Sb, respectively. G) BSE image
of porous Py-I, As-rich Py-II and "saw like" Apy-I aggregates.
H) BSE image of zoned acicular Apy I.

Py-III: low-As late pyrite. This pyrite occurs as cubic
scattered crystals disseminated in the slaty-calcareous
host rocks and infilling veins. Furthermore, it often
forms the last overgrowth of the composite crystals (Fig.
2c). From a chemical point of view, this type is similar to
Py-I containing low arsenic and other trace elements.
Similarly, the arsenopyrite has also been divided into
three different types.
Apy-I. This mainly occurs disseminated in the slaty
altered host rocks, although scarce crystals of Apy-I also
occur in jasperoids rocks. It occurs as idiomorphic and
small (10 to 200 μm) acicular grains, isolated or in
aggregates, sometimes in a "saw like" overgrowth on PyII (Fig. 1g). The crystals show oscillatory zoning (Fig.
1h), and the As content varies from 25 to 34 at.%,
sometimes showing impurities of Sb (up to 0.2%).
Apy-II. This often occurs as coarse grained (up to 1
mm) isolated idiomorphic to subidiomorphic crystals
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infilling veins. Its As content varies from 30 to 33 at.%.
In some cases, Apy-II shows substitution of Fe by Co
(up to 4 wt%) and, similarly to Apy-1, sometimes
shows impurities of Sb (up to 0.2 wt.%).
Apy-III. This constitutes the last stage of arsenopyrite
precipitation, forming an overgrowth rim around the
previous Apy-II. It is characterized by As-content
ranging from 30 to 31 at.%).

would have relatively high Au and As activity,
precipitating As-rich pyrites that host most of the gold in
the deposit, and later evolving into a solution depleted in
Au and As that forms As-poor pyrite overgrowth rims
(Py-III) on gold-bearing pyrite.
As mencioned above, gold-bearing As-rich pyrite
commonly occurs as pyritohedra formed by
pseudomorphic replacement of previous Fe-bearing
silicates. This fact suggests sulfidation processes,
supporting the hypothesis that precipitation of gold
coupled with iron sulfides is a consequence of
sulfidation reactions, as has been pointed by Arehart et
al. (1993), among other authors. As Cepedal et al. (2008)
proposed in the El Valle deposit, we interpret that in the
altered rocks of Arcos the hydrothermal solution
transporting Au as bisulfide complexes reacted with
liberated, reactive iron from the previous Fe-bearing
minerals in the rock and precipitated gold together with
As-bearing iron sulfides. The Au-Fe EMPA data in pyrite
and arsenopyrite shows a slightly negative correlation
between both elements (Fig. 2a), indicating that the
mechanism for Au incorporation would be its
substitution for Fe.

5 Gold content in pyrite and arsenopyrite:
discussion and conclusions
The EMPA showed that the Au-content is higher in the
pyrite than in the arsenopyrite. In the pyrite, Au was
detected only in the As-bearing pyrite (Py-II) and the
highest values were detected in the pyritohedra
disseminated in the jasperoids. The Au contents range
from below detection limits to 0.21 wt.% (0.046 at.%).
The highest Au-contents overlap the zones richest in As
(lighter in the BSE images, Fig. 1a,b,c,d). In
arsenopyrite, the Au contents range up to 0.03 wt%
(0.008 at.%). Both, Apy-I and Apy-II occasionally show
Au contents. In this case, the correlation between Asexcess and Au content is not evident (Fig. 2a). Further
analyses should be performed to provide a better
understanding.
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Figure 2. Correlation between Fe, As, and Au in As-rich
pyrite (PyII). The line in (b) is the inferred solubility limit of
gold for As-rich pyrite as documented by Reich et al. (2005).

According to the previously published high-resolution
analytical and spectroscopic measurements, Au can be
present in these sulfides as both solid solution (Au+1) and
nanoparticles (Au0) (Reich et al., 2005). These authors
established a maximum limit of Au as solid solution in
As-rich pyrite (Fig. 2b). The Au-As analyses of the Asrich pyrite (Py-II) from Arcos plot below and above this
solubility limit, indicating that gold was both deposited
as free gold and as solid solution. This fact, together with
the presence of electrum in Arcos, indicates that the
hydrothermal fluids were saturated with respect to native
gold (Simon et al. 1999; Reich et al. 2005). Moreover,
the chemical zonation observed on the pyrites reflects
the chemical evolution of this fluid. In an early stage, it
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The stable isotope geochemistry of orogenic gold
deposits
Georges Beaudoin
Département de géologie et de génie géologique
Université Laval, Québec (QC) Canada G1R 0A6
Abstract. A compilation of 50 years (1960-2009) of
stable isotope research on orogenic gold deposits shows
wide variation in the composition of vein minerals. The

bimodal distribution, with most values at a mode of
δ13C~-5‰, with a second mode at -22‰ (Fig. 1). The
low δ13C values are typical for orogenic gold deposits
hosted in metasedimentary rocks of the Appalachian
/Caledonian orogen. In general, the carbon is leached
from the regional country rocks with excursion to low
δ13C values in deposits hosted by country rocks rich in
organic carbon. Magmatic and/or mantle carbon sources
have been postulated in Archean deposits, but cannot
explain the global distribution of carbon isotopes in
younger gold deposits.

δ13C values of carbonates and inclusion fluids range
from -26 to 13‰. Sulphide and barite δ34S values range
from -30 to 17‰. Quartz δ18O values range from 5 to
26‰, whereas other silicates, borates, oxides and
tungstates have δ18O values ranging from 0 to 17‰. δD
values of mica, tourmaline and actinolite cluster at -125
to -30 ‰ with a few values as low as -180‰. Mica δ15N
values range from 1 to 24‰. In contrast, mica and quartz
both display a small range of δ30Si values (-0.5 to 1.0‰).
The range in δ18O and δD values are consistent with
prevalence of metamorphic fluids originating from the
regional country rocks, but also with admixture of low
δ18O evolved meteoric, or sea water which was either
trapped or percolated into the country rocks. Carbon,
nitrogen, and sulphur are dominantly derived from the
regional country rocks.
Keywords. stable isotope, orogen, gold, vein, fluid

1 Introduction
The stable isotope (H, C, N, O, Si, S) geochemistry of
orogenic gold deposits is reviewed from a data
compilation from literature from 1960 to 2009. The
database integrates 50 years of research and contains
8419 stable isotope analyses for H (n = 726), C (n =
1245), N (n = 185), O (n = 4018), Si (n = 30), and S (n =
2215) from 5297 individual samples. The samples are
from 501 deposits from all continents with the exception
of Antarctica, and range in age from the Archean to the
Cenozoic. Because gold-bearing quartz±carbonate veins
have been described using a range of descriptive names
from lode to quartz-carbonate to orogenic gold veins,
the literature search employed all known terms in order
to identify stable isotope research for this deposit type.
The deposits compiled in the database comprise all the
major orogenic gold deposits, as defined by Goldfarb et
al. (2005) for which tabulated stable isotope values are
reported. It remains possible that some of the deposits of
the compilation have controversial metallogenic affinity.
Nevertheless, the number of deposits of controversial
affinity is believed to be small and without significant
impact on the stable isotope characteristics of orogenic
gold deposits.

Figure 1. Histogram of the carbon isotope composition of
vein carbonates and inclusion fluids. “Carbonate” is for
unspecified carbonate minerals in literature.

3

Sulphur

The sulphur isotope composition of sulphides and barite
(Hemlo) range from -30 to 17‰, with a mode at
δ34S~3‰ (Fig. 2). The ranges of δ34S values are similar
for deposits formed from the Archean to the Cenozoic,
although lower and higher values are more common for

2 Carbon
The carbon isotope composition of carbonate minerals
and inclusion fluids range from -26 to 13‰, with a

Figure 2. Histogram of the sulphur isotope composition of
vein sulphides and sulphates divided by age of the orogenic
gold mineralization.
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However, at the scale of a district, quartz δ18O values
can display a zonation (e.g., Val-d’Or) as a consequence
of fluid/rock reaction and mixing between a deep-seated
metamorphic fluid and a crustal fluid with a long history
of oxygen isotope exchange with the host country rocks
(Beaudoin et al. 2006).

Mesozoic deposits. Most sulphides are close to sulphur
isotope equilibrium with pyrite at a temperature near
350ºC. Barite from the Hemlo deposit is in sulphur
isotope equilibrium with pyrite near the temperature of
metamorphism of 500ºC (Thode et al. 1991).
Low δ34S values are consistent with sulphur leached
from sulphides formed by bacterial sulphate reduction in
regional country rocks. In some districts such as St. Ives,
Australia, low δ34S values are associated with oxidized
fluids. High δ34S values most likely result from leaching
sulphur from sulphides in sedimentary and volcanic
rocks country rock that had formed by thermochemical
sulphate reduction of seawater sulphate. The sulphur in
orogenic gold deposits is derived from the regional
country rocks. This is well shown by the correlation in
Alaska orogenic gold deposits between δ34S values of
sulphides with those of the regional country rocks
(Goldfarb et al. 1997).

4 Oxygen and hydrogen
The oxygen isotope composition of quartz in orogenic
gold deposits ranges from 5 to 26‰ (Fig. 3). Quartz
formed in oxygen isotope equilibrium with tourmaline,
muscovite, and feldspars at a temperature near 350ºC.
The histogram of quartz δ18O values for various ages
shows a broad distribution with two modes, one near
12‰, typical of orogenic gold deposits hosted
dominantly by volcanic rocks, and the second, near
15‰, typical of volcano-sedimentary to sedimentary
country rocks (Fig. 3). Orogenic gold deposits formed
during the Proterozoic are characterized by δ18O values
about the lower mode (12‰) whereas deposits formed
during the Mesozoic and Cenozoic have δ18O values
about the higher mode (15‰). Deposits formed during
the Archean have a bimodal distribution (Fig. 3).

Volcanic

Figure 4. Histogram of oxygen isotope composition of vein
quartz divided by districts of the Superior Province (Canada)
compared to all Archean quartz (blue).

A plot of δD vs δ18O for phyllosilicates, tourmaline
and actinolite shows a cluster of δD values from -125 to
-30‰ and δ18O values from 1 to 17‰ (Fig. 5). Two
muscovites have low δD values to -190‰. A histogram
of δD values for inclusion fluids mostly from quartz
shows a similar range from -10 to -180‰, with a group
of δD values between -130 to -180‰ that are mostly
from orogenic gold deposits from the North American
Cordillera (Fig. 5). The composition vector for water in
equilibrium with the phyllosilicates at a temperature of
350ºC is shown, by arrows in Figure 5, to plot in the
field for metamorphic waters with a compositional range
much larger than that for magmatic water.

Volcano-sedimentary

M

L
W

Low-lat Magmatic

Metamorphic

High-lat

H2O @ 350 Cº

Figure 3. Histogram of oxygen isotope composition of vein
quartz divided by age of the gold mineralization.

Figure 5. Plot of δD vs δ18O values for vein minerals from
orogenic gold deposits with the Meteoric Water Line (MWL)
and the boxes for magmatic and metamorphic water. “Low-lat”
and “High-lat” arrow show water/rock exchange trajectories at
low and high latitudes, respectively. Gray histogram on δD
axis shows inclusion fluids δD values. Arrows show the
fractionation between water and muscovite (blue), biotite
(purple) and chlorite (green) at 350 ºC.

18

At the scale of one district, the range in quartz δ O
values can be almost as large (e.g. Val-d’Or) as that for
all Archean quartz (Fig. 4). Some districts, such as
Timmins, have a more restricted range in δ18O values
(Fig. 4). In a district, each deposit typically shows a
small variance in δ18O values (Beaudoin and Pitre 2005).
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The high δD (~-50‰) and low δ18O values (~1‰) of
some phyllosilicates suggest low latitude meteoric water
or seawater mixed with the metamorphic water along an
oxygen isotope exchange trajectory. The low δD (~180‰) in the North American Cordillera have been
interpreted to indicate mixing with high latitude meteoric
water (e.g., Rushton et al. 1993), or re-equilibration with
meteoric water (e.g., Jia et al. 2003).

7 Implications for orogenic gold deposits
The large variation in H, C, O, N, and S isotope
composition of orogenic gold deposits indicates a wide
array of sources that correlate with the regional country
rocks. Carbon has average crustal composition but for
deposits in sedimentary rocks rich in organic carbon.
Sulphur displays a wide range in composition that also
correlates with the composition of the regional country
rocks. Nitrogen is a product of prograde metamorphism
of the regional country rocks. Hydrogen and oxygen
range in composition is a result of mixing between deepseated metamorphic fluids and evolved meteoric or sea
water either trapped in volcanic and sedimentary rocks,
or that percolated deep in the crust.

5 Nitrogen
The nitrogen isotope composition of biotite and
muscovite range from 1 and 24‰ (Fig. 6). δ15N values
higher than 8‰ are from Archean deposits whereas
values below 8‰ are from Phanerozoic deposits. The
secular change in δ15N values mimics that of similar age
crust and indicates that nitrogen is derived from
metamorphic devolatilization of the country rocks (Jia et
al. 2003).
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Figure 6. Histogram of the nitrogen isotope composition of
vein micas from Archean and Phanerozoic orogenic gold
deposits.

6 Silicon
The silicon isotope composition of quartz and sericite
from the Hemlo deposit shows a small range of δ30 Si
values from -0.5 to 1.0‰ (Fig. 7). The δ30Si values are
similar to those of felsic and mafic igneous and do not
show the larger silicon isotope fractionation during
weathering and silicic acid uptake by oceanic organisms.

Figure 7. Histogram of the silicon isotope composition of vein
quartz and sericite from the Hemlo deposit. Fields are from
Hoefs (2009).
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Oxygen and hydrogen isotope study of the Archean
granulite-hosted Griffin’s Find gold deposit, Western
Australia
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Abstract. The metamorphosed Griffin’s Find gold deposit
in Western Australia is hosted in granulite facies rocks
with peak metamorphic temperature conditions of more
than 800°C. Oxygen isotope analyses of vein quartz
18
range from 12.3 to 14.7‰ (n=9). The δ O values of
quartz and diopside from mineralized wallrocks range
from 10.7 to 15.2‰ (n=13) and 10.0 to 11.2‰ (n=10),
respectively. Quartz from pegmatites, microgranites and
18
a leucosome shows slightly lower δ O values (10.7 to
13.2‰) than gold mineralised vein quartz. The calculated
18
δ Ofluid values at Griffin’s Find, assuming a possible
18
range of formation temperatures reveal a clear Oenrichment when compared to values for other Archean
18
lode gold deposits in the Yilgarn craton. The
Oenrichment of the ore fluid can be related to the local
abundance of metasedimentary rocks and additionally
18
implies no major involvement of O-depleted surface
waters during gold mineralization.
Hydrogen isotope values from fluid inclusions trapped in
quartz veins range from -35 to -54‰ (n=5). These
hydrogen isotope values are compatible with those from
orogenic gold deposits in Western Australia suggesting
that there was probably no major fractionation of fluid
inclusion D/H during the metamorphic overprint.
Stable isotope geothermometry of 10 wallrock-hosted
quartz-diopside pairs reveal temperature ranges from
594° to 724°C (643 ± 40°, 1σ). These values are
significantly lower than peak metamorphic conditions of
more than 800°C, but can be related to significant
retrograde “wet” oxygen isotope exchange under closed
system conditions. .

quartz and calcite have been presented by Barnicoat et
al. (1991). We present here oxygen isotope analyses of
gold-bearing and barren quartz veins and of mineral
separates from their wallrocks, as well as hydrogen
isotope data on vein-hosted fluid inclusions. We compare
the isotope data of Griffin’s Find with those from
unmetamorphosed epi-, meso- and hypozonal lode gold
deposits in the Yilgarn craton.

2 Regional geology and petrography
Griffin’s Find is located in the Western Gneiss terrane
dominated by Archean granitoids and upper amphibolite
to granulite facies greenstone belts. The host rocks of the
Griffin’s Find gold deposits are high-grade metabasic
and metasedimentary rocks with local migmatites. The
dominant wallrock is a mafic, fine-grained clinopyroxene granulite with the equilibrium assemblage
plagioclase-clinopyroxene-orthopyroxene-green
hornblende-magnetite. Other wallrock types are
leucocratic cordierite gneisses and banded garnet
gneisses with up to 20 cm wide zones of discontinuous
and discordant leucosoms. Retrogression is widespread,
but minor with biotite partially transformed to chlorite
and cordierite, K-feldspar and plagioclase are locally
sericitised. A major pegmatite body crosscuts the
regional foliation but locally is observed to intrude
parallel to the foliation suggesting its syn- to postmetamorphic origin. Microgranites crosscut the gneissic
foliation, suggesting a post-metamorphic crystallization.
Conventional thermobarometry on garnet-bearing
assemblages yields a large range of temperatures from
about 680° to 870°C with a mean value of about 730° ±
25°C and pressures of 5-7 kbars (Fare 1989; Barnicoat et
al. 1991; Alach 1997). Recently, Tomkins and Grundy
(2009) determined peak metamorphic conditions at 820°
to 870°C using the P-T pseudo-section method on a
garnet-cordierite-orthopyroxene migmatite. They argue
that the lower peak metamorphic temperature estimate
favoured by the earlier studies (~730°C) is related to
retrograde Fe-Mg exchange during slow post-peak
cooling.

Keywords. oxygen and hydrogen isotopes, Griffin’s Find,
metamorphosed orogenic gold

1 Introduction
Griffin’s Find is a small gold deposit (<5t Au) hosted in
granulites and gneisses near the boundary between the
Western Gneiss terrain and the Southern Cross province
of the Yilgarn craton, Western Australia (Fare 1989;
Barnicoat et al. 1991; Alach 1997; Tomkins and Grundy
2009). It has long been considered as the hightemperature end-member of the crustal continuum model
of orogenic gold deposits (e.g., Barnicoat et al. 1991;
Groves 1993). However, this view has been challenged
by Alach (1997) and more recently by Tomkins and
Grundy (2009). These authors suggest that the deposit
has only been overprinted by a granulite-facies
metamorphism and formed at temperatures below
600°C. Only a few preliminary oxygen isotope data on

3 Mineralisation styles at Griffin’s Find
The Griffin’s Find gold deposit consists of massive
replacement-style mineralization with a diopside-Kfeldspar-titanite-garnet alteration assemblage and
irregular quartz veins. The major sulphide minerals are
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calibrations of Chiba et al. (1989). These values are
significantly lower than peak metamorphic conditions
830 to 870°C (Tomkins and Grundy 2009), but can be
related to closed system diffusional re-equilibration
during slow cooling at variable water activities
(Farquhar et al. 1996).

pyrrhotite, arsenopyrite, and loellingite. Gold is present
in both veins and altered wallrock, and is spatially
related to early loellingite (see Neumayr et al. 1993).
Two vein types are distinguished here: Type 1A veins are
foliation-parallel and contain different rose, milky and
blue type of quartz. They are granuloblastic with the
assemblage quartz-K-feldspar-clinopyroxene-pyrrhotitearsenopyrite±chalcopyrite. A variety, Type 1B veins are
rootless, locally restricted veinlets and contain quartzmuscovite-biotite-arsenopyrite-pyrrhotite±sphalerite.
Type 1 veins are interpreted to be emplaced syn-gold
mineralization. Type 2A veins crosscut the foliation and
consist of monomineralic quartz. Type 2B veins display
open-space growth calcite and epidote.
Fluid inclusions trapped in Type 1A veins are: (1)
mixed low salinity aqueous-carbonic inclusions with a
wide range of water contents, high CH4 content in the
carbonic phase, homogenizing at about 300°C (with
outliers to 520°C), (2) carbonic (methane-dominated)
inclusions, and (3) complex aqueous inclusions with and
without halite daughter crystals that show a large range
of salinities. Homogenisation temperatures range from
140° to 320°C. Ridley and Hagemann (1999) argued that
the carbonic rich inclusions are not compatible with P-T
conditions of vein formation and are the result of postentrapment modifications. Similarly, the saline
inclusions (Type 3) could be chemically re-equilibrated
remnants of the pre-metamorphic hydrothermal system
that suffered variable loss of water.

Figure 1. Calculated hydrogen and oxygen isotope compositions of hydrothermal fluids related to Archean orogenic gold
deposits, Yilgarn craton, Western Australia (for references see
text). The isotope fluid values are calculated from isotope
values of hydrothermal quartz and hydrous minerals (chlorite,
muscovite, amphibole, biotite). For Wiluna and Westonia a
second data point is presented which is based on measured δD
values from hydrothermal quartz-hosted fluid inclusions (FI).
The fluid inclusion δD values are significantly lighter than the
values calculated from hydrous minerals (chlorite, sericite).
The fields for “Primary Magmatic Waters” (PMagW),
“Metamorphic Waters” (MetamW), “Standard Mean Ocean
Water” (SMOW), and the Global Meteoric Water Line
(GMWL) from Sheppard (1986) are shown for comparison.

4 Stable isotope results
The oxygen was extracted from quartz, silicates, and
whole rock powders using BrF5 in heated nickel bombs
and converted to CO2 over hot graphite. Fluid inclusion
waters were extracted from vein quartz by crushing in
steel cylinders under vacuum and then reacted with Zn in
glass capillaries to hydrogen gas. The isotope ratios were
determined using a Finnigan MAT 251 and a MAT 252
mass spectrometer and reported as delta values in permil
relative V-SMOW.
The δ18O values for Types 1A and 2A vein quartz
range from 12.3 to 14.7‰ (n=7) and 12.7 to 13.3‰
(n=2), respectively. Our isotope values for Type 1A veins
are on average higher and more variable than those
reported by Barnicoat et al. (1991). The δ18Oqtz values of
mineralized wallrocks range from 10.7 to 15.2‰
(average 13.7 ± 0.9‰, 1σ; n=13) and, therefore, have a
similar average as the mineralized Type 1A veins (14.1 ±
0.7‰, n=7). The δ18Odiop values from mineralized wallrock are about 3‰ lower than the δ18Oqtz from the same
wallrock, but show a smaller variation (10.0 to 11.2‰,
n=10). Quartz from pegmatites, microgranites and a
leucosom have δ18O values from 10.7 to 13.2‰ (n=4).
The whole rock δ18O values are 10.4‰ (n=2) for the
microgranite and 10.6 to 11.5‰ (n=2) for the cordierite
gneiss. Hydrogen isotope values from fluid inclusions
trapped in quartz in Type 1A veins range from -35 to 54‰ (n=5).
Stable isotope geothermometry of 10 wallrock-hosted
quartz-diopside pairs reveal temperature ranges from
594° to 724°C (average 643° ± 40°, 1σ) using

5 Comparison with orogenic Au deposits
in the Yilgarn Craton
Figure 1 displays a compilation of calculated hydrogen
and oxygen isotope compositions of ore-forming fluids
in orogenic Au deposits in the Yilgarn craton on the
basis of isotope analyses of vein quartz and hydrous
minerals (i.e., chlorite, muscovite, biotite, amphibole).
We distinguish here between epizonal gold deposits
formed below about 325°C (Wiluna, Racetrack:
Hagemann et al. 1994; Golden Mile: Golding et al.
1990; Bateman and Hagemann 2004), mesozonal
deposits between 325 and 450°C (Mt. Charlotte,
Victory-Defiance, Princess Royal: Golding et al. 1990;
Bronzewing: Dugdale 2000; Golden Crown: Uemoto
1996) and hypozonal deposits above 450°C (Coolgardie
Goldfield: Knight et al. 2000; Westonia: Hagemann and
Cassidy 1999). There appears to be a pattern of
increased oxygen isotope values to heavier values and
decreased hydrogen isotope values to lighter values from
epizonal to mesozonal to hypozonal ore environment.
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Figure 2. Calculated hydrogen and oxygen isotope compositions of hydrothermal fluids related to the Griffin’s Find
deposit. The hydrogen isotope values are based on fluid
inclusions and oxygen isotope values calculated using the
isotope composition of quartz and different temperatures.

The δD values of fluid inclusions at Griffin’s Find
are consistent with reported values from unmetamorphosed lode gold deposits in the Yilgarn craton
suggesting probably no major fractionation of fluid
inclusion D/H ratio during the granulite-facies metamorphic overprint. The calculated H-O-isotope
compositions of ore-fluids at Griffin’s Find assuming a
possible range of formation temperatures (Fig. 2) reveal
a clear 18O-enrichment when compared to values for
other Archean lode gold deposits in the Yilgarn craton.
The 18O-enrichment of the ore fluid can be related to the
local abundance of metasedimentary rocks (cf. Sheppard
1986) and additionally implies no major involvement of
18
O-depleted surface waters during gold mineralization.
This rather suggests a meso- to hypzonal origin of the
pre-metamorphic mineralization at Griffin’s Find.

6 Conclusions
The detailed stable oxygen and hydrogen isotope
study of the granulite-hosted Griffin’s Find deposit
shows that some information on the origin of a
metamorphosed lode-gold deposit can be gained. Stable
isotope geothermometry of wallrock hosted quartzdiopside pairs, however, reveal lower temperatures (ave.
643° ± 40°,1σ) when compared to peak metamorphic
conditions of more than 800°C. This can be related to
significant retrograde “wet” oxygen isotope exchange
under closed system conditions.
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Abstract. A record made of microthermometric data,
Raman
spectra
determinations,
spindle
stage
measurements of volume fractions, and Laser AblationICP-Mass Spectrometric analyses gathered on >800 fluid
inclusions from five orogenic Au deposits of various
tectonic settings and age show relatively uniform
physical-chemical properties of the ore fluid. In most
cases, this fluid is represented by a two- to three-phase
(aqueous liquid, carbonic liquid, vapour) H 2O-CO2-NaCl
model fluid with a relatively low bulk salinity, φ=13-50
vol.%, and a quite uniform vapour composition
(CO 2±CH4-N2). Its Th(total) range from values as low as
200 °C (Wattle Gully deposit) to 400 °C (Sigma deposit),
and total homogenisation occurs by bubble and liquid
disappearance. In one case (Sigma deposit), a H 2O-NaCl
fluid of similar salinity and Th(total) is documented.
LA-ICP-MS data show that the most abundant analyte in
these ore fluid is invariably Na, with subordinate K and B,
and minor to trace amounts of As, Cu, Sr, Rb, Mg, Mn, Li,
Ba, Cs, Sb, and Pb. These trace components are not
systematically determined in all the studied deposits or
samples. Au has been determined only in four highTh(total) assemblages from Sigma to be in the 0.5-5 μg/g
range. By combining a previous quantitative estimation of
mineral abundance in the Sigma deposit with the range
of B concentrations determined from the Sigma fluid
inclusions, we estimate that a total ore fluid volume of
0.1-0.3 km3 was necessary to form that orogenic deposit.
This small volume of hydrothermal fluid represents a
fundamental constraint on genetic models for this class of
deposits.

progress (Groves et al. 2003). This research benefited
from a database made of structural work at regional and
deposit
scale
(e.g.,
Robert
1994),
from
geochemical/petrological studies at various scales of
observations (e.g., Kerrich et al. 2000; Phillips and
Powell 2009), and from fluid inclusion data as well
(Roedder 1984). This database suggests that, most
probably, a single process recurring through space and
time in active continental margins generates orogenic
gold deposits. The identity of this process is however
still unclear, as virtually all the possible sources of
aqueous solutions in the lithosphere have been proposed
for these deposits (cf., Ridley and Diamond 2000).
Models considering metamorphic devolatilization of
fluids and exsolution from felsic magmas have received
the largest support, although geochemical data from
conventional techniques still do not discriminate
between the two.
In this study, we apply a set of fluid inclusion
microanalytical techniques on representative samples of
orogenic gold deposits of Archean to Tertiary age to
construct a novel, comprehensive, and internally
consistent database on ore fluid properties. With this
database, we intend to address fundamental questions
that relate with the chemical and physical properties of
ore fluids at the time of gold precipitation, and with the
quantification of hydrothermal fluid flow involved in the
genesis of the deposits.

Keywords. orogenic Au deposits, fluid inclusions, LAICP-MS

2 Samples
To build the database, we used a set of eleven vein
samples collected from five orogenic Au deposits,
namely Sigma (Abitibi greenstone belt, Canada,
Garofalo et al. 2002; Robert and Brown 1986), Red
Hill/Kanowna (Yilgarn craton, W Australia), Wattle
Gully (Lachlan Orogen, Australia, Cox 1995),
Berezovskoe (Sverdlovsk tectonic zone, Eastern Urals,
Russia, Baksheev et al. 2001), and Pestarena (Italian
Western Alp,s Lattanzi et al. 1989; Pettke et al. 1999).
These deposits have largely different Au production
histories (economic sizes ranging from world-class to
very small), occur in distinct terranes, and have different
ages, from Archean to Oligocene. Thus, they are a
representative selection of orogenic deposits across time
and space.
We selected samples from Au-mineralised, low-strain

1 Introduction
A comprehensive understanding of the processes that
allow transport and deposition of gold within orogenic
gold deposits is of great scientific and economic
importance. This understanding is important to define
the conditions of transport of this metal within large
sections of the Earth’s crust, to explain why only certain
shear zone networks have geological prospectivity for
gold, and ultimately to improve mineral exploration
strategies.
During the last decades, academic and industrysponsored research has led to a better understanding of
the genesis of orogenic gold deposits, but work is still in
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fractions and measured volume fractions can be quite
large in vapour-rich inclusions (error up to ~30%), but
are lower in liquid-rich inclusions (error: 4-17%). As a
whole, the vapour fraction φ of the studied inclusions
within the assemblages varies from 13 to 50 %.

veins of the deposits, poorly deformed after
mineralization. These are strict selection criteria for this
type of deposits, which resulted necessary to focus the
analytical work only on fluid inclusions demonstrably
associated with Au deposition and with the lowest
possible evidence for post-entrapment modifications (cf.,
Garofalo et al. 2010; Garofalo et al. 2005).

3.5 Multi-element fluid chemistry from LA-ICPMS

3 Methods and results

One hundred thirty-three analyses of single fluid
inclusions from the seventeen assemblages were carried
out by LA-ICP-MS, and results show remarkably
uniform chemical compositions. The most abundant
analyte in the ore fluid is systematically Na (4000-28000
μg/g), with subordinate K (300-4500 μg/g) and B (2002800 μg/g). Minor and trace components are (in the most
commonly recognised order of decreasing abundance)
As, Cu, Sr, Rb, Mg, Mn, Li, Ba, Cs, Sb, and Pb (range:
1-450 μg/g), but they are not systematically determined
in all the studied samples or fluid inclusion assemblages.
Au concentration has been determined in four highTh(total) assemblages from Sigma to be in the 0.5-5 μg/g
range.

The database compiles microthermometric data, Raman
spectra determinations, spindle stage measurements of
volume fractions, and Laser Ablation-ICP-Mass
Spectrometric analyses from 819 fluid inclusions
making17 fluid inclusion assemblages.
3.1 Petrographic constraints
Where possible, we focused our attention on fluid
inclusion assemblages showing the best possible
petrographic evidence for entrapment coeval with gold
precipitation. These assemblages were subsequently used
to constrain the fluid properties with the other analytical
methods.
At room temperature, these assemblages hosted a
two- to three-phase aquo-carbonic fluid (aqueous liquid,
carbonic liquid, and vapour), with the exception of four
Au-bearing assemblages (Sigma) hosting a two-phase
aqueous fluid (aqueous liquid and vapour). All the fluid
inclusion assemblages hosted variable phase proportions
except one (Wattle Gully).

4 Discussion
Our record shows that the fluid inclusion properties of
the considered deposits are remarkably uniform
irrespective of distinct ages, tectonic settings, vein styles
(from brittle-ductile, steeply-dipping shear veins to
brittle dilatant jogs), type of host rocks (ultramafics and
intermediate mafics, low -grade turbidites and slates,
ortho- and paragneiss), and types of hydrothermal
alteration (limited carbonate alteration, intense albiterich bleaching, and tourmaline metasomatism). This
uniformity corresponds to similar bulk properties of the
ore fluid like salinity and XCO2, although the measured
interval of 200-400°C Th(total) indicates distinct fluid
temperatures at the time of Au precipitation.
The uniform microthermometric properties strongly
suggest that the same geological process generated the
ore fluid in the source regions of the deposits. Such a
claim is in line with the independent data on the multielement fluid chemistry of the ore fluid provided by LAICP-MS, which show that the ore fluids of the deposits
are uniform in terms of major and trace components. The
0.5-5 μg/g of Au measured in the 350-400°C Th(total)
fluid inclusions of Sigma are consistent with the
predicted Au concentrations at the pressure conditions of
that deposit (i.e., 200-300 MPa) and in equilibrium with
the vein mineral assemblage pyrite, pyrrhotite, albite,
muscovite (±tourmaline, biotite). Ore fluid temperatures
<250°C correspond to equilibrium Au solubilities of the
order of about 0.1-0.01 μg/g depending on the ΣS
content of the fluid, pH, and fO2 (cf., Stefansson and
Seward 2004), and are therefore difficult to capture by
fluid inclusion microanalysis.
Finally, combining a previous estimation of
tourmaline abundance in the Sigma vein network of 2.1
×106 m3 (Garofalo et al. 2002, corresponding to a total
mass of B of ~71500 t) with the range of B
concentrations determined here from the Sigma fluid
inclusions, we estimate that a total ore fluid volume of

3.2 Microthermometry
The low-temperature measurements show that the most
abundant aquo-carbonic ore fluid has relatively low bulk
salinity (in general <7.0 equiv. wt.% NaCl), and a
relatively uniform vapour composition (molar
abundances: CO2»CH4-N2). The aqueous H2O-NaCl
fluid shows a lower bulk salinity of < 5.0 equiv. wt.%
NaCl. In the entire data set, Th(total) range from values
as low as 200°C (Wattle Gully) to 350-400°C (Sigma),
and homogenisation occurs by bubble and liquid
disappearance. Only in one case (Wattle Gully)
homogenisation
occurs
exclusively by liquid
disappearance.
3.3 Raman spectroscopy
Raman spectroscopy of the vapour phase of the
inclusions confirms the results from microthermometry
whereby the aquo-carbonic fluid contains mainly CO2
(CO2/CH4 molar ratio >5). In contrast, the less abundant
aqueous fluid lacks detectable CO2, but shows in places
detectable CH4 and N2.
3.4Spindle stage determinations
Spindle stage determinations of the volume fractions of
the vapour phase (φ = Vvap/Vtot) were carried out with
the method of Bakker and Diamond (2006) for regularly
shaped inclusions. Results show that the discrepancies
between visually estimated (i.e., routinely used) volume
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0.1-0.3 km3 was necessary to form that deposit. This is a
small volume of hydrothermal fluid, and represents a
fundamental constraint on future genetic models of
orogenic deposits.
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The increasing importance of Neoproterozoic (PanAfrican) gold deposits in Africa and South America
Nick Steven
Rockwater Consulting, 10 Evergreen Lane, Constantia 7806, Cape Town, South Africa
Katharina Wulff, Graham Bell
AngloGold Ashanti Namibia Ltd. Pty., Navachab Gold Mine, P.O. Box 150, Karibib, Namibia
Jon Hill, Marcio Sales
AngloGold Ashanti Brasil, Rua Enfermeiro, José Caldeira, 200, Minas Gerais, Brasil
Abstract. Neoproterozoic rocks and terranes are host to
several giant gold mines/resources (Telfer, > 24 Moz Au;
Sukari, >13 Moz Au). Other Pan-African terranes such as
the Damara Orogen in Namibia host significant orogenic
gold deposits (Navachab, Otjikoto). The Zambezi Belt of
Zambia, the Kushaka Schist Belt in Nigeria and the
Borborema Province of NE Brazil are increasingly seen
as prospective for orogenic gold. Significantly,
amphibolite-facies-grade (not just greenschist-facies)
pelite-carbonate shelf sequences host many of the gold
deposits, a fact which may be attributable to the high
geothermal gradients and HTLP metamorphism which
are features of many Pan-African terranes.

2 The Navachab gold mine, Namibia
The Navachab Gold Mine (NGM; Fig. 2) is located in
the magmatic belt (Southern Central Zone; SCZ; Fig. 2)
of the Pan-African Damara Orogen, which is
characterised by multiple deformation, hightemperature/low-pressure
(HTLP)
metamorphism,
minor diorites and numerous, S-type and peraluminous
granitic and rare-element pegmatitic intrusions. Peak
regional metamorphic conditions of amphibolite-faciesgrade (~3 kbar, 650°C) occurred syn-D2 at ~530 Ma and
geothermal gradients of up to 100°C/km are indicated.

Keywords. Pan-African, gold, Navachab, Otjikoto,
Borborema

1 Introduction
Neoproterozoic or Pan-African rocks are host to several
giant (>10 Moz Au) gold deposits such as Telfer and
Sukari (Fig. 1). The gold the resources of the Arabian –
Nubian shield exceed 80 Moz Au. The aim of this paper
is to draw attention to the gold prospectivity of other
Neoproterozoic terranes, specifically in Namibia and in
Brazil. In this paper, the term ‘skarn’ refers to a calcsilicate mineral assemblage of Ca-garnet and Capyribole formed by metasomatism during the
metamorphism or alteration of mainly calcareous
sediments. No genetic interpretation of the word ‘skarn’
(e.g., igneous association) is implied.

Figure 2. Map of Namibia showing location of inland branch
of Pan-African Damara Belt, Navachab and Otjikoto gold
deposits and some other notable ore deposits and mines.

At the mine, a late-kinematic auriferous quartz vein
swarm and associated skarn alteration crosscut the
Neoproterozoic
Damara
Sequence
(Adelaidean
equivalent), which comprises the metamorphic
equivalents of Nosib Group fluviatile arkosic quartzites
and younger Swakop Group, Sturtian-equivalent
glaciogenic mixtites (the ~740 Ma old Chuos
Formation), limestones, marls, dolomites, turbidites and
shales (Fig. 3). None of the regional metamorphic
assemblages contain garnet. Garnet only occurs as part
of the hydrothermal alteration (i.e. skarn) assemblage.
Gold occurs in mm-to-dcm-thick, sheeted and

Figure 1. Some significant Neoproterozoic gold deposits and
Au-prospective terranes (base map after Gray et. al., 2008).
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environment, but garnet zonation patterns vary widely.
Retrograde alteration of the skarn is very minor.
Regional metapelite parageneses and garnetclinopyroxene thermometry calculations indicate
formation conditions of 2.0-2.6 kbar and 560-595°C for
the skarn and 400-500°C for the veins. Fluid inclusion
work shows low-moderate salinity fluids (4-16 wt.%
NaCl/CaCl2; Wulff 2010).
There are several diorite and leucogranite intrusions
within 5 km of the Navachab deposit, which is cut by
pegmatite and aplite dykes, but there is no direct contact
between the mineralised system and any major intrusive
body. Mineralised quartz veins at Navachab have
titanites with U-Pb ages of 500 ± 10 and 494 ± 8 Ma,
interpreted to correspond to a metamorphic
recrystallisation event. These quartz veins both cut and
are cut by sub-vertical pegmatite and aplite dykes and
veins, which possess highly altered zircons with older
U-Pb dates of 544 and 564 Ma and consequent large
uncertainties of 30-40 Ma. Recent Re-Os dating of
traces of molybdenite in a rare sphalerite+pyrite–bearing
aplite yielded an age of 525 ± 2.4 Ma (Geospec
Consultants 2009). The major gold-mineralising event
is interpreted to pre-date this aplite intrusion, but the
geochronological data for the timing of deposit
formation are equivocal. Subsequent gold redistribution
and even ore mineral melting (especially the goldbismuth minerals) is considered likely due to the
subsequent rise in geothermal gradient at the late-stage
peak of the Damaran HTLP tectonothermal event.
Stable isotope work (Wulff et al. 2010) shows that
gold precipitated in equilibrium with a metamorphic
fluid (δ18O = 12-14‰; δD = -40 to -60‰) interpreted to
mean that Damaran metasediments, specifically
metapelitic schists, provided the gold and accompanying
metals, the intrusions the energy to drive the orogenic
hydrothermal system. The most likely source of the
mineralising fluid was mid-crustal dewatering reactions
(specifically biotite breakdown) that occurred during
prograde amphibolite-to-granulite facies metamorphism.
The numerous granitoids influenced the geothermal
regime considerably, but there is no isotopic evidence
for a magmatic source for the mineralising fluid.
At December 2010, Navachab’s Ore Reserves were
44 Mt @ 1.31 g/t Au for 1.85 Moz (0.5-0.6 g/t Au cutoff; US$ 850/oz Au price; N$ 8.7: US$1.00 exchange
rate) and the Mineral Resources were 119 Mt @ 1.17 g/t
Au for 4.48 Moz Au contained (0.4 g/t Au cut-off; US$
1,100/oz Au price; N$ 8.7: US$ 1.00).

conjugate extensional and axial planar quartz+
pyrrhotite+chalcopyrite veins that intersect to form a
mesh or high permeability path at least 2 km (possibly 6
km) in length and >1 km wide (Fig. 3). The mineralised
system has been drilled to a vertical depth of 730 m and
is ‘open’ down-plunge. The variable rheology of the
metasediments controlled vein type, shape and
orientation, whereas host-rock buffering and low fluid:
rock ratios caused variable skarn assemblages.

Figure 3. Geological map of the Navachab Mine with quartz
veins marked as red lines. Blue arrows show plunge of MC
skarn shoots, parallel to fold axes and prominent ‘b’ lineations.

The economic evaluation and exploitation initially
focused on a gently plunging, 35 metre-thick
garnet+pyroxene+pyrrhotite+chalcopyrite skarn shoot (a
'grade envelope') that crosscuts the Okawayo Formation
MC (calcareous marble and calc-silicate fels) layer,
where gold grades are highest (3-4 g/t Au). This Main
Shoot has been drilled for 1.8 km down plunge, the
parallel Second Shoot for ~800 m. In recent years,
quartz vein type (i.e., non-MC) mineralisation has been
the most significant supplier of gold (more than 90% in
2007-2010). The Navachab mineralised system, whose
structural and geochemical footprint is ~56 km2, occurs
on the northwestern side of the WNW-vergent Karibib
Dome. The deposit lies in a contractional jog within the
footwall (<5 km) of the Mon Repos Thrust Zone, a
recently recognized, major sedimentological and
structural boundary. The gold mineralising event
occurred during the transition from a compressional (D3
doming; NW-SE orientation) to a transpressional regime
(D4; WNW vergence). The MC-type replacement skarn
shoots (which mark the intersection between the
shallowly NNE-dipping vein swarm [15-25°] and
steeply westward dipping metasediments [75°]) plunge
parallel to the local D4 σ2, which approximates the
regional D4 σ2 orientation.
Both the MC ore and the quartz veins have the same,
relatively sulphur-poor mineral assemblages: pyrrhotite
>> chalcopyrite >> traces of sphalerite, pyrite,
arsenopyrite, free gold, maldonite, native bismuth,
bismuthinite, Bi-tellurides and very minor molybdenite
and scheelite (Wulff 2010). Unusually for a gold
deposit, hydrothermal alteration is marked by an
increase in garnet abundance. Garnet-biotite (in schists)
and garnet-clinopyroxene (in marbles and metamarls)
are best Au indicators. In biotite schists,
actinolite+quartz assemblages are common. Skarn
garnets are almandine-spessartine-grossularite mixtures
with andraditic rims suggestive of a deep, reducing

3 The Otjikoto gold project, Namibia
The Otjikoto gold deposit (Fig. 2) is a relatively recent
(1999) discovery by Anglovaal Mining and is now being
further explored prior to a development decision by
Auryx Gold Corporation. In an area of essentially no
rock exposure, follow-up of geophysical, specifically
magnetic and IP targets, as well as RAB and RC drilling
of geochemical anomalies has led to the discovery under
10-15 m of Cenozoic cover of a sheeted auriferous vein
swarm (an orogenic gold deposit) that appears to be a
variation on the Navachab theme. At cut-offs of 0.8 g/t
Au, Indicated Resources total 15.8 Mt @ 1.94 g/t Au and

566

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

very localised Au-Bi mineralisation within structural
NNE-trending corridors, especially near fold axes.
At the former São Francisco gold mine (Neto et al.
2008) Crusader Resources is exploring an amphibolitefacies orogenic Au deposit in flysch-type Seridó
Formation
quartz+biotite+garnet+cordierite+kyanite
schist. The gold mineralisation occurs in an ESE-dipping
(40°), 30-50-m-thick Sn layer, but is focused in SSWplunging (6 – 10°) stacked ore shoots perpendicular to
crustal shortening. The mineralisation is parallel to an
intersection lineation formed by Sn schistosity and Sn+1
cleavage interference. The ore assemblage is dominated
by traces of pyrite, local pyrrhotite, sphalerite and Bi
minerals, but modal sulphide contents are <1%. Apart
from Au, the 7-km-long anomalous structural zone has
high contents of As, W and Cu. The deposit is interpreted
to have formed during prograde metamorphism.
Retrograde alteration is very minor. Combined Indicated
and Inferred Resources total 15.4 Mt @ 1.7 g/t Au for
~840, 000 oz Au contained at a 0.5 g/t Au cut-off.

Inferred Resources total 8.4 Mt @ 1.94 g/t Au for a total
of 1.5 Moz contained Au.
Otjikoto is located within the Northern Zone of the
Damara Orogen (NZ; Fig. 2), hosted in shallowly
dipping (25°) amphibolite-facies albitised metasediments
and calcareous marbles of the Swakop Group
Oberwasser Formation as well as calcareous marbles of
the basal part of the overlying Karibib Formation
(Wilton et al. 2002). Gold is hosted by a series of thin
(<10 cm) pyrrhotite+pyrite+magnetite skarn and quartz
veins, which lie essentially parallel to the NE-striking
foliation of the schists and granofels (metamarls). The
key similarities between Otjikoto and Navachab are: i)
orogenic gold mineralisation is hosted by a variety of
schistose and calcareous metasediments at the same
stratigraphic level; ii) high temperature, but thin vein
skarns, occur on the margin of quartz veins; iii) a strong
rheological and structural control on these late Damaran
skarn/vein swarm systems is evident; iv) hydrous
retrograde minerals are very rare and; v) higher grade
shoots (grade envelopes of up to 2 g/t Au) are oriented
NNE/SSW. The key differences between Otjikoto and
Navachab are: i) the large proportion of coarse-grained,
free gold at Otjikoto; ii) the absence of maldonite
(Au2Bi) and bismuth mineralisation at Otjikoto; iii) the
lack of albitisation at NGM; iv) the absence of magnetite
skarns in the calc-silicates and marbles at NGM. There is
no direct relationship between the vein system and any
pluton at Otjikoto. Otjikoto is provisionally classified as
a deep-level orogenic quartz vein gold deposit with a
reduced, pyrrhotite-skarn component, i.e. similar to
Navachab.

5 Conclusions
Neoproterozoic terranes affected by Pan-African
tectonothermal events are a good target for >5 Moz Au
amphibolite-facies orogenic quartz-gold or reduced
skarn deposits with only minor retrograde alteration. A
possible reason for the presence of amphibolite-facies
orogenic Au-pyrrhotite skarns in metapelite-carbonate
sequences is that these rocks reach their point of
maximum fluid release at higher temperatures than
metabasites/metagreywackes
sequences
(where
greenschist-facies Au+As deposits predominate). The
increasingly recognised Proterozoic Au-Bi skarn
association agrees with research on the importance of Bi
complexes/melts in Au transport (Tooth et al. 2008).

4 The Borborema Province, NE Brazil
In the Borborema Province of NE Brazil (Fig. 2),
Archean and Paleoproterozoic basement gneiss inliers
are surrounded by a mainly metasedimentary rift-to-shelf
Neoproterozoic sequence (the Seridó Mobile Belt), that
has been intruded by the Brasiliano granitoid suite in a
similar manner to the Damara Orogen. The metallogeny
of this terrane is dominated by W skarns and Au deposits
of quartz vein type (Neto et al. 2008).
At the Bonfim Au-W mine, ore zones are scheelite
and bismuth-bearing diopside+clinozoisite+tremoliteactinolite+piedmontite+garnet skarns within a metamarls
sequence (shallow-marine water sediments). Three ore
horizons have been delineated at the top of the marble
and calc-silicate-dominated Jucurutú Formation, which
could be mid-Swakop Group (Damara) equivalent. The
ore horizons grade 15 – 20 g/t Au equivalent over 0.6 –
2.5 m true thickness (average of 1–2 m thick already
mined) and will be exploited by a new ~30, 000 oz Au
p.a. operation now in construction by Nosso Senhor do
Bonfim SA. Ore shoots plunge at shallow angles (<10°)
to the NNE, parallel to the local fold axes. The
mineralised calc-silicate rocks are grey-black due to a
fine-grained mass of bismuth minerals (many modal%)
that contain fine-grained Au or Au-Bi complexes.
Geochronological data (Luis Neto 2010, pers. comm.)
suggest
a
prograde
diopside+garnet+scheelite
mineralising event at ~580 Ma and a retrograde hydrous
(thus amphibole) and Au-Bi-Te event at ~510 Ma, i.e.,
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Sulfur isotopes and hydrothermal fluids of intrusionhosted gold deposits, Jiaodong Peninsula, northeast
China
Stephanie E. Mills, Andrew G. Tomkins,
School of Geosciences, Monash University, Melbourne, Australia
Abstract. The Jiaodong gold district in northeast China is
host to some of the most important intrusion-hosted gold
deposits world-wide. The source of hydrothermal fluids in
Jiaodong has been variably attributed to mantle,
metamorphic, magmatic, and meteoric fluids. However
the highly metamorphosed Precambrian basement in
Jiaodong makes the possibility of metamorphic fluids
unlikely, and mantle fluids would likely have caused
partial melting before reaching mid-crustal levels,
producing instead a mantle component in magmatic
fluids. Lack of evidence for sedimentary environments in
the early Mesozoic also makes connate fluid or basinal
brine input problematic. Magmatic and meteoric fluids are
34
possible fluid sources; however both have δ S values
~0‰. This study shows that Au-bearing pyrites from three
34
major gold deposits in Jiaodong have δ S values
34
ranging from +5.1‰ to +12.4‰. These high δ S values
cannot be explained by simple magmatic and meteoric
fluids; however, input of crustal material in magma can
34
elevate δ S values, as can addition of seawater. Also
presented here are preliminary results that illustrate a
relationship between δ34S values from +8‰ to +9‰ and
high concentrations of Au-associated elements such as
Ag, As, Bi, and Pb. This relationship is tentatively
interpreted as reflecting ideal sulfide precipitation
conditions.

three major intrusion-hosted deposits in Jiaodong show
strong positive δ34S values for the ore fluids. In previous
literature the source of fluids in Jiaodong has been
proposed as mixing from various sources, including
magmatic, metamorphic, mantle-derived, and meteoric
(Mao et al. 2008). The data presented here argue that
some sources are not applicable in Jiaodong, and that
fluid source and/or migration also needs to be able to
explain the high δ34S signatures observed in Au-bearing
pyrites. Also presented here are preliminary data
showing correlation between high concentrations of Auassociated elements and δ34 S value between +8‰ and
+9‰, which could represent an ideal stage of mixing for
large-scale sulfide precipitation.

Keywords. gold, Jiaodong, sulfur isotope, Xincheng,
Jiaojia, Jiuqu

1 Introduction
The world-class Jiaodong gold province is located on
the southeastern margin of the North China Craton, the
largest and oldest Precambrian block in East Asia.
Jiaodong, a relatively small peninsula at only ~250 km
across, is China’s most important gold producing area
with an annual production of 30+ tonnes and over 1000 t
total measured gold reserves (Mao et al. 2008).
Jiaodong mineralisation occurred ~120Ma and is
almost exclusively hosted in the Mesozoic granitoids
that intrude the Precambrian basement (Fig. 1). The
Mesozoic granitoids hosting mineralisation include the
160 Ma Linglong monzogranite and the 130 Ma
porphyritic, hornblende- and titanite-bearing Guojialing
granodiorite (Wang et al. 1998; Li et al. 2003).
Mineralisation is structurally controlled by NNE
trending faults dipping moderately NW or SE, with
mineralisation occurring in the footwalls. The style of
mineralisation ranges from fine- to medium-grained Aubearing pyrite disseminated in a mineralisation envelope
around major faults to lode gold mineralisation in
quartz-pyrite veins (Qiu et al. 2002).
Sulfur isotope data from this study on pyrites from

Figure 1. Geologic map of western Jiaodong showing three
main Mesozoic intrusions, Archean basement, and location of
gold mines where samples were collected.

2 Fluid source
There are a number of sources for fluids in a
hydrothermal system: mantle, metamorphic, magmatic,
connate/basinal brines, and surface fluids (meteoric and
seawater). However, before any isotopic evidence is
considered it is important to consider what fluid sources
are actually possible in Jiaodong.
Mantle fluids are often considered a viable fluid
source in mid-crustal hydrothermal deposits. There is a
difference, however, in “mantle fluids” and “mantle
input.” Moving a hydrothermal fluid from the
devolitalizing mantle through the crust is difficult
because at such temperatures addition of a fluid to the
surrounding rock would cause partial melting (Tomkins
and Mavrogenes 2003). It is therefore more accurate to
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2003). Similar stable isotope studies by Mao et al.
(2008) show an agreement in δ34S values with overall
results from 53 pyrites varying from +6.8‰ to +12.7‰,
though the only mine tested in both studies was Jiaojia.

refer to any mantle signature in fluids as “mantle input”
since it is more likely that the mantle fluid was
incorporated into magma and migrated through the crust
as a melt, not a discrete fluid.
Metamorphic fluids are often cited for orogenic gold
deposits. However, not only are the Jiaodong deposits
almost exclusively intrusion-hosted, the proximal
metamorphosed basement is Precambrian and
experienced high-grade (upper amphibolite to granulite
facies) metamorphism as early as 2.5 Ga, which would
have resulted in devolitalization (Zhao et al. 2001). By
the time mineralisation occurred in the Mesozoic, the
Precambrian basement would have been unable to
contribute any fluids.
There is little (if any) record of sedimentary units
from the early Mesozoic in Jiaodong, mostly picking up
in the Cretaceous with basin formation and renewed
volcanism. As a result it is difficult to support a model
featuring circulation of connate fluids or basinal brines
through sedimentary lithologies; any consideration of
these fluids should be accompanied by an explanation of
what sedimentary environment existed and why
significant evidence is not observed in the geologic
record.
Magmatic fluids are a likely to have had some input
in the Jiaodong fluids considering there was extensive
magmatism throughout the Mesozoic and these
intrusions make up a large part of the Jiaodong terrane
(Qiu et al. 2002). Their role as a major or minor
constituent remains unconstrained, but there is the
possibility for magmatism not reflected in surface
outcrop (for example, the porphyritic Guojialing could
represent stocks from a larger body) which could have
had significant fluid input.
Deep circulation (~10 km) of surface fluids is a
model that requires specific conditions such as fractured
country rock, extensional faulting, and a thermal and
enrichment source to enrich and heat surface fluids at
depth (Muntean et al. 2011). While it remains to be seen
if this is a viable mechanism for Jiaodong, discounting
surface fluids as possible constituents in hydrothermal
fluid evolution would be premature.

Figure 2. Total results for sulfur analyses colour-coded by
mine and pattern-coded by style of pyrite mineralisation
34

3.1 Elevated δ S
Most traditional types of gold deposits do not reflect the
elevated δ34S values observed in Jiaodong. Porphyry and
epithermal deposits are generally centred at 0‰ ± +4‰
whereas shear-zone hosted orogenic gold deposits with
metamorphic fluids range from 0‰ to +10‰. Carlin-type
deposits have broader ranges, usually +2‰ to +27‰,
which is thought to reflect overlap with diagenetic pyrite
in the host rocks (Cromie and Zaw 2003).
Primitive mantle sulfur is 0‰, as are magmas derived
from the mantle without significant input from other
sources. Lithospheric mantle, an important factor in the
dynamic processes beneath Jiaodong, also has sulfur
values close to that of the mantle, based on sulfideinclusion studies on diamonds sampling continental
lithospheric mantle. Any variations from mantle values
are interpreted as crustal influence.
This crustal influence is the result of seawater
(+20‰) incorporation into the crust. Crustal material
with fluids enriched in 34S can be either assimilated into
magma, or the fluids can contribute directly into a
hydrothermal system. It is presently difficult to develop a
model with direct input from connate fluids or basinal
brines due to the lack of evidence for sedimentary basins
in the early Mesozoic. However crustal material
incorporated into magma is a viable process.
Crustal material can be melted from a subducting
slab, as is the case with adakitic magmas; in Jiaodong
some researchers have proposed “adakitic affinities” for
volcanic rocks coeval with mineralisation (Liu et al.
2009). Crustal material can also be seen as a source for
granitic magmas, or as material available for assimilation
as magma migrates through the crust. It is important to
keep in mind the nature of the crust in the Jiaodong area,
which consists of highly metamorphosed Precambrian
basement that would be more resistant to melting and
assimilation than sedimentary lithologies.
Other than input directly from fluids in the crust or
crustal material in magmas, elevated δ34S values can
result from direct input from seawater. Jiaodong could
potentially meet the requirements for deep (~10 km)

3 Sulfur isotopes
For this study, 29 pyrite grains were measured for δ34S
values from three major gold deposits in Jiaodong:
Jiaojia, Xincheng, and Jiuqu. Jiaodong and Xincheng are
examples of disseminated mineralisation, while Jiuqu is
a deposit in the larger Linglong gold camp and is an
example of quartz-pyrite vein mineralisation. Pyrite
grains were sampled from a variety of mineralisation
styles including disseminated, quartz-dominated-veins,
veins dominated by (or entirely) pyrite, and euhedral
megacrystic pyrites. Results from the sulfur analyses are
shown in Figure 2.
Results show values ranging from +5.1‰ to +12.4‰
with an average at +8.5‰. While Jiaodong does not fit
cleanly into any archetypal gold mineralisation model,
these δ34S values are higher than is expected for
orogenic gold, intrusion-related gold, porphyry gold, or
epithermal gold systems; however the higher values are
similar to Carlin-type gold systems (Cromie and Zaw
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circulation of surface fluids. It is also worth considering
whether magma emplacement and mineralisation
occurred at similar depths, or whether there had been
significant exhumation between magma emplacement
and mineralisation, which would require only shallow
circulation of surface fluids. It is also necessary for
Jiaodong to have been proximal to a seawater source in
the Mesozoic, as it is in present day. The same processes
that could circulate seawater could circulate meteoric
fluid, which would not account for elevated δ34S values.

•

•
•

4 δ34S and Au-associated elements
Samples analysed for δ34S were also analysed for metal
concentrations. For Au, Ag, As, Bi and Pb, a strong
correlation between high concentrations and δ34S values
between +8‰ and +9‰ were observed (Fig. 3).

basement, and lack of sedimentary basins
respectively
Magmatic and meteoric fluids are possible in
Jiaodong but do not explain the high δ34S values
seen in Au-bearing pyrites; crustal input in magmas
or deep circulation of seawater are possible
explanations
Pyrites from intrusion-hosted gold deposits in
Jiaodong show high (+5.1‰ to +12.4‰) δ34S
values
Several Au-associated elements (Au + Ag, As, Bi,
and Pb) have high concentrations corresponding to
δ34S values between +8‰ and +9‰; this could
represent a mixing threshold for ideal precipitation
conditions
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Figure 3. δ34S of pyrite grains associated with gold
mineralisation versus element concentration.
Results from all three mines sampled and including all
styles of pyrite mineralisation reflect this trend. It is
currently unclear if this is a superficial relationship
reflecting some sort of sampling bias, or if there is a
valid chemical relationship being illustrated, such as
ideal precipitation conditions, perhaps resulting from
fluid mixing. Further testing is underway.
One important thing to note is that Pb shows the
same pattern as other elements commonly associated
with Au mineralisation. However Pb is often being
associated
with
Clcomplexes.
Considerable
polymetallic mineralisation in some areas of Jiaodong
raises the possibility of multiple pulses of enriched
fluids, some saline and Cl- rich and capable of carrying
base-metals. This preliminary data suggests that the
fluids carrying Au-associated elements also affected Pb
in the same way since they show the same pattern with
respect to δ34S values, whether it be due to fluids
mixing, changes in fluid chemistry (pH, fO2,
temperature, etc), or some other process reflected but not
defined by δ34S values.

5 Summary
•

Direct input of mantle fluids, metamorphic fluids,
and connate fluids/basinal brines are unlikely fluid
constituents in Jiaodong fluids due to partial
melting in the crust, previously devolatilized
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Gold accumulation in diagenetic framboidal pyrite from
the Derwent Estuary, Tasmania
Daniel Gregory, Sebastien Meffre, Ross Large, Stuart Bull
CODES ARC Centre of Excellence in Ore Deposits, Private Bag 126, University of Tasmania, Australia.
Abstract. Recently Large et al. (2007; 2009) have
suggested that diagenetic pyrite in black shale may be
the source of gold in shale-hosted orogenic gold
systems. Support for this theory includes laser ablation
inductively coupled plasma mass spectrometer (LAICPMS) analyses conducted on different generations of
pyrite from shale hosted orogenic gold deposits. The
results show that diagenetic pyrite has a higher gold
concentration than metamorphic pyrite and pyrrhotite
after pyrite. It is suggested that gold and arsenic has
been released
from diagenetic
pyrite
during
metamorphism to form orogenic gold deposits. One of
the unresolved aspects of this model is the mechanism
for the enrichment of gold and other trace metals in the
diagenetic pyrite. This study focuses on resolving the
mechanism by conducting LA-ICPMS analyses of
diagenetic pyrites that form within a high metal
environment: the Derwent Estuary, Hobart, Tasmania.
Our results show a strong increase in the number of
pyrite framboids significantly enriched in gold that are at
and immediately below the base of the sediments
anthropogenically enriched in base and precious metals.
The chemical conditions found in this interval represent
those that enhance uptake of gold by pyrite, either by
releasing adsorbed or absorbed gold from adjacent
particles or by enhancing the incorporation of gold into
the lattice of diagenetic pyrite.

2 Model for shale-hosted orogenic gold
deposits
The gold deposition model for Bendigo and Sukhoi Log
proposed by Large et al. (2007, 2009) and Thomas et al.
(2011) begins with sedimentation in an anoxic/euxinic
ocean basin.
Anoxic conditions limit biological
breakdown of organic matter and lead to deposition of
large amounts of organic sediments. These organic
sediments act as ligands and bind to metal ions in
solution. As the organic sediments settle on the seafloor
they carry the metal ions with them, thus concentrating
metals within the sedimentary package. The euxinic
conditions created by the decomposition of the organic
matter induce pyrite formation, during which many of
the metal ions concentrated in the organic matter are
incorporated into the pyrite crystal lattice. When the
sediments are subjected to greenschist facies
metamorphism the pyrites are recrystallised and trace
metals are forced out of the pyrite lattice where they are
either released into fluids that form deposits in
favourable trap sites or become trapped as inclusions of
different minerals within the younger pyrite generations.

Keywords. pyrite framboids, gold, recent sediments, LAICPMS, orogenic

1 Introduction
It has been proposed that diagenetic pyrite may be the
source of gold and arsenic in shale hosted orogenic gold
deposits in areas such as Sukhoi Log, Russia (Large et
al. 2007), Bendigo, Australia (Thomas et al. 2011) and
Carlin, USA (Large et al. 2010).
The research presented here has been conducted to
determine how diagenetic pyrites from modern ocean
sediments are enriched in gold and trace metals. To
meet this goal a soft sediment core sample was taken
from a high metal source environment, near the Nyrstar
Hobart zinc smelter. A high metal source sample
location was chosen so that we can determine the
chemical conditions that were present when significant
uptake of metal by pyrite was observed. Future research
will address the question of trace metal and gold uptake
by diagenetic pyrite in systems without anthropogenic
metal contamination.
This paper discusses whole rock geochemical
analyses, laser ablation ICPMS analyses, neutron
activation gold analyses, X-ray diffraction analyses and
selective sequential leach analyses to determine the
conditions that promote the highest uptake of gold in
diagenetic pyrite.

Figure 1. LA-ICPMS map of pyrite from Bendigo, Australia
showing the variation in trace metal concentration for three
different pyrite generations (Large et al. 2009). The first
generation is a cigar shaped body in the centre of the crystal
mass. It is enriched in gold, arsenic, tellurium, zinc, silver,
bismuth, molybdenum, vanadium and magnesium and is
interpreted to represent an early diagenetic generation of pyrite.
The second generation is lemon-shaped, depleted in most trace
elements and considered to be a later form of pyrite. The third
generation is coarse grained with a euhedral outline, slightly
trace element enriched and represents a late metamorphic phase
of pyrite. The rim of this generation of pyrite is strongly
enriched in gold and arsenic and marks the mineralizing event.

The change in trace metal concentration for different
generations of pyrite is shown in Figure 1 where three
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with a higher proportion of pyrite framboids enriched in
zinc from samples that have the highest concentration of
zinc (Fig. 2). The highest proportion of zinc rich pyrite
framboids occurs directly above the most contaminated
zone. This is possibly due to an over abundance of iron
ions outcompeting the zinc ions for spots within the
pyrite lattice in the most contaminated section. A similar
trend is observed in many of the other trace metals
analysed (Cu, Pb, As).

generations of pyrite can be observed in a sample from
Bendigo, Australia. The oldest generation is enriched in
several trace metals (gold, arsenic, tellurium, zinc, silver,
bismuth, molybdenum, vanadium and magnesium). The
second generation is depleted in these metals and the
third generation is weakly enriched. The outer rim on the
third generation pyrite is strongly enriched in arsenic and
gold and it is considered to be representative of the main
mineralizing event.

3 History of the sediment core sample site
The 1.05 m soft sediment core sample was taken from
the Derwent Estuary near the Nystar Hobart zinc smelter.
The smelter was commissioned in 1917 and has been run
continuously by a number of different companies.
Initially much of the waste generated during the smelting
process was disposed directly into the estuary but less
waste has been allowed to enter the estuary from the site
of the smelter with increasing environment awareness
(Whitehead 2010). This has lead to a distinctive trend in
the contamination in the core sample with low to nil
contamination in the base of the core to very high
contamination at approximately 45-55 cm to moderate
contamination in the top of the sequence (Fig. 2). As
these sediments are contaminated with gold as well as a
number in other trace metals the variation of
contamination provides a unique opportunity to track
trace metal uptake in pyrites from several different metal
concentrations in one sediment core.

Fe 11.0 %
Fe 10.1 %

Figure 3. Gold in whole rock and LA-ICPMS analyses vs.
depth of sediment core sample taken from Derwent Estuary
near Nystar Hobart zinc smelter.
Table 1. LA-ICPMS gold analyses of pyrite from Derwent
Estuary

Fe 11.0 %
Fe 10.1 %

Figure 2. Zinc in whole rock and LA-ICPMS analyses vs.
depth of sediment core sample taken from Derwent Estuary
near Nystar Hobart zinc smelter.

Sample
depth
(cm)

Total
number
of pyrite
analysed

Number
of pyrite
below
detection

5-10
15-20
25-30
35-40
40-45
50-55
60-65
70-75
80-85
90-95

4
7
7
13
8
12
8
8
8
8

2
7
6
12
6
11
1
1
4
5

Mean of
samples
above
detection
limits
(ppm)
0.60
0
0.40
0.60
0.58
0.12
1.04
0.49
0.11
0.14

Maximum
(ppm)

0.80
0
0.04
0.60
0.60
0.12
1.53
0.24
0.21
0.22

Contrary to the base metal LA-ICPMS analyses the
gold in pyrite is rarely above detection limits in the most
contaminated samples (Table 1). It only becomes
significantly concentrated within the diagenetic pyrite
below the zone of highest whole rock gold
concentration, just prior to the drop in overall sulphur
concentration. This is very important as it shows that
chemical conditions are a significant aspect of gold
uptake in diagenetic pyrite in carbonaceous shales,
possibly even more important than the initial gold
source.

3 Geochemical analyses of sediment core
The iron and total organic carbon (TOC) analyses show a
very close association within the top 45 cm of the
sediment core. Over this interval zinc is enriched with
values near 1 wt.% with increased enrichment towards
the base of the interval. From 45 to 50 cm there is a
significant decrease in TOC coupled with an increase
zinc and iron. This is due to the presence of a large
quantity of the mineral Franklinite, which was either
suspended in effluent directly from the smelter,
precipitated out of ground water draining the site, or
from a combination of both. The LA-ICPMS analyses
show an increase in zinc in pyrite that loosely
corresponds to the increase in total zinc in the sample

4 Conclusions
Base metals in high metal source environments in recent
estuary conditions accumulate in diagenetic pyrite
relatively proportional to the amount of metal in the bulk
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analyses. The degree of gold accumulation in pyrite
under the same conditions is much less dependent on the
total concentration of gold in the sample, which suggests
that the chemical conditions present in the basin and
groundwater are more important for the accumulation of
gold in pyrite than the amount of gold in the sediment.
Analyses of the chemical conditions in the sediment
where gold enrichment in diagenetic pyrite is present
will help identify the conditions that are necessary for
gold deposits that form by the model proposed by Large
et al. (2009; in press). This data can then be used by
geologists to select the most prospective basins to find
carbonaceous shale-hosted orogenic gold mineralization
when conducting regional exploration.
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Unravelling high-grade gold deposition from in-situ
XANES mapping
James S. Cleverley, Robert M. Hough, Chris G. Ryan, Stacey Borg
CSIRO Earth Science & Resource Engineering, PO Box 1130, Bentley, WA, Australia, 6102
David J. Patterson
X-Ray Fluorescence Mapping Beamline, Australian Synchrotron, Clayton, VIC
Abstract. Micro-characterisation of coarse gold-pyritedolomite micro-breccias from Sunrise Dam gives us
insights into processes of high-grade gold deposition in
hydrothermal systems. The textures indicate that
dolomite forms a matrix to brecciation and that gold postdates the pyrite or is synchronous with development of a
high-As rim on the pyrite. XANES spatial mapping over
the As K- and Au L-edges shows that As changes redox
state from As(III) in the dolomite to As(-I) in the pyrite but
that there is little change in the zones of the pyrite itself.
Using the XANES Au L-edge response it is also possible
to see undetected trace Au(o) within the dolomite but no
such response exists in the As-pyrite. This relationship
lends support to the idea that the gold post-dates and
possible partly replaces the As-pyrite.

Timing relationships suggest that gold precipitated
between <2675 to 2630 Ma, and there is a complicated
deformation history, with at least 5 recognised events
(Blenkinsop et al. 2007).
Laminated quartz veins hosting gold occur within the
Sunrise Shear Zone. The veins are gently dipping,
laterally continuous, but often pinch and swell, changing
thickness from less than 1 to 3 m thick. They contain
dark black laminations giving the impression of crackseal veins as described in many epigenetic gold systems
(Fig. 1). The veins are cross-cut by steep fracture
systems that contain a second assemblage of sulphides.

Keywords. gold, XANES, arsenic, deposition

1 Introduction
As the global demand for metal resources responds to
growth in China and the sub-continent, so will the
pressure to dramatically reduce energy usage. In
response resources will need to move from low-grade,
high tonnage to increasingly high-grade systems.
Effective exploration for resources will need to not only
target mineral systems but understand the controls on
the distribution of high-grade within mineral systems.
However, the processes that lead to high-grade metal
deposition are poorly understood and may be driven by
a special set of physical processes beyond the normal.
Gold deposits can form extremely high-grade mineral
systems (e.g., 25 m at 60.7 g/t at Ramelius’ Wattle Dam
mine), and typical textures indicate that a lot of these
high-grade intervals form in single events. This paper
illustrates the use of cutting edge micro-characterisation
techniques being employed to understand the processes
and controls of high-grade gold deposition at the microscale. We use an example from a high-grade gold
laminated vein from the Sunrise Dam Gold Deposit in
the Eastern Yilgarm Craton of Western Australia.
These studies when coupled with macro-scale
understanding this will lead to better prediction of highgrade mineral systems and a new understanding of these
fundamental earth processes.

Figure 1. Photomicrograph of polished off-cut block of
laminated quartz vein used in this study. Key lamination area
is illustrated in black box.

3 Micro-characterisation methods
In order to understand the micro-scale processes we have
employed a number of new cutting edge characterisation
techniques, as well as SEM/Microprobe. This allows for
the integration of a number of key observations to
elucidate the underlying deposition processes at the
micro-scale. Here we focus on areas of the sample
within the micro-breccias where gold and pyrite are
intimately intergrown.
3.1 Synchrotron XRF mapping
The X-ray Fluorescence beamline at the Australian
Synchrotron (Paterson et al. 2007) was used in
conjunction with the CSIRO/Brookhaven MAIA detector
for large area micro-XRF mapping of the whole thin
section. The MAIA detector is a large area SDD with 96
(and more recently 384) individual detectors in an array.
This allows us to map at high velocity and hence collect
large area element maps (whole thin section) in ~3-7

2 Geology of the gold vein
The sample illustrated in this paper is from the Sunrise
Dam Gold Mine (SDGM) a world class (~12 Moz), late
orogenic gold system. The deposit contains extremely
high-grade ore bodies (1000’s g/t in vein intervals).
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simultaneous with the As-rich rims on the pyrite then the
oxidation state of the As may have recorded this
processes. Deditius et al. (2008) showed from spot XPS
data that As3+ was substituted into pyrite as part of an
oxidising gold-bearing fluid instead of the normal As-1,
and this may reflect these “subtle” signals of gold
deposition process. However the spatial context of these
reactions has never been mapped. XANES mapping at
high spatial resolution was used to understand the
processes of gold deposition recorded in oxidation states
changes in associated minerals.

hours depending on the trade off between counting
statistics and dwell time. Post-processing of the data is
completed with the GeoPIXE software (CSIRO).
3.2 Synchrotron XANES imaging
Synchrotron X-ray Absorption Near Edge Spectroscopy
(XANES) imaging was performed on the XFM beamline
of the Australian Synchrotron in order to look for spatial
changes in the redox state of As associated with gold
deposition. Mapping was performed over small areas
~100x100 microns using the MAIA detector where a full
map is collected at each energy point across the As Kedge (~11870 eV) from background to a point above the
edge. The fluorescence intensity is then analysed at each
pixel. Variation in oxidation state (As0, AsIII, AsIV) can
be determined from the energy position of maximum
fluorescence at the edge. The energy steps were
continued up to 12010 eV in order to collect data at the
Au-L edge (1192.1 eV).

4 Petrography of the laminations
The bulk of the veins are made of quartz, with
subordinate carbonate and lesser silicate phases.
Cathodoluminescence (CL) imaging of the quartz
reveals intense brecciation and quartz re-cementing.
Sometimes preserved quartz porphyroblasts from the
wall rock are observed in CL images, although there are
no obvious large clots of preserved mica or feldspar.
The shallow dipping dark laminations are observed
as narrow (<200 μm) zones. Backscatter electron
imaging (BSEI) of the laminations reveals complex
intergrowths and cross-cutting veinlets of tourmalinemuscovite and micro-scale breccia zones with dolomite
matrix (Fig. 2A). Coarse pyrite intimately intergrown
with gold (Au95Ag5) occurs on the very edge of these
zones. Neither CL nor BSEI techniques show evidence
for secondary quartz precipitation within the
laminations. The quartz fragments, although brecciated,
do not look chemically replaced. Instead of crack-seal
laminations these zones appear to form as micro-breccias
within a pre-existing quartz vein with a complicated
history.
Apatite (Fig. 2) grows within the micro-breccias and
is zoned from high-Sr cores to lower-Sr rims, where the
coarse pyrite associated with gold is intergrown with
these rims. The dolomite infill is typically zoned in Fe
close to the pyrite grain boundary, of note is the fact that
this zoning continues regardless whether the boundary is
pyrite or gold (Fig. 2B).

Figure 2. Backscattered Electron images showing A)
overview showing dolomite-infill micro-breccia with coarse
apatite and pyrite. The pyrite also contains coarse gold
intergrown. B) detail (dashed box in A) from edge of pyrite
grain showing the gold boundary and subtle zones of Fe
enrichment in the dolomite.

5. XANES results

5.1 Gold-Pyrite relationship

Figure 3 shows the area of pyrite intergrown with gold
that has been mapped at incremental energy steps from
11800 to 12010 eV. This energy range crosses the As Kedge (~11860-70 eV) and Au L-edge (11920 eV). Figure
3A and B show the maps at energies above the As and
Au edges respectively illustrating the zoned As in pyrite
and the intergrown gold. Figure 3C shows examples of
normalised spot XANES spectra from locations on
Figure 3A and include: 1) High-As rim on pyrite, 2) lowAs core of pyrite, 3) dolomite growing next to pyrite and
4) gold grain. Comparison of Figures 3A and B shows

The gold within the laminated, micro-breccia zones in
the vein is always intergrown with coarse pyrite and is
paragenetically coincident with the apatite-rim and
dolomite infill. The gold appears to be intimately
intergrown with the pyrite, however textures such as the
undisrupted Fe zonation in dolomite along the pyritegold grain boundary (Fig. 2B) suggest that gold may
have grown after the pyrite.
If the gold deposition occurs post-pyrite and
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paragenetic development of dolomite-matrix breccias
(dark laminations in quartz vein). From XANES
imaging the As in the pyrite is typically As(-I) oxidation
state with no significant change from low-As cores to
high-As rims, and no obvious response to the gold
deposition event. Dolomite however contains trace As in
its As(III) oxidation state and there is also a good Au Ledge response in the dolomite indicating the presence of
Au(o) probably as micro- or nano-inclusions. Further
work with this data will better model the redox
resoponses of As using the pre-edge and XAFS portions
of the data as well as look at the response of Fe in the
same area. This work does raise the possibility that gold
post-dates and is not synchronous with the As-pyrite as
previously thought and that proximal carbonates may
carry important chemical information related to the gold
deposition processes previously unconsidered.

that the gold overgrows previous growth boundaries of
As in the pyrite.
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Figure 3. Key XANES results from pyrite-gold-dolomite map
of area from Fig. 2. A) SXRF image at 11870 eV (above the
As-K edge) showing zoned pyrite with high-As rims, B) same
view but at 11940 eV (above the Au L-edge) showing the
intergrown gold grains. C) Is resolved XANES spectra from
the maps for 4 locations in the image. 1 - High-As rim in
pyrite, 2 – low-As core of pyrite, 3 – dolomite, 4 – gold. The
approximate location of K-edges for different oxidation states
are illustrated. Scale bar in B is 100 microns.
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The As within the pyrite shows a K-edge peak at
~11867 eV which is similar to that shown by Simon et
al. 1999 to be As-1 bound to S in arsenopyrite. There is
some hint that a higher energy shoulder exists on the
peak which may indicate some mixing of higher
oxidation state As into the structure but this will need
further modelling. In general there is little to distinguish
the core and rim As within the pyrite.
As within the dolomite shows a significant shift to
higher energies (~11872 eV) which is similar to As(III)
and indicates at least some redox reactions during As
precipitation and substitution into the dolomite vs pyrite.
Finally the gold grains show expected Au L-edge
response for Au(o) with the edge at ~11920 eV and a
second feature at 11945 eV. However this Au(o)
response at the Au L-edge is also observed in spectra 3
within the dolomite. This likely indicates trace gold
substituted into the dolomite or more likely Au(o) (given
the string 11945 eV feature) within the dolomite maybe
as nanoparticulate gold.

6 Conclusions
Micro-characterisation coupled with XANES mapping
has been used to investigate the small-scale processes
controlling gold deposition in a high-grade vein sample.
Textural relationships indicate that the gold post-dates
the As-rich pyrite event and is relatively late in the
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New gold occurrences in the Scottish Dalradian, UK –
nature and constraints on genesis
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Abstract. Vein-hosted gold mineralisation occurs
throughout the Dalradian supergroup in Scotland. The
formation mechanisms of the Cononish deposit are
unclear and poorly defined. To help constrain the genesis
of gold mineralisation a number of new showings have
been identified near to Cononish and are examined here.
Petrography indicates two fluid phases; an early gold
bearing fluid, followed by a late silver and telluride
bearing fluid that remobilised early gold. Sulfur isotope
data from pyrite in the mineralisation is highly varied from
-2 to +12‰. These data show wide variation within a
small area, indicating sulfur may be derived from mixing
of sedimentary and magmatic sources.

2 Regional geological setting
The Precambrian-Cambrian Dalradian sedimentary
sequence underwent intense deformation during the
closure of the Iapetus Ocean between 480-465 Ma
(Oliver 2001), reaching lower amphibolite facies
metamorphism (Treagus et al. 1999). The sequence was
intruded by granite bodies between 435-395 Ma (Lowry
et al. 2005).

Keywords. gold, Scotland, Dalradian, sulfur isotopes

1 Introduction
Vein-hosted gold mineralisation is known throughout the
Dalradian supergroup of the UK and Ireland. In Northern
Ireland gold is currently mined at Omagh and a
significant undeveloped deposit occurs at Curraghinalt.
The Cononish deposit within the Scottish Highlands
(Fig. 1) was first discovered in the early 1980s. High
gold prices have encouraged Scotgold to carry out a
regional exploration program across the Scottish
Dalradian.
The Cononish deposit (Fig. 1) hosts a resource
(estimated in accordance with the JORC code) of 31 koz
Au at 17.9 g/t , 24 koz at 10.2 g/t and 108 koz at 10.8 g/t
in the Measured, Indicated and Inferred categories
respectively. In order to sustain development after
mining Cononish, Scotgold have identified a number of
new gold targets nearby. These have high gold grades but
their genesis, and relationship to the better-characterised
Cononish deposit is poorly understood.
The aim is to develop a genetic model for
mineralisation within the area of interest to help improve
exploration strategy. This study examines geochemical,
petrological and sulfur isotope data from a series of new
targets (Fig. 2) close to Cononish in order to develop a
preliminary paragenesis for the area and place
constraints on the geometry of the hydrothermal system.

Figure 1. Location of Cononish relative to major settlements
in Scotland and generalised geology of the Dalradian. Geology
courtesy of Scotgold Resources Ltd.

There are outcrops of lamprophyre, micro-granite
and aplite dykes within Glen Orchy and explosion
breccia pipes within Auch and Beinn Udlaidh areas (Fig.
2), but there is no surface outcrop of a granite pluton
within 10 km of Cononish. However, a negative gravity
anomaly extending south-eastwards from the Etive
complex (Fig. 1) towards Cononish may represent a
buried granite pluton. Appinites at Glen Fyne, ~11 km
south of Tyndrum, were emplaced at 429 ± 2 Ma (Rogers
and Dunning 1991). Mineralisation at Cononish has been
tentatively dated at ≥410 Ma (K–Ar and Ar/Ar dating of
hydrothermal K-feldspar; Treagus et al. 1999) suggesting
it occurred significantly post-peak metamorphism and
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and an abundance of late hessite and galena. In Glen
Orchy gold-bearing quartz veins, electrum is widespread
within pyrite (Fig. 3c, 3d). Molybdenite is only observed
in NNE-trending fractures in the River Vein area.
The highest gold grades are associated with high Ag
and Te. There are large variations in the relative
abundance of elements across the area. Auch is enriched
in As; Kilbridge in As and W; Coire Nan Sionnach in Sb.
Te enrichment is observed within Glen Orchy veins.

overlaps with Caledonian granite emplacement.
Mineralisation at Cononish is hosted in a <6 m wide
steeply-dipping quartz vein running parallel to the NEtrending Tyndrum Fault. The vein cuts lower to middle
Dalradian psammites, pelites, and some calcareous units.
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Figure 2. Locations of veins relative to Cononish and
measured pyrite sulfur isotope values.
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Figure 3. Examples of how gold is hosted (A-E: reflected
light images, F: SEM image). a. Electrum hosted within pyrite
adjacent to arsenopyrite from Coire a’Ghabalach (Auch); b.
Electrum in fractures between pyrite crystals; c and d. Electrum
hosted in pyrite with associated galena from Glen Orchy; e and
f. Late Ag-Pb-Zn-Te phase at Coire a’Ghabalach. Ag-Te–silver
tellurides; El–electrum; Ga–galena; Ksp–K-feldspar; Py–
pyrite; Qtz–quartz.

New gold occurrences are of two types:
1. Quartz veins. Coire Nan Sionnach, Kilbridge, Creag
Sheileach (Auch) and Glen Orchy (Fig. 2) are goldbearing quartz veins hosted in lower Dalradian units.
Beinn Udlaidh NE extension is a gold-bearing sulphiderich quartz vein in lower to middle Dalradian units and
Coire a’Ghabalach (Auch) is hosted by middle Dalradian
units (Fig. 2).
2. Gold-bearing breccia pipes. These occur at Beinn
Udlaidh and Auch (Fig. 2) and contain clasts of
psammite, quartzite and pelite hosted by lower to middle
Dalradian units.
In addition the River Vein area of Glen Orchy is
distinct. NNE trending fractures have alteration selvages
containing molybdenite and pyrite.

4 Sulfur isotopes and interpretation
Pyrite δ34S values obtained for this study show wide
variation from -2 to +12‰ (Fig. 4). Combining new
Cononish data with those of Curtis et al. (1993), all but
three data points cluster within a narrow range from +6.7
to +9.0‰. However, significantly lower values than
those previously reported for Cononish have now been
recorded (Fig. 4). Data from other localities show
variation in range. The majority of gold-bearing quartz
veins, including samples from River Vein area, have δ34S
values between +5 and +11‰. Kilbridge shows slightly
higher values between +8 and +12‰. Coire a’Ghabalach
values are significantly lower at -2 to +5‰. Beinn
Udlaidh breccia pipes show lower values at +1 to +7‰.
Sulfides from the nearby Etive granite have an
average δ34S of +2.1‰ and sulfides in mineralisation
associated with plutonic deep-seated intrusions across
the area average δ34S +2.6 ± 1.8‰ (Lowry et al. 1995).
Thus a pure magmatic source is ruled out for most of the
sulfur. The breccia pipes have lower values, more
consistent with their likely connection with magmatism.
A significant magmatic component could also be

3 Mineralogy and geochemistry
Characterisation of the new occurrences has shown gold
occurring as electrum within sulfides. Pyrite dominates
the sulfide assemblage, with sporadic galena, sphalerite,
chalcopyrite and arsenopyrite. Quartz and carbonate
gangue is observed.
Electrum occurs at boundaries between early
arsenopyrite and pyrite, and as inclusions within pyrite
(Fig. 3a). A second stage of electrum is found in
fractures within pyrite (Fig. 3b). Silver tellurides, largely
hessite, are associated with a late Pb-Zn phase.
There is spatial variation to the mineralogy. Auch
veins (Fig. 2) have high arsenopyrite contents (Fig. 3a)
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interpreted for the sulfur at Coire a’Ghabalach and the
low values at Cononish.
The wide range in pyrite sulfur isotope data argue
against a single source for the sulfur in these
occurrences. Curtis et al. (1993) argued the sulfur in
Cononish mineralisation had to have derived a
significant proportion from the Dalradian sedimentary
succession. Within the Dalradian sequence sedimentary
δ34S values are highly varied. Local lower Dalradian
pyrite data are not yet available. The lower Dalradian
Kincraig limestone, beneath the Eilde Flags, has been
tentatively dated at ca.750-800 Ma based on 87Sr/86Sr
correlation with global Neoproterozoic values (Prave et
al. 2009). Global Neoproterozoic pyrite sulfur isotope
data shows an increasingly positive trend in δ34S values
after 800 Ma (Halverson et al. 2010).

could have some control on values. However, wide
variation in a small area indicates mixing of two
components may be necessary to obtain the range of
values recorded. Thus results from this study support a
sedimentary origin as advocated by Curtis et al. (1993),
but mixing with a magmatic component cannot be ruled
out, with lowest values indicating a significant magmatic
component.

5 Conclusions
Preliminary petrographic work indicates a complex
system with at least two mineralising fluids throughout
the area
• Early Au-Ag-Fe-Pb bearing phase
• Late Ag-Pb-Zn-Te bearing phase that re-mobilises
electrum from first phase of mineralisation.
Sulfur isotope analysis of pyrite shows a wide range
of values within a small area, suggesting mixing of two
sources in the system, probably sedimentary and
magmatic sulfur. Further investigation is needed to
define local sedimentary sulfide δ34S, as well as fluid
sources through further stable isotope work and fluid
inclusion microthermometry.
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The mineralised vein pyrite δ34S show variations
related to vein location (Fig. 2, 4). The highly varied
δ34S values within the Dalradian stratigraphic sequence
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The Arkachan world-class intrusion-related gold
deposit, eastern Yakutia, Russia: REE, fluid inclusion
and stable isotope studies
Nikolay S. Bortnikov, Gennadii N. Gamyanin, Olga V. Vikent’eva and Vsevolod Yu. Prokof’ev
IGEM, Russian Academy of Sciences, Moscow, Russia
Abstract. New data on REE distribution, fluid inclusions,
stable (O, C, S) isotopes from world-class Arkachan gold
deposit are discussed. They suggest the multiple sources
of a hydrothermal fluid. Economic gold ores have formed
at 385-261oC and 1.7-1.4 bars. The magmatic fluid
played the major role; some components are arrived from
the host rocks. At the final stage of ore formation, the role
of meteoric waters increased. The similarity between the
Arkachan and other intrusion-related gold deposits are
shown.

2 Geological setting
The Arkachan deposit is located in the tin metallogenic
zone of Verkhoyansk fold-thrust belt. The deposit area
consists of sandstones and siltstones of the Middle and
Upper Carboniferous and Lower Permian (Fig. 1). The
deposit is confined to the core of the Kygyltas anticline
fold at the intersecion of regional faults. Graniteporphyry dykes (K1) injected into sedimentary rocks. An
aeromagnetic anomaly infers that non-exposed granite
intrusion occurs beneath the deposit at the 2 km depth.
Few subparallel mineralization zones are controlled by
NE-SW-trending faults, which dominate in this area.
They control the localization of magmatic intrusion and
associared tin deposits.

Keywords. gold deposit, REE, fluid inclusions, stable
isotopes, oxygen, sulphur, carbon

1 Introduction
The Arkachan world-class gold deposit is located in the
Eastern part of Mesozoic Verkhoyansk fold-thrust belt.
The deposit is situated about 400 km to the North of
Yakutsk, Russia. Its reserves are estimated to be about
100 t of Au. A spectacular feature of this deposit is that
siderite and sulfides are widespread minerals in
auriferous lodes. This study was undertaken in order to
provide information on mineral paragenesis and
chemistry, an ore fluid composition, and possible
sources of the fluid and its constituents. The REE
distribution in minerals and rocks, fluid inclusions and
stable (C, O, and S) isotopes in minerals were studied.

3 Mineralization
The mineralization zones consist of series of veinlets (“a
linear ore stockwork”). Thickness of veinlets is
commonly <5 cm (rarely 20-40 cm). Siderite is a major
gangue mineral. The sulphide minerals comprise 5 to
70% of total vein volume (averages ~10 vol.%). Pyrite
and arsenopyrite are predominant sulphides. Several
mineral paragenetic assemblages have been recognized
on a basis of crosscuting relations between mineral
aggregates. They are: (1) quartz-muscovite-scheelitearsenopyrite-pyrite; (2) pyrrhotite-siderite-chalcopyritebismuthite-native Au; (3) ankerite-calcite. The mineral
fabrics suggest that common minerals were crystallized
in the open spaces. The following features of mineral
chemistry were found: (1) native gold fineness ranges
between 830 and 870; (2) pyrite and arsenopyrite contain
10-210 ppm of Au; (3) As/S ratio in arsenopyrite is
usually >1; (4) arsenopyrite contains up to 10 wt.% of
Co; (3) pyrite contains from 100 to 700 ppm of Co and
Ni; (4) the Sn (from 50 to 700 ppm) and Bi exsolution in
sulphides occur; (5) scheelite bears high Y content
(>>1000 ppm).

3 REE distributions
The highest total REE concentration found in siltstones
is 826 ppm, but values range from 156 to 202. Siltstones
are richer in LREE (La/Yb=7.1-11.1). Their REE
distribution patterns display weak negative Eu anomaly
(Eu/Eu*=0.7-0.8). The altered siltstones are weakly
enriched in HREE. The altered sandstones are richer
both in LREE and HREE in contrast to siltstones. Total
concentration of REE is lowest in unaltered sandstone
(87 ppm) and is enhanced to 198 ppm in altered rocks.

Figure 1. Sketch map of Arkachan deposit.
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0.99 g/cm3. Vapor phase density in fluid inclusions of
type II, estimated from the CO2 homogenization
temperatures of 22.4 to 28.5oC, ranges from 0.64 to 0.75
g/cm3. Fluid pressures calculated by the intersection of
the H2O-CO2 isotherms and the CO2 isochors (Brown
and Lamb 1989) varied from 1.3 to 1.7 kbar. Primary
fluid inclusions of type III are homogenized between 261
and 324oC (homogenization by bubble disappearance).
Eutectic temperatures (-32 to -46oC) suggest that NaCl
and MgCl2 were the major soluble components in this
fluid. Salinities estimated from ice melting temperatures
of -5.8o to -2.2oC (Bodnar 1993) are of 3.7 to 9.0 wt.%
NaCl equiv. Secondary fluid inclusions of type III are
homogenized between 250 and 269oC (homogenization
by bubble disappearance). Eutectic temperatures vary
from -44 to -52oC. Ice melting temperatures of -16.4 to 23.0o C were used to estimate a fluid salinity of 22.6 to
19.8 wt.% NaCl equiv.

The Eu/Eu* value in sandstones with quartz veinlets and
sulphides is 1.4, indicating that hydrothermal alteration
was induced by a relatively reduced mineralforming
fluid with Eu3+<<Eu2+. The total REE contents in
granitoides (58-69 ppm) and quartz porphyry (62 ppm)
are comparable.
The metamorphic quartz has lower total REE
concentration (4.4-6.3 ppm). The REE patterns of
auriferous quartz differ from the REE patterns of altered
host rock and metamorphic quartz (Fig. 2). The total
amounts of REE in quartz coexisting with siderite, native
gold and sulfosalts range from 3.0 to 129.4 ppm, the
(La/Yb)n ratios are of 1.4 to 25.7 in auriferous quartz.
There is a distinct negative Eu anomaly (Eu/Eu*=0.40.6) on the REE distribution patterns for this mineral.
The REE distribution patterns for quartz coexisting with
sulphides and late chalcedony quartz exhibit weak
positive Eu anomaly (Eu/Eu*=1-1.3). A fluid from
inclusions in quartz has lower REE concentrations (0.13.8 ppm).

5 Stable (O, C, S) isotopes

sample/chondrite

100

5.1 Oxygen isotope composition of quartz
The early metamorphic milky-white quartz has the δ18О
values of +15.6±0.2‰. The δ18О values of auriferous
quartz coexisting with siderite, native gold and sulfosalts
lie within +13.6 to +16.3‰. The δ18О values of
chalcedony quartz (in equilibrium with late Ag
mineralization) are of +8.9 to +9.4‰.
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Figure 2. The REE chondrite-normilized distribution patterns
of ore quartz (solid line) and metamorphic quartz (grey field).

The early siderite, the late ankerite and metamorphic
carbonate were studied. The δ18О values of siderite
associated with the auriferous assemblage are of +13.6 to
+15.5‰. The δ18О values of ankerite coexisting with
calcite from late veinlets are of +14.3 ± 0.3‰. The δ13C
values are of -6.0 to -4.2‰ and -5.4 to -3.6‰ for the
siderite and ankerite, respectively. The metamorphic
carbonate is enriched in heavy carbon isotopes (δ13C
values ≈ -1.3 ± 0.5‰), but it has similar δ18О values
(+13.1 to + 15.3‰).

4 Fluid inclusions
4.1 General description
Fluid inclusions in quartz range from 1 to 35 μm in size
and are generally irregular or negative crystal in shape.
The primary and secondary inclusions are identified
following the criteria outlined by Roedder (1984). Fluid
inclusions are classified on the basis of phase
compositions at room (+21°C) temperature. Type I are
two-phase fluid inclusions consisting of H2O liquid and
CO2 liquid and three-phase fluid inclusions with H2O
liquid, CO2 vapor and CO2 liquid. Type II is vapor-rich
CO2 fluid inclusions. Type III fluid inclusions are twophase liquid-vapor aqueous inclusions.

5.3 S Isotope composition of sulphides
The sulphides from early assemblage display a range in
the δ34S values: they are from +1.0 to +16‰ for
arsenopyrite and from -5.7 to +7.2‰ for pyrite. The δ34S
values of sulphides from late assemblage vary from -2.2
to +14.6‰ for chalcopyrite, from -0.6 to +0.5‰ for
galena and +0.9‰ for sphalerite. The range of the δ34S
values for pyrite (-2.4 to +3.8‰) and arsenopyrite
(+9±0.2‰) from altered rocks overlap with the δ34S
values of minerals from veins, but they have a narrower
range. The δ34S values of the marcasite concretions from
sandstones are from +4.3 to +9.3‰.

4.2 Microthermometry
Homogenization temperatures of type I fluid inclusions
in early quartz range from 385 to 353°C. Clathrate
melting temperatures at +2.6o to +0.2oC were used to
estimate a fluid salinity of 26.3 to 18.9 wt.% NaCl equiv.
The estimated CO2 content is 3.6–2.7 mole/kg solution.
Eutectic temperatures of -31o to -49oC infer that NaCl
and MgCl2 were the dominant soluble salts in the
aqueous fluid. The CO2 melting temperatures of -56.6oC
to -58.7oC indicate that the vapor phase contains minor
CH4. Fluid density calculated from the CO2
homogenization temperatures of 25.4 to 29.0oC is 0.88-

6 Discussions
Fluid inclusions studies indicated that gold was
deposited at 385° to 261°C and 1.3 to 1.7 kbar from an
ore fluid poor in CO2 (less than 4 mol/kg of solution)
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and of high salinity (about 20 wt.% NaCl equiv.).
The calculated δ18О H2O at 300oC in equilibrium with
metamorphic quartz is 8.5-8.9‰ and that of auriferous
quartz is 6.7-9.4‰ (Fig. 3). The δ18О values of fluid
deposited gold-bearing auriferous quartz lie within the
range of primary magmatic waters. The fluids that
equilibrated with chalcedony quartz display δ18О values
of +2.0 to + 2.5‰, which is consistent with heated
meteoric water.

with pyrite and arsenopyrite (Fig. 5).
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The calculated values of δ34SH2S in equilibrium with late
assemblage (predominant chalcopyrite) at 300oC are
from -2.0 to +14.7‰. The late fluid is isotopically
heavier than early one. Most of values (60% analyses) of
δ34S of ore-forming fluid vary from -3 to +3‰ during
crystallization of the early mineral assemblage with
pyrite and arsenopyrite. The sulphur of magmatic origin
was predominated at this stage of ore formation. The
values of δ34SH2S in equilibrium with late assemblage
may infer mixing of magmatic sulphur with sulphur
leached from sedimentary rocks.
In conclusions, isotope (oxygen, hydrogen and
sulphur) and REE studies suggest that the magmatic
fluid prevailed in the Arkachan mineral system, but
minor components were leached from host rocks. At the
final stage of ore formation, heated meteoric waters were
involved.
The Arkachan deposit bears the features of intrusionrelated gold deposits (Thompson and Newberry 2000): it
associated with cassiterite-sulphide deposits, Bi is an
abundant metal, was formed at moderate depth at the
roof of a magmatic chamber from the high- to moderate
saline reduced fluid magma-derived fluid. This deposit is
similar to some gold-rare metal and cassiterite-sulfides
deposits.

10

18

Figure 3. Calculated oxygen isotope composition of
hydrothermal fluid in equilibrium with quartz.

The calculated δ18ОH2O in equilibrium with siderite
and ankerite at 300oC are +7.6 to +11.7‰ and +6.9 to
+7.6‰, respectively (Fig. 4). The δ13CCO2 of the fluid
coexisting with siderite and ankerite vary from -10.7 to 7.7‰ and from -8.9 to -7.1‰, respectively. The values
δ18ОH2O and δ13CCO2 in equilibrium with metamorphic
carbonates are of +6.9 to +8.9‰ and -5.1to -4.5‰,
respectively.
The oxygen isotopic composition of the fluids related
to metamorphic and auriferous carbonates falls in the
field estimated for both magmatic and metamorphic
fluids. The mantle- and granite-derived carbon is
suggested to have δ13C of -7 to -2‰ and -6 to -2‰,
respectively (Jia and Kerrich 2000). It is evident that the
carbon isotopic composition of the fluid, which
precipitated auriferous carbonates, is close to these
reservoirs but characterized by lower δ13C. This implies
that the fluids leached some amount of carbon from host
terrigenious rocks, or that a magmatic fluid acquired its
delta 13C from host rock metasomatism.
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Figure 4. Calculated oxygen and carbon isotope composition
of hydrothermal fluid is equilibrium with carbonates.

The calculated values of δ34SH2S in the fluid,
assuming that H2S was the dominant sulfur species and
the temperature of mineral formation was ~300oC, range
from -7.0 to +5.5‰ for the early mineral assemblage
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Mineralization control of the Lamego gold deposit,
Sabará, Quadrilátero Ferrífero, Minas Gerais, Brazil
Breno S. Martins, Carlos A. Rosière, Lydia M. Lobato, Rosaline C. Figueiredo e Silva
Departamento de Geologia, Universidade Federal de Minas Gerais, Av. Antônio Carlos 6627, Pampulha, 31270-901,
Belo Horizonte, Minas Gerais, Brazil
Franciscus J. Baars
Rock Geologia Ltda., Avenida Afonso Pena 4343/402, 30130-008, Belo Horizonte, Minas Gerais
Marcio W. Tschiedel
Geoprocess Ltda., Distrito Federal, Brasília
Hebert Oliveira, Ulisses C. Penha
AngloGold Ashanti Brasil, Mina do Lamego, Sabará, Minas Gerais
Abstract. The Lamego gold deposit, exploited
underground by AngloGold Ashanti Brasil Mineração, is
located in Sabará, Minas Gerais, Brazil. It is hosted in the
Archean Rio das Velhas Greenstone Belt, Quadrilátero
Ferrífero-QF. Underground geological and structural
mapping at a scale of 1:100 was undertaken in seven
mineralized levels of four Lamego mine orebodies. These
encompass the Carruagem, Queimada, Arco da Velha
and Cabeça de Pedra orebodies. From bottom to top the
rock sequence is metandesite, banded iron formation,
metachert, carbonaceous and sericite phyllites. Gold
mineralization is controlled by pinch-and-swell structures.
These may develop boudins, and generally exhibit a
chocolate-tablet format with attenuation in two
perpendicular directions (100-150/35-60 and 190-220/1025). These structures occur at a centi- to hectometric
scale and are commonly found as boudinaged smoky
quartz veins and boudins of various mineralized country
rocks. This structural control differs from that usually
considered as the main model of other QF Archean gold
deposits, where mineralization is associated with folding
and-or unidirectional stretching.

2 Geology of the Lamego gold deposit
From bottom to top the concordant lithostratigraphic
sequence at Lamego is metandesite, banded iron
formation, metachert, and carbonaceous and sericite
phyllites (Fig. 2).

Keywords. Rio das Velhas Greenstone Belt, Lamego
deposit, Quadrilátero Ferrífero, orogenic gold, structural
control, pinch-and-swell

Figure 1. Simplified geological map of the Quadrilátero
Ferrífero region showing the location of the Lamego Mine
(modified after Baltazar et al. 2005).

1 Introduction
The Rio das Velhas Greenstone Belt metavolcanosedimentary rocks outcrop mainly in the Quadrilátero
Ferrífero (QF) region of Minas Gerais state. It is the
most important Brazilian gold district, with an estimated
production of 30 Moz of gold (Goldfarb et al. 2001). The
QF region (20°15´ and 43°30´) covers an area of approx.
7000 km2 located in the southern portion of the São
Francisco Craton (Almeida 1967; Dorr 1969; Almeida
and Hasui 1984).
Lamego is one of the many Rio das Velhas
Greenstone Belt orogenic gold deposits, and is located
near the town of Sabará (Fig. 1). Underground
lithological and structural mapping at a 1:100 scale was
undertaken to provide insight into the mineralization
control.

Figure 2. Rock sequence at the Lamego deposit (modified
after Sales 1998).

Mapping was undertaken in seven mine levels,
covering orebodies Carruagem (levels 1 and 2),
Queimada (level 1), Arco da Velha and Cabeça de Pedra
(both mapped at levels 1 and 2). The Queimada orebody
plunges 102/29, whereas Arco da Velha, Cabeça de
Pedra and Carruagem plunge 105/25, 120/25 e 95/22,
respectively.
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strongly concentrated in the SE, on average trending
124/35, with an intersection axis calculated at 124/31
and disperse lineations to the ESE to SE, with an average
attitude of 124/36. The foliation planes of level 1 of the
Arco da Velha orebody (Fig. 5b) are scattered in a great
circle with an axis oriented at 130/32, while the
lineations are dispersed from ESE to SE with an average
attitude of 128/42. The foliation of level 2, Corpo Arco
da Velha orebody, is concentrated in the SE, trending on
average 155/30 and showing an intersection of the
foliation planes at 095/35, while the lineation shows an
average orientation of 134/40. For the levels 1 and 2 of
the Carruagem orebody, (Fig. 5d), the foliation is
concentrated in the SE with and average attitude of
135/40, an intersection of the foliation planes measuring
162/30, and disperse lineations from ESE to SSE with an
average attitude of 135/38.

The structure of the Lamego Mine is dominated by a
type-2, reclined, antiformal fold (in the sense of Ramsay,
1967). It has a 4.8-km outcropping perimeter, with a
NW-SE fold axis (Fig. 3). The thick hinge zone
corresponds to the Cabeça de Pedra orebody, whereas the
Arco da Velha and Cabeça de Pedra orebodies represent
the flanks. Arco da Velha is the normal flank (SE sector),
and Cabeça de Pedra is the inverted flank (NW sector).
The Carruagem orebody represents the intersection of
the normal and inverted flanks.

Figure 3. Sketch of the Lamego Mine with the respective
orebodies (Martins 2011).

a

b

c

d

2.1 Primary structures (S0)
The most primary planar structures (S0) at Lamego are
the compositional and gradational banding.
The trend of S0 dips mainly to the SE. At levels 1 of
the Queimada, Arco da Velha and Cabeça de Pedra
orebodies (Fig. 3a), the bedding poles are dispersed
along a great circle whose axis is oriented at 117/38. The
great circle at the Arco da Velha level 2 orebody (Fig.
3b) presents an orientation of 098/31 and, for levels 1
and 2 at the Carruagem orebody (Fig 3c), the great circle
poles have a concentration in the SE, with an average of
138/38.

a

b

Figure 5. Stereographic projections of S1-2 foliation and L1-2
lineation. (a) Level 1 of the Queimada and Levels 1 and 2 of
the Cabeça de Pedra orebodies; (b) Level 1 of the Arco da
Velha orebody; (c) Level 2 of the Corpo Arco da Velha
orebody; (d) Levels 1 and 2 of the Carruagem orebody.

Together with the bedding plane S0, the S1-2 folaition
defines folds that are always associated with metasedimentary and metavolcanic rocks. The attitude of
these folds is concentrated in the SE, with a plunge close
to 25o, and is parallel to sub-parallel to the mineral
lineation L1-2.
2.3 Crenulation cleavage (S3), lineations (L3)
and folds (F3)

c

Figure 4. Stereographic projections of bedding (S0). (a) Level
1 of the Queimada, Arco da Velha and Cabeça de Pedra
orebodies; (b) Level 2 of the Arco da Velha orebody; (c) )
Levels 1 and 2 of the Carruagem orebody.

The structural elements such as the S3 crenulation
cleavage, L3 mineral lineation and F3. The S3 crenulation
cleavage is made up by the intersection of the S1-2 with
S3 foliation planes. The L3 is distributed on N-S planes.
On the other hand, the F3 open folds have amplitudes up
to 3 m, and are best identified in the carbonaceous schist.
Figure 6 shows that L3 is distributed along an N-Soriented great circle that coincides with the S3 foliation
planes. The great circle contains L3 lineations and trends
097/85 (Fig. 6).

2.2 Foliation S1-2, lineation L1-2 and folds F2
The S1-2 foliation is the most conspicuous planar
structure in the Lamego deposit. The S1-2 foliation is
mostly parallel or sub-parallel to the bedding planes (S0).
The L1-2 lineation is described on the S1-2 foliation
planes. It is characterized by the intersection of this
surface’s planes with the bedding planes. This lineation
is parallel to: (i) F2 fold axes, (ii) the Lm1-2 mineral
lineation, mainly quartz and carbonate, (iii) the Le1-2
mineral stretching lineation, and (iv) striations.
For orebodies Queimada level 1 and Cabeça de Pedra
levels 1 and 2, the stereographic projections (Fig. 5a)
show that the S1-2 foliation and the L1-2 lineations are

2.4 Faults and shear zones
Almost all the structures have a dip greater than 30°.
Locally, the faults in carbonaceous schist vary their dip
angle from 30° to 90°. Shear zones occur in all the
schistose layers and along lithological contacts on a
centimetric to metric scale.
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Pedra. The structural nature of the small orebodies that
jointly comprise the four larger orebodies suggests their
development in a pinch-and-swell and boudin system
with two orthogonal stretching directions. Thereby, a
chocolate-tablet structural array is characterized during
the mineralization. It is possible that the greater
boudinage axis is reflected in the plunges of the principal
orebodies.

Figure 6. Stereographic projections of L 3 lineations
off data from the entire Lamego Mine.

In stereographic projections, the faults are distributed
in a great circle (Fig. 7 a, b), perpendicular to the fold
axes.

a

a

b

b

Figure 8. (a) Depiction of the surface map of the Lamego
deposit, with indication of the orebodies, their projection at
depth, and the structural array between the fault and the
foliation direction. (b) Stereographic projection, rot ated
anticlockwise by 90 o , showing the dispersion of the
fold axes and the orebody plunges (Martins 2011).

Figure 7. Stereographic projections of faults and shear
zones (a) Levels 1 and 2 Arco da Velha and Cabeça de
Pedra orebodies; (b) Level 2 Carruagem.

3 Considerations on the structural geology
The structural evolution at Lamego is associated with
events D1-D2, characterized by progressive ductile
deformation, and D3 by a ductile-brittle environment.
Despite having their axes in the same quadrant as the
lineations, the folds differ from the former by variable
angles between 15°-60°, the greater angle of the Carruagem orebody. The greater variation in the Carruagem
orebody is probably related to the existence of an
oblique-ramp transpressive zone. On the other hand, the
structures at the Queimada orebody may represent
tectonism related to a frontal ramp, while the Cabeça de
Pedra orebody would be the fold closure (Fig. 8a).
The richer orebodies are clearly found associated with
fold closures of the D1-2 phase, such that the orientation
of the fold axes controls the plunge of the orebodies.
This becomes most evident on the stereogram on Figure
8b, in which the distribution of the plunges coincides
with that of the fold axes.
The final state of flattening does not correspond to an
oblate deformation model, since two stretching
directions can be established: (i) one, of greater intensity,
follows a NW-SE direction, which must represent the
tectonic transport direction during thrusting, and (ii) the
other, of lesser intensity, follows a NE-SW direction,
which must represent the lateral escape direction in a
triaxial, non-planar deformation. The effect of flattening,
most intense in the Carruagem orebody, is reflected by
the dispersion of lineations and plunge of the orebodies.
Folds with NE-SW axes, on a deca- to hectometric
scale, are developed superposed on the abovementioned
structures. The latter have orientation controlled by the
attitude of flanks of folds related to the D1-2 event, and
are distributed along a great circle of approximate N-S
direction (Fig. 6a). This corresponds to the spaced
cleavage plane, or the crenulation plane (S3),
encountered principally in metapelitic rocks.
The orebodies present plunges varying from 95/22, in
the Carruagem orebody, to 120/25 at Corpo Cabeça de

The pinch-and-swell morphology would be associated
with subsequent flattening undergone by folded layers,
and that was apparently most intense in the oblique-ramp
zone, as displayed in the Carruagem orebody.
This model diverges from that normally indicated for
other Archean gold mineral deposits in the Quadrilátero
Ferrífero region, in which mineralization is generally,
associated with folds and/or unidirectional stretching.
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Abstract. The Black Reef Formation, a thin, but laterally
extensive unit of primarily conglomerates, quartzites and
shales at the base of the Transvaal Supergroup, contains
erratical gold at economic grade confined to regional
areas. The origin of the gold in the Black Reef is
discussed controversially over the last decades. The
most likely concepts consider a reworking of detrital gold
placers from the prominent Witwatersrand Reefs, such as
the Ventersdorp Contact Reef (VCR) or the Carbon
Leader Reef, and consequently depositing of the Black
Reef due to highest gold concentration at localities in the
Witwatersrand. Other concepts consider a hydrothermal
transport and consequently deposition of gold from
various sources, supported by the occurrence of gold
outside the Witwatersrand basin in the Batavia goldfield
(North West Province) and Haenertsberg goldfield
(Limpopo Province). The paragenetic sequence and
mineralization style of gold and associated ore minerals
of Black Reef samples from various areas strongly
suggest the involvement of a fluid phase in the
mineralization process. The presence of organic matter in
paragenesis with gold, uraninite and sphalerite intend
organic matter for an active or passive role in the oreforming processes of the Black Reef Formation.

also occur in the shales that intercalate the quartz
arenites throughout the whole sequence. The gold occurs
very erratically, but in payable concentrations of the
mining districts of the East Rand, West Rand and
Klerksdorp; gold at locations outside of the
Witwatersrand occur in lower concentrations. The
Precambrian gold–bearing quartz-pebble conglomerates
of the “Witwatersrand-type” are widely accepted to have
been deposited in a braided-stream environment at the
fluvial and/or lacustrine environment (Frey et al. 1991).
Non-Witwatersrand-style gold mineralizations have been
observed in the Old Kromdraai Mine (near Krugersdorp)
and in the Malmani Goldfield, where gold appears in
hydrothermal quartz close to shales.
While there is a general agreement on the
depositional environment of the host rocks, the origin,
transport mechanisms and deposition of the ore minerals
are still controversially debated. Even though there is a
strong correlation between the occurrence of gold and
organic matter within the Black Reef, the active or
passive role of organic matter was not taken in
consideration in the concept of ore-forming process of
the Black Reef. In this report we are showing
preliminary results that intend organic matter for an
active or passive role in the ore-forming process of the
Black Reef Formation.

Keywords. Black Reef, gold, crude oil, petroleum,
geochemical fingerprinting

1 Introduction

2 Mineralogy of the Black Reef

The Precambrian Black Reef Formation consists of
clastic sediments (conglomerates, shales, quartz arenites
and mud rocks) and is forming the basal unit of the
Transvaal Supergroup. The Transvaal Supergroup rocks
are developed in two structural sub-basins in the
northern part of South Africa and some adjacent parts of
Botswana. The Black Reef is dated on 2.59 Ga using
SHRIMP (Henry and Master 2008). Both sub-basins are
separated by the Vryburg Arch, a northwest-southwest
striking structural ridge. The thickness of the Black Reef
Formation varies from 0.2 m in the outer areas of the
Witwatersrand to approximately 7 m in the East Basin of
the Witwatersrand.
Gold, often in paragenesis with uranium and sulfidic
ore minerals, is mostly hosted in the conglomeratic
sediments at the base of the Black Reef Formation.
Sulfidic ore minerals and minor amounts of native gold

The most abundant ore minerals within the Black Reef
Formation are pyrites, gersdorffites, colbaltites,
sphalerites, chalcopyrite, galena, uraninite, chromite,
zircon, rutile, pyrrhotine and gold. Four different types
of pyrite could be distinguished: 1) detrital pyrite 2)
porous (mudball) pyrite, 3) concretionary pyrite, and 4)
recrystallized pyrite. Studies done by Barton and
Hallbauer (1996) on pyrites, using trace element and UPb isotopic compositions, identified that morphological
and compositional differences, retained by the detrital
and concretionary pyrite types, imply that they were
formed by different processes and in contrasting
geochemical environments. Barton and Hallbauer (1996)
conclude that rounded, compact pyrite, containing
typical hydrothermal minerals (e.g., kaolinite/dickite)
and saline fluid inclusions, suggests an origin from a
hydrothermal altered source region.
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hence fixes the gold.
Furthermore, sediment-hosted ore deposits in
intracratonic basins, as such as in the Witwatersrand,
provide an eligible environment, e.g. the presence of
organic-rich source rocks (shales), source maturation
through the burial, the fitting temperature window for
the oil generation (50°C-150°C) and permeable rocks
(Giordano 2000; Leventhal and Giordano 2000), to
intend the organic matter for an active role in the
transport of gold, from the source rock to the site of the
deposit. Bitumen nodules as such as in the Black Reef
are residual products of migrating hydrocarbons. Volatile
oils are only preserved in primary and secondary fluid
inclusions through the whole Black Reef sequence.
England et al. (2002) identified organic-rich shales as the
most likely source rock for the oil generation in the
Witwatersrand Supergroup from the lower West Rand
Group for the deposition of the Central Rand Group.
Source rocks for the oil generation for the Black Reef
deposit are not yet identified.

Black Reef samples from various locations show that
gold crystallization occurred in most cases in cracks,
holes or pore-holes of pyrite grains, in zones where
secondary quartz is replacing pyrite, in micro-fractures
in quartz and in the interstitial space between sulphides
and quartz (Fig. 1A). The textural context, as well as the
morphology of the gold grains indicate that gold could
not be entirely concentrated by sedimentary processes.
In fact it suggests the involvement of fluids during the
ore-forming process.

3.2 Experimental studies

Small-sized gold grains frequently occur enclosed in
nodules of organic matter (Fig. 1B) or close to the
organic matter, which is sited in crack and fractures
between quartz and sulphides. Most abundant minerals
in organic matter are uraninite, sphalerite and galena.
Electron microprobe analyses on gold in cracks and gold
in organic matter show similar compositions with 87.1%
Au, 13.7% Ag and <0.5% Cu on average. Oil fluid
inclusions were detected in samples from the East and
West Rand basin, using IR-Microscopy.

Experimental studies at the Department of Earth and
Planetary Science (McGill University) examine the
solubility of gold wire in different types of crude oil and
their distillates. The experiments were conducted in
titanium alloy autoclaves at different temperatures in the
range of 100°C and 300°C for 7-10 days. The solubility
of gold in crude oils and aqua regia (dissolving of
precipitated gold on wall of the autoclave due to
quenching) has been calculated from their concentration
by the use of neutron activation analyses. The results of
the experiments exhibit highest solubility of gold in
crude oils between 39 ppb to 48 ppb. The experiments
were conducted at 200°C. Crude oil distillates show a
significantly lower solubility of gold (27 ppb max.).
Distillates of lower density (condensed fraction) tend to
incorporate a maximum of gold at 300°C, whereas
distillates with high density (residual fraction) carry gold
in solution at 150°C. So crude oils that typically contain
a multiplicity of complex, organic compounds, seem to
be the most suitable host for organo-metallic complexes.
The process of the organo-metal complexation is not
well understood, but Czechowski (2000) identified
discrete porphyrin ligand structures to form organometallic complexes with V and Ni in crude oils.

3 Petroleum as a transport agent

4 Conclusions

3.1 Active and/or passive role in the ore
forming process

The Black Reef Formation is situated in a geological
environment that represents ideal conditions for a
petroleum-phase transport of gold. Those are for instance
the presence of organic material, suitable temperatures
for source rock maturation and oil generation, and
permeable rocks during an early stage of diagenesis. The
strong correlation between organic matter and gold gives
the evidence that organic matter played a significant role
in the ore-forming process. The presence of oils in fluid
inclusions gives the proof that oils were present at least
one stage of the ore-forming process. Preliminary results
of our experimental study show that crude oil is able to
host significant amounts of gold in solution, but the

Figure 1. Gold mineralizations in samples from the East Rand
Basin; A) gold as infilling of cracks in pyrite, B) Back-scatter
image of a bitumen nodule containing gold and uraninite

The correlation of organic matter with gold intends the
organic matter for an important role in the ore genesis of
the Black Reef. In its passive role, maturated organic
matter (e.g., oils and bitumen) can act as a strong
electrochemical reducing agent for solute metal species
in hydrothermal fluids that lead to the precipitation of
gold within the organic matter. Uraninite is commonly
accepted to be a detrital, heavy mineral, which
radiogenetically immobilizes bituminous nodules during
the early phase of the burial (England et al. 2002) and
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process the metal-complexation is still less understood.
Therefore, further experimental studies are envisaged to
help answering these questions. Field studies play an
important role as well to understand the role of the
organic matter and its impact on the transport and
deposition of gold in sediment-hosted ore deposits.
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Pyrite textures, composition and isotopic features at the
Kumtor gold deposit, Kyrgyzstan: new data to improve
the genetic model
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CODES, University of Tasmania, Australia
Valeriy V Maslennekov
Institute of Mineralogy, Russian Academy of Science, Miass

Abstract. Kumtor is a black shale hosted orogenic gold
deposit in the Middle Tien Shan of eastern Kyrgyzstan.
(Goldfarb et al. 2005). This study was undertaken
primarily to determine the pyrite paragenesis and LAICPMS trace element composition in the gold ores and
black shale host rocks, with the purpose of determining
the timing and geochemical characteristics of the goldforming events. The study has revealed two stages of
gold enrichment at Kumtor; 1) an early stage, during
sedimentation and diagenesis, of Au and Te enrichment
in diagenetic pyrite in the black shale host rocks, and 2) a
late stage, post folding, related to hydrothermal activity
and carbonate-pyrite veining and alteration of the black
shales.

Figure 1: Two styles of sulfide mineralisation at Kumtor.

Keywords. Kumtor, gold, black shales, LA-ICPMS,
orogenic gold, syngenetic gold

1 Introduction to geology
Kumtor occurs in a backarc magmatic belt of the Middle
Tien Shan in eastern Krygyzstan (Jenchuraeva et al.
2001). The pre-mining resource in 1995 was around 97
million tonnes at 3.3 g/t Au. The Kumtor ore field
extends for over 15 km along the Akshiirak Range, and
is related to a belt of black shales constrained between
major strike parallel fault zones. The pyritic ores occur
in the Neoproterozoic Ediacaran Jetym group composed
of greenschist metamorphosed carbonaceous flyschoid
rocks from 800 to 1000 m thick (Jenchuraeva et al.
2001). Disseminated and semi-massive stratiform pyrite
occurs in the black shales (Fig. 1), and minor thin
hematite-magnetite-chlorite bifs also occur within and
along strike from the mineralised sequence. The
sequence is overturned and heavily faulted, with pyritic
carbonaceous shales and phyllites in the hangingwall,
and Lower Palaeozoic chert and limestones in the
footwall. The ore zones are comprised of veining,
stockworks and stratiform zones of hydrothermal pyrite,
carbonate and feldspar (both albite and K-feldspar) with
associated pervasive alteration.

Figure 2. Nodular diagenetic pyrite (left) and subhedral
hydrothermal pyrite (right)

The various pyrite types have been grouped here
under the general classes of diagenetic and
hydrothermal. Pyrite nodules from 0.5 to 5 mm across
are common in the hanging wall carbonaceous shales
(Fig. 2), and have been studied in detail, as they provide
an opportunity to investigate compositional zonation and
gold input through the paragenesis. LA-ICPMS spot
analyses and quantified pyrite mapping (Large et al.
2009) show that the diagenetic pyrites are enriched in
invisible gold and tellurium with a range in Au values of
1 to 1430 ppb (mean = 180 ppb Au), and Te from 5 to
68,000 ppb (mean = 2560 ppb Te). Unlike other
diagenetic sedimentary pyrites in the Carlin district
(Large et al. 2010), Sukhoi Log (Large et al. 2007) and
Bendigo (Thomas et al. 2011), the Kumtor diagenetic
pyrite is generally low in As (0.4 to 5350; mean = 720
ppm As). The cores of the diagenetic pyrite nodules are
commonly enriched in Au, Te, Pb, Bi, Mo, As, Ag and U,
whereas the late diagenetic overgrowths are enriched in
Co, Ni, As and Se, but not Au or Te.
There is a strong positive relationship between Au
and Te in the diagenetic pyrite cores. Similar

2 Diagenetic pyrite in carbonaceous
shales
Various types of early-stage pyrite have been recognised
in the hanging wall black shales distal (>50 m) from ore;
porous, framboidal, nodular, sooty, accicular and
subhedral.
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relationships exist between Au and Ag, Pb, Bi, Sb. These
relationships suggest that the invisible gold in diagenetic
pyrite at Kumtor is present as micro- or nano- inclusions
of a Pb-Sb-Ag-Au-telluride in the pyrite. In fact the data
trends suggest three separate telluride micro inclusion
phases, with different Au/Te ratios are present in the diagenetic
pyrite cores.

Figure 4. LA-ICPMS map of As, Au and Te in hydrothermal
ore-stage pyrite. A round As-rich core is surrounded by a more
Au-Te-rich overgrowth stage of pyrite.

4 S-isotopes of Kumtor pyrite
Diagenetic pyrite from the black shales (Fig. 5) exhibit a range
of δ34S from -10 to +22 per mil, with a mean of 7.4 per mil
based on 23 analyses. Hydrothermal pyrite in the ore zone has
a tighter δ34S distribution from -5 to +8 per mil with a mean of
2.0 per mil based on 26 analyses. The similarity in the mean

Figure 3. LA-ICPMS map of As, Au and Te in a nodular
diagenetic pyrite core with euhedral overgrowth.

δ34S values for diagenetic pyrite and hydrothermal
pyrite, suggests that the main source of sulfur in the ores
is sedimentary S from the black shales. However the 5
per mil difference in the means, may be due to mixing of
S from a magmatic source with δ34S from 0 to -5 per mil.
We need to do more S-isotope analyses to complete this
picture.

3 Hydrothermal pyrite in ore zones
The main ore zones consist of a banded carbonate-pyritefeldspar style and a cross-cutting vein and breccia style
of the same mineral composition (Fig. 1). The bandedstyle appears to form by replacement along bedding in
the pyritic shales, whereas the vein and breccia style cuts
across the main deformation fabric. It is not clear
whether these two styles of mineralisation have a
different timing, but the textures suggest this is a
possibility.
In the main carbonate-rich ores the pyrite is
subhedral to anhedral with irregular shapes (Fig. 2).
Much of the pyrite is brecciated. Our LA-ICPMS
mapping (Fig. 4) of the pyrite, reveals that gold is
present in three forms; 1) microscopic free gold
inclusions, 2) microscopic gold-telluride inclusions, and
3) invisible complex Au-Ag-telluride phases in the pyrite
structure.
Growth zoning in some of the ore zone hydrothermal
pyrite reveals two stages; an early As-Co-Ag-Pb-Sb-rich,
Ni-poor pyrite core, surrounded by a Ni-Co-W zone,
intergrown with the carbonate matrix. Au and Te show a
very patchy distribution in the pyrite, generally with
greater concenration in the outer Ni-Co-rich zone (Fig.
4). Gold content between 10 and 100 ppm and Te
between 30 and 500 ppm are common in the outer zone
pyrite. The patchy distribution in the laser maps indicates
the gold occurs as micro and nano inclusions of Au-Agtellurides. Comparison of the composition of the
diagenetic pyrite and hydrothermal pyrite indicates that
Au, W, Te, Ag and Ba are the key elements added to
pyrite during the main hydrothermal phase of
mineralisation.

Figure 5. Sulfur isotope distribution of diagenetic pyrite
(purple) compared to hydrothermal ore-stage pyrite (red),
Kumtor.

5 Conclusions
a) There are two stages of gold concentration at
Kumtor; an early syngenetic stage of Au-Te
enrichment in diagenetic pyrite in shales, and 2) a
later post-deformation stage of epigenetic Au-Te-W
enrichment in carbonate-rich replacement and
breccia zones.
b) Both stages have the same Au/Te ratios and
mineralogy, providing support to the theory that the
main-stage epigenetic mineralisation formed by
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remobilisation of gold and tellurium from the early
syngenetic mineralisation.
c) Gold is present in the epigenetic main stage
carbonate-rich ores in three forms; 1) free gold
grains in pyrite, 2) grains of Au-Ag-tellurides (± PbBi-Sb) in pyrite, and 3) nano particles of Au-Agtellurides locked in the pyrite structure
d) Sulfur isotopes of pyrite suggests that the main
source of S in the ores is sedimentary S derived from
the black shales, however mixing with magmatic
sulfur remains a possibility.
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Ore fluid chemistry of intrusion-related gold deposits
(IRGD’s) and orogenic gold deposits in the Tintina Gold
Province (Alaska): What is the difference?
John Ridley, Jodie Gibson
Department of Geosciences, Colorado State University, Fort Collins, CO 80523-1482, U.S.A.
Abstract. The Tintina Gold Province includes both
intrusion related gold deposits and late-metamorphic
quartz-vein gold deposits hosted in metamorphic
hostrocks. Both deposit types are of similar mid- to lateCretaceous age. Ore geochemistry and major component
fluid chemistry do not clearly distinguish between these
ore deposit types. Gold-related hydrothermal fluids are
low- to moderate salinity aqueous and aquo-carbonic.
Multi-element ore fluid chemistry determined by LA-ICPMS analysis of fluid inclusions also shows many
uniformities of composition. All fluids have relative
concentrations of major elements, Na > K > Ca, Mn, Fe,
and the trace elements B, As, Sb, and Pb are present at
high concentrations relative to crustal abundances. Goldore fluids in the Province are thus a single suite. The
fluids have compositional similarities to gold-ore fluids in
other terrains and to fluids in shallow-level magmatohydrothermal centres. Neither a magmatic nor a
metamorphic origin is ruled out by a fluid compositional
characteristic.

to classic porphyry Cu and Mo deposits (Bakke 1995).
Concepts of relationships between gold ores and
felsic intrusions, including possible magmatic derivation
of ore fluids, have been formalized with grouping of
major deposits in the Province into a newly defined
global class of gold deposit - intrusion-related gold
deposits (IRGD) (Thompson et al. 1999). However, ore
geochemistry (Au dominant with variable coenrichment, most strongly, of As, Sb, Te, Bi, W), and
major component fluid chemistry (low- to moderate
salinity water-carbonic gas mixtures), do not allow
distinction of IRGD’s from orogenic gold deposits. We
thus report here results of multi-element LA-ICP-MS
analyses of individual fluid inclusions in (i) vein quartz
from the different styles and settings of gold deposit in
the Province and (ii) in igneous quartz in gold related
intrusions. These analyses were undertaken to test
genetic relationships between the gold deposit types and
to assess genetic origins of the ore fluids in the different
deposits.

Keywords. Tintina Gold Province, Alaska, orogenic gold
deposits, intrusion related gold deposits, fluid inclusions,
LA-ICP-MS

2 P-T conditions of ore formation
Temperatures of vein formation from those of the lowergreenschist facies to amphibolite-facies are determined
for both intrusion-hosted and metamorphic-rock hosted
deposits. Estimated depths of formation in all settings
range from 2 – 10 km. The veins at Fort Knox for
instance are quartz-dominated with minor K-feldspar or
ankerite + sericite, and contain up to a few percent
sulfide minerals (pyrite, molybdenite, bismuthinite etc).
Wallrock alteration is either cryptic or marked by narrow
(cm-width) sericite-pyrite-carbonate zones. Throughout
the Province, gold bearing veins can be readily
distinguished from other generations of syn- and postmetamorphic quartz-carbonate-, calcite- and quartz-veins
by their sulfide content and the presence of potassic
(sericite or biotite) phases in alteration haloes.

1 Gold deposits in the Tintina Gold
Province
The Tintina Gold Province (TGP) is hosted in the
Cretaceous interior cordilleran orogenic belt of
greenschist- to amphibolite facies metamorphosed
continental margin rocks and calc-alkaline to alkaline
intrusions in Alaska and adjacent Yukon. Syn- to postmetamorphic gold deposits in more deeply eroded
terrains of cordilleran-style orogenic belts were
historically classified as Mother Lode type and more
recently as Orogenic gold deposits (Goldfarb et al.
2005). It was, however, recognised early in the current
period of exploration in the TGP, that many of the larger
gold deposits in the Province are intimately associated
with felsic intrusive centers (e.g., Hart et al. 2002).
Although some of deposits have settings and
characteristics typical of orogenic gold deposits – quartzvein deposits hosted in metamorphic rocks – others are
stockwork to sheeted quartz-rich vein systems in granitic
stocks, and even where immediate host-rocks are
metamorphic, veins are often clustered around localised
swarms of minor porphyritic intrusions. Radiometric
ages of ores and host intrusions are analytically
indistinguishable (e.g., Selby et al. 2002), and ore-fluid
isotope ratios and ore chemistries imply genetic relations
to associated felsic rocks (McCoy et al. 1997). The Fort
Knox deposit was for a while termed a ‘porphyry gold
deposit’ on account of similarities of ore style and setting

3 Ore fluid types and compositions
Two compositions of fluid were recognised in fluid
inclusions in ore-related veins throughout the Province
irrespective of setting in intrusions or in metamorphic
rocks: (i) Aqueous - H2O solutions of low to moderate
salinity (2 – 10 wt.% equiv. NaCl). (ii) Aquo-carbonic H2O – CO2 ± CH4 mixtures with a water phase of low to
moderate salinity (3 – 10 wt.% equiv. NaCl). The
proportion of the gas phase (Xcarb ) ranges from 0.05 and
0.5, and its composition varies from nearly pure CO2 (<2
mol% CH4 or other gases) to mixtures with up to 50 –
70 mol% CH4 (or other low-boiling point gases). No
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granite hosted veins. The high Na/K ratios at high
temperatures may reflect the presence of complexing
anions other than chloride (e.g. bicarbonate) and we do
not rule out a magmatic derivation of these fluids based
on this parameter (cf., Yardley et al. 2007). The modest
Cs and Rb contents of fluids in intrusion related deposits
rule out large degrees of igneous fractionation in the
host Alaskan magmatic systems before fluid release.

highly saline inclusions were found in this study,
although it is noted that they were reported from some
small lode-gold deposits in the TGP in earlier studies
(Baker and Lang 2001).

4 Multi-element fluid chemistry
With respect to many compositional parameters, the LAICP-MS fluid inclusion analyses show a remarkable
uniformity of ore fluid compositions across the whole
range of gold deposit types and settings. The order of
relative concentrations of major elements are (Na > K >
Ca, Mn, Fe) in both aqueous and aquo-carbonic fluids. A
distinct suite of trace elements (B, As, Sb, Pb) is present
at high concentrations relative to crustal abundances.
These compositional characteristics are also determined
for inclusions in igneous quartz in ore related intrusions.
Within this overall uniformity of hydrothermal fluid
composition in the TGP, there are analytically significant
compositional differences (e.g. Na/K ratios, or the order
of magnitude As and Sb concentrations) between ore
deposits, between fluid inclusion assemblages within a
vein system, and even within a single vein. The
variability of fluid composition within many deposits is
greater than any difference between intrusive-hosted and
metamorphic-rock hosted deposits.

5.2 Comparisons to orogenic gold deposit
(metamorphic?) ore fluids
There is a strong overlap between the ranges of the
compositions of TGP hydrothermal fluids of all deposit
settings and of compositions of aquo-carbonic fluids in
orogenic gold deposits in other terrains (Yardley et al.
1993; Prokofiev et al. 2010). Of particular note in this
respect are the relatively elevated B and As
concentrations, and relatively low concentrations of Mn,
Fe and Cu. The highest Na/K ratios in fluids in the TGP
are similar to ratios in orogenic gold deposits that
formed at lower-greenschist facies temperatures, and are
consistent with equilibration with felsic rocks at these
temperatures. Fluids in most orogenic deposits analysed
to date have significantly lower Pb and Zn
concentrations than are reported here. In this respect it is
noted that many deposits in the TGP have elevated
concentrations of base metals and base metal bearing
sulfide minerals are present in the veins, and the fluids in
the deposits of the Province thus may differ from typical
orogenic gold deposits.

5 Implications of fluid compositions to
models of gold ore genesis
Fluids that circulated in the TGP at the time of mid- to
late-Cretaceous gold mineralization can be considered to
belong to a single compositional suite, and we thus infer
genetic connections between the gold deposit types. At
this stage we can not distinguish whether the
compositional uniformity is a result of uniform genetic
origins or results from regional geochemical controls on
compositions of fluids of various origins.
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5.1 Comparison to magmato-hydrothermal ore
fluids
TGP gold-ore fluid compositions have both similarities
and some differences with those reported in low- to
moderate salinity magmatohydrothermal deposits
associated with shallow-level intrusive centres (Audétat
et al. 2008). Most TGP gold-system fluids have
significantly higher CO2 contents than those recorded by
Audétat et al (2008). All have at least one order of
magnitude lower concentrations of Mn, Fe and Cu. It is
noted, however, that high-temperature aquo-carbonic
fluids in pegmatites (Yardley 2005) show similar low
concentrations of these elements. The concentrations of
Pb, Zn, Mo, W, and Bi in the TGP overlap the lower
ends
of
the
large
ranges
reported
for
magmatohydrothermal fluids. Although each of these
commodities is present in some of the TGP ores, no
fluids have been analysed in the TGP that are strongly
enriched in any of these elements. The lowest fluid
Na/K ratios in fluids of the TGP are as expected for
equilibration with felsic wallrock at magmatic or near
magmatic temperatures, however higher ratios are
common and are recorded even in higher-temperature
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Gold meets black shale: genesis of the giant phyllite
hosted ‘Morro do Ouro’ at Paracatu, Minas Gerias,
Brazil
Flavio H. Freitas-Silva
Vale S.A., Avenida Graca Aranha, Ns 26 Castelo Rio de Janeiro, 20030-900, Brazil; and Instituto de Geociências,
Universidade de Brasília, Brazil
Nicholas H.S. Oliver, Rodney J. Holcombe
Holcombe Coughlin Oliver, Consultants, Queensland, Australia; and James Cook University, Townsville, Australia
Brian Thomson
Rio Paracatu Mineração S.A., Belo Horizonte , Minas Gerias, Brazil
Brian G. Rusk
Economic Geology Research Unit, James Cook University, Townsville, Australia
Marcel A. Dardenne
Instituto de Geociências, Universidade de Brasília, Brazil
Abstract. Paracatu (or Morro do Ouro) is a giant, low
grade Au – (Pb-Zn-As) deposit, hosted in
Neoproterozoic black shales, metamorphosed to ~ 380°
and 200 MPa and strongly deformed at ~ 680 Ma during
the Brasiliano Orogeny. Mineralization is shallowly
dipping and stratabound at 100m-scales, but at cm- to mscales is hosted predominantly within and immediately
around strongly deformed and boudinaged quartz veins,
the whole orebody lying in the proximal hangingwall to a
large thrust. Fluid inclusions and stable isotopes suggest
that mixing of a regionally-derived H-C-O-S metamorphic
fluid with carbonaceous, base metal-bearing wallrocks,
accompanied by large fluctuations in fluid pressure
during thrusting, resulted in fluid immiscibility, gold
precipitation and substantial isotopic disequilibrium
between phases precipitated from the separated fluids.
One syn-foliation vein variety shows good evidence that
many elements in the veins were derived by pressuredependent local segregation processes (particularly Si,
Ca, Fe). However, in these veins, in veins with no
wallrock selvages, and in bulk ore compared to
precursors, Au, As, Ag, Bi, C, S and Sb were consistently
added to the rocks, and this geochemical change was
most intense where the veins and deformation intensity
were most concentrated. Our deposit model proposes Au
and As introduction during veining, with both the
carbonaceous, sulfidic hosts and the deformationinduced dilation assisting with accumulation of the ore.

gold producer from 2009, and one of the world’s largest
deposits hosted in carbonaceous metapelitic rocks.
The low gold grades (typically 0.45 g/t), the Pb-Zn
association, weak alteration, and strong association with
shearing and quartz veining, raise questions about the
origin of the deposit. Using geochemical, structural and
isotopic datasets, many slate-hosted vein-style gold
deposits have been grouped into the broader category of
‘orogenic gold’ or regarded as an important sub-set (e.g.
Bierlein and Maher 2001; Goldfarb et al. 2005).
However, Chang et al. (2008) and Large et al. (2009)
have used sulfur isotopes and sulfide mapping with LAICPMS to suggest that the structural controls and
epigenetic signals of some orogenic gold deposits in
carbonaceous
metasediments
represent
local
remobilization of exhalative mineralization, rather than
long-distance transport, of gold.
This paper presents new data and summarizes older
datasets pertinent to solving this problem, and presents a
model for the genesis of this deposit.

2 Stratigraphy, structure, metamorphism
Paracatu is in the southern part of the Brasília Fold Belt,
which extends for 1,100km north-south, and is
dominated by thick, late Meso- to Neoproterozoic
sedimentary sequences (Dardenne, 2000), deformed in
fold-thrust systems that verge eastwards towards the São
Francisco craton. The Canastra (siliciclastic dominant)
Group, hosting the ore sequence in the Paracatu Fm, lies
structurally above but stratigraphically lateral to the
Vazante (carbonate dominant) group which contains
widespread syngenetic to epigenetic Pb-Zn deposits
(Misi et al., 2005). These two groups were deposited
between 1100 and 950 Ma (Dardenne and Freitas-Silva
1999).
The orebody is located near the bottom of an east
vergent thrust-nappe system that strikes N-S for more
than 600 km, extending to Brasilia. Around Paracatu, the
Canastra Group rocks are deformed in a series of
shallow east-verging thrusts, with the strongly deformed

Keywords: orogenic, vein, boudin, sulfidic schist

1 Introduction
Black shales are known metal-sinks during
sedimentation, but are also excellent chemical traps for
epigenetic mineralization. The Paracatu gold deposit in
Brazil, also known as Morro do Ouro (“Hill of Gold”), is
a giant Neoproterozoic vein-type deposit hosted in
strongly deformed carbonaceous phyllites, and is
characterized by low gold grades and by low but
significant As, Pb, Zn and Cu contents. With 4 million
ounces (Moz) gold already mined, and proven plus
probable reserves of 17.5 Moz (end 2009), it is now the
largest recorded gold deposit in Brazil, Brazil’s biggest
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Paracatu gold mineralization is stratabound but is also
related to this stratigraphy-parallel shear zone, arranged
in a duplex structure subsidiary to the main thrust. The
orebody defines a lens-shaped tabular body, broadly
concordant with the host stratigraphy (Fig. 1), 100 to
140m thick, 2.5 km wide and 5 km long, striking WNW
across its shorter dimension and plunging down-dip to
the southwest.
Multiple geothermobarometers and mineral equilibria
indicate peak metamorphism reached 360 to 400°C at
150 to 200 MPa, with intermediate mole fractions of
CO2 in mixed H2O-CO2-CH4 fluids. Sulfide minerals and
related veins in the mineralized rocks form part of the
metamorphic assemblage, indicating that mineralization
pre-dated and/or was synchronous with metamorphism.
Rb/Sr whole rock geochronology on micaceous phyllites
from the Serra do Landim Fm (Couto et al. 1981)
constrains the metamorphic peak, and the youngest age
for mineralization, to ~ 680-670 Ma, typical for the
Brasiliano Orogeny.

Paracatu and immediately underlying Serra do Landim
Formations lying in the immediate hangingwall of a
large thrust, over-riding the less deformed Vazante
Group carbonates to the east (Fig. 1).

a)
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3 Fluids
Although fluid inclusion interpretations in strongly
deformed rocks are difficult, the fluids observed here
were low salinity (≤ 8 eq. Wt% NaCl), moderately
dense, CO2-H2O-CH4 bearing, with variable proportions
of CO2 in particular. Although the presence of
significant CH4 makes precise recognition of the position
of the two-phase field difficult, the variation in
proportions of these components, and their densities, is
consistent with phase separation. Hydrogen isotope
ratios (calculated δDH2O ~ 25‰) indicate the fluids were
of ‘metamorphic’ origin, but the carbon (δ13Corganic -14 to
-18‰, δ13Csiderite -4‰), sulfur (δ34Ssulfides 16 to 24‰) and
oxygen isotopes (δ18O 14.5 to 19‰ for rocks and quartz
veins) point to local (meta-sedimentary) sources for vein
quartz and probably sulfur. The elevated sulfur values
most likely reflect derivation from a stratigraphically
distinctive ‘snowball’ earth with extreme anoxia during
Paractu Fm deposition.
Despite most mineral pair isotope thermometers for
vein minerals giving results consistent with the ~370°C
temperatures of the peak metamorphism, oxygen isotope
analyses of vein carbonates (average (δ18O -5‰) in
comparison with the quartz and local sericite reveals
isotope disequilibrium. Along with the fluid inclusion
evidence, this is interpreted to be a product of
precipitation of carbonates from the residual CO2dominant part of an initially supercritical CO2-H2O-CH4
mixture after separation of the aqueous phase. The
unmixing was most likely driven by the pressure
decreases associated with veining.
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Figure 1. a) Schematic cross section of the position of the
orebody within the thrusted Paracatu Fm.; b) typical ore (pen
for scale) showing large Type I boudins with truncated edges
cutting internal banding (large arrow), and thin Type III
boudins (small arrows); c) selvages developed around
deformed veins, with sulphides concentrated on vein edges and
boudin necks; and d) Data from hole KAB1020, showing a
good correlation between logged % boudinaged veins (grey)
and Au assays.

4 Geochemistry
Multi-element geochemistry on veins, altered selvages,
and bulk rocks at different scales, as well as comparison
with the distribution of veins and intense deformation
zones, has been used to try to determine when and how
gold was introduced.

The graphitic siltstones of the Morro do Ouro
member are strongly to very strongly deformed, with a
shallowly SW dipping (~20°) shear-related cleavage,
many internal shears and faults synthetic to the main
thrust, and widespread, boudinaged quartz ± carbonate +
sulfide veins which correlate well with gold (Fig. 1). The
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The paragenesis indicates base metals and sulfur
were present in the rocks prior to veining and
metamorphism, but many sulphides grew during veining.
Sub- to microscopic gold inclusions are found (on EMP
and LA-ICPMS) in syn-veining pyrite and arsenopyrite,
but are absent in pre-vein sulphides. Coarser gold is
found on sulfide grain boundaries, particularly in second
generation sulphides localized in boudin necks. These
relationships do not preclude the possibility that veining
effectively scoured gold from the wallrocks. However,
moving from the footwall sequence into the ore zone
over 100m-scales, there is a gradual upwards increase in
sulfides, white mica and carbonate, at the expense of
chlorite and tourmaline (and possibly albite). Al/Ti,
Zr/Ti, Si/Al and to some extent Fe/Mg show very little
variation. The deformation intensity, volume % veins,
Au, As, Ag, Pb, K2O, total C, S, and LOI all increase,
whereas Cu and Zn show irregular behaviour. Although
we cannot completely exclude the possibility that some
of these are partly sedimentary changes, paragenesis,
association of Au with increase in veins and deformation
(Fig. 1), and the similarity of this enriched element suite
to that shown in cm-scale selvages around many veins,
suggests these elements were introduced during veining.

There is no indication that the gold was sourced at
100m-scales from the mine host sequence – there are no
depletion zones and all enrichment zones are associated
with increased abundance of veins. However at least
some of the carbon, sulfur and base metal budget of the
ore was clearly inherited from the rocks, and
metamorphic segregation and subsequent boudinage has
influenced the micro- to cm-scale distribution of gold.
By also considering the adjacent base metal deposits in
the Vazante Group, it appears likely that syngenetic to
diagenetic enrichment occurred across the basin,
producing metalliferous black shales that were highly
favourable for later gold enrichment. Gold was most
likely sourced from the broader metasedimentary
sequence during the initial stages of metamorphism and
thrusting, and precipitated in vein swarms in a dilatant
bend early in that thrusting history, with precipitation
assisted by pressure drops during dilation and
consequent fluid phase separation. Subsequent intense
ductile shearing flattened the vein system producing the
boundinaged orebody and redistributed some gold and
sulfides into boudin necks and seams (Fig. 2).

5 Conclusions
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Figure 2. a) general model showing regional gold derivation
(dashed arrows), emplacement in a thrust bend,
and
subsequent flattening, possibly related to changed position
relative to a ramp (heavy arrow); b) initial ore formation and
Type I veining in a dilatant bend, with base metals
redistributed locally into veins and gold sourced externally; c)
flattening causing folding of earlier veins, with new veins
(Type III) forming along axial planar foliations causing local
segregation; and d) further flattening caused boudinage of all
veins producing most of the final ore geometry and some
redistribution of gold into boudin necks.
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Fluorine systematics and alteration across the late
Archaean East Repulse deposit, St Ives gold camp,
Yilgarn craton, Western Australia: implications for fluidflow pathways and fluid sources
Adam B. Bath, John L. Walshe, Michael Verrall, James Cleverley
CSIRO Earth Science and Resource Engineering, Australian Resources Research Centre, PO Box 1130, Bentley, WA
6102, Australia
Mark I. Pownceby, Colin M. MacRae, Nick C. Wilson
CSIRO Process Science and Engineering, Clayton Laboratories, Bayview Avenue, Clayton, VIC 3168, Australia
Kevin Faure
GNS Science, P.O. Box 30368, Lower Hutt 5040, New Zealand
Abstract. The East Repulse gold deposit occurs in the St
Ives gold camp of the eastern Yilgarn craton. The deposit
is vertically zoned and consists of four main alteration
domains. Domains include: (1) a lower-domain with
assemblages of albite-carbonate-quartz-pyrite ± epidote
and biotite-anhydrite-quartz ± carbonate; (2) an oredomain with albite-carbonate-quartz-pyrite and biotitepyrite-quartz alteration; (3) a transitional-domain
comprised of amphibole-feldspar and biotite-amphibole
alteration and (4) an upper-domain with quartz and
clinozoisite veins and veins of biotite-K-feldspar-calcitepyrite. Chlorite and pyrrohtite alteration are also common
in parts of the upper domain. Gold mineralisation
dominantly occurs in the ore-domain along a shallowly
dipping shear zone, and gold commonly occurs as
inclusions in pyrite associated with biotite alteration. We
investigated the halogen content of hydrothermal biotite,
which is temporally and spatially associated with gold
mineralisation. Calculations show that the log(ƒH2O/ƒHF)
values for fluids in equilibrium with hydrothermal biotite
decrease with increasing depth from the ore-domain into
the low-domain. This trend is consistent with potassic
fluids moving upwards beneath the East Repulse shear
zone. Fluids likely moved upwards along steeply dipping
porphyry dikes, which exhibit porosity developed during
an
earlier
calc-sodic
alteration
event
where
andesine/oligoclase was replaced by albite.

Porphyry dykes intrude the core of the complex and
gravity and seismic data have been used to infer that a
major intrusive centre lies beneath the complex
(Neumayr et al. 2008). Gold mineralisation
predominantly occurs along shallow dipping shear
zones, and gold is hosted in all above rock types.
Significant amounts of gold mineralisation have also
been identified in altered rocks beneath the main shear
zone, and mineralized rocks are spatially associated with
zones of intense alteration.

3 Alteration of the East Repulse deposit
Alteration assemblages across the East Repulse deposit
occur in four discrete vertical zones, which include:
(1) a lower-domain of at least two generations of
calcic-sodic alteration, comprising albite-carbonatequartz-pyrite ± epidote accompanied by barite and
celestine. Calcic-sodic assemblages that have been cut or
cross-cut by potassic alteration, which comprises
fluorine-rich (~1.4 wt.% F) biotite-quartz-anhydrite ±
carbonate accompanied by scheelite and monazite;
(2) an ore-domain in strongly deformed rocks that
have been cross-cut by the low angle East Repulse
thrust.
Alteration of the ore-domain is similar to the lowerdomain; although pyrite (with gold inclusions) occurs
with potassic alteration as opposed to anhydrite, and
biotite is relatively depleted in fluorine (~0.7 wt.% F);
(3) a transitional-domain of amphibole-feldspar and
biotite, amphibole, bismuthinite and nickel sulphides
occur in rocks immediately above the East Repulse
thrust and (4) an upper-domain hosted in the hanging
wall that is characterised by veins with quartz and
clinozoisite and veins of fluorine-poor (~0.2 wt.% F)
biotite-K-feldspar-calcite-pyrite, millerite and seigenite.
Chlorite alteration is common in parts of the upper
domain and is locally overprinted by late biotite and
pyrrhotite alteration.

Keywords. Archaean, gold, Yilgarn, Fluorine

1 Introduction
Despite the extensive research on late Archaean gold
deposits of the Eastern Yilgarn province, significant
uncertainty remains over the architecture of
hydrothermal systems and the source(s) of ore-fluids.
Here we investigate alteration zoning of the East Repulse
gold deposit, St Ives camp (~60 km south of Kalgoorlie),
in order to better understand fluid-flow pathways and
fluid sources.

2 Geology of the East Repulse deposit

4 Halogens in hydrothermal fluids

The East Repulse deposit occurs within the VictoryDefiance Complex; a thrust - repeated sequence of mafic
and ultramafic rocks, with minor interflow sediments.

The vertical alteration zonation patterns across the East
Repulse most likely reflect variations in the chemistry of
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hydrothermal fluids. Here we focus on the potassic
alteration event that is related to gold mineralisation.
Using the chemistry of hydrothermal biotite we attempt
to track the evolution of chlorine and fluorine in fluids
relating to the potassic alteration. Unlike fluorine, the
abundance of chlorine in biotite is very low (i.e., <350
ppm; EPMA data) and is frequently below detection
limit (~150 ppm). Calculations indicate that fluids in
equilibrium with biotite during alteration had log
(ƒH2O/ƒHCl) values between 5.3 and >6 (Munoz 1992),
which is consistent with low salinity fluids across the
East Repulse at the time of biotite alteration. The
calculated log (ƒH2O/ƒHF) values for fluids in
equilibrium with hydrothermal biotite are between 5.6
and 5.8 in the ore-domain, and between 5.1 and 5.5 for
the lower-domain (excluding metamorphic biotite in
ultramafic rocks; Munoz 1992; Fig. 1A).

In the upper- and transitional-domains log
(ƒH2O/ƒHF) values for fluids in equilibrium with biotite
are between 5.9 and 6.6 indicating low activities of HF
in fluids. Our data shows that there is a linear decrease in
log (ƒH2O/ƒHF) values with increasing depth for
hydrothermal biotite from the lower-domain into the
transitional-domain (Fig. 1). There is a slight increase in
log (ƒH2O/ƒHF) values from the transitional-domain into
the upper-domain. Lowest log (ƒH2O/ƒHF) values were
calculated from biotite selvages around quartz-anhydrite
veins and biotite altered porphyries in the lower domain.

5 Discussion and conclusions
The trend of increasing log (ƒH2O/ƒHF) with decreasing
depth for fluids in equilibrium with biotite is consistent
with potassic fluids moving upwards beneath the East
Repulse thrust, becoming progressively depleted in
fluorine during biotite alteration. Sulphur in the fluid
became progressively more reduced and promoted the
precipitation of pyrite over anhydrite. Sub-vertical
movement of fluids may have occurred along steeply
dipping porphyry dikes, which exhibit porosity that was
developed during an earlier calc-sodic alteration event
where andesine/oligoclase was replaced by albite (Fig.
1B). Gold deposition appears to correlate with the
reduction of sulphur and the crystallisation of pyrite with
biotite. These local chemical gradients are not consistent
with processes involving fluid-rock equilibration over
large transport distances. Hence oxidised fluorine-rich
low salinity potassic fluids were likely derived from a
local magmatic source beneath the Victory-Defiance
Complex at the time of gold mineralisation.
Alternatively, local chemical gradients could be
produced by rapid transit of potassic, HF - SO2 ± CO2rich fluids, derived from deeper in the crust or mantle.
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Figure 1. (A) Depth of (steeply dipping) diamond drill hole
CD7055 versus calculated HF fugacity ratios of fluids in
equilibrium with biotite (at 450oC) from the East Repulse
deposit. The log (ƒH2O/ƒHF) for fluids in equilibrium with
biotite decreases with increasing depth in porphyries and
biotite-anhydrite altered basalt. We infer that fluids related to
biotite alteration may have moved upwards along steeply
dipping porphyry dykes. In the process fluorine was
progressively filtered out of the fluids during biotite alteration.
(B) Back-scatter SEM image of andesine (~An31) partially
replaced by albite (~An5) from an altered porphyry dyke from
the East Repulse. The parent andesine has a relatively smooth
textured-surface, whereas the albite (ab) has pores (black).
The albite also contains pores filled with barite (ba), and is
intergrown with pyrite (py) and carbonates (cb), which are
inferred to have been deposited during sodic-calcic alteration.
The pores in albite may have provided a pathway for fluids
oxidised potassic-rich fluids, as some pores are filled with
biotite-anhydrite-pyrite (not shown).
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Re-Os systematics in chromite deposits from the
Bulgarian Rhodopes: preliminary results
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daughter (i.e., 187Os) elements.
A laser-ablation microprobe coupled to a multicollector ICPMS (LA-MC-ICPMS) was used for the in
situ measurement of Re-Os isotopes in platinum-group
minerals (PGM) from the metamorphosed chromite
deposits of the Dobromirtsi Ultramafic Massif, Central
Rhodopes, in southern Bulgaria. Our results confirm that
these chromite deposits could have been formed in an
arc-related setting in Palaeozoic time.

Abstract. Using laser-ablation MC-ICPMS we have
measured Re-Os isotopes in platinum-group minerals
from chromitites of the Dobromirtsi ultramafic massif,
Central Rhodopes, Bulgaria. The results show large
variations in Os-isotopes ratios reflecting both magmatic
and post-magmatic processes. Primary Os-isotope
signatures indicate a melt depletion event ca. 415 Ma
ago which is consistent with the accepted age of the
Hercynian orogeny in the area. These signatures were
disturbed during metamorphism by incorporation of Os
and Re, resulting in both future and older model ages.

2 Geology

Keywords. Re-Os isotopes, chromite deposits, platinumgroup minerals, Bulgarian Rhodopes, Dobromirtsi

The Dobromirtsi ultramafic massif is a small body
representing a portion of the mantle section of a metaophiolite. It has not been dated, but is believed to be
Jurassic, by analogy with dated Western Hellenic
ophiolite bodies. The massif is located in the
southernmost area of the Bulgarian part of the
Rhodopean high-grade metamorphic Complex (Fig. 1),
which is the inner-most part of the Alpine orogen in
south-eastern Europe.
The Alpine/Eoalpine metamorphism is dominantly of
amphibolite facies, with incipient migmatization in some
areas and local relics of high- to ultra-high- pressure
eclogite facies metamorphism (e.g., Cherneva and
Georgieva 2005 and references therein).
The Dobromirtsi ultramafic massif is thrust over
Mesozoic gneisses and amphibolites along its western
contact, and is unconformably overlain by continental
sediments, hosting Oligocene volcanic rocks, along its
eastern zone (Fig. 1). The massif mainly consists of
strongly serpentinized harzburgite and dunite cut by
some few-centimeter thick strongly folded veins of
pyroxenite. Serpentinization is the predominant type of
metamorphic alteration of the ultramafic rocks, although

1 Introduction
The occurrence of chromite deposits in the Bulgarian
Rhodopes has been known since the middle of the last
century, when chromite ores were exploited for a short
time. However, only a few scientific studies have
focused on the genesis of these chromite deposits. In
particular, the geodynamic setting of the area, while
more or less clear for the post-Jurassic period, is still
questionable for earlier times.
Within the last few years, the Re-Os isotopic system
has become one of the most useful tools in
understanding the tectonic geodynamic setting and
genetic processes of formation of many mantle-derived
rocks. The Re-Os isotopic system is well especially
applicable to chromite deposits, since they are usually
enriched in Os-dominated platinum-group minerals
(PGM), characterized by low Re/Os ratios. Thus little or
no correction of the measured 187Os/188Os is needed to
evaluate the behaviour of either parent (i.e., 187Re) or
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extensive
peridotite/fluid
interaction,
including
chloritization,
carbonatization
and
talc-forming
processes are also recognized along fault zones and
tectonic contacts.

3.2 Platinum-group elements mineralization
The chromite deposits from Dobromirtsi, like other
podiform chromitites of other ophiolite complexes, are
relatively enriched in platinum-group elements (PGE).
The total PGE content reaches 1.5 ppm, and the Irsubgroup PGE (IPGE: Os, Ir, Ru) are enriched relative to
the Pt-subgroup (PPGE: Rh, Pt, Pd) (Table 1). Thus, the
IPGE contents vary within the following ranges: Ru=33765 ppb, Ir=9-370 ppb, Os=6-299 ppb, Rh 4-94 ppb, Pt
= 2-42 ppb and Pd= 2-7 ppb.
Consistent with the PGE distribution, the chromite
deposits carry abundant minerals of IPGE. These occur
in four textural positions: (i) within unaltered cores of
chromite, (ii) in alteration rims of chromite, (ii) in open
fractures cross-cutting chromite, and (iv) in the
(serpentinized) interstitial silicate matrix between
chromite grains.
Most of the PGM grains (57%) are hosted in
unaltered chromite and are members of the solid solution
series laurite (RuS2)-erlichmanite (OsS2), accompanied
by Os-(Ru-Ir) alloys and minor irarsite (IrAsS)hollingworthite (RhAsS). The minerals found within
unaltered chromite crystals are believed to be primary
and formed during the precipitation of the chromite, with
T varying between 1200 and 1000ºC and under variable
fS2 from -2 to 0.5 log fS2 (González-Jiménez et al. 2010).
Partly desulfurized Os-poor laurite is also the most
abundant mineral in the altered rims of chromite and
open fractures. In these textural positions, the proportion
of minerals of irarsite-hollingworthite solid solution
increases, whereas these are rare in the unaltered cores of
chromite crystals. These minerals are accompanied by
Ru-pentlandite and secondary Os-Ir (Ru-poor) alloys,
which formed by the reaction of desulfurization of
laurite after its reaction with low fO2 fluids below 400ºC
(González-Jiménez et al. 2010). The proportion of the
latter minerals is even higher in the serpentinized silicate
matrix, where they are accompanied by secondary
phases such as PdSnCu and RhOsSb deposited from
oxidizing fluids metamorphism-related fluids (GonzálezJiménez et al. 2010).

Figure 1. Geographical location and simplified geological
map of the Dobromirtsi ultramafic massif showing the
distribution of chromite deposits (D1 to D9).

3 Geochemical and petrological notes on
the chromite deposits
3.1 Chemistry of chromite
Pod-like chromite deposits ranging in size from a few to
several hundred tons are found within a single duniterich horizon concordant with host harzburgite
(González-Jiménez et al. 2009). The primary
composition of chromite from the chromitite bodies is
typical of podiform (ophiolitic) chromitites, having Cr#
[(Cr/Cr+Al) atomic ratio] from 0.55 to 0.77, and Mg#
[(Mg/Mg+Fe2+) atomic ratio] from 0.53 to 0.69
(González-Jiménez et al. 2009). The chromite exhibits
variable degrees of alteration, which is recorded in
individual chromite grains as irregular to concentric
optical and concentric zoning revealing the
superimposition of two metamorphic events (GonzálezJiménez et al. 2009). During the first event, chromite
reacted with chlorite and became enriched in FeO and
Cr2O3, losing Al2O3, with little or no variation of Fe2O3
content. The second alteration event, related to an
increase in fO2 was characterized by the formation of
chromite strongly enriched in Fe2O3 (i.e., ferrian
chromite). Transition between the textures produced by
the two events is locally gradational.

4 In-situ Os isotopes
In situ LA-MC-ICPMS analyses reveal that primary
PGM, found in unaltered chromite, show a relatively
homogeneous Os-isotope composition: 187Os/188Os
between 0.1242 and 0.1266 with an average 187Os/188Os
of 0.1258 ± 0.0008 (2σ) and 187Re/188Os = 0.0007 ±
0.008 (2σ). In contrast, secondary grains in altered zones
(i.e., altered chromite, fractures in the serpentinized
silicate matrix) show a wider range of 187Os/188Os
varying from 0.1132 to 0.1358 with an average
187
Os/188Os of 0.1242 ± 0.007 (2σ) and 187Re/188Os =
0.008 ± 0.02 (2σ).

5 Discussion
Valuable information on the geochemical character of
the chromitite parental melt and the geodynamic setting

604

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

during their genesis can be obtained from the chemistry
of chromite. The overall composition of unaltered
chromite cores from Dobromirtsi deposits overlaps that
of Cr-rich spinel in island arc basalts and boninites. This
suggests that the chromite deposits of Dobromirtsi
would have crystallized from melts that typically are
generated in arc-related settings within the
suprasubduction zone environment (Arai 1992).
Because the age of the ophiolite remains unknown,
187
Os/188Os at the initial time of the ophiolite formation
cannot be compared with a reference material.
Nevertheless, the very low 187Re/188Os of the primary
PGM indicates a very high degree of Re removal (i.e., of
mantle extraction). This situation is characteristic of
suprasubduction zones, where peridotites may undergo
successive events of melt depletion. High degrees of
melting from a depleted mantle source in an arc-related
setting point to the suprasubduction environment which
previously has been proposed as the setting for the
formation of podiform chromitites enriched in IPGE
(Zhou et al. 1998; Gervilla et al. 2005; Prichard et al.
2008; González-Jiménez et al. 2011), and is consistent
with the data present here.
The TMA (and TRD) model ages calculated for primary
PGM from unaltered cores of chromite cluster around
two main peaks: ~210 and 415 Ma. The oldest peak
corresponds roughly to the Late Silurian-Early Devonian
Boundary (~410 Ma). Considering the uncertainties
inherent in model age calculations, this matches well
with the age of the beginning of the Hercynian Orogeny.
This finding can be interpreted as an evidence for a
Paleozoic age of this ophiolite, in contrast with currently
presumed one. The younger peak of ca. 210 Ma,
however, approaches the lower Jurassic and the
currently accepted ages. In marked contrast to the
primary grains, secondary PGM define two different
groups: one with future TMA (~ -46 to -1000 Ma) and the
second group with much older TMA (~ 1200 to 2000
Ma). The fact that all these grains are secondary
suggests an opening of the Re-Os isotopic system, very
likely during the metamorphic events. Older ages may
be associated with the leaching of Os from older
surrounding peridotites during the decomposition of
primary PGE sulfides (i.e., laurite) whereas future ages
could be produced by the introduction of oxidizing
fluids that precipitated As, Sn and Sb-bearing minerals,
and also carried radiogenic Os derived from rocks with
higher original long-term Re/Os.
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Chromite deposits at Loma Baya: petrogenesis and
clues for the origin of the coastal Guerrero Composite
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Abstract. The high-Al podiform Loma Baya chromitite
deposits occur hosted within an ultramafic massif
representative of ophiolitic mantle produced in a back-arc
basin near to the westernmost edge of the Guerrero
Composite Terrane, SW Mexico. Such conclusion is
drawn from the tholeiitic (i.e., back-arc basin basalt)
affinity of the parental melts of the chromitite, deduced
from major and trace element distribution in chromite,
and the nature of the platinum-group elements
mineralization.

chromite deposits and their host mafic-ultramafic rocks.

2 Geological setting
The present-day continental Mexico is composed of a
mosaic of distinct crustal terranes, which are made of
different tectonostratigraphic assemblages, bounded by
major
faults.
Despite
recent
advances
in
tectonostratigraphic reconstructions of Mexican
terranes, the Mesozoic paleogeography and geodynamic
evolution of the Mexican Pacific margin remains a
matter for debate (Centeno-García et al. 2008). The
Guerrero Composite Terrane (GCT) extends along the
south-central part of the Mexican Pacific margin, and
represents one of the biggest juvenile terranes of the
North American Cordillera (Centeno-García et al. 2008,
and references therein). Para-authochtonist models, in
which the Mesozoic arc successions of the GCT are
interpreted as a single west-facing arc built on top of the
Pacific leading edge of North America, represent the
most viable scenario to explain the formation of the
GCT. Being so, the Mexican Pacific margin experienced
a great amount of extension that produced the
trenchward arc migration during the Early Cretaceous
and the formation of a back-arc oceanic basin, which
was subsequently closed, thus triggering the accretion of
the GCT to the Mexican mainland (Centeno-García et
al. 2008).
Several mafic-ultramafic complexes of ophiolitic
affinity that contain chromitite deposits occur along the
Pacific coast of Mexico and along the boundaries of the
GCT (Ortiz-Hernández et al. 2006; Camprubí 2009).
However, the petrogenesis of such mafic-ultramafic
massifs and the associated chromitite deposits is still not
defined to date. To move forward in the knowledge of
the tectonic setting of formation of the mafic-ultramafic
complexes in Mexico we have focused on the
southernmost ultramafic massifs within the GCT. In this

Keywords. chromite deposit, platinum-group elements,
ophiolite, back-arc basin, Loma Baya, Guerrero
Composite Terrane, Mexico

1 Introduction
Chromite is a common accessory mineral in many mafic
and ultramafic rocks. It may also form monomineralic
bodies of economic value which are found scattered
both in deeper portions of the mantle and in the mantlecrust transition zone (i.e., Moho Transition Zone) in
ophiolites. As composition of unaltered chromite is
related with that of its parental melt (Maurel and Maurel
1982; Kamenetsky et al. 2001), its chemistry can be
used as a petrogenetic indicator (e.g., Dick and Bullen
1984; Arai 1992; Proenza et al. 1999; González-Jiménez
et al. 2011). The platinum-group elements (PGE) are
similarly worthwhile as petrogenetic indicators. For
example, enrichments in the most refractory PGE
(IPGE: Ru, Os, Ir) over the less incompatible (PPGE:
Rh, Pt, Pd) in chromite deposits are usually indicative of
their formation within an ophiolite setting. Moreover,
total PGE values in chromitites provide information on
the degree of partial melting suffered by the mantle
source and therefore on the nature of parental melts of
chromitites (Prichard et al. 2008). Thus, the combined
geochemistry of chromite and PGE allows to
determinate the tectonic setting of formation of the
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composition to that estimated to produce the high-Al
chromitites at Loma Baya has been described by
González-Jiménez et al. (2011) in the Sagua de Tánamo
district in the Mayarí-Baracoa Ophiolitic Belt in eastern
Cuba. The latter were interpreted to have formed in a
back-arc basin developed above a supra-subduction
zone.

work we present preliminary results of the study of
chromite deposits from the Loma Baya ultramafic
massif.

3 Geochemistry of the chromite deposits
3.1

Major and minor elements in chromite

Electron-microprobe analyses of unaltered cores of
chromite from the Loma Baya chromite deposits show
very homogeneous composition in terms of Cr#
[Cr/(Cr+Al) atomic ratio] and Mg# [Mg/(Mg+Fe2+). Cr#
varies from 0.49 to 0.56, which corresponds to 41-45.6
wt% Cr2O3 and 23.54-26.78 wt% Al2O3. Mg# varies
from 0.68 to 0.73, whereas Fe2O 3 contents are below 5
wt%. Minor elements, analyzed using LA-ICP-MS,
reach up to 2544 ppm Mn, 1837 ppm Ni, 3936 ppm Zn,
1013 ppm Ti, 971 ppm V, 306 ppm Co, 65 ppm Ga, 17
ppm Sn, 13 ppm Sc. The Loma Baya chromitite deposits
are thus classified as high-Al podiform ophiolitic
chromitites.
3.2 Platinum-group elements mineralization
The Loma Baya chromitite deposits are characterized by
PGE concentrations below 300 ppb. The general
distribution of PGE in such deposits matches very well
with the distribution of PGE on other mantle-hosted
podiform ophiolitic chromitites, which are commonly
enriched in IPGE (Os, Ir and Ru) with respect to the
PPGE (Rh, Pt and Pd). There exists a very pronounced
depletion in Ir (up to 24 ppb) and Os (up to 15 ppb)
relative to Ru (up to 222 ppb). Maximum contents
PPGE are 19 ppb Pt, 15 ppb Rh, and 11 ppb Pd.
Consistently with the IPGE enrichment, chromites carry
tiny (20μm in diameter) grains of platinum-group
minerals (PGM), such as laurite and Ru-Os-Ir alloys,
which are found as inclusions within chromite or in the
interstitial serpentinized silicate matrix. Minute
inclusions of millerite and heazlewoodite accompany
the PGM in chromite as well.

Figure 1. (a) Chemistry of primary chromite (black circles)
and estimated average composition of the parental melt (black
star) from the Loma Baya chromite deposits in terms of TiO2
vs. Al2O3 (after Mukherjee et al. 2010). (b) Spidergram
(maximum values) showing the distribution of major and
minor elements in primary chromite of the Loma Baya
deposits. Data source for chromite in MORB and boninite
lavas are from Pagé and Barnes (2009).

4 Discussion

The assumption that podiform chromitites at Loma
Baya were formed from a melt of tholeiitic affinity
within a back-arc setting is supported by the distribution
of minor elements in chromite. The composition of
chromites from these deposits (Fig. 1b) is in better
accordance with that of MORB lavas than with
boninite’s. However, the pronounced anomalies in Zn,
Co and Mn suggest that late thermal processes would
disturb the original contents of these minor and trace
elements (Singh and Sing 2011).
Experimental and empirical constraints indicate that
appreciable PGE concentrations exceeding 100 ppb can
only occur in chromitites that have formed from melts
that underwent moderate to high partial melting (~20%).
The total PGE contents in the Loma Baya deposits
(~250 ppb) suggest that partial melting of the mantle
source was far beyond 20%. Rates of melting close or
above 20% can be easily produced in supra-subduction
zone environments. In such settings hydrous melting is a
common mechanism as a result of the availability of a

The chemistry of primary chromite crystals of the
Loma Baya deposits is characterized by relatively high
Al2O3, and low Fe2O3 and TiO2 contents. This
composition is typical for chromite from ophiolitic
chromitites (Leblanc and Nicolas 1992), and conciliates
with the chemistry of MORB chromian spinels (Fig. 1a).
Also, the calculated melt in equilibrium with
chromite, using the approach by Maurel and Maurel
(1982) and Kamenetsky et al. (2001), leads to assume
that the parental melts contained 15.3-15.8 wt.% Al2O3
and relatively high TiO2 (0.3-0.5 wt.%), with FeO/MgO
ratios varying from 0.7 to 0.8. Such composition is
broadly similar to MORB melts in terms of Al2O3
contents (~16 wt.%). However, the relatively low TiO2
and FeO/MgO values suggest an affinity closer to backarc basin basalts (Wilson 1989; Mudholkar and
Paropkari 1999). The chromite chemistry of podiform
chromitites that crystallized from melts with identical
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large volume of fluids released from dehydration of the
subducting slab. Water may decrease melting
temperature, thus favoring the release even of the most
refractory PGE (Zhou et al. 1998; Gervilla et al. 2005;
Prichard et al. 2008), and producing chromite deposits
enriched in Ru, Os and Ir such as those of Loma Baya.
The aforementioned observations support that the
Loma Baya ultramafic massif is a remnant of ophiolitic
mantle, which very likely was formed in a back-arc
basin. Tectonic implications depend upon its age. If
previously reported Cretaceous Ar/Ar ages are reliable
(see Ortiz-Hernández et al. 2005), it could be associated
to back-arc assemblages described in the Arcelia and
Guanajuato areas. However, if those are older, it could
also be part of a Triassic-Early Jurassic subduction
complex (namely, the Arteaga Complex), which
constitutes the substrate of the Cretaceous arc in the
studied area.

potential parental melts and implications for tectonic setting.
Contrib Mineral Petrol DOI 10.1007/s0004-010-0511-5.
Leblanc M, Nicolas A (1992). Les chromitites ophiolitiques. Chron
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Abstract. The patterns of zoning in chromite from two
highly metamorphosed ophiolite massifs (Golyamo
Kamenyane, Bulgaria, and Tapo, Peru) reveal that such
patterns were the result of two stages of alteration during
their metamorphic evolution. The first one caused mass
loss in chromite by removal of Al2O3 and some MgO
(creating a porous texture) under reducing conditions.
Alteration of chromite is associated with the formation of
chlorite. The second stage took place under oxidizing
conditions by the supply of Fe2+ and Fe3+ to the porous
chromite. This process tends to overprint the porous
texture giving rise to magnetite-rich, homogeneous
ferritchromite. During this stage chlorite is partly replaced
by antigorite.

ferrian chromite formation in chromitite bodies.

2 Geological setting of chromitite bodies.
2.1 The Golyamo Kamenyane massif
The Golyamo Kamenyane Sepentinite Massif is located
in the Avren Complex in SE Bulgaria. This complex
forms part of the upper high-grade metamorphic unit
(Bonev 2006) of the metamorphic basement of the
Rhodope crystalline massif (Variegated complex of
Kozhoukharova (1984) or Kimi complex of Mposkos
and Krohe (2000) on Greek territory). The Golyamo
Kamenyane Serpentinite is made up of metaharzburgite
containing lenses of metadunite and chromitite pods, as
well as metagabbro sills in the uppermost part of the
ultramafic section. The latter is topped by amphibolitized
gabbros. Although the metamorphic conditions of the
Golyamo Kamenyane Serpentinite have not been
calculated yet, amphibolitized eclogites from the Avren
Complex reached 12-17 kb and 750-811ºC
(Kozhoukharova 1998). Mogessie et al. (2008)
calculated lower P-T conditions (8-12 kb and 650700ºC) in similar rocks.

Keywords. ferrian chromite, zoning, metamorphic
alteration, Rhodope massif, Tapo massif

1 Introduction
The term ferrian chromite (or ferritchromite) is used to
name the alteration product of chromite (e.g., Bliss and
MacLean 1975; Barnes 2000). Its composition can be
expressed as (Fe2+,Fe3+,Mg) [Cr,Fe3+,Fe2+,Al]2O4 and is
characterized by significant to high Fe3+ contents and
variable Cr/Al and Mg/Fe2+ ratios. Chromite
replacement by ferrian chromite usually takes place
from grain boundaries or micro-craks inwards giving
rise to zoned grains consisting of mostly unaltered
chromite cores enveloped by variably thick, ferrian
chromite rims. These patterns of zoning are better
preserved in chromite grains from chromitite bodies
than in accessory chromite in peridotite at a given
degree of alteration (e.g., Proenza et al. 2004). Thus, we
have selected two portions of dismembered, highly
metamorphosed ophiolite complexes, the Golyamo
Kamenyane serpentinite massif (SE Bulgaria) and the
Tapo ultramafic body (Peru), to study the mechanism of

2.2 The Tapo massif
The Tapo ultramafic massif is a 680 Ma old, NW-SE
elongated body, located in the Eastern Cordillera, Perú
(Castroviejo et al. 2010; Tassinari et al. 2010). It occurs
tectonically emplaced upon Lower Carboniferous
sedimentary rocks (the Ambo Group). The latter consist
of conglomerates, sandstones and pelites interbedded
with volcanic tuffs. The overall structure of the massif
corresponds to a NW-SE trending, thrust bounded
synform (Rodrigues et al. 2010).
The Tapo massif is made up of highly tectonized and
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metamorphosed, serpentinized peridotites with only
scarce relics of the ultramafic protoliths, and of
subordinate amphibolite bands, rodingites, listvenites,
etc. The serpentinites contain disseminated chromite and
several small (few tens of metres long) bodies of
podiform chromitites. Metamorphic conditions reached
~12.5 ± 1 kb and 535 ± 20ºC (Willner et al. 2010).

A

B

C

D

3 Petrography and texture of chromitites
Chromitites at Golyamo Kamenyane show massive
(>85% chromite) to semi-massive (60-85% chromite)
texture. In addition, chromite from chromitites can be
classified into four textural groups: i) zoned chromite; ii)
porous chromite, iii) homogeneous chromite, and iv)
homogeneous-zoned chromite. Zoned chromite shows
homogeneous, unaltered cores surrounded by porous
chromite containing abundant chlorite (clinochlore) in
the pores (Fig. 1A). Clinochlore is the only intergranular
silicate. Porous chromite does not contain cores. Grains
contain abundant pores and clinochlore inclusions (Fig.
1B). Clinochlore is the most abundant intergranular
silicate, but it becomes associated with some antigorite.
Homogeneous chromite does not contain pores, but few
inclusions of antigorite and shows mosaic-like,
polygonal texture (Fig. 1C). Antigorite is the only
intergranular silicate here. The term homogeneouszoned chromites (Fig. 1D), applies to some coarse grains
of homogeneous chromite showing compositionally
different, but homogeneous cores, sharply separated
from the homogeneous rim.
The studied chromitites at Tapo also display massive
and semi-massive textures. They consist of coarsegrained, fractured aggregates of rounded to sub-rounded,
zoned crystals of chromite. Zoning is irregular consisting
of two or three distinct optical zones, arranged
concentrically from rims and, at lesser extent, fractures
inward (Fig. 1E). Irregular and patchy patterns of zoning
are also present, developing a texture similar to porous
chromite in Golyamo Kamenyane (Fig. 1F). The external
bands in all zoned chromites contain variable amounts of
clinochlore inclusions; nevertheless the outermost band
contains some antigorite.

Figure 1. A to D: Different patterns of zoning of chromite
from Golyamo Kamenyane. A: zoned chromite; B: porous
chromite; C: homogeneous chromite, and D; homogeneouszoned chromite. E and F: alteration patterns of chromite
crystals at Tapo.

The cores of chromite crystals from massive and
semi-massive chromitites at Tapo show restricted
composition, having Cr# [Cr/(Cr+Al)] = 0.40-0.57, Mg#
[Mg/(Mg+Fe)]
=
0.70-0.80
and
Fe3+#
3+
3+
[Fe /(Fe +Cr+Al)] <0.16 (Fig. 2B). These cores evolve
to a zone characterized by loss of Al2O3 increasing Cr#
up to 0.74, and increasing Fe2+ (Mg# drops to 0.51)
without changing Fe2O3 contents. This chemical trend
continues in the first alteration zone (Mg# drops down to
0.2), but associated with significant enrichment in Fe2O3
(up to 16 wt.%). The outermost zone has a composition,
characterized by very small amounts of Al2O3, similar
Cr2O3 and FeO contents (Cr# = 0.82-0.97 and Mg# =
0.19-0.43), and higher Fe2O3 contents (20-36 wt.%) than
chromite from the first alteration zone (Fig. 2B).

4 Chemical composition of chromite
Zoned chromite at Golyamo Kamenyane shows
unaltered, Al-rich cores having Cr#[Cr/(Cr+Al)] = 0.500.60,
Mg#[Mg/(Mg+Fe2+)]
=
0.60-0.70
and
3+
3+
Fe /(Fe +Fe2+) = 0.20-0.30, surrounded irregularly by
porous chromite with values of the Cr#, Mg# and
Fe3+/(Fe3++Fe2+) evolving from 0.60 to 0.90, 0.60 to
0.47 and 0.2 to 0 from core to rim, respectively (Fig.
2A). Porous chromite has a relatively homogeneous
composition varying within the following ranges:
Fe3+/(Fe3++Fe2+) = 0.20-0.52, Cr# = 0.92-0.97 and Mg#
= 0.35-0.48 (Fig. 2A). Homogeneous chromite has
Fe3+/(Fe3++Fe2+) = 0.55-0.65, Cr# >0.96 and Mg# =
0.32-0 (Fig. 2A). The core of homogeneous-zoned
chromite has the same composition than that of zoned
chromite whereas the rim shows the composition of
homogeneous chromite (Fig. 2A).

5 Discussion
Texture and chemical variations of the studied
chromitites from Golyamo Kamenyane show that
alteration took place in two separate stages, probably
during their retrograde metamorphic evolution.
During the first stage primary chromite is replaced by
porous
chromite
under
reducing
conditions
[Fe3+/(Fe3++Fe2+) decreases from core to rim of the
grains]. Chromite loses Al2O3 and some MgO, and
becomes enriched residually in Cr2O3 and, at lesser
extent, FeO. This replacement involves mass loss in
chromite without variations in the external volume of
grains (resulting in the formation of pores), and is coeval
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resulting in samples with Fe3+-poor, porous rims and
samples with Fe3+-rich, partly homogeneous rims. The
volume of added magnetite never exceeded the previous
volume of pores.

with the alteration of the associated silicates to chlorite.
A
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Abstract. Crustal contamination of mafic magmas with Srich country rocks is believed to play a critical role in the
formation of Ni-Cu sulfide ores in SW Spain. Whereas
this process has been well recognized in the Aguablanca
Ni-Cu deposit (the only economic ore of this type in SW
Europe), no data existed in other less mineralized, maficultramafic intrusions of the region, such as the Tejadillas
prospect in the Cortegana Igneous Complex. The
Tejadillas prospect is composed of igneous cumulates
similar to those of Aguablanca, but their incompatible
trace element abundances show more primitive patterns
than those of Aguablanca. In contrast, incompatible trace
element ratios of the Aguablanca rocks are much closer
to the contaminant country rocks than those of Tejadillas.
Therefore, we suggest that the small volume of sulfide
mineralization observed at Tejadillas was the
consequence of low degrees of contamination of its
parental magma by S-rich country rocks. This suggest
that assimilation of S-rich country rocks by mafic
magmas is the key factor for the genesis of economic NiCu sulfide ores in SW Spain.

The aim of this contribution is to present a
comparative petrographical and geochemical study of the
Ni-Cu sulfide ores in the Cortegana intrusion and those
of the Aguablanca deposit, to discuss the role played by
crustal contamination in the formation of the Cortegana
ore.

2 The Ni-Cu sulfide ore in the Tejadillas
stock
The Cortegana Igneous Complex comprises a number of
small intrusive stocks, named Tejadillas, Sojalba,
Merendero, Caballona and Tabaca (Fig. 1), located
within the Ossa-Morena Zone of the Iberian Massif, only
65 km west to the Aguablanca deposit. Exploration was
focused on the Tejadillas stock that contains the highest
amounts of Ni and Cu. Although preliminary studies
have showed that sulfide mineralization is much less
abundant than in Aguablanca.

Keywords. Cortegana, Tejadillas, Aguablanca, crustal
contamination, Ni-Cu sulfide ores

1 Introduction
Among processes triggering sulfur saturation of mantlederived magmas (i.e., crustal contamination, magma
mixing and fractional crystallization), the assimilation of
external sulfur by silicate melts from sulfide-bearing
country rocks is probably the most important one, being
the responsible of the formation of an important number
of Ni-Cu sulfide deposits (e.g., Noril’sk, Voisey’s Bay,
Duluth; Barnes and Lightfoot 2005).
The role of crustal contamination has been well
recognized in the genesis of the only Ni-Cu sulfide,
operating mine in SW Europe, the Aguablanca Ni-Cu
deposit. Sulfur saturation was achieved by the
incorporation of crustal sulfur to the silicate melts from
the country pyrite-rich black slates of the Serie Negra
Formation (Casquet et al. 1997; Tornos et al. 2001; Piña
et al. 2006, 2010). From the discovery of the Aguablanca
deposit, several base-metal sulfide (BMS)-bearing
mafic-ultramafic bodies have been identified in the
region, such as Argallón, Brovales and Cortegana. The
latter represents the most interesting one, containing ores
with up to 1.36 wt.% Ni and 0.2 wt.% Cu.

Figure 1. Squematic geological map of the Cortegana Igneous
Complex showing the most important occurrences.

2.1 Petrography of the Tejadillas igneous rocks
and sulfide mineralization
The Tejadillas stock consists of a poorly exposed,
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Pty. Ltd., Maddington (Western Australia). Major oxides
contents were determined by X-ray fluorescence (XRF)
and trace elements by inductively coupled plasma-mass
spectrometer (ICP-MS) after multi-acid digestion.
Tejadillas cumulate rocks show large chemical
variations in agreement with the wide range of modal
composition. MgO content ranges from 12.30 to 34.79
wt.% and SiO2 from 44.47 to 54.90 wt.%. Mg# (atomic
Mg/[Mg+Fe]) is quite constant (0.75-0.83), with the
highest values corresponding to hornblende peridotite
(Mg# 0.83). Al2O3 contents are relatively low (3.6010.64 wt.%) and all samples are relatively poor in TiO2,
MnO and alkalis (Na2O+K2O) (below 0.82 wt.%, 0.35
wt.% and 2.39 wt.%, respectively).
Primitive mantle-normalized, incompatible element
patterns of Tejadillas cumulates are shown in Figure 3.
These rocks are characterized by slight enrichment in
large ion lithophile elements (LILE), Rb, Ba, Th, U, and
LREE, relative to high field strength elements (HFSE)
Nb, Ti, Zr, Hf, and HREE. These patterns resemble those
of Aguablanca rocks (Fig. 3), but those from Tejadillas
show slightly less fractionated patterns. Whereas in
Aguablanca, the (La/Yb)MN and (Th/Nb)MN ratios vary
from 3.8 to 8.2 and from 2.8 to 9.1, respectively, in
Tejadillas these ratios range from 1.6 to 4.4 and from 0.5
to 2.6, respectively (Fig. 4).

tabular-shaped body of roughly 1.4 km long and 0.7 km
wide, formed by medium to coarse-grained igneous
cumulates: hornblende peridotite, olivine gabbronorite,
norite, gabbronorite, gabbro s.s. and tonalite. Norite and
gabbronorite are the predominant rock-types. The
contact with the country host rocks is marked by the
presence of orbicular-textured rocks consisting of
gabbros hosting rounded to angular xenoliths of country
metamorphic rocks (mainly, calc-silicate hornfels) (Fig.
2). These xenoliths show well-marked boundaries with
evidence of poor digestion by the host magmas.

Figure 2. Orbicular-textured gabbro showing centimetric size,
rounded xenoliths of host metasedimentary rocks.

Primary igneous textures are well recognized in the
mafic-ultramafic cumulates, although late hydrothermal
alteration can partly obliterate such textures. Ultramafic
rocks (i.e., hornblende peridotite and olivine
gabbronorite) are made up of cumulus olivine (Fo83-75),
orthopyroxene
(Mg#
0.79-0.86)
and
minor
clinopyroxene (Mg# 0.85-0.87), with interculumus
plagioclase (An88-96), amphibole and minor phlogopite.
Poikilitic textures typically consist of rounded olivines
enclosed total or partially by amphibole. Nickel content
in olivine is very low, commonly below 0.20 wt.%,
suggesting a Ni-depleted parental magma. Gabbronorite
and norite are medium-grained orthocumulates
composed of variable proportions of cumulus
orthopyroxene (Mg# 0.77-0.82) and clinopyroxene (Mg#
0.80-0.87), and intercumulus plagioclase (An75-89),
amphibole and minor quartz and phlogopite. Poikilitic
textures are also common in gabbros s.s., consisting of
pyroxene enclosed by plagioclase and amphibole.
Tonalite is a coarse- to medium-grained leucocratic rock
mainly composed of plagioclase (An61-50) and quartz
with minor biotite and clinopyroxene (Mg# 0.79-0.81).
Sulfide mineralization occurs in peridotite and
gabbronorite-norite, being absent in the most leucocratic
rock-types. Mineralogy is quite simple, consisting of
pyrrhotite (> 80 vol. % of total sulfides), pentlandite and
chalcopyrite. It occurs as small aggregates interstitial to
silicates and, less commonly, as roughly rounded
droplets within them. Sulfide mineralization typically
represents less than 5 vol. % of the rocks.

Figure 3. Primitive mantle-normalized trace element patterns
for Tejadillas rocks. Patterns were drawn from the average
values for each different lithology. The average composition of
the Aguablanca gabbronorite is from Piña et al. (2006) and of
the country rocks from the Serie Negra Formation is from
Pereira et al. (2006).

3 Discussion
In the Aguablanca ore deposit, sulfide segregation was
caused by the external addition of crustal sulfur from the
S-rich black shales of the Late Neoproterozoic, Serie
Negra Formation (Casquet et al. 2001). The 15-25 kmthick, Serie Negra Formation represents the most
important formation of the Ossa-Morena Zone. It is
formed by several graphite- and pyrite-bearing rocktypes including metacherts, quartz phyllilites, mica
schist, metagreywackes and paragneises (Pereira et al.
2006). Sulfur content is variable but can reach up to
3000 ppm S (R. Piña unpublished data). Evidence of the
crustal origin of S in Aguablanca includes sulfur isotope
compositions (close to + 7.4 ‰, Casquet et al. 2001),
lead isotope signatures (206Pb/204Pb = 18.27–18.43,
207
Pb/204Pb = 15.61–15.65, similar to those of the Serie
Negra country rocks; Tornos and Chiaradia 2004) and
systematic enrichment of the Aguablanca rocks in Pb,
LILE, and LREE relative to HFSE and HREE (Piña et al.
2006).

2.2 Whole rock geochemistry
Twenty representative rock samples of the Tejadillas
stock were analyzed at Genalysis Laboratory Services

613

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

ultramafic melts constitute the most favourable target for
exploration of new Ni-Cu sulfide ores in SW Iberia.

The comparison of trace element geochemistry
between Aguablanca and Tejadillas rocks suggests that
crustal contamination processes were much less
prevalent in Tejadillas. Although the primitive mantlenormalized trace element patterns of the Aguablanca and
Tejadillas rocks are comparable (Fig. 3), suggesting that
they crystallized from similar parental magmas, the
Aguablanca rocks show slightly more fractionated
incompatible trace element patterns than those of
Tejadillas cumulates. Furthermore, the shape of the
patterns of the Aguablanca rocks resembles those of the
Serie Negra Formation (Fig. 3), suggesting that the
crustal component in Aguablanca is higher than in
Tejadillas.
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Figure 4. [La/Yb]MN vs [Th/Nb]MN diagram for the Tejadillas
and Aguablanca rocks. Data for Aguablanca are from Piña et al.
(2006).

The extent of crustal contamination can be estimated
by using the (La/Yb)MN versus (Th/Nb)MN diagram (Fig.
4). These ratios are very sensitive indicators of crustal
contamination and their representation along with the
ratios of possible contaminants is very useful to
constrain the degree of contamination. Thus, Figure 4
includes the composition of igneous rocks from
Aguablanca and Tejadillas, as well as the average ratios
of distinct rock-units of the Serie Negra Formation
(Pereira et al. 2006) as possible contaminants. Rocks
from Aguablanca plot close to the field of country rocks
whereas those from Tejadillas plot toward the
composition of primitive mantle. This difference
strongly suggests that the Aguablanca magmas were
more contaminated with sulfur-rich country rocks than
the Tejadillas magmas or at least, that the contamination
process in Aguablanca was more homogeneous and
widespread than in Tejadillas. This conclusion agrees
with that of Tornos et al. (2006) who suggested a lower
degree of contamination in the Cortegana rocks than in
Aguablanca based on sulfur isotope data obtained on
sulfide disseminations (δ34S values range from -0.1 to
+3.1 ‰).

4 Conclusions
The very low degree of crustal contamination of parental
silicate melts is a key factor to understand the scarce
formation of Ni-Cu sulfides ores in the Tejadillas
cumulates. This observation along with the close
relationship between crustal contamination and Ni-Cu
mineralization in the Aguablanca deposit suggest that
assimilation of S-rich sedimentary rocks by mafic-
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The distribution of the platinum group elements in the
autonomous anorthosites in the South-Eastern rim of
the North-Asian craton, Russia
Inna Buchko
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Abstract. PGE distribution in anorthosites of the
Archean massifs is caused by the “laws” of
crystallization of the high temperature mss which lead to
the concentration of Ni, Fe, S, Ru and Rh in the solid
phase and Cu and Pd concentration in melts. The
character of the PGE distribution spectra in the
Paleoproterozoic anorthosites is associated with the
lower temperatures of mss crystallization and is close to
the rocks from the ophiolite complexes. At the same time
the absolute PGE contents are typical to those in basalts
of island arcs.

played by the processes of interrelation between mantle
Fe-Ti melts of tholeiite affinity generated over the
plumes of the first generation (Sharkov and Bogatikov
2008) and the lower crust. It should be highlighted that
in the composition of the lower crust no PGE with the
exception of Pd were identified (Taylor and McLennan
1988). These data allow considering that PGE contents
and their distribution peculiarities in anorthosites of the
autonomous massifs are due to the composition of the
initial mantle melts.
According to present existing concepts (Marakushev
1979) there can be two magmatic melts: silicate,
oversaturate in sulfur and sulfide, and crystallization of
each liquid proceeded according to their proper “laws”.
The earliest product of the sulfide melt crystallization is
the mono-sulfide solid solution [(Fe,Ni)1+xS]mss).
Thus, from the onset of its crystallization Fe, S, Os, Ir,
Ru and, depending on the composition of melt, Ni and
Rh concentrate (Li et. al. 1996) in the solid phase,
whereas Cu and Pd are driven into the coexisting melt
(Sinyakova et al. 2006). The presence of troilite (mss) in
the composition of the ancient mantle is due to the high
reducing conditions of its existence corresponding to
Fo2 values close to the equilibrium conditions with a
contribution of the metallic Fe-Ni phase (Kadik 1999;
Kadik et al. 2000).
According to experimental data (Malevsky et al.
1977) the high temperature series of PGE are established
which are listed in the order of increase of their ability to
enter the composition of pyrrhotite (troilite)-Pt-Os-RuPd-Ir-Rh. It should be noted that PGE form stoichimetric
compounds with sulfur and therefore they substitute iron
in the composition of pyrrhotite. With a strengthening of
the oxidation environments the potentiality of PGE
dispersion in pyrrhotite is reduced favoring their
separation in their native forms (Marakushev 1979).
For anorthosites from the autonomous massifs of the
south-eastern rim of the North-Asian craton the
following PGE series were established in the order of a
decrease of their normalized concentrations: the
Khorogocha -Pt-Os-Pd-Ru-Ir-Rh, the Kalar -Pt-Os-PdRh-Ir-Ru, the Kengurak -Pt-Os-Pd-Ir-Ru (Fig.1). The
listed series of the elements are almost consistent with
the experimental data (Malevsky et al. 1977) with the
exception of Pd, which is due to the concentration of the
latter in the residual melt (Sinyakova et al. 2006). It
should be noted that the most ancient Archean “coarsegrained anorthosites” are characterized by higher Pt, Os

Keywords. anorthosite, PGE, models of the formation,
ophiolite, island arcs

1 Introduction
Within the Dzhugdzhur-Stanovoy and Selenga-Stanovoy
superterranes of the south-eastern rim of the NorthAsian craton two stages of development of the
autonomous anorthosites (Buchko et al. 2006, 2008)
have been established: the Neoarchean (2.63-2.62 Ga;
Sal'nikova et al. 2004; Larin et al. 2006; Buchko et al.
2008) and Paleoproterozoic (1.86-1.74 Ga; Neymark et
al. 1992; Buchko et al. 2006). The Kalar association and
the Khorogochi massif belong to the first stage and the
main representatives of the second stage are the
Dzhugdzhur and Kengurak associations and the Baladek
massif. Recently, numerous publications have discussed
the mineralogical, petrologic, geochemical and
geochronological features of the above formations
(Neymark et al. 1992; Larin et al. 2006; Buchko et al.
2006, 2008). These publications have contributed to the
reconstruction
of
the
probable
geodynamic
environments and have established models of formation
of the intrusions. However, the peculiarities of PGE
distribution in sulfide free anorthosites of the southeastern rim of the North-Asian craton have not studied.

2 Peculiarities of PGE distribution in
anorthosites

It should be noted that the behavior of major, minor and
trace elements in melts depends on the environment of
the intrusion formation, conditions and mode of
crystallization. A crucial role in the formation of the
autonomous anorthosite massifs (Emslie 1978; Anderson
and Bender 1989; Ashwal 1993; Emslie et al. 1994) is
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contents and by lesser Rh,Ir contents which is related
with their entering in the composition of troilite
(pyrrhotite).
In contrast to the Archean anorthosites the spectra of
PGE distribution in their Paleoproterozoic “massif type”
analogues are different. (Fig.1) First of all they are
associated with the abrupt uneven alteration of the
composition of the mantle melts and the character of
geodynamic processes (2.3-2.0 Ga) on the scale of the
whole Earth (Sharkov and Bogatikov 2008). Besides, the
formation of the initial melts of this type autonomous
anorthosite is related to a considerable contamination of
them with the matter of the lower crust and this must
result in the decrease of temperatures in the magmatic
chamber. It should be noted that in the course of time the
mantle became more and more oxidized (Kadik 1999;
Kadik et al. 2004).
The PGE contents in anorthosites of the Kengurak
massif are at most close to those in basalts of the island
arcs for which the enrichment in Pt, Pd and Re was
established. At the same time the character of their
distribution spectra mostly corresponds to the ophiolite
formations (Fig.1) and this confirms the accepted models
of the formation for the “massif type” anorthosites
(Emslie 1978; Anderson and Bender 1989; Ashwal 1993;
Emslie et al. 1994).

3 Conclusions
Within the Dzhugdzhur-Stanovoy and Selenga-Stanovoy
superterranes of the south-eastern rim of the North-Asian
craton two stages of development of the autonomous
anorthosites are established: the Neoarchean (2.63-2.62
Ga) and Paleoproterozoic (1.86-1.74 Ga.).
The contents and peculiarities of PGE distribution in
anorthosites of the autonomous massifs are due to the
composition of the initial mantle melts.
For anorthosites from the autonomous massifs of the
south-eastern rim of the North-Asian craton the
following PGE series were established in the order of a
decrease of their normalized concentrations: the
Khorogocha -Pt-Os-Pd-Ru-Ir-Rh, the Kalar -Pt-Os-PdRh-Ir-Ru, the Kengurak -Pt-Os-Pd-Ir-Ru.
PGE distribution in anorthosites of the Archean
Khorogocha and Kalar massifs is caused by the “laws”
of crystallization of the high temperature mss which lead
to the concentration of Ni, Fe,S,Ru and Rh in the solid
phase and Cu and Pd concentration in melts. The
character of the PGE distribution spectra in the
Paleoproterozoic anorthosites of the Kengurak massif is
associated with the lower temperatures of mss
crystallization and is close to the rocks from the
ophiolite complexes.

Figure 1. Distribution of platinum group elements normalized
on chondrite C1 in the autonomous anorthosites of the
southeastern rim of the North-Asian craton. Conventional
signs: 1-2- the rocks of the Khorogocha massif of the “coarsegrained anorthosites”: 1-ultrabasites, 2-anorthosites; 3-4-the
rocks of the Kalar massif of the “Archean coarse-grained
anorthosites”: 3-ultrabasites, 4-anorthosites; 5-6-the rocks of
the Kengurak massif”massif type anorthosites”; 5-gabbroids, 6anorthosites
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Abstract. Accessory chromian spinel grains occur
included in veined Co-Fe arsenide ores but mainly in CoFe arsenide and Cu sulfide ores disseminated in
serpentinite in the Aghbar deposit (Bou-Azzer district,
Morocco). Textural relationships suggest that chromian
spinel was affected by two events of fracturing. Whereas
alteration of chromian spinel clearly took place during the
first event, arsenide and sulfide mineralization postdate
the second one. These strongly suggest that the unusual
Mn, Zn and, at lesser extent Co enrichment in chromian
spinel was related with the metamorphic fluids rather than
with the ore-forming fluids.

mineralized serpentinite from the same district.

2 Geological setting
The Bou-Azzer mining district (Fig. 1) is located along
the Central Anti-Atlas fault, which defines a suture zone
that separates the Eburnian West African Craton
(Paleoproterozoic, 2000 Ma) to the SE, and the PanAfrican Orogenic Shield (Neoproterozoic, 600-700 Ma),
NE. It includes an ophiolite belt interpreted as a slice of

Keywords. Zn-Mn and Co-rich chromian spinels, BouAzzer ophiolite complex, Co-Ni-Fe Aghbar deposit

1 Introduction
Zn-, Mn- and Co-rich chromian spinels are quite
unusual and their formation is still under debate. Some
authors (Parakevopoulos and Economou 1981;
Michailidis 1990; Barnes 2000) suggest that enrichment
in these elements occurs by leaching from adjacent
olivine during metamorphic processes and hydrothermal
alteration whereas others (Groves et al. 1983; Lesher et
al. 1984; Gahlan and Arai 2007) link the origin of such
trace elements with adjacent sulfide/arsenide
mineralizations.
A good example of this type of chromian spinels
occurs in the Neoproterozoic ophiolite of the Bou-Azzer
mining district, Anti-Atlas, Morocco (Gahlan and Arai
2007; El Ghorfi et al. 2008). Gahlan and Arai (2007)
studied chromian spinels from unmineralized
serpentinized hazburgite close to the Co-Ni arsenide
deposits, finding high Co, Zn and Mn contents and
concluding that Zn- and Mn-rich spinels are indicators
of the Co-Ni arsenide mineralization. Moreover, El
Ghorfi et al. (2008) analyzed different types of spinel
phases, including disseminated chromian spinel
associated with Co-Ni ores, and postulated close
connection between chromian spinel alteration and the
Co-Ni arsenide ores. Thus, the aim of this paper is to
evaluate such connection by comparing textural and
compositional features of chromian spinels included in
Co-Ni arsenide and Cu sulfide ores from the Aghbar
deposit (Bou-Azzer district) with those studied in non-

Figure 1. Simplified geological map of the Anti-Atlas region,
showing the location of Bou-Azzer and other inliers and the
main ore deposits. Aghbar deposit is included in Bou-Azzer
district.

upper Proterozoic oceanic lithosphere (697 ± 8 Ma)
which first underthrusted below a volcanic arc (at 655635 Ma) and subsequently exhumed (El Hadi et al.
2010). This ophiolite is 4-5 km thick and consists (from
bottom to top) of serpentinized harzburgites, layered
gabbros, large stocks of quartz diorite, poorly developed
dike swarms, partly pillowed lavas and volcanosedimentary series (Leblanc 1981). The ultramafic rocks
were metamorphosed at greenschist facies conditions (El
Ghorfi et al. 2008), and mainly consist of serpentinites
with minor amounts of dunite and interlayered lenses
and pockets of chromitite. Serpentinites contain
disseminated chromian spinels (up to 4 vol%, El Ghorfi
et al. 2008) which can also be found within Co-Fe
arsenide and Cu sulfide ores.
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zones of altered chromite fragments and grains (Fig. 2B,
C and D).

3 Ni-Co mineralization at Aghbar

5 Chemistry of chromian spinel

The Aghbar Mine exploited a ∼600 m-long, subvertical,
lode-shaped orebody located along the southern border
of the serpentinite dome (Leblanc and Billaud 1982).
Arsenide ores occur either in subvertical, vein-like
bodies associated with calcite or dolomite (vein ores), or
disseminated in serpentinite (disseminated ores). In the
latter ores, texture of arsenides and sulfides suggest that
they formed by replacement of the host serpentinite.

Zoned chromian spinel not included in Co-Fe arsenides
shows Al-rich cores having Cr# [Cr/(Cr+Al)] = 0.570.80, Mg# [Mg/(Mg+Fe2+)] = 0.22-0.59 and
Fe3+/(Fe3++Fe2+) = 0.00-0.42, surrounded by rims with
very small amounts of Al2O3, high Cr2O3 (Cr# = 0.741.00) and Fe2O3 [Fe3+/(Fe3++Fe2+) = 0.43-0.79] and low
Mg# = 0.08-0.31. MnO and ZnO contents in cores are
quite variably but high, ranging from 0.33 to 9.61 wt.%
and from 0.46 to 19.71 wt.% respectively. In contrast,
CoO contents are low (0.1-1.41 wt.%). Altered rims
contain similar amounts of ZnO and CoO (0.41- 18.19
wt.% and 0.1-1.23 wt.% respectively), and higher MnO
(0.93-21.37 wt.% ) than cores.
Major element composition of chromian spinel
fragments included in Co-Fe arsenides and Cu sulfides
is identical as that of grains located outside arsenides
and sulfides. Similarly, MnO and ZnO contents do not
show significant variations in any of the described
textural types of chromian spinel. In contrast, CoO
contents are slightly higher in grains/fragments included
in arsenides and sulfides (up to 2.3 wt.%) than in those
located outside these minerals (up to 1.4 wt.%) (Fig. 3).
MnO, ZnO and CoO contents of chromian spinels in the
studied Aghbar samples are significantly higher than
those reported by Gahlan and Arai (2007) in non
mineralized serpentinites and much higher than those
analysed by El Ghorfi et al. (2008) in mineralized
samples from other areas of the Bou Azzer district.
Significant differences are observed in chromian
spinel grains/fragments included in different arsenide
and sulfide minerals. Thus, chromian spinels included in
chalcopyrite are richer in MnO than those included in
Co-Fe arsenides or bornite, and those included in
löllingite show the highest ZnO and CoO contents.

4 Petrography and texture of chromian
spinel
Chromian spinel is a common accessory mineral in vein
ores where it is always included in Co-Fe arsenides
(skutterudite, safflorite and löllingite) and, to a much
lesser extent, in the carbonate gangue. It becomes locally
abundant in disseminated ores occuring either scattered
in serpentinite or partial to totally included in Co-Fe
arsenides and Cu sulfides (chalcopyrite and bornite).
Chromian spinel in serpentinite shows highly fractured,
variably corroded, rounded shape, varying in size from
few tens to several hundred of micrometers (Fig. 2A). It
shows clear alteration-related zoning consisting of dark
nuclei surrounded by progressively more reflecting rims.
Alteration progresses from grain boundaries and
fractures inward but zoned grains can also be fractured
suggesting that serpentinites were affected by, at least,
two deformation events. The early one should take place
previously or coeval with the alteration of chromian
spinel but the second one clearly postdated such
alteration.

6 Discussion
Textural relationships of chromian spinel, Co-Fe
arsenides and Cu sulfides suggest that chromian spinel
was affected by two events of fracturing. Alteration of
chromian spinel clearly took place during the first one
giving rise to zoned grains made up of Cr-rich, Fe3+-poor
cores surrounded by variably thick, Al-poor, Fe3+-rich
rims. These zoned grains were later fractured during the
second event.
Arsenide (and minor sulfide) ores formed from hot
fluids migrating: 1) through open fractures along the
contact of a serpentinite dome and 2) by porous flow
through the host serpentinite (Leblanc and Billaud
1982). Vein-type ores formed by filling of the above
described fractures or, eventually, within serpentinite
where fluid flow coalesces increasing fluid/rock ratio.
These ores contain only minor amounts of chromian
spinel grains/fragments. In contrast texture of
disseminated ores evidences crystallization by
replacement of the host serpentinite from intergranular
fluid flow. In fact, residues of the serpentine minerals
often occur along growing planes of skutterudite and

Figure 2. Microphotographs of chromian spinel from Agbhar
deposit. A, B: zoned and fractured chromian spinel grains
hosted in serpentinite; C: zoned chromian spinel in
skutterudite; D: homogeneous chromian spinel in löllingite.

Co-Fe arsenides and Cu sulfides include different
pieces of fractured, altered chromian spinel. All these
pieces are partially dissolved/corroded as they become
included in arsenides and sulfides. Dissolution/corrosion
does not progress preferentially through the altered,
more reflecting rims, or the unaltered nuclei of the
fragments but through the late fractures affecting all

619

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

chromian spinel and the presence of arsenide ores.
However, the low Mn, Zn and Co in chromian spinel
of many mineralized samples studied here, in those
studied by El Ghorfi et al. (2008) and in other chromian
spinels associated with arsenide ores elsewhere (e.g.,
Tessalina et al. 2003; Nimis et al. 2008) do not support
such suggestion. In contrast, Mn and/or Zn-rich
chromian spinels can occur in altered serpentinites not
spatially related with arsenide or sulpide ores (e.g., Hung
et al. 2007).

relatively abundant, partially dissolved grains/fragments
of chromian spinel occur total to partially included in
skutterudite, members of the safflorite-löllingite solid
solution series, chalcopyrite and bornite. Since
dissolution of chromian spinel grains/fragments takes
place along the late cracks developed during the second
event of fracturing and irrespective of their degree of
alteration, it can be concluded that alteration of
chromian spinel was not related with the formation of
arsenide ores but clearly predate them. Alteration of
chromian spinel could tentatively be ascribed to the
metamorphic event affecting the ophiolite during its
underthrusting below a volcanic arc 655-635 Ma ago (El
Hadi et al. 2010) whereas the formation of the arsenide
ores took place much later, at the end of the Hercynian
orogeny (Oberthür et al. 2009).
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Figure 3. FeO vs MnO, ZnO and CoO in chromian spinels
from Aghbar deposit. Left column (I) shows compositions of
grains included in arsenides and sulfides. The right column (O)
represents analyses of grains included in serpentinite. Light and
dark shaded fields represent data of Ghalan and Arai (2007)
and El Ghorfi et al. (2008) respectively.

In this scenario, metamorphic fluids could be the
responsible for the unusual enrichment in Mn, Zn and, at
lesser extent Co in chromian spinel. Late, ore-forming
fluids dissolved the already formed Mn-, Zn- and Corich chromian spinel. The absence of Mn, Zn and Co,
core to rim variations in grains/fragments included in
arsenides and sulfides, as well as the low diffusion rate
of cations in spinel at hydrothermal temperatures
preclude Mn, Zn and Co exchange between chromian
spinel grains/fragments and the host arsenides or
sulfides. The higher Zn and, at lesser extent Mn and Co
contents of the chromian spinel from mineralized
samples from Aghbar compared with those from barren
serpentinites analysed by Gahlan and Arai (2007) would
suggest a genetic link between such metal enrichment in
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Evolution of trace element concentrations in magnetite
from a fractionating magmatic sulphide liquid: an
example from the Sudbury (Canada) Ni-Cu-PGE
deposits
Sarah A. S. Dare, Sarah-Jane Barnes
Université du Québec à Chicoutimi (UQAC), Chicoutimi, Quebec, Canada, G7H 2B1
Georges Beaudoin
Université Laval, Quebec City, Quebec, Canada, G1V 0A6
Abstract. Laser ablation ICP-MS analysis has been
applied to many accessory minerals in order to 1)
understand the process by which the rock formed or 2)
act as indicator minerals in exploration. We have
determined trace element concentrations in magnetite
(Fe3O4) from massive sulphides of Sudbury Ni-Cu-PGE
deposits (Creighton and McCreedy East). The samples
represent the crystallization products of a fractionating
sulphide liquid. Positive correlations are present in
magnetites among Cr, Al, Ti, V, Mn, Zn, Co, Ga, Nb, Ta
and W and negative correlations between these elements
and Ni, Sn and In. The trace element concentrations in
magnetite are controlled by a number of processes.
Firstly, by whether they are lithophile or chalcophile.
Lithophile elements are concentrated in the earliest
crystallizing magnetites. Secondly, by whether they are
compatible with the first sulphide mineral to crystallize
Fe-rich monosulphide solution (MSS). Nickel and Co are
compatible and hence depleted in the co-crystallizing
magnetite. The concentrations of the chalcophile
elements incompatible with MSS are highest in magnetite
formed from the fractionated Cu-rich liquid. Finally, the
cores of the magnetite are richer in trace elements than
the margins resulting in the presence of some ilmenite
and spinel exsolutions in some of the cores.

little is known about the trace element chemistry of
magnetite hosted in Ni-Cu-PGE sulphide deposits.
Several processes may control the trace element
geochemistry of magnetite in a sulphide liquid: 1)
Concentration of the elements in the silicate liquid; 2)
Partitioning of the elements between the silicate and
sulphide liquid; 3) Timing of the crystallization of
magnetite from the sulphide liquid. 4) Sulphide
fractionation; 5) Partitioning of the elements between
magnetite and the sulphide phases. 6) Oxidationexsolution of ilmenite (FeTiO3) and exsolution of
spinel/chromite from magnetite. In order to investigate
these processes we have determined the trace element
content of magnetite in a suite of massive sulphide
samples from the Creighton and McCreedy East Ni-CuPGE deposits of Sudbury, which formed by the
crystallization of a fractionating sulphide liquid.

2 Geological setting and samples
The 1.85 Ga Sudbury Igneous Complex is a meteorite
impact structure which is host to one of the largest NiCu-PGE mining districts in the world (e.g., Ames and
Farrow 2007). The mineralization is zoned with respect
to sulphide mineralogy and geochemistry, primarily as a
result of crystallization from the fractionating sulphide
liquid
although
metamorphism,
latemagmatic/hydrothermal fluids and deformation have
also affected some of these ore deposits (Ames and
Farrow 2007). Cumulates of Fe-rich MSS formed at the
base of the igneous complex and are enriched in Co,
IPGE (Os, Ir, Ru, Rh), Ni and Re. The fractionated, Curich liquid drained into fractures in the footwall and
formed veins of Cu-rich ore enriched in Au, (± Ni), Pt,
Pd and the chalcophile elements.
We have studied magnetite from 22 massive
sulphides (> 90% sulphides) from three orebodies at
Sudbury, which we previously characterized for their
sulphide and PGE chemistry and mineralogy (Dare et al.
2010, 2011). The samples range from Fe-rich MSS
cumulates, from the south side (Creighton 402 Trough
orebody, n = 11) and the north side of the complex
(McCreedy East Main orebody, n = 5), to the Cu-rich
ores from the McCreedy East 153 orebody (n = 6).
Magnetite to titanomagnetite, which is euhedral to
subhedral and 0.2 – 2 mm in size (Fig. 1), is present in
all of the samples (0.5- 23 vol.%).

Keywords. magnetite, sulphide, laser ablation ICP-MS,
Sudbury, trace elements

1 Introduction
It is well known that in magmatic Ni-Cu-PGE sulphide
deposits the immiscible base-metal sulphide liquid
collects the platinum-group elements (PGE) and other
chalcophile elements (Ag, As, Au, Bi, Cd, Co, Cu, Mo,
Ni, Pb, Re Sb, Sn, Te and Zn) from the silicate liquid
(e.g., Naldrett 2004). During crystallization of the
sulphide liquid these elements partition between a Ferich monosulphide solid solution (MSS), and the
remaining, fractionated Cu-rich liquid. Upon cooling,
Fe-rich MSS cumulates exsolve to form a pyrrhotiterich assemblage, with minor pentlandite ± chalcopyrite,
and the Cu-rich liquid crystallizes as intermediate solid
solution (ISS) which exsolves to form a chalcopyriterich assemblage, ± minor cubanite and pentlandite.
Magnetite and titanomagnetite are minor but
common accessory minerals in Ni-Cu-PGE sulphide
ores, e.g., Sudbury, Ontario, and Voisey’s Bay, Labrador,
Canada, where they are thought to crystallize from the
sulphide liquid (Naldrett et al. 2000). However, very
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There is a decrease in most of the elements from core
to rim of magnetite. The cores commonly host microinclusions of ilmenite (FeTiO3 with trace amounts of
Mn, Nb, Ta and W) and spinel/chromite phases (Mg-AlCr-Zn-Mn-rich; Fig. 1).

Figure 1. Magnetite (Mt) hosted in both pyrrhotite (Po) and
chalcopyrite (Ccp) in Fe-rich MSS cumulates from the
McCreedy East deposit. Micro-exsolutions of spinel (Al-ZnMn-Ti-Mg rich) are abundant in the cores of magnetite

3 Methodology
A Thermo X7 ICP-MS coupled to a New Wave Research
213 nm UV laser was used at UQAC to determine the
trace elements in magnetite. A beam size of 80 μm, a
laser frequency of 10 Hz and a power of 0.3 mJ/pulse
was used to drill a line across magnetite for 60s after a
gas blank of 20s. Ablation was carried out using a
helium carrier gas and was mixed with argon before
entering the ICP-MS. Iron was used as the internal
standard. A range of Fe-bearing reference materials were
used to calibrate (BCR2-g, NIST361 and MASS-1) and
to monitor the data quality (GOR-128g and a natural
magnetite from the Bushveld Complex). Detection limits
are: 0.3 – 3 ppm for 24Mg, 27Al, 45Sc, 47Ti, 51V, 52Cr,
55
Mn, 60Ni, 66Zn, 75As; 0.05 – 0.15 ppm for 59Co, 71Ga,
74
Ge, 89Y, 90,92Zr, 95Mo, 101Ru, 105Pd, 111Cd, 118Sn, 121Sb;
< 0.015 ppm for 93Nb, 107Ag, 115 In, 178Hf, 181Ta, 182W,
187
Re, 193Ir, 195Pt, 197Au, 208Pb and 209Bi. Sulphur, Si, Ca
and Cu were monitored to ensure that the signal
measured was pure magnetite. 115In was corrected for
interferences from 115Sn.

Figure 2. Evolution of a) Cr-Ti and b) Ni and Sn in magnetite
from the fractionating sulphide liquid at Sudbury (Crtn –
Creighton, Mcr – McCreedy East). Error bars represent 1
standard deviation based on 6-12 grain analyses per sample. In
a) data for magnetite from the silicate host rocks of Sudbury
(blue crosses) is taken from Gasparrini and Naldrett (1972)

5 Evolution of trace element chemistry of
magnetite from a fractionating sulphide
liquid
The Pt+Pd/IPGE ratio increases systematically during
fractionation of the sulphide liquid and is a better
indicator of the degree of sulphide fractionation in the
samples than the sulphide mineralogy (Fig. 3). The
amount of magnetite (measured by image analysis and
converted to weight percent) in the massive sulphides
increases with the degree of fractionation of the sulphide
liquid (Fig. 3a). This can be explained by the model of
Naldrett et al. (2000) whereby, during the crystallization
of Fe-rich MSS the residual liquid becomes enriched in
oxygen until the magnetite-MSS cotectic is reached
(~1000°C) at which point magnetite and MSS
crystallize together. The magnetite grains continue to
grow until oxygen is locally depleted. The correlations
between the Pt+Pd/IPGE ratio and magnetite
geochemistry (Fig. 3b) confirms that the trace element
variation in magnetite is controlled by the degree of
fractionation of the sulphide liquid.

4 Trace elements in magnetite at Sudbury
Magnetite is variably enriched in the transition
elements: 0.3 to 15 wt. % in total concentration of Cr,
Al, Ti, V, Mn, Zn, Ni and Mg, in decreasing order of
abundance. Cobalt and Ga (± Ge, Hf, Mo, Nb, Pb, Sc,
Sn, Ta, W, Y and Zr) are present in trace amounts.
Silver, As, Au, Bi, Cd, Cu, In, Re and the PGE (Ir, Ru,
Pt, Pd) are below detection. Positive correlations exist
among Cr, Al, Ti, V, Mn, Zn, Co, Ga, Nb, Ta and W
(Fig. 2a). Magnetite in Fe-rich MSS contains more of
these elements than magnetite in the Cu-rich ore. In
contrast, there are negative correlations between these
elements and Ni and Sn. Magnetite from the Cu-rich
ores is enriched in Ni and Sn, e.g., 2000 – 4000 ppm of
Ni compared to 100 – 1500 ppm Ni in Fe-rich MSS
(Fig. 2b).
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inclusions of ilmenite and spinel/chromite phases by
oxidation-exsolution, so that the later-forming rims are
relatively poor in these elements.

In the system sulphide-liquid  Fe-oxide  MSS all
lithophile elements are compatible with the oxide and
hence all show a positive correlation (e.g., Fig. 2a) and
the first formed magnetite (i.e., Fe-rich MSS from
Creighton) is richer in these elements than the later
formed magnetites (i.e., Cu-rich ores from McCreedy
East). This behaviour is different to the evolution of
trace elements in magnetite from a fractionating silicate
liquid (Fig. 2a), as demonstrated by magnetite from the
overlying silicate sequence of the Sudbury Igneous
Complex, whereby Cr (a compatible element) decreases
and Ti (an incompatible element) increases (Gasparrini
and Naldrett 1972).

6 Conclusions
Laser ablation ICP-MS of magnetite in massive
sulphides from the Ni-Cu-PGE deposits of Sudbury
demonstrate that the trace element chemistry of
magnetite is highly variable and sensitive to the
evolution of the fractionating sulphide liquid from
which it crystallized. The evolution of trace elements in
magnetite that crystallized from a sulphide liquid is in
some cases (e.g., Ti) different to that from an evolving
silicate liquid because the elements partition between
magnetite and sulphide minerals rather than silicate
minerals. Magnetite concentrates the lithophile elements
that the sulphide minerals do not host and concentrates
the
chalcophile
elements
only
when
pyrrhotite/pentlandite (e.g., Ni and Co) and
chalcopyrite/sphalerite (Zn) are not present in great
abundance in the sulphide assemblage.
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Figure 3. Variation of a) magnetite content (wt.%) and b) Cr
content (ppm) in magnetite as a function of the crystallization
of magnetite from a fractionating sulphide liquid, given by the
ratio of Pt+Pd to IPGE (Os, Ir, Ru, Rh) in the whole rock. PGE
data sources: Dare et al. (2010, 2011) and Dare (unpublished
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In contrast, the chalcophile elements (Co, In, Ni, Sn
and Zn) can partition into MSS or ISS as well as
magnetite. When Fe-rich MSS crystallizes, Ni and Co
partition preferentially into MSS so that magnetite is
depleted in these elements in the MSS rich samples.
However, Ni and Co appear to prefer magnetite over ISS
because magnetite in the Cu-rich ores is enriched in
these elements. In contrast, Zn partitions preferentially
into magnetite over pyrrhotite (Englander 2005) in MSS
cumulates but is preferentially hosted in chalcopyrite
and sphalerite over magnetite in the Cu-rich ores.
Finally, magnetite that crystallized from the fractionated
Cu-rich liquid is enriched in elements incompatible with
MSS, e.g., Sn (Fig. 2b).
On a smaller scale, the early-forming cores of
magnetite incorporated a larger proportion of all the
trace elements, which later formed in many cases micro-

623

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Talc- and serpentine-like “garnierites” in the Falcondo
Ni-laterite deposit, Dominican Republic
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Abstract. Ni-Mg-bearing phyllosilicates (“garnierites”) are
significant ore minerals in the lower horizons of the
Falcondo Ni-laterite deposit (Central Dominican
Republic). “Garnierite” ore is mainly found within the
saprolite horizon as fracture-fillings (mm to cm-thick
veins). Their mode of occurrence indicates pre-, syn- and
post-kynematic precipitation of supergene Ni-Mg
hydrosilicates.
Different
greenish
colours
are
distinguished, which correspond to different mineral
phases: a talc-like and a serpentine-like “garnierite”. The
former has a basal spacing near 10 Å and a composition
ranging between talc (“kerolite”) and willemseite
(“pimelite”), whereas the latter has a spacing of about 7 Å
and a composition in the lizardite-népouite series. XRD
patterns with both ~10 Å and ~7 Å basal spacings
indicate a mixture of talc- and serpentine-like minerals at
a nano scale.

this study, new data on mode of occurrence, textural
relations, and mineral chemistry of talc- and serpentinelike “garnierite” ores from Falcondo deposit is provided.

2 Ni-laterite deposits of the Dominican
Republic
Ni-laterite soils in the Dominican Republic have been
developed on the main ophiolitic peridotite belt
outcropping in the Cordillera Central, Loma Caribe. This
elongated body is 4-5 km wide and 95 km long, and is
formed by harzburgite and minor dunite and lherzolite
(Lewis et al., 2006; Proenza et al., 2007). These
serpentinized peridotites have been exposed to
weathering and erosion since the early Miocene, when
the lateritization process began.
According to the mineralogy of the main ore-bearing
phases, Falcondo Ni-laterite deposit belongs to the
hydrous silicate type of laterites (Lewis et al., 2006).
From the base to the top, the profile consists of unaltered
peridotite, serpentinized peridotite, hard and soft
serpentinite (saprolite horizon), and a limonite (laterite
sensu stricto) thin cover. The main Ni-bearing
assemblage is a mixture of green, fine-grained hydrous
Mg-Ni silicates (Lithgow, 1993; Lewis et al., 2006,
Tauler et al., 2009). Estimated Ni resources of this
deposit are about 1-2Mt at a grade of 1-2% Ni (Falcondo
Xstrata annual reports).

Keywords. “Garnierite”, Ni-laterite, Dominican Republic,
talc-willemseite, lizardite-népouite

1 Introduction
Ni-Co laterite deposits are the source of approximately
the 40% of world annual Ni production (Gleeson et al.,
2003), and the Caribbean region has about 10% of the
world’s Ni-laterite resources (in distribution by
contained nickel). Most of this resource is in eastern
Cuba and in the Falcondo deposit, in the Dominican
Republic (e.g. Lewis et al., 2006).
The lower part of the lateritic profile, specifically the
saprolite horizon, contains most of the main ore
minerals: hydrous Ni-rich serpentines and “garnierites”
(Freyssinet et al., 2005). Mine geologists use the term
“garnierite” for any green Ni-rich silicate minerals that
occur in many Ni-laterite deposits. Actually,
“garnierites” consist of one or more of the following
hydrous nickel-bearing magnesium phyllosilicates:
serpentine, talc, sepiolite, smectite and chlorite (e.g.
Brindley and Hang, 1973; Springer, 1974; Brindley et
al., 1979; Gleeson et al., 2003). They often occur as
mixtures.
Preliminary results show that Dominican “garnierites”
consist of three solid solutions: lizardite-népouite, talc
(“kerolite”)-willemseite (“pimelite”), and sepiolitefalcondoite (Proenza et al., 2008). Only the sepiolite
series has been extensively studied in the Falcondo
laterite profile (Springer, 1976; Tauler et al., 2009). In

3 Mode of occurrence
“Garnierite” ore shows different greenish colours, of
which the dominant one is bluish bright-green with a less
common but distinctive yellowish pale-green variety.
They are found mainly within the lowermost part of the
saprolite horizon, but may also be located near
unweathered peridotite rocks, in the base of the lateritic
profile.
Both colourations occur mainly as mm-cm vein
fillings in fractures (fig. 1a, b). In addition, they also
develop coatings on joints and along fault planes and
often displaying slickensides (fig. 1c), boxworks and
breccias. These breccias are formed from saprolitized
peridotite fragments with “garnierite” cement, or by
“garnierite” clasts cemented by a later generation of
“garnierite” of different composition (Proenza et al.,
2008).
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4 Mineralogical characterization
Eight selected samples from the Falcondo laterite deposit
have been studied in detail. These samples contain the
two different greenish colourations mentioned above,
which were firstly separated hand-picking, when
possible, and were analysed by X-ray diffraction (XRD).
In addition, they were examined in thin section by
scattering electron microscope (SEM-BSE-EDS) and
analysed by electron microprobe (EMP). These
techniques enabled to classify the studied samples into
three groups: i) talc-like, ii) serpentine-like and iii)
mixture of talc- and serpentine-like “garnierites”.
4.1 Talc-like “garnierites”
This phase shows bluish bright-green colour in hand
specimen, and tends to develop colloform textures crosscut by younger silica-filled cracks as observed under the
optical microscope. A XRD pattern from a sample of this
kind of “garnierite” presents a basal spacing of 9.71 Å
(fig. 2a). Thus, it represents a talc-like (“kerolitepimelite”) or 10 Å –type “garnierite” (Brindley et al.,
1977; Wells et al., 2009).
Talc-like “garnierite” samples plot in a wide and
continuous range of compositions within the talc
(“kerolite”)-willemseite (“pimelite) solid solution (fig.
3). They have nickel contents from 6.11 to 32.2 wt%,
and are aluminium- and iron-poor (< 1 wt% Al, < 1 wt%
Fe).
4.2 Serpentine-like “garnierites”
Hand specimens have yellowish pale-green colours.
Under the optical microscope they appear as
cryptocrystalline aggregates. Seen by SEM-BSE, these
aggregates present micrometric Ni-enriched domains.
The diffraction pattern shows a spacing of 7.28 Å (fig.
2d), corresponding to a serpentine-like or a 7 Å-type
“garnierite” (Brindley et al., 1977; Wells et al., 2009).
Serpentine-like “garnierite” has variable compositions
distributed near the lizardite-népouite join, and there is a
major concentration of values near the lizardite end
member (fig. 3). In this case, nickel ranges from 0.66 to
33 wt% Ni, and aluminium and iron contents are low (<
2 wt% Al, < 1 wt% Fe).
4.3 Mixture of
“garnierites”

talc-

and

Figure 1. Examples of “garnierite” occurrences in the field:
vein fillings of a) yellowish pale-green and b) bluish brightgreen “garnierite”, and c) “garnierite” along a fault plane
(striations are parallel to the red line).

serpentine-like

Other samples present both ~10 Å and ~7 Å basal
spacings in XRD patterns: 9.66 and 7.32 Å (fig. 2b), and
10.08 Å and 7.29 Å (fig. 2c). These correspond to
samples with talc- and serpentine-like characteristics, in
different proportions. This suggests a mixture of talcand serpentine-like minerals at a nano scale, which is
supported by EMP results (fig. 3), because the transition
between talc-willemseite and lizardite-népouite series is
continuous.

Figure 2. Representative DRX patterns of “garnierites”: a)
talc-like, b) and c) mixture of talc-like and serpentine-like, d)
serpentine-like “garnierite” samples. Red vertical segments are
quartz peaks.
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to “garnierite” minerals examined in other worldwide
Ni-lateritic deposits (e.g. Brindley et al., 1974; Wells et
al., 2009),
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Figure 3. Compositions of talc-like (orange dots) and
serpentine-like (green dots) “garnierite” ores from Falcondo
Mine. See text for explanation.

4 Discussion and conclusions
Regarding the mode of occurrence, three generations of
“garnierite” are distinguished, according to the moment
of the ore precipitation. Firstly, “garnierite” clasts within
breccias represent a mineralization stage previous to the
deformation. Secondly, fault coatings (with striations
following the direction of movement) and the
“garnierite” cementation in both “garnieritic” and
saprolitic breccias indicate precipitation of the ore
minerals synchronous to the deformation. Finally,
fracture fillings may be formed later than the
deformation episode, because the creation of new open
spaces enables water circulation and Ni mobility. In
summary, these observations indicate pre-, sin- and postkynematic precipitation of “garnierite” ores. Similar
relationship between brittle tectonic structures and
generation of laterite profile has been well documented
in New Caledonian lateritic weathering profile (Cluzel
and Vigier, 2008).
Different greenish colours have been observed in the
“garnierite” samples, which correspond to different
mineral phases as demonstrated by XRD and EMP
analyses. The bluish bright-green shows a spacing of
about 10 Å, and has a composition near the talcwillemseite series, whereas the yellowish pale-green has
a basal spacing of about 7 Å, and its composition plot
near the lizardite-népouite series. Thus, these different
colours correspond to serpentine-like and talc-like
“garnierite”, respectively.
The EMP values obtained plot near the talc
[Mg3Si 4O10(OH)2]-willemseite [(Ni,Mg)3Si4O10(OH)2],
and
the
lizardite
[Mg3Si2O5(OH)4]-népouite
[Ni3Si2O5(OH)4] series, and cover a large interval of
compositions. These results suggest miscibility along the
talc-willemseite and the lizardite-népouite joins.
Deviations from the composition of serpentine series in
fig.3 may be due to talc- and serpentine-like mixing at a
nano scale or to silica contamination. In addition,
systematically, “garnierite” ores are iron-poor, indicating
a secondary (neoformed) origin.
In general, Ni-Mg hydrous silicates from Falcondo
Mine have similar structural and chemical characteristics
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Geochemistry and mineralogy of PGE in the Falcondo
Ni-laterite deposits, Dominican Republic
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Universitat de Barcelona, C/ Martí i Franquès s/n, E-08028 Barcelona, Spain
Federica Zaccarini, Giogio Garuti
Department of Applied Geological Sciences and Geophysics,The University of Leoben, P. Tunner Str, 5, A-8700 Leoben,
Austria
Francisco Longo
Falcondo Xstrata Nickel, Box 1343, Santo Domingo, Dominican Republic
Abstract. Two laterite profiles from the Falcondo Nilaterite deposit in the Dominican Republic have been
analysed to their PGE contents. General PGE
enrichment is observed in both profiles close to the
exposed limonitic horizon as well as within the saprolitic
horizon. Chondrite normalized patterns of the saprolite
and limonite show flat PGE trends similar to average
mantle peridotites. PGE enrichment is mainly controlled
by the presence of chromitites, however, supergene
processes have influenced the re-distribution of PGE,
leading to local enrichments of these elements,
especially in the upper limonite.
One limonite sample (total PGE content 212 ppb) and
one saprolite sample (total PGE content 62 ppb) have
been investigated for PGM using hydroseparation (HS)
technique. In both samples PGM were found included in
bigger, progressively weathered awaruite and chromite,
whereas irregular shaped free grains of PGM were
limited to the saprolite sample. All detected PGM grains
are smaller than 20 μm in diameter and mainly consist of
Ru-Os-Ir-Fe phases.
The possibility of finding precious metals as mineral
compounds within the highest horizons of Ni-laterites can
play an important role for exploration projects in the
future.

concentrations and PGM distribution in the Falcondo
laterite hosting these PGE rich chromitites are limited
(Proenza et al. 2010). In this contribution we report a
detailed study of PGE geochemistry and mineralogy
from two different laterite profiles of the Falcondo Nilaterite deposit, with the aim to understand the origin of
PGM and the PGE behaviour in the supergene
environment.

2 The Falcondo Ni-laterite deposit
Located in the central part of the Dominican Republic,
the Falcondo Ni-laterite deposit is developed on the
Loma Caribe serpentinized peridotite, which mainly
consists of lherzolite, clinopyroxene-rich harzburgite
and harzburgite containing small masses of dunite
(Proenza et al. 2007). The ore minerals, serpentine and
“garnierites”, are found within the saprolitic horizon of
the Falcondo Ni laterite deposit, which is classified as a
silicate-type deposit (highest grade Ni laterite deposits).
Falcondo geologists have defined six zones of ore grade,
which divides the Falcondo Ni-laterite with increasing
depth from the surface as follows:

Keywords. platinum group elements, platinum group
minerals, Ni-laterite, Dominican Republic

•
•
•
•
•
•

1 Introduction
Recently, high contents (up to more than 4 ppm) of
Platinum group elements (PGE) and Au have been
reported from Acoje (Philippines) and Musongati and
Kapalagulu (Burundi) laterites (Rusina 2006;
Bandyayera 1997), thus showing high potential of PGE
accumulation related to weathering of ultramafic rocks.
However, the question how lateritization can influence
PGE enrichment and platinum group minerals (PGM)
distribution is still matter of debate. The model of PGM
in situ growth within laterite profiles, as proposed by
Bowles (1986), faces the possibility of supergene
dissolution of pre-existing PGM. High total PGE
contents up to 3 ppm, accompanied by the presence of a
large number of PGM, were previously reported in the
Falcondo Ni-laterite deposit of Dominican Republic,
related to small chromitite bodies associated with
serpentinized dunite (Proenza et al. 2007; Zaccarini et al.
2008). However, data available on the PGE

zone A
zone B
zone C
zone D
zone E
zone F

→
→
→
→
→
→

chocolate-brown limonite
ochre-brown limonite
soft serpentine
hard serpentine
serpentinized peridotite
unweathered peridotite

However, lateral and vertical distribution of any of these
ore types varies randomly within short distances in the
laterite profile. For simplification, with view to other Nilaterite deposits in the world, zone A and zone B
correspond to the upper limonite, whereas the zones C to
E represent the lower saprolite.

3 PGE distribution in weathering profiles
Seven laterite samples of different horizons from the
chromitite bearing laterite Loma Peguera (LP) as well as
eight laterite samples from the chromitite free laterite
Loma Caribe (LC) were analysed for platinum-group
elements (PGE) in the Genalysis Laboratory.
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3.1 The Loma Peguera weathering profile
Samples were collected in the horizons B, D and E (Fig.
1), whereas one PGE-rich chromitite sample in horizon
D (3.6 ppm total PGE) was excluded from the PGE
distribution diagram. Total PGE contents vary between
37 ppb and 212 ppb. The maximum concentration is
observed near the exposed limonite, whereas the
minimum value occurs in the central saprolitic horizon
(Fig. 1). Ruthenium has the highest values among all
PGE, ranging from 9 (zone D) to 71 ppb (zone B) (Fig.
1). IPGE dominate slightly within the exposed limonite
horizon and are clearly enriched relatively to PPGE in
one sample within the lower saprolite zone (Fig. 1).

Figure 2. Laterite profile from Loma Caribe with general
PGE distribution trends (1) and comparison of IPGE and PPGE
contents (2) in ppb; laterite profile includes zones A to F. Black
spots mark sample locations; (a) clay rich transition zone; (b)
shear zone.

3.3 PGE distribution in the different lithologies
The chondrite normalized patterns of figure 3 show that
the saprolite and limonite have a rather flat PGE trend,
comparable with those of worldwide distributed mantle
peridotite. However, the limonite patterns are shifted up
to about one order of magnitude and the saprolites
display a Pd positive trend. Chromitite has the highest
PGE content and display a high (Os+Ir+Ru)/(Rh+Pt+Pd)
ratio.

Figure 1. Laterite profile from Loma Peguera with general
PGE distribution trends (1) and comparison of IPGE and PPGE
contents (2) in ppb; laterite profile includes zone B, D with
chromitite body (a) and E. Black spots mark sample locations,
white spots mark locations of samples processed by HS.

3.2 The Loma Caribe weathering profile
Two samples from the upper limonite (zone A), two
samples from the clay rich transition zone from zone A
to zone B, and one sample each from zone B, C, D and E
were analysed (Fig. 2).
Total PGE values of 152 and 165 ppb are
observed within the upper part of zone A. The highest
PGE concentration is reached within zone B (198 ppb),
whereas the lowest occurs in the clay rich transition zone
(34 ppb) (Fig. 2).
Ruthenium contents are usually the highest
among all PGE within the profile and vary from 5 ppb
(transition zone A to B) to 47 ppb (zone A) (Fig. 2).
Palladium does not correlate with the general trend of
the other PGE and reaches the highest value at the
generally PGE depleted clay rich transition zone (Fig.
2). IPGE and PPGE follow a similar trend (Fig. 2).
Differences can be observed at the highest levels of the
limonite (IPGE > PPGE), at the transition zone from
zone A to zone B (IPGE < PPGE) and within zone C
(IPGE > PPGE) (Fig. 2).

Figure 3. Characteristic chondrite-normalized patterns of
samples from Loma Peguera and Loma Caribe laterite profiles.
Gray field = mantle peridotites. Normalization values from
Naldrett and Duke (1980).
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4 The assemblages and compositions of
PGM: preliminary results

5 Concluding remarks
PGE enrichment in the Falcondo Ni-laterite deposit is
mainly controlled by the presence of chromitites.
However, PGE concentration in limonite is quite high
compared with mantle peridotite not affected by
lateritization. Therefore, supergene processes can
influence the re-distribution of PGE, producing local
enrichment in these elements.
PGM were found in the saprolite and in the exposed
limonitic horizons of the Falcondo Ni-laterite deposit.
They represent a good example of PGM in a Ni-laterite
profile derived from ophiolite-related mantle peridotites.
According to their texture and mode of occurrence, most
of the PGM, although partially altered, have a primary
origin. Free grains of PGM with corroded surface
textures occur only in the saprolite. Hydrolysis processes
could have led to chromite dissolution and therefore to
liberation of these PGM grains. Our results suggest that
PGM-bearing lateritic profiles are mainly the residue of
a primary enrichment in bedrock.

One saprolite sample and one sample from the exposed
limonite horizon from Loma Peguera were processed by
hydroseparation (HS) in the HS-11 laboratories in St.
Petersburg and at the University of Barcelona,
respectively. Two PGM, containing Os-Ru-Ni-Fe and
Os-Ir occurring included in awaruite (Fig. 4A) and in the
contact awaruite-altered chromite, respectively, were
found in the limonite sample. In the saprolite sample
free PGM grains with high porosity and irregular shape
(Figs. 4B and 4C) were found beside PGM grains
included in chromite. Chemical composition of these
grains is dominated by Ru-Os-Ir-Fe. All the described
PGM are smaller than 20 μm.
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Compositional trends of Ni-Co-Fe arsenides and
sulfarsenides from Aghbar mine (Bou-Azzer district,
Morocco)
Vanessa Colás, Isabel Fanlo, Ignacio Subías
Universidad de Zaragoza, Dpt. de Ciencias de la Tierra, Pedro Cerbuna 12, 50009 Zaragoza, Spain.
Fernando Gervilla
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Abstract. The Aghbar deposit displays an assemblage
composed of arsenides and sulfarsenides of Co-Ni-Fe
along with later Cu sulfides stage. The mineralization
types founded in Aghbar deposit (veins and
disseminations in serpentinite) define the ore types (Ni
ores, Co-Fe ores and Cu ores) as well as temperature of
precipitation and compositional trends exhibited by the
different phases. Thus, vein-type Ni ores could form at
high temperature (ca. 550º - 600ºC), while disseminatedtype Co-Fe ores formed at around 500ºC. This agrees
with geothermometric calculations from arsenopyrite
(formed after Co-Fe diarsenides), which yield
temperatures varying from 487º to 377ºC and with
experimental results of Hem and Makovicky (2004) and
Hem (2006).
Keywords. Ni-Co-Fe arsenides and
compositional trends, Aghbar deposit

2010), unconformably overlain by late Ediacaran to
Cambrian rocks and by Palaeozoic rocks. Two main
periods of tectono-thermal magmatic activity associated
with crustal accretion have been recognised: i) a
Palaeoproterozoic period, corresponding to the Eburnean
orogeny, ii) a Neoproterozoic period, corresponding to
the Pan-African orogeny.

sulfarsenides,

1 Introduction
The Bou-Azzer mining district contains over sixty CoNi-Fe arsenide orebodies located in the central part of
the Moroccan Anti-Atlas. These mineralizations were
first studied by Leblanc and co-workers (Leblanc 1975;
Leblanc and Billaud 1982; Leblanc and Fischer 1990)
who focused their research on the identification of the
different types of orebodies, their precious metal
contents and the origin of metals. Later, En-Naciri
(1995), En-Naciri et al. (1997), and Ahmed et al. (2009)
established the general paragenetic sequence for the
overall deposits, but detailed investigations on the
paragenesis, mineral chemistry and phase relations have
not been performed. Thus, the aim of this contribution is
to present a detailed mineralogical study of the arsenide
and sulfarsenide assemblages found in the Aghbar
deposit, in order to establish the paragenetic sequence
and the compositional variability and phase relations of
the minerals.

Figure 1. Simplified geological map of the Anti-Atlas region,
(Gasquet et al. 2005), with location of Bou-Azzer district, other
inliers and the main ore deposits. The Aghbar deposit is
included in the Bou-Azzer district.

The Aghbar deposit has been described as a complex
shell, owing to numerous subvertical flame-like bodies
penetrating into the cover along the crest and mainly
northern border of the serpentinite dome (Dolansky
2007). In this deposit, arsenide minerals occur as
massive lenses or disseminations replacing the host
serpentinite and as vein-like bodies containing calcite or
dolomite gangue.

3 Mineralogy and textures
The Aghbar deposit displays noticeable mineralogical
variations depending on the mineralization type (veins or
disseminations in serpentinite). Identified mineral
assemblages and textural relations allow to be grouped
them into three different ore types: Ni ores, Co-Fe ores
and Cu ores.
The paragenetic sequence of Ni ores starts with
nickeline (Nc), which occurs as inclusions in
rammelsbergite (Rmb), with gold grains along the
contacts between both minerals. Rammelsbergite occurs

2 Geological setting
The Aghbar deposit is located in the western central area
of Bou-Azzer mining district (Fig. 1). This district is one
of the several Precambrian inliers distributed along the
South Atlas Fault and the Central Anti-Atlas fault,
(Gasquet et al. 2005). These inliers are remnants of a
Pan-African suture zone (685-580 Ma) represented by a
dismembered ophiolite (697 ± 8 Ma; El Hadi et al.
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as centimetric masses exhibiting oscillatory zoning as a
result of Co substitution for Ni. It shows complex
twinning suggesting that at least part of rammelsbergite
forms by inversion of earlier krutovite (confirmed by
XRD data). Increasing Co content in rammelsbergite
gives rise to the formation of members of the
rammelsbergite-safflorite solid solution series (RSss) as
small lath-shaped crystals and irregular patches. They
are later replaced by crystals, which can be considered
intermediate members of the ternary rammelsbergitesafflorite-löllingite solid solution series (RSLss). All
these diarsenides but massive rammelsbergite are
partially replaced or overgrown by Ni-rich skutterudite
(Sk I). The latter occurs as millimetre-sized masses and
as euhedral, not zoned crystals. Small pods and euhedral
crystals of Ni-rich löllingite appear filling fractures in
RSss and RSLss and partially replaced by Sk I. At the end
of this stage, late sulfarsenides (Co- and Fe-rich
gersdorffite) and sulfides (millerite, siegenite and minor
galena, sphalerite and greenockite) fill cracks and
fractures in the above arsenide ores.
The crystallization sequence of Co-Fe ore starts with
the formation of members of the cobaltite-gersdorffite
solid solution series (CGss). They are hosted in
serpentinite in two distinct textural positions: (1) as
aggregates of idiomorphic crystals partially replaced by
skutterudite and löllingite, or (2) as single idiomorphic
crystals enclosed in, and selectively replaced by bornite.
Members of the löllingite-(clino)safflorite solid solution
series (LSss) form later, only in the mineralized
serpentinite. These crystals are characterized by the
typical twinning in the form of a spindle-like triplet
yielding star-like morphologies and by rhythmic
compositional zoning with Fe-rich and Co-rich bands.
They form nearly massive aggregates surrounded by
skutterudite (Sk II). The latter also forms idiomorphic
single crystals or clusters of crystals disseminated in
serpentinite and have an oscillatory zoning caused by
slight variations in the S/As ratio. They are often
associated with small, not zoned crystals of Co-poor
löllingite. The latest mineral in this sequence is
arsenopyrite, which overgrows most of the previously
formed Co-Fe arsenides and sulfarsenides.
The Cu ores clearly postdate the formation of
arsenide ores at Aghbar. They mainly consist of bornite,
chalcopyrite and tennantite, with minor wittichenite and
molybdenite.

strong negative correlation between the sum (Ni + Co)
and Fe, with a regression line (Co+Ni) = -0.988 Fe +
1.007 (R = -0.98-1.00), but no correlation between
cations and anions. Ni-rich skutterudite is characterized
by high Ni and Fe contents [Fig. 2B: (Co0.28-0.75Ni0.170.43Fe0.06-0.40)As2.85-3.01S 0-0.11]. Replacement of Co by Ni
and Fe positively correlates with As. This substitution is
supported by naturally occurring skutterudite
compositions and broadly describes the experimentally
determined miscibility region of triarsenides determined
by Roseboom (1962), which does not extend to either
pure Ni or Fe end members.

Figure 2. Chemical composition of arsenides from Aghbar
Mine. A) diarsenides from Ni ores. The dashed fields compile
data available for Bou-Azzer district; B) Triarsenides from Ni
and Co-Fe ores. Full dashed area outlines natural skutterudite
from Atrevida mine; compositional limits (dashed areas) of
natural and experimental data (Hem and Makovicky 2004) are
also shown for comparison; C) sulfarsenides from Ni ores
(CGssa) and Co-Fe ores (CGssb); D) diarsenides from Co-Fe
ores.

The crystals of Co- and Fe-rich gersdorffite [(Ni0.54(Fig. 2C)] show Asand Ni-rich cores evolving to Co-rich and, finally, Ferich and As-poor compositions toward the rims (Co-Fe
trend). Their As/S ratio varies from 1.14 to 2.55.
0.82Co0.13-0.35Fe0-0.32)As1.07-1.45S0.57-0.94

Co-Fe ores
The members of the cobaltite-gersdorffite solid solution
series (Fig. 2C: (Co0.18-0.94Ni0.03-0.78Fe0.02-0.17)As0.921.30S0.69-1.08) show strong negative correlation between
(Ni + Fe) and Co (R = -1.00) indicative of their mutual
substitution. Co tends to increase and the As/S ratio
decreases (from 1.53 to 0.85) from core to rim of single
crystals. The crystals of the löllingite-(clino)safflorite
solid solution series (Fig. 2D: (Ni0.12-0.43Co0.02-0.12Fe0.480.86)As1.84-2.01S0-0.14) show negative correlation between
Fe contents and the sum (Ni + Co). Sulfur content is low
and correlates negatively with Co and Ni. The
composition of these crystals spreads along the Co-Fe
join, with comparatively few analyses containing some
Ni (Fig. 2D: (Fe0.06-1.03Co0-0.90Ni 0-0.12)As1.76-2.01S0-0.23).
This composition suggest reciprocal substitution of Fe

4 Mineral chemistry
Ni ores
Nickeline shows almost stoichiometric composition.
Rammelsbergite exhibits a very limited substitution of
Co for Ni [Fig. 2A: (Ni0.88-1.00Co0-0.21)As1.96-2.01] which
progressively increases in the members of the
rammelsbergite-safflorite solid solution series [(Ni0.35Fig. 2A]. No
0.97Co0.04-0.56Fe0-0.14)As1.61-1.99S0-0.39;
correlation between metals and S is observed in these
diarsenides. The crystals of the ternary rammelsbergitesafflorite-löllingite solid solution series have the highest
compositional variation in Co, Ni, and Fe (Fig. 2A) as
well as narrow variations in the As/S ratio [(Ni0.06They show a
0.48Co0.10-0.54Fe0.08-0.83)As1.89-2.01S 0-0.10].
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geothermometric calculations from arsenopyrite (a
mineral formed after diarsenides), which yield
temperatures varying from 487º to 377ºC.

and Co (R=-1.00); however, it must be noted that the
higher the Fe content in the löllingite-(clino)safflorite
solid solution, the higher the S content. Furthermore, the
scale of their rhythmic zoning (bands can be <1μm
thick), smaller than the beam diameter of microprobe
shows that most analyses represent mixed compositions
of bands with nearly end-members stoichiometry. The
crystals of löllingite [(Fe0.67-1.03Co0-0.23Ni0-0.16)As1.822.01S0-0.18] display Ni contents somewhat higher than
those of LSss (Fig. 2D) but lower S contents. Skutterudite
(Sk II) is characterized by high Ni (lower than Sk I) and
Fe contents (Fig. 2B), and relatively high S: (Co0.560.97Fe0.03-0.28Ni0-0.20) As2.73-3.01S0-0.22. Its compositional
trend is similar to that exhibited by Sk I. The
composition of arsenopyrite is almost stoichiometric
[(Fe0.93-1.05Co0-0.07) As0.92-1.06S0.93-1.05.]; only few analyses
contain minor Co.
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5 Discussion
Mineral textures and compositional trends exhibited by
the Ni-Co-Fe phases from Aghbar deposit reflect a
depositional environment affected by changes in
temperature and chemical activities. Such changes
should depend on the path followed by the mineralising
fluids. Thus, fluid migration through open fractures
(vein-type Ni ores) should result in scarce fluid/rock
interaction and, as a consequence, minor temperature
variations. In contrast, intergranular fluids flow though
serpentinite (disseminated-type Co-Fe ores) led to high
fluid/rock interaction promoting temperature decrease. In
this context, the sequential crystallization of Nc, Rm,
RSss, RSLss and Sk I shows continuous increase in As
fugacity; a trend broken by the precipitation of Co- and
Fe-rich gersdorffite under increasing fS2, at the end of
this stage. Rm and RSss exhibit the same Co trend until
RSss crystals reach Ni:Co=1; then the trend changes
being similar to that exhibited by RSLss, where Ni is
substituted by Co and Fe (Fig. 2A). This trend runs
parallel to that described by Gervilla and Rønsbo (1992),
which was interpreted as a possible solvus at 625ºC, but
midway to the field of natural diarsenides formed below
200-300ºC (Radcliffe and Berry 1968). In addition, the
composition of Co- and Fe-rich gersdorffite fits better
with the extent of the gersdorffite-cobaltite solid solution
at 650ºC defined by Hem (2006) than at 500ºC. These
results suggest that Ni ores could form at high
temperature, probably between 550º and 650ºC.
The formation of the Co-Fe ores also involves
continuous increase in the As fugacity from the
crystallization of GCss to that of skutterudite II. As in Ni
ores, this trend breaks at the end of the stage, after the
formation of Sk II (its zoning reveals fluctuations in As
fugacity), by the crystallization of arsenopyrite followed
by Cu sulfides. The experimental results of Hem and
Makovicky (2004) show almost complete solid solution
between löllingite and safflorite at 650ºC. However, such
solid solution becomes dramatically reduced at 500ºC.
Thus, assuming that the analyses of the zoned LSss
crystals actually constitute mixed compositions of
<1μm-thick
bands
with
nearly
end-members
stoichiometry, it can be concluded that such diarsenides
formed at around 500ºC. This conclusion agrees with
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Petrography and thermobarometry of mantle xenoliths
of Cat 115 diamond-bearing kimberlite (Angola)
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Abstract. A mineralogical and petrological study of some
mantle xenoliths (harzburgites, lherzolites, pyroxenites)
from the Cat 115 pipe (Angola) has been carried out.
Monomineral and two-mineral thermobarometers have
been applied in order to define the geotherm beneath the
Lunda kimberlitic province (Angola), which is close to the
2
-38 mW/m proposed by Pollack and Chapman (1977).
The results of this study show that most of the analysed
xenoliths equilibrated inside the diamond stability field.
These results are consistent with the fertile character of
the kimberlite, and can be useful for other kimberlites in
the Lunda domain.

115 pipe presents both the crater and the diatreme zones.
The two tuffisitic kimberlite domains shown in this
cross section are connected on the southern part of the
pipe into a single body.
Crater zone is composed of an interbedding of
volcanoclastic breccias, sandstones, gravelstones and
kimberlitic tuffs, with some lateral facies variations.
Kimberlitic rocks are weathered to significant depths of
30-40 m. The boundary between the crater and diatreme
zone is quite abrupt over the entire pipe, where
pyroclastic (tuffisitic) kimberlites appear at 150-170 m.
The diatreme zone is characterized by the presence of a
large amount of mantle xenoliths of different size and
composition, fresh at greater depths. The diatreme zone
rocks are generally altered, with separate olivine grains
completely replaced by serpentine and calcite.

Keywords. kimberlite, indicator minerals,
geothermobarometry, diamond.

1 Introduction
Mining companies have invested significant resources
for characterization of kimberlitic deposits, in order to
optimize the exploration stage and discriminate between
barren and diamondiferous kimberlites. Compositions of
some indicator minerals, such as Mg-ilmenite, chromite,
garnet and diopside, are assumed to be strongly related
to the presence of diamonds in kimberlites. However,
the routine chemical analyses on mineral concentrates
used in diamond exploration do not always define
correctly the diamond grades of a kimberlite, as it has
been proved for ilmenite from the Catoca pipe (RoblesCruz et al. 2008). Therefore, other methods are needed
to elucidate whether a pipe is economically profitable or
not. The aim of this research is to prove that
thermobarometry of mantle xenoliths could be very
helpful to assess the diamondiferous potential of the
Lundas kimberlite province.

Figure 1. Cross-section of the Cat 115 pipe.

3 Petrography of the mantle xenoliths
Some fresh mantle xenoliths, collected from different
drill cores at the Cat 115 pipe (covering depths between
44 and 295 m), were studied using a petrographic
microscope in reflected and transmitted light. Different
types of xenoliths (Fig. 2) were recognised.
The most common xenoliths in the diatreme are
garnet peridotites, mainly lherzolites. These xenoliths
present olivine as the dominant phase, which constitutes
50-80% of the whole rock and occurs as crystals <5mm
in size. Orthopyroxene (15%) usually forms prismatic
millimetric crystals, partially replaced by serpentine.
They appear in equilibrium with subcentimetric rounded
garnets (<5%) and olivine. Some anhedral
clinopyroxene grains (10%) were also recognised in thin
section. In some garnet peridotitic xenoliths, however,
Cr-rich diopside is very rare (<5%) and, thus, they

2 Structure of the Cat 115 kimberlite
Cat 115 pipe is located in the Lunda Sul province (NE
Angola), close to the Catoca pipe, one of the main
diamondiferous kimberlites in the world and one of the
two diamond deposits being currently mined in Angola.
Its emplacement is controlled by the Lucapa corridor, an
extensional tectonic structure which crosses the country
from NE (Lundas) to SW (Namibe), for more than 1100
km (Giraud et al. 2005; Reis 1972; De Carvalho et al.
2000). The age of the emplacement is assumed to be
Lower Cretaceous, due to its relation with other
kimberlitic pipes of the area already dated (Robles-Cruz
et al. 2010).
As it is shown in the cross section (Fig.1), the Cat
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advantage over the geothermobarometry calculations
from chemical analyses of mineral concentrates, where
equilibrium between mineral pairs can not always be
guaranteed. With the few data now available, some
preliminary results can be obtained, although we are
going to extend this work in the near future.

present a composition closer to the harzburgitic field
(Schulze 1995). Occasionally some euhedral millimetric
crystals of phlogopite occur in xenoliths of this type.
In addition, scarce xenoliths composed of totally
serpentinized olivine (40%), small fresh olivine grains
(20%), abundant phlogopite (20%), Cr-rich diopside
(10%), orthopyroxene (5%) and chromite (< 5%) have
been found in the diatreme zone, (Fig. 2c). At least
diopside and phlogopite show textural evidences
indicating a metasomatic origin.
Only few mantle xenoliths have been classified as
clinopyroxenites, with euhedral grains of clinopyroxene
representing more than 90% of the whole rock. A very
low degree of serpentinization has been observed along
grain boundaries and cleavages.
Finally, scarce eclogitic xenoliths have been found in
the Cat 115 kimberlite.

4 Mineral chemistry
Chemical analyses of the main minerals were carried out
using an EMP Cameca SX-50.
Olivine grains from garnet peridotites show a high
forsterite component (OlFo = 0.91-0.93) and significant
NiO concentration (~0.44 wt.%). Olivine in
metasomatized rocks presents lower OlFo ~ 0.85, and
NiO (~ 0.26 wt.%) contents.
Enstatite in lherzolites has #Mg = 0.94-0.98 and has
Al2O3 contents ranging from 0.4 to 0.68 wt.% and Na2O
from 0.04 to 0.26 wt.%.
The high Cr2O3 (~2.03 wt.%) and low Al2O3 (~2.41
wt.%) contents in clinopyroxene of peridotites indicate
that they are in equilibrium with garnet (Ramsay 1992).
The composition of the clinopyroxene in metasomatized
rocks is quite similar to that of the garnet peridotites in
terms of Cr2O3 (~1.79 wt.%), but it has lower Al2O3
contents (~0.73 wt.%). Contrarily, clinopyroxene of
clinopyroxenites shows lower Cr2O3 (~0.49 wt.%) and
slightly higher Al2O3 (~2.65 wt.%) contents.
Garnet grains from peridotite xenoliths usually
contain between 3.65 and 8.23 wt.% Cr2O3. However,
those from metasomatized peridotites systematically
present lower Cr2O3 contents (~2.16 wt.%). They are all
characterized by medium Ca (~5.80 wt.% CaO) and low
TiO2 (0.42-0.82 wt.% TiO2) contents. According to the
classification by Grütter et al. (2004), G5 (pyroxenitic)
and G9 (lherzolitic) garnet varieties can be found in the
Cat 115 pipe.
Small grains of ilmenite have been found in the
kimberlitic matrix. They present high MgO content
(~9.25 wt.%), low Nb2O5 (~0.2 wt.%) and NiO (~0.17
wt.%) below detection limit..

5 Geothermobarometry

Figure 2. Mineral assemblages in thin section of the main
types of xenoliths found in the Cat 115 pipe (transmitted light
image). A) Lherzolite, B) Harzburgite, and C) Metasomatized
lherzolite. Opx (orthopyroxene), Cpx (clinopyroxene), Cr-Di
(Cr-rich diopside), Ol (olivine), Gt (garnet), Phl (phlogopite),
Serp (serpentine), Chr (chromite).

Clinopyroxene, enstatite, garnet and olivine analyses
from different xenoliths were used to calculate
equilibrium pressure and temperature, by means of
monomineral (Nimis and Taylor 2000) and two-mineral
thermobarometers (Ashchepkov et al. 2010 and
references therein). Equilibrium between mineral pairs in
the xenoliths can be assumed from textural relationships
observed in thin section. This clearly provides an

As shown in figure 3, most of the data from non
metasomatized xenoliths are comprised between the 35
and 40 mW/m2 geotherms proposed by Pollack &
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thanks to Dr. Ashchepkov for providing his code for
thermobarometric calculations.

Chapman (1977). This reveals colder conditions than
those reported in South Africa (Bell et al. 2004) or SW
Angola (Egorov et al. 2007), probably related to a
thicker lithosphere beneath the Lunda kimberlite
province. A slight inflection of the geotherm has been
observed at higher depths, suggesting an incipient
adiabatic trend, similar to that found by Ashchepkov
(2010, personal communication) for the Catoca pipe, but
less pronounced.
Finally, most of the data plotted in the diamond
stability field, indicating that the kimberlite magma
indeed sampled rocks which equilibrated at temperatures
and pressures favourable for diamond formation.
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Figure 3. PT diagram, showing the pressure and temperature
equilibrating conditions of fresh xenoliths of different
lithologies. The diamond-graphite boundary was taken from
Kennedy & Kennedy. (1976) and the geotherms from Pollack
and Chapman (1977). Different colours represent data from
different types of xenoliths.

6 Conclusions
The Cat115 kimberlite sampled a heterogeneous mantle,
in which there is evidence of metasomatic processes.
Most temperatures and pressures obtained using twomineral thermobarometers fall within the domain where
diamond can be formed and preserved. In addition, a
typical continental gradient (38 mW/m2) was obtained
through geothermobarometric calculations. This low
geothermic gradient, presumably due to a significant
thickness of the lithospheric mantle beneath the Lundas
kimberlite province, is also crucial for the preservation
of diamonds.

Acknowledgements
This research was supported by the project CGL200913758 of Ministerio de Educación (Spain), the AGAUR
SGR 589 of Generalitat de Catalunya and a FPU grant to
M. Castillo sponsored by Ministerio de Educación
(Spain). The authors also acknowledge ENDIAMA and
the mine geologists, as well as the technicians of the
CCiT-UB for assistance in the use of SEM/ESEM-BSEEDS analyses and EPMA. In particular we express our

635

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Podiform chromitites from the Calzadilla de los Barros
serpentinite, Iberian Massif, SW Spain
Rosario Lunar, Lorena Ortega, Rubén Piña
Department of Crystallography and Mineralogy, Faculty of Geology, University Complutense of Madrid, Spain
Fernando Gervilla
Department of Mineralogy and Petrology, Faculty of Science, University of Granada, Spain
Serafín Monterrubio
Escuela Politécnica Superior de Zamora, University of Salamanca, Spain
Raúl Merinero
Department of Crystallography and Mineralogy, Faculty of Geology, University Complutense of Madrid, Spain

.

Abstract. Podiform chromitites occur as in situ and
removed bodies in the Calzadilla de los Barros
Serpentinite (Iberian Massif, SW Spain), a set of
ultramafic massifs made up of partly serpentinized
harzburgite with minor dunite and gabbros. They consist
of massive to semi-massive chromitites, frequently with
nodular texture. Chromite chemistry is characterized by
high Al2O3 contents and up to 0.4 wt.% TiO 2, in
agreement with a MORB affinity of the parental melt.
Platinum-group element abundances are similar to most
Al-chromitites reported in the literature except for an
unusual enrichment in Pt and Pd. High Pt and Pd values
were probably caused by late metamorphic alteration.

and shales of the Serie Negra Formation (Jiménez-Díaz
et al. 2010; Fig. 1).

Keywords. podiform chromitites, platinum-group
elements, Iberian Massif

1 Introduction
Figure 1. Schematic map showing the geology of the
Calzadilla de los Barros serpentinite massifs (modified from
Jiménez-Díaz et al. 2010) and the location of the sampled
areas.

The variety of chromite textures exhibited by podiform
chromitites located in the mantle section of ophiolite
complexes compared to those occurring in stratiform
igneous intrusions as well as their chemical composition,
trends and platinum-group element contents allow
identifying isolated ultramafic massifs as portions of
dismembered ophiolite sections. Thus, we have study
different, in situ and removed chromitite bodies in the
Calzadilla de los Barros Serpentinite, a set of partly
serpentinized peridotite massifs located in the Iberian
Massif, SW Spain, to confirm their supposed ophiolitic
nature (Monterrubio 1991) and to understand their
magmatic and metamorphic features.

The different massifs are made up of strongly
serpentinized harzburgite and dunite with minor
chromitite. Some gabbroic rocks occur at the NW
contact of the Cerro Cabrera massif. The tectonite
foliation is poorly preserved but when visible it is
oriented from N130ºE to N160ºW dipping to the NE and
NW at high angles.

3 Chromitite deposits

2 Geological context

3.1 Mineralogy and texture

The Calzadilla de los Barros serpentinite massifs are
located in the NE flank of the Olivenza-Monesterio
antiform, a major WNW-ESE-trending Variscan
structure occupying a central position within the OssaMorena zone of the Iberian Massif. These massifs
mainly consist of two serpentinite bodies named Cerro
Cabrera and Sierra Cabeza Gorda, as well as a narrow
band of highly deformed serpentinites occurring along a
NW-SE shear zone located to the SW of the major
serpentinite bodies, close to the contact with Cambrian
sediments (Fig. 1). The serpentinite massifs underlay the
precambrian tuffaceous materials of the Malcocinado
Formation and occur in tectonic contact with the schists

Chromitites form variable sized, layers and lenses (pods)
hosted by serpentinized dunites. They mainly show
semi-massive (60-85% chromite) to massive texture
(>85% chromite) although few centimetre-thick layers of
disseminated chromitite (20-60% chromite) were drilled
in the SW zone of Cerro Cabrera. Semi-massive
chromitites often show nodular texture consisting of
rounded to euhedral grains (up to 1 cm across) with
interstitial Mg-chlorite. Single chromite nodules are not
homogeneous crystals but aggregates of rounded grains
(1-3 mm across) arranged in cubic packing.
Disseminated chromitite layers are made up of
subhedral, partly corroded chromite crystals associated
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with interstitial Mg-chlorite and antigorite. Chromite
grains are fractured and show variable thick (<250μm),
alterations rims progressing from grain boundaries and
fractures inward.

Chromite in RO-8 and RO-9 has almost identical
composition with higher Mg# (0.74-0.89) and lower Cr#
(0.46-0.49) than those from the other studied samples
(Fig. 2A). TiO2 content varies from 0.1 to 0.5wt.% and
correlates negatively with Cr# (Fig. 2B). This diagram
also shows that chromite from Calzadilla de los Barros
serpentinite plots on a field where the composition of
chromite from MORB- and Island Arc-type lavas
overlap. MnO varies from 0.2 to 0.9 wt.%, V2O3 is <0.28
wt.%, NiO is <0.23wt.% and ZnO is <0.39wt.%. These
compositions mostly overlap with those of Al-rich
chromitites from Coto (Philippines), Sangun Zone
(Japan) and Moa-Baracoa (eastern Cuba) ophiolites (Fig.
2A).

3.2 Mineral chemistry
The analysed samples come from removed pods in the
SE (Cuco 7, 8 & 9 and CAB 2 & 10) and NW (RO 8 and
9) zones of Cerro Cabrera, as well as from a in situ, 4 m
long and 1 m thick pod (CM-4), located in the SE end of
Sierra Cabeza Gorda (Fig. 1). Only unaltered nuclei have
been analysed to obtain the primary composition of
chromite. This composition is similar in all samples but
RO-8 and RO-9, and is characterized by small variations
in Mg# [Mg# = Mg/(Mg+Fe2+) = 0.52-0.69] and Cr#
[Cr# = Cr/(Cr+Al) = 0.49-0.55] (Fig. 2A).

3.3 Platinum-group elements
Thirty-six representative rock samples of the different
chromitite pods were analysed for whole rock PGE
geochemistry in Genalysis Laboratory Services Pty. Ltd.,
Maddington (Western Australia). Platinum-group
elements were analysed by ICP-MS after nickel sulphide
digest. Detection limits were 2 ppb for Ir, Os, Ru, Pd and
Pt, and 1 ppb for Rh.
Chromitite samples show low PGE abundances. Total
PGE contents range from 105 to 291 ppb but two
samples show even lower PGE values: 29 and 52 ppb.
Nevertheless, these chromites are unusually rich in Pt
(up to 66 ppm) and, mainly, Pd (up to 172 ppm)
compared with most ophiolite chromitites.
Chondrite-normalized PGE patterns plot between 0.4
and 0.002 times the chondritic values and are
characterized by a variably slope (from positive to nearly
flat) from Os to Ru followed by significant depletion in
Rh and a positive-sloped segment from Rh to Pd. These
patterns partly resemble those reported for Al-rich
chromitites from Moa-Baracoa and Sagua de Tánamo
ophiolite massifs (Proenza et al. 1999; Gervilla et al.
2005; González-Jiménez et al. 2011) but differ in the
high Pt (up to 0.065 PtN) and Pd (up to 0.3 PdN)
chondrite-normalized values.

Figure 3. Chondrite-normalized, PGE patterns of chromitites
from Calzadilla de los Barros serpentinite massifs. Drawn
patterns represent the average values of each sampled pod.
Gray field is compilation of data of high-Al chromitites from
Proenza et al. (1999) and Gervilla et al. (2005).

Figure 2. Cr# [Cr/(Cr+Al)] versus Mg# [Mg/(Mg+Fe2+)] (A)
and TiO2 (wt.%) (B), binary diagrams for individual analyses
of chromite nuclei from Calzadilla de los Barros chromitites.
The compositional fields of Al-rich chromite from MoaBaracoa (Proenza et al. 1999), Coto (Leblanc and Violette
1983; Zhou et al. 2000) and Sangun Zone (Matsumoto et al.
1997) as well as chromian spinel in lavas of different
geochemical affinities and tectonic settings (Arai 1992) are
shown for comparison. MORB: dashed lines. Island arc: solid
lines.

4 Concluding remarks
The Podiform shape of the in situ chromitite body from
Sierra Cabeza Gorda, the nodular texture of most
samples from both in situ and removed chromitite
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bodies, and the chemical composition of all studied
chromite grains, similar to that of chromitites from Coto
(Zambales ophiolite, Philippines; Leblanc and Violette,
1983; Zhou et al. 2000), Sangun Zone ophiolites
(Matsumoto et al. 1997) and Moa Baracoa (MayaríBaracoa Ophiolitic Belt, Proenza et al. 1999) evidence
the ophiolitic nature of the Calzadilla de los Barros
chromitites and serpentinite (Monterrubio 1991). The Alrich composition of chromite (Fig. 2) further suggest that
these chromitites formed in the upper part of the
ophiolite mantle section or in the mantle-crust transition
zone, close to the overlaying crustal gabbros, as occur in
Mayarí-Baracoa (Proenza et al. 1999), Oman (Ahmed
and Arai 2002) and Bay of Islands (Bédard and Hébert
1998) ophiolite complexes. In fact, the Al2O3-richest
chromitite (samples RO) are those located close to the
gabbro outcrop. The Al2O3 content of the melt in
equilibrium with chromites [calculated from Maurel and
Maurel’s (1982) ecuation] varies from 15.98 to 16.45
wt.% in RO samples and from 14.97 to 15.96 wt.% in
CM, Cuco and CAB samples, and agrees with a MORB
affinity of such melt. TiO2 contents also support such
affinity, probably related with an Back Arc geodynamic
setting (Fig. 2).
PGE abundances resemble those of ophiolitic
chromitites; however, chondrite-normalized PGE
patterns do not show the characteristic negative slope
from Ru to Pd (e.g. Leblanc 1991) but an unusual Pt and
Pd enrichment up to values close to those of Ru. These
anomalous Pt and Pd contents could be either of primary
origin or related with the metamorphic alteration that
affected the chromitites and the host serpentinite. The
low PGE contents of MORB melts hardly support the
primary origin of such Pt and Pd enrichment but point to
a secondary enrichment in these PGE during
metamorphism. This interpretation agrees with the fact
that Pd and, at lesser extent, Pt are the most soluble PGE
in hydrothermal fluids.

Chromite ores from Mayarí-Baracoa Ophiolitic Belt (Eastern
Cuba). Contrib Mineral Petr 150:589-607
González-Jiménez JM, Proenza JA, Gervilla F, Melgarejo JC,
Blanco-Moreno JA, Ruiz-Sánchez R, Griffin WJ (2011) HighCr and high-Al Chromitites from the Sagua de Tánamo distric,
Mayarí-Cristal ophiolitic massif (Eastern Cuba): Constraints
on their origin from mineralogy and geochemistry of chromian
spinel
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platinum-group
elements.
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Genetic significances and composition characteristics
of olivine from the Huangshandong mafic-ultramafic
complex in Eastern Tianshan, Xinjiang
Yanrong Liu, Xinbiao Lü, Wei Mei
Faculty of Earth Resources, China University of Geosciences, Wuhan, China

Abstract. Mineral compositions of fresh olivine from
different lithologies of Huangshandong complex are
presented. Electron microprobe analyses of olivine show
that the Fo of olivine in hornblende-gabbro and ultramafic
rock range from 67 to 73 and from 81 to 84, respectively,
Ni contents range from 308 to 1762 ppm. The MgO
content of parent magma has been estimated by using
the composition of the most Fo-rich olivine crystal. The
result shows high-MgO basalt magma. Modeling of
olivine fractional crystallization and sulfide segregation
show that the parental magma for Huangshandong
complex has experienced 19% olivine fractional
crystallization and extensive sulfide segregation (ᨺ0.3%).
Re-equilibration of the early formed olivine crystals with
the trapped liquid could account for the variations of
olivine compositions.

2 Huangshandong complex
Huangshandong mafic-ultramafic complex is located at
the 160 km southeast of Hami city, Xinjiang. It is the
middle part of the Huangshan-Jingerquan maficultramafic complex belt, which is controlled by the
Kangguertage-Huangshan NEE deep fault. The complex
intruded into the lower Carboniferous Gandong
Formation, which consists of siltstone, carbon slate and
bioclastic limestone. The complex has an elongated
diamond shape, with the EW long axial length of 5.3 km,
and the middle inflated width of 1.15 km, total area of
2.8km2 (Ni 1994). Huangshandong mafic-ultramafic
complex formed from the differentiation of mantlederived magma, which can be divided into three stages
with four facies (Fig. 1). The first stage is the main part
of the complex, including diorite and amphibole-gabbro
phase. The diorite phase is mainly composed of diorite
and quartz-diorite, distributed around the complex
discontinuously; the amphibole-gabbro phase is the main
body of the complex, comprised of amphibole-gabbro
and olivine amphibole-gabbro; the second stage is
mainly composed of the gabbro-norite phase, mainly
distributed in the west of the complex, and EW
elongated. The rock types of this phase are amphibolegabbro-norite and gabbro. The third stage is the
ultramafic phase, which is typically composed of plagioamphibole- lherzolite, amphibole-olivine-pyroxenite and
troctolite (Chai 2006). The ore is mainly hosted in the
ultramafic facies. They are mainly massive ore, mass
disseminated ore, dispersed disseminated ore and
scattered ore. The principal sulfides are pyrrhotite,
pentlandite and chalocopyrite.

Keywords. Huangshandong complex, Cu-Ni sulfide
deposit, olivine, fractional crystallization, sulfide
segregation

1 Introduction
Olivine is the earliest crystallized mineral from the
mafic-ultramafic magma. Ni2+ and Mg2+ in the olivine
have similar effective ionic radius. They partition into
the early-crystallized olivine by isomorphism-phase
replacement. In sulfide unsaturated magma, Ni content
in the olivine is controlled by the composition of
parental magma and the fractional crystallization of
olivine. If the magma is saturated in sulfide, more Ni
will be removed into sulfide by comparison with the
sulfide-absent situation. This will be reflected in a more
rapid decrease of Ni with Fo than if sulfides were not
separated. Li et al. (2008) had summarized three cases
for the Ni content calculation during olivine fractional
crystallization based on the duration of sulfide
segregation, that is: 1) during the whole process, sulfide
in the magma is unsaturated and no sulfide is formed; 2)
sulfide liquid has already saturated before the olivine
crystallized. During the crystallization of olivine, sulfide
melts separate from the silicate magma; 3) sulfide is
unsaturated before the crystallization of olivine, but
saturated during the crystallizing of olivine. Then,
sulfide liquid segregated from silicate liquid. Moreover,
the compositions of olivine may be modified by reequilibration with trapped silicate liquid or\and sulfide
liquid (Li et al. 1999). Finally, Ni contents in the olivine
not only reflect the primary composition of maficultramafic magma, but also records the evolution of
magma, degree of sulfide segregation and reequilibration with the trapped liquid.

Figure 1. Geological map of Huangshandong maficultramafic complex
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Where CiL and CiO represent abundance of trace
element in the residual and original magmas; F is the
weight fraction liquid remaining; D is the bulk partition
coefficient between olivine and silicate melt, which can
be calculated by the following formula:

3 Olivine compositions
In Huangshandong complex, olivine can be found both
in the olivine-amphibole-gabbro and ultramafic facies.
The olivine in olivine-amphibole-gabbro is fine-grained
and weakly alterated, and has automorphic to subhedral
granular texture. Olivine crystals, mostly as inclusions
in pyroxene and plagioclase showing no apparent
cleavages, are found in 5-10% of the samples (Fig. 2a),
while the contents of olivine in the ultramafic facies
make up ca. 30-70%. The olivine grains generally are
larger than those in olivine-amphibole-gabbro. They are
cumulate (Fig. 2b) or discrete with subhedral to
granular-rounded shapes. Along cleavages and fringes,
the olivine is partly altered to serpentine and calc.
Electron microprobe analysis of the olivine show that
the compositions of olivine in different facies vary. In
the olivine-amphibole-gabbro face, the olivine contains
Fo from 67 to 73. In the ultramafic phase, the Fo of the
olivine is 81-84. The Ni contents of olivine vary
between 308 and 1762 ppm.
500um

Ol

D=XαKα/L+XβKβ/L+····

Among which: Xα is the α mineral percentage in the
crystallized face; Kα/L is the partition coefficient of
element i into the α mineral.
Fractional crystallization of olivine and sulfide
segregation from the magma are simulated using an
olivine-magma Ni partition coefficient, DNi = 7
(Takahashi 1978), Ni partition coefficient between
sulfide liquid and silicate melt, DSul/Sil = 500 (Peach et
al. 1990).
The calculated MgO content of parent magma is
often lower than the real parent magma (Wu et al. 2004).
We supposed the contents of MgO and FeO are 11% and
12.5%, respectively. High-Mg continental tholeiites and
picrites contain 100-500 ppm Ni (Greenough and Owen
JV 1992; Brügmann et al. 1993), the Ni content in the
parent magma is assumed to be 250 ppm.
The conditions and calculating methods for magma
fractional crystallization and sulfide segregation had
been described by Li et al. (2008). Droplet and rounded
sulfide occurs as inclusions in olivine (Ni 1993). Olivine
is the earliest mineral crystallized from the magma,
indicating that the parent magma had already reached Ssaturation and sulphide had already segregated before
olivine crystallized. Thus, in this paper two cases are
considered: only olivine fractional crystallization and
the sulfide segregate along with olivine crystallization.
If there is no sulfide segregation from the silicate
liquid, Ni in the crystallized olivine would plot nearby
the fractional crystallization line of olivine on the Ni-Fo
diagram. On the contrary, the Ni contents plotted under
the fractional crystallization line of olivine, which
indicated sulfide had segregated from parent magma (Li
et al. 1999, 2007). From figure 3, sulfide segregation
and olivine fractional crystallization are nearly at the
same time. Huangshandong complex has experienced
19% olivine fractional crystallization and sulfide
segregation (~0.3%)
The early crystallized olivine will react with the
interstitial magma, and the difference in olivine
compositions can qualitatively analyse the type of
interstitial magma. If the interstitial magma is silicate
magma, the re-equilibration of olivine and silicate liquid
will result in the decline of Fo contents without
changing the positive relationship of Ni and Fo; if the
interstitial liquid is sulfide liquid, during the process of
re-equilibration of crystal and melt, Ni and Fo will show
negative relationship (Li et al. 2004). The olivine in the
olivine-amphibole-gabbro
has
lower
Fo
in
Huangshandong complex, but some Ni contents of the
olivine plotted above the olivine crystallizing line, and
so the author inferred to this effect as” trapped sulfide
liquid shift”.

500um

Cpx

Pl
Ol

Cpx

Pl

b 

a 

Figure 2. a) Olivine inclusions in olivine- amphibole-gabbro,
b) Olivine cumulus crystals in plagio-iherzolite (Ol= olivine,
Cpx=clinopyroxene, Pl=plagioclase)

4 Discussion
Roeder and Emslie (1970) discovered that during
crystallizaton of the primary magma, the exchange of
Mg and Fe between olivine and magma follows the
partition coefficient:
KD = X(FeO/MgO)Ol/X(FeO/MgO)melt = 0.3 ± 0.03. The
value of KD is defined as 0.3.
The composition of the most of Fo-rich olivine
crystal approaches that of the composition of the olivine
crystallized at the liquidus curve. According to the
compositions of olivine and whole rocks of
Huanshandong complex by Chai (2006), the highest Fo
is 83 and the FeOT content of the host rock is 12.47%.
The following formula, proposed by Zhang and Wang
(2003), is used to calculate the content of MgO of parent
magma:
ωMgO = 0.56095KdFo/(1-Fo) ωFeO

(1)

The result, 10.3%, shows that parent magma is a
high-MgO basalt magma.
Ni is a compatible element during the magma
evolution. It incorporates into the olivine as a trace
element. The Ni contents in olivine and silicate melt can
be described in Henry’s law:
CiL= CiOF(D-1)

(3)

(2)

640

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

2000
1600

F=5%

1200

F=10%
F=15%

800
400

Greenough JD and Owen JV (1992) Platinum-group element
geochemistry of continental tholeiites; analysis of the Long
Range dyke swarm, Newfoundland, Canada. Chem Geol
98:203-219
Li CS, Naldrett AJ (1999) Geology and petrology of the Voisey’s
Bay complex:reaction of olivine with sulfide and silicate
liquids. Lithos 47:1-31
Li CS, Xu ZH., De WS (2004) A Compositional variations of
olivine from the Jinchuan Ni-Cu sulfide deposit, western
China: implication for ore genesis. Miner Deposita 39:159-172
Li CS, Naldrett AJ, Ripley EM (2007) Controls on the Fo and Ni
contents of olivine in sulfide-bearing mafic/ultramafic
complexes: principles, modeling and examples from Voisey’s
bay. Earth Science Frontiers 14:177-183
Li SB, Hu RZ, Song XY, Chen LM, Shen NP (2008) Sulfide
Separation Control in Ni Content of Olivine in Bearing-ore
Complex of Magma Deposit: An Example from Jinchuan
Complex. Bull Mineral Petrol Geochem 27:146-152
Ni ZY (1993) The role of deep-seated Magmatic differentiation in
the rock-and Ore-forming process of Huangshandong Maficultramafic complex. J Chengdu College of Geology 20: 33-39
Ni ZY (1994) Chemical Composition of Pyroxenes from the
Huangshandong Mafic-Ultramafic Complex in Hami,
Xinjiang. Acta Petrologica et Mineralogica 13:55-65
Peach CL, Mathez EA, Keays RR (1990) Sulfide melt-silicate melt
distribution coefficients for noble metals and other chalcophile
elements as deduced from MORB; implications for partial
melting. Geochim Cosmochim Acta 54:3379-3389
Roeder PL, Emslie RF (1970) Olivine-liquid equilibrium. Contrib
Miner Petrol 29:275-289
Takahashi E (1978) Partitioning of Ni2+,Co2+,Fe2+,Mn2+ and Mg2+
between olivine and silicate melts compositional dependence
of partition coefficient. Geochim Cosmochim Acta 42:18291844
Wu FY, Wilde SA, Zhang GL, Sun DY (2004) Geochronology and
petrogenesis of the post-orogenic Cu-Ni sulfide-bearing maficultramafic complexes in Jilin Province, NE China. J Asian
Earth Sci 23: 781-797
Zhang ZC and Wang FS (2003) A method for identifying primary
magma: examples from picrite and alkali basalts. J Ji Lin of
University (Earth Science Edition) 33:130-134

ultramafic rocks
Ⴃ olivine amphibole gabbro
႑

F=19%
F=6%

F=3%

ൕ

ൖ

0
85

83

81 79

77

75

73

71 69

67

65

Figure 3. Model calculation of the variation of Ni contents
and Fo of olivine crystals and sulfide segregation (F: The
degree of olivine fractional crystallization; I:Olivine fractional
crystallization for S-under saturated case; II: Olivine fractional
crystallization for S-saturated case, sulfide liquid: olivine =
1:20)

5 Conclusion
Based on the previous research, a preliminary
composition analysis of the parent magma for
Huangshandong complex was made. Combined with the
chemical composition of the olivine, model calculations
of olivine fractional crystallization and sulfide
segregation were performed and conclusions were
drawn as follows:
1. The MgO content for Huangshandong parent
magma is 10.3%.
2. During the magma evolution, the sulfide
segregation and olivine crystallization happened nearly
at the same time. Huangshandong complex has
experienced 19% olivine fractional crystallization and
the most extensive sulfide segregation (~0.3%).
3. Olivine compositions in Huangshandong complex
are closely related to the magma crystallization and
sulfide segregation. Furthermore, the reaction with the
interstitial melt also has important effect in the olivine
compositions.
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The genesis of precious metal sulfide deposits in the
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Abstract. The Kangerlussuaq area of east Greenland
hosts precious metal sulfide deposits in gabbroic
intrusions of Palaeogene age in the Platinova Reefs of
the Skaergaard Intrusion and marginal sulfide
mineralisation in the Miki Fjord and Togeda Macrodykes.
The first comprehensive S isotope study of the region
has shed light on the controlling factors in the genesis of
these deposits. Sulfides in the Skaergaard Intrusion have
magmatic S isotope signatures, supporting a model of
formation whereby small-volume sulfide saturation due to
prolonged fractionation formed the stratiform reefs. The
sulfide-rich macrodykes have similar metal ratios, which
may indicate a common plumbing system, but S isotope
signatures that show a significant crustal input of S from
pyritic Kangerlussuaq Basin sediments. This has
exploration implications for the region where these large
intrusions interact with localised sediments. In addition,
the deeper plumbing system to the macrodykes and
Skaergaard may host more massive sulfides.

generation of this precious-metal sulfide mineralisation.

2 Regional geology
Palaeogene magmatism in east Greenland is centred
around the mouth of the Kangerlussuaq Fjord (Fig. 1).
The major plutonic intrusions such as Skaergaard were
intruded at, or near, the boundary between Archaean
basement rocks and overlying Cretaceous Kangerlussuaq
Basin sediments and Palaeogene flood basalts.

Keywords. Skaergaard, Kangerlussuaq, PGE, gold, S
isotopes, mafic intrusions

1 Introduction
The Kangerlussuaq area occupies a key position in the
history of the development of the North Atlantic basin
from early Tertiary times. Intense magmatic activity is
manifest in voluminous tholeiitic flood basalts, dyke
swarms and ultramafic to alkaline plutonic intrusions.
The most famous of these intrusions, is the spectacularly
layered gabbroic Skaergaard Intrusion. In addition, a
distinct set of large gabbroic dykes referred to as
‘macrodykes’, with typical widths of around 100-500 m,
are exposed in the area around the Skaergaard Intrusion
(Fig. 1). In total, five have been identified (Fig. 1): the
Miki Fjord Macrodyke, the Togeda Macrodyke, the
Vandfalsdalen Macrodyke, the Kraemer Island
Macrodyke and the smaller Kangerlussuaq Macrodyke.
Precious metal mineralisation occurs within the
Skaergaard Intrusion, in a multi-million ounce deposit
(Andersen et al. 1998), and also in some, but not all of
the macrodykes (Holwell et al. 2011). Here, we present
the first comprehensive S isotope study of the region in
order to investigate the controlling factors on the

Figure 1. Geological setting of the Skaergaard Intrusion and
related gabbroic macrodykes in the Kangerlussuaq area.
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The Cretaceous sequence overlies the basement and
is made up of up to 1 km of mainly marine shales that
are locally pyritic. Overlying the Cretaceous sediments,
and in places, the Archaen basement, are the basal units
of the extensive east Greenland flood basalt province.
Several suites of Palaeogene basaltic dykes cut the
area and are related to extensional regime, with dyke
swarms parallel to the cost and also to the
Kangerlussuaq Fjord. The macrodykes are thought to be
part of one of these dyke swarms (Nielsen 1978). Some
of these basaltic dykes cut the Skaergaard Intrusion. In
addition, a thick, sulfide-bearing, diorite sill, or sill
complex intrudes then Skaergaard intrusion in the
southwestern part of its outcrop. This is barren of
precious metals, however.

2 Precious metal sulfide mineralisation
Figure 2. Summary of δ34S signatures (‰) of sulfides in a
range of rocks from the Kangerlussuaq area. * indicates
precious metal mineralisation associated with the sulfides.

Mineralisation in, and associated with, the Palaeogene
intrusions of the area has long been identified. The most
significant of which being the discovery of multi-million
ounce Au and platinum-group element (PGE) reefs in
the Skaergaard Intrusion in the 1980s. The reefs,
referred to as the Platinova Reefs, occur within a
stratigraphic package within the layered intrusion and
are characterised by having a very low sulfide content.
Mineralisation is present within the Miki Fjord and
Togeda macrodykes and is more sporadic and has a
higher sulfide content, although there are similarities
with Skaergaard in terms of precious metal ratios.

3.1 Skaergaard
Tiny, millimetre-sized rounded droplets of sulfide
(chalcopyrite, bornite and pyrite) within the Skaergaard
intrusion show magmatic S isotope signatures around +1
to +2‰ which are consistent with a magmatic source of
S.
3.2 Macrodykes

2.1 Skaergaard

The isotope signatures of sulfides from the macrodykes,
however, clearly show that the S is not purely mantlederived, with all analyses from both macrodykes
displaying a distinct and remarkable range of -10.4 to 25.7‰ (mean -20.0‰), likely reflecting a considerable
input of crustally-derived, negative δ34S. The Togeda
Macrodyke samples display a narrower range of δ34S
compared to the Miki Fjord Macrodyke samples (Fig. 2).

Precious metal mineralisation within the Skaergaard
Intrusion occurs within a number of stratiform layers
within a package of ilmenite-bearing gabbros referred to
as the Triple Group. This unit is characterised by three
prominent leucocratic layers. Mineralisation is present as
tiny, rounded sulfide blebs, typically <1mm in diameter
comprised of bornite and chalcopyrite, with the precious
metals present as alloys. Thus, the mineralisation is
characteristically Pd-Cu-Au rich, and Pt- and Ni-poor.

3.3 Diorite sills
Sulfides within the diorite sills that intrude the
Skaergaard intrusion are associated with small, highly
altered microxenoliths and are dominantly pyrite. Their
S isotope signatures are δ34S 0 to +2‰, firmly within the
magmatic range.

2.2 Macrodykes
The Miki Fjord and the Togeda Macrodykes contain
similarly Pd-Cu-Au-rich, and Pt- and Ni-poor sulfide
mineralisation along their margins. Zones of
mineralisation are up to 10m in thickness. Sulfides occur
as disseminated interstitial blebs and rounded globules of
chalcopyrite and pyrrhotite with some Fe-Ti oxides and
platinum group minerals, comprising largely Pdbismuthides and tellurides.

3.4 Palaeogene volcanic
A series of samples from a number of sulfide-bearing
volcanic rocks from the Sodalen area were analysed.
Pyrite and some chalcopyrite were present, commonly as
small, highly disseminated blebs a few mm in diameter.
The S isotope signatures of these sulfides were largely
within the magmatic range, displaying values between
+0.9 and -3.3‰. The lower values are a little outside of
the magmatic range and may indicate a minor
contribution from crustal sources to these sulfides.

3 S isotope data
In order to determine the source of S in these sufide
deposits, a series of conventional and in-situ laser
ablation analyses were performed on sulfides from the
Skaergaard Intrusion, the mineralised macrodykes, and a
range of sulfide bearing country rocks, including
Palaeogene basalts, Cretaceous sediments and Archaean
basement. The results are summarised in Figure 2.

3.5 Cretaceous sediments
Pyritic black shales that crop out in the Sødalen valley
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in generating this style of mineralisation. It is also
pertinent to note that not all the macrodykes contain this
style of mineralisation and thus the affects of this
apparent contamination-driven S saturation in producing
such deposits is somewhat localised. This has
implications for the exploration of Tertiary macrodykes
in the Kangerlussuaq region and the wider region of east
Greenland. For example, intrusive rocks, flood basalts
and pyritic basinal sediments occur for several hundred
kilometres north up the poorly explored coast as far as
Scoresby Sund, 400km to the northeast.

display a consistently light signature around -15‰. In
addition, a sample of highly pyritic carbonaceous shale,
from the Kangerlussuaq Basin sediments returned δ34S
values of -22.9‰ and -30.2‰ for disseminated and vein
pyrite, respectively.
3.6 Archaean basement
Three samples of sulfides from the Archaean basement:
two from an exposure of supracrustal amphibolites at
Sortekap, some 10 km north of the most northerly
exposure of the Togeda Macrodyke, and one from a
small, poorly exposed ultramafic plug on the southern
shore of Watkins Fjord which is believed to be part of
the basement (Fig. 1), were also analysed. The range in
δ34S for these sulfides is -2.4 to +2.8‰, values that are
generally accepted to indicate mantle S although in rocks
older than around 2.7 Ga (the metamorphic age for the
Archaean in the area, Keys et al. 1989), before S isotope
fractionation processes were taking place (Grassineau et
al. 2005), sedimentary S will display a similar range.

5 Conclusions
The Palaeogene igneous rocks of the Kangerlussuaq
region host sulfide deposits and occurrences with mostly
magmatic S isotope ratios. Small volume sulfide
saturation due to prolonged fractionation within the
Skaergaard Intrusion is attributed to forming the PGEAu-bearing Platinova Reefs. Two of the spatially related
macrodykes
contain
precious
metal
sulfide
mineralisation which have, in contrast to Skeargaard, S
isotope signatures that show a significant input of crustal
S, most likely from Cretaceous shales, and thus a
contamination-driven trigger to sulfide mineralisation is
proposed in these intrusions. This style of mineralisation
is not present in all the macrodykes, and the interaction
of these bodies with local basinal sediments appears to
determine their prospecitivity. This implies significant
exploration potential for the wider region where these
sediments occur and are intruded by mafic bodies.

4 Discussion
In this first comprehensive S isotope study of the iconic
Kangerlussauaq area, it is clear that precious metal
bearing sulfide mineralisation in the Skaergaard
Intrusion and the closely related macrodykes is
controlled by different processes. Metal ratios, however,
are similar in the two host rocks, with high Cu/Ni and
Pd/Pt ratios, potentially indicating some genetic relation.
Holwell et al. (2011) used evidence from xenoliths in the
Miki Fjord Macrodyke to suggest that the deeper
plumbing system to the macrodykes is connected to
Skaergaard and that conduits at depth may host more
massive, Ni- and Pt- sulfide deposits.
The Skaergaard Intrusion contains low-volume
precious-metal bearing sulfides that have S isotope
signatures consistent with a magmatic origin. This gives
support to theories advocating that the Platinova Reefs
formed from small amounts of sulfide saturation due to
prolonged fractionation of the Skaergaard magma, with
Ni and Pt removed by earlier fractionating phases such
as olivine and oxides. Thus, when sulphide saturation
occurred, the small volume of sulphide concentrated Pd,
Au and Cu.
In contrast, the more sulfide-rich macrodykes have
mineralisation with S isotope signatures that clearly
show significant input from a crustal source. The S
isotope values in the basement units and Palaeogene
volcanics preclude that sulfides hosted by these rocks are
the major source of S in the macrodykes. The extremely
light δ34S signature and strong heterogeneity in the
Kangerlussuaq Basin rocks is typical of biogenic sulfur
in marine sediments of this age (Kajiwara and Kaiho
1992). Comparably low δ34S signatures in the
macrodykes indicate that the major source of S in the
sulfides of the Miki Fjord and Togeda Macrodykes is
highly likely to be sulfidic units within the
Kangerlussuaq Basin sequence.
The indication that much of the S in the macrodyke
sulfide mineralisation is externally derived suggests that
contamination by S-bearing country rocks were critical
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Orthomagmatic Fe-Ti-V mineralisation in ArchaeanProterozoic layered mafic intrusive complexes in
Australia
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Abstract.
Layered
anorthosite-gabbro
intrusive
complexes in Archaean and Proterozoic terranes in
western and central Australia host substantial
accumulations of V, Ti, and Fe. Mineralisation is
dominated by massive, cumulate (now annealed)
textured layers ranging from a few cm to more than 30 m
in thickness with some disseminated deposits. Ore
mineralogy is dominated by vanadiferous ilmenomagnetite and ilmenite; with most ilmenite in the upper
levels of a mineralised sequence. A distinct bi-modal
distribution of V, Ti and Fe grades is attributed to
differences in ore mineralogy. Multi-layered deposits
exhibit similar trends in vertical variation in V, Ti and Fe
with an upward decrease in V and corresponding
increase in Ti, and markedly consistent gradual reduction
in V/Ti ratios. These trends are similar to other deposits
globally and suggest a common genesis for magmatic
Fe-Ti-V deposits in layered intrusive complexes that
involves an internal mechanism for accumulation of
magnetitite layers.

substitution of V for Fe or Ti in ilmenite and vanadium
minerals are rare. The vanadium tenor of magnetite is
highly variable but is highest in the first magnetitite
layers to crystallise and then progressively decreases
upward (Cawthorn et al. 2005).
Fe-Ti-V deposits vary from those dominated by
magnetite to deposits dominated by ilmenite. Rocks
containing in excess of 50 vol.% magnetite are referred
to as ‘magnetitite’ (Cawthorn et al. 2005) but there is no
equivalent term for a rock in which ilmenite is the
dominant component. Magnetitite layers in Australian
deposits generally have >80 vol.% magnetite.
Four styles of primary Fe-Ti-V mineralisation have
been identified in layered mafic intrusive complexes in
western and central Australia: (i) multiple layers of
magnetitite ± ilmenite; (ii) single, thick magnetitite layer
with minor ilmenite; (iii) discontinuous thick lenses or
pods of massive magnetite and/or ilmenite; and (iv)
disseminated vanadiferous magnetite within a
gabbroic(?) host rock.
Discontinuous thick lenses of massive magnetite or
ilmenite may be due to disruption of larger bodies during
metamorphism and deformation of a host intrusive
complex. They tend to be small and of limited economic
potential and are not considered here. Pod-like bodies of
magnetitite that are common in the Bushveld Complex
(e.g., Kennedy’s Vale) have not been identified in
Australian layered complexes.

Keywords. vanadium, titanium, magmatic deposits,
magnetitite

1 Introduction
Orthomagmatic vanadiferous titanomagnetite (Fe-Ti-V)
deposits invariably accompany the emplacement of
layered mafic intrusive complexes (Cawthorn et al.
2005). Several such layered mafic intrusive complexes in
Archaean and Proterozoic terranes in Australia have
significant concentrations of Fe-Ti-V mineralisation.
These deposits have a number of mineralogical and
geochemical features that are comparable with Fe-Ti-V
deposits globally (e.g., Bushveld Complex, South
Africa), which is consistent with a single dominant
process for concentration of magnetite during
emplacement of the host layered mafic intrusive
complexes. This contribution examines aspects of a
globally applicable process for concentration of Fe-Ti-V
mineralisation in layered mafic complexes.

2.1 Multi-layer magnetitite deposits
These deposits consist of multiple layers of magnetitite
(±ilmenite) with disseminated Fe-Ti-V oxides in the
intervening layers of anorthosite-gabbro. The main
occurrences in Australia are in Archaean layered
complexes at Barrambie, Buddadoo, Gabanintha, Victory
Bore and Windimurra in the Yilgarn Craton in western
Australia and in the 5.5 km thick Jameson Range Gabbro
in the Proterozoic Giles Complex in the Musgrave
Province in central Australia. Individual magnetitite
layers in these deposits are traceable for several 100
metres, and in many cases several kilometres.
The high-grade V-Ti-Fe deposit at Barrambie (65 Mt
at 0.82% V2O5, 17.3% TiO2, 34.4% Fe) is within a near
vertical, 500-1700 m thick, layered, anorthosite-gabbro
intrusive complex. The Barrambie Complex is at least 22
km long with a magnetite-rich zone that can be traced
throughout its full strike length. Magnetitite layers (0.510 m thick) consist of massive (>80%) cumulative
segregations of coarse (1-20 mm across) polygonal
grains of vanadiferous magnetite and minor ilmenite. Fe-

2 Fe-Ti-V mineralisation
Fe-Ti oxides in layered mafic intrusive complexes occur
mostly as magnetite and ilmenite, with minor rutile.
‘Magnetite’ generally is an ilmeno-magnetite in which
magnetite grains contain varying proportions of exsolved
ilmenite. Ilmenite may also be present as granular
cumulates and in some deposits is the dominant oxide.
Vanadium generally is present in solid solution in
magnetite where V3+ substitutes for Fe3+. There is little
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Ti-V mineralisation is confined to an anorthositic zone
towards the top of the Barrambie Complex. The
adcumulus magnetitite layers are separated by
anorthosite-gabbro with disseminated magnetite. At the
top of the mineralised zone is a 20-30 m thick, massive
Ti-enriched ‘eastern band’ that can be traced
continuously for at least 11 km along strike. Primary
magnetite in the massive layers has a closely packed
annealed texture, which is similar to magnetitite layers in
the Bushveld Complex (cf Reynolds 1985).
The 2.8 Ga Windimurra Complex is the largest of the
layered mafic intrusive complexes in Australia (Ahmat
1990) and apparently has two generations of Fe-Ti-V
mineralisation. The main part of the Complex has
multiple layers of magnetitite in the concordant
Canegrass Magnetite Zone towards the top of the layered
sequence. The better known Windimurra vanadiferous
magnetite deposit (176 Mt at 0.46% V2O5) is within the
upper parts of a differentiated sill-like body, the
Shepherds Discordant Zone (SDZ) that has been
emplaced within and transgresses some 5-6 km of the
layered sequence in the Windimurra Complex
(Habteselassie et al 1996). Windimurra is a multi-layered
deposit with magnetitite layers ranging from ~5 cm to <2
m thick (Habteselassie et al. 1996). The magnetitite
layers are in a gabbroic sequence within the Shepherds
Discordant Zone (SDZ) where an 80 m thick ‘main zone’
has at least 15 magnetitite layers interspersed among
anorthosite-gabbro containing disseminated magnetite.
At the top of the mineralised zone, above a leucogabbro,
there is 10-15 m thick layer of massive Ti-enriched
‘hanging wall’ mineralization; similar to but not as high
grade as the ‘eastern band’ at Barrambie.
Multiple magnetitite layers tend to be confined to a
relatively narrow stratigraphic interval within the host
layered mafic complexes in Australia. At Barrambie, 13
magnetitite layers are confined to a stratigraphic interval
of about 200 m; at nearby Victory Bore there are at least
8 magnetitite layers over about 300 m stratigraphically;
and Windimurra has an estimated 50 magnetitite layers
spread over a stratigraphic interval of about 300 m
within the Shepherds Discordant Zone. This contrasts
with the widespread magnetitite layering in the Bushveld
Complex where about 30 different magnetitite layers are
spread over a stratigraphic interval of 1000-2000 m (e.g.,
Cawthorn and Molyneux 1986).

within a gabbroic(?) host rock in which magnetite
generally makes up 15-30% of the rock. ‘Disseminated’
here includes disseminated magnetite grains, irregular
clusters of magnetite and thin discontinuous lenses (<0.5
m thick, 10s of metres long) that are dispersed
throughout the host rock. Some ‘disseminated’ deposits
may have very thin discontinuous layers of magnetitite
(10s cm thick) but this layering is not sufficiently well
defined to be considered as multi-layer deposits.
Deposits of this type have been identified in the
Yilgarn Craton (e.g., Coates, Katanning) and in
Proterozoic terranes of the Halls Creek Orogen in
northwestern Australia (e.g., Speewah) and Arunta
Orogen in central Australia (eg. Mt Peake). The largest
deposit at Speewah (3159 Mt at 0.3% V2O5, 3.34%
TiO2) has magnetite (15-20 vol.%) dispersed throughout
an olivine gabbro layer at the top of the
Palaeoproterozoic Hart Dolerite. Magnetite at Speewah
has a relatively high vanadium tenor in excess of 2%
V2O5.

3 Fe-Ti-V geochemistry
The Barrambie and Windimurra deposits exhibit a
distinct bimodal distribution of the three key ore
elements Fe, Ti and V, which may be attributed to
differences in Fe-Ti oxide mineralogy. At Barrambie, a
‘high V, low Ti’ trend is attributed to mineralised layers
containing ilmeno-magnetite and a ‘low V, high Ti’ trend
is attributed to those layers containing both ilmenomagnetite and ilmenite. Windimurra mineralisation has a
similar bimodal trend, though not as distinct as at
Barrambie. Several anorthosite-hosted magmatic V-Timagnetite deposits elsewhere in the world have a similar
bimodal distribution of V and Ti (e.g., Koivusaarenneva
deposit Finland, Karkkainen and Bornhorst 2003).
Barrambie and Windimurra also show a distinct
reduction in V and increase in Ti at higher stratigraphic
levels within the mineralised zone. V/Ti ratios increase
sharply at the base of the lowest magnetitite layer and
gradually decline in both the massive layers and the
intervening disseminated material towards the top of the
mineralised sequence. A rapid decrease in the V/Ti ratio
at the top of the mineralised zone at Barrambie coincides
with the ilmenite dominant ‘eastern band’. This trend of
decreasing V and increasing Ti is characteristic of multilayered, magmatic V-Ti-Fe mineralisation (e.g.,
Bushveld Complex, Cawthorn et al. 2005).
The Balla Balla deposit also has a distinct reduction
in V towards the top of the magnetitite layer, with
corresponding increase in Ti and decrease in V/Ti ratios.
This is similar to that at Barrambie and Windimurra, but
does not have the same rapid decrease in V/Ti at the top.
A similar trend is apparent in the disseminated deposit at
Speewah where there is a basal zone with >0.32% V2O5
and an upper zone with <0.32% V2O5.

2.2 Single magnetitite layer
The Balla Balla Fe-V-Ti deposit (142 Mt at 40.5% Fe,
0.56% V2O5, 12.5% TiO2) in the western Pilbara Craton
in northwestern Australia is the only example of a single
layer deposit, and has an exceptionally high Fe content
(~58% Fe2O3 equivalent). There is a 30-40 m thick layer
of massive vanadiferous and titaniferous magnetite
(magnetitite) within an Archaean layered mafic intrusive
complex, the Sherlock Intrusion. The shallow north
dipping magnetitite layer can be traced for 18-20 km
along strike.

4 Genetic aspects of Fe-Ti-V mineralisation
Numerous models have been advanced for the origin of
magnetitite layers during crystallisation of layered mafic
igneous complexes, including (e.g., Cawthorn and
Molyneux 1986; Cawthorn and Ashwal 2009): liquid

2.3 Disseminated magnetite deposits
In these deposits vanadiferous magnetite is disseminated
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immiscibility; gravity settling and sorting; multiple
magma injection; changes in oxygen fugacity; lateral
inward growth; and increase in pressure.
Whatever model(s) is invoked for accumulation of
magnetitite layers in Australian intrusive complexes it
must account for:
(i) Repetition of magnetitite layers over a considerable
stratigraphic interval in all multi-layer deposits
indicates that the event which triggers preferential
crystallisation of vanadiferous magnetite must be
repeated on a cyclic basis; up to 13 times at
Barrambie and 30 times in the Bushveld Complex.
In contrast, the event that triggered crystallisation
of the magnetitite layer at Balla Balla must have
been a one-off but relatively long-lived event;
whereas deposits of disseminated magnetite (e.g.,
Speewah) most likely did not experience the same
type of event that triggered accumulation of
magnetitite layers.
(ii) Abrupt changes in mineralogy of a layered
sequence at the onset of preferential crystallisation
of magnetite, and at the onset of each magnetitite
layer, indicates a dramatic change in conditions to
initiate such a sudden change in mineralogy. This is
also reflected in a sharp increase in V/Ti ratios at
the base of the lowest magnetitite layer.
(iii) Systematic and gradual variation in V, Ti and
particularly V/Ti ratios from the lowest magnetitite
layer to the top of the mineralised sequence
indicates that there has not been an external
influence (e.g., multiple magma injection) on
crystallisation of the massive magnetite layers. If
the magnetitite layering is due to injection of
additional magma then there should be fluctuations
in the V/Ti ratios.
This study of Fe-Ti-V mineralisation in Australian mafic
intrusive complexes is consistent with observations by
Cawthorn and Ashwal (2009) for the Bushveld Complex
that an internal mechanism is responsible for the origin
of the magnetitite layers; and a mechanism that can be
repeated during crystallisation of magnetite ± ilmenite
within a layered complex.
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Abstract. Native copper mineralized basalts (NCMB)
occur in the Jueluotage area, Eastern Tianshan, Xinjiang
province, Northwest China. This work focuses on the
genesis of the native copper mineralized basalts based on
field mapping and geochemical analyses, including whole
rock major and trace elements, strontium, neodymium
and lead isotopes, and platinum group elements. The
analytical results show that the NCMB formed from a
high-Mg basalt primary magma, which was derived from a
DM-type mantle source with 5%-15% partial melting. The
NCMB experienced strong olivine, spinel and pyroxene
fractional crystallization without crustal contamination or
sulfide segregation during its evolution. Comparing NCMB
and Cu-Ni sulfide mineralized mafic-ultramafic bodies in
the Jueluotage area, the NCMB is probably the early
erupted product from the high-Mg primary magma that
experienced fractional crystallization of Mg-Fe enriched
minerals, and which produced Cu-Ni mineralized mafic
intrusions later.

and intrusions are also widely developed. The NCMB is
located in the late Carboniferous Matoutan Formation
(C2m), LA-ICPMS zircon isotopic dating from the
NCMB gives an age of 307 Ma (Yuan et al. 2007).
The lithologies of NCMB include basalt,
amygdaloidal basalt, tuff and some augite andesite,
volcanic breccias and tuffaceous sandstone. The
Matoutan mafic volcano-sedimentary formation can be
divided into 13 volcanic units, each of which changes
from mafic lava to clastic sediment from the bottom up.
The basalts are holocrystalline with a groundmass of
fine-grained plagioclase with lesser cryptocrystalline
clinopyroxene. Amygdaloidal basalts in the section are
generally found in the upper parts of individual basalt
units; the amygdales in these units are dark green in
appearance and contain mainly chlorite. Native copper
mineralization occurs in lower strata, mainly in tuff
interlayers and rarely in basaltic flow-bands and
amygdales of the basalts. The native copper generally
occurs as disseminated xenomorphic grains 0.01-0.5mm
in diameter; concentrations of Cu are from 0.50% to
0.78%. No other metallic minerals occur apart from
some secondary covellite and malachite. Wallrock
alteration is closely associated with the native copper
mineralization and includes epidote, zeolites and
carbonates.

Keywords. basalt, geochemistry, PGE, Eastern Tianshan,
Xinjiang, Northwest China

1 Introduction
Native copper mineralized basalt (NCMB) is located in
Jueluotage tectonic belt, Eastern Tianshan, Xinjiang
province, Northwest China. In the same region there are
also many coeval copper-nickel mineralized mafic
intrusions such as Huangshan, Xiangshan Hulu, and
Tianyu (Fig. 1), forming the second-largest Cu-Ni
deposits in China after Jinchuan. The NCMB has been
poorly investigated until recently because of the
unfavourable climate in the area.
Based on previous data and our field investigations,
we focus on the geological and geochemical character of
the NCMB and illustrate its genesis in this study. We
also examine the relationship between NCMB and the
copper-nickel mineralized intrusion bodies, which may
help further research and assist in exploration.

3 Geochemical results
A number of samples were collected from the trenches
of the Shilipo, Heilongfeng, Changchengshan and
Dongjianfeng occurrences during field mapping. After
lithological identification, 11 fresh samples (include 9
unmineralized basaltic samples and 2 mineralized
samples) were analysed for whole rock major elements,
trace elements, PGE, and Sr-Nd-Pb isotopes. The
samples have coherent SiO2 concentrations (41.4448.34 wt.%) except an amygdaloidal basalt with 55.87
wt.% SiO2; they also have low TiO2 (0.49%- 2.13%
wt.%) and MgO (1.74%- 6.86 wt %). The samples show
high ΣREE concentrations (83.86 - 174.62 ppm), with
low LREE/HREE (3.74 to 6.30) and low chondrite
normalized (La/Yb)N ratios (2.60-5.45) without obvious
Eu abnormality, and are depleted in Nb, Ta, Ti and Hf,
and enriched in U, Th, Zr and Y.
The Ir Ru and ΣPGE concentrations of 2 mineralized
samples (4.800 ppb and 6.140 ppb) are higher than
unmineralized samples (1.455 ppb to 4.077 ppb).

2 Geological background
The native copper mineralized basalt (NCMB) is located
in the Jueluotage area, North Xinjiang, Northwest China.
The area contains the Shilipo, Heilongfeng,
Changchengshan and Dongjianfeng main mineralized
occurrences from west to east (Fig. 1). The NCMB
occurs in an area dominated by Carboniferous
volcano-sedimentary strata, where mafic-felsic lavas
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However, both unmineralized and mineralized samples
have lower ΣPGE concentrations than primary mantle
(20.35 ppb, Barnes and Maier 1999).
All mineralized and unmineralized samples have
coherent Sr, Nd and Pb isotopic characters. Their εNd (t)
values range from 2.5 to 7.1 with an average of 4.8, εSr
(t) values range from -7.9 to 23.6 with an average of 3.6,
206
Pb/204Pb ratios are between 18.152 and 18.491 with
an average of 18.258, 207Pb/204Pb ratios are between
15.521 and 15.562 with an average of 15.544, and
208
Pb/204Pb ratios are between 37.978 and 38.251 with
an average 38.120.

discrimination diagram (Fig. 2a) and their primary
magmas are both high-Mg basaltic (Fig. 2b). As the
NCMB was formed a little earlier than the Cu-Ni
mineralized mafic intrusions, the NCMB is probably the
early eruptible product of the high-Mg magma after it
experienced strong fractional crystallization involving
Mg-Fe enriched minerals, and before it formed Cu-Ni
mineralized mafic intrusions.

5 Conclusions
(1) The NCMB experienced remarkable fractional
crystallization without crustal contamination and sulfide
segregation during its evolution.
(2) The NCMB was formed by high-Mg primary magma
derived from a mixed mantle source with the character
of DM with some EMII mantle, and involving 5%-15%
partial melting.
(3) The NCMB is probably the early eruptible product of
the high-Mg primary magma that experienced fractional
crystallization of distinctly Mg-Fe enriched minerals,
and which later formed Cu-Ni mineralized mafic
intrusions.

4 Discussion
4.1 Evolution of the NCMB
The NCMB is mainly made up of plagioclase and minor
clino-pyroxenes, with scarcely any olivine, which
suggests NCMB experienced fractional crystallization
of Mg-Fe enriched minerals such as olivine, pyroxene,
etc. This deduction is supported by the low MgO and Fe
concentrations of the NCMB samples.
The trace element partition coefficients of all the 11
NCMB samples show coherent ratios, including La/Yb,
Nb/Ta, Th/Nb, Ce/Nb, Ce/Pb, and La/Nb. This suggests
there was no substantial contamination by crustal
materials during the magmatic evolution process
(Macdonald et al. 2001). Chondrite normalized REE
patterns of NCMB are flat, with low LREE/HREE and
(La/Yb )N ratios. This also suggests that NCMB was not
contaminated by crustal materials during their ascent.
PGE characteristics of the NCMB show they have low
Ni/Pd, PPGE/Y and high PPGE/Ni ratios, which
indicate that the NCMB did not experience sulfide
segregation during its evolution.
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4.3 Relationships between NCMB and Cu-Ni
mineralized mafic intrusion
In the Jueluotage area, the NCMB is accompanied by
many Cu-Ni mineralized mafic-ultramafic intrusions.
They both formed in the same geological setting and
during the same time interval (C2-P1). Both NCMB and
Cu-Ni mineralized mafic intrusions are derived from the
same magmatic source, based on the εNd(t) - εSr(t)
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Figure 1. Structural and tectonic map showing native Cu and Cu-Ni mineralization distribution in the Jueluotage area, Northwest
China. 1- Carboniferous volcanic-sediment strata; 2- Metamorphic phyllonite in shear zone; 3- Serial number of Faults (Dacaotan faults; ཱ- Kangguer fault; ི- Yamans fault; ཱི- Aqikuduke fault; ུ- Xingxingxia fault); 4- Native copper mineralized
occurrences; 5- Copper-Nickel mineralized deposits (occurrences)


Figure 2. Discriminant diagrams of relation between NCMB and Cu-Ni sulfide mineralized mafic intrusions a) (87Sr/ 86Sr)i- εNd(t)
diagram. After Zindler et al. (1986); t = 307 Ma, after Yuan et al. (2007); b) Pd/Ir-Ni/Cu. After Barnes et al. (1988).
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Quantitative assessment of nickel resources in
magmatic Ni-Cu sulphide deposits in Finland
Kalevi Rasilainen, Pasi Eilu, Markku Tiainen, Niilo Kärkkäinen, Mikko Tontti, Hannu Kujala
Geological Survey of Finland, 02150 Espoo, Finland
Tapio Halkoaho
Geological Survey of Finland, 70211 Kuopio, Finland
Tuomo Törmänen, Jorma Räsänen, Heikki Juopperi, Markku Iljina, Kimmo Pietikäinen
Geological Survey of Finland, 96101 Rovaniemi, Finland
Abstract. The undiscovered Ni resources in Finland
have been assessed to one km depth using the threepart quantitative mineral resource assessment method.
Paleoproterozoic synorogenic mafic-ultramafic intrusionhosted as well as Archean and Paleoproterozoic
komatiite-hosted magmatic Ni-Cu sulphide deposits were
included in the assessment. Deposit models were
constructed for both deposit types using publicly
available data from deposits within the Fennoscandian
shield. Tracts permissive for the deposit types were
defined and the number of undiscovered deposits within
each tract was estimated. The amounts of undiscovered
Ni, Cu and Co metal were calculated using Monte Carlo
simulation. The expected (mean) numbers of
undiscovered deposits for the intrusion-hosted and
komatiite-hosted types are 66 and 33, respectively. The
estimated undiscovered resources in orogenic intrusionhosted Ni-Cu deposits in Finland at 50% probability are at
least 480,000 t Ni, 200,000 t Cu and 23,000 t Co. The
corresponding figures for undiscovered komatiite-hosted
deposits are 270,000 t Ni, 56,000 t Cu and 9,500 t Co.
These results indicate that 55-60% of orogenic intrusionhosted or komatiite-hosted Ni, Cu and Co resources in
Finland occur in undiscovered or poorly studied deposits.

1993; Singer and Menzie 2010). This includes (1)
evaluation and selection or construction of a descriptive
model and a grade-tonnage model for each deposit type
being assessed, (2) delineation of areas permitted by the
geology for the deposit types (permissive tracts), and (3)
estimation of the number of undiscovered deposits of
each deposit type within the permissive tracts. The
estimated numbers of deposits and the grade and tonnage
distributions are used in Monte Carlo simulation to
model the total undiscovered metal endowment.

2 Finnish magmatic Ni-Cu sulphide
deposits
Known Finnish magmatic Ni-Cu sulphide deposits can
be classified into three main types: ~2.45 Ga layered
mafic-ultramafic intrusion-hosted Ni-Cu-PGE deposits
in northern Finland, Ni-Cu deposits hosted by
Svecofennian ~1.89-1.87 Ga mafic-ultramafic intrusions
in central and southern Finland, and Ni-Cu deposits
hosted by komatiitic rocks in Archean and
Paleoproterozoic greenstone belts in eastern and northern
Finland. The undiscovered Ni and Cu resources in
layered intrusion-hosted Ni-Cu-PGE deposits in Finland
were assessed in 2010 (Rasilainen et al. 2010a, b). Here,
we concentrate on the assessment of undiscovered
resources in intrusion-hosted and komatiite-hosted
magmatic Ni-Cu sulphide deposits.
The majority of the known magmatic Ni-Cu sulphide
deposits and occurrences in Finland are hosted by
Svecofennian synorogenic mafic-ultramafic intrusions
within the arc complexes of western and central Finland
(Fig. 1). Most of these intrusions were emplaced close to
the peak of the Svecofennian orogeny about 1.89 Ga ago
during the amalgamation of the arc collage and show
evidence of syncrystallization deformation and country
rock assimilation (Peltonen 2005). The Ni-Cu deposits
are frequently located within the most primitive
cumulates at the stratigraphic base of the intrusions and
in many cases deformation has caused remobilization of
primary sulphides and formation of economically
important high-grade offsets (Papunen and Gorbunov
1985; Peltonen 1995; Makkonen 1996).
The Archean greenstone belts in eastern Finland
contain six well-known komatiite-hosted Ni-Cu deposits
and several occurrences (Fig. 1). The deposits consist
mainly of disseminated and less often massive sulphides

Keywords. magmatic Ni-Cu sulphide deposits,
resources, evaluation, Finland

1 Introduction
Magmatic Ni-Cu sulphide deposits hosted by
Paleoproterozoic ~1.89-1.87 Ga mafic-ultramafic
intrusions have been the primary source of nickel in
Finland and 10 mines have operated these deposits,
producing about 295,000 t Ni and 117,000 t Cu between
1941 and 2010 (Peltonen, 2005; H. Makkonen, pers.
comm. 2011). Puustinen et al. (1995) evaluated the insitu resources of known Ni deposits in Finland, but an
assessment of undiscovered Ni resources has not been
available.
The Geological Survey of Finland (GTK) began in
2008 to perform quantitative assessments of the
undiscovered resources of several important metals. We
describe here the results of the ongoing assessment of
nickel resources in intrusion-hosted and komatiite-hosted
Ni-Cu deposits.
The purpose of the GTK assessments is to estimate
the total amount of metals in undiscovered deposits
down to 1 km depth using the three-part quantitative
assessment method of the US Geological Survey (Singer
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and the Sedar database (CDS 2011). Only grade-tonnage
data that was estimated to represent the whole deposit
was accepted in the models.

in komatiitic cumulates surrounded by rocks of the
greenstone sequence and in a few cases by Archean
tonalitic gneisses. A few deposits occur in the bottom
parts of komatiitic flow units. Some of the deposits have
been thoroughly remobilised during deformation and
metamorphism (Luukkonen et al. 2002). A few
komatiite-hosted Ni-Cu prospects are also known in the
Paleoproterozoic and Archean greenstone belts in
northern Finland.

4 The assessment process
Preliminary permissive tracts were defined separately for
intrusion-hosted and komatiite-hosted deposits by the
assessment team members who had personal working
experience in the areas under study. The tracts were
finalised after a review by other team members.
Deposit models were constructed for intrusion-hosted
and komatiite-hosted Ni-Cu deposits. Statistical testing
indicated that the Fennoscandian intrusion-hosted
deposits have significantly lower average tonnage and
Ni, Cu, and Co concentrations compared to intrusionhosted magmatic Ni-Cu sulphide deposits elsewhere.
The Fennoscandian komatiite-hosted deposits have
significantly lower Ni concentrations than komatiitehosted Ni-Cu deposits elsewhere. For these reasons,
grade-tonnage models for the assessment of Finnish NiCu deposits were constructed using only data from
deposits within the Fennoscandian shield. The model for
intrusion-hosted deposits is based on 34 deposits hosted
by Svecofennian synorogenic intrusions in Finland, two
deposits in Sweden and four deposits in Norway. The
model for komatiite-hosted deposits is based on six
deposits in Finland, one in Sweden, and two in Russia.
The numbers of undiscovered Ni-Cu deposits were
estimated in an assessment workshop by experts on the
deposit types and the geology of the areas assessed. Each
expert independently estimated the number of
undiscovered deposits within each permissive tract at
90%, 50%, and 10% certainty levels. These figures were
then discussed in order to reach consensus estimates for
each tract. For tracts where consensus was not reached,
arithmetic means of the experts' estimates at each
probability level were used as the final estimates.
The amounts of undiscovered Ni and Cu resources
were calculated by Monte Carlo simulation using as
input the estimated numbers of undiscovered deposits
and the grades and tonnages of known deposits. The
calculations were performed using the Eminers software
(Root et al. 1992; Duval 2004).

Figure 1. Permissive tracts delineated for intrusion-hosted and
komatiite-hosted Ni-Cu deposits and well-known Finnish
deposits used in the grade-tonnage models.

5 Results and discussion
Based on available geological and exploration data, 27
permissive tracts were delineated for intrusion-hosted
deposits and 30 permissive tracts were delineated for
komatiite-hosted deposits (Fig. 1). These areas contain
all the known intrusion-hosted and komatiite-hosted NiCu deposits and prospects and within their boundaries,
geology permits the existence of other, yet unknown,
deposits of these types. The estimated expected number
of undiscovered deposits within these tracts is 66 for
intrusion-hosted deposits and 33 for komatiite-hosted
deposits. The estimated metal tonnages in the
undiscovered deposits are given in Table 1.
Of the 27 permissive tracts delineated for intrusionhosted deposits, only one is estimated to contain no
undiscovered metal resources at 50% probability level.

3 Data used in the assessment
Primary sources of information used in the assessment
include geological maps and map data bases,
geochemical and geophysical survey data, reports on
known deposits, and exploration reports. The extensive
experience of the assessment team members on
exploration for Ni-Cu deposits in various parts of
Finland provided a valuable addition to the information
available.
Grade and tonnage data for deposit models was
gathered from literature, company web pages and
publicly available databases. The latter include the
Fennoscandian Ore Deposit Database (FODD 2009), the
Raw Materials Database (Raw Materials Group 2010),
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Fourteen of the 30 permissive tracts for komatiite-hosted
deposits contain no undiscovered resources at 50%
probability. The median estimates indicate that about
half of the total intrusion-hosted Ni-Cu resources but
only about 15% of the total komatiite-hosted resources
occur in the presently known deposits. This suggests that
55-60% of the Ni, Cu and Co metal in magmatic Ni-Cu
sulphide deposits in the Finnish bedrock, excluding the
~2.45 Ga layered intrusions, occur in undiscovered or
poorly studied deposits hosted by mafic-ultramafic
intrusions or komatiitic rocks.

Nickel Belt: Implications for crustal evolution of the early
Proterozoic Svecofennian arc terrane. Lithos 34: 253–274.
Peltonen P (2005) Svecofennian mafic–ultramafic intrusions. In:
Lehtinen M, Nurmi PA, Rämö OT (eds) Precambrian Geology
of Finland – Key to the Evolution of the Fennoscandian
Shield. Elsevier B.V., Amsterdam, pp. 407–442.
Puustinen K, Saltikoff B, Tontti M (1995) Distribution and
metallogenic types of nickel deposits in Finland. Geol Survey
Finland Report of Investigation 132.
Rasilainen K, Eilu P, Halkoaho T, Iljina M, Karinen T (2010a)
Quantitative mineral resource assessment of undiscovered
PGE resources in Finland. Ore Geol Rev 38: 270-287.
Rasilainen K, Eilu P, Halkoaho T, Iljina M, Karinen T (2010b)
Quantitative mineral resource assessment of platinum,
palladium, gold, nickel, and copper in undiscovered PGE
deposits in mafic-ultramafic layered intrusions in Finland.
Geol Survey Finland Report of Investigation 180.
Raw Materials Group (2010) Raw Materials Data – The mining
database, version 2010.02.28. Electronic resource.
Root DH, Menzie WD, Scott WA (1992) Computer Monte Carlo
simulation in quantitative resource estimation: Natural
Resources Research 1: 125–138.
Singer DA (1993) Basic concepts in three-part quantitative
assessments of undiscovered mineral resources: Nonrenewable
Resources 2: 69-81.
Singer DA, Menzie WD (2010) Quantitative mineral resource
assessments: An integrated approach. Oxford University Press,
New York, 219 p.

Table 1. Known and estimated tonnages of metals and ore in
intrusion- and komatiite-hosted Ni-Cu deposits in Finland.
Intrusionhosted

Mean estimate Median estimate
Known
resources (t)
(t)
(t)

Ni
Cu
Co
Ore

430,000
190,000
20,000
71,000,000

KomatiiteKnown
resources (t)
hosted
Ni
Cu
Co
Ore

42,000
7,800
1,700
11,000,000

900,000
370,000
44,000
160,000,000
Mean
estimate (t)
430,000
110,000
18,000
110,000,000

480,000
200,000
23,000
84,000,000
Median estimate
(t)
270,000
56,000
9,500
61,000,000

The numbers have been rounded to two significant digits
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New observations on the nature and setting of PGE
mineralization in the northern Bushveld Complex, south
of Mokopane, South Africa
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Abstract. The northern limb of the Bushveld Complex is
currently a highly prospective exploration target as it
hosts the PGE-bearing Platreef. To the south of
Mokopane where the Platreef is absent a package of
rocks termed the Grasvally-Norite-Pyroxenite-Anorthosite
(GNPA) member exists. New field observations coupled
with the first data on the platinum-group mineralogy has
highlighted several intriguing features of the PGE
mineralization hosted by the GNPA member. The
occurrence of sulphides within veins in conjunction with
the apparent abundance of pyrite, millerite and Pd
antimonides, which are characteristic of low temperature,
hydro-thermal systems, indicates the importance of
syn/post emplacement fluids in the development and
mobilisation of PGE. Additionally, many samples contain
disseminated and interstitial sulphides and PGM
assemblages dominated by Pd bismuthotellurides and
tellurides probably representing primary magmatic
mineralization. Thus at present it appears mineralization
may be the product of both magmatic and fluid
processes.

(LMF), Lower Gabbronorite Unit (LGN) and the
Mottled Anorthosite unit (MANO) (Fig. 1). On the farm
Rooipoort (12 km south of Mokopane; Fig. 1) de Klerk
(2005) identified nine PGE and base metal sulphide
(BMS) mineralized horizons, all of which are confined
to the LMF and MANO units. Similarly, Hulbert (1983)
also recognised nine mineralized horizons on Grasvally,
however, from logging and analyses of borehole core it
is apparent that these reefs are highly discontinuous in
nature. Consequently, the lack of understanding of these
PGE horizons means that the true economic potential of
the GNPA member is poorly known at present.

Keywords. Bushveld Complex, northern limb, GNPA
member, platinum-group minerals, Platreef

1 Introduction
The 2.06 Ga Bushveld Complex in South Africa is the
world’s largest layered igneous intrusion and consists of
a 7-8 km thick succession of mafic and ultramafic
lithologies which covers an area of 65,000 km2. This
complex represents the earth’s largest repository of
magmatic ore deposits, and hosts approximately 75 % of
the world's resources of platinum-group elements (PGE)
in three main deposits; the Merensky Reef, UG2
chromitite and the Platreef (Kendal 2006). The northern
limb of the Bushveld Complex (Fig. 1), hosts the PGENi-Cu bearing Platreef which forms the base of the
magmatic succession to the north of the town of
Mokopane (Fig. 1). The area to the south of Mokopane
is considerably less well understood and differs in its
magmatic succession (Fig. 1). This region consists of
locally developed ultramafic Lower Zone harzburgites, a
unique layered package termed, the Grasvally-NoritePyroxenite-Anorthosite (GNPA) member (Hulbert 1983)
and overlying Main Zone gabbronorites.
The GNPA member has been divided into three
subunits by de Klerk (2005); the Lower Mafic unit

Figure 1. Location and geology of the northern limb of the
Bushveld Complex. Adapted from van der Merwe 2008.

The relationship and context of the GNPA member
with the rest of the Bushveld Complex is still poorly
constrained and highly disputed. This has resulted in the
GNPA member being equated by some, to the Critical
Zone of the eastern and western limbs and thus the
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mineralized horizons of the Merensky Reef and UG2
chromitite (Maier et al. 2008; Van der Merwe 2008),
whilst others suggest it might represent a facies of the
Platreef (Von Gruenewaldt et al. 1989).

75000 ppm).
The LGN is thought to represent a sill of fine
grained Main Zone rocks (de Klerk 2005). Cr
concentrations are lower than the LMF and the MANO
and have a limited range between 325-360 ppm. The
contacts between the LGN with the overlying MANO
and underlying LMF units are occasionally represented
by sharp chilled margins however, gradational contacts
are also observed.
The MANO unit consists predominantly of mottled
anorthosite, spotted anorthosite, leuconorite, pyroxenite
and gabbronorite. A transitional contact is generally
evident between the upper MANO unit mottled
anorthosites and gabbronorites of the overlying Main
Zone. Cyclic units of gabbronorite, mottled anorthosite
and pyroxenite are common (see Fig. 2b). Lithologies
within the MANO contain varying Cr contents (266-890
ppm).

2 Stratigraphy
South of Mokopane, Lower Zone harzburgites are only
developed to the west of the Grasvally Fault and form
the floor to the GNPA member here (Fig. 1). East of the
Grasvally Fault the Magaliesberg Quartzite Formation
of the Transvaal Supergroup underlies the GNPA
member. On the farm Grasvally, floor rocks consist
predominantly of calc-silicates, whilst pink quartzites
with inter-bedded shales dominate throughout
Rooipoort. Chilled zones ranging from 0.6-7 m thick are
commonly observed at the base of the GNPA member,
regardless of the underlying unit (see Fig. 2a).

3 Sulphide mineralization

A

On Rooipoort and Grasvally the floor rocks have not
previously been noted to contain PGE and BMS
mineralization, however on Rooipoort where quartzites
underlie the LMF unit, pyrite and chalcopyrite have been
identified up to 8 m beneath the LMF-floor contact. On
the basis of textural observations it is thought that two
generations of sulphides exist in the quartzite: (1) pyrite
porphyroblasts with large quartz inclusions: and (2)
interstitial chalcopyrite and pyrite. The completely
different texture of the former with regards to the other
sulphides observed throughout the GNPA member,
suggests that the pyrite porphyroblasts in the quartzites
existed prior to the emplacement of the GNPA member.
Within the LMF unit, de Klerk (2005) recognised five
mineralized horizons, which appear to be highly
discontinuous in nature. Sulphide mineralization
generally occurs as interstitial chalcopyrite, pentlandite,
pyrite and millerite. Host lithologies include
gabbronorites, pyroxenites and chromitites, with
abundant sulphides recognised consistently in the latter
(Fig. 3a). Large (up to 1.5 cm), rounded sulphide blebs
are also common, and are predominantly comprised of
pyrite.

B

Figure 2. a) typical chilled margin between LMF and floor
quartzites b) mottled anorthosite, pyroxenite, gabbronorite
cycles commonly seen in MANO unit.

The LMF unit is dominated by mafic lithologies
such as melanorite, gabbronorite, feldspathic pyroxenite
and pyroxenite. The LMF unit is distinguished by the
development of one or more chromitite layers across the
farms Rooipoort and Grasvally. The chromitites are
generally present 33 to 83 m above the base of the LMF,
however, where Lower Zone rocks exist the chromitites
lie around 133 m from the LMF-LZ contact. To the
north of Rooipoort, two, 50 cm thick, dense chromitites
exist less than one metre apart approximately 43 m
above the base of the LMF. In contrast, to the south of
Rooipoort and on Grasvally, chromitite layers are not as
well developed and are more patchy in appearance
consisting of multiple chromite rich regions around 3-5
cm thick. Mineralized horizons hosted by the LMF unit
appear to be characterised by high Cr content (906-

A

B

Figure 3. a) chomitite layer with sulphide mineralization, b)
vein in mottled anorthosite in the MANO unit with sulphide
mineralization

The MANO unit contains disseminated and
interstitial chalcopyrite, pentlandite, pyrrohotite, pyrite
and minor millerite. Large, rounded blebby textured
sulphides are rare in comparison to the LMF unit.
Common features observed in the MANO unit are firstly,
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5 Discussion

within mottled anorthosites large sulphides are
occasionally observed within veins (Fig. 3b), secondly
sulphides are occasionally restricted to within the
pyroxene mottles and thirdly, sulphides within rare
occurrences of pegmatoidal pyroxenite appear to be
confined to the rims of the individual pyroxene crystals.

Any interpretations at this stage must be regarded with
caution due to the early stage of this research.
Nevertheless, new field observations and the
mineralogical results presented here have highlighted
several intriguing features of the mineralization within
the GNPA member. The abundance of Pd antimonides,
pyrite and millerite throughout the magmatic succession
are generally characteristic of low temperature, hydrothermal systems and may therefore indicate the
importance of post/syn-emplacement fluids in
redistributing PGE. Furthermore, evidence of
mobilisation and thus the involvement of fluids is also
provided by the common association of sulphides within
veins in the MANO (Fig. 3b). Contrary to this, the
mineralogical data shows that many samples contain
PGM assemblages dominated by Pd bismuthotellurides
and Pd tellurides, which probably represent primary
magmatic mineralization (Holwell and McDonald
2010). Thus, it is likely that PGE mineralization has
resulted from the interplay of syn and post-emplacement
magmatic and fluid processes respectively. The absence
of PGMs in association with the pyrite porphyroblasts
potentially implies that these existed prior to the
emplacement of the GNPA member, are native to the
floor quartzites and could be a potential local source of
sulphur not previously considered.

4 Platinum-group element mineralization
A pilot study of the PGM mineralogy in the GNPA
member shows that PGM appears to be dominated by
Pd-bearing phases. Palladium antimonides, Pd
bismuthotellurides and Pd tellurides represent the most
common PGMs identified thus far. Although PGMs are
often found within silicate phases, the majority reside in
close proximity or attached to BMS.
4.1 Floor rocks
Elevated PGE concentrations occur in the Magaliesberg
Quartzite Formation below the contact with the LMF
and this mineralization is dominated by Pd tellurides.
Although PGM are predominantly found in association
with silicate phases they exist spatially near sulphides.
Palladium antimonides and bismuthotellurides have not,
at this been recognised within this unit. Interestingly, the
PGMs are not found in association with the pyrite
porphyroblasts, however, they are commonly found in
occurrence with interstitial pyrite and chalcopyrite.
Additionally, Pd-Ag tellurides are also common which
appear to be unique to the floor rocks.
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4.2 Lower Mafic Unit
De Klerk (2005) identified five reefs that are highly
discontinuous in nature and frequently not all
intersected along strike. The most continuous reef
occurs in close association with the chromitites and has
Pt:Pd ratios of 2:1. The PGM assemblage of the
chromitite is dominated by bismuthotellurides and Pd
antimonides which generally occur attached to or as
satellite grains around interstitial chalcopyrite and
pyrite. The PGM assemblages of the other mineralized
horizons also appear to be dominated by Pd antimonides
which occur attached, or in close proximity, to blebs
comprised of millerite and pyrite. These horizons have
Pt:Pd ratios of 1:3.
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4.3 Mottled Anorthosite Unit
From field observations, it is evident the four reefs
identified by de Klerk (2005) in the MANO unit are also
discontinuous in nature and unpredictable along strike.
The most prospective reef has Pt:Pd ratios of 1:2. The
PGM assemblage of the sample studied to date from this
unit is dominated by Pd tellurides and Pd
bismuthotellurides which commonly occur as satellite
grains around disseminated chalcopyrite, pyrite and
pentlandite.
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Multiple sulfur and iron isotope composition of
magmatic Ni-Cu-(PGE) sulfide deposits from Eastern
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Abstract. We report high-precision multiple sulfur and iron
isotope compositions of mineralized samples from Ni-Cu(PGE) sulfide deposits in Eastern Botswana. The Phoenix
and Selkirk Ni-Cu-(PGE) deposits in the Tati greenstone
34
belt display slightly positive δ S isotope values, ranging
33
from 0.2‰ to 0.8‰ V-CDT. Δ S values of sulfides at
Phoenix and Selkirk are -0.01‰ to -0.08‰ V-CDT,
suggesting either a dominantly mantle sulfur source or
near-perfect homogenization of a large crustal reservoir
with variably mass-independently fractionated sulfur
isotope composition. In the Selebi-Phikwe belt,
mineralized lower-grade samples from the Phikwe,
Phokoje, and Dikoloti Ni-Cu-(PGE) deposits have more
34
variable δ S values ranging from -3.1 to +0.3‰ and
33
display significant mass independent anomalies (Δ S
values ranging from -0.89 to -0.27‰), suggesting that
barren sulfides associated with distal or low-temperature
seafloor hydrothermal activity contributed sulfur to these
deposits. Iron isotopes of sulfides from these deposits
56
show a relatively small range of negative δ Fe values (0.29 to -0.04‰), consistent with high-temperature
fractionations in magmatic systems, with the exception of
one sample from the Dikoloti Ni-Cu-(PGE) deposit of the
Selebi-Phikwe greenstone belt, which shows a more
56
negative d Fe value of -0.61‰, consistent with
assimilation of sedimentary or hydrothermal sulfides rather
than fractionations in high-temperature magmatic systems.
Keywords. multiple S isotopes, nickel-sulfides,
orthomagmatic deposit, Eastern Botswana

1 Introduction
In this study, we use multiple sulfur isotope data to
investigate the sulfur source for magmatic Ni-Cu-(PGE)
deposits in the Tati and Selebi-Phikwe greenstone belts of
eastern Botswana. The deposits in these greenstone belts
are hosted by magmatic rocks that have lithophile trace
element similarities to arc basalts. However, they exhibit
bimodal PGE characteristics, with some deposits being
PGE-rich while others being PGE-poor (Maier et al.

2008). The sulfur source is poorly constrained for these
deposits (Maier et al. 2008), but would help to elucidate
how these geochemical characteristics developed. Our
multiple sulfur data suggest that diverse mechanisms have
led these Botswana magmatic systems to sulfide
saturation. Our results thereby provide new insight on the
prospectivity of magmatic provinces where the host rocks
are sulfide-poor. The findings have thus the potential to
broaden the scope of exploration targets for new Ni-Cu(PGE) mineralized provinces.

2 Geological background
We investigated the multiple sulfur isotope signatures of
mineralized samples from selected intrusive Ni-Cu-(PGE)
sulfide deposits in the Tati and Selebi-Phikwe belts of
eastern Botswana. Several deposits in these belts are of
considerable economic interest, including the Phoenix,
Selebi-Phikwe, Tekwane, and Selkirk ore bodies. The
deposits are of variable size ranging from 31 Mt of ore
(1.36% Ni, 1.12% Cu) at Phikwe to 0.6 Mt of ore (1.2%
Ni, 0.6% Cu) at Tekwane (Maier et al. 2008). Some of the
deposits,
notably
Phoenix,
contain
significant
concentrations of platinum-group elements (ca. 5-10 ppm
Pt+Pd in sulfides).
The eastern Botswana Ni-Cu-(PGE) deposits may be
subdivided into two groups. The first group of the
deposits, hosted by the Phoenix, Selkirk and Tekwane
intrusions occurs within and at the periphery of the Tati
greenstone belt. The second group of deposits, comprising
Phikwe, Dikoloti, Lentswe and Phokoje form part of the
Selebi-Phikwe mafic-ultramafic belt of intrusions that
occur within gneisses of the Limpopo metamorphic belt,
some 200 km to the south of the Tati greenstone belt.
The Tati greenstone belt forms part of the Francistown
Arc Complex, which is located along the southwestern
margin of the Zimbabwe craton. Based on
lithostratigraphic similarities, the volcanosedimentary
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rocks of the Francistown Arc Complex are correlated with
the ca. 2.7 Ga Upper Bulawayan greenstones in
Zimbabwe. Correlation with the adjacent ca. 2.7 Ga
Vumba and Matsitama greenstone belts further support
this age for sedimentary and volcanic units of the Tati
greenstone belt (Døssing et al. 2009). The Tati greenstone
belt comprises lower greenschist to lower amphibolite
facies volcanic and sedimentary rocks intruded by
granitoids of unknown age. The volcanosedimentary
succession has been subdivided into three formations. At
the base is the 1400-1650 m-thick Lady Mary Formation,
which comprises altered komatiite and komatiitic basalts,
and lesser amounts of quartzitic schist, calcitic marble,
and iron formation. The overlying Penhalonga Formation
is of variable thickness (~1 to >10 km) and comprises
basaltic, andesitic and rhyolitic volcanics and
volcaniclastic rocks, as well as phyllites, pyrite-bearing
black shales, calcitic marbles, and jaspilites. The
Penhalonga Formation is overlain by the up to several
km-thick Selkirk Formation, which comprises dacitic and
rhyolitic volcaniclastic rocks and minor amounts of mafic
volcanic rocks, quartzites and quartz-sericite schists. The
Selkirk Formation hosts the Phoenix, Selkirk and
Tekwane meta-gabbronoritic intrusions and the Sikukwe
meta-peridotite intrusion.
The Selebi-Phikwe area forms part of the Limpopo
belt, an Archean to early Paleoproterozoic granulite-facies
metamorphic belt situated between the Kaapvaal and
Zimbabwe cratons. The Limpopo belt comprises several
terranes with different ages ranging from ca. 3.2 to 2.6 Ga
and tectono-metamorphic histories. These terranes have
been accreted onto the Zimbabwe and Kaapvaal cratons
over a period of ca. 700 Ma and are separated by wide,
steeply dipping shear zones (Barton et al. 2006). The
major terranes comprise the Central Zone, Southern
Marginal Zone and Northern Marginal Zone. The Phikwe
Complex is located within the Central Zone and largely
consists of Archean (Zeh et al. 2009) hornblende-bearing
and quartzofeldspathic tonalitic and trondhjemitic
gneisses, which host the mafic-ultramafic intrusions of the
Selebi-Phikwe belt. Most of the host rocks for the SelebiPhikwe belt contain <200 ppm S, but sedimentary rocks
with higher S contents reaching several 1000 ppm may
locally occur (Brown 1988).

3 Results
Vein-hosted and massive sulfide samples from the
Phoenix and Selkirk Ni-Cu-(PGE) deposits in the Tati
34
greenstone belt display δ S values that are only slightly
34
S-enriched (0.2 to 0.8‰ VCDT) with respect to Caňon
Diablo meteorite, which is assumed to reflect the average
33
Earth and mantle composition (Farquhar et al. 2002). ∆ S
values of Phoenix and Selkirk sulfides are also similar to
those of Canon Diablo meteorite, with a small range from
-0.08‰ to -0.01‰. δ 56 Fe data show a small range of
negative iron isotope values from -0.29 to -0.09‰.
In the Selebi-Phikwe greenstone belt, vein-hosted and
basal massive sulfide samples from the Phikwe, Phokoje
and Dikoloti Ni-Cu-(PGE) deposits display S isotope
34
values with a small but significantly larger range of δ S
values (-3.1 to +0.3‰) than that displayed by sulfides

33

from the Tati greenstone belt. In addition, ∆ S values
show a significant mass-independent anomaly with
respect to the mantle reservoir ranging from -0.89 to 0.27‰. Iron isotope data also show a larger range of
negative iron isotope values from -0.61 to -0.04‰.

4 Discussion
Analysis of multiple sulfur isotopes permits testing of
crustal assimilation models and identification of crustal
sulfur reservoirs that contributed to ore genesis. Results
from this study on ore samples from various deposits in
the greenstone belts of eastern Botswana indicate that
magmas can reach sulfide saturation through multiple
processes. Accordingly, tenor and mineralization style
might be affected by the process through which sulfide
saturation was attained. According to Maier et al. (2008),
the Ni-Cu-(PGE) deposits in the Tati and Selebi-Phikwe
belts show important compositional differences as far as
the former are relatively PGE-rich, whereas the latter are
relatively PGE-poor. In addition, there is also significant
difference in their size. The deposits of the Tati
greenstone belt are relatively small (~4.5 Mt of ore at
2.05% Ni and 0.85% Cu) and have a high Ni tenor,
whereas the deposits of the Selebi-Phikwe greenstone belt
are much larger (up to 31 Mt of ore grade) but have lower
tenors. The question arises whether these compositional
and size differences could be due, at least in part, to
different processes involved in reaching sulfur saturation.
Deposits in the Tati greenstone belt
Sulfur and iron isotope data from this study indicate that
the magmas from which the deposits in the Tati
greenstone belt crystallized either did not assimilate any
significant crustal S upon emplacement and crystallization
or derived S from a large crustal reservoir that was
thoroughly homogenized to erase mass-independent
fractionation in sulfur isotopes. The range of massindependent fractionation in sulfur isotopes is
dramatically smaller in sediments deposited between 2.7
and 3.2 Ga with respect to a much larger range in
sediments deposited between 2.5 and 2.7 Ga (Ohmoto et
al. 2006). Poor geochronological constraints allow for
sediments of the Tati greenstone belt to be in an older age
group. However, even if the 2.7-3.2 Ga sediments with a
small mass-independent fractionation of sulfur isotopes
are inferred as the main sulfur source for ultramafic
intrusions in the Tati greenstone belt, a larger range of
33
∆ S values than the measured range would be expected.
Furthermore, black shales of the Manjeri Formation
from the Belingwe greenstone belt, Zimbabwe that are
lithostratigraphically and geochronologically broadly
correlative with sediments from the Tati greenstone belt
33
33
show a large range in ∆ S values with negative ∆ S
anomalies, largely restricted to early diagenetic pyrite
33
nodules, and highly positive ∆ S values typical for
disseminated sulfides (Bekker et al. 2009). Therefore, the
33
lack of ∆ S anomaly at the Phoenix and Selkirk deposits
rules out significant S contribution from the pyritebearing black shales, which are the only sulfur-bearing
rocks that appear in the stratigraphy of the Tati greenstone
belt. The small negative range in iron isotope values of
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~0.2‰ of Ni-Fe sulfide minerals is consistent with hightemperature magmatic fractionation processes although a
small-scale assimilation of iron from sedimentary rocks in
the footwall cannot be ruled out.
Another possible alternative calls for a large-scale
assimilation of crustal rocks, which would homogenize
sulfur to the original, close to the mantle sulfur isotope
composition. In this case, other geochemical and
geological proxies should also suggest significant crustal
contamination. However, the relatively small size and
high tenor of these deposits is inconsistent with a largescale crustal homogenization required by this model. Our
preferred interpretation is that the parental magma for
these intrusions did not experience significant crustal
contamination. This interpretation is consistent with the
conclusion of Maier et al. (2008), who postulated mainly
on the basis of trace element geochemistry and field
observations that magmas remained S-undersaturated
before emplacement and were not significantly
contaminated by crustal materials.
Deposits in the Selebi-Phikwe greenstone belt
Sulfur isotopic data for mineralized samples of the SelebiPhikwe greenstone belt are notably different from those of
34
the Tati greenstone belt. Despite a small range of δ S
values from -3.1 to +0.3‰, which could be explained by
mass-dependent processes affecting mantle-derived S,
sulfides from the Selebi-Phikwe greenstone belt display a
33
significant negative ∆ S anomaly, which reflects input
from a crustal reservoir. As a result, the sulfur isotope
signature of mineralized samples from the Selebi-Phikwe
greenstone belt is consistent with an ore-forming process
that incorporated external (crustal) S into the mafic
33
magmas. The negative ∆ S anomaly suggests that sulfur
may have been assimilated from massive sulfide lenses,
either barren or mineralized, associated with felsic rocks
or black shales with early diagenetic pyrite nodules. Iron
isotope data show a larger range of negative d56Fe values
down to -0.6‰ well beyond an expected range of high
temperature magmatic fractionations. These values are
consistent with iron assimilation from either hydrothermal
sulfide deposits or pyrite nodules in organic matter-rich
shales, which generally display negative d56Fe values
(Rouxel et al. 2008). However, Brown (1988) indicated
that in the footwall of the deposits in the Selebi-Phikwe
greenstone belt, the only lithologies that contain elevated
S contents are hornblende-bearing gneisses bearing up to
9400 ppm S and quartzites with up to 47000 ppm S.
Sulfur and iron isotope data from this study support
the conclusion of Maier et al. (2008), who inferred on the
basis of trace element geochemistry that magmas from
which the Ni-Cu-(PGE) sulfide deposits at Phikwe,
Phokoje and Dikoloti formed likely assimilated a
significant external sulfur component upon emplacement.

the assessment of the prospectivity of a province.
Geological provinces without any or with little sulfur in
the footwall stratigraphy, which have been traditionally
neglected in terms of their prospectivity, should be
revisited and possibly reassessed.
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5 Conclusive remarks
Data from this study highlight the complexity and
variability that characterize ore-forming processes in
magmatic systems. The presence of sulfur-bearing
lithologies in the footwall hosting mafic and ultramafic
intrusions should not be considered as essential towards
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Mineralogical significance of the system Pd-Se at 350°C
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Abstract. Palladium selenides were experimentally
investigated at 350 °C. We have synthesized the binary
phases in the system Pd-Se and evaluated them by
means of X-ray powder-diffraction analysis, reflected light
and electron microscopy. The experiments were
performed using the evacuated silica tube method. The
following phases were confirmed to be stable at 350 °C:
Pd4Se, Pd7Se2, Pd34Se11, Pd7Se4, Pd17Se15, and PdSe2.
The crystallographic data are summarized herein. The
following phases can be expected to occur in nature:
Pd4Se, Pd7Se2, Pd34Se11, and Pd7Se4. These should be
sought in association with other minerals of the system,
like verbeekite and palladseite.
Keywords. palladium
experimental study

selenides,

system

2.1 X-ray diffraction analysis
X-ray diffraction (XRD) data of the experimental
products were collected using a Philips X'Pert MPD
system with a vertical goniometer PW3020 in the BraggBrentano reflecting geometry, used with copper radiation
(40 kV and 40 mA), a secondary graphite
monochromator and a proportional counter to collect the
X-ray powder data. Powder patterns were collected from
10 to 140 °2θ Cu Kα with step size of 0.02 °2θ Cu Kα
and exposure of 10 seconds per step. The data obtained
were evaluated using X-ray powder diffraction software
BEDE ZDS – System version 4.00. The whole-profilefitting method (WPPF) was applied to calculate unit-cell
parameters from powder data, using FULLPROF
program (Rodríguez-Carvajal 2001).

Pd-Se,

1 Introduction

2.1 Electron-microprobe analyses

In addition to native elements Pd, and Se, the system
Pd-Se comprises two platinum-group minerals (PGM),
carriers of palladium: palladseite (Pd17Se15), and
verbeekite (PdSe2). Palladseite was found at Itabia,
Minas Gerais in Brazil (Davis et al. 1977) and later
observed
in
Au-Pd
vein-type
mineralization
(“jacutinga”) at Caue iron-ore mine in Minas Gerais by
Olivo and Gauthier (1995) and Cabral et al. (2002).
Verbeekite was described from the Musonoi Cu-Co-MnU mine of Shaba province from Democratic Republic of
Congo (Roberts et al. 2002) and also identified at
Hope`s Nose, Devon in UK (Paar et al. 1998).
Furthermore, several naturally-occurring unidentified
compounds with composition belonging to the system
Pd-Se have been reported by Cabral et al. (2007) and
Rudashevskiy et al. (1995), among others.
In the synthetic system Pd-Se, eight binary phases
have been reported: Pd4Se, Pd9Se2, (stable in the
temperature rage 390-635 °C) Pd7Se2, Pd34Se11, Pd7Se4,
Pd17Se15, PdSe, PdSe2 (summarized in Okamoto 1992).

Chemical analyses were performed by Cameca SX-100
electron microprobe using wavelength-dispersion mode
and a focused beam (size 1-2 μm). The accelerating
voltage was set to 15 keV, and the beam current was 10
nA. The samples were analyzed using PdLα, and SeLα.
Pure metals (Pd, and Se) were used as primary standards.
In each sample, compositional data were collected for
several grains within the polished section (min n = 5)
and then averaged.

3 Results and discussion
Eight binary phases in the system Pd-Se, as summarized
in Okamoto (1992), were reinvestigated in this study at
350°C. Chemical analyses of studied phases are given in
Table 1. Crystal structure data and refined unit cell
parameters are summarized in Table 2. The following
phases were confirmed to be stable at 350°C: Pd4Se,
Pd7Se2, Pd34Se11, Pd7Se4, Pd17Se15, and PdSe2. Selected
experimental run products are presented in Fig. 1.
Our experiments reveal the following findings.
Natural PdSe2 - verbeekite is monoclinic (Roberts et al.
2002) and the PdSe2 synthesized at 350°C is
orthorhombic (Gronvold and Rost 1957). The natural
occurrence of orthorhombic PdSe2 variety is not
excluded. Phase PdSe was confirmed; however its
thermal stability needs some revision. At 350°C the
phase appears to be metastable and breaks down to
Pd17Se15 and PdSe2. The phase (Pd,Pt)3Se2 reported from
carbonaceous Precambrian black shales in the Voronezh
crystalline massif, Voronezh-Kursk area, Russia
(Rudashevskiy et al. 1995) was not confirmed in the
synthetic system Pd-Se. It is possible that it occurs only
with a presence of Pt and has no analogue in the system
Pd-Se.

2 Techniques and methods
2.1 Experimental
Experiments were performed in sealed evacuated silica
glass tubes in horizontal furnaces. Charges of 100 –200
mg in weight were synthesized from selenium pebbles
(Aldrich Chem. Co. 99.999% purity), and palladium
powder (Alfa Aesar 99.95% purity). For the kinetic
reasons experiments started at 1200°C (for about three
days) and, after quenching and re-grinding, under
acetone were kept at 350°C for 140 days. After heating,
the silica tubes were rapidly quenched in a cold-water
bath.
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Table 1. Chemical composition of studied phases (average
values).

A

Exp.

Phase

Weight %

No

Total

Pd

Se

4

PdSe2

41.21 58.27

99.57

34.4

65.5

5

PdSe

57.60 41.79

99.39

50.6

49.4

Pd17Se15 60.09 38.54

2
6
7

B

Pd

Se

Atomic %

98.63

53.6

46.4

70.09 29.20

99.29

64.0

36.0

Pd34Se11 80.49 19.01

99.50

75.9

24.1

Pd7Se4

8

Pd7Se2

82.80 17.21 100.01

78.1

21.9

18

Pd4 Se

84.63 15.35

99.99

80.4

19.6

3_450

Pd9Se2

86.11 13.97 100.08

82.1

17.9

Table 2. Crystal structure data and refined unit cell parameters
for studied phases (1 - Gronvold and Rost (1957), 2 - Ijjaali
and Ibers (2001), 3 - Geller (1962), 4 - Matkovic and Schubert
(1978), 5, 6 - Sato et al. (1989), 7 - Gronvold and Rost (1962)
Phase
Exp.
No.

C

Crystal structure data
Unit cell parameters (this study)
a (Å)

b (Å)

PdSe2

orthorombic

Pbca

No4

5.7394(4)

PdSe

tetragonal

No5

6.7248(1)

Pd17Se15

cubic

No2

10.6048(1)

Pd7Se4

orthorombic

No6

6.8618(2)

Pd34Se11 monoclinic

Figure 1. Back-scattered electron images of selected
experimental products depicting the phase associations. (A)
Palladseite (Pd17 Se15, dark), in association with Pd7Se4 (light).
(B) Phase Pd4Se (light) forming a rim around palladium (dark).
(C) Phase Pd7Se2 with inclusions of Pd34Se11 (light).

Ref.

c (Å)

β (°)
1

5.8624(4) 77.6926(5)
P42/m

2
6.9128(3)

Pm3m

3

P21221

4

5.3793(2) 10.1613(3)
P21 /n

No7

21.454(1)

5.505(1)

Pd7Se2

monoclinic

P21/a

No8

9.454(1)

5.352(1)

αPd4Se

tetragonal

P 4 21 c

No18

5.2302(3)

5
12.035(1)

99.45(1)
6

5.497(1)

93.51(1)
7

5.6461(5)

4 Conclusions
The following binary phases were found to be stable in
the system Pd-Se at 350 °C: Pd4Se, Pd7Se2, Pd34Se11,
Pd7Se4, Pd17Se15, and PdSe2.
Phases Pd4Se, Pd7Se2, Pd34Se11, and Pd7Se4 can be
expected under natural conditions, likely in close
association with other PGMs, particularly palladseite and
verbeekeite.
Unknown palladium sellenides, likely forming at
lower temperatures (300-350°C), can be expected in
mineralization’s types such as e.g., auriferous
mineralization at Itabira, Minas Gerais in Brazil, or in
less traditional environments for PGE, such as those of
e.g., gold-bearing carbonate veins in limestone at Hope`s
Nose, Devon in England.

Similarly a phase (Pd,Sb,Ag,Hg)5Se4 reported from
auriferous mineralization of Gongo Soco, Minas Gerais,
Brazil (Cabral et al. 2007) has no synthetic analogue
“Pd5Se4” in the system Pd-Se. Phase Pd9Se2 reported by
Cabral et al. (2007) was not confirmed to be stable at
350 °C and seems to be stable at temperature interval
390-635 °C as reported in Okamoto (1990). Likely, the
natural phase is stabilized by another element being
involved or it can be assigned to Pd4Se low temperature
variety.

661

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Acknowledgements
The authors are grateful to Dr. Vlasta Böhmová (Institute
of Geology AS CR) for the electron-microprobe
analyses. This research is funded through the grant No.
P210/11/P744 from the Grant Agency of the Czech
Republic, and the project LA 11125/KONTAKT II from
the Ministry of Education, Youth and Sports of the
Czech Republic.

References
Cabral AR, Lehmann B (2007) Seleniferous minerals of palladium
and platinum from ouro preto-bearing mineralization in Brazil.
Ore Geol Rev 32:681-688
Cabral AR, Lehmann B, Kwitko R, Galbiatti HF, Pereira MC
(2002) Palladseite and its oxidation: evidence from Au-Pd
vein-type mineralization (jacutinga), Cuae iron-ore mine,
Quadrilatero Ferrifero, Minas Gerais, Brazil. Mineral Mag
66:327-336
Davis RJ, Clark AM, Criddle AJ (1977) Palladseite, a new mineral
from Itabira, Minas Gerais, Brazil. Mineral Mag 41:123:M10M13
Geller S (1962) The Crystal Structure of Pd17Se15 . Acta Crystallogr
15:713-721
Gronvold F, Rost E (1957) The crystal structure of PdSe2 and
PdS2. Acta Crystallogr 10: 329-331
Gronvold F, Rost E (1962) The crystal structure of Pd4 Se and
Pd4 S. Acta Crystallogr 15:11-13
Ijjaali I, Ibers JA (2001) Crystal structure of palladium selenide,
PdSe. Z Kristallogr 216:485-486
Matkovic T, Schubert S (1978) Kristallstruktur von Pd7Se4.
Journal of Less-Common Metals 59:P57-P63 (in German)
Okamoto H (1992) The Pd -Se system (Palladium - Selenium). In:
Massalski TB (1990) Binary alloy phase diagrams, 2nd ed 3
ASM International, Materials Park, Ohio, pp 3041-3045
Olivo GR, Gauthier M (1995) Palladium minerals from the Caue
iron mine, Itabira district, Minas gerais, Brazil. Mineral Mag
59:455-463
Paar WH, Roberts AC, Criddle AJ, Topa D (1998) A new mineral,
chrisstanleyite, Ag2 Pd3 Se4, from Hope`s Nose, Torquay,
Devon, England. Mineral Mag 62:257-264
Roberts AC, Paar WH, Cooper MA, Topa D, Criddle AJ, Jedwab J.
(2002) Verbeekite, monoclinic PdSe2, a new mineral from the
Musonoi Cu-Co-Mn-U mine, near Kolwezi, Shaba Province,
Democratic Republic of Congo. Mineral Mag 66:173-179
Rodríguez-Carvajal J (2006) FullProf.2k Rietveld Profile Matching
& Integrated Intensities Refinement of X-ray and/or Neutron
Data (powder and/or single-crystal). Laboratoire Léon
Brillouin, Centre d´Etudes de Saclay, Gif-sur-Yvette Cedex,
France
Rudashevskiy NS, Knauf VV, Chernyshov NM (1995) Platinumgroup minerals from Kurs magnetic anomaly black shales.
Doklady Akad Sci 344: 91-95 (in Russian)
Sato S, Takabatake T, Ishikawa M (1989) Structures of
superconducting palladium selenides, Pd7 Se2 and Pd34 Se11.
Acta Crystallogr C45:1-3

662

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Petrology and geochemistry of the mafic-ultramafic
Hamutenha intrusion (Kunene complex, SW Angola):
metallogenic implications
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Abstract. The Kunene Complex consists of group of
anorthosite intrusions located between the south of
Angola and the northern part of Namibia. Although the
ultramafic rocks are not present in the Kunene Complex
a great number of small satellite mafic-ultramafic bodies
can be found close to its west side. One of these bodies
(Hamutenha) is a dunite/gabbro banded intrusion
generated from a tholeiític melt enriched in Ti, and we
have investigated it. The PGE contents of Hamutenha
rocks are very low, thus indicating the extraction of these
elements from the parental magma prior to emplacement.
Some parameters such as low La/Sm and Gd/Yb ratios
or εNd = +2.80 exclude the presence of a significant
crustal contamination. However, the presence of a
magmatic mineralization is not rejected but it could be
emplaced in deeper crustal levels.
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Figure 1. Geological maps of the Kunene Complex and the
Hamutenha intrusion.

1 Introduction

2 Petrology

The Kunene anorthositic Complex (KC) is one of the
most important anorthosite massive intrusions of the
world covering an area of 15.000 km2 (Ashwal and Twist
1994) and with an age of 1350-1370 Ma (Mayer 2000;
Drüppel et al. 2007). Anorthosites are the principal
lithology of the KC but other rocks such as troctolites,
leucotroctolites, norites and gabbros are also present
within the KC and its satellite intrusions (De Carvalho
and Alves 1990).
This work is based on the study of a representative
group of samples collected from a KC satellite intrusive
stock called Hamutenha intrusion, which is 3 km long
and intruded Arcahean granites. The stock consists of
two intrusive phases: a north phase characterized by
mafic-ultramafic rocks, principally olivine gabbros and
dunites, and a south phase composed of intermediate
rocks, mainly diorites; Both phases are separated by an
intrusive contact along which development of an
intensive epidotization is common (Fig. 1).
The purpose of this study is to evaluate the
Hamutenha metallogenic potential, investigating its
petrology and geochemistry (major and trace elements
and Sr and Nd isotopes). Hamutenha intrusion could be a
good example to establish a set of principal guidelines
for the exploration of magmatic mineralizations, such as
Ni-Cu and PGE, within this group of small maficultramafic small intrusions related to the KC.

The Hamutenha mafic-ultramafic stock is mainly
composed of dunites and olivine gabbros. Both
lithologies occur at the north part of the stock showing a
clear igneous layering. The dunites are dark grey with
typical magmatic cumulus textures. The rock forming
minerals are olivine (90-95 modal %) and intercumulus
clinopyroxene (2-5 modal %), with disseminated
sulphides and minor oxides such as chromian spinel or
ilmenite (1-5 modal %).
The olivine gabbros are very similar to the dunites
with a substantial increase of the intercumulus
clinopyroxene (20-30 modal %) and plagioclase (15-20
modal %). The olivine is also the principal cumulus
phase (50-70 modal %) and the oxides and sulphides
percentages are very similar to those of the dunites.
The southern Hamutenha phase is composed mainly
by blue-gray diorites. Diorites rock forming minerals are
plagioclase (20-30 modal %), K-felspar (5-10%), quartz
(5%) and especially amphibole (40-60%) which are
characterized by very big and well defined centimetric
crystals
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3 Geochemistry

REE patterns show in both groups a slight enrichment in
LREE but the second group has a more fractionated
pattern with more pronounced HREE-depleted segments.
PGE contents are very low, and commonly under the
detection limit (Fig. 2).

3.1 Mineral chemistry
Olivine is the principal cumulus component of the
Hamutenha mafic and ultramafic rocks, with
compositions of 81-85% Fo, whereas NiO contents vary
between 0.22 and 0.36 wt%.
The principal intercumulus mineral is clinopyroxene:
47.6% Wo, 47.1% En and 5.3% Fs. Plagioclase also
appears as intercumulus mineral in gabbros, its medium
composition is 48.3 % Ab, 49.5% An and 2.2 % Or.
The most common oxide phase, chromian spinel is
characterized by 23.06-29.98 wt.% Cr2O4, 23.4-37.8
wt% FeOt, 1.6-9.0 wt% MgO, 2.3-21.6 wt% Al2O3, up to
7.91 wt% TiO and 0.4-0.8 #Cr [Cr/ (Cr+Al)]. The very
high titanium contents are the most significant
compositional feature of the Hamutenha chromian spinel
and the development of elongated ilmenite exsolutions
are usual too.
Small fractures host disseminated Ni-Fe-Cu-(Co)
sulphides, whereas the principal species identified in
Hamutenha are heazlewoodite ([Ni,Fe]3S2), godlevskite
([Ni,Fe]9S8) and putoranite (Cu16-18[Fe,Ni]18-19S32). These
sulphides are probably secondary and have a
hydrothermal origin.
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Ti Gd Dy
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Figure 3. Multi-element diagrams normalized to primitive
mantle (Sun and McDonough 1989). A, B: First and second
group of Hamutenha samples, respectively. See text for
explanations.

3.3 Sm/Nd and Rb/Sr isotopes
According to an age of 1370 Ma for the KC (Maier et al.
2008) dunites present the following parameters:
143
Nd/144Nd = 0.51222, εNdinitial = +2.8 and τDM = 1.5
Ga, where as the olivine gabbros show values of:
143
Nd/144Nd = 0.51099, εNdinitial ranging from +1.97 to
+2.80, and τDM=1.6 Ga.
The Rb-Sr isotopic relation is complementary with
the Sm-Nd values. The dunites isotopic values are:
87
Sr/86Srinitial = 0.70327, εSrinitial = +5 and, whereas the
olivine gabbros present the following parameters:
87
Sr/86Srinitial ranging between 0.70339 and 0.70342,
εSr initial from +7.3 to +7.7.

Hamutenha rocks present very low SiO2 contents which
range between 37.9 wt.% and 39.2 wt.%, probably
produced by late serpentinization processes.
Dunites are composed of: 2.35-7.28 wt.% Al2O3,
12.32-15.18 Fe2O3 wt.%, 31.85-37.77 MgO wt.% and
1.28-3.67 wt.% CaO. Alkalis contents are very low:
Na2O <0.61 wt.% and K2O <0.12 wt.%.
Olivine gabbros present similar values: 3.37-9.31
wt.% Al2O3, 9.93-15.55 wt.% Fe2O3, 27.95-34.87 wt.%
MgO and 1.42-4.79 CaO. Alkalis contents are low too:
Na2O <0.82 wt.% and K2O<0.42 wt.%.
Mantle-normalized lithophile trace elements patterns
for Hamutenha rocks show two different groups of
samples: First group is formed by samples with a
characteristic slight enrichment in HFSE (Nb, Ta, Ti)
whereas the second group have a significant Nb negative
anomaly.

4 Discussion and conclusions
4.1 Nature of the parental magma
The Hamutenha macroscopic layering suggests a melt
evolution generated by magmatic differentiation.
The alkalis and Fe contents indicates a tholeiitic
parental magma for Hamutenha. In addition, high Ti
contents within the chromian spinel (up to 7.91 wt.%)
leads to the conclusion of high Ti contents within the
melt. This chromian spinel titanium contents are so rare,
but similar values are described in other ultramafic
intrusions as Mount Ayliff, South Africa (Cawthorn et al.
1991) Jinbaoshan and Xinjie, China (Wang et al. 2005)
(Wang, et al. 2008)
Crustal contamination is not significant in
Hamutenha stock. In the multi-element diagrams we can
distinguish two groups of samples in which only a
smaller group presents low Nb negative anomalies. This
indicates insignificant participation of crustal
contamination processes (Matthews et al. 2003). εNd
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Figure 2. PGE contents of the dunites and olivine gabbros
from Hamutenha. Detection limit: Rh, Pt, Pd = 1 ppb; Os, Ir,
Ru = 2 ppb. bdl = below detection limit.
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processes such as the Fe2+ extraction from the magma
have to be considered to generate a sulfide melt (Naldrett
2004).
In summary, the formation of a sulfide melt can not
be rejected then, a hypothetical magmatic mineralization
could be emplaced in deeper crust levels. In this case its
economical potential would depend of the regional
erosion level.

values of +2.80 in dunites and +1.97/+2.80 in the olivine
gabbros also indicate a low crustal influence. The Rb-Sr
isotopic relation data supports the results obtained with
Sm-Nd isotopes.
Some trace elements are used as indicators of the
crustal contamination levels (Matthews et al. 2003). An
example is the ratio between La/Sm vs Gd/Yb or Nb/Th
vs Th/Yb. These ratios show that the major part of
samples plots close to the fractional crystallization trend
without a clear crustal contamination evidence (Fig. 4).
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Compiling these data we can conclude that the
Hamutenha intrusion presents very slight levels of
crustal contamination. These are not sufficient to extract
a sulfide melt from the parental magma and neither to
generate a magmatic mineralization (Matthews et al.
2003).
4.2 Metallogenic implications
The dunites and the olivine gabbros from Hamutenha
intrusion present relatively low contents in Ni (1449 to
2342 ppm), Cu (4.1 to 48.8 ppm) and especially in PGE.
The poor contents of these elements could suppose an
extraction of Ni, Cu and PGE from the parental magma
(Naldrett 2004), or alternatively the PGE were retained
in the mantle source during the partial melting.
A process of crustal contamination can not explain
the extraction of these elements. However, other
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Composition of the Marginal Rocks of the Rustenburg
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Abstract. A complete set of major and trace elements
including platinum-group elements have been determined
for the marginal rocks of the Bushveld Complex. The
aims of the study were to establish whether the magmas
were enriched in the ore forming elements, Pt, Pd, S, Cr
and V and to consider the origin of the magmas. The
marginal rocks may be classified into two groups; highMg basaltic andesite and tholeiitic basalts. Neither group
is particular enriched in Cr, V or Pd. Both groups are
slightly enriched in Pt, by a factor of 1.5 to 2. The ores
contain ~200 times more of each element than found in
the marginal rocks, thus the important processes leading
to the formation of the ores took place in the magma
chamber. The basaltic andesites resemble Archean
siliceous high magnesium basalts and the tholeiitic
basalts resemble modern arc tholeiites. While it is
possible to model the major and trace element
compositions by assuming the magmas formed by a
mixing of primary mantle melts with upper and lower crust
this process would have diluted the Pt and Pd contents of
the magmas to well below their observed levels. Thus we
propose that the magmas formed by melting the
metasomatized subcontinental lithospheric mantle.

chamber or prior to emplacement.
In the early 1980’s the compositions of the marginal
chills and sills were determined for major oxides, some
trace elements and some PGE. Since then there have
been no comprehensive studies of the compositions of
the marginal rocks. With the development of new
analytical techniques in the past 20 years the range of
elements that can be determined has been greatly
expanded as has the accuracy of the results. Therefore
we have analysed 40 marginal rocks for major oxides,
trace elements, PGE and S, with the aim of better
characterizing the magmas that filled the Bushveld
chamber.

2 Geology
The Bushveld Complex is divided into 5 zones, the
Marginal, Lower, Critical, Main and Upper Zones. One
of the PGE-deposits (the Platreef) occurs in the Marginal
Zone of the northern part of the complex. The host rocks
are gabbronorites with disseminated sulphides. The other
two PGE deposits occur within the upper Critical Zone.
The host rocks are chromite layers and pyroxenites to
gabbronorites with disseminated sulfides. The chromite
deposits occur as chromite layers in the lower Critical
Zone. The V deposits occur as magnetite layers in the
Upper Zone, particularly the Main Magnetite Layer.
Sharpe (1981) and Sharpe and Hulbert (1985) divided
the marginal rocks into 3 groups based on their position
relative to the cumulate rocks. The rocks in contact with
the Lower and lower Critical Zone were referred to as
Bushveld 1 magmas (B-1). They consist of acicular
orthopyroxene in a glassy matrix. A few (<1%) small
grains of olivine and skeletal chromite are present. The
rocks in contact with the upper Critical Zone and Main
Zone were referred to as Bushveld 2 and 3 magmas,
respectively. These rocks are both very fine grained (1
mm) gabbronorites. The Sharpe and Hulbert (1985)
suggested that the Lower and lower Critical Zone formed
from the B-1 magma., the upper Critical Zone from the
B-2 magma and the Main Zone from the B-3 magma.

Keywords. platinum-group elements, vanadium, chrome,
Bushveld, magma compositions

1 Introduction
The Rustenburg Layered Suite of the Bushveld Complex
is remarkably rich in ore deposits. It contains three large
platinum and palladium deposits in the form of the
Merensky Reef, the UG-2 chromitite and the Platreef. It
also contains much of the world’s vanadium and chrome
resources, in the Main Magnetite seam in the Upper
Zone and the chromite layers of the Critical Zone,
respectively.
Understanding how these deposits formed is in part
dependent on estimating the composition of the magmas
from which the deposits formed. The question arises as
to whether the magmas that filled the Bushveld chamber
were especially Pt, Pd, Cr and V rich, and whether the
composition of the magmas was unusual in terms of
their major or trace elements? The platinum-group
elements (PGE) in two of the deposits are largely hosted
by base metal sulphides. Thus the magma(s) had to have
become saturated in a base metal sulphide liquid at
some point, but debate continues whether the magmas
were saturated in sulphides at the time of emplacement
or whether sulphide saturation took place in the magma

3 Geochemistry
3.1 Methodology
Major oxides were determined by X-ray fluorescence
analysis, trace elements by ICP-MS, S by IR, and PGE
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by Ni-fire assay followed by ICP-MS or INAA.

Table 1. Whole Rock Analyses of the Marginal Rocks

3.2 Major oxides
In terms of their major element compositions the B-1
rocks are tholeiitic Mg-rich basaltic andesites (Table 1).
Their Mg# is relatively high at 0.71 suggesting that they
are primary mantle melts. They resemble modern
boninites (Table 1) or Archean siliceous high magnesium
basalts (SHMB).
The B-2 and B-3 rocks are generally similar in
composition, except that the B-2 rocks are richer in the
minor oxides TiO2 and P2O5 (Table 1). The overall
composition of the B-2 and B-3 rocks is tholeitic basalt.
Their TiO2 and P2O5 contents are lower than modern
flood basalts and MORB. They most closely resemble
modern arc tholeiites. Their low Mg#, 0.54 and 0.62,
respectively, indicate that they are not primary mantle
melts and thus have either been contaminated by
continental crust or undergone fractional crystallization
before emplacement in the Bushveld chamber.
3.3 Lithophile trace elements
The B-1 rocks are strongly enriched in Large Ion
Lithophile Elements (LILE) and light rare earth elements
(LREE) and depleted in heavy rare earth elements
(HREE). Their spidergrams show negative Ta, Nb, Ti
and P anomalies and positive Pb anomalies. In general,
they are much richer in LILE and LREE than modern
boninites (Table 1, Fig. 1b). Overall, the patterns show a
similarity with upper continental crust.
Like the B-1 rocks the B-2 rocks show an overall
enrichment in LILE and LREE relative to HREE, with
negative Ta, Nb, Ti and P and positive Pb anomalies.
However the degree of enrichment in LILE and LREE is
not as great, and the HREE concentrations are higher
than in the B-1 rocks, thus the anomalies are not as
visible (Fig. 1a). The spidergram resembles arc tholeiites
except that it is depleted in LREE and enriched in Ba
(Fig. 1c). It most closely resembles lower continental
crust (Fig. 1c).
The spidergram of the B-3 rocks is parallel to that of
the B-2 rocks, but at approximately half the level of the
B-2 rocks for most elements (Fig. 1a).
3.4 Ore forming elements
The concentrations of the PGE in the B-1 magma are
similar to those found in primitive mantle magmas, with
10-15% MgO, except that the Pt concentrations are
slightly higher at 15-25 ppb versus 5 to 15 ppb.
Consequently, the Pt/Pd ratio (1.5) is slightly higher than
found in most primitive magmas (<1.3).
The B-2 and B-3 magmas have PGE concentrations
approximately half that of the B-1 magma (Table 1) and
these values are similar to those found in many tholeiitic
basalts, except that once again the Pt values are slightly
higher than in most basalts and the Pt/Pd ratio is slightly
higher than normal (2-4 versus ~1).
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Sample
N

B-1
10

Boninite
339

B-2
15

B-3
8

SiO2 (wt %)
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Total

55.74
0.34
11.82
10.50
0.18
11.85
6.50
1.63
0.98
0.08
0.31
99.92

56.12
0.25
12.28
9.13
0.19
10.25
7.80
1.85
0.62
0.06
3.38
101.94

50.79
0.76
15.70
12.54
0.19
6.91
10.70
1.94
0.25
0.16
0.27
100.22

51.33
0.37
16.14
10.45
0.18
7.69
11.25
1.91
0.28
0.03
0.17
99.79

Ba (ppm)
Ce
Cl
Co
Cr
Cs
Cu
Dy
Er
Eu
Ga
Gd
Hf
Ho
La
Lu
Nb
Nd
Ni
Pb
Pr
Rb
S
Sc
Se
Sm
Sr
Ta
Tb
Th
Tm
U
V
Y
Yb
Zn
Zr

364
34.8
409
59
965
2.55
51
1.90
1.05
0.82
18.1
2.40
1.91
0.38
18.0
0.175
4.15
15.5
284
13.9
4.16
39.6
438
29.5
0.14
2.80
198
0.480
0.337
3.46
0.162
0.988
164
11.7
1.10
79.8
77.0

51
4.7
N.D.
41
780
0.254
61
1.05
0.72
0.27
11.1
0.90
0.88
0.25
2.63
0.136
1.34
2.73
210
2.2
0.63
10.6
120
34.6

192
32
130
53
201
0.315
76
3.21
1.79
1.31
14.2
3.61
1.33
0.66
15.0
0.26
3.87
17.15
106
4.27
4.04
4.44
177
33.2
0.06
3.76
348
0.337
0.550
0.679
0.261
0.228
239
19.45
1.73
90.2
54.3

139
11.5
89
52.0
408
0.486
46.4
1.62
0.96
0.76
14.0
1.63
0.66
0.346
5.66
0.151
1.42
6.29
133
2.75
1.49
8.86
97
30.7
0.012
1.54
337
0.172
0.261
0.634
0.145
0.180
173
9.92
0.981
63.1
22.9

N.D.
0.78
127
0.085
0.185
0.66
0.230
0.488
197
8.59
0.86
73.0
30.3
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Os (ppb)
Ir
Ru
Rh
Pt
Pd
Au

0.50
0.54
1.90
1.78
19.36
13.99
2.72

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.11
0.21
0.89
0.77
9.54
5.21
1.90

0.23
0.30
1.23
0.74
12.71
3.28
0.89

critical to the formation of the deposits.
1000

100

Avg. B-1
Avg. B-2
Avg. B-3

The inter-element ratios of the PGE are similar in all the
magmas and are similar to the ore deposits, Pd/Ir ~ 20-30
~Pt/Pd 1.5-2. This suggests that some phase has
collected all of the PGE equally to form the ores. A base
metal sulphide liquid would appear to be the most likely
candidate.
Sulphur contents of all the magmas are too low for
the magmas to have been saturated in a sulphide liquid at
the time of emplacement. Approximately 20% crystal
fractionation would be required before the magma
attained sulphide liquid saturation.
The Cr content of the B-1 magma is similar to the Cr
content of other primary magmas and the magma does
not appear to have been enriched in Cr.
Magnetite is not on the liquidus of any of the
magmas. At least 40% crystal fractionation would be
required before it becomes a liquidus phase. Assuming a
bulk partition coefficient of 0.5, the V content of the
magma at the time of magnetite crystallization would
have been ~300 ppm which is not exceptionally V rich.

10

1

CsRbBaTh U TaNb KLaCePbSr P NdSmZrHfEu Ti Tb YYbLuSc V

1000
Avg. B-1
boninite
upper crust

100

10

1

4 Discussion and conclusions
0.1

Three types of magma are present in the marginal rocks
of the Bushveld Complex. The B-1 magma resembles
Archean SHMB. The B-2 and B-3 magmas resemble
arc tholeiites. The trace element pattern of the B-1
magma parallels the upper continental crust. The trace
element pattern of the B-2 and B-3 magmas resemble the
lower continental crust. It is possible to model the
composition of the lithophile elements as a mixture of a
basaltic komatiite with partial melt of the upper
continental crust for the B-1 magma and a mixture of
lower crust for the B-2 and B-3 magmas. However, this
process would have diluted the PGE concentrations well
below that observed in both groups of rocks. An
alternative is that the magmas represent the products of
reactional melting between a rising mantle plume and the
metasomatized subcontinental lithospheric mantle
(SCLM). The B-1 magma, which is the most enriched in
incompatible elements would have the largest SCLM
contribution. The B-2 or B-3 magmas could contain
more plume material. A contribution from the SCLM
would help to explain the high Pt/Pd ratios of all the
Bushveld magmas.
Despite containing most of the world’s PGE resources
and large Cr and V deposits, the magmas from which the
Bushveld Complex formed do not appear to be
exceptionally rich in these elements, although they are
slightly enriched in Pt than most basalts. The ore
deposits are 200 to 400 times richer in the ore elements
than the marginal rocks. We conclude that it was the
processes that occurred in the magma chamber that were

Cs RbBaTh U TaNbK LaCePbSr P NdSmZrHfEu Ti Tb Y YbLuSc V

1000
Avg. B-2
Avg. B-3
arc tholeiite

100

lower continental crust

10

1

CsRbBaTh U TaNb KLaCePbSr P NdSmZrHfEu Ti Tb YYbLuSc V

Figure 1. Primitive mantle normalized trace element patterns
for the marginal rocks.
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Petrogenesis and Ni-Cu-PGE sulphide potential of the
Bell Rock Range, Giles Complex, central Australia
Roland E. B. Seubert, Reid R. Keays, Simon M. Jowitt
School of Geosciences, Monash University, Victoria, 3800, Australia
Abstract. The layered Bell Rock Range in the Giles
Complex, west Musgrave Province, central Australia, is a
~5500 m thick troctolitic intrusive body. It comprises at
least 6 subunits with distinct rare earth chemistry, but no
cyclicity was observed in the geochemical trends. Each
of the different subunits was formed by multiple magma
injections which caused the magmatic system to
alternate between a S-saturated and undersaturated
state. Abundant olivine controls Ni; Cu and PGE are
depleted in many layers and their geochemical trends are
controlled by sulphide segregation. Saturation with S was
most likely achieved by assimilation of crustal rocks.

thick troctolitic-type intrusion.

3 Analytical methods
Detailed sampling along a traverse across the igneous
layering has been done. Whole-rock geochemistry was
undertaken at Acme Analytical Laboratories in
Vancouver, Canada. Major elements were determined by
ICP-ES, trace elements by ICP-MS, base metals Ni and
Cu by ICP-ES and ICP-MS, respectively, Au, Pt and Pd
by fire assay followed by ICP-MS and S has been
determined by LECO.

Keywords. PGE, troctolite, sulphide, Giles Complex

4 Petrology

1 Introduction

The majority of the samples of Bell Rock Range (Fig. 1)
are
coarse-grained
troctolites
with interstital
clinopyroxene and opaque minerals. Olivine often
shows reaction rims with orthopyroxene, opaque
minerals (magnetite according to Glikson et al. 1996)
and a symplectitic texture; rutile can occur. The
troctolites are interlayered with few anorthosites and
fine- to medium-grained sub-ophitic gabbros with minor
olivine and interstitial clinopyroxene and opaque
minerals. Gabbros occur more frequently towards the
base and the top of the intrusion.

The Giles Complex is one of the world’s largest mafic to
ultramafic layered igneous complexes, comparable in
size to the Bushveld Igneous Complex of South Africa
and as such the Giles Complex is considered by many
Ni-Cu-Platinum Group Element (PGE) explorers to be
highly prospective for such magmatic sulphide
mineralisation. However, it is located in one of the least
explored and least studied areas in Australia and little
economic geology-type research has been undertaken on
these intrusive bodies apart from Seat et al. (2007, 2009)
on the Nebo-Babel Ni-Cu-PGE sulphide deposit. This
study focuses on the geochemistry of the Bell Rock
Range, undertaken to understand the igneous evolution
and Ni-Cu-PGE prospectivity of the troctolitic
intrusions of the Giles Complex.

5 Geochemistry
A consistent HREE depleted and LREE enriched
signature is present in all samples (Fig. 1); samples with
the lowest REE generally display the largest positive
Eu-anomaly (Eu/Eu*). However, the REE patterns
indicate several coherent sample populations.
A basal unit with moderate Eu/Eu* but relatively
high REE overall is followed by a large lower troctolitic
unit with high Eu/Eu* and moderate HREE
fractionation. A sample on top of the lower troctolitic
unit represents a clear discontinuance with moderate
Eu/Eu* and distinct flat LREE. The upper troctolitic unit
is geochemically similar to the lower troctolitic unit.
Again, one sample at the top represents a dicontinuance
with moderate Eu/Eu* and flat LREE. At the top of the
magmatic succession a low Eu/Eu* unit occurs with flat
LREE but high REE overall. It must be noted that there
is a large gap in outcrop between the upper
discontinuance and the top unit.
Neither a clear single fractionation trend nor a
distinct cyclicity can be seen in the magmatic logs of
Bell Rock Range (Fig. 2). The magmatic logs show a
good correlation between Ni and MgO and also between
Cu and PGEs, although Pd tends to exhibit peak values
towards the bottom of the intrusion. The Eu-anomaly
and (La/Sm)PM generally correlate with each other; the

2 Geological setting
The Mesoproterozoic Giles Complex comprises at least
20 mafic to ultramafic layered intrusions of either
peridotitic, gabbroic or troctolitic composition. The
complex is > 550 km from east to west and > 100 km
from north to south, with individual intrusions up to 10
km thick (Glikson et al. 1996; Evins et al. 2010). The
tectonic setting in which the intrusions formed is
ambiguous. Wingate et al. (2004) suggested that the
complex had formed in proximity to the plume head of
the Warakurna Large Igneous Province (LIP), a newly
defined LIP which is exposed over an area of 1,5 × 106
km² throughout central and western Australia. However,
Evins et al. (2010) proposed that a mantle plume setting
might be an oversimplification and the Giles Complex,
as part of the west Musgrave Pronvince, had formed in
the failed Ngaanyatjarra Rift, due to the complex
magmatic and tectonic history of the area with bimodal
volcanism and plutonism over an extended period of
min. 50 Ma (Evins et al. 2010). The Bell Rock Range,
the focus of this study, is a ~30 km long and ~5500 m
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these elements. Despite the ambiguous contamination
patterns it can be inferred that a crustal component with
low (Nb/La)PM might have been assimilated because the
(Nb/La)PM ratio of the samples is mostly <1 even though
rutile being present in some samples, while
uncontaminated mantle yields ~1.

ratios (Ti/Zr)PM and (Nb/La)PM, however, do exhibit a
negative correlation in most parts of the Bell Rock
Range except for the basal and top units where the
correlation appears to turn positive.

7 Conclusions
Bell Rock Range formed by multiple injections of
magma. The petrogenetic processes involved in the
formation of the different layers were slightly different,
which is responsible for the absence of the cyclicity.
Contamination likely has occurred in most layers,
which lead to S-saturation in many samples/subunits.
However, due to multiple replenishment the magmatic
system alternated between a S-saturated and
undersaturated state. The resulting sulphide phase
collected PGE and minor Cu but not Ni.

Figure 1. Rare earth element composition of Bell Rock
Range. Subunits were defined according to the degree of REE
enrichment/depletion relative to PM as well as the Eu-anomaly.
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6 Discussion
The correlation between Ni and MgO, indicates that Ni
is mainly controlled by olivine fractionation, the main
host phase for MgO as well as for Ni, as long as no or
only minor sulphide segregation occurs. On the other
side Cu and PGE correlate well with each other but not
so with any of the major oxides, which suggests that the
two are controlled by sulphide abundance and
saturation. A plot of Pd vs. the Pd/Cu ratio (Barnes et al.
1993) shows that most samples experienced loss of
sulphides. This sulphide phase depleted most samples in
PGE but only partially in Cu and not so in Ni. On a plot
of Cu vs. Pd (Fig. 3) the samples follow the boundary
line between S-saturated and S-undersaturated (Vogel
and Keays 1997). Most samples of the basal and top
units, however, indicate that S-saturation occurred. The
alternation between S-saturated and S-undersaturated
indicates that the magma system underwent multiple
replenishment since a magma chamber, once becoming
S-saturated and losing its sulphides, requires new
magma to re-establish S-saturation. The different
batches of magma were not identical as indicated by the
absence of a cyclicity in the logs.
The (Pd/Yb)PM ratio does not show a coherent trend
when plotted against the Mg# (Fig. 4). However, it lies
mostly below 1; considering that the ratio is 1 in
primitive mantle it seems evident that multiple
lithologic packages experienced sulphide loss.
Ratios containing Nb or Ti must be interpreted with
caution when investigating the crustal contamination
history of the Bell Rock Range (Fig. 3), because rutile
and interstitial magnetite in cumulate rocks could
increase and therefore obscure geochemical trends with
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Figure 2. Geochemical and petrographic logs of the magmatic succession. Correlation between MgO and Ni indicates control by
olivine fractionation; Cu and PGE do not follow this trend.

Figure 3. Low (Nb./La)PM indicates crustal contamination. Low Pd suggests S-segregation; the alternation between the S-saturation
states was caused by multiple magma injections.
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Podiform chromitites as a possible mantle dynamics
tracer
Shoji Arai
Department of Earth Sciences, Kanazawa University, Kanazawa 920-1192 Japan
Ahmed H. Ahmed
Faculty of Earth Sciences, King Abdulaziz University, Jeddah, Saudi Arabia
Abstract. Podiform chromitites (simply chromitites
hereafter) have been interpreted as cumulates formed at
the upper mantle through harzburgite/melt reaction and
related melt mixing. The recent discoveries of diamonds
and other UHP (ultra-high pressure) minerals in
chromitites from Tibetan ophiolites require us to
reconsider the origin of chromitites. In addition to UHP
minerals, the Tibetan UHP chromitites are characterized
by complete absence of primary hydrous inclusions,
presence of only PGE alloys as PGM, low PGE contents
and a high IPGE/PPGE ratio. The UHP chromitites can
be formed by deep recycling of shallow cumulates via
mantle convection.
We examined two types of chromitites, concordant and
discordant, from a cliff along Wadi Hilti, northern Oman
ophiolite. The discordant chromitite shows a character of
typical shallow magmatic cumulate with primary hydrous
mineral inclusions in spinel. In contrast, the concordant
chromitite is almost free of the hydrous mineral inclusions
and contains needle-like exsolutions of pyroxenes
(mostly cpx) in spinel. The silicate exsolution from spinel
is one of the UHP features of the Tibetan chromitites. The
concordant chromitites from Oman is possibly of UHP
origin, recycling or deep magmatic crystal accumulation.
Origin of chromites will give us a clue to understanding
mantle dynamics.

try to re-examine chromitites exposed in the Oman
ophiolite, where we can see them carefully in the
context of ophiolite stratigraphy.

2 Characteristics of chromitites: a
summary
The podiform chromitite is divided into two types in
terms of structure/mode of occurrence, discordant and
concordant (Cassard et al. 1981). The discordant
chromitite cut foliation (= deformation structure) of
enclosing peridotites (mainly harzburgites). The
concordant chromitite, in contrast, is parallel to the
attitude of harzburgites. Cassard et al. (1981) interpreted
the latter has been structurally modified from the former
during the horizontal mantle flow off a spreading center.
This deformation has erased magmatic features
observed in the discordant chromitite, e.g., primary
inclusions dominated by hydrous minerals (pargasite
and phlogopites) and pyroxenes. Peculiar magmatic
textures, such as orbicular, nodular and antinodular
textures, are commonly found only in the discordant
chromitite (e.g., Nicolas 1989).
There is some wall-rock control on the chromitite
formation (Arai 1997). Chromitites are most commonly
found in intermediately depleted harzburgites, which are
almost free of cpx and contain chromian spinel with Cr#
= 0.4 to 0.6. In the low Cr/Al system, it is difficult to
obtain spinel-oversaturated melts by mixing of olivinespinel cotectic melt and silica-rich melt (Arai 1997). In
the high Cr/Al system, the opx is low in Cr + Al, a
source of chromian spinel (Arai, 1997).
There are so few examples of chromitites from
known tectonic settings. Chromitites have been
recovered from the current ocean floor by drilling.
Chromitite xenoliths with the nodular texture were
found within alkali basalt from the Southwest Japan arc.
They suggested the presence of podiform chromitite
within the upper mantle beneath the SW Japan arc.

Keywords. podiform chromitites, shallow cumulates,
ultra-high pressure minerals, recycling, mantle dynamics

1 Introduction
Chromitites, which are mainly composed of chromite or
chromian spinel, are classified into two types, stratiform
and podiform. The stratiform chromitite forms thin
layers or seams with stratigraphical continuity within
so-called layered intrusions in the continental crust. The
podiform chromitite (= simply chromitite hereafter)
shows various shapes, mainly pods and lenses,
enveloped by dunite within harzburgite. In well-exposed
ophiolites, they are found in the Moho transition zone to
upper mantle section. The chromitite is a peculiar type
of mantle rock mainly composed of the mineral
chromian spinel, which is minor in peridotites.
The chromitite is basically formed as magmatic
cumulates partly filling a kind of melt conduit within the
uppermost mantle (e.g., Lago et al. 1982). There has
been a consensus that the chromitite is a product by
melt/peridotite reaction and subsequent melt mixing
(e.g., Arai and Yurimoto 1994; Zhou et al. 1994).
Finding of diamond and other ultra-high pressure (UHP)
minerals (e.g., Robinson et al. 2004), however, seriously
requires us to reconsider the origin of chromitites. We

3 Chromitites as shallow magmatic
cumulates
As discussed by Arai and Yurimoto (1994) and Zhou et
al. (1994), chromitites are basically cumulates from
spinel-oversaturated magmas formed by peridotite/melt
reaction and subsequent magma mixing. This process is
related with orthopyroxene incongruent melting to form
silica-rich melts, which works at low-pressure
conditions. The discordant chromitite cuts the
deformation structure of mantle harzburgite at shallow
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mantle conditions (Cassard et al. 1981). The pargasitic
amphibole included by chromian spinel indicates that
chromitite formation should take place within the
stability field of pargasite, >3 GPa (e.g., Niida and Green
1999).

PGE sulfides and arsenides are absent (Bai et al. 2000).
Arai (2010) interpreted that the Luobusa UHP
chromitites were metamorphically/metasomatically
formed from low-P magmatic chromitites by deep
recycling (Fig. 1). Chromian spinel experienced the CFtype high-P polymorph (Yamamoto et al. 2009). The
primary inclusions dominated by hydrous minerals were
partially melted and/or dehydrated to leave residual
components, which were subsequently dissolved in the
high-P polymorph as heated/compressed, and exsolved
as lamellae of silicates as cooled/decompressed (Fig.
1d). Diamonds were modified, as compressed, from
fluidal C species (e.g., CH4 and CO2) initially obtained
as fluid inclusions in chromian spinel during mantle
convection (Fig. 1). PGE sulfides or arsenides,
commonly formed as low-P magmatic phases, were
decomposed to alloys and PGE-bearing vapor as
heated/compressed (Fig. 1). The loss of this vapor
possibly caused lowering of total PGE contents as well
as an increase of the high IPGE/PPGE ratio in the
Luobusa UHP chromitite.
Chromitites are basically mixtures of chromian spinel
and olivine. No reactions between these two phases are
expected: chromitites may be “metamorphosed”
progressively to the CF-type Cr-bearing oxide and
ringwoodite (or higher pressure phases), and
retrogressively back to chromitites, as compressed and
decompressed, respectively. Original magmatic textures,
e.g. nodular textures, can be preserved even after the
deep recycling as in the Luobusa UHP chromitites (Zhou
et al. 1996; Yamamoto et al. 2009).

4 UHP chromitites: possible deep
recycling origin
Various unusual minerals have been found in chromitites
from Luobusa ophiolite, Tibet (Table 1). Some of them
indicate UHP (>10 GPa) and highly reducing conditions.
Diamond has been found as minute inclusions in PGE
alloys (Yang et al. 2007) or euhedral crystals in chromian
spinel (P. Robinson, personal comm. 2011). Yamamoto
et al. (2009) found coesite and pyroxene exsolution
lamella in chromian spinel, directly indicating
experience of a UHP condition by chromian spinel.
Table 1. List of “unusual minerals” found in chromitites from
Luobusa ophiolite, Tibet. Compiled by Arai (2010).

5 Two chromitite pods at Wadi Hilti,
Northern Oman Ophiolite
The Oman ophiolite, especially its northern part, gives
us a vast excellent exposition of the mantle section
beneath a well-preserved crustal section (Lippard et al.
1986). The Moho transition zone to the uppermost
mantle part has chromitite pods, which well provide us
information on relationships with surrounding
peridotites. Ahmed and Arai (2002, 2003) described two
massive chromitite pods with contrasted characters
within the deep mantle section at Wadi Hilti, northern
Oman ophiolite. One has a lens-like shape and is
concordant to the surrounding harzburgite. It is low in
total PGE level, and shows a relatively flat chondritenormalized PGE pattern (Ahmed and Arai 2002). Its
chromian spinel shows Cr# = 0.6, and is almost free of
the primary hydrous mineral inclusions. In contrast, the
other pod exhibits a complicated dike-like shape, cutting
the harzburgite foliation (= discordant). It is rich in PGE,
and shows a high IPGE/PPGE ratio (Ahmed and Arai
2002). The Cr# of chromian spinel is relatively high,
~0.7, and concentrically arranged hydrous mineral
inclusions are abundant in its spinel grains.
We re-examined the chromitite pods. The fine
needle-like inclusions in chromian spinel, which are one
of characteristics of the Luobusa UHP chromitite, are
commonly found only from the PGE-poor concordant
chromitite (Fig. 2). Raman spectroscopy and careful
microprobe analysis indicate that they are mostly
diopsidic cpx and subordinately opx (Fig. 2). The

Figure 1. Cartoon to indicate formation of chromian spinel
with UHP signature by deep recycling from a shallow
cumulate. See text for explanation. Modified from Arai (2010).

The Luobosa chromitites are characterized by low
total PGE contents and a high IPGE/PPGE ratio (Zhou et
al. 1996). Their PGM are solely PGE-bearing alloys, and
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Mesozoic). They may have been affected by a common
process, deep recycling, to obtain the common
characteristics. Trumbull et al. (2009) reported SiC, one
of UHP minerals, from possibly concordant chromitites
from the northern Oman ophiolite, which is consistent
with this idea.

needle-like pyroxene inclusions show parallelism,
possibly indicating a subsolidus exsolution origin
(Yamamoto et al. 2009).
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Figure 2. Needle-like clinopyroxene inclusions in chromian
spinel from a concordant chromitite from Wadi Hilti, northern
Oman ophiolite. Transmitted light image (upper left), reflected
light image (upper right) and Raman spectra (bottom).

Detailed microscopy and Raman spectroscopy
exhibit minute (up to 10 microns across) poly-mineralic
inclusions in chromian spinel from the discordant pod,
which are mostly composed of hydrous minerals and
pyroxenes. They are similar to the inclusions in spinel
from the discordant chromitite (Ahmed and Arai 2002),
although the size is far smaller.

5 Discussion
The concordant chromitite from Wadi Hilti shows an
intermediate character between the Luobusa UHP
chromitite and the Hilti discordant chromitite: it is
similar to the UHP chromitite in the presence of
pyroxene exolution lamellae and low PGE level, but is
similar to the discordant one in the presence of primary
hydrous mineral inclusions (although the size is quite
different). Both the concordant and discordant
chromitites
contain
both
PGE
alloys
and
sulfides/arsenides, but the alloy/sulfide-arsenide ratio is
slightly higher in the concordant chromitite (Ahmed and
Arai 2003).
It is quite interesting to note that all concordant
chromitites from the literature show relatively flat PGE
patterns, as that in the Hilti concordant one, irrespective
of the age and spinel composition (Cr#) of the
chromitites. In addition, PGE alloys predominate over
sulfides/arsenites in them. Discordant chromitites
(mainly from the Tethyan ophiolites) show various PGE
patterns, but commonly show a trough at Ir on the
pattern, which is not observed in the concordant
chromitites.
It is rather difficult to consider a common magma
type from a common tectonic setting for all the
concordant chromitites, which are varied in Cr# of spinel
and with ophiolites from different ages (Proterozoic to
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Nb and REE at the Bailundo carbonatite, Angola
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Abstract. The Bailundo carbonatite massif is one of the
largest in Angola. The massif has a circular morphology
and the structure belongs to a plug intrusion in
subvolcanic context, where the central part consists of
carbonatites and carbonatite breccias. The external area
is formed by ring shaped dikes made up by carbonatite
breccias and fenites. Carbonatite compositions range
from calcitic to ferroan, although most of the outcrops
exhibit an intensive hydrothermal alteration, including
dolomitization and silicification. F-rich primary pyrochlore
is a very common accesory mineral in Bailundo, and is
partly replaced by plumbopyrochlore. A large volume of
REE minerals, as synchysite-(Ce) and rhabdophane-(Ce)
is produced during hydrothermal alteration and
weathering of the carbonatites. Weathering also
produces enrichment in secondary iron oxides.
Figure 1. Geological setting (modified after de Araujo and
Perevalov 1998; de Araujo et al. 1988, de Carvalho et al. 2000;
Egorov et al. 2007).

Keywords. carbonatite, pyrochlore, REE carbonates,
REE phosphates, hydrothermal, weathering

3 Structure

1 Introduction

The Bailundo structure is hosted by Archaean granitic
rocks that exhibit a deep fenitization. The Bailundo
massif is circular in shape with ring-shape concentric
dikes around of a massive carbonatite centre, thus
corresponding with a plug intrusion in subvolcanic
context.
The central part of the structure consists of
calciocarbonatites with a core of ferrocarbonatites and
carbonatite breccias, whose produce small reliefs.
In the external part there are ring dikes, made up of
carbonatite breccias associated with a strong fenitization
of the host rock. These rocks have been extremely
weathered, and residual clay deposits unconformably
cover part of the outcrops. The ensemble is covered with
colluvial deposits.

The Bailundo massif is one of the largest carbonatites
massifs in Angola. It measures more than 5 km in
diameter. Early studies during colonial times mentioned
the occurrence of pyrochlore, barite and apatite as
potential ores in this structure (Lapido-Lourelio 1973;
Alberti et al. 1999). In addition, oxidized iron massive
ores were suggested as a possible additional mineral
resource. However, war made difficult for more than 30
years to study this deposit in detail. Therefore, the aim of
this contribution is to provide new data on the rare
element mineralogy of this locality.

2 Geographical and geological setting
Bailundo is a town located 70 km NNE of the Huambo
city, in the Huambo province. This municipality has
good communications by roads and railway that also
provide good acces to the carbonatites.
The Bailundo carbonatite belongs to the ParanaNamibia-Angola Early Cretaceous alkaline-carbonatitic
province related to the disruption of Pangea (Ernst and
Bell 2010). The Bailundo massif is associated with the
Lucapa structure, a tectonic structure trending NE-SW
that crosscut Angola (Fig. 1). Most of carbonatites and
kimberlites in Angola occur into this tectonic structure.

4 Carbonatite petrography
Primary mineral assemblages consist largely of calcite
and siderite, whose have granular texture. The most
common primary accessory minerals comprise finegrained magnetite, pyrochlore and apatite (less than 500
μm in diameter). These minerals occur scattered across
the rock but they can be concentrated along bands.
Pyrochlore is generally associated with magnetite in
these bands (Fig. 2). Sulfides are scarce, and pyrite is the
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dominant, with scarce chalcopyrite and galena; zircon is
very rare.
Most primary carbonatites at Bailundo, and in
particular those of calcitic composition, underwent a
pervasive alteration by hydrothermal fluids. The most
intensive replacement was produced along randomly
oriented quartz veinlets. In the vicinity of these veinlets
the original igneous carbonates were replaced by
dolomite, ankerite and quartz, with large amounts of
barite, REE carbonates and, in some cases, minor
fluorite.
Weathering of the ferrocarbonatites is extensive and
produced the development of goethite. Members of the
hollandite group and REE phosphates are widespread.

5 Carbonatite breccias
In the Bailundo massif carbonatite breccias consist of
pink fragments of fenitized granitoids scattered in a
carbonatite matrix. The fragments are sometimes formed
by early generations of carbonatite. The carbonatite
matrix has been affected by the same hydrothermal and
weathering processes than the massive carbonatites.

Figure 2. General view of a calcite carbonatite. Pyrochlore
(pyr) and magnetite (mt) are primary minerals. Baryte (ba) is
hydrothermal and hollandite (ho) supergene. SEM-BSE image.

6 Pyrochlore
The pyrochlore subgroup has a general structural
formula that can be written as A2B2 O6Z, where A is
mainly Ca,Na, K, Ba, Sr, U, Th, Pb, Mn, Sb, Bi, REE), B
is Nb, Ta, Ti, Zr, Si, Fe3+ and Z is F, OH, O.
Pyrochlore is very common in Bailundo carbonatites
and tends to occur as small euhedral crystals, of
octahedral habit, less than 250 m in diameter.
Several secondary generations of pyrochlore can be
distinguished according to textural criteria. Primary
pyrochlore is euhedral and zoned, and several
generations of secondary pyrochlore may replace in
different grade the primary crystals along grain
boundaries, zoning or thin cracks (Fig. 3 and 4). In some
cases, the cores or all the crystal are completely replaced
by these secondary pyrochlore generations.
Primary pyrochlores has a full occupancy of the
position A, consisting of Ca and Na, with minor
proportions of Th. B is occupated mainly by Nb and
minor Ti; Ta content is very low and Si and Zr are
minoritary. Position Z is mainly occupied by F and
therefore these crystals are close to the fluorpyrochlore
end member, with low proportion of vacancies in the
position A. Primary pyrochlore crystals usually display
concentric zoning when observed with SEM-BSE. This
zoning is produced by slight changes in the ratio
Nb/(Nb+Ta+Zr+Ti) in the position B, accompanied by
slight changes in Th contents in the position A.
The first stage of replacement consists of a coupled
removal of Na and F, and the late replacements consist
of the development of a late generation of
plumbopyrochlore (Fig. 4), in some cases enriched in
Ba, Sr or Ce. In addition, baddeleyite (ZrO2) can replace
primary pyrochlore along small cracks.

Figure 3. Concentric zoning in a pyrochlore crystal; the core
has been altered to a secondary Pb-rich pyrochlore. Barite
platelets are found in the borders. SEM image, BSE mode.

Figure 4. Plumbopyrochlore (brighter) replacing pyrochlore
along cracks. SEM-BSE image.
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8 Discussion and conclusions
The Bailundo carbonatites have been intensively affected
by subsolidus processes, comprising hydrothermal
alteration and weathering. These processes produced
significant enrichment of many economic elements in
the weathered part of the Bailundo carbonatite, where
average Nb is close to 2000 ppm, with many values
close to 5000 ppm. Ce average is close to 1500 ppm,
with many values exceeding 3000 ppm. P content may
achieve up to 8.5 wt.% in some samples.
These subsolidus processes do not produce
significative changes in the Nb composition of
pyrochlore, but can be effective in concentrating
pyrochlore in the weathered rocks, and in the
corresponding soils.
However, these processes produced important
changes in the distribution of some elements having
economic interest, in particular, P and REE. REE
enrichments can be produced by massive leaching of
REE from the structure of the magmatic carbonates
during the subsolidus stages. At low temperature these
elements cannot be accomodated in the structure of the
new carbonates. At the same time, apatite is also altered,
and therefore P can contribute to fix part of REE
producing secondary phosphates. A similar mechanism
produces enrichment of REE in carbonates.

Figure 5. Detail of subsolidus processes producing REE
mobilization. Primary magmatic calcite (dark grey) is replaced
by hollandite (interrmediate grey). The ensemble is replaced by
rhabdophane-(Ce) (white). SEM-BSE image.
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Figure 6. Detail of subsolidus processes producing REE
mobilization. A veinlet of synchysite-(Ce) occurs at the center
of the image and is found replacing siderite, altered to
secondary goethite. Barite is scattered in the rock (white dots).
The crystals close to the lower right corner is pyrochlore (dark)
replaced by plumbopyrochlore (white). SEM-BSE image.

7 REE minerals
All the carbonatite rocks at Bailundo are strongly
enriched in REE minerals. These minerals are found
filling small cracks. The most common is rhapdophane(Ce), (Ce,La)PO4·2H2O, which is found forming radial
aggregates replacing carbonates along grain boundaries
(Fig. 5)
Synchysite-(Ce), namely Ca(Ce,La)(CO3)2F is also
very common. This carbonate occurs filling small cracks,
and exhibit a typical tabular habit (Fig. 6).
No significant HREE elements have been observed in
the minerals of Bailundo.
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Abstract. Large layered intrusions, such as the Stillwater
Complex, contain cyclic units of chromite-rich layers (cm
to m thick) having kilometre-scale lateral extension.
Chromite cumulates are among the first to form after new
primitive melt injections into the magma chamber.
Therefore, chromite cumulates could be used to
investigate the nature of the parental magma, given the
fact that chromite preserves its primary original magmatic
composition. The cooling and crystallization history of
large layered intrusions is long, complex, and involves
multiple injections of hot primitive magma into an
evolving and fractionating magma chamber. Our study on
Stillwater chromites shows that the early crystallized
chromite experiences various post-cumulus processes
with the interstitial silicate melt, such as the precipitation
of chromite overgrowths on early formed cumulus
chromite and/or the reaction - reequilibration of early
formed cumulus chromite. These processes have
modifed the primary magmatic composition of the
chromite making it difficult to identify the parental magma.
Moreover, mineralogical evidence for chromite interstitial melt interactions have probably been
obliterated during late post-magmatic textural maturation
and recrystallization which tends to homogenize chromite
grain size and composition.

injections of hot primitive magma into an evolving and
fractionating magma chamber. The chromite-cumulate
layers are subject to experience various early postcumulus processes with the interstitial silicate melt
which may have modified the primary magmatic
composition of chromite. So, before the complete
solidification of the cumulate pile, a portion of the
residual melt interstitial to the cumulate crystals will
migrate upwards during compaction of the cumulate pile
(filter pressing), which greatly increases the melt :
chromite crystal ratio (Irvine 1980).
Overgrowths of chromite can precipitate from the
interstitial melt on early formed cumulus chromite, or
cumulus chromite can react and reequilibrate with the
interstitial melt as other phase(s) are crystallizing; both
processes reduce porosity as a side effect (Barnes 1986).
It is inevitable that during crystallization and reduction
of the porosity the chromite composition can be
significantly modified depending i) on the proportion of
chromite in the rock and the nature of the co-existing
silicates phases (e.g., pyroxene or plagioclase) which
will compete for certain elements, ii) on the interstitial
melt to cumulus (chromite) crystal ratio, and iii) on the
cooling rate (Hunter 1987).
Also, at a post-magmatic sub-solidus stage, the
magmatic textures will recrystallize to variable degrees
(textural maturation) according to the cooling rate of the
cumulate pile. These post-cumulus textural maturation
and recrystallization processes tend to homogenize the
grain size and the chemistry of chromite crystals
(Hunter 1987).
In order to characterize the primary magmatic
composition of chromite and to investigate the effects of
post-cumulus magmatic processes that may have
occurred during the evolution and solidification of the
ultramafic part of the SC magma chamber, we have
determined the major and trace elements (Cr, Al, Fe,
Mg, and Ti by microprobe; Sc, V, Mn, Co, Ni, Zn, and
Ga by laser ablation ICP-MS) of chromite from the
chromitite layers of the SC. Our ultimate goal is to
identify the nature of SC parental magma.

Keywords. chromite, Stillwater Complex, LA-ICPMS
trace element, crystal-melt interaction, parental melt

1 Introduction
It is well-known that large layered igneous complexes,
such as Stillwater (U.S.A.), Bushveld (South Africa),
Great Dyke (Zimbabwe) and Muskox (Canada) among
others, contain, within their ultramafic parts, cyclic units
of chromite-rich layers (cm to m thick) which extend
laterally up to several kilometres. These stratiform
chromitites form layers of primary magmatic crystals of
chromite precipitated at an early stage after new
primitive melt injections in the magma chamber and
accumulated on the floor of the magma chamber. Since
chromite is one of the first phases to crystallize in
ultramafic - mafic silicate melts, our aim was to use the
major and trace element signature of chromite from
chromitites to investigate the nature of the Stillwater
Complex (SC) parental magma, which is not well
constrained at present. This technique has been
successfully applied to ophiolitic podiform chromitites
(Pagé and Barnes 2009), but could it be applied to large
layered complexes?
The cooling and crystallization history of large
layered intrusions is complex and involves multiple

2 Geological setting and samples
2.1 The Stillwater Complex (SC)
The Stillwater layered igneous Complex consists of a
large (~6 by 48 km) ultramafic to mafic intrusion
emplaced during the Archaean (~ 2700 Ma: Premo et al.
1990) into existing metasedimentary rocks. The five
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material and the presence of included phases, and to
verify their presence/abundance in chromite. Analytical
results from in-house monitor indicate that the relative
standard deviation is 4 to 20 percent.
The majority of ablation profiles are free of any
inclusions. However, silicates (Si, Ca, ± Sr, and ± Y
peaks), sulphides (Cu and ±Rh, ±Ru), or PGM (Os, Ir,
Ru, ± Rh) were rarely encountered.

major subdivisions of the SC comprise, from the base to
the top, the Basal Series, the Ultramafic Series, and the
Lower, Middle, and Upper Banded Series. The
Ultramafic Series have been subdivided into a lower
Peridotite Zone, containing all the major chromitite
layers, and an upper Bronzitite Zone (Zientek et al.
1985). In the Ultramafic Series, plagioclase together
with amphibole and phlogopite are present but only as
late intercumulus phases.
Depending on the location of traverses along the SC,
the Peridotite Zone consists several cyclic units (8 to 24)
having an idealized sequence, from the base to the top,
of olivine cumulate, olivine-bronzite cumulate, bronziteolivine cumulate and bronzite cumulate (Jackson 1961).
In the sampled sections, fifteen cyclic units contain
chromitite layers within their olivine cumulate part.
Chromitite layers show variations in their thickness and
their modal proportions making correlations from place
to place somewhat difficult. The larger chromitite layers
can reach more than 1 m thick, and comprise many
massive layers and lower grade olivine-chromite
cumulate intervals. They can extend for more than 20 km
along strike (Jackson 1961).

4 Chemical composition of chromite from
Stillwater Complex chromitites
4.1 Major elements
Chromite from the SC chromitites have Cr#
[100Cr/(Cr+Al)] ranging from 57.4 to 68.7 and Fe2+#
[100Fe2+/(Fe2++Mg)] ranging from 41.3 to 58.5, and they
plot within the field of chromite from chromitites from
layered intrusions (Fig. 1). In detail, the chromite from
SC chromitites tend to plot on the Mg-rich side of the
largest concentration of data, and our results do not
show any particular trend that can be clearly related to
the effect of simple fractional crystallization of
chromite.

2.2 The studied samples
We have analysed chromite from 29 chromite-rich rocks
from the basal parts of 10 magmatic cyclic units sampled
in the Mountain View and Benbow areas, on the east side
of the SC. The studied samples range from i) chromiterich olivine-cumulate to olivine-rich chromite-cumulate
with ~8 <70% euhedral to rounded disseminated
interstitial chromite (net texture) to semi-massive
chromitites. These samples can contain ~15-25% of
intercumulus material dominated by pyroxene and
plagioclase, sometimes showing poikilitic to subpegmatitic habits, and minor hydrous phases to ii)
massive chromitites (70 - 80% chromite) to very massive
chromitites (85 - 98%) chromite). Orthopyroxene,
clinopyroxene, plagioclase and hydrous phases are
interstitial to chromite.

3 Methodology and observations from LAICPMS analysis of chromite
The major element composition of chromite was
determined by microprobe CAMECA SX100 with
wavelength dispersive mode at Université Laval
(Québec City). Details of the methodology have been
presented elsewhere (Pagé and Barnes 2009).
The minor and trace element contents of chromite
were determined by LA-ICP-MS at the Université du
Québec à Chicoutimi following the methodology of Pagé
and Barnes (2009) and Pagé et al. (in press). The LAICP-MS system used is a Thermo X7 ICP-MS coupled
with a New Wave Research 213 nm UV laser. In addition
to the trace elements analysed (45Sc, 51V, 55Mn, 59Co,
60
Ni, 68Zn, and 69 Ga), other elements / isotopes (25Mg,
27
Al, 29Si, 34S, 44Ca, 46Ti, 47Ti, 49Ti, 53Cr, 57Fe, 61Ni, 65Cu,
71
Ga, 77Se, 82Se, 88Sr, 89Y, 90Zr, 93Nb, 101Ru, 103Rh, 105Pd,
115
In, 118Sn, 192Os, 193Ir, and 195Pt) were monitored during
chromite ablation to control the nature of the ablated

Figure 1. Cr# and Fe2+# ratios of chromites from Stillwater
Complex stratiform chromitites compared to the compositional
field of chromite from chromitites from layered intrusions
(Barnes and Roeder 2001).

4.2 Trace elements
The eight transition metals (Sc, Ti, V, Mn, Co, Ni, Zn,
and Ga) are above detection level (DL varying from
0.02 to 1 ppm). However, all of the following elements
are below detection levels: Si < 60 ppm, Ca < 40 ppm,
Ge, Se, Zr, Mo, Ru, Cd, In, Sn (0.01 < DL < 0.1 ppm)
and Y, Nb, Ag, W, Re, Os, Ir, Au (0.001 < DL < 0.01
ppm).
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4.3 Chemical variation with chromite content

Stillwater Complex, or that the primary magmatic
signature of chromite grains have been variably
reequilibrated with migrating interstitial melt at a postcumulus stage. Mineralogical evidence for chromite interstitial melt interactions have probably been
obliterated during post-magmatic textural maturation and
recrystallization.

The composition of the chromite varies with the modal
proportion of chromite within the samples (Fig. 2). The
decreasing Cr and increasing Al contents of chromite as
the proportion of chromite decreases (Fig. 2a) can be
interpreted as a trend of fractional crystallization (early
Cr-rich massive chromitites evolve towards late
relatively Cr-poor Al-rich disseminated chromite).
However, at high chromite fraction (>70%) trends get
more diffuse and complex for most of the elements
suggesting that fractional crystallization is not the only
process influencing the composition of the chromites of
the SC chromitites.
The trends illustrated for the trace elements (Fig. 2b)
suggest that the amount of chromite is important in
controlling chromite composition with V, Zn and Co
increasing
during
fractionation. Again
some
complexities and discrepancies between major and trace
elements are observed for the more massive samples.

Figure 3. Composition of chromites from the Stillwater
Complex massive chromitites compared to chromite from
ultramafic-mafic volcanic rocks, including komatiite, boninite,
and Hawaiian tholeiite, all of which have been normalised to
the composition of the chromite from the MORB.
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Figure 2. Variations of Cr2O3 and Al2O 3 (a) and of V, Zn and
Co (b) contents of chromite with modal proportion of chromite
in the Stillwater Complex chromitites.

However, the negative correlation between trace
element content in chromite and its proportion in the
rock can also be considered as the result of melt chromite reaction. As the chromite proportion decreases
in the rock, the buffering effect related to its proportion
decreases as well as allowing chemical components
from a large volume of melt to react with a small
volume of chromite, and vice- versa.

5 Stillwater Complex parental magma
In order to constrain better the nature of the SC parental
magma, we have plotted the compositions of chromites
from massive chromitites compared to chromite from
various ultramafic to mafic lavas (Fig. 3). The chemical
profiles of the SC chromites are significantly different
from the chromites from komatiite, boninite, and
Hawaiian tholeiite. This indicates that either these
particular types of melts are not involved in forming the
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Nb and REE mobilization at the Longonjo carbonatite,
Angola
Amaia Castellano Calvo, Joan Carles Melgarejo Draper
Departament de Cristal·lografia, Mineralogia i Dipòsits Minerals, Universitat de Barcelona, Martí i Franquès, 08028
Barcelona, Catalonia, Spain.
Pura Alfonso Abella
Departament d’Enginyeria Minera i Recursos Naturals. Universitat Politècnica de Catalunya, Avda. Bases de Manresa,
Spain
Aurora Cuaiela João Mateus Bambi, Antonio Olimpio Gonçalves
Departamento de Geologia, Universidade Agostinho Neto, Avda. 4 de fevereiro, 71, 815 Luanda, Angola.

Abstract. The Longonjo carbonatite consists of strongly
altered carbonatites and ferrocarbonatites. A part of the
subsolidus processes is hydrothermal but the poducts
have been strongly overprinted by weathering.
Pyrochlore is widespread in these carbonatites. A late
fine-grained generation of euhedral plumbopyrochlore
fills hydrothermal veinlets, accompanied with quartz,
witherite and barite. Nb-rich rutile is also found as a late
hydrothermal product. REE phosphates and Th-REE
silicates are also extensively produced as a late
replacement product during supergene stages.
Keywords. carbonatite, pyrochlore, REE silicates, REE
phosphates, hydrothermal, weathering

1 Introduction

Figure 1. Geological setting of the Longonjo carbonatite
(modified after de Araujo and Perevalov 1998; de Araujo et al.
1988; de Carvalho et al. 2000; Egorov et al. 2007).

The Longonjo massif in Angola was discovered during
the colonial times, and Nb-Fe-REE mineralization was
reported at that time (Lapido-Lourelio 1973; Alberti et
al. 1999). However, the successive wars affecting Angola
preclude the development of further detailed
investigation and exploration.
The deposit is strongly altered, and provides an
opportunity to study the subsolidus processes affecting
carbonatite deposits of REE and Nb. Therefore, the aim
of this contribution is to supply new data on the rare
element mineralogy of this locality, and to study the
mobility of these elements in the subsolidus stages of
carbonatites.

3 Structure
The Longonjo carbonatite is hosted by highly fenitized
Archaean granitic rocks. The carbonatite outcrop is
roughly circular in shape, with some carbonatite breccias
at the margins, thus corresponding with a plug intrusion
in subvolcanic context.
The core of the structure contains ferrocarbonatites,
whose are surrounded by the main body of
calciocarbonatites. The carbonatites produce sligh reliefs
on the granite plain, in spite that they are very altered.
The extension of the carbonatite is probably in the
kilometrical order, but the contacts are covered by debris
and colluvial sediments.

2 Geographical and geological setting
Longonjo is a town located about 50 km SE of the
Huambo city, in the Huambo province. Longonjo is well
communicated with the harbours in the coast by roads
and railway, thus offering good opportunities for
exportation of minerals.
The Longonjo carbonatite is found in the ParanaNamibia-Angola Early Cretaceous alcaline-carbonatitic
province related to the disruption of Pangea (Ernst and
Bell 2010). As most carbonatites and kimberlites in
Angola, the Longonjo massif is inside the Lucapa
structure, a tectonic structure trending NE-SW that
crosscut Angola (Fig. 1).

4 Carbonatite petrography
Calcite and siderite are the dominant minerals in the
corresponding magmatic types of carbonatites. They are
coarse grained. Accessory minerals consist of magnetite,
pyrochlore and apatite, with minor amounts of
baddeleyite. These minerals are fine-grained (normally,
less than 0.5 mm in diameter). The content of pyrochlore
is roughly correlated with the content of magnetite in the
rock. Sulfides are very scarce in all carbonatite facies,
and only few pyrite and chalcopyrite grains, generally
altered, have been observed.
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Hydrothermal alteration is extensive in the Longonjo
carbonatites. Fluids moved along a dense network of thin
cracks and joints, although some meter-wide veins also
occur. The alteration consists of silicification
accompanied by dolomitization or ankeritization. Some
late calcite is also present. In some parts the rock has
been completely replaced by irregular barite-rich bodies,
where barite can constitute more than 60 wt.% of the
rock. Barite and quartz are accompanied by a late
generation of plumbopyrochlore (Fig. 2). Pyrochlore is
formed after hydrothermal quartz and coeval barite.
Small amounts of fine-grained galena, strontianite and
witherite may also be found in this association.
On the other hand, most of the primary and
hydrothermal carbonates are affected by weathering. In
the case of Fe-rich carbonates, weathering produces their
replacement by goethite and members of the hollandite
group. A large amount of phosphates and silicates of
REE are produced during this stage.

Figure 2. Siderite carbonatite (sid) is partly replaced by quartz
(qtz) and a late association of barite (ba), calcite (ca) and
plumbopyrochlore (Pbpyr). SEM image, mode BSE.

5 Nb minerals

Members of the pyrochlore subgroup are the dominant
Nb carriers at the Longonjo carbonatite. The pyrochlore
subgroup has a general structural formula that can be
written as A2B2O6Z, where the position A is mainly
occupied by Ca, Na, K, Ba, Sr, U, Th, Pb, Mn, Sb, Bi,
REE or vacancies. Nb is dominant in B, with minor Ta,
Ti, Zr, Si and Fe3+; the position Z is occupated by F, OH
and O.
Primary pyrochlore is common in the Longonjo
carbonatites and is found as small euhedral crystals, of
octahedral habit, less than 250 μm in diameter. They can
have a cataclastic texture, specially in the carbonatite
breccias. However, the most common pyrochlore in
Longonjo is the plumbopyrochlore found in association
with barite. Plumbopyrochlore occurs in extremely finegrained euhedral crystals (less than 30 microns in
diameter) and is generally zoned (Fig. 3). It is replaced
by Ba- and Sr-rich plumbopyrochlore; this process is
accompanied by increasing number of vacancies position
A.
Ta content is never significant in the Longonjo
pyrochlores. In the position B only Si may occur in
significantamounts in the plumbopyrochlore crystals; Ti
and Zr are found in very low proportions.
Pb is the only cation present in position A in the core
of the plumbopyrochlore crystals, but Ba, Ce and Sr may
be enriched at the rims.
Although not so common in Longonjo as are the
diverse members of the pyrochlore subgroup, niobian
rutile (“ilmenorutile”) is also found as a late product of
vein infilling, in particular, in the ferrocarbonatites. It
occurs in anhedral grains, less than 50 μm in diameter
(Fig. 4). The mechanism to produce the composition of
these rutile grains is the coupled substitution
2Ti4+=1Fe3+1Nb5+.

Figure 3. Concentric zoning in a plumbopyrochlore crystal:
rim is rich in Ba. SEM image, BSE mode.

Figure 4. Niobian rutile veinlet in ferrocarbonatite. SEM
image, BSE mode.
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All these minerals are enriched in LREE. HREE
minerals have not been observed in Longonjo.

7 Discussion and conclusions
The extensive subsolidus processes affecting the
Longonjo carbonatites produces a complex and unusual
paragenesis, as well as a strong enrichment in rare
elements: Nb (2000 ppm in average, with some peaks in
the order of 6000 ppm), Th (1300 ppm in average, quite
constant), La (1300 ppm), Ce (near 5000 ppm) and Nd
(1600 ppm). Total average REE+Y in the rock is close to
1 wt.%. However, most of these minerals are finegrained and this could be a problem for the exploitation;
other difficulty is that part of REE occurs in the structure
of silicates instead of that of carbonates or phosphates.
The removal of Nb during hydrothermal processes, as
demonstrated by the occurrence of plumbopyrochlore
and niobian rutile, indicates that in some conditions Nb
can be mobile in carbonatite hydrothermal environments.
This subsolidus remobilization of pyrochlore has not
been observed in other angolan carbonatites.
The REE enrichment in late minerals is indicative of
the mobility of these elements at low temperatures.
Future exploration in the area should take into account
the possible reconcentration of REE elements, in
particular HREE, in the structure of alternative minerals,
as could be secondary lateritic clays.

Figure 5. Rhabdophane-(Ce) and quartz veinlets cutting barite
aggregates accompanied with strontianite. SEM-BSE image.
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6 REE minerals
The Longonjo carbonatite outcrops are strongly enriched
in secondary minerals of REE. Rhapdophane-(Ce),
(Ce,La)PO4·2H2O is the most common. It occurs as a
late replacement product, and fills porosity among the
barite crystals (Fig. 5). It is almost cryptocrystalline, and
consists of radial groups. It has a small amount of Ca and
Th in its structure.
Late hollandite aggregates are associated with
euhedral crystals of a late REE mineral, which is very
common (Fig. 6). This mineral is too fine-grained to be
microprobed (less than 5 microns). However, their
pseudocubic rhombohedrons and its qualitative chemical
composition suggests that this mineral may be a member
of the steenstrupine group, probably close to
thorosteenstrupine as is rich in Th and P and
empoverished in Na, Mn and Ti.

683

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Enrichment of platinum-group elements related to late
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Massif and in the Forrestal Range. The latter section
comprises the compositionally more evolved upper 1.7
km of the ~3.5 km thick exposed profile.
A number of layered ultramafic-mafic complexes are
host to stratiform mineralisations of PGE as well as
nickel, copper or other metals. However, the PGE
content of the Dufek-Forrestal intrusion is poorly
documented. Ford and Himmelberg (1991) refer to an
initial survey from the early 1980s reporting maximum
PGE totals of ~90 ppb; however, for most of the rocks
PGE contents lower than the detection limits are
reported. In the following years, speculations on
possible economically important deposits were made
comparing the Dufek-Forrestal intrusion with the
Bushveld or similar complexes mostly focussing on the
presence of basal (ultra-)mafic sections hidden beneath
the Dufek Massif.
To better understand the magmatic evolution of this
well-differentiated intrusive body, we investigated the
fractionation behaviour of the PGE at crustal conditions
by examining their stratigraphic distribution and their
mineralogical siting throughout the exposed profile.

Abstract. Selected samples from the Dufek-Forrestal
layered mafic intrusion, Antarctica, have been analysed
for platinum-group elements (PGE) and their
mineralogical siting to study their low-pressure
fractionation behaviour within the ~3.5 km thick exposed
profile. Samples analysed comprise variably composed
gabbros, anorthosites, pyroxenites and magnetitites from
both the Dufek Massif and the Forrestal Range sections;
the latter represents the upper ~ 1.7 km of the intrusion.
The analysed rocks show widely varying PGE compositions. PGE totals, generally dominated by Pt-PGE,
range from 5 to 792 ppb with the highest contents shown
by Ti-magnetite-rich gabbros and Ti-magnetitites from the
basal ~300 m of the Forrestal Range section. The
observed PGE enrichment until Ti-magnetite fractionation
indicates sulphur-undersaturation during low-pressure
differentiation of a tholeiitic magma originated by highdegree partial melting of a sulphur-poor subcontinental
lithospheric mantle source. The final PGE fractionation is
caused by a delayed S-saturation ultimately released by
Fe-Ti oxide crystallisation at an advanced level of magma
differentiation. However, the lack of distinct trace element
correlations as well as the platinum-group mineral
assemblage identified by electron microprobe analysis in
these Ti-magnetite-rich rocks indicate that their PGE
composition is not only controlled by the base-metal
sulphides present. Thus, both high-temperature and
subsolidus redistribution processes are responsible for
the present PGE distribution within the stratigraphic
profile of the Dufek-Forrestal intrusion.

2 Stratigraphic PGE distribution
Selected samples of all lithologies available from both
exposed sections were analysed for their major and trace
element compositions by XRF and for their bulk-rock Ir,
Ru, Rh, Pt and Pd concentrations by ID-ICP-MS after
NiS fire assay.
Considering the lithological and geochemical
variability, the studied rocks also exhibit highly variable
PGE compositions with totals ranging from 5 to 43 ppb
within the Dufek Massif and from 10 to 792 ppb in the
Forrestal Range section (Fig. 1A). In general, the
combined PGE are dominated by the Pt-PGE with the
Ir-PGE often being near or below limits of detection
indicating a marked fractionation between the individual
PGE in the majority of the variably evolved rocks, even
in the pyroxenites, the most mafic of the analysed rocks.
Except for the general tendency of higher PGE
contents in the rocks from the Forrestal Range than in
those from the Dufek Massif section, the PGE totals do
not vary as a function of stratigraphy or of the modal
composition of the analysed gabbros, anorthosites and
pyroxenites. Obviously, only Ti-magnetite-rich gabbros
and Ti-magnetitites from the Forrestal Range exhibit

Keywords. Dufek-Forrestal intrusion, layered mafic
intrusion, PGE, PGM, Fe-Ti oxides

1 Introduction and objectives
The Dufek-Forrestal layered mafic intrusion is part of
the Ferrar large igneous province, emplaced at the
margin of the East Antarctic craton during the break-up
of Gondwana ~184 Ma ago (Minor and Mukasa 1997).
With an extent of at least 6,600 km2 and an estimated
thickness of ~8-9 km, this intrusion is believed to be one
of the largest bodies of its kind in the world. The layered
sequence of mainly gabbroic cumulates with minor
interlayers of anorthosites, pyroxenites and magnetitites
is exposed in two petrogenetically related, nonoverlapping stratigraphical sequences in the Dufek
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within the whole intrusion so far. However, the
combined PGE and the ratios between the individual
PGE (e.g. Pt/Pd) as well as the S and Cu concentrations
of these magnetite-rich rocks are highly variable and
there is a lack of consistent correlation between these
elements (Fig. 1B).

significantly elevated PGE concentrations. The highest
concentrations reaching up to ~800 ppb were found
within the Stephens Anorthosite Member (Fig. 1B). This
~300 m thick cyclic sequence of Ti-magnetite-bearing
gabbros and anorthosites contains thin layers, laminae
and lenses of Ti-magnetite and hence, comprises the
most prominent accumulation of Fe-Ti oxides observed

Figure 1. A) Stratigraphic variation of the bulk-rock PGE totals throughout the exposed profile. B) PGE, Cu and S variations in the
Forrestal Range section showing a lack of consistent element correlations indicating that the PGE are not only controlled by the basemetal sulphides present.

cracks and along rims of primary Fe-Ti oxides. Most
PGM are <1 μm in size, but some measure up to 25 μm.
PGM are either Pt-rich or Pd-rich alloys with
semimetals such as As, Sb, Bi, Te and a few mixed PtPd phases. Identified phases comprise a variety of wellknown PGM (see Fig. 2) as well as a number of
unnamed mineral phases.
PGE-rich sulphides are notably absent and there are
no discrete phases of Rh, Ir, Os and Ru. Furthermore,
common Cu-Ni-Fe-Co sulphides and sulpharsenides
(e.g. cobaltite) do not incorporate PGE detectable by
EMPA. This observation is consistent with the general
lack of correlation of the PGE totals and Cu and S
concentrations of the bulk-rocks throughout the exposed
profile (Fig. 1). In contrast to the other base-metal
sulphides, cobalt-rich pentlandite contains up to 0.75
wt% Pd and 1.44 wt% Rh confirming the distinctly
positive correlation between the bulk-rock PGE and
combined Ni and Co concentrations observed for the
majority of the analysed samples.

3 Electron microprobe analysis of PGEbearing mineral phases
To further describe the origin of the PGE distribution
throughout the exposed profile, we aimed to characterise
the mineralogical siting of the PGE. Therefore, polished
sections of selected samples with the highest PGE totals
were investigated by reflected light microscopy and by
electron microprobe analysis (EMPA) using a
CAMECA SX-100 equipped with five wavelength
dispersive spectrometers and a PGT energy dispersive
system. Operating conditions were 20 kV acceleration
voltage, 20 nA sample current and 10 to 40 seconds
measurement time on peak. Detection limits were in the
order of 0.05-0.2 wt%. Low Pd and Rh concentrations in
sulphides were measured using 20 kV, 80 nA and 120 s;
detection limits for Pd and Rh were 90 ppm and 120
ppm, respectively.
Platinum-group minerals (PGM) are found as very
small inclusions, which are either hosted by base-metal
sulphides (i.e., chalcopyrite), Fe-Ti oxides or silicates
(i.e., plagioclase) or occur in altered areas as well as in
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ascribed to a generation of the primary magmas by highdegree partial melting of a refractory, sulphur-depleted
subcontinental lithospheric mantle source proposed
beneath this magmatic province.
The marked fractionation between the individual
PGE in almost all of the variably evolved rocks
underlines the evolved character of the exposed DufekForrestal rocks. This finding may confirm the assumed
presence of hidden basal sequences of (ultra-)mafic
cumulates. However, the highly fractionated PGE
patterns may also result from the melt generation
process and / or may reflect an inherent compositional
feature of the magma source.
The late Fe-Ti oxide fractionation probably triggered
a delayed saturation and segregation of small quantities
of sulphide melts removing the PGE from the highlyevolved tholeiitic magma. The enrichment of PGE until
advanced stages of magma evolution contrasts with the
reef-type PGE enrichments in mafic / ultramafic
cumulates found in lower parts of other layered mafic
intrusions (e.g., Bushveld Complex), but is rather
comparable to magnetitite-associated PGE-reefs
reported from the Precambrian Stella layered intrusion,
South Africa (Maier et al. 2003).
Although interpreted to be initially affected by a
delayed S-saturation, the PGE in the studied rocks are
generally not hosted by the base-metal sulphides
present. The variety of PGM identified in the rocks with
the most elevated PGE contents indicates that the PGE
were influenced by a later redistribution under
subsolidus conditions.

Figure 2. Back-scattered electron images showing common
base-metal sulphides and platinum-group minerals identified
by electron microprobe analysis. A) Sperrylite (PtAs2) in
chalcopyrite inclusion in Ti-magnetite; B) Ferroan platinum
(Pt2Fe) intergrown with keithconnite (Pd3 Te) in Ti-magnetite
and plagioclase; C) Trail of tiny pallado-arsenide crystals
(Pd2As) in a crack within Ti-magnetite; D) Ti-magnetite with
exsolved ilmenite lamellae associated with chalcopyrite and
sudburyite (PdSb); E) Isomertieite or mertieite II (Pd11 As2Sb2)
in a crack within Ti-magnetite; F) Round silicate melt inclusion
(Qz, Kfsp, Bt) in chalcopyrite with euhedral stibiopalladinite
(Pd5Sb2); G) Small inclusions of clausthalite (PbSe) associated
with chalcopyrite and pentlandite; H) Polyphase sulphide
inclusion in ilmenite composed of chalcopyrite, pyrrhotite and
pentlandite; pentlandite carries 8.4 wt.% Co, 1.4 wt.% Rh and
0.75 wt.% Pd.
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4 Conclusions
The stratigraphic PGE variations within the DufekForrestal Intrusion are interpreted to reflect an extensive
low-pressure differentiation history under mainly
sulphur-undersaturated conditions resulting in PGE
enrichment until the onset of late-stage Fe-Ti oxide
crystallisation. This was similarly deduced from PGE
and Cu variations of petrogenetically related tholeiitic
rocks from sills of the Ferrar large igneous province
(Hanemann and Viereck-Götte 2007). The inferred low
degree of S-saturation during magma evolution can be

686

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Temporal changes in the magmatic, volcanic, and
tectonic settings of magmatic Ni-Cu-(PGE) deposits
C. Michael Lesher
Mineral Exploration Research Centre, Department of Earth Sciences, Laurentian University, Sudbury, ON Canada
Abstract. Magmatic Ni-Cu-(PGE) deposits formed
throughout geological time, from a wide range of magma
types emplaced primarily in rifted continental settings,
typically along the margins of Archean cratons. MgO
contents of most mineraliized magmas have decreased
systematically with time, a change that appears to be
related to secular cooling of the Earth, changes in the
thermal structure of the Earth’s mantle, and changes in
the density structure of Archean cratons. Magma
composition does not appear to be important in terms of
whether a deposit can form, but has a strong control on
ore composition. Many Archean deposits formed in
volcanic settings, but most Proterozoic and all
Phanerozoic deposits formed in sub-volcanic to plutonic
settings. Mineralization styles are broadly similar, but
hotter Archean magmas contain fewer xenoliths and
more deeply emplaced Proterozoic and Phanerozoic
systems often underwent more extensive fractionation of
MSS. All major sulfide-rich deposits appear to have
incorporated considerable amounts of crustal S, although
the geochemical and isotopic signatures of contamination
and associated metal depletion signatures are strongly
controlled by magma:sulfide ratio (R factor).
Keywords. magmatic ore deposits, Ni-Cu-(PGE), maficultramafic magmas, tectonic setting, volcanic setting

1 Introduction
Magmatic Ni-Cu-(PGE) deposits have formed
throughout geological time (Fig. 1), primarily in riftrelated continental settings, however, MgO contents of
parental magmas, volcanic/intrusive settings, and ore
compositions/textures have changed systematically
through geological time (Table 1).

anomalous, suggesting that they were derived from
ambient mantle or represent plume magmas that cooled
and fractionated (but did not achieve sulfide saturation)
during ascent. In any case, the presence of deposits over
a wide range of MgO contents indicates that magmatic
flux is more important than temperature or composition,
and the trend toward lower MgO contents may reflect
increasing difficulty of emplacing high-T magmas into
settings required to form Ni-Cu-(PGE) deposits.
Table 1. Characteristics of Archean, Proterozoic, and
Phanerozoic magmatic Ni-Cu-(PGE) deposits
Phanerozoic
cont rifts
rifted margins
rifted arcs
conv margins
Volcanic
exclusively
Settings
intrusive
Principal
troctoliteHost Rock
gabbro
Magma
≤ 23% MgO
Metal Source mainly magma
S Source
primarily
external
Ore Types
I-II-(III)
Net/Matrix
matrix
Textures
Inclusions
common
MSS Fract
common
Ni/Cu
lower
Pd/Ir
higher
Tectonic
Settings

Proterozoic
cont rifts
rifted margins

Archean
greenstone
belts

predominantly
subvolcanic
peridotitetroctolite-gabbro
≤ 23% MgO
mainly magma
primarily
external
I-II-(III)
net or matrix

commonly
extrusive
duniteperidotite
≤ 33% MgO
mainly magma
primarily
external
I-II-(III)-(IV)
net

less common
common
intermediate
intermediate

rare
minor
higher
lower

2 Magma temperature and composition
MgO and T of unmineralized mantle-derived magmas
define two trends (Fig. 1): 1) a relatively continuous
lower ‘background’ trend defined by non-plume magmas
(small blue symbols), rep-resenting secular cooling of
the mantle (e.g., Herzberg et al. 2010), and 2) a
markedly discontinuous upper trend defined by the
maximum Mg contents of plume-derived magmas (large
blue symbols), representing a fundamental change in the
thermal structure of the mantle at the ArcheanProterozoic boundary (Campbell and Griffiths 1990).
The large volumes of magma required to form these
deposits suggest that most are derived from mantle
plumes (e.g., Arndt et al. 2005; Barnes and Lightfoot
2005), but although Archean deposits are derived from
magmas clearly much hotter than ambient mantle, many
magmas associated with Proterozoic deposits and most
magmas associated with Phanerozoic deposits are not

Figure 1. Ages and MgO contents of parental magmas for
magmatic Ni-Cu-(PGE) deposits and other magmatic events.

Deposits are associated with Al-undepleted and Aldepleted komatiite, ferropicrite, high-Mg and high-Al
basalt, and quartz dioritic magmas, indicating that the
temperature of the magma, the composition of the
source, and the depth of melt extraction are not
important in ore genesis (Lesher and Stone 1996).
Contributions from subcontinental lithospheric
mantle (e.g., Zhang et al. 2008) are possible, although
the PGE contents of many mantle-derived magmas
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characteristic of a mantle S source, but this may also
reflect a very homogeneous crustal source. Some
deposits contain minor but significant amounts of metals
derived from country rocks (e.g., Namew Lake).
Some S can dissolve and reprecipitate from the
magma, but the solubility of S in most magmas is quite
low (<0.3%) and difficult to extract quantitatively even
with significant amounts of contamination. The sulfide
in most high-S deposits most likely represents a
xenomelt into which Ni-Cu-Co-PGE have partitioned.

preclude a significant component of SCLM (Fiorentini
et al. 2010) and no contribution from SCLM is
necessary. Provided that sulfides interact with enough
magma, a magma with even small amounts of metals
(e.g., Sudbury) can generate an economic Ni-Cu deposit.

3 Tectonic and volcanic settings
Tectonic settings of major deposits have become slightly
more complex with time (Table 1), but are dominated by
rifted continent-related settings (Table 1). Ni-Cu-(PGE)
deposits are concentrated along craton margins (Fig. 2)
because the thick roots ‘steer’ ascending mantle plumes
to the margins (Kerrich et al. 2000), craton margins
contain translithospheric structures that facilitate magma
ascent (Begg et al. 2010), and continental rifts and
margins often contain S-rich sediments and volcanic
rocks.

Table 2. Volcanic/subvolcanic/intrusive settings of Ni-Cu(PGE) deposits
Phanerozoic
Astrobleme
Volcanic/
Invasive

Proterozoic
Sudbury
Raglan

Shallow
Intrusive

Insizwa
Noril’sk

Deep
Intrusive

Aguablanca
Kalatongke
Huangshan

Duluth
Pechenga

Archean
Abitibi
Kambalda
Zimbabwe
Abitibi
Forrestania
Mt KeithPerseverance
Zimbabwe

Jinchuan
Kabanga
Kotalahti

Thompson
Nebo-Babel
Voisey’s Bay

Figure 2. ‘Craton margin’ models for the formation of Ni-Cu(PGE) deposits (after Begg et al. 2010). A: continental
lithospheric blocks juxtaposed, B: intervening marginal basin.
Both scenarios involve: 1) mantle plume impact and flow
toward areas of thinner lithosphere; 2) decompression melting
of plume at shallower levels, 3) transfer of melts into the
(upper) crustal environment via translithospheric faults and an
interconnected intrusion network, 4) variable interaction of
melts with crust and incorporation/accumulation of sulfide.

The depth of emplacement depends on the density
structure of the crust (Lesher and Keays, 2002) and local
differences in crustal density and rheology (Houle et al.
2008), and have changed from primarily volcanic in the
Archean through a combination of volcanic and
subvolcanic in the Proterozoic to exclusively subvolcanic and intrusive in the Phanerozoic (Table 1). This
reflects systematic changes in the thickness and/or
density of the Archean cratons and the ability of the
magmas to ascend (easier for lower viscosity komatiitic
magmas than for higher viscosity basaltic magmas).

Figure 3. Schematic crustal section showing volcanic/
subvolcanic/plutonic settings of magmatic Ni-Cu-(PGE)
deposits. Yellow: S-rich sedimentary/metasedimentary rocks.

5 Ore distribution and textures
Magmatic ores occur as Type I stratiform basal
massive\net-matrix\disseminated mineralization and
associated vein systems, Type II stratabound internal
disseminated to semi-massive mineralization, Type III
stratiform internal ‘reef’-type mineralization, Type IV
magmatic-hydrothermally mobilized mineralization
associated with Type I, and Type V tectonically
mobilized mineralization derived from Type I (Lesher
and Keays 2002). Type IV mineralized sedimentary
rocks into which metals appear to have diffused at the
magmatic stage (Lesher and Keays 2002) appear to be
restricted to high-T Archean systems.
True net textures, in which sulfide completely
encloses olivine, are common in Archean high-Mg
komatiitic systems (e.g., Alexo, Kambalda) and at

4 Sulfur and metal sources
Geological, stratigraphic, geochemical, and isotopic data
indicate that most ores contain significant amounts of
crustal S, incorporated from country rocks at the same
stratigraphic levels (e.g., Duluth, Kambalda, Noril’sk,
Raglan, Thompson) or from country rocks at lower
levels and transported to higher levels (e.g., Aguablanca,
Jinchuan, Kotalahti, Voisey’s Bay) (Fig. 3). Only NeboBabel exhibits the very-tight near-zero δ34S signature
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magmatic Ni-Cu-(PGE) deposit, including meteorite
impact followed by assimilation of Ni-Cu-PGE-rich
footwall rocks (Sudbury), melting of sulfates and coals
(Norik’sk), and melting of sulfidic sediments (Duluth,
Kambalda, Mt Keith, Pechenga, Raglan, Thompson).
However, there is room for new recipes involving
magmas and tectonic/stratigraphic settings presently
considered unsuitable if the fO2 conditions during
melting are suitable and if crustal S is available. The
critical ingredients appear to be: 1) a source of relatively
large amounts of sulfide-undersaturated magma over a
relatively short time (mantle plumes are favourable but
not essential), 2) craton margins to focus mantle flow
and crustal-scale faults to focus magma ascent, 3) an
environment of emplacement containing an external
source of S (e.g., sediments, volcanics, or pre-existing
VMS or Ni-Cu-PGE mineralization), 4) a high-flow,
dynamic lava channel or magma conduit to facilitate
thermomechanical erosion/devolatilization and achievement of high R factor and high metal tenors, and 5)
favourable site for ore deposition, depending on the fluid
dynamics of lava/magma emplacement.

Jinchuan (because of the strong wetting of olivine by
sulfide in that deposit: Tonnelier et al., in review); patchy
net textures, in which oikocrystic Cpx is also present, is
more common in Proterozoic
komatiitic basaltic
systems (e.g., Raglan, Kingash, and parts of Jinchuan),
and matrix textures, in which sulfides form a matrix to
pyroxene and plagioclase, is most common in
Phanerozoic troctolitic and gabbroic systems.
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Figure 6. Mantle-normalized metal abundances in selected
Ni-Cu-(PGE) deposits (data from Naldrett 2004 and other
sources). A: deposits associated with magmas derived (directly
or indirectly) from olivine-rich mantle, B: deposits associated
with magmas derived from pyroxene-rich mantle (Pechenga,
probably Jinchuan) and/or from magmas that segregated small
amounts of sulfide (Voisey’s Bay?).

6 Ore compositions
Ore compositions are controlled by magma composition
(generally higher Ni/Cu and lower Pd/Ir in more
magnesian magmas), magma:sulfide ratio (R factor:
higher in open dynamic systems, lower in closed or less
dynamic systems), fractional crystallization of MSS
(greater in larger deeper Phanerozoic-Proterozoic
systems, less in smaller shallower Archean systems), and
degree of post-magmatic modification. With all else
equal, ores formed from ferropicritic magmas derived
from pyroxenitic sources (e.g., Pechenga, probably
Jinchuan) will have higher Ni-Cu-Co and lower PGE
than magmas derived from peridotitic sources (Lesher
and Stone 1996; Tonnelier et al. in review).

7 Recipes
There are several traditional recipes for making a
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Ore formation and deposition environment of the
Bantarhuni vein, Arinem deposit, West Java, Indonesia
Euis Tintin Yuningsih
Graduate School of Science, Hokkaido University, Kita 10, Nishi 8, Sapporo, Japan
Hiroharu Matsueda
The Hokkaido University Museum, Hokkaido University, Kita 10, Nishi 8, Sapporo, Japan
Abstract. Mineralogical, geochemical, and fluid inclusion of
the Bantarhuni vein were conducted in order to characterize
the ore formation and deposition environment of the
mineralization. The host rocks of mineralization at Arinem
are andesitic tuff, tuff breccias and lava of the Oligocene –
Middle Miocene of Jampang Formation (23 – 11.6 Ma). The
gold-silver-base metal vein mineralizations of the
Bantarhuni are classified into four stages (I to IV). Stages I
and II are Au-Ag-bearing, whereas stages III & IV are
barren. The deposits consist predominantly of sphalerite,
pyrite, galena, enargite, and chalcopyrite with small amount
of marcasite, arsenopyrite, pyrrhotite, bornite, covellite,
argentite, electrum, hematite, and sulfosalt minerals of
tetrahedrite and tennantite. Some diverse range of Tebearing minerals of hessite, tetradymite, stutzite, and altaite
are observed in the mineralization stage II. The deposit is
characterized by relatively low iron content of sphalerite,
ranging from 0.1-3.9 wt.%. The Au content in electrum is in
the ranges of 59.8-85.8 wt.%, while in some stutzite up to
2.0 wt.%, respectively. Some tetrahedrite and sulfide
minerals of chalcopyrite, sphalerite, galena and pyrite also
contain Au up to 0.9 wt.%. The quartz samples were
indicated the fluid inclusion homogenization temperatures at
stage I is in the range of 207°-344°C, stage II is 202°307°C, and stage III is 168°-276°C. Whilst sphalerite from
stages I and II give a result of 202°-256°C and 189°-266°C.
The fluid inclusions have a salinity less than 4.2 wt.% NaCl
equiv. The close relationship of gold with sulfide and sulfidebearing quartz veins suggests the gold and the base metals
were transported and deposited by similar fluids. During the
ore deposition the temperature was depleted with
decreasing of sulfur fugacity and accompany by increasing
of the tellurium fugacity.
Keywords. Bantarhuni, hessite, sphalerite

1 Introduction
Arinem deposit is located on the island of Java as a part of
West Java province of Indonesia. Epithermal Au-Ag-base
metal Arinem deposit occur in volcano-plutonic arcs,
transition between continental to island arcs of SundaBanda associated with subduction zones. The Arinem vein
system of Late Miocene (K-Ar age 8.8 ± 0.3 Ma) age is
characterized by a Au-Ag-basemetal mineralization. The
so-far unexploited low-grade gold-silver telluride
mineralization at Arinem, is an uncommon mineralization
assemblage for West Java. Since 1990, detail exploration,

including some drilling activities, is ongoing to define the
gold and base metal reserve as well as the deposit
characteristics.
The Arinem deposit comprises a set of veins such as
Arinem (as the main vein), Bantarhuni and Halimun
(Antam 1993). This study focuses on Bantarhuni vein, in
which Te-bearing minerals are present. The Bantarhuni
vein with zone length about 2,300 m, and width 3-5 m
shows gold grade of 2-5 ppm. The Bantarhuni vein
expected could be the supporting for the main Arinem vein.
The aim of this study is to characterize the ore mineral
within the Bantarhuni vein and to understand its ore
formation and depositional environment. Detailed sampling
of the mineralized veins was undertaken from the drill core
as well as from outcrop. Six drill holes data of Bantarhuni
vein is analyzed to support the study. These drill holes
provide samples at intervals over a strike length of up to
1,000 m and depth of 290 m. Thus those are present an
opportunity to investigate mineralogical variation over a
large extent of an epithermal vein system.

2 Geology
The oldest rocks exposed around the Arinem deposit are
andesitic tuff, tuff breccias and aphanitic-porphyritic
andesitic lavas. This unit is part of the Late Oligocene to
Middle Miocene Jampang Formation (Alzwar et al. 1992)
which has been intruded by phaneritic-porphyritic andesitic
rocks. Towards the top it was gradually covered by
andesitic tuff and tuff breccias which are younger than the
Jampang Formation. The volcanic rock of Jampang
Formation is host for the mineralization within the area.
There are five major normal faults trending N-S and
NE-SW within the study area. The faults cropped out the
Arinem, Bantarhuni and Halimun veins. Some transverse
faults, trending NW-SE and NE-SW, create local
displacements of the vein zone in the gentle and wide
valley of the Cikidang River and its tributaries such as the
Cipanengenan and Cibatarua Rivers that flown from north
to south. The Bantarhuni quartz vein continues along the
Cipanengenan River valley at an elevation of 400-450 m
msl in an almost N-S direction.
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3 Mineralogy, geochemistry and fluid
inclusion studies

temperature was depleted with decreasing of sulfur fugacity
and increasing of the tellurium one.

The Arinem deposit has a typical polymetallic association
(Yuningsih et al. 2011 in press.), ore minerals are mainly
composed of sulfide minerals of sphalerite, pyrite, galena,
and chalcopyrite with some minor and trace minerals of
marcasite, arsenopyrite, pyrrhotite, bornite, covellite,
argentite, electrum, enargite, and hematite. The Te-bearing
mineral of hessite, tetradymite, stutzite, and altaite also
observed. Other trace minerals are sulfosalt minerals of
tetrahedrite and tennantite. Some of the associated ore
minerals are presented in Figure 1. Mostly, the tellurides
occur as very small grains not even visible in the hand
specimen and in such cases, an ore microscope study is
absolutely necessary.
Based on the determined of structure and mineral, four
stages of hypogen mineralization of Bantarhuni vein are
recognized and followed by a supergene stage. Stage I
mineralization is characterized by vuggy massivecrystalline quartz-sulfide. Stage II volumetrically
dominates mineralization with mainly banded-massive
sulfide-quartz with occurrences of Te-bearing minerals.
Stages III contain mainly massive-crystalline barren quartz
with rare sulfides content. Stage IV is characterized by
barren calcite vein (up to 2 cm in wide) cut the stage III of
barren quartz. The abundance of ore and gangue minerals
vary among each stage. The sulfide minerals content ranges
from trace to 5% of the stage I quartz vein, and up to 80%
in massive sulfide of stage II.
Sphalerite is the dominant sulfide mineral and
characterized by relatively low iron content, ranging from
0.1-3.9 wt.%. Small grains of electrum are found as
inclusions in pyrite, galena, chalcopyrite and sphalerite and
mostly in association with hessite. The Au content in
electrum is in the ranges of 59.8-85.8 wt.%, while in some
stutzite up to 2.0 wt.%, respectively. Tetrahedrite and
sulfide minerals of chalcopyrite, sphalerite, galena and
pyrite sometime also contain Au up to 0.9 wt.%.
Fluid inclusions measurement obtained from 7 quartz
and 4 sphalerite samples. The quartz samples of Bantarhuni
veins were indicated the fluid inclusions homogenization
temperatures at stage I is in range of 207º–344ºC, stage II is
202º–307ºC and stage III is 168º–276ºC. Whilst sphalerite
from stages I and II give a result of 202º–256ºC and 189º–
266ºC. Some vapor-rich inclusions are present as a minor
constitute, especially in the sphalerite samples. No
heterogeneous trapping were observed in the Bantarhuni
fluid inclusion samples analyzed. The fluid inclusions
freezing study shows a salinity less than 4.2 wt.% NaCl
equiv. with the ice melting temperature range from -2.5º to
-0.2ºC. During freezing of inclusions, no unusual solid
phases such as CO2 hydrate were observed (Fig. 2).
Geochemical environment of ore deposition equilibrium
thermodynamics are used to estimate the changes in
chemical conditions of the hydrothermal fluids during ore
and gangue deposition of stages I and II in the Arinem
hydrothermal system. During the ore deposition the

Figure 1. Reflected light photomicrographs of stage II
mineralization of the Bantarhuni vein. A. Coarse-crystal of
tetrahedrite (Tet) with inclusions of galena (Gn) and hessite (Hs)
and associated with chalcopyrite (Cpy) and sphalerite (Sp) of
substage IIB; B. Pyrite (Py) with inclusions of hessite (Hs), galena
(Gn) and electrum (El) of substage IIC.

4 Conclusions
The Arinem deposit characteristics obtained from the
Bantarhuni veins has a typical polymetallic association with
relatively moderately to low temperature conditions and
slightly low salinity. The alteration, ore and gangue
mineralogy of the Te-bearing deposits of Bantarhuni vein is
typical of the low-intermediate sulfidation class of
volcanic-hosted epithermal deposits. Very little difference
in mineralogy and the lack of definite trend data obtained
from Bantarhuni vein across more than 1,000 m long and
290 m depth suggested that the hydrothermal system was
relatively large.
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Figure 2. Photomicrograph of fluid inclusions trapped in quartz
and sphalerite crystals at Bantarhuni vein. (A) Fine grains of
secondary fluid inclusions along fracture of quartz, from L275m;
(C) Coexisting primary two phase liquid-rich and vapor fluid
inclusions in sphalerite, from L155m.
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The Perama Hill gold deposit, NE Greece: strontium,
lead, and sulfur isotope signature of the hypogene
mineralization
Robert Marschik, Eckhard Schmidt
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Abstract. Stable and radiogenic isotope data of the
hypogene Perama Hill Au-Ag mineralization, NE Greece,
are compatible with an intermediate-sulfidation model in
which the metals are derived from Oligocene magmatism.
The ascending magmatic-hydrothermal fluids probably
mixed with sulfur-bearing non-magmatic aqueous fluids
of ultimately meteoric or seawater origin at shallow
levels.
Keywords. epithermal, high-sulfidation,
sulfidation, precious metals, Thrace

intermediate

1 Introduction
The Perama Hill Au-Ag deposit is located about 30 Km
northwest of the city of Alexandroupolis, Thrace region,
Greece. Proven and Probable reserves are 966,000 oz of
gold at a grade of 3.2 g/t (Juras et al. 2010). The
epithermal mineralization at Perama Hill has been
classified as of intermediate sulfidation-type (Skarpelis
et al. 2006) or as a high-sulfidation epithermal system
that was overprinted by intermediate-sulfidation banded
quartz-chalcedony-barite
veins
and
stockwork
(Voudouris et al. 2007), respectively. In this
contribution, we discuss results of new sulfur, strontium
and lead isotope analyses on selected samples from drill
cores of the Perama Hill deposit.

2 Geological context
The Perama Hill Au-Ag deposit is located along the
eastern margin fault that controls the Petrota graben,
which is a tectonic depression within Late TriassicJurassic metasedimentary basement rocks of the
Circum-Rhodope Belt (Papadopoulos 1982; Meinhold et
al. 2010; Fig. 1). Transtensional opening of the Petrota
graben occurred in Late Eocene-Oligocene times,
accompanied by felsic magmatism (e.g. Christofides et
al. 2004). The graben was filled mainly by calc-alkaline
and shoshonitic volcanic and volcaniclastic deposits
(Arikas and Voudouris 1998; Fig. 1). These rocks rest on
metagabbros of probably Paleocene age and on Eocene
numulitic limestones, which are exposed near the coast
(Lescuyer et al. 2003).

Figure 1. Location and geologic map of the Petrota graben
(after Arikas and Voudouris 1998).

A felsic volcanic sandstone (Perama Sandstone) and
an underlying sequence of andesitic volcanic breccias
host the mineralization at Perama Hill. The Perama
Sandstone formed in a palustrine environment and is
thought to be coeval with subaerial felsic eruptions in
the western part of the graben (Lescuyer et al. 2003). To
the north, the Perama Sandstone shows a facies change
to a shallow water sandy biomicrite with Early
Oligocene foraminifera. On its top there are opaline
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preceded introduction of Au-Ag tellurides during a
intermediate-sulfidation stage. Voudouris et al. (2007)
compared the mineralization at Perama Hill with that on
western Milos, where seawater was involved in the
mineralization process (e.g. Vavelidis and Melfos 1998;
Naden et al. 2005; Marschik et al. 2010). The exact age
of the mineralization is unknown. However, an Early
Oligocene maximum mineralization age is constraint by
foraminiferes in a unit correlated with the Perama
Sandstone (Lescuyer et al. 2003).

silica caps that may be contemporaneous with the
Perama hydrothermal activity (Lescuyer et al. 2003).

Figure 2. Sr isotope signature of barite and mineralized drill
core samples relative to possible Sr reservoirs of the region
(see references in the text).

3 Mineralization and alteration
About 80% of the gold at Perama Hill is of nonrefractory type and hosted in the bleached, iron oxide
schlieren-bearing Perama Sandstone (Juras et al. 2010).
The lens-like orebody stretches about 750 m in a northsouth direction and up to 300 m east-west. Its thickness
varies from 15 to 20 m at the flanks to over 120 m at the
centre of the deposit. The gold is fine grained (<2 mm)
and evenly distributed throughout the deposit (Juras et
al. 2010). Hypogene sulfides occur in distinct
subvertical feeder zones in andesitic volcanic breccias,
which underlie the sandstone-hosted oxidized ores.
Sulfide mineralogy is complex and includes pyrite,
stannite, bornite, covellite, Au-Ag tellurides, pyrite,
galena, tetrahedrite-group minerals, bismuthinite,
enargite and luzonite (Lescuyer et al. 2003; Skarpelis et
al. 2006; Voudouris et al. 2007). Gold occurs in
association with very fine pyrite and as inclusions in
enargite in the hypogene zone (Voudouris et al. 2007).
Barite is part of a late hydrothermal event overprinting
sulfides. It is associated quartz and present mainly in
silicified zones and in native gold-bearing quartz-barite
veins that cut through silicic, sericitic-argillic altered
and hematitized sandstones (Voudouris et al. 2007),
whereas barite is probably not a major constituent in the
underlying hypogene zones as suggested by microscopic
observations and low Ba values in whole rock analysis
of mineralized drill cores. Voudouris et al. (2009)
observed liquid-rich and vapor-rich fluid inclusions in
vein quartz, which homogenize within the same
temperature ranges suggesting boiling. Homogenization
temperatures ranges in quartz associated with sulfides
show two peak temperatures, at 250°C and at 320°C.
Liquid-rich inclusions in barite homogenize at about
240°C. Native gold with sulfo-telluride-selenide were
deposited at >300°C under oxidized conditions as
suggested by the presence of tetradymite and kawazulite
(Voudouris et al. 2009). This high-sulfidation stage

Figure 3. Lead isotope ratios of barite and mineralized drill
core samples and those of possible metal sources (see
references in the text).

4 Samples and analytical methods
Drill core samples from Perama Hill from the footwall
of the oxidized Perama Hill ore body are composed
entirely of hydrothermal minerals. They represent the
hypogene mineralization. Whole-rock powders were
used to determine Sr and Pb isotope ratios, and the bulk
geochemical composition. Sulfides have been extracted
from these drill core samples using a micro-drill for
sulfur isotope analysis. Since sulfides are fine-grained, it
was impossible selectively extract specific sulfide
species. However, pyrite is the by far predominant
sulfide mineral, therefore the determined sulfur isotope
signature essentially represents that of the pyrite at
Perama Hill. Two barite samples from surface outcrops
have been also analyzed for their Sr, Pb and S isotope
compositions. For the calculation of initial isotope ratios,
a mineralization age of 29 Ma has been assumed.
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5 Discussion and conclusions
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The new sulfur isotope ratios of sulfides between -3.5
and -1.7‰ are compatible with a magmatic sulfur source
and oxidized conditions as suggested by Voudouris et al.
(2009) based on the presence of tetradymite and
kawazulite. The sulfur isotope ratios of barite of 18.9
and 20.6‰ are similar to those presented by Skarpelis et
al. (2006; 20.1 and 21.9‰ δ34S). The sulfate sulfur may
be derived from disproportionation of magmatic SO2 at
depth. However, the δ34S values of barite are fairly
homogeneous and close to that of Oligocene seawater
sulfate (e.g., Kampschulte and Strauss 2004). Taking
into account that barite is mainly present in the porous
and permeable sandstone unit above the hypogene zone,
which probably acted as an aquifer and that barite is
paragenetically later than gold-bearing sulfide
mineralization, the sulfate sulfur may also be derived
from an exotic (seawater or evaporitic) sulfur source.
Sr isotope ratios of barite and initial Sr isotope ratios
(29 Ma) of mineralized drill-core (whole-rock) samples
range from 0.7071 to 0.7073. These values fall into the
ranges of initial Sr ratios of basement rocks (200 Ma;
this study) and of Oligocene igneous rocks of the region
(e.g., Innocenti et al. 1984; Pecskay et al. 2003; Del
Moro et al. 1988; Fig. 2). They are lower than the Sr
isotope signature of Oligocene seawater, which had
87
Sr/86Sr of about 0.7080 (Veizer 1989). The Pb isotope
signature of barite and initial Pb isotope ratios (29 Ma)
of mineralized drill-core samples lie within the range of
Pb isotope values of Eocene-Oligocene rocks of the area
(Pe-Piper and Piper 2002) and higher than those of
basement rocks of the Circum Rhodope Belt (Fig. 3).
Overall, the stable and radiogenic isotope data are
compatible with a high-intermediate sulfidation model
in which Pb and by inference other the metals are
derived directly from Oligocene magmatism and/or
from leaching of igneous rocks. Ascending magmatichydrothermal fluids probably mixed in the Perama
Sandstone with sulfate-bearing meteoric or modified
seawaters with an igneous rock equilibrated Sr isotope
signature.
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Particular characteristics of mineral and geochemical
associations of Asachinsky and Ainsky Au-Ag
epithermal deposits (South Kamchatka, Kuril Islands)
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Abstract. There are «high-sulfidation» and «lowsulfidation» types of epithermal gold-silver deposits in the
Pacific Ocean belt (White 1991; Corbett 1998, 2002;
Franko 2009). The mineral and geochemical associations
of these two types were investigated using case studies
of Asachinsky (South Kamchatka) (LS type) and Ainsky
(Urup, Kuril Islands) (HS) deposits.

and rhiolitic intrusions. (Borovikov et al. 2009) The
geological cross-section of the Asachinsky deposit is
shown in Figure 2.

Keywords. Au-Ag, epithermal deposit

1 Geology
The Asachinsky epithermal gold-silver deposit is a
classic example of «low-sulfidation» deposits. The
mineral and geochemical characteristics of this type have
been extensively studied (White 1991; Corbett 1998,
2002). The deposit is confined to the Eastern Kamchatka
Pliocene-Quaternary volcanic belt and is localized in a
volcanic subsidence caldera about 15 km in diameter.
This deposit is part of the Asachinsky volcanic-tectonic
structure (Fig. 1).
Figure 2. Geological cross-section of the Asachinsky deposit:
1 – dacite and rhyolite; 2 – andesite; 3 – modern diluvium; 4 –
quartz vein; 5 – zone of crushed and mylonitization; 6 – zone
of stockwork mineralization.

The Ainsky deposit is of the «high-sulfidation» (White
1991; Corbett 1998, 2002) type. It is located in the central
part of the Van der Linde peninsula (Urup, Kuril Islands)
within the South Urup ore cluster, in the Urup ore district
(Fig. 1). The volcanic-sedimentary Upper-Miocene –
Early-Pleistocene rocks and andesitic subvolcanic units,
which are syngenetic or close in age to the cover
formations are found in the geological structure of the
deposit. The formations have been exposed to varying
degrees of hydrothermal processing. The argillisites and
secondary quartzites are distinguishable among the
altered rocks. Gold mineralisation in the deposit is
associated with a block of secondary quartzite.
It should be mentioned, that Asachinsky and Ainsky
deposits have the same composition of volcanic
complexes of andesite and andesite-basalt transected by
intrusions of dacitic and rhyolitic consistence. The main
difference between these deposits is in their formation.

Figure 1. Urup Island and South Kamchatka ore district

The andesitic and andesite-basalt volcanic complexes,
transected by intrusions of dacite and rhyolitic
composition, are typical of the Asachinsky deposit. The
central part of the deposit is confined to shallow dacitic
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The Ainsky deposit had been formed in subaeral
conditions in the presence of a dickite-alunite association
and native sulfure. The Asachinsky deposit had been
formed in a caldera lake and ore-forming system under
the conditions of low oxidation potential and sulfur
deficiency (Borovikov et al. 2009) with producing of
ore-channel and its blue cap of quartz-adularia type.

2 Epithermal indicator minerals
The ore-mineral composition of the Asachinsky deposit is
of the gold-naumannite-selenium-polybasite type, with
content of sulphide less than 1%, along with widespread
pyrite, marcasite, sphalerite, chalcopyrite, pyrrhotine
argentite, pyrargyrite, hessite and other tellurides
(Borovikov et al. 2009). More rare are native silver,
native arsenic, cinnabar, galena, petzite, pearceite and
stephanite. Three types were identified in the analyzed
samples by the typomorphic characteristics of precious
metals: 1) an association of ore minerals, typical for the
sites of ore bodies rich in precious metals, and 2) the
aureole zones association of mineable ore bodies, and 3)
an association of ore minerals at the near-bottom sites of
dacite intrusion. Native gold in the upper zone is found as
by large particles (upward of 50 microns). They have a
lumpy or spongy form with rare inclusions of hessite and
other argentiferous minerals. The crystal skeletal forms of
native gold are less common (Fig. 3). The same
morphological types of gold grains persist in the
intermediate zone, but particles size from a fraction to a
few micrometers are dominant.

pyrargyrite associating with enargite, tennantite and
arsenopyrite.
Native gold was found in several prepared specimens.
It is confined to the boundaries of quartz grains, pores and
micro fractures. Gold particles are very small (a few
microns, with single grains of up to 10 microns), and are
thin-flake, thin-platy. Gold was identified on a digital
scanning electron microscope in reflected electrons.
Quantitative measurements were conducted for larger
grains, and quality measurement for small grains. The
gold is high-standard with trace amount of copper (up
0.23%) and silver (up to 0.4%). The dickite, alunite, and
quartz are the main gangue and gangue and near-gangue
minerals.

3 Geochemical associations
Two geochemical groups were identified as a result of
geochemical data cluster analysis for the Asachinsky
deposit: I – alcaline, rare and precious elements linked
with the appearance of potassic metasomatism, and II –
siderophile, calciphilous and chalcophylic elements.
Furthermore, each group contained 3 subgroups. In the
first group subgroups were identified as: Iа – Pb, Te, Ag;
Ib – Sn, U, Th, Zr, Y ; Ic – Rb, K. In the second group
subgroups were identified as: IIа – Sb, Mo, As, Br, I, Ge,
Ni; IIb – Se, Ga, Cs, Cu, V ; IIc – Сd, Zn, Mn, Sr, Fe, Ti,
Ca (Fig. 4).

Figure 3. Native gold of the upper zone of the Asachinsky
deposit: a – crystal skeletal form; b – spongy form.

The proportion of silver minerals increases. Fine
grains of native gold occur in the form of fine inclusions
in hessite and argentite at deep levels and at the flanks of
the Asachinsky deposit (Borovikov et al. 2009).
Lateral and vertical zonation of mineralization is
clearly exhibited in the field, which is manifested in a
regular change in the strike and with the depth of
structural and textural and mineralogical characteristics.
The banded, colloform, colloform-banded, cockarde
structures are widespread at the upper levels of the main
vein zone of the deposit, and the breccia structure in
various combinations with banded, colloform and other
textures are more widespread in the lower part (Takahask
et. al. 2007). The adularia, quartz, zeolites, micaceous
clay are the typical gangue and near-gangue minerals.
Ore mineralization of the Ainsky deposit is
appreciably different from the Asachinsky deposit. The
most common ore minerals are pyrite, chalcopyrite,
chalcosine, pyrrhotine, marcasite. The precious metals
mineralization is presented by native gold, proustite,
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Asachinsky deposit (a) and the Ainsky deposit (b).
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The associations of two groups of elements were also
found in the Ainsky deposit: I – chalcophylic and
calciphilous elements, and II – chalcophylic, siderophile,
alcaline and precious elements. In each group the
separate elements were classified as follows: Iа – Mo,
Se, Cd, Te; Ib – Sn, Cu; Ic – Ca, Sr, Ge; IIа – Pb, Zn, Ga,
Br; IIb – Sb, Ag, fe, Mn, Cr, As, Ti, V, Y; IIc – Rb, K, Cs,
Ni, Th, Zr, Nb (Fig. 4).
The specific characteristics of geochemical
associations and distributions for the areas under
investigation were defined. In the Aisnky deposit Te-CdMo-Se and As-Sb-Ag associations were identified; and in
the Asachinsky deposit – Ag-Te-Pb and Sb-Mo-As
assotiations. The combined presence of Sb and As may
be explained by the formation of native geochemical
envelopes of these elements in the deposit. Precious
metal ores on Urup Island in addition to the native Au,
Ag, is presented by proustite (Ag3AsS3 ), pyrargyrite
(Ag3SbS3), associated with arsenopyrite, enargite and
tennantite, which are typical for HS type.
During the interaction of hydrothermal solutions with
enclosing volcanogenic rocks, Ca, Mn, Fe, Ga, Br, Y, Cd,
Sn, Th were found to be inactive in the Asachinsky
deposit. K, V, Cr, Ni, Cu, Zn, Se, Rb, Sr, Zr, Nb, Mo, Ag,
Sb, Te, As are invected or transit elements in parallel
subtraction of Ge, Cs, I, Pb. These processes were
accompanied by the formation of rich Au-Ag quartzadularia ore-bodies, surrounded by orthoclastic
metasomatite areas.
A specific characteristic of metosomatic rocks of the
Ainsky deposit was the acid leaching of lithophile
elements: К, Ca, Rb, Sr, Nb, Th with the appearance of
kaolinic caps. The chalcophylic (Ag, As, Mo, Pb, Cd, Sb,
Te) and siderophile (Fe, Cu, Zn, V, Cr) elements were
injected in significant quantities. Ti, Mn, Ga, Ge, Se, Br,
Zr, Y, Cs appeared in inert qualities. The highest
migration of lithophylic elements took place due to an
argillization process and was accompanied by almost
total loss of К and Ca, with sulphate and phosphate
depositions.
The set of the most movable or “transit” elements
was almost the same for the investigated deposits, but
metasomatites of the Ainsky deposit were enriched by
chalcophylic and siderophilic metals Сu, V, Cr, Fe,
whicht is a specific characteristic of HS type gold-silver
deposits (White 1991).

Econ Geol Spec Pub 6:31-68
Corbett GJ (2002) Epithermal gold for explorationists. IG Journal
pp 1-26
Takahash R, Matsueda H, Okrugin V, Ono S (2007) Epithermal
gold-silver mineralization of Asachinskoe deposit in South
Kamchatka, Russia. Resour Geology 4:354-372
White NC (1991) High sulfidation epithermal gold deposits:
characteristics and a model for their origin. Geological Survey
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Oxygen isotope zoning in massive silica replacement
horizons as a guide to underlying veins, Ivanhoe
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Abstract. The Ivanhoe epithermal district consists of
veins hosted largely by Paleozoic basement rock and
extensive silicified horizons in Tertiary volcanic rocks that
overlie and obscure the veins. Similar silicified horizons
that could overlie other epithermal vein systems are
widespread, and methods are needed to use the
horizons as a guide to deeper exploration. We report
here results of a reconnaissance survey suggesting that
oxygen isotope analyses of the silicified material could be
used as a guide to buried veins. Oxygen isotope
analyses of the veins and silicified horizons confirm that
they were likely precipitated from the same fluid at
18
temperatures of about 220 and 100ºC, respectively. δ O
values in the silicified horizons range from about 11 to
20‰ with lowest values immediately above the buried
veins and around known gold mineralization in the
overlying tuffs. This pattern appears to reflect the rise of
hot fluids along the veins and cooling as the fluids moved
outward into the silicified horizons. Similar relations might
be used to explore for blind veins in other districts with
extensive silicification.

2 Geologic characteristics of the veins and
overlying silicified horizons
Veins in the Ivanhoe system consist largely of layers
of microcrystalline to coarse-grained, drusy quartz and
K-feldspar, with local bladed (after calcite) and breccia
textures. Precious metals are hosted largely by electrum,
naumannite, aguilarite, tetrahedrite, argentotennantite
and giraudite. Measurements on probable primary fluid
inclusion assemblages in coarse-grained quartz indicate
temperatures of 170° to 245°C and salinities of near 0 to
2.6 wt.% NaCl equiv. for the mineralizing fluids; boiling
assemblages homogenized at an average temperature of
about 220°C.
Two large silica replacement horizons in Tertiary
rocks overlying the Ivanhoe veins cover an area of about
2.5 km2. The replacement horizons form caps that resist
weathering and create local topographic highs, although
significant amounts of silicified material have probably
been removed by erosion. Field evidence as well as drill
core data indicate that the silicified horizons are thickest
near the veins and thin outward from them. Both
silicified horizons replace porous tuff, one at the top of
the presently exposed Tertiary sequence and the other in
the middle of the sequence at depths of up to 300 m. The
upper silicified horizon probably formed at or near the
paleosurface, with the lower horizon slightly below it,
possibly along a water table, although temporal relations
between the two silicified horizons is not known.
Three stages of silica precipitation have been
documented in these silica horizons. Earliest fluids
caused dissolution of the rock followed by precipitation
of microcrystalline quartz and opaline silica. This was
followed by at least two stages of fracturing, with
deposition of small amounts of opaline silica and local
cinnabar in early fractures and chalcedony and drusy
quartz in later fractures. Rare opaline silica lines the
interior of some late-stage fractures.

Keywords. Ivanhoe, Epithermal, Oxygen Isotope, Silica,
Zoning

1 Introduction
The Ivanhoe epithermal district consists of veins that are
hosted largely by Paleozoic sedimentary rocks and
extensive stratiform horizons of silicification in
overlying Tertiary volcanic rocks (Fig. 1). The veins are
not exposed, and a long period of exploration was
required to locate and delineate them. Silicified horizons
of this type are widespread in areas of epithermal
mineralization that have not been eroded deeply enough
to expose underlying veins. In this study, we evaluated
the genetic and spatial relation between the silicified
horizons and underlying veins at Ivanhoe, and the
degree to which compositional variations in the silica
horizons might be used to locate underlying veins.
The Ivanhoe epithermal system is hosted by
Paleozoic sedimentary rocks that are largely concealed
beneath several hundred meters of Tertiary volcanic rock
(Fig. 1). There are two main vein systems, Clementine
and Gwenivere, both of which consist of numerous
individual veins and splays. 40Ar/39Ar age measurements
on vein K-feldspar yield a plateau age of 15.34 ± 0.05
Ma, and a total gas age, which is equivalent to a K-Ar
age, of 15.50 ± 0.05 Ma, confirming the link between
Ivanhoe and the northern Nevada rift.

3 Oxygen isotope geochemistry of the
veins and overlying silicified horizons
Oxygen isotope analyses were carried out on the
silicified horizons to determine their relation to the
underlying vein system. δ18O values of quartz in the
Clementine vein range from 2.3 to 5.2‰ compared to
δ18O values from the lower silica horizon, which range
from 11.8 to 19.3‰ and the upper silica horizon, which
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highest temperature for water near the surface.
Somewhat similar temperature relations were observed
between veins and sinter at Buckskin (Vikre 1987). In
view of this temperature relation, it is reasonable to
conclude that the veins and silicified horizons were
deposited by the same hydrothermal system and that
zoning in the silicified horizons might reflect the
presence of underlying veins.

range from 13.7 to 19.8‰. The difference of about 11 to
12‰ between δ18O values of quartz in the veins and
silicified horizons (Fig. 2) is consistent with an
approximately 120°C difference in temperature between
the two environments (Friedman and O'Neil 1977; Kita
et al. 1985), with the veins forming at about 220°C, the
average of homogenization temperatures, and the
silicified horizons forming at about 100°C or less, the

Figure 1. Map and cross section showing location of veins and their relation to overlying silicified horizons in the Ivanhoe district
(Peppard 2002).

δ18O values for the silica horizons also exhibit spatial
zoning related to the underlying veins (Fig. 3). The silica
samples consist of microcrystalline quartz with 1 to 30%
later chalcedony (average = 7%) and analysis of quartzchalcedony pairs from several samples showed that δ18O
values of chalcedony are ~3‰ higher than those of
quartz, isotopic relations that are consistent with
previous comparisons (Harris 1989; Gotze et al. 2001).
This difference is not enough to obscure δ18O zoning
because of the small amount of chalcedony.

to buried mineralization. This appears to be the case.
δ18O values in the lower silica horizon are less than 14‰
directly above the vein system and even lower near the
Hollister deposit, a low-grade gold deposit in the
overlying tuffs. In the upper silica horizon the lowest
δ18O values (13.7‰) in the northeast part of the area are
not related to known mineralization, which might be
expected if the upper horizon is the most distal part of
the flow system.

4 Conclusions
Zoning of δ18O values in silicified horizons allows
vectoring toward buried veins at Ivanhoe. Similar
isotopic zonation might be used as a guide to underlying
vein systems in other areas of near-surface silicification.
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Figure 3. Map of the Ivanhoe district showing zonation of δ18O values in samples from the massive silica replacement horizons
relative to location of the underlying veins (Peppard 2002). Note that contours show variations in composition of upper and lower
replacement horizons (see Fig. 1 for stratigraphic setting of the horizons).

References
Friedman I, O'Neil JR (1977) Compilation of stable isotope
fractionation factors of geochemical interest. In: Data of
Geochemistry Fleischer M (ed.) 6th ed, chapter KK, USGS
Professional Paper 12 p
Gotze J, Tichomirowa M, Fuchs H, Pilot J, Sharp ZD (2001)
Geochemistry of agates: a trace element and stable isotope
study. Chem Geol 175:523-541
Harris C (1989) Oxygen-isotope zonation of agates from Karoo
volcanics of the Skeleton Coast, Namibia. Am Mineral 74:476481
Kita I, Taguchi S, Matsubaya O (1985) Oxygen isotope
fractionation between amorphous silica and water at 34-93
degrees C. Nature 314:83-84
Peppard B (2002) Geology and geochemistry of the Ivanhoe vein
system, Elko County, Nevada: M.Sc. thesis, University of
Michigan, 46 p
Simmons SF, Christenson BW (1994) Origins of calcite in a
boiling geothermal system. Am J Sc 294:361-400
Vikre PG (1987) Paleohydrology of Buckskin Mountain, National
District, Humboldt County, Nevada. Econ Geol 82:934-950

704

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

The epithermal Chaarat gold deposit, Kyrgyzstan –
structurally controlled mineralization related to the
Chatkal and Talas-Ferghana Fault systems
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Abstract. The Central Asian Tien Shan mountains host
several Late Paleozoic magmatic-hydrothermal gold
deposits like the giant Muruntau in Uzbekistan, Kumtor in
SE’, and Chaarat in W’ Kyrgyzstan. The Chaarat gold
deposit delineated mineral resources of 4.4 Moz at a
grade of 4.2 g/t gold so far. Located 30 km W of the
junction of the regional-scale Talas-Ferghana and
Chatkal fault systems, mineralization is predominantly
structurally controlled. Associated with a series of diorite
intrusions of presumed Permian age, mineralization is
disseminated in the sericitic-kaolinitic and argillitic
alteration halos of the intrusives, silicified host rocks, and
quartz veins and stockworks.
The host rocks are Cambro-Ordovician turbidites in the
footwall, and Devonian molasse-type sandstones in the
hanging wall of the NE-trending Contact Fault Zone
(CFZ), a branch of the Chatkal fault system. As a major
pathway for the intruding diorites and associated fluids,
the CFZ controlled the orientation of the major
mineralized sericitic and argillitic alteration and
silicification zones. Subperpendicular to the CFZ, splays
of the NW-trending Talas-Ferghana Fault extend into the
Chaarat deposit, where they account for the second
dominant orientation of mineralized quartz veins and
stockwork.

plate and the Russia, Angara, and North China cratons
(Sengör and Natal'in 1996). Ongoing post-collisional
shortening resulted in the initiation of the NW-trending
dextral Talas-Ferghana and Karatau Faults that can be
traced over 800 km from the NW’ edge of the Tarim
basin into the Kazakh platform (Fig 1; (Buslov et al.
2003); (Buslov et al. 2006); (De Grave et al. 2006)). By
the Late Permian, right-lateral offset had reached a total
of 250 km (Burtman et al. 1996). In a N-S oriented stress
field, the NE-trending sinistral transtensive faulting in
the Chatkal ranges was supposedly initiated
contemporaneously.
Post-collisional
magmatism
culminated between 290 – 260 Ma and corresponds to
mineralization events at the Muruntau, Zarmitan,
Kumtor and other gold deposits in the Tien Shan
mountains (Konopelko et al. 2003; Konopelko et al.
2007; Mao 2004). Mineralization at the Chaarat gold
deposit is therefore assumed to be Permian in age.

2 Mineralization and structural control of
the Chaarat deposit
In the Chaarat deposit, epithermal mineralization
comprises gold, antimony, and silver, predominantly as
sulfides (arsenopyrite, stibnite) and sulfosalts. Primary
gangue minerals are mainly quartz, ankerite, and other
Ca-Fe/Mg carbonates. Mineralization is disseminated in
sericitic-kaolinitic and in argillitic alteration halos of the
dioritic intrusives, as well as in quartz veins, stockwork
and silicified host rocks. The rocks hosting
mineralization are Cambro-Ordovician turbidites
(interbedded greywackes and siltstones) in the footwall,
and Devonian molasse-type sandstones in the hanging
wall of the NW-dipping Contact Fault Zone (CFZ), a
branch of the Chatkal fault system (Fig. 2).
During the Hercynian orogeny, in post-Devonian,
pre-Early Permian times, the CFZ was active as an
oblique thrust fault zone. This is evidenced by stretching
lineations with associated shear sense indicators on the
brittle fault planes. Supposedly in Permian times, the
CFZ was reactivated as sinistral transtensive strike-slip
fault zone that acted as pathway for the intruding diorites
and associated mineralizing fluids. The CFZ and its
Riedel shears controlled the orientation of two major
mineralized zones of the deposit, the Contact and the
Main Zone (Fig. 2).
Subperpendicular to the CFZ, splays of the TalasFerghana Fault extend to the Chaarat deposit as zones of
diffuse faulting. A second subset of mineralized quartz

Keywords. epithermal gold, open vein - hot spring type,
structurally controlled mineralization, Talas-Ferghana
Fault, Kyrgyzstan, Central Asia

1 Regional framework
The Central Asian Tien Shan mountains host several
world-class gold deposits (Yakubchuk et al. 2002;
Konopelko et al. 2003) like the giant Muruntau (>175
Moz; (Yakubchuk et al. 2002; Graupner et al. 2001;
Wilde 2001), the Kalmakyr (93 Moz), and the Zarmitan
deposits (>11 Moz; Abzalov 2007) in Uzbekistan, and
the Kumtor deposit in SE’ Kyrgyzstan (19 Moz; Mao
2004). The Chaarat gold deposit is situated in the
Chatkal ranges of W’ Kyrgyzstan, close to the border of
Uzbekistan (Fig 1), and delineated mineral resources of
4.4 Moz at a grade of 4.2 g/t gold so far.
The formation of gold deposits in the Tien Shan
mountains is the result of magmatic arc related and
orogenic magmatic activity (Yakubchuk et al. 2002;
Sengör and Natal'in 1996). Until Early Permian times,
the Hercynian orogeny resumed the diachronous
collision of numerous terranes of Precambrian cratonic,
magmatic arc, and accretionary wedge melange origin
(ophiolite-turbidite) inbetween the continental Tarim
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veins, quartz-ankerite-sulfide veins, stockwork and
decameter wide zones of pervasive silicification is
therefore preferentially oriented parallel to the
subvertical, WNW- to NW-trending faults. This
orientation is dominant in the third major mineralized
zone, the Tulkubash Zone (Fig 2). The mineralized veins
usually terminate against the NE-trending, CFZ-parallel
faults, indicating that recent activity along the CFZ
dominates over the activity parallel to Talas-Ferghanaparallel faults in the Chaarat area.

India-Eurasia convergence and Mesozoic intracontinental
deformation in Central Asia: Constraints from apatite fissiontrack thermochronology. J Asian Earth Sci
Graupner T, Kempe U, Spooner ETC, Bray CJ, Kremenetsky AA,
Irmer G (2001) Microthermometric, Laser Raman
spectroscopic, and Volatile-Ion Chromatographic analysis of
Hydrothermal Fluids in the Paleozoic Muruntau Au-Bearing
Quartz Vein Ore Field, Uzbekistan. Econ Geol 96:1-23
Konopelko D, Biske G, Belyatsky B, Eklund O, Seltmann R (2003)
Hercynian post-collisional magmatism of the SE Tien Shan,
Kyrgyzstan: Timing and metallogenic potential IGCP-473
workshop. Urumqi, China
Konopelko D, Biske G, Seltmann R, Eklund O, Belyatsky B (2007)
Hercynian post-collisional A-type granites of the Kokshaal
Range, Southern Tien Shan, Kyrgyzstan. Lithos 97:140-160
Mao J, Konopelko, D., Seltmann, R., Lehmann, B., Chen, W.,
Wang, Y., Eklund, O., Usubaliev, T. (2004) Postcollisional Age
of the Kumtor Gold Deposit and Timing of Hercynian Events
in the Tien Shan, Kyrgyzstan. Econ Geol 99:1771-1780
Scharer KM, Burbank DW, Chen J, Weldon RJ, Rubin C, Zhao R,
Shen J (2004) Detachment folding in the Southwestern Tian
Shan - Tarim foreland, China: shortening estimates and rates. J
Struc Geol 26:2119-2137
Sengör AMC, Natal'in BA (1996) Paleotectonics of Asia:
fragments of a synthesis In: Yin A, Harrison M (eds) The
tectonic evolution of Asia. Cambridge University Press, pp
486-640
Strecker MR, Frisch W, Hamburger MW, Ratschbacher L,
Semiletkin S, Zamoruyev A, Sturchio N (1995) Quaternary
deformation in the Eastern Pamirs, Tadzhikistan and
Kyrgyzstan. Tectonics 14:1061-1079
Tapponier P, Molnar P (1979) Active faulting and Cenozoic
tectonics of the Tien Shan, Mongolia, and Baykal regions. J
Geophys Res 84: 3425 - 3459
Wilde AR, Layer, P., Mernagh, T., Foster, J. (2001) The Giant
Muruntau Gold Deposit: Geologic, Geochronologic, and Fluid
Inclusion Constraints on Ore Genesis. Econ Geol 96:633-644
Yakubchuk AS, Cole A, Seltmann R, Shatov VV (2002) Tectonic
setting, characteristics, and regional exploration criteria for
gold mineralization in the Altaid orogenic collage: The Tien
Shan province as a key example. Soc Econ Geol Spec Pub
9:177-201
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Figure 2. Geological-structural overview map of the Chaarat gold deposit and major mineralized zones. Devonian sandstones were
thrust on top of the Cambro-Ordovician turbidites along the NW-dipping Contact Fault Zone. Presumably in Permian times, the
thrust contact was reactivated as sinstral transtensive strike-slip fault zone, serving as pathway for the intruding diorites and
mineralizing fluids. Mineralization occurs in sericitically and argillitically altered, and in silicified zones along the contacts to
diorites and quartz veins (Main Zone and Contact Zone). The Contact Fault Zone is a branch of the regional NE-trending Chatkal
Fault system. Splays of the second regional-scale fault zone, the NW-trending Talas-Ferghana Fault, continue as a zone of diffuse
faulting into the Chaarat deposit, where they account for a second major set of mineralized quartz veins that is especially abundant in
the Tulkubash Zone. The map shows the investigated part of the license area only. Gauss-Krüger projection and world coordinates
indicated.
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Selenium and precious metal-bearing minerals at Don
Sixto mining project, Mendoza, Argentina
Ana Cecilia Mugas-Lobos, María Florencia Márquez-Zavalía, Miguel Ángel Galliski
IANIGLA, CCT Mendoza, CONICET. Av. Ruiz Leal s/n, Parque San Martín - C.C. 330 (5500) Mendoza, Argentina
Abstract. Se-bearing precious metal minerals including Sebearing acanthite Ag2S; Se-bearing polybasite [Ag9CuS4]
[(AgCu)6(SbAs)2S7]; and naumannite Ag2Se were recently
found at Don Sixto mining project, an epithermal low
sulfidation deposit located in Mendoza province, Argentina.
These Se-bearing minerals occur as small grains and blebs in
the range of 5 to 100 μm, disseminated as isolated grains,
irregular aggregates and/or as small rounded inclusions
closely related to gold (mainly as electrum), silver and
uytenbogaardtite (Ag3AuS2). Stützite and cervellite were also
recognized.

chalcopyrite, sphalerite, and minor magnetite, galena and
boulangerite. Acanthite, stromeyerite, naumannite and
uytenbogaardtite occur in association with gold, chalcopyrite
and silver. Polybasite replaces chalcopyrite. Anhedral
grains of stützite and cervellite were also recognized in
association with silver.
Electron microprobe analyses were performed in the
wavelength-dispersion on a Cameca SX100, with an
acceleration potential of 15 kV and a sample current of 20
nA measured on Faraday cup, a peak counting time of 20 s,
background count-time of 10 s, and a beam size of 1 μm
were used for all elements. The following standards were
used: Alabandite (Mn), CuFeS2 (S, Fe; Cu), CdSe (Cd), InAs
(In), stibnite (Sb), Au20Ag80 (Ag), SnO2 (Sn), PbTe (Te, Pb),
Au80Ag20 (Au), Bi2Se3 (Se, Bi), ZnS (Zn), GaAs (As, Ga), Ge
(Ge) and CaWO4 (W). Data were reduced using the PAP
routine of Pouchou and Pichoir (1984; 1985).
The results shown in Tables 1 and 2 are expressed in
weight percent and atoms per formula unit (apfu). Mn, Cd,
Fe, Sb, Pb, Bi, Cu, As, In, Sn, Te, Zn, Ga, Ge, W
concentrations are under the detection limit (<d. l.).

Keywords. Se; acanthite; polybasite; epithermal; Argentina

1 Introduction
Don Sixto mining project is an epithermal low
sulfidation Au-Ag deposit, located in Mendoza province,
Argentina. It is a small deposit (~4 km²), with a gold
resource close to 900,000 ounces (calculated with a cutoff grade of 0.5 g/t) (Delendatti 2005). In this deposit,
ore minerals occur disseminated, mainly in hydrothermal
quartz veins and altered volcanic - pyroclastic units of
Permian - Triassic age (Mugas-Lobos et al. 2010 and
references therein).
The occurrence of this mineral association, with Sebearing minerals, silver tellurides and related precious metal
minerals were unknown in the area, although the presence of
fischesserite (Ag3AuSe2) and naumannite (Ag2Se) was
mentioned by Townend (2005).

3.1 Acanthite (Ag2S)
Acanthite (Ag2S) is frequently present in epithermal
gold-silver deposits. In Don Sixto it is a well distributed
minor phase commonly associated to gold and
uytenbogaardtite. Based on chemical composition, a Sebearing acanthite was also identified.
Acanthite occurs as anhedral, medium grey grains of
8 to 50 μm. It is generally related to gold in intergrowth
textures (Fig. 1A). Under reflected light, the grains of
Se-rich acanthite are slightly darker than regular
acanthite. Locally, uytenbogaardtite, gold and acanthite
form a common association.
The chemical composition of acanthite is shown in
Table 1; low totals are due to beam damage.

2 Geological setting
The local geology includes quartz sandstones interlayered
with black shales (Late Carboniferous), uncomformably
overlaid by volcanic and pyroclastic sequences of the
Choique Mahuida Formation (Early Permian - Late Triassic).
Several subvertical porphyritic rhyolitic dikes of El Portillo
Group (Late Permian - Late Triassic) intrude the complete
sequence; two fragmental rock units of local extension were
also recognized.
The mineralization in the area is mainly hosted by the
Choique Mahuida Formation and El Portillo Group, included
in the Choiyoi Group. The geochemical data (MugasLobos et al. 2010) show that these units behave as a suite
genetically related to evolved magmas, typical of a
transitional geotectonic environment, in between a
volcanic arc and an intraplate post-orogenic distensive
magmatic-tectonic environment.

3.2 Naumannite (Ag2Se)
Naumannite has been previously identified in several
localities from La Rioja province in Argentina (Brodtkorb
2002), but no chemical data has been published.
In Don Sixto anhedral grains of this mineral were
found. Under reflected light naumannite has a light grey
color, with a pale blue tint on the margins of the grains.
It occurs as small (20 to 100 μm), anhedral, sub-angular
grains, commonly related to gold (Fig. 1B). Townend
(2005) reported the presence of naumannite grains (<40 μm)
commonly related to electrum and native silver.
The chemical composition of naumannite is shown in
Table 1, and its empirical formula is Ag1.98 (Se0.90S0.11)Σ=1.01.

3 Occurrence and composition of minerals
The characteristic mineral association at Don Sixto project
includes major amounts of pyrite >> hematite related to the
propylitic and phyllitic alteration, with lesser amounts of
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Table 1. EPMA analyses of acanthite, naumannite and polybasite.
Acanthite

Analyses

Naumannite

Ag wt. %
Au
Cu
Se
S
Fe
As
Bi
Pb
Sb
Total

81.92
0.05
<d.l.
0.00
13.43
<d.l.
<d.l.
<d.l.
<d.l.
<d.l.
95.40

80.51
0.00
<d.l.
0.12
14.31
<d.l.
<d.l.
<d.l.
<d.l.
<d.l.
94.94

83.86
0.01
<d.l.
4.63
10.41
<d.l.
<d.l.
<d.l.
<d.l.
<d.l.
98.91

81.76
0.01
0.02
4.93
10.21
0.00
0.00
0.06
0.00
0.00
96.99

Ag apfu
Au
Cu
Se
S
Fe
As
Bi
Pb
Sb
Total

1.93
0.00
0.00
0.00
1.07
0.00
0.00
0.00
0.00
0.00
3.00

1.87
0.00
0.00
0.00
1.12
0.00
0.00
0.00
0.00
0.00
3.00

2,01
0,00
0,00
0,15
0,84
0,00
0,00
0,00
0,00
0,00
3,00

2.00
0.00
0.00
0.16
0.84
0.00
0.00
0.00
0.00
0.00
3.00

80.58
73.87
0.41
0.14
0.05
0.03
5.19
24.61
8.80
1.40
0.07
0.00
0.00
0.00
1.54
0.02
0.06
0.08
0.00
<d.l.
96.70 100.15
2.04
0.01
0.00
0.18
0.75
0.00
0.00
0.02
0.00
0.00
3.00

1.97
0.00
0.00
0.90
0.13
0.00
0.00
0.00
0.00
0.00
3.00

in contact with chalcopyrite. The Se-bearing polybasite
commonly occurs in close relationship with chalcopyrite,
Au and Ag, replacing the former from its margins. Subangular grains of native silver (<150 μm) enclosed by
electrum, have chalcopyrite inclusions (15 μm) partially
replaced by Se-bearing polybasite (Fig. 1C).
The chemical composition of the Se-bearing polybasite is
shown in Table 1.

Polybasite

73.93
0.20
0.00
24.56
0.96
0.00
0.02
0.00
0.01
<d.l.
99.68

67.50
0.04
5.88
4.18
12.61
0.01
0.22
0.30
<d.l.
9.70
100.44

2.00
0.00
0.00
0.91
0.09
0.00
0.00
0.00
0.00
0.00
3.00

14.53
0.00
2.15
1.23
9.13
0.00
0.07
0.03
0.00
1.85
29.00

3.4 Uytenbogaardtite (Ag3AuS2)
In Argentina, uytenbogaardtite has been previously reported
in La Rioja and Santa Cruz provinces (Brodtkorb 2002).
Uytenbogaardtite occurs as small anhedral grains
(<37 μm) medium grey with a distinct brownish hue
within quartz veins and closely related to Au and
acanthite. It is also associated to minor amounts of oxydized
pyrite, chalcopyrite partially replaced by covellite (±
“limonite”) and pyrrotite; with Au, uytenbogaardtite develops
fine and coarse intergrowths.
The chemical composition of uytenbogaardtite (Table
2) indicates a slightly enrichment in Ag and depletion in
Au compared to its ideal composition. Its empirical
formula is Ag3.11 Au0.82 S2.06.
Table 2. EPMA
uytenbogaardtite.

analyses

Analyses

Stützite

Ag wt. %
Au
Cu
Se
S
Fe
Pb
Zn
Te
Cd
Total

61.18 62.80
<d.l.
<d.l.
0.00
0.00
0.14
0.06
0.31
0.04
0.01
0.01
1.54
0.00
0.00
0.01
36.71 37.42
0.02
0.06
99.91 100.40

Ag apfu
Au
Cu
Se
S
Fe
Pb
Zn
Te
Cd
Total

5.19
0.00
0.00
0.02
0.09
0.00
0.07
0.00
2.63
0.00
8.00

5.30
0.00
0.00
0.01
0.01
0.00
0.00
0.00
2.67
0.00
8.00

of

stützite,

Cervelleite
62.76
<d.l.
0.01
0.02
0.12
0.00
0.00
0.00
36.69
0.06
99.66

73.61
<d.l.
0.04
0.00
7.24
0.02
0.11
0.08
17.98
0.02
99.10

5.33
0.00
0.00
0.00
0.03
0.00
0.00
0.00
2.63
0.00
8.00

3.89
0.00
0.00
0.00
1.29
0.00
0.00
0.01
0.80
0.00
6.00

and

Uytenbogaardtite

73.69
59.46
<d.l.
30.11
0.00
<d.l.
0.00
0.09
7.17
10.51
0.08
<d.l.
0.10
<d.l.
0.00
<d.l.
17.98
<d.l.
0.02
<d.l.
99.04 100.17
3.90
0.00
0.00
0.00
1.28
0.01
0.00
0.00
0.81
0.00
6.00

cervelleite

3.20
0.89
0.00
0.01
1.90
0.00
0.00
0.00
0.00
0.00
6.00

59.14
28.78
<d.l.
0.06
11.73
<d.l.
<d.l.
<d.l.
<d.l.
<d.l.
99.71

59.68
27.13
<d.l.
0.00
12.95
<d.l.
<d.l.
<d.l.
<d.l.
<d.l.
99.76

3.10
0.83
0.00
0.00
2.07
0.00
0.00
0.00
0.00
0.00
6.00

3.03
0.75
0.00
0.00
2.21
0.00
0.00
0.00
0.00
0.00
6.00

3.5 Gold (Au)
Gold is abundant and it is widely distributed in the entire
mining project.
High fineness gold (>790 up to 1000) is less abundant
than electrum; it occurs as isolated or as clusters of grains
(≤45 μm). Platy and dendritic grains, as well as euhedral
crystals (0.25 to 0.7 mm) were found filling fractures and
vugs in quartz veins.
Electrum occurs as isolated anhedral grains (7 to 200 μm)
in hydrothermal quartz veins and as inclusions (<50 μm) in
pyrite. Locally, electrum and pyrite may develop symplectitic
textures, sometimes following a crystallographic pattern.

Figure 1. BSE images. A: Sub-rounded grains of Au intergrown
with Se-bearing acanthite (ac), B: Irregular grains of naumannite
(nm), enclosing a Au grain, C: Subangular grain of Au enclosing Ag
and grains of Se-bearing polybasite (plb) after chalcopyrite (ccp).

3.3 Se-bearing polybasite ([Ag9CuS4] [(AgCu)6
(SbAs)2S7])
In polished sections, the Se-bearing polybasite has a
medium grey color with a distinct dark bluish tint when
observed in contact with silver and slightly green when

709

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

3.6 Silver (Ag)

A hypogenic origin is proposed for the uytenbogaardtiteAu (+ electrum)-acanthite mineral association, based on the
results of Barton et al. (1978). These authors reported that
one possible explanation for the coexistence of these three
minerals could be the exsolution of uytenbogaardtite
triggered by disequilibrium during the cooling of a higher
temperature Au-bearing argentite + electrum assemblage. On
cooling, the argentite would have exsolved
uytenbogaardtite leaving the original Ag-rich electrum
with acanthite + uytenbogaardtite.
Stützite and cervelleite, together with Ag, are well
represented in the central portion of the mining project. The
EMPA results indicates that stützite grains are Ag-enriched
and slightly depleted in Te; cervelleite shows standard Ag
contents and somewhat depleted in Te.

Silver is slightly more abundant than high fineness gold
and it is well represented in the central part of the mining
project. It occurs as disseminated, anhedral grains (10 to 150
μm) and as aggregates and patches in quartz veins. It is
usually associated to electrum in coarse intergrowths and
aggregates: It is also associated to stützite and cervelleite.
3.7 Stützite (Ag5-xTe3(x=0.24-0.36)) and
Cervelleite (Ag4TeS)
In Argentina, stützite has been previously identified in
Catamarca and La Rioja provinces, while cervelleite has been
recognized in Rio Negro and Chubut (Brodtkorb 2002).
Anhedral grains (<400 μm) and aggregates of stützite
occur in association with cervelleite, Ag and minor amounts
of euhedral to subhedral pyrite (20 to 130 μm), within quartz
veins.
Light blue grayish cervelleite partially replaces stützite
through fractures and along grain boundaries.
The chemical composition of stützite and cervelleite is
shown in Table 2; their empirical formulas are Ag5.27Te2.64
and Ag3.89Te0.80S1.28, respectively.
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4 Discussion and conclusions
The Se-enriched mineral association, found at Don Sixto
mining project, includes: naumannite, Se-bearing acanthite
and polybasite, and it is commonly found in close
relationship with Au (electrum), native Ag, uytenbogaardtite
and chalcopyrite. Stützite and cervelleite are mainly related to
native Ag.
Selenium is considered a frequent trace component in
acanthite (Shikazono 1978; Simon et al. 1997). Petruk et al.
(1974) reported that acanthite from Guanajuato contains up to
2.2 wt.% Se, and suggested that the solubility limit for Se in
this mineral reaches about 4.7 wt.%. Other authors (e.g.,
Kieft and Oen 1973) reported similar Se contents. Shikazono
(1978) recognized that acanthites from Au-Ag vein-type
deposits displayed relatively wide ranges in their selenium
content (up to 10.1 wt.%) and related this to deposits being
formed under oxidizing conditions in close relationship
with adularia, possibly from high Se/S ratios ore fluids.
Based on this information, it can be considered that Se
contents in the range of 4.63 to 5.19 wt. % for some
acanthites in Don Sixto area are not uncommon.
Regarding the Se-bearing polybasite found in this mining
project, it is the second reported occurrence in Argentina,
after the Se-bearing polybasite-Tac from Martha mine
(Marquez-Zavalía et al. 2008). The Se contents of these
polybasite grains are similar or higher (4.18 wt.%) in Don
Sixto than in Martha mine (3.00 wt.% Se).
On the basis of the analyzed data, it can be concluded
that the selenium enrichment observed in acanthite and
polybasite samples from Don Sixto mining project could
be partially due to replacement of sulfur, considering
that Se is strongly chalcophile and substitutes widely for
S in most sulfide minerals (Simon et al. 1997). The
presence of a late Se-enriched ore fluid is interpreted from the
occurrence of these minerals together with the precipitation
of naumannite.
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A new Ag-Au epithermal vein-type ore deposit, Azuca,
Cordillera de Huanzo, southern Peru
Celso Palacios, Ramón Medina, Alberto Zapata, Justino Usca, Milton Zegarra, César Velazco
Exploration Greenfield and Brownfield, Hochschild Mining PLC, Peru, Calle La Colonia 161. Urb. El Vivero de
Monterrico, Surco, Lima, Perú
Abstract. Azuca Project is an epithermal silver-rich, gold,
base-metal, intermediate sulfidation-type vein system,
located in the convergent-subducted Miocene magmatic
arc of the southern Peruvian Andes. Azuca is
approximately 50km NNE of the Arcata mine at altitudes
up to 5200 masl. Geology consists of volcanic complex
with volcano-sedimentary, pyroclastic, volcanoclastic,
lava-domes and lavas series of andesitic to andesiticbasaltic composition. The more mafic series correspond
to post-mineral episodes (2.5 ± 0.8 a 2.4 ± 0.2 Ma).
Mineralized veins are preferentially hosted by rocks of
coherent texture, which do not display significant
alteration halos around veins. Subtle alteration is more
noticeable around volcanoclastic rocks displaying halos,
from proximal to distal, of narrow zones of silicification,
local muscovite (sericite) grading out to illite, then
smectite and ending with chlorite-smectite assemblage.
Gangue minerals mainly consists of primary growth, recrystallization and replacement-textured quartz and
chalcedony, suggesting preserved erosion level. Bladed
calcite and rhodcrosite is replaced by quartz. Ore
mineralogy is characterized by pyrite, chalcocite,
sphalerite, galena, tetraedrite, electrum and ruby silver
that define an intermediate sulfidation stage, which is
subsequently overprinted by a late pulse with enargite
indicating increasing in sulfidation state. Drilling first
tested structural control of WNW-veins confirmed jogs
with N270° orientations interpreted by strike-slip faulting.

geophysical survey were also completed. The
compilation of all these studies permitted an
understanding of geological control and the discovery of
more than 25 km of outcrop and blind veins in three
different structural settings (WNW, NNW, and NE).
Currently these vein sets are being explored and defined
(pre-feasibility stage) with a base line of resources of
5.52 Mt @ 266 g/t Ag, 1,27 g/t Au, or 343 g/t Ag eq
(60.8 Moz Ag_eq) (Medina et al. 2008, Zapata et al.
2008-2009; Palacios and Medina 2008-2009; Usca et al.
2010; Puerta and Peña 2010).
Geological potential to discover additional silver and
gold ore shoots is great, and especially so within the
underexplored NE structural set.

±
MAPA DE UBICACIÓN

Keywords. intermediate sulfuration, epithermal vein,
Miocene magmatic arc
Figure 1. Location of the Azuca project in the Andean
southern Peru

1 Introduction
Azuca, an advanced project of Hochschild Mining PLC
in Peru, is located within the Puquio-Caylloma goldensilver belt. Work started in 1995 when the project was
discovered by the MHC Exploration team. Exploration
in the field seasons of 1999-2000 consisted of follow up
work and culminated with 2000m of drilling and
underground exploration (Sillitoe 1999; Ríos et al.
2000). In 2006 two important drilling intercepts were cut
in the Azuca vein with 0.38 m @ 1.35 g/t Au and 508.80
g/t Ag, and 0.80 m @ 1.03 g/t Au and 315.98 g/t Ag,
confirming previous drill results in narrow veining (La
Torre 2007). In 2007, a new theory on erosion and
mineralization level was drill tested resulting in deeper
holes in two sectors of the Azuca vein, resulting in the
hypothesis of possible two separated ore shoots. This and
the horizontal geometry of the ore shoots were
confirmed by drilling in 2008.
During 2008 a detailed 1/2000-scaled mapping, was
completed with emphasis on litho-stratigraphy,
alteration, structure and gangue texture. A multi-element
geochemical survey, IP-resistivity and Magnetometry

2 Geology of the Azuca project
2.1 Litho-stratigraphy
Azuca is located in the Miocene magmatic arc of the
southern Peruvian Andes that was developed along a
convergent active margin. The litho-stratigraphy can be
summarized from older to younger as: 1) Basal Unit
from the Para Formation, which consists of volcanicsedimentary, pyroclastic and reworked rocks, of purple
to greenish gray color. This Formation is equivalent to
the Aniso Formation of Upper Miocene age in the
Pacapausa quadrangle (Sheet 30p) (Angeles 2007). 2)
Volcanoclastic and andesitic porphyritic lava flows of
the Lower Barroso Formation. 3) Purple gray andesitic
lava flow which belongs to the upper portion of the
Lower Barroso Formation. 4) Overlaying the previous,
pyroclastic flows and riodacitic domes without
hydrothermal alteration, correlating to the Upper
Barroso Formation, which has been dated at 2.5 ± 0.8 to
2.4 ± 0.2 Ma (40Ar/39Ar biotite age). 5) and terminating
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with a kinematic normal-sinistral sense (Yanamayo,
Vivian and Minaspata veins) (Medina et al. 2008;
Echavarria 2007).

the serie, dark grayish andesitic-basaltic lava flows postBarroso.
All these units are intruded by subvolcanic bodies
and dikes of andesitic to riodacitic composition which
are syn- and post-mineralization. The syn-mineralization
dikes are defined as andesitic subvolcanic 1, parallel to
the W-E orientation, located towards Eastern side of the
project. The post-mineralization dikes are andesitic
subvolcanics 2, located between the NNW vein-faults
Yanamayo and Minaspata. These are subsequent and
responsible of the strike-discontinuity of the WNW
Azuca, Esperanza, Fabiana and Julissa veins among
others.
A riodacitic dike elongated in the NNW trend, dated
at 0.760 ± 0.164 Ma (not published), represents the last
volcanic event that crosscut the Azuca, Karina,
Prometida and Vivian veins (Fig. 2 and 3).

2.3 Alteration and mineralization
Hydrothermal mineralization in veins is characterized by
gangue of dominant quartz with lesser extent of
carbonates containing sulfides up to 10% by volume. All
vein set show subtle alteration halos up to some meters
wide.
Alteration halos around veins are in general weakly
developed with greenish to grayish host rock containing
chlorite, which is in most cases a regional characteristic
of volcanic rocks, and/or grayish clay minerals. In some
cases, hydrothermal pulses have altered the host rock in
contact with the vein resulting in silicification visible up
to centimeters away from the vein. Locally, very fine
grained muscovite sericite can be seen. With or without
these quartz/sericite zone, alteration halo, grades out to
illite-dominant zone and then to illite-smectite (which is
the most common alteration type).
Karina vein (WNW) in the central sector of the
project, which contains scarce amount of ore is an
exception because of its noticeable alteration halo with
illite-sericite proximal to the vein, grading out to illite,
then to illite-smectite, with some kaolinite overprint of
the previous assemblages. Distally, chlorite is dominant,
replacing mafic minerals.
Quartz gangue is present with different textures like
banded and crustiform (with different quartz pulses and
sulfides), colloform (chalcedony), rosette, moss,
granular massive white to gray, drusy and latticetextured replacing bladed calcite, and rhodochrosite.
Withey-pink rhodonite has been identified.
Ore consists of very fine dissemination and/or bands
of massive fine-grained sulfide aggregates that are
comparable to ginguro textured bands (Izawa et al.
1990). Sulfides consist of pyrite, galena, electrum,
copper sulfides, sphalerite and enargite. Manganese
oxides are common. Surface geochemistry displays
weak anomalies with average value <30 ppm Ag.
Microscopic studies done on core samples of the
Azuca vein suggest three events of mineralization: I)
Pyrite-chalcopyrite, II) Pyrite-sphalerite-galena-copper
sulfide (tetrahedrite), and III) Enargite-luzonite±goldelectrum (Cánepa, 2008). Event II contains the strongest
silver mineralization where as event III hosts most of
the gold mineralization (free gold and electrum). The
ore represents approximately 2 vol.% and is free of clay
minerals. Gold is present in electrum and pyrite, while
silver is present in pyrite, electrum, Ag-sulfosalts and
copper sulfide. The average Ag:Au ratio is 284. Each
structural set contains its unique ratio: the NNW
displays a ratio of 273, where as WNW and NE have
ratios of 215, and 365 respectively (Salazar 2011).

LITOLOGIA
Volcanicos
Subvolcanicos
Flujo andesiticoDique/Domo riodacitico
basaltico
Subvolcanico andesitco
Domo lavas y
tobas riodacíticas
Estructuras
Lavas volcaniclásticos Falla Interpretada
andesiticos
Vetas

0

2
Km

Figure 2. Geological map showing the main vein systems.

2.2 Structural control and vein systems
The veins are hosted in faults in three different
orientation settings which are: 1) W to WNW, 2) NE to
ENE, and 3) NNW (Fig. 2).
The W to WNW system corresponds to Azuca, Azuca
West, Esperanza, Karina, and Yola veins, which display
jogs with N270° axis-orientation related to
transtensional strike-slip faulting with sinistral-normal
movement sense. Azuca vein is the largest vein system
with more than 4km length and 5m averaged width. Ore
shoots only occupy part of the overall width. The veins
are vertical to near vertical. These sets of veins including their tensional splits of N060-100 orientationare the most evident and explored in the project.
The NE to ENE system is associated to strike-slip
faults with sinistral-normal sense (Ramal Karina,
Canela, Chabela, Mariela, Zoila, Prometida and
Carolina veins). Most of these veins have limited
outcropping, and have been delineated by geophysics
survey combined with surface mapping of faults and
associated subtle oxidation of host rock.
The NNW system is characterized by an evident
pinch and swell geometry with cymoid loops and
abundant multi-orientated second-order vein sets.
Lengths of veins and ore shoots are controlled and
limited by strike-gaps. In addition, this system is
responsible for the offset of the vein systems 1 and 2
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Figure 3. Different gangue-ore textures with bands of lattice,
crustiform, banded, and rosette textured quartz with bands of
fine grained sulfides.

3 Conclusions
Alteration assemblages, mineralization style and content,
as well as Ag/Au ratio, gangue texture, and low sulfide
total content, suggest that Azuca is a typical epithermal,
silver-rich, (Simmons et al. 2005), intermediatesulfidation deposit such as Arcata (Echavarria and
Nelson 2002).
In spite of the dominant presence of intermediate
igneous rock composition, the alteration halos are
poorly developed, suggesting hydrothermal fluids of
low penetrative characteristic.
Presence of chalcedonic bands together with more
crystallized quartz in banded or crustiform textures
suggests either, fluctuation in the hydrothermal solution
through time and/or in the fluid conditions (paleodepth,
temperature, pH, etc) (Clark and Titley 1988).
Overall gangue texture on or near surface is more or
less coincident with the Crustiform-Chalcedonic zone or
above of the “precious metal” interval, the boiling level
(Buchanan 1981; Morrison et al. 1990).
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Epithermal-style Au-Ag mineralization in Cretaceous to
Eocene felsic volcanic complexes, central British
Columbia, western Canada
Esther Bordet, Craig J.R. Hart, Lindsay McClenaghan
Mineral Deposit Research Unit, Department of Earth and Ocean Sciences, The University of British Columbia
Abstract. Precious metal mineralization in the Nechako
region of central British Columbia, western Canada is
represented by two types of epithermal mineralization
hosted in Late Cretaceous to Middle Eocene felsic to
intermediate flows, tuffs and breccias. The Capoose,
Blackwater and Newton deposits contain disseminated
sulphide Au-Ag mineralization associated with low
temperature, silica-sericite alteration of Late Cretaceous
fragmental volcanic rocks. Structural controls are not
obvious, but the location of the Newton prospect between
two regional dextral faults support regional-scale
structural influences on the localization of mineralization.
At Blackdome, Clisbako and Wolf, more traditional lowsulfidation Au-Ag epithermal mineralization is hosted in
Eocene fragmental felsic volcanic rocks affected by multistage veining and brecciation, and appear to be strongly
structurally controlled. These two styles of mineralization
probably reflect an evolution of metallogenic conditions
associated with episodic but widespread continental
magmatism in a post-accretionary extensional tectonic
setting.

Figure 1. Mapped distribution of Cretaceous to Eocene
volcanism in central British Columbia, and position relative to
the accreted terrane and regional fault systems (adapted from
Massey et al. 2005). Late Cretaceous and Eocene Au-deposits:
B: Blackdome Mine; BD: Blackwater-Davidson; C: Capoose;
Cl: Clisbako; N: Newton; W: Wolf.

Keywords. epithermal gold, Late Cretaceous, Eocene,
magmatism, extension

1 Introduction

2 Geological and structural summary

In the Canadian Cordillera, extensive subaerial
volcanism from Late Cretaceous to Eocene time in the
Nechako region of central British Columbia (BC) cover
an area of approx. 93,000 km2 or about the size or
Portugal (Fig. 1). These volcanic rocks have potential to
host and generate epithermal gold and silver
mineralization. In particular, recent exploration efforts
have identified a unique style of Au-Ag mineralization
associated with Late Cretaceous fragmental rhyolitic
rocks and associated high-level intrusions, such as the
Capoose, Blackwater and Newton deposits (Fig. 1).
Another type of deposit attracting exploration interest is
low sulfidation epithermal Au-Ag mineralization
associated with Eocene rhyolitic and intermediate flows
and breccias, such as the past-producing Blackdome
mine and the Wolf and Clisbako deposits (Fig. 1).
In both deposit styles, host rocks show textural and
compositional similarities but are associated with
different magmatic events. Distinction between the
different suites based on field criteria is challenging, and
radiometric dating is necessary to clarify temporal
relationships. We propose to identify distinguishing
characteristics of the two deposit styles, including
characteristics of host rocks, mineralization, alteration
and structural controls. The role that regional-scale
geological features and magmatic evolution play in
controlling this mineralization is also considered.

Central BC is underlain by the accreted Paleozoic and
Mesozoic terranes of the western Canadian Cordillera:
Stikinia (island arc), Cache Creek (subduction-related
accretionary complex), Quesnellia (island arc) (Fig. 1;
Gabrielse and Yorath 1991). Late Cretaceous and
Eocene volcanic rocks were emplaced in a postaccretionary setting during a regional, crustal-scale
extensional event, associated with movement along
major fault systems (Struik 1993). These include Late
Cretaceous to Early Eocene northwest-trending
extensional and dextral faults such as the Yalakom fault,
and coeval normal to strike-slip northeast-trending
faults. From the Early Eocene to Early Oligocene,
northwest-directed extension generated north-trending
en echelon fault systems such as the regional dextral
Fraser fault. The Nechako region is bounded by the
Yalakom and Fraser faults to the west and east,
respectively (Fig. 1).
Mid-Cretaceous calc-alkaline volcanic rocks in
central British Columbia unconformably overlie late
Early Cretaceous clastic marine sediments of the Skeena
Group (Souther 1991). They comprise mainly felsic
pyroclastic rocks of the Kasalka Group, overlain by
basaltic, andesitic and rhyolitic flows, welded and nonwelded ignimbrites of the Spences Bridge and Kingvale
groups. These rocks may represent a chain of
stratovolcanoes associated with subsiding, fault-bounded
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porphyry deposits are herein newly recognized as a
distinct class. These include the Capoose deposit (53.4
Mt of 0.41 g/t Au, 24 g/t Ag), the Blackwater deposit
(historic 6 Mt of 37 g/t Ag, 0.05 g/t Au, recent drill
intersection of 206 m at 1.56 g/t Au), and the Newton
prospect (recent drill intersection of 189 m at 1.56 g/t
gold). This style of mineralization can form large
tonnage low grade deposits and is associated with
elevated but non-economic values of zinc or copper.

basins. Upper Cretaceous volcanic rocks of the Brian
Boru and Tip Top formations (70-72 Ma, K-Ar; Souther
1991) are documented in the northern part of the
province. These isolated centres of volcanism produced
sequences of andesite to dacitic flows and breccias and
interlayered tuffs and pyroclastic rocks, with associated
dike and plutons systems. The Late Cretaceous Bulkley
suite (88-70 Ma; Friedman et al. 2001) comprises highlevel intermediate composition intrusive bodies.
Locally thick, discontinuous subaerial Eocene
volcanic sequences of the Ootsa Lake and Endako
groups (53-45 Ma; Grainger et al. 2001) unconformably
overlie deformed Mesozoic rocks and have been mapped
as part of this study. Flow-banded to massive
intermediate volcanic flows and associated breccias
dominate. Widespread units of welded rhyolitic ash
deposits are locally interbedded with basaltic and
andesitic flows. The wide distribution and important
lateral variations of these sequences suggest multiple
volcanic events taking place at several discrete volcanic
centres.

4 Late Cretaceous and Eocene epithermal
mineralization
4.1 Late Cretaceous Rhyolite-associated Au-Ag
Disseminated Au-Ag mineralization at the Capoose
deposit is associated with Late Cretaceous garnetiferous
rhyolite sills and dykes that intrude rhyolite to andesite
tuff and breccias on a basement of flows of the Early
Jurassic (Andrew 1988). Discontinuous, irregular
veinlets of sphalerite, galena, pyrite and garnet occur in
the mineralized sections, and are associated with
pervasive sericite alteration. Ag-rich portions of the
deposit are partially stratigraphically controlled. Two
zones of Au-rich and Ag-poor mineralization are
recognized and inferred to be structurally-controlled
(Awmack et al. 2010).
A similar style of disseminated Au-Ag mineralization
is observed a few kilometres southeast at the
Blackwater deposit. Mineralization in the form of
disseminated pyrite, pyrrhotite and sphalerite is hosted in
pervasively and repeatedly hydrofractured siliceous
breccia and lapilli tuff intercalated with andesite-dacite
flows from the Late Cretaceous (Lane and Schroeter
1997; Tempelman-Kluit 2011). Mineralization zones are
affected by silica-sericite alteration assemblages. Faults
and gouge zones were intersected in many holes and
place Eocene extrusive rocks in contact with mineralized
zones. The deposit is inferred (Tempelman-Kluit 2011)
to occupy a structurally preserved and structurally
limited remnant of a Late Cretaceous rhyolite dome
complex emplaced as siliceous subaerial volcanic domes
inside or around caldera(s). Similarly to the Capoose
deposit, gold mineralization does not correlate closely
with lithologic or alteration types, and cannot be
consistently associated with the distribution of silver or
other metals (Tempelman-Kluit 2011).
Bulk-tonnage-style gold mineralization is hosted in
highly-permeable, pervasively-altered, volcaniclastic and
epiclastic units at the Newton prospect, about 175 km
southeast of Blackwater. Late Cretaceous felsic ash tuff
and interlayered felsic epiclastic conglomerate are the
predominant host rocks for gold mineralization, while a
quartz-feldspar porphyry unit and epiclastic wacke host
lower grades over shorter intervals. Gold grades are
strongly correlated with the intervals displaying the
greater variety of disseminated sulphides including
chalcopyrite, sphalerite and pyrite, and are associated
with a dominantly silica-sericite alteration assemblage.
However, there is a lack of significant veining and
calcite alteration through the mineralized zone. Major
fault zones, mainly thrusts, control the architecture of the
different units but they are generally not correlated with

3 Metallogenic summary
Several styles of mineralization occur in the Nechako
region including porphyry, epithermal, polymetallic
veins and subvolcanic epigenetic mineral occurrences.
Porphyry deposits formed during several magmatic
events that range from Jurassic to Paleocene age. They
include the Late Jurassic Mo-porphyry Endako deposit
(311 Mt of 0.05% Mo), and Cu-Au porphyry deposits
such as the Prosperity (831 Mt of 0.23% Cu, 0.41 g/t Au)
and the Taseko (10 Mt of 0.61% Cu, 0.79 g/t Au)
deposits which are associated with Late Cretaceous
volcanic and intrusive rocks. The Poison Mountain
porphyry system (280 Mt of 0.26% Cu, 0.14 g/t Au; 18
Mt of 0.31%, Cu 0.13 g/t Au) is considered to be
Paleocene in age.
Epithermal Au-Ag mineralization formed during
Jurassic and Eocene events. The 3T’s deposit (943 kt of
4.9 g/t Au, 77.8 g/t Ag) is characterized by typical lowsulphidation epithermal quartz-carbonate veins with
colloform textures that are hosted in Middle Jurassic
fragmental felsic volcanic rocks. The Blackdome deposit
(145 kt of 50 g/t Ag, 11.3 g/t Au), and the Wolf and
Clisbako prospects are hosted in the Eocene Oosta Lake
Group volcanic rocks and are reviewed below.
Polymetallic Ag-Pb±Zn-Cu veins and subvolcanic
epigenetic Cu-Ag-Au occurrences are commonly
associated with Jura-Cretaceous host rocks, but
mineralization events are constrained to the Eocene. This
is observed at volcanic-hosted Silver Queen (400 kt of
401 g/t Ag, 8.3 g/t Au, 7.6% Zn) and Equity Silver
(production 16 t Au, 2.2 kt Ag, 84 kt Cu). The Silver
Island prospect is a Cenozoic Ag-Cu vein deposit hosted
in Eocene Endako Groups rocks.
Orogenic Au-quartz veins are poorly understood and
include the Mountain Boss (30,000 t of 14.1 g/t Au, 5.5
g/t Ag), Laidman and Blackhorn Mountain occurrences
hosted in Triassic to Cretaceous rocks.
A unique style of Au-Ag mineralization associated
with rhyolitic fragmental rocks and associated high-level
intrusions previously variably ascribed as epithermal or
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associated with Eocene fragmental felsic volcanic rocks
affected by multi-stage veining and brecciation.
These distinct styles of Au-Ag mineralization
throughout the Nechako region record an evolution of
magmatic, volcanic, and metallogenic conditions from
the end of the Cretaceous through the Eocene. This
evolution is associated with episodic but widespread
magmatic and hydrothermal activity in a postaccretionary, dominantly extensional setting. The
numerous volcanic centers relative to major structures
bounding the region are considered to be key features in
deposit localization.

alteration zones and mineralization.
4.2 Eocene low sulfidation Au-Ag epithermal
systems
The Blackdome past producing mine is a lowsulfidation epithermal Au-Ag deposit located 100 km
southeast of Newton, in a particular structural setting
formed by the junction between the Yalakom and Fraser
dextral faults. The deposit is mainly hosted in Eocene
(51.5 Ma; Faulkner 1986) flow-banded rhyolite and ash
flow tuffs intercalated between two andesitic flow units.
A shallow plunging, NE-trending broad anticline
controls the alignment of eruptive centres and structures.
The mineralized bodies appear to be structurallycontrolled along normal fault zones. Alteration is marked
mainly by silicification, sericite and kaolinite (Faulkner
1986; Schroeter 1987).
The Clisbako deposit is a high-level volcanic-hosted
Au-Ag epithermal system in Early to Middle Eocene
rhyolitic flows, tuffs and breccias interbedded with
dacitic to andesitic flows and associated pyroclastic
rocks. Units are tilted and block-faulted and are inferred
to have deposited within an active caldera complex
(Lane and Schroeter 1997). Epithermal alteration is
associated with pervasive N-NE-trending faults,
stockworks and breccias. Intense argillic alteration is
accompanied by intense multi-stage quartz veining,
weak to strong silicification, and/or hydrothermal
brecciation. Two hydrothermal events have been
identified at the Clisbako deposit: one Late Cretaceous,
the other one Eocene (Chapman and Kushner 2009).
The Wolf low-sulfidation epithermal Au-Ag deposit
is located a few kilometres west of the Blackwater and
Capoose deposits. Mineralization is hosted in carbonatequartz veins and heterolithic breccia part of Early
Eocene flow-banded and quartz-phyric rhyolitic flows
and tuff. Silicic and argillic alteration are found in
extensive areas of brecciation and veining resulting from
eight successive hydrothermal events (Andrew 1988;
Lane and Schroeter 1997).
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6 Conclusions
The Blackwater, Newton and Capoose deposits have
similar styles of disseminated Au-Ag mineralization
associated with Late Cretaceous fragmental volcanic
rocks. Capoose and Blackwater may be related to Late
Cretaceous high-level intrusions and coeval volcanism of
the Bulkley suite (Friedman et al. 2001) and show a
similar non-systematic association of Ag and Au grades.
Structural controls are not consistent between these three
deposits; however the location of the Newton prospect
between two regional dextral faults indicates the
influence large scale faults on the localization of
mineralization. These deposits were formed from low
temperature, neutral pH fluids and are likely epithermal
in nature, but lack veining and other traditional features
of the low suphidation model. The Blackdome deposit
was emplaced later in the Eocene in a similar structural
setting and shows strong correlation between the style
and orientation of mineralized zones with the fault
zones. At the Wolf and Clisbako, mineralization is
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Finding forms of elements – indicator of zoning in goldsilver deposits: an example from the Kyzylalmasay
deposit, Uzbekistan
Khalmatov Rustam
National University of Uzbekistan, Thashkent, Uzbekistan
Abstract. Finding forms of gold and silver as major
industrial components of ores as well as elements that
are situated with them in close geochemical association
(Te, Se, As, Sb, Bi etc.) are considered in the article.

2 Methods
Research was conducted on an electron microprobe
analyzer (Superprobe JXA-8800R) at the Institute of
Geology and Geophysics of the Academy of Science of
the Republic of Uzbekistan, and in the laboratory of
Natural History Museum of London using a Cameca SX50 electron microprobe analyzer.

Keywords. Kyzylalmasay, gold, accompanying elements,
mineral-concentrator

1 Introduction

3 Results

The epithermal Kyzylalmasay gold-silver deposit is
located in the southwestern arm of the Chatkal ridge,
Uzbekistan, and is a part of the Kurama zone of the
Beltau-Kurama volcano-plutonic belt of the western
Tian-Shan. The deposit is associated with the
intersection of the polygenetic Shavaz-Dukent graben
and the Dukent-Gushsay deep crustal fault. The graben is
composed andesite and dacite-andesite formations that
occur on a deeply eroded basement composed of Early
Silurian slates, Devonian carbonate rocks, middle
Paleozoic volcanic rocks and Paleozoic granites
(Zavyalov 2001).

The determination of the chemical composition of
precious metal-bearing mineral phases can provide
information about the conditions of deposit formation.
Such data can be used as an indicator of erosional level
in vertically zoned epithermal ore system, thus allowing
predictions of possible remaining metal zones. Using this
approach, the character of gold and other elements
contained within a well-studied vertical section of an
epithermal oree deposit was examined. Studying the
main ore-forming minerals, we analyzed mineral grains
>100 μm in diameter and the invisible structure of gold
mainly within arsenopyrite, chalcopyrite, and arsenian
pyrite. In addition, micromineral (from 10 μm to 100
μm) and nanomineral (<10 μm) size grains are present in
the ores of the Kyzylalmasay deposit (Koneev et al.
2010).
Identifying the common occurrence of each element
in the epithermal ores depends on the physical and
chemical conditions of mineral deposition and its
physical state. For example, gold in a classical
conception is a noble metal, and is nonreactive with
other substances. But, if we deal with nanoparticles of
gold, then it would form a number of compounds in
different conditions and types of deposits, such as Au3Ni,
Au2Bi, AuCu, AuPb2, AuTe2, AuSb2, Au2Hg, AgAuS,
Ag3AuSe, and AuO.
On the assumption that there are certain compounds
forming under certain conditions, the distribution of the
precious metal-bearing minerals was analyzed along the
profile of the Kyzylalmasay deposit (Fig. 1).
The studied deep levels (900-700 m elevations) of
the Kyzylalmasay deposit have one unique feature (Fig.
1). In contrast to upper levels of the deposit (1200-900 m
elevations), there is a large abundance of telluridebearing minerals. Fineness of gold between these two
zones increased from from about 660 to 760‰, but the
general abundance of kustelite decreased (Table 1). The
most common Au-Ag telluride is petzite (AuAg3Te2).
Minerals that are typical of the Au-Ag mineralization,
such as naumannite, aguilarite, and polibazite, contain 710% tellurium. Sulfosalts of lead and bismuth (gustavitelillianite,
pavonite-miargyrite),
their
selenides
(laitakarite-klaustalite) and tellurides (tetradymite,

Figure 1. Vertical profile of the Kyzylalmasay deposit.
1-Quaternary sediments; 2-felsites (C2mb); 3-slates (O-S); 4syenite and diorite porphyries (ξδμ2С2); 5-granodiorites
(γδπС2); 6-hydrothermally altered rocks; 7-quartz vein; 8faults; 9-economic orebodies; 10-uneconomic mineralized
zones. 1-Kyzylalmasay fault zone.
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gold fills the cracks; i.e., it is either syngenetic or
epigenetic with the minerals, but is within one main
association. Analyzing our micophotographs, we can see
obvious nanoinclusions both of gold and other minerals,
but gold larger than 1-10 μm can be observed most
often. Thereby, nanoassemblages or nanocompositions
occur. In other cases, these accumulations are present as
aggregates, formed after decay of solid solution, or gold
is secondary, generated after early sulfide deposition.

tellurobismuthite, aleksite), other elements (znigriite,
cervelleite, and Au-Ag-Sb-Te phases appear in the
microparagenesis with gold (Table 1).
The petzite is particularly noteworthy. It is stable at
210°C, and with hessite and bohdanowiczite, it is typical
of the upper parts of the Au-Te mineralization.
Minerals
of
gold-silver
sulphides
group,
jutenobogardtite-petrovskaite (Ag3AuS2-AuAgS) (table
1), are rare. They have been demonstrated to have
formed at temperature not higher than 190°C (Koneev
2006).
Figures 2 and 3 show the nanoassemblage of
tellurides in close intergrowth with gold. The size of
gold in Figure 2 is about 2 μm, in figure 3 is about 200
μm, and tellurides are about 10 μm in one diameter.

Table 1. (continued)
Mineral

Gold
Au2Ag

Table 1. Chemical composition (in percent) of mico- and
nano-minerals of gold in the deep lvels of the Kyzylalmasay
deposit.
Mineral

Gold
Au2Ag

Electrum
AuAg

Kustelite AuAg3
Jutenobogardtitepetrovskaite
Petzite

Au, Sb-silver
Au-Ag-Sb-Te

Au
76,15
76,05
74,50
73,03
72,22
71,01
70,78
68,65
63,69
62,66
62,57
59,72
57,69
57,47
57,27
56,70
56,15
55,44
54,32
52,73
52,19
48,26
24,01
21,01
41,14
61,85
24,30
22,71
24,02
23,70
24,43
24,21
24,34
23,33
24,81
23,01
6,34
12,62
5,15
6,23

Ag
22,17
22,54
22,62
24,67
26,91
26,77
26,56
29,90
35,51
37,06
36,16
39,90
39,06
41,21
39,97
39,84
42,58
42,81
42,80
45,64
45,54
53,14
74,06
71,39
45,80
24,65
43,00
42,00
41,00
40,55
40,90
40,54
40,80
42,26
40,50
42,33
88,90
84,56
30,72
22,31

Fe
0,83
0,63
0,55
0,08
0,04
0,05
0,02
0,09
0,11
0,25
0,12
0,32
0,53
0,99
0,83
0,30
0,33
0,06
0,04
0,56
0,28
0,17
0,19
0,26
0,40
0,04
0,13
0,70
0,57
0,46
0,4
0,05
0,07
0,47
0,46

Cu
0,07
0,04
0,13
0,05
0,03
0,04
0,06
0,15
0,01
0,01
0,002
0,016
0,008
0,006
0,08
0,01
0,05
0,02
0,07
0,016
0,44
0,25
0,26
0,13
0,50
0,05
0,11
0,48
0,53

As
0,06
0,08
0,12
0,06
0,03
0,03
0,02
0,06
0,04
0,06
0,14
0,03
0,01
0,03
0,02
0,01
0,01
0,03
0,01
0,12
0,25
-

Electrum
AuAg

Kustelite AuAg3
Jutenobogardtitepetrovskaite
Petzite

Au, Sb-silver
Au-Ag-Sb-Te

During this research on the forms of gold and
accompanying elements in ores, it can be observed that,
in some cases, gold is deposited in crystals of minerals
together with paragenetic microminerals. In other cases,
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Sb
0,02
0,07
0,02
0,04
0,02
0,03
0,01
0,02
0,11
0,12
0,08
0,05
0,15
0,09
0,09
0,12
0,06
0,11
0,02
0,13
0,15
0,67
0,31
3,70
2,03
59,55
64,25

Se
0,02
0,01
0,02
0,02
0,04
0,02
0,02
0,01
0,04
0,004
0,04
0,03
0,22
0,26
0,10
0,10
0,37
0,16
0,06
0,05
-

Te
S
0,03
0,07
0,01
0,06
0,06
0,24
0,05
0,14
0,10
0,16
0,06
0,05
0,04
0,04
0,11
0,54
0,02
0,04
0,08
0,12
0,09
0,04
0,15
0,02
0,22
0,06
0,12
0,12
0,03
0,11
0,08
0,12
0,05
0,16
0,06
0,05
0,10
7,08
12,87
0,05
11,50
32,84
34,57 0,05
34,70
32,95
35,21
35,02
34,04
33,71
33,54
33,51 0,36
0,65
0,03
2,23
0,96
4,59
0,48
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- arsenic will change its form from arsenian pyrite to
transitional fahlore forms, such as tetrahedritetennantite-goldfieldite-annivite, and then to arsenopyrite.
Research on micro- and nano-mineralogical forms of
minerals shows that at the Kyzylalmasay deposit, at the
900-700 m interval the lower ore zone was revealed. It
is transitional between electrum-silver and gold-telluric
mineral phases, with the latter becoming dominant with
greater depth. Similarly, also with depth, geochemical
association of gold with Ag, Sb, and Se decreases, and
probably with Hg, and correlation with Te, Bi, Pb, S, and
As increases.
The abundance of micro- and nano-mineral forms at
the deep levels, first of all, is an indicator of size of
resource; the more diverse the composition of the
minerals, the greater the size of the mineral deposit.
Secondly, experimental analyses of sulphide-telluricselenide systems allow determination of the temperature
conditions of formation of mineralization.
The main silver-bearing minerals, naumannite,
polibazite,
stefanite,
acantite,
pyrargirite,
and
jutenobogardtite that were found in the upper levels of
the Kyzylalmasay deposit, and particularly the upper
levels of ore body #10 (900 m), are determined to have
formed within the 120-200°C temperature interval.
Petrovskait, matildit, pyrseite, argentit, and allargentum
in the deeper levels (800-700 m) are stable in the 300365°C interval. Tellurides and selenides (sylvanite,
kalaverite, altaite, and tellurbismuthite, with bismuth and
native tellurium), are stable at the temperatureof 300453°C, except for hessite, stützite, and petzite. All of
these are formed in oxidized conditions and tellurides
such
as
hedleyite,
pilsenite,
tsumoite,
and
tellurbismuthite formed in reduced conditions att
temperatures from 266 to 586°C. These conditions are
typical for western Uzbekistan. Maldonite, hedleyite,
and tsumoite are typical of the Muruntau, Myutenbay,
and Charmitan deposits. Regarding the Au-arsenian
pyrite-arsenopyrite
association,
according
to
experimental research, the pyrite-arsenopyrite couple is
stable at temperatures lower than 491°C and its
importance increases with depth. Therefore, temperature
conditions of formation of mineral associations of the
Kyzylalmasay deposit change with depth from an early
association to a late association of a large range from
500 to 100°C.

Figure 2. Microparagenesis of gold with sulphobismuthite of
lead and tetrahedrite.

Figure 3. Native gold with inclusion of petzite and
tellurbismuthite.

The majority of minerals from the deep levels are not
recognized at shallower levels of the deposit, because all
determined phases are tellurium-bearing. This is
particularly true for naumannite and aguilarite. Also,
many silver-rich minerals contain significant gold,
especially in the Te-rich selenides and the tellurides of
silver themselves. Silver mineralization always
accompanies gold mineralization (from 1200 to 700 m
elevations). It is clear that with depth, silver
mineralization decreases in importance, and is replaced
by Bi-Se phases, and then by Bi-Te phases at deepest
levels.

4 Conclusions
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The Kapit ore zone of the Ladolam low-sulfidation
epithermal gold deposit: geology, alteration, and
comparison with the Lienetz and Minifie ore zones
Mathieu Ageneau, David R. Cooke, J. Bruce Gemmell, Leonid V. Danyushevsky,
CODES, School of Earth Sciences, University of Tasmania, PB126, 7001 Hobart, Tasmania, Australia
Jonathon Rutter
Newcrest Mining Limited, PO Box 235, 4010 Albion, Queensland, Australia
Abstract. The 46 Moz Ladolam gold deposit, Papua New
Guinea, has an average grade of 2.42 g/t and is the
world’s largest known low sulfidation epithermal gold
deposit. The deposit is characterised by a telescoped
porphyry-epithermal system <0.5 million years in age,
hosted in the brecciated core of a volcanic edifice
(Sillitoe, 1994; Carman, 2003, Blackwell, 2010).The
Ladolam breccia complex that hosts gold mineralization
includes brecciated mafic volcanics, alkalic intrusive and
sedimentary rocks, together with hydrothermally
cemented and matrix-rich breccias. In order to
understand the location of the gold and the timing of the
formation of gold hosted mostly in refractory pyrite LAICPMS analyses on pyrite from different stages and ore
zones have been performed. The results demonstrate
that several episodes of gold deposition occurred in each
ore zone at Lihir, and that indivudal Au-rich growth bands
in pyrite contain high concentrations of As, Te and/or Tl.

hydrothermal breccias. The hydrothermal breccias are
locally anhydrite-, calcite- or pyrite-cemented
(Blackwell 2010).
In the Kapit ore body, similar coherent lithologies
have been identified as part of the current study (massive
to vesicular basalt, micro- to plagioclase- phyric diorite).
There are also similar clastic lithologies, including
monomict diorite-clast breccia, polymict diorite- and
volcanic-clast breccia, and polymict diorite-, breccia-,
volcanic- and mudstone-clast breccia (Fig. 1)
Shallow-level monomict breccia at Kapit is locally
pyrite-cemented, corresponding to zones of high grade
gold mineralization. Deeper-seated, monomict and
polymict breccias have massive anhydrite-calcite
cement. The monomict and polymict breccias, together
with the intrusive rocks, exhibit strong early potassic
alteration characterized by K-feldspar, phlogopite –
biotite ± magnetite in the deeper part of the system.
The shallow lithologies (monomict and polymict
breccias) have undergone intense, texturally destructive
argillic to advanced argillic alteration (halloysitekaolinite; alunite-quartz), most likely due to the still
active geothermal system. The high grade gold
mineralization seems to be mostly associated with
intense phyllic alteration (muscovite-quartz).

Keywords. gold low sulfidation, Ladolam deposit,
refractory pyrite, LA-ICPMS techniques

1 Introduction
The Ladolam gold deposit is located on Lihir Island in
New Ireland Province and is part of the Tabar-LihirTanga-Feni chain of Pleistocene alkalic volcanoes.
Volcanism occurred in an extensional tectonic regime,
initiated by a normal arc subduction to the ManusKilimailau trench and later reactivated as a back arc due
to the subduction of the Solomon Sea plate along the
New Britain trench (Carman 1994, 2003).
Lihir Island consists of several coalesced PlioPleistocene volcanoes surrounded by an uplifted
Quaternary limestone reef. Ladolam is located on the
eastern side of the island in the Luise volcanic edifice.
The deposit is localised along north-dipping structural
zones. There are two large ore zones (Minifie and
Lienetz) and several smaller (Kapit, Coastal and
Borefields). The Ladolam breccia complex hosts gold
mineralization, and includes brecciated mafic volcanics,
alkalic intrusive and sedimentary rocks, together with
hydrothermally cemented and matrix-rich breccias.

2 Local geology and alteration

Figure 1. Example of lithology of the Kapit ore body.
A. Monomict diorite clast breccia with anhydrite-calcitechlorite cement and sericite alteration rinds. B. Anhydritecalcite-quartz-pyrite cemented breccia. C. Polymict, mudmatrix breccia. Scale bar = 2 cm.

Several volcanic and hydrothermal facies have been
mapped in detail at Minifie and Lienetz by Blackwell
(2010), including coherent diorite and basalt, and clastic
sandstones and monomict / polymict volcaniclastic and
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3 Mineralogy

significant enrichment of As, Sb and Tl in the Fesulfides (Fig. 3). These preliminary results imply that
several gold mineralizing episodes occurred during the
evolution of the Ladolam hydrothermal system.
Analyses have been also performed on late marcasitepyrite surrounding the early pyrite mineralization. This
late mineralizing stage exhibits very high concentrations
of Au, As, Sb, Tl, Cu, Mn and Mo (Fig. 3). The first LAICPMS mapping results for Lienetz show that gold
mineralization has been deposited during four different
episodes during pyrite growth. Only one silver and three
copper mineralizing events have been identified during
the same pyrite growth (Fig. 3). Those observations
suggest that more than one mineralizing fluids have been
involved. Marcasites and pyrites from Lienetz are Asrich whereas only marcasites are enriched in Minifie.
Overall pyrites have up to 10 ppm Au in Minifie, up to
100 ppm Au in Lienetz. Marcasites from both ore bodies
have up to 1000 ppm Au (Fig. 4).

The Kapit ore body is characterised by four different
types of mineralization. These include (1) massive
anhydrite veins up to a few meters wide that have a
saccaroidal texture; (2) a calcite, platy anhydrite, quartz,
rhodochrosite, pyrite, marcasite, galena and sphalerite
cemented breccia and associated veins; (3) a pyritequartz cemented breccia with associated veins; (4)
laminated quartz-chalcedony veins.
The Lienetz and Minifie ore zones have similar styles
of mineralization. Lienetz has carbonate-anhydrite
cemented breccias, quartz-chalcedony veins, carbonatequartz veins and anhydrite veins. Minifie has quartzchalcedony veins, carbonates-quartz veins, anhydrite
veins, a pyrite cemented breccia and banded pyrite veins
(Fig. 2). In all three orebodies, the anhydrite veins and
carbonate-quartz veins typically do not contain any high
grade gold. The pyrite-cemented breccias, anhydritecalcite-pyrite cemented breccias and quartz-chalcedony
veins have the highest Au grades (Carman 1994, 2003;
this study)
In the Kapit ore body, massive anhydrite veins are
located only in the deeper part of the system. Anhydritecarbonate-cemented breccias and related veins occur
above the domain of massive anhydrite veins. The
quartz-chalcedony veins and pyrite cemented breccia are
located from mid- to shallow depths at Kapit.

5 Summary
The Ladolam mineralized complex is an alkalic lowsulfidation epithermal Au deposit. Gold occurs mostly in
refractory pyrite, and the highest grades are associated
with pyrite-cemented breccias, anhydrite-calcite-pyrite
cemented breccias and quartz-chalcedony-pyrite veins.
Major composition differences between ore bodies
(Lienetz – Minifie, Figure 4) and within ore body
(Lienetz, Figure 3) seem to imply that several different
fluids have been involved the formation of the Ladolam
deposit.
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Figure 2. Example of vein types at Ladolam.
A. Calcite-quartz-pyrite cemented breccia (Lienetz). B. Quartzchalcedony-pyrite vein (Lienetz). C. Brassy pyrite vein
(Minifie). The scale bar is 2 cm long.
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Microprobe and LA-ICPMS (map and spot) analyses
have been performed on pyrite and marcasite in order to
determine the chemistry of those key minerals from
different paragenetic stages for Lienetz, Minifie and
Kapit in order to constrain fluid evolution, and to resolve
the deportment of ore and pathfinder elements (e.g., Au,
Ag, Cu, As, Sb and Te).
Initial results show that early pseudo-euhedral pyrite
crystals that locally contain magnetite-rutile inclusions
are Co-Ni enriched and Au-Ag-As-Sb-poor. LA-ICPMS
mapping of a composite pyrite – marcasite – pyrrhotite –
siderite grain from the Lienetz ore body shows several
stages of gold deposition were associated with
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Figure 3. LA-ICPMS analyses (map and spots) on pyrite-marcasite from the Lienetz ore body.
Trace elements maps and spot analyses of zoned pyrite/marcasite from quartz-chalcedony-pyrite vein. The diameter of
the laser spot used for the ablation is 10μm. LA-ICPMS analyses have performed using CODES-UTAS internal standard
(STDGL2b2). LA-ICPMS results have been normalised using Fe concentration in pyrite-marcasite based on microprobe
analyses.

Figure 4. Binary plots of As and Au in pyrite and marcasite from the Minifie (left) and Lienetz (right) ore bodies, based on
LA-ICPMS spot analyses. The diameter of the laser spot used for the ablation is 15μm. LA-ICPMS analyses have
performed using CODES-UTAS internal standard (STDGL2b2). LA-ICPMS results have been normalised using Fe
concentration in pyrite-marcasite based on microprobe analyses. Abbreviations: Anh cc bx: anhydrite-calcite-pyrite
cemented breccias, Banded py: banded pyrite veins, Qz carb: quartz-carbonates veins, Qz chc: quartz-chalcedony veins,
Py bx: pyrite cemented breccia. Comment: marcasite is often replacing or surrounding pyrite. Marcasite/pyrite class
means that marcasite started to replace pyrite but not completely.
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Determining the origin of deep halloysite-kaolinite
alteration, Cerro la Mina prospect, southern Mexico
Nicholas H. Jansen, J. Bruce Gemmell, Zhaoshan Chang, and Roisin Kyne
CODES, ARC Centre of Excellence in Ore Deposits, University of Tasmania
Abstract. The Cerro la Mina prospect, southern
Mexico, contains Au-Cu-Mo mineralisation with
porphyry-high sulfidation affinities. Prospect geology
consists of a breccia pipe that cross-cuts the
volcaniclastic stratigraphy. A late kaolin alteration
occurring in a breccia pipe is the most obvious
alteration turning the rock to a massive light grey-white.
This alteration is comprised of an upper quartz + dickite
rich zone and a lower halloysite + kaolinite rich zone
extending to at least 800 metres below the surface.
Mineralization in the quartz-dickite zone consists of
pyrite + enargite + galena + sphalerite + barite. In the
halloysite-kaolinite zone mineralisation consists of
marcasite + pyrite ± sphalerite ± galena ± barite.
Halloysite is a kaolinite group mineral traditionally
regarded as supergene, however at Cerro la Mina its
deep extent and association with sulfides suggest a
hypogene origin. The origin of the halloysite was further
studied using TerraSpec ASD, XRD, and SEM imaging.
With an increased understanding of this deep kaolin
alteration the exploration window is widened for the
discovery of valuable deposits in the epithermalporphyry environment.

(Damon and Motesinos 1978; Manea and Manea 2006;
Meneses-Rocha 2001).

3 Prospect geology
The Cerro la Mina prospect is hosted in the
Chiapanecan Volcanic Arc (Damon and Motesinos
1978; Meneses-Rocha 2001). It occurs in a sinistral
strike-slip fault province with NW trending sinistral
faults and a NE trending dextral faults (Islas Tenorio et
al. 2005).
The Cerro La Mina volcanic succession is divided
into four major units that are described using nongenetic terminology. A lower succession of clastsupported to matrix-supported fiamme bearing
volcaniclastic breccias (Unit 1) are intruded by
equigranular monzodiorite bodies (Unit 2). This is
overlain by feldspar phyric trachy-andesites and
associated monomictic breccias that transition distally
to abundant, thick beds of polymictic volcaniclastic
breccias in the middle part of the succession (Unit 3).
The final unit cross-cuts all of the previous units and
forms a predominantly fine grained matrix breccia
(Unit 4). This unit is characterized by abundant clasts
of the basement monzodiroite, clasts within clasts, and
clasts containing early pyrite veins. It is observed to
have a vertical orientation as it is recognized at various
elevations from the surface to the maximum drill hole
depth of 800 metres below surface, implying vertical
emplacement. On the rims of the matrix-rich breccia a
breccia containing clasts of the wall rock stratigraphy is
observed. A major sinistral NW fault off-sets the
stratigraphy and is likely part of the regional strike-slip
fault province which is composed of a set of up thrown
and downthrown blocks, bounded by left-lateral strikeslip faults (García-Palomo et al. 2004; Meneses-Rocha
2001).
Genetically, the stratigraphy likely represents
pyroclastic flow deposits (Unit 1) that are intruded by
monzodiorites (Unit 2). These units are overlain with
debris flows or lahars and syn-volcanic trachy-andesite
domes and associated autoclastic rocks (Unit 3). The
matrix-rich breccia (Unit 4) is inferred to be a breccia
pipe formed by the explosive release of hydrothermal
fluids from an inferred intrusion at depth causing
brecciation of the overlying rocks. The breccia pipe is
an important geological body as it hosts all of the
significant alteration and mineralisation drilled to date.

1 Introduction
The Cerro la Mina prospect is part of Brigus Gold’s
Ixhuatán concession located in Chiapas State, southern
Mexico. Exploration drilling at Cerro la Mina began in
2005 and intersected a near surface oxide gold zone
and significant Au-Cu-Mo sulfide mineralization with
porphyry affinities and thick kaolin alteration. The
prospect is hosted in a sequence of PleistocenePliocene trachy-andesite volcanic rocks. A total of 64
drill holes totalling approximately 22,000 m were
drilled at Cerro la Mina before exploration ceased.
The kaolin alteration contains abundant halloysite
to at least 800 m associated with sulfides below the
present day surface. Traditionally the low temperature
halloysite clay is thought to be a supergene mineral
(e.g., Hedenquist 2000) however we will demonstrate
in this study that it is hypogene in origin.

2 Regional geology
The regional geology of the State of Chiapas has a preMesozoic metamorphic, sedimentary, and igneous
basement, overlain by Mesozoic detritic-calcareous
units and Cenozoic interbedded epiclastic sandstone
and siltstone (Escandón Valle et al. 2006; SánchezMontes De Oca 1979). The Cenozoic sequence also
consists of two cycles of intense igneous activity that
occurred first along the Pacific coast and then moved
inland with the onset of the Chiapanecan Volcanic Arc.

4 Porphyry alteration and mineralisation
The mineralisation is structurally and lithologically
controlled with the matrix-rich breccia hosting a
significant amount of Au, Cu, and Mo compared to the

723

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

6 Kaolin alteration

surrounding wall rock. Higher grades also occur in
structures likely related to the NW fault. The quartzdickite altered rocks, specifically dickite cemented
breccias, host the highest average grades of 0.7 ppm
Au and 0.23% Cu. No resource estimate has been
carried out.
The porphyry-style alterations include early
potassic (quartz + K-feldspar ± biotite ± albite) veins
and wall rock alteration, and later sericite alteration.
The potassic alteration occurs in clasts in the breccia
pipe, indicating it was earlier than brecciation. It
comprises coarse to fine-grained pervasive K-feldspar
replacement of the volcaniclastic groundmass.
Hydrothermal K-feldspar is intergrown with quartz
with lesser very fine-grained biotite occurring as
irregular amasses. Albite is inferred to replace rims of
plagioclase. The potassic veins are infilled with late
coarse grained pyrite that has been fractured to a
jigsaw-fit texture, consistent with its pre-brecciation
timing. The potassic alteration does not appear to be
associated with significant mineralisation.
A late sericite alteration consists of quartzmuscovite, illite, illite/smectite, chlorite, calcite,
gypsum (after anhydrite), and tourmaline. The
alteration typically has a silicified grey colour and
occurs as pervasive and vein alteration. The sericite
alteration is zoned with a quartz + muscovite ± illite ±
gypsum centred on the breccia pipe transitioning to
quartz + illite ± muscovite ± tourmaline ± gypsum,
illite/smectite ± smectite ± gypsum, and illite/smectite
+ calcite + chlorite ± smectite distally. This zonation
reflects decreasing temperature moving out from centre
(Corbett and Leach, 1998). Sericite-altered rocks host
Cu-Mo mineralization consisting of inclusion-rich
pyrite ± chalcopyrite ± molybdenite veins and
disseminations that are most abundant in the quartzmuscovite ± illite core of the sericite alteration. The
inclusion-rich pyrite becomes the most dominant sulfur
species distally. The Cu and Mo ore grade shells have a
vertical orientation coincident with the shape of the
breccia pipe.

The most evident style of alteration is the kaolin
overprint which consists dominantly of the minerals
halloysite 10Å (Al2Si2O5(OH)4 2H2O), halloysite 7Å
(Al2Si2O5(OH)4), kaolinite (Al2Si2O5(OH)4), and
dickite (Al2Si2O5(OH)4). The kaolin minerals were
identified with the ASD and confirmed with XRD and
SEM imaging (Kyne 2009; this study).

Figure 1. A depth below surface contour map of the strong
kaolin alteration showing its wide distribution and occurrence
in the off-set breccia pipe.

The strongest kaolin alteration occurs in a 500 m
wide and 600 m deep zone altering the rock to a
massive light grey to white (Fig. 1). The kaolin
alteration grades between the quartz-dickite and
halloysite-kaolinite zones. The quartz-dickite zone is a
small pod of quartz + dickite + kaolinite + alunite +
pyrophyllite ± halloysite occurring at the surface to 200
metres depth (Fig. 2). The transition from the quartzdickite to halloysite-kaolinite alteration is marked by
the loss of dickite and halloysite-kaolinite becoming
the dominant species. The strong kaolinite-halloysite
alteration extends to 600 metres and is weakly
developed to at least 800 metres below the surface
(Fig. 1 and 2).

5 Advanced Argillic (AA) alteration and
mineralisation
The later AA alteration in this prospect includes minor
quartz-alunite-pyrophyllite and abundant kaolin
alteration. The kaolin alteration comprises of an upper
quartz + dickite + kaolinite + alunite + pyrophyllite ±
kaolinite ± halloysite rich zone and a lower halloysite +
kaolinite rich zone extending to at least 800 metres
below the surface. The kaolin-altered rocks host Au-Cu
mineralization consisting of pyrite, marcasite, enargite,
galena, sphalerite, and barite. Mineralization in quartzdickite zone consists of pyrite + enargite + galena +
sphalerite + barite. In the halloysite-kaolinite zone
mineralisation consists of marcasite + pyrite ±
sphalerite ± galena ± barite. The sulfides occur in
breccia cement, veins, and disseminations. The
breccias range from chaotic, jigsaw fit to mosaic
dickite or halloysite/kaolinite cemented hydrothermal
breccias.

Figure 2. A cross-section illustrating the depth extent and
zoning of the kaolin alteration. Location of cross-section
shown in Figure 1. Abbreviations: alu – alunite, dik – dickite,
hall – halloysite, kao – kaolinite, pyr – pyrophyllite, qtz –
quartz.
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bearing sulfides below the oxide zone. In addition, the
halloysite is developed to at least 800 m below the
present day surface in the fluid pathway of the breccia
pipe, deeper than the hypogene clay minerals dickite +
alunite + pyrophyllite. A TerraSpec study shows that
the relative abundance of halloysite to kaolinite
increases with depth and SEM imaging revealed the
transition from halloysite to kaolinite. All the above
evidence indicates that the halloysite is hypogene in
origin.

The halloysite is hosted primarily in the breccia
pipe and occurs with sulfides well below the zone of
oxidation (Fig. 2). Laser mapping shows that marcasite
in the halloysite alteration hosts abundant Au (10 to
100 ppm). Halloysite is not observed in the off-set
breccia pipe because it is an uplifted block and may be
exposing a deeper portion of the breccia pipe (Fig. 1).
The halloysite also occurs in veins associated with
barite, sphalerite, galena and marcasite. A TerraSpec
study shows that the relative abundance of halloysite to
kaolinite increases away from the dickite alteration and
with depth.
A SEM study shows that the halloysite-kaolinite
alteration at Cerro la Mina is predominantly
characterised by halloysite tube morphology that
coalesce into aggregates and thin sheets of kaolinite.
The halloysite tube morphology begins with the
development of a spheroid on the parent mineral. The
spheroid then grows parallel to the parent surface and
with continued growth extends away from the surface.
Further growth of multiple tubes causes them to
interconnect and coalesce into aggregates with the most
advanced form producing a sheet-like morphology
comprising of kaolinite (Fig. 3). The same
development and transition of halloysite to kaolinite is
observed in the weathering profile of anorthosite
(Jeong 1998) and in hydrothermal alteration (Papoulis
et al. 2009). The dominant parent minerals of halloysite
were observed to be K-feldspar and muscovite,
indicating that the halloysite-kaolinite alteration is late
stage.
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Figure 3. SEM image of halloysite tubes coalescing into
thin sheets of kaolinite.

7 Conclusions
The Cerro la Mina prospect contains Au-Cu-Mo
mineralisation with porphyry-high-sulfidation affinities.
Prospect geology consists of a breccia pipe that crosscuts the volcaniclastic stratigraphy. It is interpreted to
have formed by the explosive release of hydrothermal
fluids from an inferred intrusion at depth causing
brecciation of the overlying rocks. The breccia pipe
formed after potassic alteration and provided a fluid
pathway for late sericite and kaolin alteration and
mineralisation to occur in. The extensive advanced
argillic kaolin alteration consists predominantly of
halloysite, kaolinite and dickite. The halloysite occurs
in veins and wall rock alteration associated with gold-
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Geology, mineralogy and geochemistry of the Au-Mn
Farallón Negro Rama Norte vein in the epithermal lowsulfidation Farallón Negro deposit, Argentina
Facundo Martinez
CONICET, Miguel Lillo 251, S. M. de Tucumán, Tucumán, Argentina
Ana Fogliata
Fundación Miguel Lillo and University of Tucuman. Miguel Lillo 251, S. M. de Tucumán, Tucumán, Argentina
N. Montenegro
YMAD (Yacimientos Mineros de Agua de Dionisio)
Steffen G. Hagemann
Centre for Exploration Targeting, University of Western Australia, Crawley, WA 6009, Australia
Abstract. The Farallón Negro Rama Norte vein in the
Farallón Negro deposit is 600 m long, hosted by a
variably altered monzonite stock, strikes N40°E, dips
65°NW and extends from the surface to a depth of about
400 m. A fault zone that displays a similar strike and dip as
the gold-manganese bearing vein controls the geometry of
the vein and ore body. Mineralization is hosted in banded
and cockade textured quartz-carbonate veins and
breccias. Gold-bearing vein samples are generally Ag- and
base-metal poor. A locally gold-rich portion of the vein
contains significant amounts of Cu, Pb and Zn. Gold also
displays a positive correlation with Sb, but a negative
correlation with Mn. High trace element contents (e.g.,
As, Cu, Mo, Pb, V and Zn) and low Pb and Zn values of
polymineralic Mn-oxides suggest a (hypogene)
hydrothermal origin. Carbon and oxygen isotope values
for carbonate-rich ore and oxygen isotope values for
polymineralic Mn-oxides are also compatible with a
hypogene hydrothermal origin for these minerals.The
Farallón Negro Rama Norte vein within the Farallón
Negro deposit represents one of the rare Miocene Mnrich low sulfidation Au-Ag epithermal systems in
Argentina.

extended abstract will provide a first preliminary summary
of the geological setting, mineralogy and geochemistry of
the Farallón Negro Rama Norte vein in the Farallón Negro
deposit at the ramps No. 1 and 4 at the +10 and -30 levels,
respectively.

Keywords. Farallón Negro Rama Norte vein, Farallón
Negro deposit, low sulfidation gold, manganese

1 Introduction
The Farallón Negro (FN) deposit is located in the
Catamarca province, Argentina and represents, according
to Sasso and Clark (1999) and Alderete (1999), a Miocene
low sulfidation epithermal Au-Ag deposit. Unlike many
other Miocene or Jurassic epithermal Au-Ag systems in
Argentina the FN deposit contains significant amounts of
manganese (Fogliata and Hagemann 2011), similar to
epithermal Cretaceous Mn deposits in the eastern
Pampean Ranges (Leal et al. 2008). The FN deposit is
located in the Miocene Farallón Negro Volcanic Complex
(FNVC), which also hosts the world-class Bajo de la
Alumbrera Au-Cu porphyry deposit (Fig. 1). Despite
many detailed investigations on the FNVC, including the
Au-Cu porphyry mineralization, there are surprisingly
view national or international publications about the
epithermal Au-Ag mineralization at the FN deposit. This

Figure 1. Regional geological map of the Farallón Negro
Volcanic Complex and surrounding area displaying the major
stratigraphic units, structures and Cu-Au porphyry and low
sulfidation epithermal deposits (modified after Fogliata and
Hagemann 2011).
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2 Regional geology and Au systems

massive texture, in many places alternating with bands of
Mn-oxide. Psilomelane and pyrolusite display a variety of
textures including fibrous aggregates, radial and
botryoidal and are developed in veins as patches, in bands
with quartz and carbonate, and as monomineralic veinlets
(<1 cm). The monzonite wallrock displays an irregular
hydrothermal alteration with proximal sericite and
carbonate and distal chlorite, epidote and carbonate.

The FNVC is located in the northern part of the eastern
Sierras Pampeanas, close to the SW-NE trending
Tucuman lineament. The basement consists of low-grade
metamorphic rocks intruded by granites and granodiorites.
Middle Tertiary continental clastic sedimentary rocks
overlie the basement rocks and are intruded by the Late
Miocene-Early Plicocene FNVC. The FNVC is
characterized by high K calc-alkaline to shoshonitic
plagioclase-biotite (hornblende)-phyric dacitic porphyries
intruded into volcanic andesitic complex.
At the FNVC, two gold systems formed during the
Late Miocene: (1) Porphyry Cu-Au, e.g., the Bajo de la
Alumbrera deposit, and (2) Epithermal low-sulfidation
Au-Ag-Mn, e.g., the Farallón Negro deposit.

5 Geochemistry of the Farallón Negro
Rama Norte vein
Fourteen samples of vein ore from the FNRN vein have
been analysed for major element oxides, trace and rare
earth elements at the Genanalyses Laboratory in Perth
using XRF and ICP-MS, respectively. Figure 2 shows that
gold is generally silver-poor and contains two subgroups:
(1) gold-only with minor base metal enrichment, and (2)
gold with medium to significant base metal enrichment.
The latter is also supported by a binary plot of Au vs
Cu+Pb+Zn (not shown), which demonstrates that samples
with high base metal contents (2000 to 6500 ppm) contain
relatively low Au values (1.5 to 4 ppm Au), when
compared to samples with lower base metal content
(<1500 ppm), which contain higher gold content (4 ppm
to 12 ppm). There is also a significant correlation between
high Au and high Sb values but only a weak correlation
between Au and As values (not shown). Manganese oxide
and Au display a weak negative correlation with samples
that contain high MnO content showing low Au values
(not shown). High MnO values display a positive
correlation with high base metal content but a negative
correlation with Sb+As and CaO (not shown).

3 The epithermal low-sulfidation Farallón
Negro deposit
The FN deposit consists of two major vein systems that
define discrete mines: (1) the Farallón Negro mine with
the major Farallón Negro and Farallón Negro Rama Norte
and Rama Sul veins, and (2) Alto de la Blenda mine with
the major Laboreo, Portezuelo, Chica, Esperanza, and
Esperanza Sureste veins. Both vein systems are hosted in
the Alto de la Blenda monzonite stock and locally the La
Chilca andesites. The FN mine has been in production
since 1978, whereas the Alto de la Blenda mine has been
in operation since 1986 (Alderete 1999). Combined
production until 1999 was 479,286 t at 6.1 g/t Au, and 112
g/t Ag (Fogliata and Hagemann 2011).
Despite the long production history of the FN deposit,
there is only limited geological information published
including Malvicini and Llambías (1963) on the Mn
oxides, Garcia (1970) on the structural control, and
Martinez (2009) on the geology and mineralogy of the
Farallón Negro Rama Norte (FNRN) vein. Alderete
(1999) provided a summary on the geology and mining
history of the FN deposit.

4 The Farallón Negro Rama Norte Vein
The FNRN vein trends N40°E and dips 65°NW, is about
600 m long, with an average thickness of 3.5 m and
extends from the current surface to about 400 m at depth.
The vein is controlled and bounded by a fault zone, that
trends approximately N38°E, dips 60°NE, and pinches
and swells with thickness variations from a couple of
centimetres to several meters.
At the ramps No. 1 and 4 at the +10 and -30 levels the
vein consists of quartz, white and black carbonates
(siderite, dolomite and calcite), Mn-oxides (psilomelane
and pyrolusite), hematite, pyrite, chalcopyrite, gold, and
silver sulfosalts. The vein is characterized by banded,
massive and comb textures. Locally, geodes and druses
formed with cm-long quartz and carbonate combs
growing into open space. Breccia zones are developed at
the contact with the bounding fault. Quartz and carbonate
are in many locations anhedral and have sacchroidal and

Figure 2. Ternary diagram displaying Ag-poor Farallón Negro
Rama Norte vein ore samples. A population of ore samples
shows base metal enrichment.

6 Composition of polymineralic Mn-oxides
from the Farallón Negro Rama Norte vein
Twelve polymineralic Mn-oxides concentrates from the
FNRN vein ore samples were analysed using XRF and
ICP-MS analyses at the Genanalyses laboratory in Perth.
According to Nicholson (1992) the high amount of trace
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elements, such as As, Cu, Mo, Pb, V and Zn (Fig. 3),
suggests that Mn-oxides formed under hydrothermal
conditions. A binary Pb vs Zn plot (not shown) shows Zn
values of <10,000 ppm and Pb values of <1000 ppm
indicating that these samples were not derived from
weathered mineralized samples (i.e., dubhites), but rather
were of hydrothermal derivation (cf. Nicholson, 1992).

7 Preliminary conclusions and future work
Some of the preliminary geochemical results of this
study are not compatible with earlier findings at the
Farallón Negro deposits. For example, the FNRN vein
ore samples are Au-rich and Ag-poor, which is in
contrast to Alderete (1999) and Sasso and Clark (1999)
who describe the Farallón Negro deposits as a Au-Ag
deposit. The trace element content of polymineralic Mnoxides and the stable isotope analyses on carbonates and
Mn-oxides suggest that, at least for portions of the
FNRN vein, the oxides and carbonates are of (hypogene)
hydrothermal origin. This is in contrast to Malvicini and
Llambías (1963) who proposed that large parts of the Mn
oxides are of a supergene origin.
More detailed mapping at different levels of the FNRN
vein in combination with mineralogical and geochemical
analyses (e.g., fluid inclusions) are necessary to confirm
whether the hydrothermal origin of the Mn-oxides can be
established throughout the vertical extent of the ore body,
but also to establish whether the Ag-poor nature of goldrich portions of the vein is related to potential vertical
metal zonation, or whether there are segments of the FN
deposit that are mineralogically different, indicating the
presence of different hydrothermal events and/or fluid
source(s).

Figure 3. Binary plot showing high As+Cu+Mo+Pb+V+Zn
and largely low Co-Ni trace element contents of polymineralic
Mn-oxides suggesting a hydrothermal origin (cf. Nicholson
1992).
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6 Carbon and oxygen isotopes
The carbon, oxygen isotope values of carbonate-rich ore
and polymineralic Mn-oxides range from -0.8 to 4.05 ‰
and -4.4 to 9.67 ‰, respectively (Table 1). The oxygen
isotope values of polymetalic Mn-oxides range from
0.24 to 8.61 ‰. Calculated δ13C and δ18O values (Table
1) suggest that meteoric and magmatic waters were
involved in the formation of the carbonates and oxides.
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Table 1 Carbon, oxygen and oxygen isotope values for
carbonate-rich ore and Mn-oxides, respectively.
Sample

δ13C

δ18OCarb

δ18OMOx

δ 13CCO2

δ18OH2O

δ18 OH2O

No

PDB

SMOW

SMOW

calcite

calcite

pyrol

2.4

-16.9

FN1

1.1

-9.7

FN11

0.7

-4.4

2.0

-11.6

M6

1.8

-6.4

-1.2

3.1

-13.7

M7

4.1

-4.0

2.8

5.3

-11.2

6.4

FN3

1.8

-8.6

0.2

3.0

-15.8

3.9
3.6

2.5

FN5

2.5

-8.3

3.7

-15.6

M1

-0.8

-7.9

0.5

-15.2

3.6

M9

1.9

-4.4

3.2

-11.7

12.2

8.6

M-11

3.3

6.9

M-1

-2.0

1.6

M-12

-3.7

0.0

FN-10

2.0

5.7

M-6-r

-2.2

1.4

M-11-r

3.9

7.5
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Mercurio Project, Mesa Central, Mexico: discovery
history
Leandro Echavarria, Arcadio Marin, Ruben Manriquez
Hochschild Mining Plc.
Abstract. A regional exploration program focused on a
NW lithospheric scale boundary that controls several
world class ore deposits was carried out in the Mesa
Central of Mexico. The geological model was based on
the presence of NW and NE structures that defined
blocks with exploration potential. The Mercurio project
was identified in the context of that exploration program;
it lies on a regional NW structure, at the margin of one of
the defined blocks. The project shows evidence of a
hydrothermal system along a NW structural corridor 3 km
wide by more than 10 km long. Mineralization is hosted
by Cretaceous sediments of the Caracol Fm., and it is
characterised by veins, stockwork, dissemination, and
minor breccias with quartz-calcite filling, with pyrite,
sphalerite, galena, chalcopyrite, and silver sulfosalts.
Geologic evidence such as alteration zonation indicates
that only the upper part of the system has been tested.
Keywords. Mesa
systems, Mercurio

Central,

exploration,

upper Jurassic to Cretaceous sequence of marine
sediments Carrillo-Bravo 1971; Centeno-Garcia and
Silva Romo 1997).

epithermal

1 Introduction

Figure 1. Mesa Central and Mercurio Project location map,
showing location of main mines.

The Mesa Central is a relatively flat and topographically
high province located in central Mexico (Raisz 1959;
Nieto-Samaniego et al. 2005) (Fig. 1).
Following large and medium scale exploration
guides, Hochschild Mining carried out a grassroots
exploration program focused on the southwest boundary
of the Mesa Central, where a first order lithospheric
discontinuity which represents the contact between 2
terranes known as Guerrero terrane and Central or Sierra
Madre terrane, was identified (Campa and Coney 1983;
Sedlock et al. 1993; Centeno-García 2005; Keppie
2004). This lithospheric discontinuity might be
controlling the location of several world-class ore
deposits such as Fresnillo, Guanajuato, Ciénega, Basis,
Pachuca, Real de Angeles, Francisco I. Madero, San
Nicolás, among others (Fig. 1).
A program of multivariable data analyses was
implement; this included geology, topography, regional
magnetics, mineral occurrences, geochemistry, and
others, from which blocks of interest were identified and
systematically field checked.
Several selected areas came up from this program,
including Mercurio, where more detailed work was
carried out and the land rights acquired.

The Mesozoic marine basin is closed during the
Laramide orogeny that is related to a strong compressive
deformation event (Ferrari et al. 2007)
The Cenozoic is characterized by thick volcanic and
volcano-sedimentary sequences, with two peaks of
volcanic activity between 32-28 Ma, and 24-20 Ma,
(Nieto-Samaniego et al. 1999; Ferrari et al. 2007).
Volcanic activity is synorogenic, related to an east-west
extensional event. The formation of the main epithermal
ore deposits occurred mainly related to the end of the
32-28 Ma volcanic event (Velador et al. 2010).

3 Exploration program
The focus of the exploration program was mainly the
epithermal ore deposits, which are genetically related to
the 32-28 Ma volcanic episode, and are structurally
controlled by the main structures originated during the
extensional deformation event. Therefore, the
exploration model has a strong structural bias.
Main regional structures were identified based on
SGM regional geology, and regional aero magnetics.
DEM processing merits a special mention due to its
importance as a base for the exploration model. DEM
was processed with different wavelengths to
automatically identified inflection points that represent
high topographic gradients. These points are coincident
with the main regional structures and become an
excellent tool to work in covered areas.
The final product was a map of polihedric blocks
limited by regional faults or lineaments striking

2 Mesa Central geology
Older rocks outcropping in Mesa Central correspond to
several sequences separated by unconformities of
Mesozoic sediments (Silva-Romo et al. 2000; NietoSamaniego et al. 2005), a Triassic marine sequence,
Lower to Middle Jurassic continental sequence, and an
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mostly related to the main structures.

northwest and northeast. The dip and sense of movement
of those faults were interpreted based on geologic
evidence, and the blocks were classified as horsts or
grabens.
Based on additional information such as rock and
stream sediments, geochemistry, occurrences of mineral
deposits, hydrothermal alteration, among others, the
blocks were ranked and prioritized. Systematic field
work on high priority blocks ended up with the Mercurio
project discovery.

4 Mercurio project
4.1 Geology
The Mercurio Project is located along an important NW
striking regional lineament, which also controls the
Fresnillo and Sombrerete districts, to the SE and NW,
respectively (Fig. 2).

Figure 3. Mercurio Project simplified geologic map and
section, showing main mineralized zones.

There are small and discontinuous veins with Hg,
base metals, and Ag content on surface. Veins strike
N60°W and dip both northeast and southwest.
Stockworks with quartz-calcite veinlets are common,
showing also minor amounts of galena, sphalerite, Au,
and Ag; they have a strong structural and lithologic
control and are developed along the northwest
structures.
The principal structural corridor is more than 1
kilometer wide where 2 main subparallel and
discontinuous vein structures are recognized; they are
formed by several small, anastomosed, and en echelon
veins, with base metals mineralization, and occasionally
Au and Ag content.
The stockworks are composed by quartz-calcite veins
and veinlets of a few millimeters to several centimeters
thick, arranged both parallel and perpendicular to the
stratification. Other mineralization styles such as
breccias, dissemination, replacement of thin layers are
also recognized but less common.
Coarse-grained sediments (sandstones) seem to be
more favorable to host mineralization than the finegrained sediments (siltstones) where dissemination and
alteration are weaker.

Figure 2. Simplified regional geologic map showing the
northwest lineament that controls the Fresnillo and Sombrerete
districts and the Mercurio project. The 3 of them are located
within uplifted blocks where cretaceous sedimentary rocks are
outcropping.

The geology is composed by a marine sedimentary
sequence of interlayered sandstones and siltstones of the
Upper Cretaceous Caracol Formation, which are also
thrusted and folded.
Unconformably overlying the Cretaceous sediments,
there is an Eocene-Oligocene felsic volcanic complex.
Rocks that can be correlated with this volcanic complex
have ages bracketed between 45 and 25 Ma (Huspeni et
al. 1984; Lang et al. 1988; Velador et al. 2010). Finally,
basaltic lava flows of probably Miocene age (NietoSamaniego et al. 2007) represent isolated outcrops.
4.2 Alteration and mineralization
The Caracol Formation sediments host an extensive
hydrothermal system that is recognized in an area of
about 3 k wide by 10 km long striking northwest. The
hydrothermal alteration is characterized by propilitic
alteration (calcite-epidote-chlorite-pyrite), which grades
into an argillic alteration (illite) at depth; silicification is

5 Conclusions
A well focused regional exploration program with solid
tectono-structural-geologic bases, based on all available
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tools and data, followed by systematic field work,
conducted towards the identification of an important
project in a prolific area of Mexico.
Although the project is at an early stage of
development, an important mineralized hydrothermal
system has been identified in it. Alteration and zonation
models of the hydrothermal system indicate that only the
upper part of the system has been recognized and
therefore deep exploration works are needed to localize
the precious metals level.

extension and volcanism across the southern Sierra Madre
Occidental volcanic province, Mexico. Geol Soc Am Bull
111:347-363
Raisz E (1959) Landforms of Mexico, scale ca. 1:3 000 000:
Cambridge, Massachussetts, U. S. Office of Naval Research,
Geography Branch, 1 mapa.
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F, Speed RC (1993)
Tectonostratigraphic terranes and tectonic evolution of
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Mexico. J S Am Earth Sci 13:429-442
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Geology and mineralisation of the Au-Cu-Ag Canahuire
epithermal deposit, Chucapaca Project, Southern Peru
Alex Santos, Regina Baumgartner, Alina Gaibor, Matthew Dusci, Francisco Azevedo, Rafael Gradim, Peter
Dunkley, Devin Den Boer, Rubén Valer
Gold Fields Perú/ Canteras del Hallazgo, Av. El Derby 055, Lima 33, Santiago de Surco, Perú
Abstract. The Au-Cu-Ag Canahuire deposit is located in
the Altiplano region of Southern Peru. The regional
structural architecture is dominated by large NNEverging overturned folds and associated WNW-ESE
striking faults. Canahuire is an Au-Cu-Ag intermediatesulphidation epithermal deposit, hosted within limestones
from the Yura Group and breccias belonging to a
diatreme complex intruding this sedimentary sequence.
The presence of a complex system of sinistral NW,
WNW and NE trending faults has created a dilational jog.
The different breccia types and diatreme complex are
contained within this dilational job. Alteration and
mineralisation at Canahuire are intimately related to a
magmatic-hydrothermal system, mainly controlled by the
lithology and pre-existing structural architecture. There
are two stages of mineralisation: an early stage
composed of pyrite, marcasite, pyrrhotite, arsenopyrite,
magnetite; and a second stage consisting of gold, pyrite,
chalcopyrite, siderite, quartz which is accompanied by
sulphosalts.

Cretaceous Murco Formation (Klink et al. 1986). These
units were strongly deformed during the Peruvian
orogeny and form a basement on which younger
Cenozoic sedimentary and volcanic cover sequences
accumulated. These in turn are unconformably overlain
by Miocene lacustrine sediments, which contain a
significant volcaniclastic component and the local
development of felsic volcanic domes such as the
Chucapaca dome complex and dykes (Klink et al. 1986).
The region has a complex multiphase tectonic
history. During the Jurassic and Early Cretaceous, a
period of extension with marine incursion was followed
by several periods of compressive deformation from the
late Cretaceous. This compression resulted in the uplift
and development of the Andean Cordillera and
magmatic arc throughout Cenozoic times (Benavides
1999). The major tectonic compressional phases include
the Peruvian phase (around 80 Ma, Megard 1984;
Benavides 1999), three Incaic phases ranging (from
approximately 59 to 27 Ma), and the Neogene Quechua
phase, itself subdivided into four phases (which
occurred between approximately 17 and 1.6 Ma, times
Benavides 1999). These compressional events folded
and faulted the sedimentary rocks from the Yura Group.

Keywords. breccias, phreato-magmatic, replacement,
limestone, gold, copper, Chucapaca, Canahuire,
mineralisation

1 Introduction

2.1 Intrusive and Volcanic Complex

The Canahuire deposit is part of the Chucapaca Project
and is located in the Altiplano region of the central
Andes of Southern Peru at elevations between 4,800 to
5,000 m.a.s.l. The Chucapaca Project is a joint venture
between Gold Fields and Buenaventura.
Mining in the Chucapaca region dates back to the
18th century (Loayza et al. 2004), with several small
scale Ag(-Cu-Zn-Pb) mines. It is only in the 20th century
that exploration for >1 Moz gold deposits became
successful with the discovery of the Santa Rosa and
Tucari deposits of the Aruntani district. Gold Fields and
Buenaventura have been actively exploring around the
Chucapaca Project since early 2001, recognising its
potential for both base metals and gold mineralisation
(Vidal et al. 2010).
Canahuire is a recent major discovery in Southern
Peru with an inferred mineral resource for Canahuire of
approximately 83.7 Mt at 1.9 g/t Au, 0.09% Cu, and 8.2
g/t Ag for a total of 5.6 million Au equivalent ounces.
This was declared only 18 months after the initial
discovery hole (Dusci et al. 2010).

The intrusive and volcanic centres of the region (from
Oligocene to Pliocene) are preferentially aligned along
the axial zones of NW-trending regional folds and
related faults in the Mesozoic basement. These NWtrending structures are considered to have been the
primary control on the emplacement of domes and
volcanic centres. NE-trending faults crosscut the NWtrending folds and appear to have exerted a secondary
control on emplacement of a number of volcanic centres
in the region.

3 Geology of the Canahuire deposit
3.1 Stratigraphic and structural setting
The Canahuire deposit is located along the axis of the
regional overturned Canahuire anticline, in the Yura
Group sediments which plunges consistently 40° to the
WNW. Three of the five Formations of the Yura Group
are recognised in the Canahuire area: The Labra (black
shale and grey sandstone), Gramadal (dark grey
limestone and locally clastic units), and Hualhuani
(white quartz sandstone) Formations (Fig. 1). The
Gramadal Formation is the main host of the diatremerelated mineralisation which is proximal to the western

2 Regional geological setting
The oldest outcropping rocks in the region are
siliciclastic and calcareous sedimentary units of the
Jurassic to Lower Cretaceous Yura Group and Lower
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early stage contains a mineral assemblage of pyrite,
marcasite, pyrrhotite, arsenopyrite, melnikovite,
magnetite and wolframite. Gangue minerals include
siderite and quartz, with limited clays. This event does
not contain economic gold mineralization.
The main stage consists of gold, pyrite, chalcopyrite,
stibnite,
bismuthinite,
arsenopyrite,
tennantitetetrahedrite, sphalerite, and galena. Gangue minerals
include siderite, ankerite, clays (smectite, illite, and
kaolinite), adularia, quartz, and chalcedony. Gold
carriers include native gold, electrum, and maldonite
(Au2Bi). Copper carriers include chalcopyrite and minor
bornite while silver carriers include argentite and
electrum.
The two mineralisation stages are superimposed
spatially and are likely closely related in time.

margin of the Chucapaca volcanic complex (Fig. 1).
Rhyolite dykes outcropping at Canahuire occur
immediately to east of the diatreme (Fig. 1) and show an
aphanitic texture with argillic alteration.
The diatreme breccia complex follows the Andean
structural trend and forms a vertically extensive 300mwide by 1000m-long elongate body that cross-cuts
limestone, mudstone, and sandstone of the mid-Jurassic
to lower Cretaceous of the Yura Group. The
emplacement of the diatreme breccia complex was
influenced by the pre-existing fault network which
consists of a complex system of sinistral NW, WNW,
and NE trending faults creating a dilational jog. The
rhomboid geometry of the diatreme complex supports
this interpretation (Fig. 1).
3.3 Breccia Complex

4 Conclusions

The breccia complex can be locally classified into five
main different breccia facies based on the compostion of
clast and characteristics of the matrix. These include: 1)
BXP consists of a polymictic breccia, matrix-supported,
containing sub-angular to rounded clasts. The clasts
include juvenile clasts, andesite lavas, rhyolite, and
sedimentary rocks. 2) BXPR comprises a polymictic
breccia, clast or matrix supported, with clasts of
sandstone, black shale, and aphanitic rhyolite. This
breccia does not outcrop at surface. 3) BXS consists of a
polymitic breccia, clast supported, with clasts of
rounded to sub-rounded sedimentary rocks with
sandstone and/or calcareous limestones, with a sandy
matrix. Locally, the colour of this breccia is creamy and
grey. 4) BXPS comprises a polymictic breccia with
exclusively sedimentary clasts of all sedimentary rocks,
sub-rounded to sub-angular and poorly sorted. This
breccia is mostly matrix supported. 5) BXM is a
monomictic breccia, clast- to locally matrix-supported,
with clasts of quartzite. The matrix is often replaced by
sulphides and/or siderite.
The BXP breccia is interpreted as phreato-magmatic
in origin while the BXM, BXPS, and BXS are
interpreted as phreatic in origin. BXP represents the last
breccia event.

The Au-Cu-Ag Canahuire deposit has many features
that are consistent with intermediate-sulphidation
epithermal systems. Canahuire is hosted in breccias
related to a diatreme complex as well as in the adjacent
sedimentary rocks of the Yura Formation. The structural
controls such as folding and faulting coupled with a
complex sinistral dilatational jog system has played an
important role in the emplacement of the nearby domes
and dykes and the geometry of breccia complex. The
breccias present at Canahuire have a phreatic and
phreato-magmatic origin, as suggested by the presence
of juvenile whispy clasts in the BXP facies. The
Canahuire deposit shows some similarities with the
Kelian gold deposit, Indonesia (Davies et al, 2008a and
b).
Hydrothermal alteration and mineralisation are
structurally and lithologically controlled with calcareous
units which are strongly replaced forming high-grade
ore-shoots. The main economic mineralisation stage is
interpreted to be late in the paragenetic sequence.
The Au-Cu-Ag Canahuire deposit has many features
that are consistent with intermediate-sulphidation
epithermal systems. Canahuire is hosted in breccias
related to a diatreme complex as well as in the adjacent
sedimentary rocks of the Yura Formation.
The structural controls such as folding and faulting
coupled with a complex sinistral dilatational jog system
has played an important role in the emplacement of the
nearby domes and dykes and the geometry of breccia
complex. The breccias present at Canahuire have a
phreatic and phreato-magmatic origin, as suggested by
the presence of juvenile whispy clasts in the BXP facies.
The Canahuire deposit shows some similarities with the
Kelian gold deposit, Indonesia (Davies et al, 2008a and
b).
Hydrothermal alteration and mineralisation are
structurally and lithologically controlled with calcareous
units which are strongly replaced forming high-grade
ore-shoots. The main economic mineralisation stage is
interpreted to be late in the paragenetic sequence.

3.4 Alteration and mineralization
Alteration and mineralisation at Canahuire are intimately
related to a magmatic-hydrothermal system. Three main
alteration facies are recognised. 1) Sideritisation
(siderite – quartz), 2) Argillisation (smectite ± illite ±
kaolinite ± quartz), and 3) Silicification. The alteration
facies are strongly lithologically and structurally
controlled, except for sideritisation, which affects all
rock units, although with different intensities.
Sideritisation is most important alteration facies,
occurring mainly as replacement of the Gramadal
limestones, but also occurs within the matrix of the
diatreme breccia as open space filling and replacement.
Argillic alteration is predominant in the BXP and BXPS
breccia facies, while silicifiation is most prevalent in the
BXM breccia.
Two stages of mineralisation are recognized. The
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Figure 1. Geology and structural map of the Canahuire deposit.
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The hydrothermal evolution of the Quimsacocha high
sulfidation Au-Ag-Cu deposit, Azuay Province, Ecuador
Peter J. MacDonald, Thomas Bissig, Craig J.R. Hart
Mineral Deposit Research Unit, Department of Earth and Oceanic Sciences, University of British Columbia, Vancouver,
British Columbia, Canada
Jorge Barreno, Franklin Viera
IAMGOLD Ecuador S.A., IAMGOLD Corporation, Quito, Pichincha, Ecuador
Abstract. The Quimsacocha Au-Ag-Cu deposit of
southern Ecuador is a high sulfidation epithermal ore
deposit with indicated reserves in excess of 3 Moz Au, 25
Moz Ag and 100 Mlbs Cu (utilizing a 1 g/t Au cut-off).
The flat lying, cylinder shaped Quimsacocha deposit is
stratabound and structurally controlled. Hydrothermal
alteration associated with the deposit includes a central
core of brecciated vuggy quartz that is encapsulated by
outward zones of massive quartz + alunite, dickite ±
pyrophyllite, kaolinite ± dickite and illite ± kaolinite.
Mineralization includes a central body of semi-massive
pyrite ± enargite surrounded by vug filling and fracture
controlled pyrite ± enargite stockwork veins that transition
outwards into pyrite stringer veinlets and finally into
disseminated pyrite. Below the deposit lies structurally
controlled feeder zones and above the deposit occurs a
tabular and residual quartz dominated steam heated
alteration zone.
The deposit was formed in three
hydrothermal stages, including: stage 1 acidic leaching
and brecciation that enhanced permeability and created
the vuggy quartz core; stage 2 sulfide and sulfosalt
deposition along with Au-Ag-Cu mineralization; and stage
3 coarse barren pyrite veinlets that infilled late fractures.

multistage hydrothermal fluid activity, quartz alteration,
advanced argillic alteration zonation (both horizontally
and vertically) and ore mineralogy. This extended
abstract describes the characteristics of the
Quimsacocha Au-Ag-Cu deposit and briefly discusses
the deposits hydrothermal evolution.

2 The Quimsacocha Au-Ag-Cu deposit
The stratabound Quimsacocha Au-Ag-Cu high
sulfidation deposit is hosted in the basal units of the Late
Miocene Quimsacocha Formation.
Alteration and
mineralization in the deposit are constrained to multiple
andesitic pyroclastic units (lapilli-tuffs ± breccias)
separated by coherent andesite flow units (Fig. 1a). The
primary permeability of the pyroclastic units are
important in the location and shape of the deposit.
The Quimsacocha deposit is characterized by changes
in alteration that provide a classic example of a vertical
section through the high sulfidation epithermal model.
The basal alteration zone, located at the top of the lower
pyroclastic unit abutting the lower andesite flow, is
characterized by massive to weakly vuggy quartz-alunite
alteration encapsulated and overprinted by fracture/
veinlet-controlled pyrophyllite alteration (Fig. 1b). The
middle alteration zone, that hosts the ore body, is located
in the middle pyroclastic units between coherent
andesite flows (Figs. 1a-b). This middle zone is
characterized by vuggy to massive quartz alteration (Fig.
2a) with intense brecciation in the core and pervasive,
veinlet and vug infilling alunite alteration in the
periphery (Fig. 1b). Surrounding the quartz ± alunite
zone is pervasive and fracture/veinlet-controlled
advanced argillic alteration, with pyrophyllite +
kaolinite predominant below the quartz core and dickite
+ kaolinite above (Fig. 1b). The upper alteration zone,
located in the upper pyroclastic unit, is characterized by
multiple styles of quartz alteration including, sugary,
weakly vuggy, massive residual and veins. Quartz
alteration is accompanied by very minor pervasive and
fracture/vug-controlled
alunite
alteration,
and
overprinted by fracture/veinlet-controlled advanced
argillic alteration (kaolinite ± pyrophyllite) (Fig.1b).
Some of the quartz alteration in the upper zone is
characteristic of ‘steam-heated’ alteration, appearing
bleached with friable quartz, kaolinite and fine-grained
alunite (Hedenquist et al. 2000).

Keywords. Quimsacocha, Ecuador, epithermal, high
sulfidation, gold

1 Introduction
High sulfidation ore deposits include zones of vuggy and
massive residual quartz enclosed by advanced argillic
alteration (alunite, pyrophyllite, dickite and kaolinite)
and overlain by blankets of steam-heated alteration
(Cooke and Simmons 2000; Hedenquist et al. 2000).
Deposits can be hosted in a range of rock types, and are
controlled by the permeability of lithological and
structure features (Hedenquist et al. 2000; Simmons et
al. 2005). Mineralization occurs as massive, vein, and/or
disseminated sulfides and sulfosalts derived from fluids
exsolved from cooling, shallowly emplaced intrusions
(Hedenquist and Lowenstern 1994; Hedenquist et al.
2000). The mixing of magmatic fluids with minor
amounts of meteoric water, and boiling are implicated in
gold precipitation, however, the exact processes that
cause metal deposition are not well understood (Cooke
and Simmons 2000; Simmons et al. 2005).
The Quimsacocha deposit in southern Ecuador
contains an indicated and inferred resource of 3.6 Moz
Au, 27 Moz Ag and 120 Mlbs Cu (utilizing a 1 g/t Au
cut-off; Valliant et al. 2006). The deposit is a preserved
example of the high sulfidation model, including
structural and lithological controlled permeability,
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zones (Figs. 1b-c). The basal zone generally contains
pyrite + enargite veinlets that coincide with basal vuggy
quartz-alunite alteration. The middle zone contains
semi-massive to massive pyrite ± enargite (± luzonite ±
covellite) that flooded the vuggy and brecciated quartz
alteration core (Figs. 1c & 2b). Surrounding the central
massive sulfide/sulfosalt zone are stockwork veins of
pyrite ± enargite within the surrounding massive quartz
to advanced argillically altered areas. The upper
alteration zone contains veinlets and small semi-massive
lenses of pyrite. Late coarse-grained, fracture-controlled
pyrite veinlets overprint all zones.
Near vertical-dipping north- and northwest-trending
faults link the alteration and mineralization zones
through the coherent andesite flow (Figs 1a-c).
Pyrophyllite alteration is generally coincident with the
faults, along with massive, vuggy and brecciated silica
alteration (Fig. 1b). Enargite also commonly coincides
with the faults (Fig. 1c).

a

Vug

Qtz

b
En
Qtz

Py

Figure 2. Photographs from the Quimsacocha deposit,
including; (a) vuggy (Vug) quartz (Qtz) alteration; and (b)
semi-massive pyrite (Py) + enargite (En) mineralization.

3 Evolution of the Quimsacocha deposit
Three stages of hydrothermal activity are responsible for
the characteristics of the Quimsacocha deposit. Stage 1
hydrothermal alteration was the introduction of an acidic
fluid (Fig. 3).
Migrating upwards through the
stratigraphy via faults, these early fluids intensely
reacted and leached the middle pyroclastic units forming

Figure 1. Quimsacocha deposit geological cross sections
(section 1500), including: (a) lithology; (b) alteration; and
(c) mineralization.

Mineralization occurs in near identically shaped
zones as the brecciated and vuggy quartz alteration
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pyrophyllite/dickite alteration zonation and the semimassive pyrite + enargite zone. This research may help
identify the exact processes that cause metal deposition
in high sulfidation epithermal systems.

the large central vuggy quartz body, and surrounding it
by outward zones of advanced argillic, argillic and
propylitic alteration (Figs. 1b & 3). Continued fluid
inflow, and possibly boiling, caused over pressurization
in the vuggy quartz core resulting in intense fracturing
and brecciation.
Utilizing the same faults as the early acidic fluids,
stage 2 mineralizing fluids, in a high sulphidation state,
moved upwards through the stratigraphy (Fig. 3). As the
mineralizing fluids neared and entered the central
brecciated vuggy quartz core, the fluids began
depositing semi-massive to massive pyrite ± enargite,
along with gold, silver and copper. Coincident with the
location of mineralization is a change in argillic
alteration. Mapped alteration patterns indicate high
temperatures of up to 300°C at depth where pyrophyllite
is abundant, but lower temperatures closer to surface
where dickite is dominant instead (Reyes 1990).
Post-dating the mineralizing event was late fracturing
along with stage 3 hydrothermal activity that deposited
coarse pyrite into fractures (Fig. 3). The coarse pyrite
veinlets are the remnants of the last hydrothermal fluids
before the epithermal system shut off.
Stage 1
(acidic)

Stage 2

(mineralization)
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Stage 3

(fracture)

Residual Quartz
Vuggy Quartz
Brecciation
Pyrophyllite
Dickite
Kaolinite
Pyrite
Enargite
Au-Ag-Cu
Fracturing
Pyrite (coarse)
Figure 3. Paragenetic sequence for the Quimsacocha deposit.

4 Conclusions
The Quimsacocha Au-Ag-Cu deposit has many
characteristics typical of the high sulfidation ore deposit
model. The stratabound deposit is hosted in alternating
andesitic pyroclastic and lava deposits and is cored by a
central vuggy and residual massive silica zone,
surrounded
by
advanced
argillic
alteration.
Mineralization is associated with pyrite ± enargite.
Three stages of hydrothermal alteration formed the
deposit, including:
1) an early acidic event that formed the brecciated
vuggy and residual massive quartz core;
2) a main mineralization event where pyrite +
enargite and Au-Ag-Cu were deposited into the
brecciated quartz core; and
3) a late barren coarse pyrite event that filled minor
fractures.
Future research will focus on the unique features
associated with mineralization within the Quimsacocha
deposit,
including
the
brecciated
core,
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Transient kinematic changes with implications for fluid
flow in epithermal systems: Gosowong, Halmahera
Steven Micklethwaite
CODES, University of Tasmania, Hobart, TAS 7001, Australia
Daud Sillitonga
Gosowong Gold Project, Halmahera Island, North Maluku, Indonesia
Abstract. Here we show that fault-vein growth and
transient changes in fault-vein kinematics are an
important component of the evolution of epithermal vein
systems. The Toguraci deposit, in the Gosowong
goldfield, Halmahera, exposes a spectacular system of
segmented veins, subsidiary vein networks linking
between each segment (step-over zones), and wall rock
margins comprising phyllosilicate-rich fault rock. Quartzchlorite textures dominate the northern half of the
exposed vein system but these change to quartz-adularia
textures toward the south. Different structural
components were distinguished on the basis of their
mineralogy, orientations and kinematics. Using an
approach based on combinatorial mathematics we
demonstrate that veins with very different orientations,
consistently overprint one another in the wall rock and
step-over zones. The different vein populations are
consistent across the goldfield and not just the Toguraci
Pit. This result implies a cyclic deformation history.
Transient changes in stress state and kinematics
occurred in the system, and fluid pathways changed
dramatically between individual fracture events. Important
implications for the interaction between structural growth
and changing fluid chemistry are discussed.

2 Tectonic context
The Toguraci Au-Ag deposit is a bonanza grade, veinhosted epithermal deposit (average grade 27 g/t before
cessation of mining in 2002), situated in the Gosowong
goldfield, Island of Halmahera, North Maluka region,
Indonesia (Gemmell 2007). Two other related high
grade deposits, located within 4 km of Toguraci, are the
40
Gosowong
and
Kencana
deposits.
Ar/39Ar
geochronological ages of wall rock alteration (alunite)
and vein adularia from the Gosowong deposit, constrain
epithermal mineralisation at 2.8-2.9 Ma (Vasconcelos
unpublished data 1998). Host rocks consist of a bimodal
package of basaltic to andesitic volcanic lavas,
volcaniclastics and intrusive diorites. The host rocks
have zircon U-Pb isotopic ages of ~3.1-3.7 Ma
(unpublished data, this study), and so faulting, fluid
flow and mineralisation followed soon after deposition
of the host package.
Halmahera is an active island arc and the Gosowong
goldfield occupies a unique tectonic location in the
north of the island. Seismic hypocentral locations to 700
km depth in the mantle, plus digital elevation model
data (SRTM) were combined to develop a preliminary
three dimensional visualisation of the region (Fig. 1).
Seismicity descends to 300 km on the western side and
north-eastern sides of Halmahera, deeper than
previously recognised (e.g., Hall et al. 1995). Results
now need to be advanced by integrating the model with
tomography, bathymetry and published geological maps.

Keywords. epithermal deposits, vein, fluid flow, gold,
fracture growth

1 Introduction
The spatial and temporal behaviour of fluid flow
through faults and fractures in the crust is an important
issue in earth science. Evidence from geothermal fields
indicates this issue may be particularly complicated
within epithermal environments. (1) Earthquake events
on faults can display a significant opening component in
addition to shear (Dreger et al. 2000; Foulger et al.
2004; Templeton and Dreger 2006), implying extremely
large, transient increases in permeability. (2) Fractures
tapping hydrothermal fluids seal rapidly (Clark and
Williams-Jones 1990), suggesting fracturing and fluid
flow is typically episodic. (3) The kinematics of faults
transiently change from one fracture event to another
(Waite and Smith 2002), suggesting fluid flow pathways
may dramatically alter from one event to another. Given
these observations it is valid to ask whether evidence for
such processes is preserved in epithermal vein deposits,
and
what
the
implications
are
for
the
geochemical/mineralogical evolution of the system. We
explore these questions, using observations from the
epithermal vein-hosted Toguraci deposit, Indonesia.

Figure 1. Three dimensional reconstruction of the active
tectonic configuration of the Halmahera Island arc.
Interpretation based on earthquake hypocentral relocations
(EHB catalogue, Engdahl et al. 1998; Engdahl 2006) and
SRTM digital elevation data of Halmahera Island. The
Gosowong epithermal goldfield is located in the northern arm,
within a transfer zone between two opposing subducting plates
(grey surfaces).
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serial bench mapping, and (3) close spaced blast hole
drill-core. Vein geometries were initially reconstructed
by interpolating surfaces on the hangingwall side of
individual structures. The model was further updated
using wireframe models of the full vein shapes.
The vein system is segmented, with the maximum
lengths of individual vein segments extending up to 250
metres. Step-overs between segments consist of
complicated networks of subsidiary veins, which hardlink the segments. Segments are typically aligned alongstrike rather than forming an en echelon pattern, and
their step-overs are thus underlapping (see
Micklethwaite et al 2010 for details of terminology). The
along-strike dimensions of step-overs are 50-200 m long.
The margins of the vein segments consistently contain
phyllosilicate-rich cataclastic fault rocks on their
hangingwall margin. In 3D, the vein segments tend to
taper but the phyllosilicate fault rocks continue up-dip
and along-strike. These fault-vein networks display
geometries similar to fault systems in other
environments (e.g., Soliva and Schulz 2008), such as
segmentation, increased fracturing where segments link,
and increased fracturing and bifurcation at fault tips.
The wall rock and step-over veins record a large
range of orientations (Fig. 1). These are opening mode
extensional veins and mixed mode extensional-shear
veins. These veins are typically subvertical, reflecting a
subvertical maximum compressive stress at the instant of
their formation, consistent with an extensional structural
regime. However, 3 distinct subpopulations (sets) could
be defined on the basis of their strike orientation. The
subpopulations were observed to have formed spatially
adjacent to one another not just in Toguraci pit but
consistently across the goldfield. In the economic
geology literature these vein networks would often be
referred to as “stockwork”, but it is clear there are
systematic distributions in where they develop and
consistent orientations.
In an effort to quantitatively “measure” the evolution
of the system and understand the timing of the different
structural components we applied a new structural
technique (Younging Analysis), based on combinatorial
mathematics. The technique was first introduced and the
method fully explained by Potts and Reddy (1999,
2000).
The interpretation of deformation sequences is
always non-unique. This is because of the impact of
unobserved relationships. There are actually an infinite
number of possible histories that can be constructed in
any field area. Even when we have a highly constrained
deformation sequence where structure A, crosscuts
structure B, which crosscuts structure C, we can still
never say for certain that this history is a unique
solution. This is because, structure C may crosscut the
other structural elements elsewhere in the field area, and
we are just not observing it. The results of Younging
Analysis are summarised in Younging tables, where the
observed crosscutting relationships between different
elements are recorded by standard younging symbols.
Results of the analysis from the Gosowong goldfield
are presented in Figure 3. The key observation to

Figure 2. End-of-mining pit map, Toguraci Mine, Gosowong.
The geometric components of the vein network are labelled.

Nevertheless, the results indicate the goldfield
formed in a transform zone linking between two
opposing subducting plates (the Maluka Sea Plate and
the Philippines Sea Plate). The landscape of the northern
arm of Halmahera is influenced by normal fault-bound
mountain ranges indicative of E-W extension, and one
large, crustal-scale oblique strike-slip fault (NE-SW
striking). Thus it appears transtensional strain is
accommodated between the subducting plates by linking
transform faults and arc-parallel normal faults. This
result supports an early conceptual model proposed by
Nichols et al. (1990) but since abandoned.
All the economic grade epithermal veins in the
Gosowong goldfield belong to a broadly N-S striking
system, which is kinematically coherent (Walsh and
Watterson 1991). Three independent observations
indicate the epithermal structures were, to a first-order,
dominated by normal dip-slip movement when active.
There are large normal offsets of stratigraphy across the
structures determined from drill core data, abundant
steep plunging quartz slickenfibres preserved on the
margins of epithermal quartz veins, and the subvertical
dip of opening mode extension veins found in the wall
rocks of the epithermal lodes. This kinematic
information reflects E-W extension at 2.8-2.9 Ma in the
north arm of Halmahera. The possibility exists that
epithermal mineralisation occurred at the beginning of
extension in the north arm of Halmahera. Ongoing
extension (to higher crustal strains) has led to erosion
and isostatic uplift, which has continued to the present
day and shaped the current landscape.

3 Geometries, kinematics and timing
A map of the vein system exposed in Toguraci Pit is
presented in Figure 2. A three dimensional (3D) model of
the epithermal structures from Toguraci deposit was also
constructed using data from (1) exploration drill core, (2)
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repeatedly tapping a fluid reservoir during transient
earthquake events. The transition for quartz-chlorite to
quartz-adularia simply relates to which structures were
fracturing and opening as the reservoir cooled.
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Figure 3. Record of all observed crosscutting relationships
between structural elements within the Gosowong goldfield.
Different structural components were labelled according to
their orientation and mineralogy (subscript notation). V – vein,
D – dike, F – fault, Bx – breccia, sulph – sulphide, q – quartz,
cc – calcite, chl - chlorite
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is the timing of epithermal lodes and associated
subpopulations of wall rock/step-over veins cannot be
distinguished. The analysis demonstrates a cyclic history
to the structural evolution, with different veins with
different orientations mutually overprinting one another
across the goldfield. This observation is most consistent
with transient switching of stress states during evolution
of the Toguraci vein network and resulting transient
changes in the kinematics of the fault-vein network.

3 Discussion
The evidence presented is consistent with the transient
changes of fault kinematics found in active geothermal
regions from focal mechanism data of earthquakes (e.g.,
Waite and Smith 2002). In addition, this model of
“transient kinematic switching” bears similarities with
structural observations from the Cracow epithermal
goldfield, Queensland, Australia (Micklethwaite 2009).
When a structure changes in kinematics, existing bends
and corrugations in the structure mean that fluid flow
pathways dramatically alter from one fracture increment
to another. Therefore, changes in fault-vein kinematics
promote opportunities for different fluid reservoirs to be
tapped, or for different ratios of fluid mixing and fluidrock reaction to occur.
The implications of such dynamic behaviour in
epithermal systems are yet to be fully explored for fluid
flow and geochemistry. One implication may relate to
the paleohydrology of such systems. Simplistic models
would suggest the transition from quartz-chlorite to
quartz-adularia textures records fluid movement from
north to south, along a hydraulic and temperature
gradient. In this scenario open fractures localised fluid
migration and the hotter fluids led to precipitation of
quartz-chlorite minerals in the north, but with cooler
temperatures downstream quartz-adularia precipitated.
We propose an alternative model whereby these patterns
record an evolving interaction between vein growth and
changing fluid chemistry – with the Toguraci fracture
system growing from north to south over time,
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Geological evidence for epigenetic mineralization of the
Bafangshan-Erlihe Pb-Zn-Cu deposit in the FengxianTaibai metallogenic zone, western Qinling belt, Central
China
Wang Yitian, Hu Qiaoqing, Zhang Changqing
MLR Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of
Geological Sciences, Beijing 100037, China
Wang Ruiting, Dai Junzhi
Northwest Mining and Geological Exploration Bureau for Nonferrous Metals, Xi’an 710054, China
Li Jianhua, Wang Chang’an
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Li Xia, Hu Qiaoqing
College of Geosciences and Resources, China University of Geosciences, Beijing 100083, China

2 Ore geology

Abstract. The Bafangshan-Erlihe Pb-Zn-Cu deposit in
the Fengxian-Taibai metallogenic zone, western
Qinling, Central China, is considered by most researchers
as a syngenetic deposit (e.g., SEDEX or sedimentaryremobilized deposit). In this study, the geological
characteristics of the deposit suggest that the ore is the
product of syntectonic, epigenetic hydrothermal
processes controlled temporally and spatially by regional
sinistral strike-slip faulting.

The Bafangshan-Erlihe Pb-Zn-Cu deposit is located in
the northwestern part of the Feng-Tai metallogenic
zone. The country rocks are limestone of the middle
Devonian Gudaoling Formation and phyllite of the
upper Devonian Xinghongpu Formation. The orebodies
occur mainly within the contact of the two formations. A
NW- to W-trending brachyanticline, called BafangshanErlihe anticline, is developed through the ore field with
the Gudaoling Formation composing the core and the
Xinghongpu Formation the limb. NW-trending strike
faults and NE-trending cross faults are well developed
in the field, and some of them are filled with dikes of
diorite porphyrite and granite porphyry.
The orebodies predominantly occur in the arch of the
anticline and are laminar, lenticular, and veins-shaped.
Ore minerals consist mainly of sphalerite, galena,
chalcopyrite, and pyrite,
with
minor
pyrrhotite,
arsenopyrite, tetrahedrite, and boulangerite. Gangue
minerals are mainly quartz, calcite, ankerite, and sericite,
with minor chlorite and barite. The ore textures consist
of euhedral to semi-euhedral crystals, and sizes of
sphalerite, galena and chalcopyrite are commonly more
than 10 millimeters. The ore mainly occurs as massive
bodies, with lesser amounts of veinlets, stockwork,
tabular, lenticular, disseminated and brecciated ores. The
wallrock alteration minerals consist mainly of silica,
ankerite, calcite and pyrite, with minor sericite, chlorite
and graphite.

Keywords. epigenetic mineralization, Bafangshan-Erlihe
lead-zinc-copper deposit, western Qinling belt

1 Introduction
The Fengxian-Taibai (called Feng-Tai for short)
metallogenic zone is located in the western Qinling belt
of Central China, which is an important region with 5
Mt of lead-zinc metal reserve. More than twenty Pb-Zn
deposits have been discovered in this area and the
Bafangshan-Erlihe Pb-Zn-Cu deposit is a typical large
deposit with over 0.5 Mt ore with average grades of
1.58%, Pb, 8.16%, Zn, and 0.57%, Cu. Gold
mineralization is also important in the metallogenic
zone, represented by the important deposits of the large
Baguamiao (gold reserve exceeds 100 t at average grade
of 6.1 g/t) and Shuangwang (gold reserve exceeds 60 t
at average grade of 3.1 g/t) as well as several smaller
gold deposits. The Pb-Zn deposits were formerly
recognized as stratabound deposit (e.g., Wang 1988),
and later researchers suggested they are SEDEX
deposits (e.g., Zhang et al. 1988; Wei 1990; Qi and Li
1997). Recently, most researchers believe they are
remobilized syn-sedimentary deposit (e.g., Wang et al.
2007). Based on studies of the geological
characteristics, we suggest that the Bafangshan-Erlihe
Pb-Zn-Cu deposit is the product of a syntectonic,
epigenetic hydrothermal ore-forming system.

3 Discussions and conclusions
The major orebodies developed along the contact
between the two different hosting formations
(Gudaoling and Xinghongpu). Due to the lithological
difference, the contact zone was favourable for the
development of dilative spaces and fractures during the
regional tectonic activity which provided permeability
for the ore-forming fluids and deposition of the ore.
Within several meters of the contact, stockwork ore

743

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

developed in the limestone and bedding parallel ore
veins, 1 to 5 centimetres in width, developed inside the
phyllite, indicating the ore fluid activity developed after
Upper Devonian.
The orebody mainly occurs in the core of anticline,
and is saddle in shape in cross section, and is pipelike in
three dimensions, trending parallel to the axis of fold.
The ore in the hinge zone is larger and higher in sulfide
content relative to the ore in the limbs. The distribution
of the ore in the anticline strongly suggests that ore
deposition was coeval with formation of the anticline.
Wallrock alteration is well developed within both
hanging and footwalls in the deposit. The intensity and
scale of alteration correlate with the size of the ore body.
In the larger ore bodies, the alteration in the hinge zone
is stronger and more extensive whereas in smaller ore
bodies, alteration in both limbs is weaker and narrower.
Moreover, silicification is closely related to the sulfidequartz veins, which contain breccia clasts of silicified
limestone and phyllite. The alteration features show that
they were produced during the replacement by the
epigenetic ore-forming fluids.
Metallogenic features mentioned above show that the
Bafangshan-Erlihe Pb-Zn-Cu deposit is the product of
epigenetic hydrothermal ore-forming system, and
minealization and folding are simultaneous. The oreforming fluids migrated upward along the anticline
where dilational openings were created during the
development of the folds. The deposit is mainly located
in the hinge zone and ore has replaced both hanging and
foot wallrocks. Structural studies indicate that the
tectonic style of the Feng-Tai metallogenic zone is a
strike-slip duplex that resulted from regional sinistral
strike-slip faulting, and is composed of a series of folds,
faults and fractures (Wang et al. 2009) that localized the
mineralization temporally and spatially.
Geological evidence shows that the BafangshanErlihe Pb-Zn-Cu deposit is not a syngenetic, rather it is
the product of syntectonic, epigenetic hydrothermal oreforming system controlled temporally and spatially by
the regional sinistral strike-slip faulting.

their spatial distribution in the Feng-Tai Pb-Zn ore field in the
Qinling Mountains. Geological Reviews 36:394-403
Zhang FX, Wang JF (1988)
The submarine volcanic-exhalativesedimentary origin of lead-zinc deposits in the Feng-Tai ore
field, Shaanxi. Geological Reviews 2:155-167
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Adding geochemical rigor to the general basin-scale
genetic model for sediment-hosted stratiform copper
mineralization
Alex C. Brown
13250 rue Acadie, Pierrefonds, Quebec, Canada, H9A 1K9
Abstract. The hematitic pigment of footwall redbeds
associated with sediment-hosted stratiform copper
deposits was formed during the same oxidizing
diagenetic alteration event that released copper from
those footwall sediments. In other words, deep basin
waters are not equilibrated to the moderately oxidizing
levels (needed to transport copper in low-temperature
brines) upon entering previously existing footwall
redbeds. The only plausible moderately-oxidizing
solution capable of transporting copper within the
footwall aquifers is a descending, topography-driven
meteoric water which evolved into a brine by
assimilation of evaporitic brines or salts.

footwall redbeds and on the deposition of that copper
upon encountering a source of sulfide in the host
greybeds. At the basin-scale, the ultimate source of the
copper is generally thought to be the normal trace
amounts of copper found in vast volumes of first-cycle
sediments comprising thick redbed sections and/or
basement rocks. Copper is liberated from these
sources during the diagenetic oxidation of these source
units and is taken into solution as cuprous chloride
complexes in the brine (Walker 1989). In both early
and recent interpretations, the cupriferous brine
circulates within the footwall aquifer as the result of
meteoric water recharge in highlands adjacent to the
intracontinental rift basins which host the redbeds and
greybeds (Fig. 1, Walker 1989; Brown 2005). This
general concept relies upon the appreciable solubility
of cuprous chloride complexes in oxidized lowtemperature brines (Fig. 2, Brown 1971; Rose 1976,
1989) and the abrupt decrease in that solubility where
the influxed copper encounters an abundance of
sulfide (commonly syndiagenetic pyrite) in reduced
greybeds.

Keywords. sediment-hosted stratiform copper, origin,
diagenesis, Eh-pH stabilities, hematite, oxygen-rich
meteoric water

1 Introduction
At the deposit-scale, the general genetic model for lowtemperature sediment-hosted stratiform copper mineralization relies upon the influx of copper from an
oxidized saline brine circulating through coarse-grained

Figure 1. General model for the formation of sediment-hosted stratiform copper deposits in intracontinental rift basins, based on
initially oxygen-rich meteoric water driven by highland recharge (from Brown 2009).

within the redbeds would be adequately oxidizing for
the stability of soluble cuprous chloride complexes.

For decades, it has been recognized that the broad
stability field of hematite encompasses Eh-pH
conditions suitable for high solubilities of cuprous
chloride complexes (Fig. 2), and it has been assumed
that the hematitic pigment of the redbeds controlled Eh
conditions within the footwall aquifer unit and therefore
assured that conditions in the footwall brine circulating

2 Revised concept
However, this concept has not sufficiently recognized
that the hematitic pigment of these redbeds is
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generated during diagenetic alteration processes
(Walker 1967, 1989; Van Houten 1973; Zielinski et al.
1983; Ryan et al. 1989; Bensing et al. 2005). In other
words, the hematite of the redbeds cannot control and
determine the oxidation level of the footwall pore
solution because the hematitic pigment is itself a
product of oxidizing diagenetic alteration processes.

Moreover, upon closer consideration of the
stability field of hematite (lightly shaded in Fig. 2) and
the stability fields for common ferrous mineral
constituents of the footwall copper source units
(represented generally by magnetite in Fig. 2), it is
obvious that any solution equilibrated with ferrous
minerals cannot attain the more oxidized conditions
(Eh = +0.1 ± 0.1 v) required for appreciable solubility
of copper in a low-temperature brine; the persistence
of abundant ferrous minerals in the immature footwall
sediments would hold Eh conditions at or below the
ferrous-ferric boundary. Furthermore, there is no
available in situ low-temperature oxidant to elevate
redox conditions above the ferrous-ferric boundary.
On the other hand, moderately oxidizing, near
neutral pH conditions suitable for high copper chloride
complex solubilities may result from the introduction
of initially oxygen-rich meteoric water descending
into redbed/greybed-hosting intra-continental rift
basins from adjacent highlands. In fact, descending,
topography-driven oxygen-rich groundwater has been
consistently invoked by Walker and colleagues to
explain the formation of the diagenetic redbeds typical
of such rift basins. Further precisions have been
presented in Brown (2005, 2009).

3 Conclusion
Ultimately, it must be concluded that the geochemical
necessity for moderately oxidizing conditions to
transport copper in low-temperature brines cannot be
satisfied by recourse to the hematite of redbeds
because that hematite did not exist prior to the
diagenetic leaching of copper from the footwall
aquifer units.
The only plausible source of such moderately
oxidizing conditions lies in descending oxygen-rich
meteoric water which generate the hematitic pigment
of redbeds. The evolution of meteoric water to a saline
solution is attributed to the assimilation of evaporitic
salts or surface brines typical of rift basins located at
low paleolatitudes (Kirkham 1989; Kirkham and
Roscoe 1993).

Figure 2. Stability of copper and iron as common dissolved
species and minerals on superposed Cu-O-H-Cl and Fe-O- HCl Eh-pH stability diagrams, with a∑S = 10-4, Cl- = 0.5 M, and
T= 25oC (in part from Rose 1976, 1989; after Brown 2009).
The upper and lower ellipses (medium grey, with dashed
outlines) identify conditions typical of rainwater and deep
groundwater, respectively, taken from Garrels (1960). The
long dashed arrow passing between those ellipses traces the
probable Eh-pH path of an initially oxygen-rich meteoric
water as it circulates to depths within the coarse-grained
aquifers of immature intracontinental rift sediments. The
meteoric water evolves to a brine by assimilation of evaporitic
brine and/or salts. Low-temperature diagenetic alteration of
ferrous minerals results in a goethitic pigment which
eventually matures to the hematitic pigment of rift redbeds.
Simultaneous alteration of labile mineral constituents releases
trace amounts of copper from the coarse-grained first-cycle
rift sediments, eventually forming a cupriferous chloride-rich
pore solution (i.e., a circulating, ore-forming brine).
Conditions favourable for the high solubility of copper as
chloride complexes in that brine are identified by the third
ellipse lying midway between the meteoric water and deep
groundwater ellipses. Those moderately oxidizing conditions
would result from the progressive depletion of an initially
oxygen-rich meteoric solution as ferrous minerals were
oxidized to form pigment hematite during the diagenetic
reddening process.
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Behaviour of Europium in the Key Tuffite around the
Bracemac-McLeod deposit: a new geochemical tool to
assist VMS exploration in the Matagami mining camp,
Quebec, Canada.
Dominique Genna, Damien Gaboury
LAMEQ - Experimental and Quantitative Metallogeny Research Laboratory at University of Quebec at Chicoutimi
(UQAC), 555 boul. de l’Université, Chicoutimi, G7H 2B1, Canada
Gilles Roy
Xstrata Zinc Canada, Matagami Exploration office C.P.819. Matagami, QC, J0Y 2A0, Canada
Abstract. The Key Tuffite (KT) is the stratigraphic marker
horizon for most of the volcanic massive sulfide (VMS)
deposits in the Matagami camp (Abitibi). Previous work
interpreted this unit as a mix between ash fall (tuffaceous
component) and exhalative seafloor precipitate, the latter
being linked to VMS mineralization. Because of the
complex nature of the KT unit, previous attempts to
develop geochemical vectoring tools to assist exploration
were inconclusive. This study, based on new
observations and geochemical data at the BracemacMcLeod deposit, challenges the old model: 1) the
exhalative component is negligible and 2) the
mineralization event was late and occurred at the
intersection between synvolcanic faults and the KT unit
by its replacement. The initial porosity of this tuffaceous
layer allowed lateral fluid flow forming a hydrothermal
alteration halo around the ore lenses. This alteration is
mainly recorded by the behaviour of the mobile element
2+
Eu : the europium anomaly shows a systematic increase
towards the deposit. This positive Eu signature is
persistent up 200m from the deposit and represents a
new and powerful tool for VMS exploration in this camp.
Keywords. Europium,
McLeod, Matagami

massive

sulfide,

2 Geological setting
The Archean Abitibi greenstone belt in Canada is the
largest (300×700 km) and also one of the richest VMSbearing greenstone belts in the world. The 2.7 Ga
Matagami mining camp is located in the northern part of
the Abitibi belt. With >50 Mt of zinc-rich ore (9% in
average) extracted since the 1960’s and 20 known
deposits, this mining camp constitutes an important
district in the Abitibi.
2.1 Bracemac-McLeod geology
The stratigraphy is divided into two groups (Fig. 1): 1)
the Watson Group which is composed of dacite and
rhyolite, overlain by 2) the Wabassee Group, which
comprises mostly basalt and andesite flows (Piché et al.
1990). At the base of the Wabassee, the Bracemac
rhyolite is overlain by a small exhalative unit: the
Bracemac Tuffite (BT). The KT and the mineralized
lenses are at the interface of the Watson and the
Wabassee Groups. The Watson Group is crosscut at the
base by the Bell River Complex, a large gabbroanorthosite layered intrusion interpreted to be the
thermal source for the VMS formation (e.g., Piché et al.
1990). The Bracemac-McLeod deposits consist of two
main mineralized lenses spatially controlled by
synvolcanic faults and separated by a horizontal distance
of 800m. Together they contain 3.73 Mt of ore at 9.60%
Zn and 1.26% Cu (measured and indicated mining
reserve), 0.24 Mt at 0.96% Zn and 1.25% Cu (copper
stringer zone-indicated mineral resource) and 2.63 Mt at
8.78% Zn, 1.31% Cu (inferred mineral resource) (Côté
and Lavigne 2010). The mineralogy of the lenses is
dominated by sphalerite with moderate amounts of pyrite
and chalcopyrite (± magnetite and minor galena). The
extensive (~1 km) and thin (<20m) stratiform geometry
of the McLeod lens along the KT (Fig. 1) is not typical,
as other deposits in the camp are mount shaped.

Bracemac-

1 Introduction
The Key Tuffite (KT) is the main guide used for volcanic
massive sulfide (VMS) exploration in the Matagami
camp of the Abitibi (Quebec, Canada) for the last 50
years. All the major exploited deposits are located along
this continuous and extensive tuffaceous and locally
cherty horizon, which was interpreted to be a mix of ash
fall and exhalative seafloor precipitation (Liaghat and
MacLean 1992). Despite its economic importance and
numerous studies (e.g., Davidson 1977) attempts to
develop geochemical tools for vectoring exploration
were inconclusive because of the complex nature of the
unit.
An aggressive exploration drilling program by
Xstrata Zinc and Donner Metals around the new
Bracemac-McLeod VMS deposits provided an
exceptional opportunity to sample the KT around and
away from the mineralization. This study aims to
investigate the petrogenesis of the KT and the link with
the mineralizing event in order to develop geochemical
vectors towards the massive sulfide lenses.

2.2 Link between Key Tuffite and mineralization
The KT is a thick (2 to 6 m) and continuous (~17 km)
unit which is thinly layered and it is traced at the district
scale (Fig. 1). The geometry of the KT is clearly
different to other exhalites known in Abitibi which are
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remain constant as expressed by data plotting along an
alteration line through the origin with a positive
correlation value (R2) of 0.93. This implies that the KT
composition of the volcanic ash in the BracemacMcLeod area was homogeneous prior to mass gain and
loss induced to hydrothermal alteration.

typically much thinner (10s of cm) and discontinuous
(e.g., The Main Contact; Kalogeropoulos and Scott
1989).
Previous studies concluded that the KT was the result
of the mixing of at least 2 components in varying
proportions. 1) A tuffaceous component, now
represented mostly by chlorite which is the dominant
mineral at the district scale. 2) A hydrothermal
component, represented by silicification and sulfides
(Davidson 1977), which was interpreted to have an
exhalative origin coming from the hydrothermal vents
and corresponding to the chemical precipitation of a
metallic and siliceous plume on the seafloor (Liaghat and
MacLean 1992). This last component is thought to be
related to the mineralizing event. However, drill core
observations at McLeod (not discussed here) clearly
demonstrate that the mineralization crosscuts and locally
replaces the KT and its hanging-wall (Bracemac rhyolite,
Fig. 1). These relationships are not consistent with an
exhalative origin for the mineralization.

Figure 2. Al2O3 vs TiO2 plot. The KT sample values are
dispersed along an alteration line.

The Y/Ho vs Eu/Eu* plot (Fig. 3: modified from
Pintì et al., 2009) is useful to discriminate three endmember components in the KT: 1) High temperature
fluid, 2) Archean seawater, represented by Strelley Pool
stromatolites and 3) Matagami volcanic rocks (Debreil
2011; pers. comm.). This graph shows that away from
the deposit, the composition is similar to the volcanic
rocks, whereas closer to the mineralization, a trend
towards the high temperature fluids can be observed.

Figure 1. Geological section of the McLeod deposit (13425 ±
50 m). Modified from Xstrata Zinc.

3 Methodology

Figure 3. Y/Ho vs Eu/Eu*pm. The size of the black circle
increases with proximity to the deposits. The red circles
represent the KT samples in the mineralized lenses.

Twenty three drill-cores were selected from more than
400 holes in an area of 2.6 km long by 1.4 km wide.
Whole-rock geochemistry was carried out on 42 samples
for major, trace and rare earth elements (REE) at the
INRS laboratory in Quebec-city, Canada, using
Inductively
Coupled
Plasma-Atomic
Emission
Spectrometry (ICP-AES) and Mass Spectrometry (ICPMS).

Single element and ratio element plots do not show
any coherent vectoring potential towards the sulfide
lenses, in agreement with previous work. However,
europium anomalies show a systematic increase towards
the deposit (Fig. 4). This anomaly is defined as
(Eu/Eu*)pm= 2 x Eupm / (Smpm x Gdpm), where pm
(Primitive Mantle) is the normalization value from Sun
and McDonough (1989). Away from the deposit, the
anomaly is negative and the value is <0.5. Progressively
the anomaly becomes positive and reaches a maximum
value of 1.95 in the lens. This positive Eu signature is
persistent up to 200m from the deposit.

4 Geochemical results
The volcanic ash composition of the KT unit can be
characterized by a binary plot of Al2O3 and TiO2
immobile elements (Fig. 2). Although Al2O3 and TiO2
absolute values are highly variable (Fig. 2), their ratios
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Figure 4. Composite longitudinal section along the Bracemac-McLeod deposits. The Eu anomaly systematically increases towards
the mineralized lenses.

exhalative seafloor precipitate appears negligible. The
hydrothermal component and the mineralization formed
by the replacement of the tuffaceous KT by fluid
percolation along this permeable unit. This process is
geochemically demonstrated by the behaviour of Y-REE.
In particular, Eu2+, which is soluble in fluids, preserves
the hydrothermal alteration halo around the mineralized
lenses. The Eu anomaly increases systematically towards
the sulfide deposits, showing a positive signature
persistent up to 200 m from the orebodies. This Eu
signature constitutes the first efficient vector to assist
VMS exploration in the Matagami camp.

5 Origin of Key Tuffite: replacement model
The dispersion of the KT samples along alteration lines
(Al2O3 vs TiO2; Fig. 2 and Y/Ho vs Eu/Eu*; Fig. 3) is
good evidence that away from the ore lenses, the
tuffaceous component is relatively preserved whereas
closer to, the original composition is altered by
hydrothermal fluids. This result, combined with the drillcore observations, suggests that at Bracemac-McLeod
the KT is hydrothermally altered and mineralized by
replacement. Since the KT is not a seafloor chemical
exhalative precipitate, previous attempts to develop
geochemical tools to assist exploration were
inconclusive. Nevertheless, the degree of hydrothermal
alteration along the KT increases towards the lenses. It is
best manifested by europium.
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6 Behaviour of europium in hydrothermal
fluids
Europium enrichment in VMS settings is a well known
process induced by hydrothermal fluid flow (e.g.,
Michard and Albarède 1986). Unlike the other REE
which have only a +3 valence and are relatively
immobile, Eu has two valences (+2 and +3) of which
only the +2 species can be transported by hot and
reducing Cl-rich fluids. Plagioclase is an important host
of Eu2+, because of the substitution with Ca2+, and is
easily altered by hot fluids. In the accepted model, Eu is
leached from plagioclase in the alteration area and then
precipitated, under favourable conditions, in the vicinity
of the mineralized bodies.
At Bracemac-McLeod, hydrothermal fluids leached
Eu from the underlying Watson rhyolite and were
focussed along synvolcanic faults until they reached the
KT as mineralization formed at this intersection.
Because of the porosity of the tuffaceous layer, the fluids
dispersed laterally. Progressively, with the formation of
Ca-(Eu)-rich alteration mineral/s the Eu content
decreased in the fluids resulting in a zonation of Eu (Fig.
4). The Eu host phases remain to be identified in order to
better understand this process.
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7 Conclusions
In the KT unit close to Bracemac-McLeod deposits, the
tuffaceous component is dominant whereas the
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Anomalous PGE in Fe-Cu-As ores from the Tisová
Besshi-type deposit (Bohemian Massif)
Jan Pašava, Anna Vymazalová, Jan Malec
Czech Geological Survey, Geologicka 6, 152 00 Prague 5, Czech Republic
Petr Rojík
Příbramská 381, 357 01 Rotava, Czech Republic
Abstract. Anomalous concentrations of Pt (33 - 4740
ppb, avg. 1225 ppb) accompanied by low Pd values (2.6 3.7 ppb), have been detected in ore samples from the
Tisová Cu deposit, considered to be of Besshi-type
deposit. Pd/Ir and Pd/Pt ratios are close to those in
tholeitic basalts. Mantle normalized Ni-PGE-Cu patterns
in ore samples from Tisová show significant Pt and Rh
enrichment when compared to Besshi deposit (Japan)
and other VHMS deposits of the Iberian Pyrite Belt (e.g.
Neves Corvo and Rio Tinto). The studied ore samples are
characterized by the presence of pyrite, pyrrhotite,
chalcopyrite, arsenopyrite, sphalerite, native Bi,
jamesonite, cobaltite,
willyamite, and Fe-oxides
(limonite). Mineralogical and subsequent LA-ICP-MS
study have not resulted in the identification of principal
PGE phases. Likely, Pt occurs as Pt-Fe oxide but the
presence of other PGE discrete PGM on the boundary of
sulfide grains cannot be excluded.
Keywords. anomalous PGE,
deposit, Bohemian Massif

Tisová,

10 m and exceptionally up to 30 m, with a grade around
1% Cu.
The deposit is formed by a number of concordant ore
lenses within a sequence of phyllitic metasediments,
with interbedded metabasic layers, between the Karlovy
Vary and the Smrčiny granite plutons. The
metasediments are nonfossiliferous and are assigned to
the Kraslice sequence of the upper part of the Raun
Group of Upper Cambrian age (Pertold et al. 1994).
Sulfide horizons containing the orebodies occurred in
the lower part of the sequence above the quartzite
horizon and below the metabasic rocks (Fig. 1). The
host rocks are characterized by chlorite-sericite and
sericite-chlorite phyllites, up to quartzitic phyllites.

Besshi type

1 Introduction
The Tisová Cu-deposit is located in the Krušné hory
Mts. in the west part of Bohemian Massif. The deposit
has been mined intermittently since the end of the 12th
century, with peak activities in the 15-17th and 18th
centuries and later in the periods 1899-1908 and 19591973. The Tisová deposit is considered as an example of
the Besshi type deposit in Variscan intracontinental
setting (Laznicka 1985; Pertold et al 1994). Similar type
of deposits was reported in Waldsassen area, close to
Tisová deposit, by Dill (1989) who classified it as
sediment-hosted Kieslager in a divergent margin setting.
Volcanic-hosted massive sulfide deposits often show
significant Au and Ag values but PGE data are less
common. For example, high values of Pd 1789 ppb and
Rh 817 ppb were reported from the pyrite-chalcopyriterich banded ore from Besshi (Shikoku, Japan; Pan and
Xie 2001).
In this contribution we present anomalous PGE data
from the Tisová deposit, Bohemian Massif (Czech
Republic).

Figure 1. Geological map of Tisová deposit (from Pertold
1994 and Chrt et al. 1972). Outlines of the ore bodies are
projected to the surface.

2 Geology

3 Material and methods

The ore bodies at Tisová deposit were concentrated in
the three horizons: lower, middle and upper. The lower
(Segen Gottes) was the most continuous and the middle
(Namen Gottes) economically most important. The orebearing layers were generally thin (1-2 m), occasionally

Seven representative ore samples of about 0.5 kg each
from the Tisová deposit were studied for their PGE and
selected other major and trace elements. The studied
samples are from the middle horizon of the
economically most important ore body (up to 3.6 m
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Table 1. PGE (in ppb) and selected major (Fe∑,, Fe3+ and S∑ in
wt.%) and trace elements (in ppm) data for the studied samples
from the Tisová deposit.

thick and the average grade 0.8-1.05% Cu).
The samples were powdered and analyzed for
selected major (wet chemistry) and trace (ICP-MS and
RFA) elements in the laboratories of the Czech
Geological Survey in Prague. Preconcentration of Pt,
Pd, Rh, Ru and Ir into Ni-button was done in the
laboratories of the Czech Geological Survey and
subsequent determination of PGE by ICP-MS in the
laboratories of the Faculty of Science, Charles
University in Prague.
The mineral composition of all samples was
characterized using optical microscopy and SEM. The
PGEs in minerals were analysed by laser ablation ICPMS technique at the Lithosphere Dynamics Section of
the Geo-Center of Northern Bavaria, Erlangen,
Germany. The samples were mounted in epoxy and
polished for backscattered electron imaging and analysis
using a a single collector quadrupole AGILENT 7500i
ICP-MS equipped with a 266 nm New Wave Research
laser unit. Argon was used as carrier gas.

As
Bi
Cu
Fe∑
Fe3+
S∑
Ni
Pb
Zn
Ir
Ru
Rh
Pt
Pd

4 Results and disscusion

T-1
1560
60
1240
58.6
23.0
29.4
28
1048
554
0.52
1.54
2.80
64.2
3.7

T-2
4970
4
3670
61.6
27.3
29.7
19
1018
357
0.3
1.3
77.0
4740
3.6

T-3
863
55
1320
63.1
15.1
31.1
37
937
164
0.3
2.6
25.4
1113
3.4

Sample
T-4 T-5
5227 6643
< 2 24
9912 1890
53.1 60.6
18.5 19.8
26.0 30.8
11
19
148 218
142 62
0.2 0.2
1.7 3.1
2.0 6.7
33
153
2.6 3.4

T-6
3300
<2
1014
35.1
13.4
19.7
110
60
34
0.3
2.3
45.2
2292
5.0

T-7
398
11
2820
17.7
9.8
9.0
61
62
102
0.2
1.7
4.3
180
3.0

4.1 Geochemistry
The results of PGE and other selected trace and major
elements in the studied ore samples are summarized in
Table 1. The highest PGE values were identified in the
sample T2 (ΣPGE = 4.8 ppm out of which Pt accounts
for 4.7 ppm), which is well comparable with ore grade of
some PGEs associated with chromite segregations of the
Nizhny Tagil ultrabasic massif (Naldrett 2004). To our
knowledge, such a Pt value is the highest ever reported
from the Besshi-type massive sulfide deposits. Pt
showed the highest value of correlation coefficient (r +
0.45) with Fe2O3.
Pertold et al. (1994) based on geological
environment, host rock association (including quartzmagnetite with sulfides and tourmalinite layers), and
relatively high contents of As, Co and Au in the ores
classified the Tisová deposit as a Besshi-type deposit.
Pan and Xie (2001) reported extreme fractionation of
Pd, Pt, Ir and Au (avg. Pd/Ir = 29,500 and Pd/Pt = 540)
in ores from the Besshi deposit (Shikoku, Japan) that
could not account for relative metal solubilities in
hydrothermal solutions and were explained in terms of
late hydrothermal and metamorphic overprint. The
massive ore samples from Tisová that were regionally
metamorphosed show much lower values of these ratios
(avg. Pd/Ir = 13.9 and Pd/Pt = 0.03), which are closer to
those of MORB (Pd/Ir = 15.3 and Pd/Pt = 1.12) and/or
massive sulfide deposits of the IPB (e.g., Rio Tinto Pd/Ir = 11 and Pd/Pt = 0.9). Jehlička (1983) studied
basic metavolcanites at Tisová and showed their
tholeitic affinities of within-plate basalt compositions.
The mantle-normalized Ni-PGE-Cu pattern for Tisová
average ore reflects significant Pt, Rh and Cu
enrichment (Fig. 2) when compared to VHMS type
deposits like Besshi (Shikoku, Japan; Pan and Xie 2001)
or those of the Iberian Pyrite Belt like Rio Tinto or
Neves Corvo (Pašava et al. 2005).

Figure 2. Mantle-normalized Ni-PGE-Cu patterns of studied
samples compared to the Besshi type deposit (data from Pan
and Xie 2001) and Rio Tinto and Neves Corvo deposits (data
from Pašava et al 2005). Primitive mantle values are from
McDonough and Sun (1995).

4.2 Mineralogy
Main ore minerals at Tisová deposit are predominantly
represented by chalcopyrite, pyrrhotite and pyrite,
generally accompanied by arsenopyrite, magnetite,
sphalerite, bismuth, bismutite, jamesonite, ullmannite,
cobaltite and electrum (Pertold et al. 1994).
The studied ore samples contain pyrrhotite, pyrite,
arsenopyrite, chalcopyrite, sphalerite, galena, native Bi,
cobaltite, jamesonite, willyamite, and Fe-oxides (see Fig.
3). Selected grains of arsenopyrite, pyrite, pyrrhotite,
chalcopyrite, and jamesonite in the samples T2 and T6,
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with the highest Pt concentrations were analyzed for
PGE contents by laser ablation ICP-MS technique.
Unfortunately, all of the analyses were below the
detection limit, thus we were unable to identify principal
PGE carriers.

et al. (2004) from the Aguablanca Ni-Cu-PGE deposit in
Spain. The presence of nano-scale discrete PGMs on the
boundary of sulfide grains cannot be also completely
ruled out. Oružinský and Křibek (1981) identified low
amounts of organic matter in different horizons at Tisová
with the most frequent n-alkanes (n-C13 to n-C30).
Another possibility might be a close relationship of Pt
and other PGEs with organic matter which was reported
e.g., from Kupferschiefer type deposits in Poland (Kucha
1982).
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Figure 3. Back-scattered electron (BSE) images A. Pyrrhotite,
sphalerite, chalcopyrite, and jamesonite B. native Bi, cobaltite
and pyrrhotite C. Native Bi, and willyamite. The white bars
stand for 20 μm.

Considering the close relationship between Pt and
Fe3+ we assume that Pt could occur in the form of Pt-Fe
oxides with hematite similarly as e.g. reported by Ortega
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Abstract. The Volcanic Sedimentary Complex of the
Iberian Pyrite Belt is dominated by mudstone units and
comprises felsic lavas/domes and pyroclastic units that
define
lava-cryptodome-pumice
cone
volcanoes.
Sediment-matrix igneous breccias may outline the
contacts of volcanic units, occur within them, or lie
laterally to the volcanic centres. These breccias can form
by several processes, each with its genetic implications,
having nevertheless very similar final aspect. We have
distinguished and characterized several sediment-matrix
breccia types. The most abundant types are sedimentinfill volcanic breccia and peperite; however other types
of sediment-matrix breccia were also identified. The
correct identification of these breccias is crucial to
reconstruct the volcanic centres and to define the
stratigraphy, which in mineralized volcanic provinces is a
major issue both for metallogenic and mineral exploration
models.

Devonian-Carboniferous (Silva et al. 1990).

2 The felsic volcanic centres of the Iberian
Pyrite Belt
The volcanic centres of the IPB have emplaced over
mudstone units, and typically consist of thick (up to 400
m) felsic lavas/domes that may have intercalated thick,
normally graded felsic pyroclastic units (Rosa et al.
2010), reflecting the alternation of effusive and
neptunian eruptions (Allen and McPhie 2009). Synvolcanic intrusions are also relatively abundant. These
volcanoes are mainly rhyolitic to dacitic-rhyolitic and
formed lava-cryptodome-pumice cone volcanoes (Rosa
et al. 2010) from intrabasinal submarine vents. The lavas
or domes probably constructed topographic highs and
the collapse of unstable parts formed aprons of
resedimented autoclastic breccia. The number of
volcanic events and volume of felsic lavas, intrusions
and pyroclastic units, varies significantly within the IPB.
The VHMS deposits are hosted by felsic units, black
mudstone or both, and typically occur in a proximal
setting, but laterally to the volcanic centres.

Keywords. sediment-matrix igneous breccias; Iberian
Pyrite Belt; VHMS exploration

1 Introduction
The Iberian Pyrite Belt (IPB) in the south of Portugal
and Spain hosts more than 92 massive sulfide deposits
amounting to more than 1850 million metric tonnes of
sulfide ore (Tornos 2006). The deposits are hosted by
the Upper Devonian to Lower Carboniferous VolcanicSedimentary Complex (VSC). The VSC comprises a
volcanic and sedimentary succession, of which the
depositional environment is considered to be submarine,
due to the widespread presence of marine fossils,
abundant massive sulfide deposits, thick intervals of
black mudstone and sandstone and mudstone turbidites.
The abundant turbidites suggest that much of the
submarine environment was below wave base. The VSC
overlies the Phyllite-Quartzite Group (PQ) (Upper
Devonian, base unknown) and is overlain by the Baixo
Alentejo Flysch Group - BAFG (Lower to Upper
Carboniferous). Disruption of the IPB stratigraphy by
low-angle thrust faults, and subsequent folding of these
structures to form NW-SE or W-E trending anticlines
occurred during the Variscan orogeny in the Upper

3 Contact relationships of the felsic units
The upper contacts of the felsic units are typically
irregular and gradational to bedded volcaniclastic units
or mudstone and consist of sediment-matrix igneous
breccias. These breccias are typically monomictic
comprising igneous clasts, with the space between them
occupied by a sedimentary component. The two most
abundant types of sediment-matrix igneous breccia that
occur in the IPB are sediment-infill volcanic breccias
and Peperite (Rosa et al. in review). However, other
sediment-matrix igneous breccias containing pyroclasts
formed by neptunian eruptions (Allen and McPhie 2009)
but with different origins are also abundant. These
breccias have formed on the sea floor and typically occur
laterally to lavas and domes, whereas sediment-infill
volcanic breccias and peperite may outline the top
contacts of the felsic units. Therefore, sediment-infill
volcanic breccias and peperite are the focus of this paper.
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Sediment-matrix breccias, interpreted as peperite have
been widely identified at the top and basal contacts of
felsic units in the IPB (Boulter 1993; Boulter et al. 2001;
Soriano and Marti 1999; Donaire et al. 2002; Valenzuela
et al. 2002; Tornos 2006; Rosa et al. 2010).
In the IPB, peperite outlines the basal contacts of
felsic lavas or domes with mudstone. Locally, the upper
contact of felsic cryptodomes and partly extrusive
cryptodomes is discordant with the overlying
sedimentary units and marked by peperite. The peperites
show abundant domains of igneous clasts scattered in a
sedimentary matrix, however clast-supported domains
can also be abundant. The clasts have phenocryst
populations and groundmass textures identical to the
coherent or monomictic breccia facies of felsic lavas and
domes to which they are associated. These clasts range
from 0.5 mm to 10 cm across and have quenched
margins. They are blocky with planar margins, or ragged
or fluidal in shape and typically occur scattered in
mudstone matrix. Quartz and feldspar crystal fragments
(1-2 mm) are also abundant in the mudstone matrix. The
igneous clasts can show short (1 cm long) wisps and
seams of mudstone inside thin fractures.
The mudstone in the matrix grades to beds of
mudstone. The mudstone matrix is massive or can show
contorted and disrupted laminae and is in places more
silicified than the bedded mudstone. The silicified
mudstone domains, and disruption of the lamination are
consistent with intrusion of hot volcanic units and baking
of the mudstone during their emplacement.

3.1 Sediment-infill volcanic breccias
Sediment-infill volcanic breccias comprise volcanic
clasts organized in a dense clast-supported framework
and massive or laminated sedimentary component
between the volcanic clasts (Fig. 1) (Rosa et al. in
review). The breccia matrix typically consists of massive
or planar laminated mudstone, but locally it can be of
jasper with spheroidal texture or crystal-rich fine
sandstone. The mudstone in the matrix grades to
overlying mudstone units and where laminated, the
lamination is parallel in adjacent matrix domains of the
breccia, and parallel and conformable with the regional
bedding. Locally, the lamination drape the volcanic
clasts.
The jigsaw-fit texture of the clastic framework,
shown by groups of volcanic clasts, indicates that the
clasts remained in situ after fragmentation. The clast
have irregular shapes with planar and curviplanar
margins and perlitic groundmass. These characteristics
are consistent with quench fragmentation (Pichler 1965)
and the clastic framework of these breccias is
hyaloclastite. The undisturbed and conformable bedding
in the breccia matrix indicates that the sedimentary
components have occupied and infilled the void spaces
of a pre-existing clastic framework, preserving finely
parallel laminae in the mudstone and the delicate
spheroidal textures in the jasper. These breccias form in
subaqueous environment at the top contact of volcanic
units, their correct identification is key to determine the
extrusive nature of the volcanic units to which they are
associated.

Figure 2. Peperite showing massive black mudstone matrix
and blocky and fluidal rhyodacite clasts, at Serra Branca,
Portugal.
Figure 1. Sediment-infill volcanic breccia at Albernoa,
Portugal. Clast-supported framework of rhyodacite clasts
showing parallel laminated purple mudstone in the matrix. The
lamination in the mudstone is parallel to the bedding in the
overlying sedimentary sequence.

4 Conclusions
Several different processes have formed sediment-matrix
igneous breccias at the top contacts of the felsic lavas
and domes in the IPB (Rosa et al. in review). The two
most abundant types of breccias are sediment-infill
volcanic breccias and peperite; however other types of
sediment-matrix breccias are also abundant. Sedimentinfill volcanic breccias formed by infiltration of fine
sediment into the clastic carapace of the effusive units,
are abundant and have only recently been identified
(Rosa et al. 2010). These breccias occur at the top

3.2 Peperite
Peperite is common in submarine settings where
volcanism and sedimentation are concomitant and
consists of mixed igneous and sedimentary domains that
have resulted from the interaction between magma and
unconsolidated sediment (Fig. 2) (Kokelaar 1982;
Busby-Spera and White 1987; Skilling et al. 2002).

755

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

contact of the felsic units and some occurrences may
have been misinterpreted as peperite. Therefore,
sediment-matrix igneous breccia should be interpreted
with care, especially examples that occur at the top
contacts of igneous units. In the IPB, peperite mainly
occurs at the basal contacts of felsic lavas and domes and
only locally at their top contacts.
Discriminating between sediment-infill volcanic
breccias and peperite relies mainly on the characteristics
of the sedimentary component the arrangement of the
volcanic clasts and contact relationships with adjacent
facies. Distinctive features of each type of these breccias
are:
- The matrix of the sediment-infill volcanic
breccias have undisturbed and parallel
lamination that is not baked and are conformable
with the regional bedding. Jasper matrix shows
preserved spheroidal texture.
- The matrix in the peperite is massive, or shows
disturbed and contorted lamination, and can be
baked, being more silicified than the original
mudstone.
- The clastic components of the sediment-infill
volcanic breccias define a dense clast-supported
framework.
- The clasts in peperite can be fluidal and occur
scattered in the sedimentary matrix.

Basin, Gulf of California: An explanation of a supergiant
massive sulfide deposit in an ancient sill-sediment complex.
Geology 21:801-804
Boulter CA, Soriano C, Zimman P (2001) The Iberian Pyrite Belt:
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Distinguishing sediment-infill volcanic breccias from
peperite at the top contacts of the volcanic units is
crucial for determining the timing of sedimentary,
volcanic, intrusive and hydrothermal events and for the
recognition of seafloor positions. In VHMS hosting
successions, recognition of seafloor positions is
important for massive sulfide exploration and also for
defining metallogenetic models. In opposition to lavas,
intrusions do not mark seafloor positions, are older than
the host succession, and disrupt and complicate the
stratigraphic sequences.
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Gold in the Lousal mine, Iberian Pyrite Belt, Portugal
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Abstract. Recent exploration boreholes in the Lousal
Mine, located within the Portuguese sector of the Iberian
Pyrite Belt (IPB) yielded marked concentrations in
gold/electrum in a section of core consisting of banded
metasediments with massive pyrite. Preliminary research
indicates that the gold is associated with native bismuth
and bismuthinite and is clearly late in the paragenetic
sequence occurring in fine chalcopyrite (± covellite)bismuthinite-gold filled veinlets within the dominant and
more massive pyrite. The pale yellow gold grains are fine,
seldom reaching more than 6 μm in length and half of
that in thickness. EPMA results indicate that silver
concentrations in gold grains can be as high as 27 wt.%.
The results show similarities with conclusions drawn from
the IPB on the Spanish side where gold of Co-Bi
geochemical association is found as electrum with
abundant to common Co and Bi minerals. These
associated with pyrite and/or chalcopyrite are
characterized by an abundance of sedimentary facies
and show that the gold association formed at high
temperature (>300 °C) during the initial phases of
massive sulphide formation.

et al. in prep). In addition, Late-Hercynian N-S oriented
normal faults cut the sequence with downthrown and
tilting of the west block. In Lousal four separate volcanic
centres could be outlined, where coarse-grained
porphyritic feldspar rocks with minor associated breccias
may pile up, and due to the Variscan folding and faulting
can reach thicknesses of 850 m or more (Strauss and
Madel 1974).
The Lousal VMS deposit is situated in the vicinity of
the southernmost and northernmost, respectively, of the
four acid eruption centres and the orebodies are lined up
along one horizon of 1.5 km length in strike (Strauss
and Madel 1974). The ore-bearing facies are
predominantly fine-grained volcaniclastic units and
black shales. Two massive sulfide horizons can be
considered at Lousal antiform structure (Matos and
Oliveira 2003; Matos et al. in prep.), the western group
formed by the Extreme South, South and West lenses
and the eastern group formed by the Central, Miguel,
José, Fernando, North, Northeast and António
lenses.VMS-type deposits of the IPB have always been
known to contain other trace metals apart from the
traditional base metals such as gold (Strauss and Beck
1990) and even some of the high-tech metals such as Ge
(Reiser et al., in press) and In (de Oliveira et al. in
press).
This study is a preliminary insight into the
occurrence of gold in the Lousal mine from samples
obtained from two recently drilled boreholes in 2008 by
Lundin Mining.

Keywords. Lousal, Iberian Pyrite Belt, gold, electrum

1 Introduction
Over the past decade the Iberian Pyrite Belt (IPB) has
been an area of intense mining activity and scientific
research that has resulted in a wealth of new data, new
geological and metallogenic concepts and the latest
discovery of a new massive sulphide copper rich deposit
(Semblana, Neves Corvo) has once again revived the
interest in this metallogenic belt.
The Lousal mine, is located in the Lousal-Caveira
IPB NW sector, an area limited by the Sado Tertiary
Basin sediments to the N, E and S (Matos and Oliveira
2003; Oliveira et al. 2005). To the SW the ore bearing
IPB Volcanic Sedimentary Complex (VSC) is covered
by the Baixo Alentejo Flysch sediments. Pyrite ore
concentrates were produced at Lousal between 1900 and
1988. Presently the mine is in rehabilitation to acid mine
drainage control (Silva et al. 2009). The Lousal massive
sulphide deposit is located ~65 km NW of Neves Corvo
and is a target of renewed exploration.
At Lousal a VSC sequence occur with N40W main
direction. The eastern Lousal sector is characterized by
the Phyllite-Quartzite Group (PQG) IPB basement unit
(Strauss 1970; Schermerhorn et al. 1987; Matos and
Oliveira 2003; Matos and Relvas 2006). The Lousal
basement structure is dominated by a narrow anticline
with a nucleus formed by the PQG sediments. The VSC
volcanic and sedimentary units are present in both
anticline limbs. This Complex is overthrusted in a SW
direction by the PQG sediments (Rosa et al. 2010; Matos

2 Gold in Lousal
Significant gold values were detected in a recent
exploration borehole (LS08/01) at approximately 730 m
depth. This hole intersected a chloritic stockwork over a
width of 263.9 m followed by 12.3 m (7.6 m true
thickness) of semi-massive sulphide mineralization with
chalcopyrite and sphalerite as accessory minerals. Gold
has been found to occur mostly associated with massive
pyrite (close to a quartz-rich shear zone) that is
replacing metasedimentary banded black shales. In hand
specimen the pyrite appears as deformed rounded to
subrounded grains and coalesces in places into more
massive sections (Fig. 1).
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gold but also other elements (see Table 1; 700 m – 733.5
m borehole samples), namely bismuth, arsenic and
cobalt. Maximum values of 66 g/t Au (which far exceeds
those reported previously in the IPB, e.g., Strauss and
Beck 1990) and 11 g/t Bi were obtained in one sample.
Table 1. Analytical results for selected samples from borehole
LS08/01. Sample depth in brackets; all values in ppm; number
in brackets refers to the sample collection depth.

Statistically, gold shows very high correlation
coefficients with As, Co and Bi.

Figure 1. Hand specimen sample of gold-rich banded black
shales with pyrite. Massive pyrite dominates the mineralogy at
the hand specimen scale. (Borehole sample LOU08/01-7).

2.3 EPMA characterisation
2.1 Petrography and paragenesis

Electron-probe microanalyses (EPMA) were carried out
using a fully automated JEOL JXA-8500F microprobe,
equipped with one energy dispersive (EDS) and five
wavelength dispersive (WDS) spectrometers. 20 kV and
20 nA were used to produce an electron beam with a
diameter of 1 μm (at the sample surface) to analyze the
gold grains.
The preliminary analyses shown in Table 2 indicate
that apart from the one sample with approximately 5
wt.% Ag, most of the gold grains have a high percentage
of Ag varying from 24 to 27 wt.% which would classify
it as auriferous electrum. Gold also contains significant
amounts of Hg, Fe, and in two cases, Co as well.

Petrographically, samples from the Lousal Mine are rich
in pyrite. This pyrite is present as homogeneous-looking
masses with smaller irregular shaped grains of
chalcopyrite that invades fine fractures within the pyrite
(Fig. 2). Chalcopyrite occurs locally associated with
native bismuth and bismuthinite.
Pale yellow gold, which may be early in the context
of the whole paragenetic sequence, is observed in fine
fractures within the pyrite often as grains not exceeding
6 μm in length, half of that in thickness and in close
proximity to chalcopyrite and bismuthinite (Fig. 2).
The chalcopyrite is often replaced by (supergene)
covellite in places.

Table 2. EPMA results of preliminary analysis of gold grains
in sample LS08/01-7 (732.4 m).

3 Discussion
Figure 2. Photomicrograph of a sample from the Lousal
Mine. Py – pyrite, Ccp – chalcopyrite (with supergene
covellite, vivid blue colour), Bi – native bismuth, Bt –
bismuthinite, Red arrows – gold.

Gold grains found in Lousal contain approximately 26
wt.% Ag with Hg contents that vary from 3 to 8 wt.%.
One analysis detracts from this trend with only 5
wt.% Ag, and therefore it will have to be further
determined whether at Lousal there are two distinct gold
generations.
The Ag-rich gold is very similar to the results
presented by Leistel et al (1998) in the Spanish side of
the IPB. Here, two typical gold parageneses are found:
1- Gold of Co-Bi geochemical association found as
electrum with abundant to common Co minerals such as
cobaltite, alloclasite, glaucodot and common Bi minerals

Large subhedral cobaltite grains were observed as
independant clusters in the metasedimentary gangue or
adjacent massive pyrite grains.
2.2 Ore geochemistry
Analytical results of selected samples in borehole
LS08/01 indicate elevated concentrations of not only
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such as kobellite, tintinaite, bismuthinite and joseite
associated with pyrite and/or chalcopyrite and, 2- Gold
of the Zn-Ag-As geochemical association occurs in
electrum and/or auriferous arsenopyrite within a more
polymetallic paragenesis (predominantly Pb-Zn).
In the first type, gold mineralization occurs
associated with abundant sedimentary facies and shows
that the gold association formed at high temperature
(>300°C) during the initial phases of massive sulphide
formation.
In Lousal preliminary analogies exist with the first
type of paragenesis but further study is necessary to
determine the existence of one or two distinct
hydrothermal fluids and stages of gold mineralization
and refine the paragenetic sequence. Late deformation of
the massive ore represented by shear zones with silica
remobilization and sulphides may also explain metal
remobilization during tectonic events. Research
continues.

REE in volcanic massive sulfide host rocks, stream sediments,
stream waters and acid mine drainage from the Lousal mine
area (Iberian Pyrite Belt, Portugal). Appl Geochem 24:383–
401
Strauss G (1970) Sobre la geologia de la provincia piritífera del
SW de la Península Ibérica y de sus yacimientos, en especial
sobre la mina de pirita de Lousal (Portugal). Mem ITGE T. 77,
266 p
Strauss, GK, Beck, JS (1990) Gold mineralisations in the SW
Iberian Pyrite Belt. Miner Deposita 25:237-245
Strauss GK, Madel J (1974) Geology of massive sulphide
deposits in the Spanish–Portuguese Pyrite Belt. Geol Rund
63:191–211
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Santa Rosa mine, Tierga (NE of Spain): an approach to
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Abstract. Santa Rosa is an active iron mine in the
Moncayo area of the Iberian Range (NE of Spain). It is a
stratiform deposit located in the transition between two
lower Cambrian units (Jalón and Ribota Fms). Orebody
thickness varies from 1.5 to 3 m and traces over 700 m. It
consists of >80% hematite along with dolomite and minor
amounts of quartz and micas. Ore consists of massive
fine-grained or colloform hematite with dolomite being the
main gangue mineral. Depositional characteristics
suggest a sedimentary origin for the deposit. After mining,
hematite is processed by PROMINDSA for applications in
the pigment industry. The processing includes
micronization of the massive ore. This process provokes
a general mineral grain size reduction, more effective in
dolomite and less so in quartz, an acquisition of a laminar
habit in hematite, developing pseudo-hexagonal to
triangular
morphologies,
and
concentration
of
phyllosilicates (white mica and chlorite).

Datos thrust and in the lower block of the TardiHercynian Jarque Fault (Fig. 1).

Keywords. iron-deposit, hematite, SEDEX, Cambrian

1 Introduction
The Santa Rosa mine (Tierga) is located at the SW end
of the Sierra del Moncayo in the Iberian Range (NE of
Spain). It is the main mine of the iron prospect of the
Moncayo area. Its economic potential was discovered
and worked by celtiberians and continued by romans
over the 1st century AD. There are also evidences of iron
mining in this area since the XV century (Borobia,
Ólvega, Añón, Tabuenca). During the first half of
twentieth century the exploitation was developed by
several companies (Compañía Aragonesa de Minas,
Compañía de Minas Sierra de Gredos S.A., Sociedad
Vasco Aragonesa de Minas S.A.). Since 1974
PROMINDSA has been extracting hematite to be used
in the pigment industry. Once the ore has been
extracted, it is processed in the production lines of the
plants for applications in paints, cement, plastics, animal
feed, and glass industries.

Figure 1. Geologic map of the north zone of the western
Iberian Range showing the location of the Santa Rosa mine.

Santa Rosa an iron stratiform deposit located in the
transition between the Jalón and Ribota Formations
(Lower Cambrian). The Jalón Formation is formed up of
intercalations of versicolor slates with silts and sands
and dolomites. The Ribota Formation is consisted of
massive and laminated dolomites with microesparitic
texture with intercalations of marls and pelites. The
transitional zone is marked by a 30 m thick unit
consisting of an alternation of red and grey pelites with
grey dolomites. Dolomite increases to the top. The
orebody occurs immediately above the first dolomitic
strata of metric thickness.
Tectonically, the Cambrian sequence displays a
NNE-SSW Hercynian asymmetric anticline, dipping to
the ESE and plunging weakly to the ENE. The ore is
situated at the western flank of the fold trending 22º to
WNW that is crosscut by abundant parallel to plunging

2 Geology of the deposit
Geologically the iron deposit of Tierga is located at the
north sector of western Iberian Range (Lotze 1929), in
the Mesones Unit (Carls 1983; Gozalo and Liñán 1988).
The mine is situated in the upper block of the Hercynian
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Petrographic study of host rock, ore and micronized
samples was realized by both optical and scanning
electron (SEM) microscopes attempting to find
compositional and textural differences between the
massive ore and the final micronized product. Polished
sections of massive hematite show irregular aggregates
of fine-grained tabular crystals (<100 μm) (Fig. 2A).
Hematite displays euhedral crystals of hexagonal
morphology and a typical tabular habit. Massive ore
shows a crystal size <50 μm. Hematite crystals filling
cavities and colloform textures can reach 2 mm and 8 cm
respectively with mean of 100 μm.
Thin sections examined under microscopy revealed a
gradational contact between stratiform ore and the
carbonated host rocks. Dark reddish rock of the contact
shows a fine lamination parallel to primary bedding
consisting of an alternation of microsparitic dolomite
and fine-grained laminated hematite (laminae thickness
<1 mm). This lamination is according to a sedimentary
origin (Fig. 2B). Microscopically the base of the orebody
shows evidences of a sedimentary origin displaying
colloform textures consisting of hematite alternating
with dolomite bands (Fig. 2 C,D). The underlying
dolomites
display
abundant
recrystallizations,
developing euhedral rhombohedral crystals of dolomite
with a compositional zonation in which the Fe content
increases from the core to the rims.
It is generally accepted that hematite is a postdepositional phase formed during diagenesis (Goss
1987). According to this author and to the
aforementioned data that suggest a sedimentary origin to
the Santa Rosa deposit, hematite was originated by
replacement of goethite.
Dolomite is the main gangue mineral. Its textural
relationships lead us to identify different stages o
dolomite formation. Primary dolomitization of
sedimentary calcite develops a microesparitic texture of
anhedral mosaic crystals of dolomite, frequently at the
Ribota Formation. Later stages of dolomitization are
related to later diagenetic processes and comprise
recrystallization of early dolomite and precipitation
filling cavities and cracks. Dolomite related to ore
mineral is filling cavities and cracks within the last one.
These spathic dolomite crystals of ca. 300 μm in size
developed an idiotopic to hypidiotopic mosaic. Although
locally may develop rhombohedral crystals (<2 cm).
Quartz occurs as anhedral to subhedral crystals
disseminated and as euhedral crystals filling cracks
within the orebody and dolomitic host rocks. Crystal size
is >100 μm and rarely >2 mm.
Geological, morphological and mineralogical
characteristics of the stratiform hematite deposit of
Tierga suggest a sedimentary origin related to a shallow
marine continental platform environment. According to
the dimensions, morphology, textures and the low iron
solubility in cold marine water, mineralization was
formed because of the action of iron-bearing hot
hydrothermal solutions. These fluids rose in favour of
continental crust cracks to the sea-floor were discharged
as hydrothermal exhalations, pointing to a classification
of the deposit of Tierga as a SEDEX developed at the
Lower Cambrian (Marianian) continental platform.

thrusts and by a complex faults system consist of NESW and NW-SE vertical faults and N-S and E-W to
WNW-ESE listric faults. These dense fracture systems
affect the Cambrian formations and complicate mining
of the Tierga deposit. As a result, the ore is locally
overlapped developing a repetition of the orebody at
three different levels.

3 Style of mineralization
The Santa Rosa deposit is a stratabound massive ore and
displays tabular morphology, in the central zones and
lenticular in lateral zones. The orebody varies from 1.5
to 3 m in thickness, traced for over 700 m along strike
and comprises hematite (>80%) along with dolomite
(<15%) and trace amounts of quartz and micas (<5%)
and other minerals (0.5%) (chlorite, apatite).
Hematite occurs as massive fine-grained ore (< 0.5
mm) or as colloform textures, mainly after goethite,
parallel to stratification. According to a shallow marine
environment of continental platform, deposition occurs
below sea level and consequently precipitation of ferric
hydrated oxide, as goethite, is more probable than
hematite. Thus, both geological framework and textures
suggest a secondary origin, diagenetic, for hematite by
replacement of goethite. Late-recrystallization hematite
of coarser grain (< 0.5 cm) occurs as filling of cavities
developed by carbonate dissolution.
Dolomite is a late-recrystallization mineral, filling
cracks in massive hematite or cement between colloform
bands, probably related to dolomitization of the
overlying sequence. Muscovite and illite are detrital
minerals in the quartz-pelitic intercalations developed in
the transitional unit between the Jalon and Ribota
formations that hosts the orebody. Some quartz is detrital
and some hydrothermal, occurring as euhedral and
subeuhedral crystals within stratiform ore and
underlying dolomites. These dolomitic underlying strata
show fine hematite lamination parallel to primary
banding that increases its abundance in the proximity of
the ore. Lamination occurs within microsparitic
dolomite.
At first sight, contacts between the stratiform
orebody and footwall and hangingwall dolomites are
abrupt and parallel to primary bedding. A dark reddish
rock of about 8 cm of thickness can be recognized at the
contacts. Moreover, microcracks filled by fine-grained
hematite cut hematite lenses and are uncorformable
overlain by the reddish rocks or massive ore, suggesting
synsedimentary tectonics. Footwall dolomites are
hydrothermally altered (silicified and ferrruginized)
although this alteration is absent in the hanging-wall.
All these observations point to a sedimentary origin
to the stratiform iron deposit of Santa Rosa, probably
exhalative, which was developing during an early stage
of Pangea rifting in the continental shelf.

4. Ore mineralogy and textures
X-ray diffraction semi-quantification of massive ore
shows a mean composition consisting of hematite (81%)
dolomite (9%), white mica (6%), quartz (3%) and
chlorite (≤0.5%).
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Figure 2 A. Tabular hematite with spar dolomite filling cavities. B. Lamination of microsparitic dolomite and hematite. C.
Hematite core of a colloform texture, showing a hematite±quartz alternating with spar dolomite. D. Colloform hematite.

5 Conclusions

Gozalo R, Liñán E (1988) Los materiales hercínicos de la
Cordillera Ibérica en el contexto del Macizo Ibérico. Estud
Geol 44:399-404
Lotze F (1929) Stratigraphie und Tektonik des Keltiberischen
Grundgebirges (Spanien). Abh Ges Wiss Göttingen Math-Phys
Kl NF 14: I-XIII, p 320

Mineralogical and textural studies of the Santa Rosa
mine ore and final products made by PROMINDSA
revealed a mineral assemblage consisting of hematite,
dolomite, phyllosilicates and quartz. More than 80% of
both are hematite and accessory minerals reach 1% and
include chlorite and siderite.
Massive ore is made up of tabular hematite crystals
and spar dolomite filling cavities between them.
Colloform textures parallel to bedding are frequently
observed suggesting a diagenetic origin to hematite by
replacement of goethite and a sedimentary origin to the
deposit. The alternations of laminated hematite-dolomite
along with depositional characteristics also points to a
sedimentary origin to the Santa Rosa mineralization,
related to a hydrothermal activity developed at the
Lower Cambrian (Marianian) continental platform.
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Abstract. The Cateruca mine is located at the north
portion of the Cassinga iron district in the southern part of
the Huila province, Angola. The banded iron-formation is
a part of a volcano sedimentary sequence, the so-called
Jamba Group (>2.5 Ga). BIF is made up of a basal
sulphide and overlying silicate facies graded into an
oxide facies. Regular inter-layering of quartz-rich and iron
oxide-rich layers marks the dominant lithology. The
overall major oxide bulk chemistry of these four ironformations is very similar to that of most Archean and
Proterozoic iron-formations studied except with respect to
their very high Fe2O 3 (due to hematite). Many of the REE
patterns of the iron-formation samples show LREE
depletion, a small negative Ce anomaly and a positive Eu
anomaly. Such positive Eu anomaly is common in
banded iron-formations and may reflect the result of a
hydrothermal input into an otherwise highly seawaterdominated system. Such a hydrothermal origin is
corroborated by comparison with the hydrothermal
deposits for metalliferous ocean bottom sediments.

update and expand upon the geological setting and field
characteristics and (2) to characterize ore mineralogy,
identifying primary textures and their post-ore
modifications.

2 Regional and local geology
The Cassinga Iron district is an area on the extensive
Huila plateau in south-central Angola, a highly
developed peneplane on which Precambrian banded iron
formations occur as monadnocks. In general, BIF
deposits are clustered in two groups: one group, near the
town of Jamba, is referred as North Cassinga, and the
other, near Tchamutete, as South Cassinga.
The Cassinga region is characterized by tight
synclinal and anticlinal folds with a generally NorthSouth fold axis, which is parallel to the regional
foliation, commonly plunge to the South at 10 to 30
degrees.

Keywords. BIF, magnetite, hematite, gold, low-grade
metamorphism.

1 Introduction
Iron ore, one of the Angola’s major mineral resources,
was no longer mined since late 1980s because of the
civil war and subsequent security and transportation
problems. From the mid-1950s until 1975, iron ore was
mined in Malanje, Bié, Huambo and Huila provinces,
and production reached an average of 5.7 million tons
per year between 1970 and 1974. Most of the iron ore
was shipped to Japan, West Germany and Great Britain
and earned almost US$50 million a year in export
revenue. After independence, the reactivation of iron
mining is a part of the government’s plans. Therefore,
the government established a state company, the
National Iron Ore Company of Angola (Emprêsa
Nacional de Ferro de Angola - Ferrangol) for the
exploration, mining, processing and marketing of iron
ore.
The Cassinga iron district contains at least
500,000,000 metric tons of demonstrated minable ore
with an iron content of over 35%. Geological controls
with which mine planning and ore dressing decision
must reckon, are mainly mineralogical after stratigraphic
units. Geological investigations concluded that the
Cassinga Iron district has definite economic potential
and that more detailed investigation is justified. In such a
context, the goal of this contribution is twofold: (1) to

Figure 1: Geological sketch map of the Cateruca mine.

The oldest rocks in the study region are Precambrian
granite-gneisses metamorphosed to amphibolite facies.
Younger volcano-sedimentary rocks (Jamba Group)
overlying the granite-gneisses are of economic
importance as a primary source of iron and other
economic elements. This volcano-sedimentary sequence
considered by stratigraphic means older than 2.5 Ga, can
be divided into three distinct zones. A basal
metamorphosed amphibolite and andesitic pillow-lava
dominated zone with untested potential for copper,
manganese and iron deposits. An intermediate, most
economically prospective zone with small complexes of
andesites and rhyolites is associated with jasperlite
bearing volcanic detrital rocks. Associated with this zone
BIF deposits occur. The oxide facies is dominant
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although local silicate and sulphide facies are present.
Volcanic breccias and tuffs constitute the upper zone of
the volcano-sedimentary sequence. A predominantly
terrigenous sequence overlies the volcano-sedimentary
sequence. Synorogenic granites with associated dolerite
dykes are the youngest rocks in the Cassinga region.
Cahen et al. (1984) dated at about 2.15 Ga such a
process, which was followed by late- and post-orogenic,
and anorogenic granitic intrusions and volcanic activity
between 2.05 and 1.75 to 1.65 Ga.
At Cateruca deposit (Fig. 1) a syncline contains
banded iron formation composed of basal sulphide and
overlying silicate facies graded into an oxide facies
about 200 m thick. The dominant lithology is
characterized by regular inter-layering of quartz-rich and
magnetite-(hematite)-rich layers ranging from less than a
millimeter to 15 cm thick with sharp contacts between
magnetite and quartz layers and deformation including
wavy banding, isoclinal folds, and quartz boudins.
After folding, severe faulting produced three main
structural sets. Felsic dikes were emplaced in these
structures. Later, the deposit was uplifted, eroded and
oxidized.

Figure 2: BSE images of iron formation from Cateruca mine.
A: greenalite (gr) associated with Fe sulphides (po=pyrrhotite;
py=pyrite) B: initial stages of magnetite (mgt) alteration; C:
magnetite remnants in hematite (hm) layer; D: recrystallized
magnetite along with hematite. Black and dark grey areas,
quartz (Q).

4 Lithogeochemistry

3 Mineralogy and petrography

The Fe2O3 content in our samples ranges from 42.68 to
55.48 wt.% and the SiO2 content from 40.85 to 56.79
wt.%. All other major oxide components are less than
3.50 wt. %. The averages for these lesser oxide
components of the studied samples plot below (for CaO
and MgO) or within (for MnO, Al2O3, Na2O and P2O5)
the range of 204 Archean and Proterozoic ironformations (Klein and Beukes 1992). Their Fe2O3
content is extremely high as compared to the banded
iron-formation samples that define the already said
analytical data (Fig. 3).

Essential minerals (Fig. 2) are quartz, magnetite,
hematite, goethite, pyrite, pyrrhotite and chalcopyrite,
along with sporadic apatite, greenalite, chlorite and clay
minerals. This suite is indicative of diagenetic to lowgrade metamorphism what notably contrast with most
Archean iron-formations, which have undergone various
grades of metamorphism.
Magnetite is pervasive in oxide-, silicate-, and mixed
silicate-oxide iron-formations. Magnetite and pyrite may
occur together in some of the most reduced assemblages
that are part of sulphide-rich BIF. Almost universally,
magnetite tends to be medium grained, well crystallized,
and with a sub- to euhedral habit. It is commonly coarser
grained than coexisting chert (or quartz), hematite, and
Fe-silicates (Fig. 2B).
Hematite is common in oxide-rich iron-formations,
occurring as hematite-rich bands, and also as irregular
concentrations, as a consequence of martitization (Fig.
2B, 2C, 2D).
Pyrite is the major sulphide and generally pyrite
grains are coarser than the other constituents and tend to
have euhedral outlines (Fig. 2A). Pyrite may be
concentrated in thin veinlets and as a millimetre grains
disrupting layers. It is likely that pyrrhotite is the
precursor to pyrite as deduced from characteristically
large amount of pore space and relict cleavage
(Murowchick 1992).
Greenalite has a grain size that is many orders finer
than that of any of its coexisting minerals and occurs as
granules or small irregular patches. Many greenalite
occurrences are criss-crossed and transected by
sulphides, mainly pyrrhotite (Fig. 2A).
In addition, iron oxides veinlets as well as magnetite
and hematite idiomorphic crystals partially crosscutting
the lamination were also found.

Figure 3: Major chemical components of the Cateruca iron
formation. The shaded region represents the range for Archean
and Proterozoic iron formations after Klein and Beukes (1992)

The REE data plots show an almost horizontal trend
exhibiting well-defined positive Eu anomalies in all
instances (Figure 4). When the sum of the REE results
are plotted against Co + Ni + Cu, analyses plot in or
close to the field outlined as hydrothermal deposits
(Bonnot-Courtois 1981).
Regarding Au content, those samples exhibiting
higher Fe2O3 contents show between 10-12 ppb gold,
while the least altered samples are marked by a gold
content below the detection limit (5 ppb).
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Galapagos—comparaison avec les sediments metalliferes.
Marine Geol 39:1–14
Cahen L, Snelling NJ, Delhal J, Vail JR (1984) The geochronology
and evolution of Africa. Clarendon Press, Oxford, 512 p
Klein C, Beukes NJ (1989) Geochemistry and sedimentology of a
facies transition from the limestone to iron-formation
deposition in the Early Proterozoic Transvaal Supergroup,
South Africa. Econ Geol 84:1733–1774
Murowchick JB (1992) Marcasite inversion and the petrographic
determination of pyrite ancestry. Econ Geo l87:1141-1152

Figure 4: Normalized REE patterns of iron formation from
Cateruca mine

5 Discussion and conclusions
Samples from Cateruca deposit consist of finely banded,
granular quartz and hematite that show no mineralogical
evidence of any metamorphic reaction. This notably
agrees with greenalite, a commonly accepted low
metamorphic grade silicate. Also, petrologic study
supports a diagenetic to low-grade metamorphism.
The overall major oxide chemistry of these samples
is very similar to that of most Archean and Proterozoic
iron-formations studied in the literature. Even though
every effort was made in the field to sample only
materials from natural outcrop or artificial exposures (in
mines), or deep diamond drill cores that showed no
visible oxidation and/or decomposition, it can be
concluded on the basis of detailed microscopic
observation of our samples that most of the magnetite is
truly primary.
The presence of positive Eu anomalies in many
Archean and Proterozoic iron-formation REE patterns is
concluded to be the result of the input from sub-oceanic
hydrothermal solutions from deep-sea spreading centres
into ocean waters. Such a hydrothermal origin is
corroborated by plots of REE against Co + Ni + Cu.
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The Francisco I. Madero Pb-Zn-Ag deposit: highly
deformed and metamorphosed Jurassic Sedex deposit
Gilles Levresse
Programa de Geofluidos, Centro de Geociencias UNAM-Campus Juriquilla, AP 1-253, Querétaro, Mexico CP 76230,
Mexico
Jordi Tritlla
Repsol Exploración, Paseo de la Castellana 280, 28046 Madrid, Spain
Abstract. The Francisco I. Madero deposit is the largest
zinc ore producer in Mexico. The deposit is enclosed
within a highly deformed greenschist. The ore bodies
display a vertical zonation. The economic central ore
bodies are mainly composed by highly recrystallized,
thin-layers sphalerite and galena rich lenses, with
abundant chlorite, sericite, and epidote and magnetite
gangue. The greenschist chlorite is characterized as
ripidolite/picnochlorite, whereas the later chlorite plots
within the diabanite field. Calculated formation
temperatures for the greenschist chlorite range from 277
± 15ºC to 344 ± 15ºC. Homogenization temperatures and
salinity of fluids inclusions from segregation quartz range
from 306.1 and 351.2ºC and 2.6 to 2.9 wt.% NaCl
equivalent. Metamorphic P-T peak conditions are
determined around 380ºC and 800 bars, indicating a Low
P, moderate T metamorphism.

intercalations (McGehee 1976; Quintero-Legorreta,
1992). In discordance onto the Triassic, Early to middle
Jurassic materials are represented by continental
conglomerates and sandstones, with volcanic
intercalations (Silva-Romo 1996). The upper Jurassic
and Cretaceous units are constituted by submarine arc
and/or back-arc basin volcano-sedimentary sequences
(Danielson 2000), associated with interlayered basaltic
and andesitic pillow lava, pyroclastic flows, radiolarian
chert, tuff, calcareous shale and sandstone. The Triasic
and Mesozoic series are affected by a compression
deformation event that developed ductile penetrative
structures, with an associated with low-grade
metamorphism (Corona-Chávez and López-Picos 1988).
McGehee (1974) and Moreton (2000) recognized three
main deformation phases: (1). Shear zones with isoclinal
folding and foliation development (S1); (2). NW
trending kink-bands and cleavage (S2); and (3). Tertiary
deformation to NNE strike-slip faults, associated with
extensional normal faults arranged as conjugate
systems. The entire sequence is crosscut by a set of
diabase and gabbro dykes (Centeno-García and Silva
Romo 1997). Finally, a Tertiary dyke swarm intruded
the sequence.

Keywords. SEDEX deposit, greenschist facies,
penetrative deformation, sulphide recrystallization,
Mexico

1 Introduction
The Francisco I. Madero deposit (FIM) is located about
10 km East from the city of Zacatecas, in the Zacatecas
State, Mexico. FIM mine is the largest zinc ore producer
in Mexico, with proven reserves of 40 Mt (0.8% Pb,
5.2% Zn, 1.33% Cu and 89 g/t Ag; Moss and Hall
2001). Due to its unusual structure and geological
setting, it has been successively interpreted as (1) a
skarn deposit (Henry 1982); (2) a VMS deposit
(Gómez- Caballero 1984); (3) a SEDEX deposit
(Miranda-Gasca 2000); and (4), recently again, as a
skarn (Yta et al. 1992; Canet et al. 2009). We present
geological and geochemical data to provide better
constraints on the complex genetic and tectonic history
of this important deposit.

Figure 1. Schematic geological section of the FIM deposit.

3 Francisco I Madero deposit

2 Geological setting

The deposit is enclosed within a highly deformed
greenschist, locally known by the miners as “Clep”
(acronym for “chlorite-epidote” rock), characterized by
a very penetrative flow schistosity. This rock is
composed by tabular crystals of Al-Fe-rich chlorite,
sericite, epidote, quartz, calcite and minor quantities of
amphibole, plagioclase and accessory apatite, zircon and
topaz. The Clep present a low-grade ore disseminated
mineralization spacially realted to Tertiary volcanic
dyke, composed mainly by pyrite, chalcopyrite, Aggalena, sphalerite, and traces of scheelite and native
gold.

FIM deposit appears to be in close relationship with two
different tectonic assemblages: (1) a Lower Triassic to
middle Jurassic oceanic volcanic rock assemblage,
associated with ocean-floor sedimentary rocks derived
from continental sources; and (2) a late Jurassic to
Cretaceous oceanic island arc sequence (Hall and
Gomez-Torres 2000). Both sequences were deformed by
the Laramide Orogeny, and subsequently affected by the
Volcanism associated with the tertiary extension (Ruiz
and Centeno-Garcia 2000). The lower Triassic sequence
is composed by low-grade metamorphosed clastic
sediments, with schists, sands and conglomerate
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millimeter-sized, pale green, anisotropic tabular crystals
arranged parallel to the main rock schistosity (syndeformation) as very fine-grained crystals intimately
associated with sulphides, or as late, post-deformation,
radiating assemblages. Moreover, a late, hydrothermal
chlorite generation is found spatially associated with
alteration originated by the intrusion of the Tertiary
rhyolitic dyke swarm. The two chlorite families are
analysed by electronic microsonde (University of
Lorraine, France). Chlorite from the Clep comprises two
chemically and paragenetically different groups. The
main group, represented by very abundant, coarsegrained platy crystals forming the Clep rock, is
characterized by a number of tetrahedral Al atoms
(calculated on the basis of 28 oxygens) between 1.34
and 2, with 3.49 to 4.34 Si atoms (in the structural
formula), and a Fe/(Fe+Mg) ratio between 0.49 to 0.90.
The secondary fine-grained paragenetically late
chlorites, closely associated with sulphides, are
significantly less abundant and characterized by a minor
number of tetrahedral Al atoms between 0.9 and 1.1, and
a higher number of Si atoms (between 4.70 and 5.18)
than the main chlorite group, also presenting a narrower
Fe/(Fe+Mg) ratio, between 0.65 to 0.70. Following the
Hey (1954) classification the Clep chlorite group plot
within the ripidolite/picnochlorite field, whereas the
later chlorite plots within the diabanite field.
Calculated formation temperatures for the Cleprelated chlorite range from 277 ± 15ºC to 344 ± 15ºC,
(mean=308 ± 15ºC) using the Kranodiotis and MacLean
et al., formula. We did not calculate any temperature
based upon the diabanite analyses, as neither empirical
nor thermodynamic geothermometers have been
calculated/proposed for such chlorite compositions.

Figure 2. Mineralization ductile deformation evidences A
and B Rotated quartz exsolution; C: Isoclinal fold of pyritepyrrhotite level; D: Isoclinal fold of pyrite-pyrrhotite layer cut
by late hydrothermal fractures.

The ore bodies display a vertical zonation constituted
from the base to the top of pyrrhotite-pyrite lenses,
sphalerite-galena lenses within Clep and chalcopiritepyrite lenses.
The lower ore bodies are always massive; they are
composed by highly brecciated pyrrhotite-pyrite (py-po)
ore shoots, with subordinated sphalerite and
chalcopyrite. Euhedral pyrite crystals appear growing
over precursor framboidal pyrite nucleus. Texturally, the
py-po bodies display a rough schistosity (S1)
determined by the alternating presence of cataclastic
pyrite-pyrrhotite-bearing with sphalerite-chalcopyriterich bands. Centimeter to decimeter thick, elongated
and/or
boudin-stretched,
highly
recrystallised
segregation quartz lenses are abundant, always parallel
to the general flow (S1) banding; occasionally, some
flattened “S” folds remnants (S0 original sedimentary
banding) are preserved, with the fold axes parallel to the
general schistosity. The lower limit for the py-po bodies
is marked by the presence of a decimeter to meter thick
segregation (metamorphic/hydrothermal) quartz lenses,
with massive, microcrystalline texture, that spans all the
lower ore body-Clep contact, probably reflecting a subhorizontal shear/detachment zone with focused fluid
flow. These lower ore bodies are considered barren due
to the low Zn and Cu contents.
The economic central ore bodies are mainly
composed of highly recrystallized, thin-layered
sphalerite and galena rich lenses, with abundant chlorite,
sericite, and epidote and magnetite gangue. These
bodies are between 6 to 65 meters thick and 2.5 to 3 km
long, and are characteristically found “floating” within
the chlorite-epidote (Clep) enclosing rock.
The central body grade upwards the overlying Cu-Ag
rich lenses composed by chalcopyrite, pyrite and minor
sphalerite, enargite, cubanite in association with
chlorite, epidote, actinolite, wollastonite, calcite and
quartz as non-sulphide phases

5 Fluid inclusions study
We studied the fluid inclusions trapped within the basal
quartz blanket and segregation rotated quartz that retain
primary growth textures. These fluid inclusions have
both primary and secondary generations. Primary fluid
inclusions are found either isolated or in clusters (FIA's),
mostly displaying negative crystal shapes. They are twophase and devoid of trapped or precipitated solids with
very variable sizes between 10 and >100 microns, and
homogeneous L/V volumetric ratios (0.7). Ice-melting
temperatures (Tmi) are between -1.6ºC to -1.8ºC, with
corresponding calculated salinities from 2.6 to 2.9 wt.%
NaCl equiv. Homogenization temperatures (Th) for these
inclusions span a narrow range between 306.1 and
351.2ºC (mean: 332.4ºC; n = 42). Raman microprobe
analyses detected the presence of CO2 (ca. 95 mol%); N2
(ca. 2 mol %), CH4 (ca. 2 mol%), H2 (ca. 0.5 mol%) as
main gas phases. Metamorphic P-T peak conditions are
determined by combining the isochores calculated from
the fluid inclusion (EQS of Duan et al. 1992) and the
chlorite (ripidolite) formation temperatures. The
intersection of the latter with the calculated isochores
yielded a PTmax around 380ºC and 800 bars, indicating
a low P and moderate T metamorphism.

4 Chlorite chemistry
Chlorite is a major constituent of the Clep, representing
more than the 60% of the rock. It occurs as micron to
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6 Discussions and conclusion
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This deposit is heavily affected by an intense
deformation event (shear zone) of Laramide age that
was coupled with a local metamorphic/hydrothermal
event. The presence of preserved S0 surfaces in the
Francisco I Madero more competent py-po bodies
suggest an initial layered deposition of the sulphides, as
would be expected in VMS or SEDEX type deposits.
Also, the presence of a thick enclosing rock composed
mainly of chlorite, sericite, epidote, and minor
amphibole completely surrounding the sulphide-rich
lenses suggest that this rock was originally a
chemically-precipitated rock or exhalite, presently
metamorphosed. Metamorphism coupled with a strong
deformation event caused dehydration of the original
exhalite, developing a chlorite-epidote-dominated rock
(Clep). The resulting high-temperature, low salinity,
silica-rich fluids were expelled through low-angle faults,
generating the lower quartz blanket and, more locally,
led to the generation of rotated quartz segregations due
to evolution in the stress field orientation, as recorded
by some preserved folds and some breccias developed in
more competent rocks (mainly py-po sulphides).
The shape of the ore bodies, their structural control,
the texture of the ore shoots the abundance of
segregation quartz bodies, the ductile deformation style
and the chlorite geothermometry indicated clearly that
the deformation occurred at relative high temperatures
(around 380ºC) within the greenschist facies, developed
in close association with the main deformation event.
Both metamorphism and deformation caused the
recrystallization, remobilization, and plastic flow of
sulphides. The ore is invariably characterized by an
annealing recrystallization of pyrrhotite and pyrite, the
presence of cataclastic pyrite with ghost shadows of
quartz, and by the ductile remobilization and reconcentration of economic sphalerite and chalcopyriterich lenses. All these characteristics to classify the
Francisco I. Madero deposit as a highly deformed,
metamorphosed SEDEX deposit.

Acknowledgements
The Peñoles Mining Corporation is thanked for logistical
field assistance and for the permission to publish the
results. Jerome Demange is thanked for use of the
Electron probe facilities. This study has been supported
By PAPIIT IN100707, IN114106 and Conacyt 49234-F,
81 projects.

References
Canet C, Camprubí A, González-Partida E, Linares C, Alfonso P,
Piñeiro-Fernández F, Prol-Ledesma RM (2009) Mineral
assemblages of the Francisco I. Madero Zn-Cu-Pb-(Ag). Ore
Geol Rev 35: 423-435
Centeno-García E, Silva-Romo G (1997) Petrogenesis and tectonic
evolution of central Mexico during Triassic-Jurassic time. Rev
Mex Cs Geol 14: 244-260
Corona-Chávez P, López-Picos A (1988) Análisis estratigráficoestructural
de
la
secuencia
volcánico-sedimentaria
metamorfizada de la Sierra de Guanajuato, en IX Convención
Geológica Nacional, Resúmenes: México, Sociedad Geológica

768

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Lower Ordovician oolitic ironstones of Valongo
Anticline (Dúrico-Beirã area, Portugal) and of
Châteaubriant Anticline (Armorican Massif, France): a
comparative study
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Abstract. The Lower Ordovician oolitic ironstones of
Valongo Anticline (Dúrico-Beirã area, Portugal) and
Châteaubriant Anticline (French Armorican Massif)
evidences strong similarities. Country rocks and
mineralizations reveal these resemblances evidenced by
paragenetic and mineralogical studies. In both cases the
hydrothermal overprint produced sulphidization with
stratiform syngenetic mineralisations occurring within
oolitic ironstones. The organic matter associated with the
rich iron carbonate (siderite-rich) ironstones, allowed the
precipitation of iron sulphides. The similarities between
the oolitic ironstones of Valongo Anticline and
Châteaubriant Anticline were also confirmed by the
cathodoluminescence (CL) study of apatite, revealing
tree different generations of this mineral with different CL
colours and evidencing that some generations of apatite
are connected with the presence of algae. The algæ
(cyanobacterial communities) are concentrated in distinct
layers, with alternating microbial and microbe free layers
showing the typical layered structure of stromatolites.
Algae sometimes get the appearance of pseudo-oolites.
Since Roman times Lower Ordovician ironstones have
been exploited for gold in Valongo Anticline and for iron in
Châteaubriant Anticline. The abnormalities in gold in
Dúrico-Beirã area, not marked in French Armorican
Massif seems to be related with different sources of
metals. The type of mineralization is very similar to the
banded Iron formation-hosted gold deposits.

the last area the ironstones have been formerly
designated by black layers (Combes et al. 1992; Couto
1993; Couto et al. 2003a,b).
In France, in Armorican Massif Lower Ordovician
ironstones were studied by Chauvel (1971) and more
recently by Gloaguen et al. (2007). In Spain, in Zamora
Province, Fernandez and Moro (1998) studied iron
mineralization of the same age. Fernandez et al. (1998)
compared the Lower Ordovician ironstones of Zamora
and of Armorican Massif considering their origin and
mineralogy.
In this study we compare the Lower Ordovician
Ironstones of Valongo Anticline located in the DúricoBeirã area (North Portugal) and the Lower Ordovician
ironstones of the French Armorican Massif (Britanny,
western France). Ore mining occurred within the Lower
Ordovician (quartzites and pelitic layers with
intercalated ironstones) since Roman times. In DúricoBeirã area the gold was exploited. Iron ore mining
occurred in the French Armorican massif. The main
objects of this study was the area of Banjas mine, located
in the eastern limb of Valongo Anticline, and SaintAubin-des-Châteaux quarry, located in the southern limb
of the Châteaubriant Anticline.

2 Geological setting

Keywords. oolitic ironstone, algae, apatite, gold

Valongo Anticline is located near Porto, in the Central
Iberian Zone near the southwestern boundary of the
Hercynian folded belt, in northern Portugal.
Châteaubriant Anticline is located in the West of
Armorican Hercynian Belt, in Central Armorican
Domain. In both cases the country rocks consist of
Neoproterozoic dominantly pelitic basement covered by
Palaeozoic metasediments of marine facies, continental
Carboniferous occurring along shear zones.
In the Dúrico-Beirão mining district the Au-As type
mineralizations are controlled by Lower Ordovician,
namely quartzites with intercalated pelitic layers and
ironstones with associated volcano-sedimentary horizons
and bearing organic matter (Fig. 1a) (black layers
according Combes et al. 1992; Couto 1993; Couto et al.
2003a,b).
In Câteaubriant anticline, iron ore mining occurred
within the Lower Member of the Grés Armoricain
Formation (Fig. 1, and 2a) (Gloaguen et al. 2007).

1 Introduction
Only recently the Lower Ordovician black layers of
Valongo Anticline, exploited for gold since Roman
times, were recognized as oolitic ironstones. The aim of
this study is to evidence the strong similarities and
differences between these gold bearing strata and the
Lower Ordovician oolitic ironstones of Châteaubriant
Anticline exploited for iron in Roman times.
Oolitic Phanerozoic Ironstones occur preferentially in
the Ordovician, Silurian, Upper Devonian, Jurassic and
Cretaceous, while they are uncommon in the Cambrian,
Permian, Triassic and Cenozoic (Petránek and Van
Houten 1997).
In Portugal Lower Ordovician ironstones of this type
occurs in Moncorvo, Marão, Guadramil (Neiva 1951)
and in the Dúrico-Beirã area (Couto 2008; 2010a, b). In
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resulted probably from the silicification of oolites with a
siderite nucleous and apatite cortex (Couto 2010a).
Two generations of pyrite and arsenopyrite were
observed in the Lower Ordovician ironstones of DúricoBeirã area, one syngenetic, the other epigenetic related
with the mineralizing episode (Couto 1993). A volcanic
origin for syngenetic arsenopyrite, with low As content
(As+Sb = 27.2 at.%), was proposed by Couto and Borges
(2005).
In Dúrico-Beirã area two generations of apatite were
distinguished, with significant contents of Fe (FeO = 0.7
wt.%) and Sr (Sr = 1.6 wt.%), the first one with Mn, Fe,
Sr and REE (Ce, Nd, Sm and Gd) with yellow CL due to
Mn2+ (Fig. 2b), the second bearing REE (Ce, Nd, Sm, Gd
and Tb), Fe and Sr with pink-violet CL (Fig. 2a) (Couto
and Roger 2006). The CL allowed to recognize that
sometimes the apatite occur mineralizing algae the same
being observed in apatites from the French Armorican
Massif. Another generation of apatite resulting from
recristalization occurs in fractures or sometimes in
euhedral forms.
In Saint-Aubin-des-Chateaux, four generations of Srrich apatite were observed in the oolitic ironstone
(Moëlo et al. 2007), the first one of diagenetic to weak
metamorphic origin, the three others related to different
hydrothermal stages. The CL study allowed the
distinction of three generation of apatite, based on the
luminescence colour. One forming crystals with violet
CL, other mineralizing algae with yellow CL (Fig. 2c),
similar to one of the generations of apatite mineralizing
algae of the Dúrico-Beirã area (Couto 2010a). Another
generation of apatite shows yellow CL and is euhedral.

In Dúrico-Beirã area seven horizons of ironstones have
been recognized (Combes et al. 1992), whilst in the
French Armorican massif four main horizons of oolitic
ironstones have been identified (Chauvel 1971, 1974;
Gloaguen et al. 2007)
In the Valongo Anticline the ironstones are more
developed in the periclinal zone and normal limb and
were detected from North to South in the areas of
Ribeiro da Igreja, Vale do Inferno, Moirama, Banjas,
Poço Romano and Ribeiro da Estivada mines.

3 Oolitical ironstones
The ironstones are basically composed of quartz grains
in a matrix of chlorite and / or siderite, locally oolitic
(Fig. 1b, 1d). They consist essentially of iron-rich
chlorite (chamosite) and/or iron-rich carbonate (siderite),
muscovite, quartz, kaolinite, zircon, tourmaline, rutile,
phosphates, iron oxides and organic matter (Couto 1993;
Couto et al. 2003b; Chauvel 1971; Gloaguen et al. 2007).
Syngenetic sulphides (pyrite and arsenopyrite
dominants) are present in ironstones of Valongo
Anticline but absent in Saint-Aubin, were only
hydrothermal generations occur. Fossils of algae and
bryozoans were reported in the Lower Ordovician of
Valongo Anticline. In present work algae were found in
the Ordovician of Châteaubriant Anticline. Primary
texture of ironstones can be seen where the hydrothermal
alteration didn´t affect it. Oolites or pseudo-oolites with
a core of variable nature (detrital quartz, zircon,
monazite, apatite, siderite or chamosite) and chamositic

b

a

c

d

or siliceous cortex (Gloaguen et al. 2007) were observed.
Figure 1. Oolitic ironstones intercalated in quartzitic layers. 1.
Valongo Anticline, Banjas Mine a) Ironstone intercalated in
quartzites b) Pseudo-oolites in an iron-rich chlorite matrix.
Photomicrograph plane polarized light; 2. Châteaubriant
Anticline, Saint-Aubin-des-Châteaux quarry c) Ironstone
intercalated in quartzitic layers d) Pseudo-oolites in an ironrich chlorite matrix. Photomicrograph, plane polarized light.
Scale bar = 200 μ.

Figure 2. Cathodoluminescence images of ironstones with
algae mineralized in apatite (pseudo-oolites). Valongo Anticline
a) Apatite with pink-violet CL containing REE b) Apatite with
yellow CL containing Mn and REE. Châteaubriant Anticline c)
Apatite with yellow CL containing Mn. Scale bar = 300 μ.

In Dúrico-Beirã area three generations of quartz were
distinguished. One detrital (1), one of volcanic origin (2)
(Couto 1993; Couto et al. 2003b), another recrystallized
(3) growing around detrital minerals, with oolitic form
(nucleous of detritic quartz and silicious cortex), that

Among fossil algæ, Botryococcus, Girvanella and
probable Gloeocapsomorpha? have been observed, the
first one in both districts. Some algæ, are frequent and
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sometimes concentrated (cyanobacterial communities) in
distinct layers, containing alternating microbial and
microbe free layers showing the typical layered structure
of stromatolites (Couto 2008). In the ironstones of
Valongo Anticline, bryozoa and carbonaceous matter
represented by fusinitizated fragments sometimes with a
graphitoïd texture, migrabitumens and hydrocarbons are
also present, the later in relation with the algae (Couto
1993).

Couto H (1993) As mineralizações de Sb-Au da região DúricoBeirã. PhD dissertation, Universidade do Porto 607 p
Couto H, Roger G (2006) Catodoluminescência: aplicação à
pesquisa de assinaturas geoquímicas de apatites da região do
Baixo-Douro (NW Portugal) VII Congresso Nacional de
Geologia, Évora, I:153-155
Couto H (2008) Gold-bearing Ironstones within the Lower
Ordovician black-shales of Valongo Anticline: a contribution
to the understanding of their genesis. Abstracts 33rd
International Geological Congress Oslo, Norway. MRD-13
Couto H (2010a) Minerais de ferro do Ordovícico Inferior do
Anticlinal de Valongo: Revista Electrónica de Ciências da
Terra, Geosciences On-line Journal, e-Terra,http://eterra.geopor.pt. ISSN 1645-0388 20:4
Couto H (2010b) Mineralizações auríferas associadas a níveis de
ferro do Ordovícico inferior da região Dúrico-Beirã. X
Congresso de Geoquímica dos Países de Língua Portuguesa.
XVI Semana de Geoquímica 14:217-222
Couto H, Roger G, Moëlo Y, Sodré Borges F (2003a) Mina das
Banjas: controlo das mineralizações auríferas pelas
alternâncias do Arenigiano: Ciências da Terra (UNL), Lisboa,
nº esp V:F25-F28
Couto H, Roger G, Sodré Borges F(2003b) Mina das Banjas:
contributos para o conhecimento e do Ordovícico do Anticlinal
de Valongo: Ciências da Terra (UNL), Lisboa, V:C28-C31
Couto H & Borges, FS (2005) Stratiform Sb and Au
mineralizations in the Hercynian Dúrico-Beirã area (North
Portugal). In: Mao J, Bierlein F (eds) Mineral Deposit
Research: Meeting the Global Challenge. Proceedings of the
8th SGA Biennial Meeting, Beijing, China pp 97-99
Couto H, Borges F (2006) Lower Ordovician black-shales hosted
gold deposits in North Portugal: Proceedings of the 12th
Quadrennial IAGOD symposium. Understanding the genesis
of ore deposits. Moscow: 4 p
Derenne S, Metzger P, Largeau C, Van Bergen PF, Gatellier JP,
Sinninghe Damsté JS, Leeuw JW, Berkaloff C (1992) Similar
morphological and chemical variations of Gloeocapsomorpha
prisca in Ordovician sediments and cultured Botryococcus
braunii as a response to changes in salinity. Org Geochem
19:299-313
Fernandez A, Moro MC (1998) Origin and depositional
environment of Ordovician stratiform iron mineralization from
Zamora (NW Iberian Peninsula). Miner Deposita 33:606-619
Fernandez A, Chauvel JJ, Moro MC (1998) Comparative study of
the Lower Ordovician Ironstones of the Iberian Massif
(Zamora, Spain) and of the Armorican Massif (central Brittany,
France). J Sedim Res 68:53-62
Gloaguen E, Branquet Y, Boulvais P, Moëlo Y, Chauvel
JJ,Chiappero JJ, Marcoux E (2007) Palaeozoic oolitic
ironstone of the French Armorican Massif: a chemical and
structural trap for orogenic base metal–As–Sb–Au
mineralization during Hercynian strike-slip deformation.
Miner Deposita 42:399-422
MoëloY, Rouer O, Bouhnik-Le Coz M (2008) From diagenesis to
hydrothermal recrystallization: Polygenic Sr-rich fluorapatite
from the oolitic ironstone of Saint-Aubin-des-Châteaux
(Armorican Massif, France). Eur J Mineral 20:205-216
Neiva JM (1951) Minérios de ferro Portugueses. Memórias e
Notícias, Publicações do Museu e Laboratório Mineralógico e
Geológico e do Centro de Estudos Geológicos da Universidade
de Coimbra 31:1-15
Petránek J, Van Hauten FB (1997) Phanerozoic ooidal ironstones.
Czech Geological Survey Special Papers 7, 71 p

4 Conclusions
The Lower Ordovician ironstones in Valongo and
Châteaubriant Anticlines are rich in iron chlorite
(chamosite) and/or iron carbonate (siderite). In Valongo
Anticline a syngenetic and an epigenetic generation of
pyrite and arsenopyrite occur. In Saint-Aubin only a
hydrothermal generation of pyrite and arsenopyrite was
observed. In both cases, according to the metallogenic
model of Gloaguen et al. (2007), the interaction of the
hydrothermal solutions with the oolithic iron ores caused
the sulphidation of these ores. Organic matter induced a
reduction of these solutions, while their pH increased
through the dissolution of siderite from the ooliths. Such
drastic chemical changes permitted the combination of
sulphur from the solutions with iron from siderite to
precipitate iron sulphides (mainly pyrite), while other
sulfides and sulfosalts were deposited later from metals
related to new hydrothermal pulses.
In Valongo Anticline the presence of algae
occasionally forming stromatolitic structures (Couto
2008) can explain the presence of hydrocarbons
associated to these ironstones. Derenne et al. (1992)
explained the relation between the presence of algae and
hydrocarbons in Ordovician sediments.
In Valongo Anticline there are also evidences of
syngenetic volcanic activity and of syngenetic auriferous
arsenopyrite and pyrite (Couto 1993; Couto and Borges
2006). A detritical contribution for gold was also
proposed. These facts explain the abnormalities in gold
of the ironstones (Couto and Borges 2006; Couto 2010a,
b). In Saint-Aubin, gold is uncommon (Gloaguen et al.
2007). This difference can be explained by different
sources of metals, with volcanic fluids and detritical
sources recognized in Dúrico-Beirã area (Couto and
Borges 2005).
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Structure, stratigraphy and hydrothermal alteration at
the Gavião orebodies, Aljustrel: reconstruction of a
dismembered ore-forming system at the Iberian Pyrite
Belt and implications for exploration
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Abstract. Structural complexity and poor stratigraphic
control on many local successions of the Iberian pyrite
belt prevent from being fully understood promising
exploration targets that have been abandoned after
unsuccessful drilling. Structural analysis, palynomorph
dating,
physical
volcanology,
and
ore-related
hydrothermal alteration zoning of the footwall succession
that hosts the two Gavião orebodies enabled
reconstruction of their pre-tectonic ore-forming setting,
accounting for a number of reliable exploration vectors. In
particular, the sodium-rich ore-related distal alteration
envelopes can be detected by means well within reach
during exploration, and should constitute a suitable tool to
trace paths to massive sulphide mineralization in the
Iberian pyrite belt.

combine to produce robust reconstructions of highly
deformed exploration areas that can possibly hide
dismembered massive sulphide orebodies.

2 Geological setting
Massive sulfide formation in the IPB occurred during
the waning stages of felsic volcanism within a thin
volcanic-sedimentary complex (VSC; 349.8 ± 0.9 Ma to
356.2 ± 0.7 Ma; Barrie et al. 2002). This VSC lies on a
thick sequence of shallow platform sediments (PhylliteQuartzite Group – PQ -, upper Devonian and older), and
is overlain by a synorogenic flysch succession (Baixo
Alentejo Flysch Group; early to middle Carboniferous;
Oliveira et al. 2006).
The Aljustrel camp consists of six orebodies:
Estação, Feitais, Algares, Moinho, S. João and Gavião
(e.g., Schermerhorn and Stanton 1969; Barriga 1983).
These orebodies lie on the limbs of four main SWverging folds as follows: the Feitais anticline (towards
NE), the Central anticline, the S. João sincline and the
SW anticline. The Aljustrel Group structures are
truncated and rejected by a major NE-SW fault, the
Messejana fault; their termination to the NW is hidden
by Tertiary cover and constitutes the Paleozoic basement
where the two Gavião orebodies occur (~30 Mt of total
massive sulfides).
The Gavião NE orebody lies on the reverse limb of
the Central anticline and is an extension of a well known
mineralization alignment developing to the south of the
Messejana fault (S. João, Moinho and Algares
orebodies). It is tightly folded and disrupted by early
thrust and wrench faults, consisting of very low grade
massive sulphide ores (0.5% Cu, 2.3% Zn, 0.7% Pb, 0.6
g/t au, 18.8 g/t Ag). The Gavião SW orebody lies in the
same stratigraphic position, but in the reverse limb of
the SW anticline, constituting a mineralization
alignment with no known continuation to the south of
the Messejana fault. The Gavião SW orebody depicts
the highest average copper grade of the whole Aljustrel
camp (1.5% Cu; 4.0% Zn; 1.6% Pb; 0.9 g/t Au, 48.3 g/t
Ag).

Keywords. Iberian pyrite belt, Gavião deposit, volcanic
facies, palynomorphs, VHMS exploration

1 Introduction
Over the last decades, exploration for massive sulphide
deposits in the Iberian pyrite belt (IPB), based on
geophysical surveys on target areas defined by solid
geologic criteria, has been quite successful, being
acknowledged for the discovery of many blind deposits,
including the rich Neves-Corvo and Las Cruces
deposits. Nevertheless, due to structural complexity
and/or poor stratigraphic control on many local
successions, very promising targets have also been
abandoned after drilling that neither intersects ore nor
accounts for geophysical anomalies and/or other
favourable data (Carvalho et al. 1999).
The structural reconstruction of dismembered and
highly deformed, but possibly mineralized settings
constitutes a difficult and yet fundamental step in most
IPB exploration programs. Significant advances have
recently taken place in this regard, ground on the
combination of detailed understanding of the ore-related
hydrothermal alteration patterns and zoning, with an
improved stratigraphic control of the investigated
successions in terms of their palynological content.
The Gavião ore-forming system at the Aljustrel camp
constitute an excellent study object to go further in this
field, as it demonstrates how these approaches can
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3 Ore-hosting succession

4 Age constraints

The VSC sequence that hosts the Gavião orebodies is
similar to the one recognized in the southern sector of
the Aljustrel camp and comprises two major felsic
volcanic units, defined and mapped by Schermerhorn
and Stanton (1969), and subsequently adopted by
Barriga (1983) and Relvas (1991). These “units” were
originally named as QET (Quartz-eye tuff) and MT
(Mine tuff). The “quartz-eye tuff” consists broadly of
porphyritic felsic volcanic rock with quartz and feldspar
phenocrysts in a sericite-chlorite-carbonate altered
groundmass, characterized by abundant metasomatic
feldspar phenocrysts that can be up to 3 cm across
(Barriga 1983; Barriga and Fyfe 1988; Relvas 1991),
whereas the “mine tuff” consists of clastic volcanic units
devoid of quartz phenocrysts, containing locally
abundant sedimentary clasts.
A continuous layer of jasper/chert overlies the
volcanic sequence and the overlying massive sulphide
mineralization. Upwards, the jaspers grade into shales of
variable colours – green, gray, purple or brownish - that
constitute the Paraíso Formation, which in turn is
conformably overlain by the turbiditic sequence (BaixoAlentejo Flysch Group).
The QET and the MT units can be geochemically
discriminated; each set of rocks plot in separate
magmatic differentiation trends in the classical diagrams
involving immobile major and trace elements or their
selected ratios. Nevertheless, the physical architecture of
the volcanic edifice is still poorly constrained as facies
interpretation based on mapping and logging was only
initiated (Rosa et al. 2010).
Preliminary facies characterization of the felsic
volcanic rocks that constitute the immediate footwall
succession to the Gavião orebodies (“MT unit”)
suggests that the volcanic centre comprises coherent
quartz and feldspar rhyolite, surrounded by in situ and
clast rotated hyaloclastite, which grades laterally to
redeposited hyaloclastite breccia. This association
occurs typically at a central position of the Gavião area,
and is interpreted to correspond to lavas or domes with
quenched margins, and remobilization of part of their
clastic carapace to marginal zones of the volcanic
centre. Abundant fiamme occurs in some volcaniclastic
intervals. Although its origin is still uncertain, this
fiamme can correspond to compacted pyroclasts, or to
deformed glassy and vesicular clasts of lavas and domes
(Rosa et al. 2010). Massive and relatively thick
volcaniclastic units containing abundant irregular felsic
volcanic clasts, quartz and feldspar crystal fragments,
and abundant sedimentary clasts are also common in the
Gavião VSC sequence, suggesting dismembering of the
volcanic centres and transport of the components by
energetic currents. The top of the VSC sequence
comprises volcaniclastic sandstone and mudstone units.
The Gavião orebodies should have formed in
proximity to a complex volcanic centre that consists of
proximal facies of lavas and domes (coherent facies, in
situ and clast rotated hyaloclastite, and redeposited
hyaloclastite), and possibly the products of explosive
eruptions.

Four exploration boreholes were investigated in order to
characterize the palynomoph content of the shale units of
the VSC. Some age determinations were performed as
follows (Matos et al. 2010; Pereira et al. 2008): i) the
Paraiso Formation, which consists of dark gray siliceous
shales, purple shales and fine-grained volcaniclastic
sediments, was dated upper Tournaisian to lower Visean,
based on miospores assigned to the CM and Pu
biozones; ii) the so-called Gavião Formation consisting
also of dark gray shales interbeded with volcanogenic
siltstones (Schermerhorn 1971; Relvas 1991), was dated
of upper Tournaisian age as well, based on the
occurrence of miospores assigned to the CM biozone,
consistently with the previous structural interpretation by
Relvas (1991), who envisaged the “Gavião Formation”
as laterally equivalent to the Paraíso Formation; iii) the
middle Visean (TS Miospore Biozone) was identified in
black shales intercalated with siltstones that occur in a
hanging wall position relative to the felsic volcanic
sequence (Gavião borehole GV08001 – 509.80 m and
518.6 m); iv) the turbiditic shales of the Baixo Alentejo
Flysch Group (Mértola Formation) are middle-late
Visean in age (NM Misopore Biozone). Once the organic
material enclosed in the sedimentary intervals of the
VSC at the Gavião area is badly preserved, no
microfossils were confidentially identified hitherto.
Nevertheless, the age constrains based on palynomorph
systematics are robust enough to account for good
quality stratigraphic correlations between the structures
and rocks of the northern (Gavião) and southern sectors
of the Aljustrel camp.

5 Ore mineralogy and In, Ge and Se
contents
The sulfide mineral assemblages of the Gavião
orebodies are extremely monotonous, consisting mostly
or exclusively of pyrite, with accessory sphalerite,
chalcopyrite, arsenopyrite and tetrahedrite, the latter
minerals being slightly more abundant in the SW
orebody. Minor amounts of galena, kobellite-tintinaite,
stannite, pyrrhotite, and bismuth were also identified.
The early textures were strongly obscured by
recrystalization and brittle deformation of pyrite. The
base metals distribute in the orebodies either as a
function of syn-ore zone refining processes (classical
metal zoning; copper at the base), or as a function of
post-ore tectono-metamorphic redistribution (faultcontrolled ore-shoots). Ductile remobilization of
chalcopyrite and galena has been documented in places.
EPMA and PIXE data have shown low contents of In
and Ge in chalcopyrite (up to 0.02 and 0.03 wt.%
respectively) and stannite (up to 0.06 and 0.01 wt.%,
respectively). Analyses of sphalerite also revealed some
In (up to 0.06 wt.%; no Ge detected), whereas no In nor
Ge have been found in tetrahedrite. This sulfosalt
contains up to 2.73 wt.% Ag. High Se content (up to
0.31 wt.% Se) and low Ge content (up to 0.05 wt.% Ge)
were found in kobellite-tintinaite.
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6 Hydrothermal alteration zoning
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Rosa for fruitful discussions on the IPB geology.

Ore-related alteration, overprinting early semiconformable regional alteration has been characterized in
detail in the footwall sequence of the Gavião orebodies.
Type 1 alteration (central stockwork; chlorite-quartzsulfides veins and pervasive chloritic alteration) occurs
in the central part of two independent feeder zones,
surrounded by Type 2 alteration (sericite-quartzsulfides), a peripheral halo of vein-controlled alteration
characterized by complete replacement of igneous
feldspars for K-sericite, very low Na2O/(Na2O+K2O),
quite constant (K2O+BaO)/Al2O3, ranging between 0.2
and 0.3, and generally high ΣFe (and Fe2+/ΣFe).
Type 3 alteration has a much subtle record, and was
described in the Gavião area for the very first time
(Relvas 1991). This type of alteration can be recognized
by (i) the occurrence of hydrothermal quartz and some
pyrite sparsely disseminated in the matrix; (ii) the
sporadic presence of pre-tectonic quartz-sericite-rare
chlorite-pyrite veins surrounded by alteration halos; (iii)
the whole-rock Fe2+/ΣFe ratios shifted towards reduction
in rocks otherwise affected by oxidising regional
alteration; and (iv) the strong Na metassomatism. The
latter is denounced by whole-rock values of
Na2O/(Na2O+K2O), in excess of 0.50 (up to 0.82), and
(K2O+BaO)/Al2O3 ratios very close to 0. Extensive
phyllosilicate EMPA data evidenced replacement of the
early regional phengite by mixed-layered sericiteparagonite crystals. These phyllosilicates show
increasing Na/Na+K ratios towards the peripheral parts
of the hydrothermal system, where they may reach
nearly pure paragonite compositions. Despite its subtle
mineralogical and geochemical signatures, this type of
alteration persists up to more than 1000 meters apart
from the mineralization axis.
A sodium-rich peripheral hydrothermal alteration
envelope was also recognized both at the Neves Corvo
(Relvas 2000; Relvas et al. 2006) and the Lousal
deposits (Fernandes, personal communication).
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7 Conclusions
Structural analysis, age control, volcanic architecture,
and hydrothermal alteration zoning of the footwall
succession that hosts the two Gavião orebodies enabled
reconstruction of their pre-tectonic ore-forming setting,
accounting for a number of reliable exploration vectors.
In particular, the sodium enrichment in the ore-related
distal alteration envelopes can be easily detected by
means well within reach during exploration, and should
constitute a suitable tool to help trace paths to massive
sulphide mineralization after drilling that did not
intersect ore.

Acknowledgements
Acknowledgements are due to the Fundação para a
Ciência e Tecnologia, Portugal (FCT), the Centre of
Mineral Resources, Mineralogy and Crystallography of
the University of Lisbon (CREMINER/LARSyS), and

774

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Preliminary study of fluid inclusions and sulphur
isotopes of the Tizapa ore deposit, Mexico
Lisard Torró, Pura Alfonso
Departament d’Enginyeria Minera I recursos Naturals, Universitat Politècnica de Catalunya, Av. De les Bases de
Manresa 61-73, 08242 Manresa, Spain
Eduardo González-Partida
Centro de Geociencias, Universidad Nacional Autónoma de México, Campus Juriquilla, Boulevard Juriquilla 3001, 76230
Santiago de Querétaro, Qro., Mexico
Carles Canet
Instituto de Geofísica, Universidad Nacional Autónoma de México, Ciudad Universitaria, Delegación Coyoacán, 04510
México D.F., Mexico
Fernando Gómez-Fernández
Dpto. Tecnología Minera,Topográfica y de Estructuras, Universidad de León, C/ Jesús Rubio, 2. 24004, Leon Spain.

Abstract. The Zn-Pb-Cu-Ag-Au Tizapa ore deposit,
located in the Guerero Terrain, is a volcanogenic
massive sulphide deposit of Cretaceous age. Fluid
inclusions were studied in quartz and contain CO2, CH4
and minor amounts of N2. Two generation of aqueoscarbonic inclusions were recorded, they are saline, up to
22 wt.% NaCl equiv., and homogenise at 190-420ºC.
Most inclusions homogenise to the liquid phase but
some of them homogenise to vapour. These results
suggest the occurrence of boiling during the formation of
the Tizapa ore deposit. Sulphur isotopes measured on
pyrite, sphalerite and chalcopyrite range from -6.5 to
+2.5‰, indicating probably two different sources of
sulphur, being one of them the sulphur formed from the
bacteriogenic reduction of seawater.

Aptian age (Talavera-Mendoza, et al. 2005). The
mineralogy of the deposit and mineral chemistry of the
ore minerals are presented in Alfonso et al. (2011).

Keywords. massive sulphide deposits, fluid inclusions,
sulphur isotopes, Tizapa, Mexico

Figure 1. Geographical location of the Tizapa deposit in
Mexico.

1 Introduction

2 Fluid inclusions

The Tizapa ore deposit is located 4 km far from the city
of San Juan de Zacazonapan, in the SW of the State of
Mexico (Fig. 1). The Tizapa ore deposit is considered as
a volcanogenic Kuroko type (Miranda-Gasca 2000), but
there are not published studies on the fluid inclusions
and stable isotopes that contribute to establish the
genetic model.
This contribution presents a preliminary fluid
inclusion and sulphur isotope data for the Tizapa mine
to obtain information about the processes that formed
the ore mineralization.
Fluid inclusions have problems of preservation when
metamorphism affect the minerals, as in the case of the
Tizapa ore deposit. Nevertheless these studies have
successfully performed in other volcanogenic massive
sulphide deposits (Zaw et al. 1996; Marignac et al.
2003).
The Tizapa ore deposit is located within the
Guerrero Terrane. The ore deposit is mainly formed by
phyllites ans schists of the Telelopan metavolcanic
assemblage of Lower Cretaceous. It is classified as
volcangenic massive sulphide deposit formed in an
intraoceanic island-arc environment of Hauterivian-

The studied fluid inclusions are hosted in quartz.
Microthermometric measurements were performed in
those that do not present signals of necking down or
stretching phenomena.
Three types of fluid inclusions were differentiated,
according to the phases present at room temperature:
1. Lw-c, aqueous- carbonic fluid inclusions. The
vapour phase usually is less than 15% of the inclusion
volume, but a wide range of ratios are observed. They
are usually small (8–13 μm) (Fig. 2). Clathrates often
were observed during microthermometric measurements.
Lw–c fluid inclusions show Tm cl in the range of 3.0–
10.0ºC. Tm ice ranges from -6 to -3.0ºC. The total
homogenisation temperatures (Th to the vapour phase)
are rather scattered and range from 250 to 380ºC.
Two different generations are emphasized by the
homogenization temperatures and salinities (Fig. 3).
2. Lc-w Volatile-rich fluid inclusions. They are
scarce. The gas- phase represents more than 70% of the
volume. They coexist with the aqueous rich- fluid
inclusions. Homogenization temperatures are similar to
those of Lw-c of the same sample whereas salinity is
considerably lower (Fig. 3).
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4 Discussion

3. Lc and Lc-w, where the volatile phase is liquid at
room temperature. The melting temperatures of CO2 (Tm
CO2) ranges from -56.6 to -58.0ºC and homogenisation
temperatures of CO2 (Th CO2) to the liquid or to the
vapour phase in the range of 18–30ºC Tm CO2 values are
significantly lower than the melting point of pure CO2
and indicate the presence of volatile compounds other
than CO2. When the aqueous phase can be observed, the
melting temperature of ice (Tm ice) ranges from -12.9
to -15.7ºC and they homogenise to the vapour phase in
the range from 318 to 380ºC of 18–25ºC.
Raman analyses indicate that for all inclusion types
usually in addition of CO2, CH4 is also present and in
many cases small contents of N2 were also detected. H2S
was never detected.

The Tizapa ore deposit was reported as a volcanogenic
massive sulphide deposit of Kuroko type (MirandaGasca 2000; Giles and García 2000; Lewis and Rhys
2000). Fluid inclusions and sulphur isotopes are useful
tools to obtain information about the origin of this ore
deposit.
Fluid inclusions are not abundant in volcanogenic
deposits; when deposits have been metamorphosed often
the fluid inclusions were transformed during this
process. In the Tizapa ore deposit fluid inclusions record
different episodes. Although there is a generation, rich in
CO2 that most probably is due to the metamorphic fluids,
other inclusions show signals of boiling processes: they
exhibit a wide range of filling degree, saline inclusions
homogenise to the fluid phase and low saline inclusions
homogenise to the vapour, at similar temperatures. The
high salinities and wide range of values also were found
in other VHMS sulphide deposits as in Mt Chalmers,
Australia (Zaw et al. 1996). These authors use the
variation in salinity distribution and higher salinity
greater than seawater as fluid inclusion evidence for
boiling.
On the other hand, sulphur isotopes usually display
modestly low δ34S values between -6.5 and 2.5‰,
suggesting an incorporation of biogenic sulphur related
to the bacterial reduction of seawater sulphate in anoxic
environment. Similar contribution of the bacterial
reduction of seawater sulphate is recognized in other
volcanogenic sulphide deposits in the Iberian Pyrite Belt
hydrothermal system (Velasco et al. 1998).

Figure 2. Phograph Lw-c fluid inclusions in quartz from the
Tizapa ore deposit.
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5 Conclusions

3 Sulphur isotopes

Fluid inclusions from the Tizapa ore deposit were
formed in different episodes. One generation of
inclusions record the metamorphic processes, other
suggests that boiling took place during the formation of
the ores.
Sulphur isotopes from different sulphide minerals
show a wide range of δ34S values probably due to a dual
source of sulphur. Negative low values suggest a

Sulphur isotopes were analysed using a Finnigan
continuous flow spectrometer in the Serveis CientíficoTècnics of the Universitat de Barcelona.
Analyses were performed in pure samples of pyrite
(py), sphalerite (sp) and chalcopyrite (ccp). The δ34S
values are in the range from -6.5 to +2.5‰ (Fig. 4).
There is not significant difference of the δ34S values
among the different sulphide minerals.
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contribution of bacteriogenic sulphur from the reduction
of seawater sulphate.
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Geochemical and geological controls on mineralization
in the Que-Hellyer Volcanics, Tasmania, Australia: the
Mount Charter and Fossey deposits
Selina Wu, Andrew McNeill, Bruce Gemmell
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Abstract. The Fossey and Mount Charter VHMS
deposits are located in the Mount Read Volcanic belt of
western Tasmania. The Fossey and Mount Charter
deposits occur in the same mixed sequence of the QueHellyer Volcanics as the previously mined Hellyer and
Que River deposits and all four deposits are located
within a 6 km strike length. However, the deposits vary in
styles of mineralization from barite-rich bodies at Mount
Charter and Fossey to polymetallic massive sulphide
bodies at Hellyer and Que River. Detailed logging and
petrographic
observations
are
compared
with
lithogeochemistry and short wavelength infrared spectral
data to identify the geochemical signatures of the
mineralizing fluids of each deposit. The results will
improve the general understanding of VHMS systems
and identify important styles of alteration and pathfinder
elements in the Que-Hellyer Volcanics.

Neoproterozoic Tyennan block of central Tasmania and
the Neoproterozoic Rocky Cape block to the northwest.
Major VHMS deposits of variable style and metal
endowment, such as Hellyer, Que River, Mt. Lyell,
Henty, Hercules and Rosebery, occur within the Mount
Read Volcanics.

Keywords. Fossey, Mount Charter, massive sulfide,
barite, Mount Read Volcanics

1 Introduction
The Fossey and Mount Charter deposits are located in
the Mount Read Volcanic belt of western Tasmania (Fig.
1). They are located within a 6 km strike length of two
larger volcanic-hosted massive sulfide (VHMS) deposits,
Hellyer and Que River, and all four deposits are hosted
by the mixed sequence of the Que-Hellyer Volcanics.
The deposits vary in mineralogy from barite-rich
bodies at Mount Charter and Fossey to pyrite-rich
polymetallic massive sulphide bodies at Hellyer and Que
River. In this study, the geochemical and geological
controls of the mineralization at Fossey and Mount
Charter are examined by comparing detailed logging and
petrographic observations with lithogeochemical and
shortwave infrared (SWIR) spectral data obtained from
drill core. The results will define the geochemical
signatures of each deposit and identify alteration vectors
that may assist future exploration in the Mount Read
Volcanics.

Figure 1. Geological map of the Hellyer, Fossey, Que River,
and Mount Charter deposits in the Mount Read Volcanics of
western Tasmania (after Gemmell and Fulton 2001).

The Que-Hellyer Volcanics comprise a marine
sequence of andesitic to basaltic lavas, breccias, and
volcaniclastics, with minor felsic volcanics and rare
sedimentary units (Corbett 1992). The Hellyer, Fossey,
Que River, and Mount Charter deposits are hosted by the
mixed sequence, which is dominated by felsic volcanics
and
shallow
intrusions,
polymict
breccias,
volcaniclastics, and minor mudstones (Corbett and
Komyshan 1989). The previously mined Hellyer deposit

2 Background
The Cambrian Mount Read Volcanics form an arcuate
belt of 200 km by 20 km that stretches from Elliott Bay
on the southwest coast of Tasmania through to the
Deloraine area (Corbett 1992). The belt lies at the
eastern margin of the Dundas Trough between the
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Fossey deposit, the majority of white micas have Al-OH
wavelengths between 2211 and 2222 nm, which
corresponds to a phengitic composition. A similar range
of white mica composition is reported for the center of
the footwall alteration at Hellyer by Yang et al. (2011).
Away from the Hellyer stringer zone, in the stringer
envelope zone and altered footwall, Al-OH wavelengths
are between 2195 and 2210 nm, which corresponds to a
muscovitic composition. Higher temperature and/or
elevated Mg2+, Fe2+ and Si4+ relative to Al3+ in the
hydrothermal fluids are likely responsible for the
enrichment in phengite near the center of the stringer
zone (Yang et al. 2011).

is a high grade polymetallic deposit with an irregular
elongate shape, offset by the steep, north-south striking
Jack Fault (McArthur 1996). It represents a well
preserved example of a volcanogenic seafloor vent
deposit with a focussed stringer system (McArthur and
Dronseika 1990). The recently discovered and currently
mined Fossey deposit is located immediately south of
the Hellyer orebody. It is an irregular body of baritic
with minor glassy silica-pyrite mineralisation associated
with areas of high-grade base metal sulfide (Denwer et
al. 2009). The previously mine Que River deposit is 3
km south of Hellyer and consists of five steeply dipping
ore lenses that are described by Large et al. (1988). The
Mount Charter deposit is 3 km south of Que River and
the Au-Ag(-Ba) mineralisation is represented by a
network of barite veins and breccia zones with minor
amounts of pyrite, sphalerite, galena, and quartz
(Denwer et al. 2009).

3 Mineralization of the Fossey deposit
The Fossey deposit is located immediately south of the
Hellyer polymetallic massive sulfide deposit. It occurs
at the same position as the Hellyer orebody, below the
Hellyer basalt and above the footwall andesite. However,
it differs from the Hellyer orebody by having a much
more extensive barite cap. The Fossey deposit is
dominated
by
massive
pyrite-sphalerite-galena
±chalcopyrite mineralization with a thick, irregular,
massive barite body that overlies the massive sulfides.
Textures of the massive barite body are highly
variable within the Fossey deposit. Irregular bands of
fine to coarse grained barite-pyrite-quartz are the most
common form (Fig. 2a), but fragmental sections of
angular to rounded barite clasts and broken crystals and
crustiform veins of alternating bands of barite, silica and
pyrite are also present. Pyrite occurs as fine to coarse
grained disseminations in fine grained barite and as
coarse aggregates around bands of coarser grained barite
and fragmental sections. Amorphous microcrystalline
quartz with finely disseminated pyrite is found
throughout the barite body, but more commonly towards
the top. The barite zone contains minor pale, low-Fe
sphalerite and galena (generally <5% Pb+Zn) but
represents a 2.5 Mt resource of 66g/t Ag and 1.9 g/t Au
(Bass Metals Ltd. 2009).
The massive sulfide body is massive to banded with
layers of fine to coarse grained sphalerite, galena, pyrite
and minor chalcopyrite (Fig. 2b). Regional deformation
in Devonian produced compositional banding in the high
grade massive sulfide zone, which is also observed at
Hellyer (McArthur 1996). Minor barite occurs within
the massive sulfide zone as interstitial and interlaminated
material and as later veins that crosscut the massive
sulfides. The massive sulfide body has a pre-mined
resource of 610 kt resource grading 9.1 % Zn, 4.6 % Pb,
0.3 % Cu, 120 g/t Ag and 2.5 g/t Au.
Below the massive sulfide body is an extensive
alteration zone dominated by sericite-quartz-pyrite
±chlorite mixed assemblages. SWIR measurements
were collected from 23 Fossey drill holes to determine
the composition of white mica (sericite) using the Al-OH
absorption feature from 2190-2220 nm (Fig. 3). At the

Figure 2. (A) Fossey barite zone with fine to coarse grained
barite-pyrite-quartz and amorphous microcrystalline quartz.
(B) Fossey banded massive sphalerite-pyrite-galena.

Figure 3. Fe-OH and Al-OH absorption features compared
with Pb and Zn assay values from Fossey drill hole HL 683.
Volc. = volcaniclastics with dacite clasts; BMS = massive to
semi-massive base metal sulphides.

4 Mineralization of the Mount Charter
deposit
The mineralization at Mount Charter is characterized by
a network of Au-Ag-rich barite veins and breccias that
occur predominantly within the dacitic units and
volcaniclastics of the mixed sequence (Fig. 4). The host
rocks are moderately to strongly quartz-sericite-pyrite
altered and the mineralization does not have a distinct
footwall alteration and stringer zone like the Fossey,
Hellyer, and Que Rive deposits.
Detailed logging of Mount Charter drill core has
identified at least four stages of veining. The earliest
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veins are thin pyrite±quartz stringers that appear to be
pre-mineralization. They are cut by both baritesphalerite-galena-pyrite and quartz-pyrite±sphalerite
±galena veins. The timing between these two stages of
veining is not well established but petrographic
observations may resolve this issue. These veins may be
related to the stage B veins of the Hellyer stringer zone,
which are responsible for the massive sulfide
mineralization. The youngest, observed veins are
fibrous/vuggy
quartz-carbonate
veins
generally
considered to be of Devonian age.

Tasmania. Econ Geol 87:564-586
Corbett KD, Komyshan PK (1989) Geology of the Hellyer-Mt
Charter Area, Mount Read Volcanics Project, Geological
Report 1. Tasmania Department of Mines, 48 p
Denwer KP, Richardson SR, Murphy TM, and Akerman, TE
(2009) Hellyer-Fossey-Que River and Mt Charter deposits.
Bass Metals Ltd. unpublished internal paper, 18 p
Gemmell JB, Fulton, R (2001) Geology, genesis, and exploration
implications of the footwall and hanging-wall alteration
associated with the Hellyer volcanic-hosted massive sulfide
deposit, Tasmania, Australia. Econ Geol 96:1003-1035
Large RR, McGoldrick PJ, Berry RF, Young CH (1988) A tightly
folded, gold rich, massive sulfide deposit: Que River mine,
Tasmania. Econ Geol 83:681-693
McArthur GJ (1996) Textural Evolution of the Hellyer Massive
Sulphide Deposit. PhD dissertation, University of Tasmania,
Hobart, 272 p
McArthur GJ, Dronseika EV (1990) Que River and Hellyer ZincLead-Silver Deposits. In: Hughes FE (ed) Geology of the
Mineral Deposits of Australia and Papua New Guinea. The
Australasian Institute of Mining and Metallurgy, Melbourne,
pp 1229-1239
Yang K, Huntington JF, Gemmell JB, Scott KM (2011) Variations
in composition and abundance of white mica in the
hydrothermal alteration system at Hellyer, Tasmania, as
revealed by infrared reflectance spectroscopy. J Geochem
Explor 108:143-156

Figure 4. Barite-pyrite and minor sphalerite mineralization
between clasts of quartz-sericite-pyrite altered dacite at Mount
Charter.

5 Conclusion
The Fossey and Mount Charter are barite-rich deposits
that are closely associated with the polymetallic massive
sulphide bodies at Hellyer and Que River. Detailed
logging and petrographic observations are compared
with the variations in white mica compositions and
lithogeochemistry to identify the geochemical signatures
of the mineralizing fluids that form the deposits.
Phengitic compositions of white mica in the Fossey
footwall alteration are similar to that observed at
Hellyer, where the enrichment in phengitic mica is
spatially associated with the main upflow fluid channel
of the hydrothermal system, intensely altered volcanic
rocks, and Pb-Zn mineralization (Yang et al. 2011). The
SWIR and geochemical results of this study will
improve the general understanding of VHMS systems
well as mineral exploration strategies in terms of
identifying important styles of alteration and pathfinder
elements in the Hellyer-Mount Charter corridor and
Que-Hellyer Volcanics.
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Abstract. The Zn-Pb-Cu-Ag-Au Tizapa ore deposit is
located in the Guerrero terrain, Mexico. It is considered
as a volcanogenic massive sulphide deposit. It is hosted
within phyllites and schists of Cretaceous age. Mineral
composition of these schists and phyllites is quartz,
plagioclase, chlorite and muscovite. Calcite and dolomite
fill small vein hosted in these rocks. Ore minerals are
pyrite and sphalerite. Arsenopyrite, galena, chalcopyrite,
pyrrhotite and a wide diversity of sulphosalts also occur.
Tetrahedrite is the most abundant Ag-rich sulphosalt.
Freibergite and pyrargirite also occur. Pb-rich sulphosalts
are mainly boulangerite and bournonite. Sn-minerals are
mainly represented by stannite and subordinate
cassiterite

by the Telelopan metavolcanic assemblage formed by
sericitic and chloritic phyllites and schists. The
Amatapec Formation overlies them and consists of
Upper Cretaceous limestones and clastic rocks (Lewis
and Rhys 2000). Finally, Pio-quaternary conglomerates
and basalts cover the volcanosedimentary sequence.
The ore deposit is hosted in a Lower Cretaceous
volcanosedimentary sequence composed of schists and
phyllites (Fig. 1). It is regarded to have formed under an
intraoceanic island-arc environment of HauterivianAptian age (Talavera-Mendoza et al. 2005).
The ore mineralization, located between the
metavolcanic facies and the metapelitic unit, consists in
several massive bodies, up to 20 m-thick, stratabound
beds of massive sulphides, breacciated structures and
disseminations. Several periods of deformation affected
the minerlisation, with a compressional extensive
faulting (Giles and Garcia 2000).

Keywords. massive sulphide deposits, sulphosalts,
Tizapa, Mexico

1 Introduction

3 Petrography of the host rocks

The Tizapa ore deposit is located 4 km far from the city
of San Juan de Zacazonapan, in the SW of the State of
Mexico. It is mined for silver, zinc, copper, lead and
gold. The estimated reserves in Tizapa are of 4.5 Mt with
325 g/t Ag, 7.9% Zn, 1.8% Pb, 0.7%Cu and 1.9 g/t Au.
(Giles and García 2000).
The Tizapa ore deposit is considered as a
volcanogenic Kuroko type (Miranda-Gasca 2000).
Several studies of the geology of the area exist (ex.
Parga-Pérez and Rodríguez-Salinas 1991; Lewis and
Rhys 2000), and several theses. Nevertheless, studies on
mineral characterization have not yet been published.
This contribution presents a detailed study of the main
ore minerals from the Tizapa mine.

The ore mineralisation is hosted in schists and phyllites.
These rocks are made up of quartz, plagioclase, chlorite,
and muscovite. Occasionally calcite or dolomite also
occurs. Quartz grains, up to 400 μm thick, show
granoblastic textures. Occasionally quartz crystals have
undulated extinction with development of sub-grains
due to deformation phenomena. Chlorite and muscovite
are from 100 to 400 μm thick and usually show
lepidoblastic texture, but muscovite sometimes also
shows a decussated texture. Calcite crystals appear in a
pervasive manner forming sin-deformational spar
poikiloblasts, micro-spar fibrous layers parallel to the
general schistosity or filling fractures. Rarely,
sillimanite, of fibrolite variety, and post-deformational
pinnitized cordierite poikiloblasts occur. Lewis and
Rhys (2000) described four periods of deformation in
the Tizapa mine, two of them can be evidenced from a
crenulated schistosity. Granoblastic and decussated
textures, sillimanite and post-deformational cordierite

2 Geological setting
The Tizapa ore deposit is located within the Teloloapan
Subterrane, Guerrero Terrane. The Tizapa area is made
up of the Tejupilco Triassic-Jurassic metamorphic unit,
and consists of gneisses and phyllites. They are followed
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Figure 1. Geologic map of the Tizapa area (modified from Barboza et al. 1998).

metamorphism.
Arsenopyrite is frequent in some sectors; it occurs as
anhedral or euhedral crystals. Two different generations
of sphalerite are differentiated. The early one is the most
abundant and exhibits the chalcopyrite disease. It has up
to 7.5 wt.% Fe, whereas the late generation of occurs in
small grains filling small fractures, it is Fe-poor.
Chalcopyrite is replaced by bornite and covellite. At
least two generations of galena occur, the second one
was formed during the late stages of the formation of the
deposit and is rich in silver, up to 1.04 wt.% Ag. Pirrotite
also occur in minor amounts.

poikiloblasts are indicative of contact metamorphism.
Meta-vulcanite layers containing K-feldspar
porphyroclasts and remnant volcanic or sub-volcanic
textures alternate with the schists. Protovolcanic
textures are evidenced by quartz-feldspar granophiric
intergrowths and traquitic textures. According to
Yoshinari and Kuroki. (2000) the protolith of these
schists were andesites and dacites. Similar mineral
associations
have
been
interpreted
as
volcanosedimentary
rocks
metamorphosed
to
greenschist facies (Pamic et al. 2004).

4 Ore mineralogy
The ore minerals were studied by reflective optical
microscopy and scanning electron microscopy. The
mineral chemistry was established with a Cameca
Electron Microprobe from the Serveis Científico-Tècnics
de la Universitat de Barcelona.
4.1 Sulphide minerals
Pyrite is the most abundant sulphide in the Tizapa ore
deposit. It occurs in massive accumulations, and
disseminated in the schists and phyllites. It forms
anhedral grains and also in euhedral crystals, usually up
to 2 mm in size. Often pyrite contains inclusions of other
sulphides as galena and chalcopyrite and sulphosalts.
Pyrite crystals control the development of the general
schistosity of the rock and sometimes are broken and
affected by deformation (Fig. 2). Thus, they can be
considered as porphyroclasts formed prior to the general

Figure 2. Chloritic schist of Tizapa with a pyrite
porphyroclast broken by deformation. The pyrite crystal
controls the growing of chlorite. Microcracks are filled by
microcrystalline calcite. Cross-polarized light. Scale, 1 mm.
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4.2 Sulphosalts

5 Conclusions

The Tizapa deposits present abundant sulphosalts. Sb3+ is
the most abundant cation. They are poor in Te4+ and the
As content usually is low, up to 4.59 wt.% in some
tetrahedrites.
Pb-rich sulphosalts are mainly boulangerite and
bournonite. In addition meneghinite and zoubeckite also
occur in some places. Ag, Cu sulphosalts are abundant,
specilly tetrahedrite, only in few cases the Ag shows
high Ag content, up to 31 wt.%, and belong to the
freibergite variety. Pyrargyrite and stannite often occurs.
In addition other Sn sulphosalts rich in Zn were
analysed, with unit formula is Cu2.03 Zn 2.01Fe1.05Sn1.02S6.00.
Some sulphsalts with bismuth and lead occur. Their
content in Se can reach up to 1.58 wt.%.

The main stage of sulphide mineralization was formed
previously to metamorphism.
At least two generations of sphalerite are
differentiated. The earliest is more abundant, richer in
Fe, and exhibits the chalcopyrite disease, and the late
generation is clean of chalcopyrite. The occurrence of
two sphalerite generations is common in massive
sulphide deposits.
A wide variety of sulphosalts occur in the Tizapa ore
deposit. Silver is an important product of this mine and it
mainly occurs in sulphosalts and also in a late generation
of galena. Several varieties of Sn-rich sulphosalts occur
in the Tizapa deposit being stannite the most common.

Table 1. Chemical composition of sulphosalts from the Tizapa
ore deposit. Boul, boulangerite; Bour, bournonite; Men,
menenghinite; Zou, Zoubekite; Tetr, tetrahedrite; Stan, stannite.
N.d., not determinated.
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4.3 Other ore minerals
Cassiterite occurs in different samples of the deposit. In
other volcanogenic massive sulphide deposits, as in
Neves Corvo, cassiterite is reported and it is rich in W
and Ti (Serranti et al. 2002), whereas in Tizapa it is poor
in those elements. Native Bi is locally present.

783

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Geological characteristics of iron ore deposits in the
western Tianshan Mountain, NW China
Zuoheng Zhang, Wei Hong
MLR Key Laboratory Metallogeny and Mineral Assessment, Institute of Mineral Resources, CAGS, Beijing 100037, China
Fengming Li
The Bureau of Geology And Mineral Resources Development of Xinjiang, Urumqi, Xinjiang, 830000, China
Zhihua Wang
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Min Liu
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Abstract. The notable advances have been made for the
exploration of the mineral resources in western Tianshan
Mountains. The zone has been known in recent years for
the discovery of the large-scale iron deposits such as
Chagangnuoer, Beizhan, Zhibo, Songhu. This belt is
expected to be a large scale iron metallogenic belt in the
future. This paper gives a brief introduction on the
geological characteristics of main iron deposits.

scale iron ore deposits were gradually discovered, such
as Chagangnuoer, Beizhan, Zhibo, Songhu, Dunde and
so on, which means that there would be more than two
billion tons ore reserves. The major types of ore deposits
are marine volcanogenic and marine volcanicsedimentary. These deposits not are only controlled by
volcanic activities, but also mainly hosted in the
Carboniferous strata. The typical characteristics of
several iron ore deposits are as follows and the brief
features of main iron deposits are listed in Table 1.

Keywords. iron deposits, Geological characteristics,
western Tianshan Mountains

2.1 Chagangnuoer iron deposit

1 Regional geology

The Chagangnuoer iron deposit is hosted in the andesite
and andesitic volcaniclastic rock of the Lower
Carboniferous Dahalajunshan Formation. The orebody is
controlled by NW, NWW, NEE strike faults and circular
faults. It is composed of two major orebody as FeI and
FeII. The FeI orebody is NE-SW strike, about 2900
meters in length, 63 meters in average thickness, Fe
average grade at 36.87% and more than 190 million tons
ore reserves. Wall rock alterations mainly exhibit
garnetization,actinolitization,chloritization, epidotization
and so on. The main ore minerals are consisted of
magnetite, pyrite and chalcopyrite while the gangue
minerals are composed of garnet, actinolite, chlorite,
epidote, tremolite, calcite et al. In addition, the genetic
type is considered to be probably marine volcanic.

The Chinese Western Tianshan Mountain, located along
the southwestern margin of the Central Asia Orogenic
belt, is a late Paleozoic accretionary orogenic belt rather
than a Triassic collisional one (Allen et al. 1992; Gao et
al. 1998, 2009). It is a tectonic zone where the passive
margin of the northern Tarim plate finally amalgamated
with the wild active margin in the southern Siberia plate.
The exposed strata include Proterozoic, Silurian,
Devonian, Carboniferous, Permian, Triassic, Jurassic
and Quaternary (Zuo et al. 2008). Among of above, the
Carboniferous and Silurian strata are most widely
distributed (Fig. 1). There are abundant magmatic rocks,
whose intrusive activities began since the
paleoproterozoic era, flourished during the Hercynian,
and were consisted of the rocks from ultrobasic to acid,
but most of them are the mesozone granitoid rocks. The
intense volcanic activities took place throughout the
Caledonian and Hercynian period, and the early-middle
Carboniferous and early Permian volcanic rocks were
well developed. Besides, most of them are intermediatefelsic, intermediate-basic second.

2

2.2 Beizhan iron ore deposit
The Beizhan iron ore deposit also grew in the andesitic
volcaniclastic rock of the Lower Carboniferous
Dahalajunshan Formation. Orebody is hosted in the
skarn belt which is situated between beschtauite and
strata. Changing along with structure of internal contract
zone, orebodies often appear to be layer-like or
lenticular. Ore reserves are more than 58 million tons
and average grade is at 40.05%. The main ore minerals
are consisted of magnetite, pyrite and pyrrhotite while
the gangue minerals are composed of epidote, diopside,
zoisite, wollastonite et al. From orebody to the sides,
wall alterations are respectively skarnization,
carbonatation,
serpentinization,
silicification
or
marmorization. The genetic type is considered to be

Characteristics of main iron deposits

The Western Tianshan area is an important iron
metallogenic belt which is featured by a complete range
of mineral deposits types and a large number of ore
deposits and ore occurrences. In the recent years,
Chinese geologists have made a significant breakthrough
on iron ore exploration in this area, especially in the
Awulale ore mineral belt (Fig. 1). Several medium-large
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environment, and mineral assemblage of these iron
deposits, it may be preliminary conclude that the major
types of ore deposits are marine volcanogenic and
marine volcanic-sedimentary. These deposits not only
are controlled by volcanic activities, but also mainly
hosted in the Carboniferous strata. However, systematic
and key studies need to be carried out in the future
research.

marine volcanic- subvolcanic hydrothermal replacement
and transformed by skarn.
2.3 Zhibo iron ore deposit
The Zhibo iron ore deposit is controlled by uniclinal
structure and volcanic mechanism. The andesitic
volcaniclastic rock of the lower Carboniferous
Dahalajunshan Formation is exposed in the mining
district. With the NW-SE strike, orebody disappears in
the west and almost is layer-like, lenticular or thick-slab.
Ore reserves are 170 million tons with average grade at
more or less 50%. The major ore minerals are consisted
of magnetite, pyrite and chalcopyrite while the gangue
minerals are epidote, actinolite, chlorite, K-feldspar et al.
Wall
rock
alterations
exhibit
epiotization,
actinolitization, chlortization, K-feldsparization and so
on. This deposit is probably a marine volcanic eruption
type.
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2.4 Songhu iron ore deposit
The Songhu iron ore deposit, whose underlinings are the
volcaniclastic rock and carbonate, is located in the
northern limb of the Gongnaisi syncline, with the fault
structure as the major control factor. Mineral
assemblages are composed of magnetite and hematite
with a few amounts of pyrite and chalcopyrite. Even
pyrite framboids can be found in this deposit (Shan et al.
2009). Wall rock alterations include epidotization,
chlortization, carbonatization and a few magnetization,
pyritization. The probable genesis of the deposit would
be sedimentary metamorphic type or exhalative
sedimentary type (Shan et al. 2009).

3 Summaries
According to the tectonic, wall rocks, metallogenic

Figure 1. Regional geological map of Western Tianshan Mountain (modified from Wang et al., 2007). Number of iron ore deposits:
1-Kuolasayi; 2-Shikebutai; 3-Songhu; 4-Nixintage; 5-Chagangnuoer; 6-Zhibo; 7-Dunde; 8-Beizhan; 9-Motasala
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Dissolution-collapse breccias in the Chaqupacha
carbonate-hosted Pb-Zn deposit, Central Tibet
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Abstract. The Chaqupacha deposit, located in the
Tuotuohe River area, central Tibet, contains an indicated
Pb+Zn resource of 1.5 Mt with grades from 1.72% to 10%
Pb and Zn. The main host rocks are calcite and/or marl
cemented breccias that are strictly limited within the
Permian Limestone. Geological mapping and drilling
revealed several horizontal breccia belts under the
surface. Microtextural observation results, along with
previously published data reveal a close spatial and
temporal relationship among the marl- and calcitecemented breccias and the Miocene muddy-limestone
and mudstone. Such relationship suggests that the
breccias were formed by dissolution and collapse of
paleo-caves during the Miocene sedimentation. A
temporal link between sedimentation, dissolution,
collapse and mineralization processes can be built.

This paper presents descriptions of the breccia field
relations and petrographic character as acquired during
detailed mapping and analysis of over 250 samples
collected from 13 drill holes. These observations have
revealed a complex cementation and precipitation
history for the breccia in the Chaqupacha area,
suggesting a close relationship among sedimentation,
dissolution, collapse and mineralization processes.

2 Geology of the Chaqupacha deposit
Previously published studies have identified two
Cenozoic thrust nappe systems in central Tibet: the
Tanggula Thrust System (TTS), and the FenghuoshanNangqian Thrust System, respectively (Coward et al.
1988; Spurlin et al. 2005; Li et al. 2006). The
Chaqupacha deposit is located at the junction of the two
systems. Geological mapping in the Chaqupacha area
revealed a reversal fault with an undulated fault-plane
generally north-dipping. The reversal fault has led the
Middle Permian limestone overthrust the Late Permian
clastics. Numerous open to tight folds developed in the
layered clastics. Miocene Wudaoliang Formation muddy
limestone and mudstone deposited upon the deformed
Permian strata, locally upon the reversal fault with an
angle unconformity (Fig. 1). A vertical zig-zag fracture
developed mainly along the middle line of the
overthrusted Permian limestone, which locally cut
across the reversal fault.
The reversal fault and associated folds, and the
vertical fracture define the structural framework of the
Chaqupacha region. Available structural studies have
demonstrated that the thrust in central Tibet developed
during the Eocene or the end of the Oligocene (Spurlin
et al. 2005; Li et al. 2006). The zig-zag fracture are
locally filled by marl of the Wudaoliang Formation, thus
we suggest here that it was formed during the Miocene
based on previously published magnetic-stratigraphic
data (e.g., Yi et al. 2000; Wang et al. 2002; Liu et al.
2003). The strata of Wudaoliang Formation dip gently or
are subhorizontal over a vast area. Thus, no evident
crustal shortening has occurred since Miocene in the
central Tibet (Wu et al. 2008).
The surface mineralization of Chaqupacha Pb-Zn
deposit is identified along the normal fault, but drilling
revealed that the main ore bodies are located ca. 20 m
below the surface (Fig. 2). Furthermore, explored
profiles compiling from arranged boreholes demonstrate

Keywords. dissolution-collapse breccias, Chaqupacha
deposit, Central Tibet, Pb-Zn

1 Introduction
The Chaqupacha deposit, situated in the Tuotuohe River
area, central Tibet (Fig. 1), is one of six large-scale
carbonate-hosted Zn-Pb deposits that have been
discovered in the last decade. It contains indicated
Pb+Zn resource >1.5 Mt metal, with grades from 1.72%
to 10% Pb+Zn. The discordant orebodies are hosted
principally in Permian limestone, and are closely related
to breccias. Understanding the genesis of the breccias,
which are the most common host for MVT ores, is
essential to reveal the ore forming process (Kyle 1976;
Ohle 1985; Lee and Wilkinson 2002; Corbella et al.
2004; Leach et al. 2005; McDonnell et al. 2007; Leach
et al.2010).

Figure 1. Geological map of the Chaqupacha deposit. NwMiocene muddy limestone; Pn-Late Permian clastic rocks; PjMiddle Permian limestone; Pp-Permian syenite porphyry.
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centimetre up to several tens of centimetres in diameter,
and are generally randomly oriented within a matrix but
in some cases show a degree of preferential horizontal
alignment, locally arranged in imbricate pattern.
Two main types of breccia cements were recognized:
calcite and marl. Breccias with calcite cement are often
surrounded by parallel-arranged calcite and sulfide
crystals, which form fibre veins along microfractures
between two adjacent breccias. In a larger void among
three or more breccias, colloform calcite and galena
precipitated resulting in drusy texture. The larger void
commonly was not totally filled, with free space
remanned (Fig. 3a). Locally, such space is filled by marl.
It is interesting that the void-filling marl displays
stratiform structure occasionally (Fig. 3c).
Most of the marl-cemented breccias are characterized
by numerous limestone breccias setting in pale to pink
marl cement (Fig. 3b). Within most, if not all marl
cement, very fine bedding is obvious (Fig. 3b), which is
generally perpendicular to drill-core suggesting the
bedding is horizontal because most drill-holes are
vertical. Besides, soft-sediment deformation is common
displayed by bending of the bedding along the
termination of some limestone breccias, which may
have resulted from impaction of associated breccias
during their collapse. Alternatively, within a marl-filled
narrow space with thickness less than 1 mm, mud-oods
cored by fine limestone fragments are not uncommon
(Fig. 3d). Obviously, the mudstone has resulted from
precipitation of marl. When the space is large enough,
bedding developed during the precipitation; otherwise,
mud-oods are the main results due to a high surfaceenergy of a fine fragment. These textures of breccias,
along with the occurrence features described in the
above section, strongly suggest that they are likely
formed by dissolution and collapse of paleo-caves.

that the main ore-bodies are strictly limited to several
elongated breccia domains with sub-horizontal longer
axils. These elongated breccia domains arranged in
several levels under the surface, forming a few subhorizontal breccia belts. Below we try to describe
characteristics of the breccia.

Figure 2. The vertical changes of E-W lithology in
Chaqupacha deposit (modified from Song 2009)

4 Discussion
Above mentioned micro-textural observations reveal that
all Pb-Zn minerals in the Chaqupacha deposit were
precipitated in open-spaces with widespread drusy- and
gel- texture. The remnant spaces of the voids, which
were partly filled by drusy or gel calcite or sulphides,
had partly been filled by marl. The fillings display
horizontal bedding structure. Such phenomenon suggests
a syn-sedimentation mineralization. Field and
microscope observations reveal that the marl is the same
as that of Wudaoliang Formation in both composition
and colour, which bracket the time of mineralization
within the deposition period of the Wudaoliang
Formation (23-16 Ma; Yi et al. 2000). In addition,
cataclastic ore breccias and replacement textures occur
in Wudaoliang muddy limestone that strongly support
this suggestion and further indicate an episodic influx of
ore-forming hydrothermal fluid.
Fission track dating on calcite crystals from the
regiomal karst caves yielded age of ca. 19-7Ma (Cui et
al. 1996), overlapping the period of Wudaoliang
Formation (23-16 Ma; Yi et al. 2000) within analytical
errors. The microtextural features of the sulphidebearing breccia, especially the close spatial relationship
between the calcite- and marl-cemented breccias, along

Figure 3. Photographs of breccias. (a) limestone breccias
cemented by colloform calcite and galena; (b) Limestone
breccias cemented mainly by marl. Notes that colloform calcite
developed locally, which precipitated obviously earlier than
that of marl; (c) limestone breccias cemented by colloform
calcite. Notes that breccias arranged in imbricate pattern and
marl displayed stratiform structure; (d) mud-oods cored by fine
limestone fragments.

3 Breccia characteristics
The breccias are characterized by angular to sub-rounded
limestone clasts. The clasts range from less than one
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with the temporal relationship between the
mineralization and sedimentation, led us to conclude
that collapse of paleo-caves happened when marl
formed. Thus, an inextricable link among dissolution,
breccias collapse, mud filling, and sulfide precipitation
is highly possible in the Chaqupacha deposit, central
Tibet.

implications for the tectonic history of the northern Tibetan
Plateau. J Asian Earth Sci 20:211-223
Wu Z, Barosh PJ, Wu Z, Hu D, Zhao X, Ye P (2008) Vast early
Miocene lakes of the central Tibetan Plateau. Geol Soc Am
Bull 120:1326-1337
Yi HS, Wang CS, Liu S, Liu ZF, Wang SF (2000) Sedimentary
record of the planation surface in the Hoh Xil region of the
northern Tibet Plateau. Acta Geol Sin-English Edition 74:827835
Yin A, Harrison TM (2000) Geologic evolution of the HimalayanTibetan orogen. Ann Rev Earth Planet Sci 28:211-280
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Late Strunian age: a key time frame for VMS deposit
exploration in the Iberian Pyrite Belt
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Abstract. Estimate of geological environments favorable
for the formation of massive sulphide deposits is an
important goal to the exploration companies working in
the Iberian Pyrite Belt (IPB), the main European VMS
base metals province, with giant deposits such as Neves
Corvo, Aljustrel (Portugal), Rio Tinto and Tharsis (Spain).
Palynostratigraphic research programs using more than
40 exploration boreholes (>30 km length) allowed the
dating of the sediments of the Volcano-Sedimentary
Complex (upper Devonian to upper Viséan), that host the
massive sulphide deposits. Research is based on
detailed palynomorphs study. Careful work was focused
on dark grey and black shale units that host stockwork
and massive ore mineralizations. Felsic volcanic U/Pb
age data was also used to confirm the sediment age.
Late Strunian (miospore biozone LN, 360.7 ± 0.7 Ma 362 Ma) sediments host the massive sulphide ore at
Neves Corvo, Lousal, Caveira and Montinho, mines
located in the Portuguese IPB sector. In Spain similar
data was obtained at Aznalcollar and Tharsis. The age
data show a favourable geological period of ~2 Ma were
paleogeographic conditions were extremely favorable to
hydrothermal fluid circulation and VMS deposits
formation. Late Strunian age therefore becomes one key
exploration guide in IPB.

after the discovery of the world-class deposit Neves
Corvo, characterized by high Cu, Zn, Sn grades (Relvas
et al. 2006, Matos and Sousa 2008).
The possible discovery of new massive sulphide
deposits is high, especially in the IPB Portuguese sector
were only 11 VMS deposits are known, from NW to SE:
Lagoa Salgada, Caveira, Lousal, Salgadinho, Montinho,
Gavião, Aljustrel, Neves Corvo, Semblana, São
Domingos and Chança. These deposits are hosted by
VSC volcanic and sedimentary rocks. The VSC is
covered, in large areas, by thick flysch turbidites
sediments of the late Visean-Moscovian, Baixo Alentejo
Flysch Group (Oliveira et al. 2006, Pereira et al. 2008).
In the IPB NW and E regions the Paleozoic basement is
covered by tertiary sediments of the Sado and
Guadalquivir Cenozoic basins.
In the Portuguese sector of IPB, VMS deposit
exploration as been developed intensely since the 1970’s.
Along time, exploration approaches changed from the
electro-magnetic Turam method used in the 1950’s to the
present airborne surveys, remote sensing and geological
modeling using 3D GIS systems (Matos and Sousa
2008). Gravimetry is the key method and has been
responsible for numerous discoveries (e.g., in Portugal
Neves Corvo, Feitais, Estação, Gavião (Aljustrel),
Salgadinho and Lagoa Salgada). The discovery of the
Semblana deposit (1.3 km NE of Neves Corvo, Lundin
Mining October 2010), was attributed to electromagnetic
down hole technique. Airborne magnetic and radiometric
(U, Th, K, total count) Rio Tinto Company surveys, done
in 1991, allowed a regional overview of the VSC
structures, inclusively in areas where this complex does
not crops out. At a local scale, seismic, TEM, mise-à-lamasse and magneto-telluric methods permitted a detailed
characterization of the exploration targets (e.g., Lagoa
Salgada, Oliveira et al. 1998; Las Cruces, McIntosh et al.
1999).
Current research multi-techniques include: i)
reinterpretation of gravimetric and magnetic data
supported by the 3D geologic/geophysics models, use
and application of remote sensing, magnetometry,
radiometry and electo-magnetic techniques; ii) study of
the sediments based on biostratigraphy for accurate ages
determinations
and
physical
and
chemical
characterization of the volcanic centres in order to have
an accurate stratigraphic control of the geological units;
iii) detailed study of the geological context of the ore
deposits, in particular the research of the favorable
conditions in metal enrichments (deformation,

Keywords. Iberian Pyrite Belt, VMS deposits, Strunian
age

1 Introduction
The IPB is a European mining region worldwide famous
by its large number of massive sulphide deposits,
including giant deposits >200 Mt. The IPB is
characterized by: i) active mining (Neves Corvo and
Aljustrel in Portugal, Las Cruces and Aguas Teñidas in
Spain); ii) large number of old mines, mostly
abandoned, in post-mining stage and affected by acid
mine drainage; iii) mine rehabilitation programs; and iv)
mining and geological heritage projects (Matos et al.,
2008). The IPB territory extends 250 km from the
Portuguese Atlantic coast to the Spanish Seville region.
Mining was intensely developed during the Roman era
and since the 19th century. A significant number (93) of
massive sulphide deposits are known associated with
volcanic and sedimentary lithologies of the VolcanoSedimentary Complex (VSC) (Famennian-late Viséan)
(Oliveira et al. 2005, Pereira et al. 2008). Other minor
deposits occur as stratiform and vein type Mn-Fe oxides
and late variscan veins (Cu, Pb-Ba, Sb). In this scenario
intense exploration activity is developed, especially
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late praesulcata (Sandberg et al. 1996; Streel 2009). The
latest numerical calibrations for the DevonianCarboniferous boundary (DCB) was recently calculated
as 360.7 ± 0.7 Ma (Trapp et al. 2004; Kaufmann 2006),
based on conodont biostratigraphy and isotopic ages.
The top of LN biozone is correlatable with the first
occurrence of conodont praesulcata Zone, coincident
with the DCB (Higgs et al. 1993). The absolute age for
the base of LN Biozone is not yet precisely constrained,
but the Verrucosisporites nitidus first occurrence, a key
species of the basal LN, is positioned in the Middle
praesulcata Zone around the 362 Ma (Streel 2009). Even
though that numerical calibration of the geological scale,
based on existing knowledge, are in constant
improvement, the subsequent analysis follows the more
recent data available.
In the Portuguese IPB sector, in the Neves Corvo
mine, the massive sulphide orebodies occur intercalated
or interfingering with felsic volcanic rocks and black
shales
of
the
Neves
Formation.
Detailed
palynostratigraphic research in the Neves Formation,
complemented with the study of samples from the black
shales hosting the two orebodies (Corvo and Lombador)
and also in small thinly bedded (milimetric scale) black
shales intercalated within the massive sulphide
mineralisation allowed the determination of rich and
relatively well preserved miospore assemblages ascribed
to the LN Biozone of late Strunian age (Oliveira et al.
2004, 2005; Pereira et al. 2008).
At the Lousal mine, ongoing investigation of two
boreholes, allowed the identification of the LN Miospore
Biozone in the dark shales with disseminated pyrite,
interbedded in the massive sulphides and in the intense
stockwork veins (unpublished data).
Available palynological research of the black shales
intercalated in the massive sulphides of the Caveira mine
(Pereira et al. 2010) presented miospore associations of
the LN Biozone, of upper Strunian age. Recent U-Pb
geochronology data in zircons recovered from felsic
volcanics ca. 300 m SSE of Luisa Shaft indicates an age
of 361 ± 4 Ma (Rosa et al. 2009), e.g. upper Famennian.
At the Montinho mine, one borehole was investigated
for palynostratigraphy. Dark grey shales hosting the
massive sulphides mineralisation yielded a poorly
preserved assemblage assigned to LN Miospore
assemblage aged late Strunian (unpublished data).
In the Spanish IPB sector, at Aznalcollar, late
Strunian, LN Miospore assemblages have been described
from black shales horizons associated with the sulphide
deposits (Pereira et al. 1996). In Tharsis, the late
Strunian age LN Miospore assemblages were recovered
from black shales occurring at the top and base of Filón
Norte and in the San Guillerno orebodies (Gonzalez et
al. 2002). However, isotopic ages determined in samples
of the massive sulphide and stockwork mineralisations,
indicating an age of 353 ± 4.4 Ma (Mathur et al. 1999)
and of 348.6 ± 12.3 Ma (Nieto et al. 2000).

hydrothermal zonation, and supergene alteration) and the
research of ores with high content in precious metals
(Au, Ag) and high-tech metals (In, Se, Co); iv)
integration of all data in GIS, at different scales.
At a local scale, biostratigraphic research of the VSC
sediments is an important tool to define the correct
geological setting of the massive sulphide mineralization
including the definition of the hanging wall and footwall
sequences (Pereira et al. 2008). In the palynomorph
study, standard palynological laboratory procedures are
considered for their extraction and concentration from
the host sediments. All samples are stored in the LNEG,
S. Mamede Infesta, Portugal. The work recently
developed and presented in this paper allows a better
understanding of the stratigraphy of the IPB with
significant contributions towards the age constraints of
the VMS deposition at a regional scale.

2 Geological setting
The IPB stratigraphy consists of two major units, the
Phyllite Quartzite Group (PQG) and the VolcanicSedimentary Complex (VSC). The PQG is dated as
lower Givetian-Strunian by ammonoids, conodonts and
palynomorphs (Oliveira et al. 2006; Pereira et al. 2008)
and forms the IPB detrital basement. PQG consists
mostly of phyllites, quartzites, quartzwackes and shales
with intercalations of limestone lenses and nodules at the
upper part of the unit which, as a whole, were laid down
in a marine siliciclastic platform. The thickness is in
excess of 200 m (base not known). The VSC is dated as
Upper Devonian to late Viséan mainly based on
palynomorphs and rare conodonts (Oliveira et al. 2005).
The VSC incorporates several episodes of volcanism
(Rosa et al. 2010), with dominant rhyolites, dacites,
basalts and minor andesites, and intercalations of black
shales, siltstones, minor quartzwackes, siliceous shales,
jaspers and cherts and a purple shale member at the
upper part of the complex. The thickness is variable,
from few tens of meters to more than 1000 m. The VSC
was laid down in a submarine environment. Overlaying
the VSC are the late Visean-Moscovian turbidites of the
Baixo Alentejo Flysch Group (BAFG) (Oliveira et al.
2006, Pereira et al. 2008).
Disruption of the stratigraphy, by SW verging thrust
faults, and their subsequent folding occurred during the
Variscan deformation (Upper Devonian-Carboniferous)
in the IPB.

3 The VMS late Strunian age
Detailed biostratigraphic work in the Portuguese IPB
sector, allowed to carefully investigating the dark grey
and black shale units that host stockworks and the
massive massive sulphide horizons in several mines, e.g.
Neves Corvo, Lousal, Caveira and Montinho mines. In
Spain similar data was obtained at Alznalcollar and
Tharsis deposits.
The Strunian or the uppermost Famennian Substage
(Streel et al. 2006) includes three miospore biozones,
from base to top, LL, LE and LN (Higgs et al. 1988).
These biozones are correlatable with the late Famennian
conodont Biozones late expansa, and early, middle and

4 Conclusions
All the studied and described IPB VMS deposits are
intercalated in dark grey and black shales, dated late
Strunian. Since the mineralisation episode occurred
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during the time interval of the LN Biozone, its age
should be placed somewhere between 360.7 ± 0.7 Ma
and 362.0 Ma. Ages of other VMS deposits in the IPB
have not yet been tightly constrained, but it is expected
that at least some can also be of Strunian age. More
research needs to be done in the near future and
correlated with isotopic age data. The outstanding
geological conditions responsible for the formation of a
large amount of massive sulphides in the IPB (1850 Mt
of sulphide ore) were extremely effective during the
Strunian. This study shows that ~40% of the total known
sulphides tonnage in the IPB was formed during the
Strunian age. Therefore, tight geological control of the
IPB geology, namely the broadening of the
biostratigraphic studies to other deposits, and
geochronology and detailed facies architecture studies of
the volcanic centres, combined with conventional and
new geophysical methods can lead to new VMS
discoveries in the IPB. Geophysical techniques have
been predominant in IPB VMS exploration projects,
sometimes with poor geological control of the
stratigraphic sequences. Detail palynostratigraphic
studies can be very useful to constrain geological models
and define more accurate exploration VMS favorable
scenarios. Strunian age sediments become one key
exploration guide.
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Principles of sequence stratigraphy in sedimentaryhosted ore: example in Fagundes area, Paracatu, MG,
Brazil
Ana Santana, Marcel Auguste Dardenne
University of Brasília (UnB), Brasília, DF, Brazil
Gustavo Diniz Oliveira
Votorantim Metais & University of Brasília (UnB), Brasília, DF, Brazil
Fernando Baía
Votorantim Metais, Vazante, MG, Brazil.
Abstract. The Fagundes area contains sulfide-rich
carbonate-hosted Zn–(Pb) deposits located in the
Vazante-Paracatu region. This region is the most
important Zn district in Brazil. In this study we use
sequence stratigraphy techniques and also analysis of
stratal stacking patterns from outcrops and drill core to
describe the depositional evolution of the Fagundes area.
The main aim of this work is to characterize the
sedimentary sequence and thus, contribute to improve
sequence stratigraphic methodology in the sedimentaryhosted ore.

sediments) and by hydrothermal ore-forming processes
such as sediment-hosted ore.

Keywords. zinc, sedimentary-hosted ores, sequence
stratigraphy

1 Introduction
In this study we had used sequence stratigraphy to
describe the evolution of depositional environments
from outcrops and drill cores of carbonate-hosted ores,
located in the Fagundes area, state of Minas Gerais, MG
(Fig. 1). The facies associations and stratal stacking
patterns were employed to establish the stratigraphic
relations independent of any time-scale connections and
ages of the ore.
Sequence stratigraphy is defined as the analysis of
sedimentary record in response to sea level changes and
is focused on the analysis of stratal stacking patterns and
their changes within a time framework. Stratal stacking
patterns are formed in response to the interplay of
accommodation (space available for sediments to fill)
and sedimentation, reflecting combinations of
depositional trends that include progadation,
retrogadation, aggradation and downcutting. Thus, each
type of strata stacking pattern defines a particular
genetic type of deposit. These genetic units are the basic
building blocks of sequence stratigraphic structure
(Catuneanu 2006; Catuneanu et al. 2009, 2010).
Although the significant differences in the
stratigraphic responses to sea level changes between
clastic and carbonate systems, sequence stratigraphic
analyses are independent from the types of depositional
environments established for a sedimentary basin
(Catuneanu 2006).
This approach is important in the exploration for
minerals in deposits that formed from sedimentary oreforming processes (e.g., placer deposits and chemical

Figure 1. Map of localization.

Some authors have investigated the use of sequence
stratigraphy principles on the zinc exploration. Ruffell
and Moles (1998), in the publication “Characterization
and prediction of sediment-hosted ore deposits using
sequence stratigraphy”, described the parameters that
allow the correlation between metal-bearing basins
versus concentration of ore and application of sequence
stratigraphy. Paradis et al. (2007) has listed some criteria
for prospecting of Mississippi Valley-type (MVT)
deposits. One of the fundamental criteria as an
important ore control is the presence of erosional
discontinuities (i.e., existence of paleo-karst). Analysed
from sequence stratigraphy point of view, erosional
surfaces - and related features - indicates the existence
of limited sediment sequences that can be correlated
with sea level. Lydon and Goodfellow (2007), in the
scale mining districts, proposed the recognition of
sequence boundaries as a criteria for assessing the
potential for SEDEX-type deposits (and variants).
The main aim of this work is the characterization of
the sedimentary patterns on the Fagundes area and thus,
contributes to the progress of sequence stratigraphic
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methodology from sedimentary-hosted ore.

2 Fagundes area
The Fagundes area is located in the eastern part of the
Brasília Fold Belt (Almeida 1967). This fold belt
represents an unstable crustal block, whose final
structural differentiation results from the closure of a
wide oceanic basin during the Neoproterozoic
Brasiliano Orogeny (Pimentel et al. 2001). This area
contains sulphide- rich carbonate-hosted Zn–(Pb)
deposits located in the Vazante–Paracatu region. This
region represents the most important Zn district known
in Brazil and includes the Vazante hypogene non-sulfide
Zn deposit, composed mainly of willemite (Zn2SiO4)
and sphalerite-rich carbonate-hosted Zn–(Pb) deposits
like Morro Agudo and Ambrosia (Monteiro et al. 2003;
Monteiro et al. 2006).
According to these authors, Fagundes is a
stratabound deposit characterized by a hydrothermal
alteration and strong silicification, dolomitization
(baroque dolomite formation) and a Fe-rich carbonate
alteration halo. The Zn mineralization is hosted by
carbonates of the Morro Calcário Formation (Upper
Pamplona Member) at the Vazante Group (Dardenne et
al. 1998; Dardenne 2000).
Ore controls are stratigraphic and by brittle–ductile
fault zones/shear zones. The main ore is characterized
by rhythmically banded, colloform, and zoned pyrite,
sphalerite and galena, related to wall rock dissolution
and sulphide infilling, which was probably formed
during burial diagenesis. Later veins and breccia ores
reflect epigenetic formation by mobilization, related to
brittle–ductile structures (Fig. 2).
The styles of mineralization are diagenetic to
epigenetic stratabound and brecciated ores. The
mineralogy of the deposits is characterized by pyrite,
sphalerite, galena, marcasite, dolomite, quartz and
chalcedony. There are two sources of sulfur:
thermochemical reduction of sulphate under closed
system conditions and hydrothermal supplied sulfur.

Figure 2. (A) Galena and carbonates in veins. (B) Main ore in
drill core. (C) Aspects of sedimentary breccias in outcrop.

The facies association described in this study
suggests a depositional environment of slope (foreslope,
Fig. 3). This interpretation is supported by finingupward grading at the dolarenite occurrences, common
feature in debris flows deposits. The succession of fine
grain facies, formed by precipitation processes, to
coarse grain ones, formed by slumps processes and mass
flows, defines a stratal stacking pattern progradational.
These deposits are commonly related with lowstand
systems tracts. It´s assumed that there is a relative sea
level fall (negative accommodation) and the regression
of the coast line occurred independent of the sediments
source.

3 Results and future research
The principal sedimentary facies of Morro do Calcário
Formation, at the studied area, is constituted by
sedimentary breccias, with and without carbonatic
matrix (Fig. 2). The intraclasts (dololudite, microbial
dolomite and dolarenite) have grains varying in size
from granule to boulder. Subordinated to that exists
dololutite with sin-sedimentary deformation structures
– facies that have been described only from some drill
core samples - and dolarenite, poorly sorted and with
fining upward sucession. There are also facies formed
by tectonic processes, like the fault breccias for
example. Sulfides, majorly pyrite, occur dispersed in all
facies.

Figure 3. Schematic depositional environment suggested for
Morro do Calcário Formation in Fagundes area. Drawn and
distribution of the facies adapted from Wilson (1975).

Future researches should emphasize on the
recognition of deposits genetically associated with this
context, this means deposits formed during the lowstand
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sea level. We expected that a better understanding of the
sedimentary basin filling, with a focus on sequence
stratigraphy, supports the identification of new
prospective targets. Additionally we reinforce the
importance of combine searches about the structural
evolution of the area with stratigraphic studies, in order
to ensure greater success for the prospects.

Wilson JL (1975) Carbonate Facies in Geologic History. SpringerVerlag, 471 p
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Mineral chemistry of garnet as a guide to high-grade
manganese mineralization associated with the
Neoproterozoic Otjosondu manganese deposit in the
Damara Belt of Namibia
Abraham Rozendaal, Carlo Fourie
Department of Earth Sciences, Stellenbosch University, South Africa

Abstract. The Otjosondu manganese deposit is
hosted by a thin, medium grade metamorphosed,
banded manganiferous iron formation with a
discontinuous strike length of more than 45 km. The
vertical and lateral variation of manganese and iron
content is a function of the changing redox
conditions within the primary sedimentary basin.
High grade manganese ore is always associated
with conspicuous bright yellow calderite-andradite
garnet
indicating
silicate-carbonate
facies
manganese formation and a highly oxidizing
depositional environment
of the precursor.
Conversely reddish brown spessartine is commonly
associated with iron-rich low grade manganese ore
and silicate-oxide facies iron formation indicating a
more reduced environment. This study suggests
that the mineral chemistry of garnet amongst others
can be used as a vector to locate high grade
manganese ore and associated barite mineralization
and provided an exhalative origin is supported,
possibly as a vector to base metal sulphides in the
more reduced parts of the deposit.

2 Methodology
Four approximately evenly spaced drill sections
along a strike length of 45km manganese
mineralization were selected and boreholes logged
and sampled. Some 54 manganiferous iron
formation samples were studied by conventional
transmitted and reflected light microscopy to
identify mineral phases and was supported by
scanning electron microscope and electron
microprobe analyses to quantify mineral chemistry.
A total of 300 garnets were analyzed and endmembers calculated according to the procedure by
Locock (2008).

3 Geological setting
The Otjosondu Manganese Field is located at the
eastern exposed end of the Southern Central Zone
of the Neoproterozoic (750-650 Ma) Damara
Orogen (Fig. 1). It is hosted by the siliciclastic and
chemogenic lithologies of the Swakop and Nosib
Groups which have been subjected to upper
ampibolite facies metamorphism (T=660-700°C;
P=3.5-4.5 kb) and polyphase deformation. The
manganese deposits are laterally correlated with the
regionally developed Chuos Formation a
glaciomarine marker unit with interbedded iron
formation.
The actual manganese ore zone forms part of a
stratiform, banded manganiferous iron formation
now informally referred to as the Otjosondu Iron
Formation member (OIF). This 20-50m thick unit is
enclosed by a sequence of white and impure
quartzite, quartz arenites, marbles, calc-silicates,
biotite schists and gneisses. It discontinuously
outcrops over a strike length of more than 45 km.
Roper (1959) and Bühn et al. (1992) considered the
exposed, non-facing stratigraphy of the OIF as
pristine, despite being metamorphosed and intruded
by several phases of pegmatite. They identified an
Upper Mn-Ore Horizon (2-6 m), Iron Formation
(~40 m?) and Lower Mn-Ore Horison (3-6 m).
Manganese grade varies from 10-42% Mn. The
thickness is considered structural and might be
exaggerated.

Keywords. manganiferous iron formation, garnet
chemistry, vectors

1 Introduction
The Otjosondu Manganese Field is located some
200km north-north-east of Windhoek, is the largest
known occurrence of manganese in Namibia and
the only one to have been productive (Schneider
1992). The deposit has been previously studied by
Roper (1959) and Bühn et al. (1992). The most
recent investigation (2008-2009) was undertaken by
Eramet Comilog an exploration group, with aim to
develop an economic primary manganese resource.
Extensive airborne and ground geophysics was
followed by a diamond drilling program and this
borehole core was made available for the present
study.
Despite extensive research and exploration of
the Otjosondu Manganese Field no attempt has
been made to explain the lateral and down dip
variation of the manganese grade or to consider an
alternative genetic model that might include
consideration of the possible base metal sulphide
potential. The aim of this study is to address these
questions by investigating the variation of redox
conditions in the ore zone by using mineralogy and
in particular, the mineral chemistry of garnet.
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The grains are idioblastic, not zoned and have
remained unaffected by retrograde metamorphism.
Although garnet chemistry is variable, the end
members calderite, spessartine and andradite are
dominant. Correlation between total manganese
concentration in beds of the OIF and garnet end
member show a positive relationship between the
abundance of calderite-andradite and manganese
grade. This relationship has been demonstrated both
in section and laterally between the selected study
sites. Site A displays the best manganese grade of
the deposit (~60% MnO) and is dominated by
calderite-andradite garnet whereas at site B the OIF
has interbeds of high manganese, but is generally
of lower grade (30% MnO) and displays a both
calderite-andradite and spessartine end members
(Fig. 2). The OIF at site C is dominated by the
spessartine(-almandine) end member with minor
andradite and no calderite and has the lowest
manganese grade (~15% MnO) of all the localities
studied (Fig. 2).
In addition binary plots of total whole rock
manganese against iron of the four localities show a
negative correlation which has been demonstrated
to be a function redox conditions in the depositional
basin (Glasby 1997). Manganese is concentrated in
the more oxidized part of the basin and is
fractionated from iron which precipitates in the less
oxidized parts. This relationship explains the
preferential development of calderite-andradite in
the high manganese part of the OIF as it reflects
availability of manganese, the presence of ferric
iron and paucity of aluminum. Iron-manganese
formation facies relationships of the OIF show that
the chemogenic silicate-carbonate-oxide facies
indicated
by
abundant
calderite-andradite(rhodonite) has the best manganese grade as
opposed to the chemogenic-detrital silicate-oxide
facies indicated by the spessartine-rich units.
The above relationship is not unique and has
been previously reported by Stalder and Rozendaal
(2005) for the Meso-proterozoic Gamsberg Zn-Pb
deposit, South Africa and Gaurt (2005) for the
Neoproterozoic Tsongoari-Omupokko polymetallic
deposit, Namibia.
It is proposed that the presence of conspicuous
bright yellow calderite-andradite garnet can be used
as a visual mappable indicator or vector of high
grade manganese mineralization along the more
than 45 km strike length of the Otjosondu
manganese field. These garnets are coarse-grained,
easily observed and can serve as an initial indicator
prior to extensive sampling and chemical analyses.
In addition it is also a vector of changing redox
conditions along strike and down dip and could
indicate localities of reduced conditions in the
depositional basin. Provided the deposit genesis
model of ocean margin deposition during postglacial snowball earth meltdown (Bühn et al. 1992)
is revised to that of sedimentary exhalative, these
areas could develop sulphide facies iron formation
and associated base metal sulpides. The presence of
locally abundant barite, a common adjunct to

Figure 1. Regional geological setting ot the Otjosondu
manganese deposit in relation to the tectono-stratigraphic
subdivision of the Damara inland branch. Black = preDamara basement outcrops, NP = northern platform, NZ
= Northern zone, CZ = northern/southern Central Zone,
SZ Southern zone, SMZ Southern Margin zone (after
Bühn et al. 1992)

4 Otjosondu Iron Formation Member
Two distinctive facies and their respective subfacies
have been identified and consist of a manganese
formation and iron formation, respectively.
Contacts between the facies are gradational.
The two dominant subfacies of the manganese
formation consist of massive to banded garnetbraunite-jacobsite beds (coticules) and braunitejacobsite-(hausmannite-bixbyite-hematite)
beds.
Minor subfacies include rhodonite-pyroxmangitegarnet-jacobsite-(tephroite)
and
manganoan
hedenbergite-diopside-jacobsite. Interbedded and
disseminated barite and barium feldspar occurs
throughout these subfacies. Garnet is ubiquitous
throughout the entire manganese formation in
variable concentrations and composition varies
from bright yellow calderite-andradite to reddish
brown spessartine. From precursor perspective
manganese silicate-carbonate facies manganese
(iron) formation as well as the oxide-silicate facies
dominate this part of the OIF.
The iron formation unit is banded and displays a
gradational contact with the manganese formation
and also has highly manganiferous interbeds.
Dominant ore minerals include magnetite, specular
hematite, jacobsite, braunite and bixbyite. Quartz,
manganoan grunerite, spessartine garnet and biotite
are the main silicate phases. Barite and Ba-feldspar
are present in variable concentrations. From a
precursor perspective, oxide iron formation facies is
more common than silicate facies. Vertical facies
changes may occur over relatively short distances.

5 Garnet distribution and chemistry
Garnets are ubiquitous in the OIF though in
variable concentrations both laterally and vertically.
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6 Conclusions

known sedimentary exhalative deposits, indicates
the availability of sulphur in the basin and supports
the above speculation.

The OIF is a relatively thin mainly chemogenic
sequence with variation in lateral and vertical iron
and manganese content a function of changing
redox conditions in the original depositional basin.
The mineral chemistry of metamorphic garnet
reflect these conditions and conspicuous bright
yellow calderite-andradite in particular, may serve
as a visual indicator of and vector towards highly
oxidizing basin conditions and related high grade
manganese mineralization. Spessartine indicates
comparatively more reducing conditions and
significantly lower manganese grade and could be a
vector towards sulphide facies iron formation with
possible
associated
base
metal
sulphide
mineralization. In addition the best manganese
grade is associated with the silicate-carbonate-oxide
facies of the manganese formation.
A revision of the established deposit genesis to
intra-continental sedimentary exhalative could,
apart from manganese and barite, offer enticing
exploration possibilities.
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Volcanic Redbed-type copper mineralization in the
Keshtmahaki, Southern Sanandaj-Sirjan Zone,
southeastern Iran
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Abstract. The Keshtmahaki Cu (Ag) deposit is located in
southern part of Sanandaj–Sirjan zone (SSZ), southern
Iran. The host rocks are Early Cretaceous mafic to
intermediate lithic tuff with NW-SE trend and
discontinuous ~34 km extension from NW to SW of
Safashahr, in which stratabound and lenticular copper
orebodies distributed. The orebodies are dominated by
open space filling, vein-veinlet and minor replacement,
disseminated and laminated-like, and are composed
predominantly of primary chalcocite, bornite, native
copper, chalcopyrite and minor secondary digenite,
covelite, anilite, malachite and azurite. The hypogene
copper mineralization could be divided into two stages:
Stage I, native copper embracement in feldspars involved
in submarine volcanism, and Stage II, principal copper
mineralization accompanied by propylitic alteration with
quartz, calcite, epidote, sericite, hematite, chlorite and
albite. The latter includes compaction and dehydration of
volcano-sedimentary sequence, generation of basinal
brine-related hydrothermal ore fluids and deposition of
ore minerals in the lithic tuff. The ore mineralogy,
alteration characteristics and sulfur isotope data provide
constraints on model of the Keshtmahaki copper deposit,
suggesting that the Keshtmahaki is classified as a
volcanic redbed-type copper deposit formed under
subaerial to shallow submarine condition during Early
Cretaceous.

2 Geological setting
The Sanandaj-Sirjan Zone is one of the most important
magmatic-metamorphic domains of Iran, and has more
than 1500 km length and 150-200 km width (Mohajjel
1997; Mohajjel and Fergusson 2000). This zone is
located between northeastern Central Iranian terrane and
southwestern Zagross belt.
Mohajjel (1997) subdivided the SSZ into the several
elongate sub-zones from southwest to the northeast:
radiolarite, Bisotun, ophiolite, marginal and complexly
deformed sub-zone. The marginal sub-zone is
stratigraphically distinctive, because it contains
abundant Late Jurassic–Early Cretaceous volcanic rocks
in addition to shallow marine strata particularly of the
Cretaceous units.The study area in this sub-zone hosts
Cu (Ag) mineralization.
As defined by Alric and Virlogeux (1977) and
Shahidi (1990), the volcanic rock unit (Kv) consists
mainly of andesitic lavas associated with tuffs and
intercalations of limestone and clastic sediments
(Mohajjel et al. 2003). There are occasionally
intercalations of limestone in ore-bearing sequences
which precipitated in narrow sedimentary basin during
Cretaceous. These features suggest that the deposition
occurred under terrestrial to shallow marine
environments during Early Cretaceous.

Keywords. volcano-sedimentary sequence, Volcanic
redbed type mineralization, Keshtmahaki Cu (Ag)
deposit, Sanandaj–Sirjan metamorphic Zone, Iran

3 Alteration and mineralization
1 Introduction

Stratabound Cu (-Ag) orebodies exhibit discontinuously
lenticular shapes, and took place in a 2 to 4 m thickness
in the lithic tuff horizon overlain by a carbonate unit and
underlain by andesitic lava unit. In accordance with the
mineral association and their occurrence, the Cu
mineralization can be divided into hypogene and
supergene stages.
The hypogene stage is subdivided to two stages.
Stage I has no Cu minerals, and is characterized by Cu
inclusions in orthoclase and plagioclase which occurred
during the Early Cretaceous volcanism in rifted island
arc basin. The Cu content in the lava is about 22-33
ppm. Stage II as the main ore-forming stages comprises
of open space filling, vein-veinlet, breccias and
laminated-like textures. Ore minerals are composed
mainly of chalcocite, bornite, native copper, Ag-bearing
clausthalite and Ag-selenide (Fig. 1). The grade of Cu in
this stage is up to 29,300 ppm. Hydrothermal alteration
in this stage is characterized by propylitization

The Keshtmahaki stratabound Cu (Ag) deposit is
located at the southern Sanandaj-Sirjan Zone (SSZ),
south Iran. Keshtmahaki deposit and several Cu (Ag)
occurrences including Kalerizeh, northeast and east of
Hassanbad, Khurjan and Simakan occurred in the area
between Keshtmahaki-Simakan region (from northwest
to southeast of Safashahr of 34 km in length).
Maghsoudi and Younosi (2009) and Shahpari (2009)
proposed, merely based on rock units and type of
alteration occurring in the region, that Cyprus- and
kuroko-type models are applied to the Keshtmahaki
deposit, respectively.
The aims of this paper are to clarify the type of
mineralization and to model formational mechanism of
the Keshtmahaki deposit, based on new geological,
geochemical, mineralogical, isotopic and microthermometric data.
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(albitization, silisification, carbonatization, epidotization,
chloritization), hematitization, and zeolitization (Fig. 2).
The grade of Cu correlates with the degree of these
alterations in the lithic tuff.
During supergene stage, primary sulfide minerals,
such as chalcocite, bornite and chalcopyrite converted
into secondary chalcocite-digeneite, covellite, anilite,
malachite and azurite (Fig. 1). Also, chalcopyrite is
partially oxidized to goethite in this stage.

4 Sulfur isotope geochemistry
Mean isotopic compositions of sulfide sulfur were
determined for chalcopyrite and bornite. Sulfur isotope
compositions of chalcopyrite and bornite from the
Keshtmahaki and Kalerizeh areas have a wide range
from δ34S = -13.7 to -4.9‰. The wide negative range of
δ34S generally suggests a complex origin including
biogenic sulfur (Wilson et al. 2003). This appears to be
conformable with the submarine volcano-sedimentary
environment estimated from the host-rock occurrence of
the Keshtmahaki deposit.

5 Discussion
The results obtained in this study, particularly on
tectonic setting, host rock lithology and mineral
paragenesis, suggest that the Keshtmahaki deposit has a
close affinity with volcanic red bed-type (VRB) deposits,
rather than kuroko- and Cyprus- types of deposits
defined by Shahpari (2009) and Maghsoudi and Younosi
(2009).
This type of deposits are named “manto-type” in
Chile, and historically various theories have been
debated for the manto-type copper deposits (e.g., Ruiz et
al. 1965, 1971; Sato 1984; Boric 1985; Camus 1990;
Vivallo and Henríquez 1998; Kojima et al. 2003).
Any intrusions are not observed in the Keshtmahaki
area. This cannot lead us to regard the intrusion magma
as the main source of ore-forming components. Several
geochemical studies on the host volcanic rocks support
the host-rock origin theory; e.g., the lithic tuff has high
Cu contents (10,000-29,300 ppm) compared to andesites
(22–33 ppm). Furthermore, it was indicated that Cu
amounts in the andesitic rocks decreased significantly
after hydrothermal alteration.
According to Kirkham (1996, 2001), subaerial to
shallow marine volcano-sedimentary sequences with
favorable diagenetic and/or metamorphic depositional
sites could be sought to generate VRB copper
mineralization. Copper is regarded to have been leached
from hydrothermally altered basalts of the oceanic crust
(e.g., Humphris and Thompson 1978; Wheat et al. 2002).
Other alternatives for the copper leaching from basalts
are burial metamorphism and diagenesis, as suggested
for the Keweenawan basalts (Jolly 1974; Brown 2006).
All these characteristics suggest that high amounts of
Cu were initially contained mostly in the lithic tuff unit
of the host rocks, and that those were leached during the
hydrothermal alteration of the volcanic and volcanosedimentary sequences.
Primary fluid inclusions in quartz associated with
copper minerals have low homogenization temperature
below 150°C and high salinities up to ~24 wt.% NaCl
equiv. (Boveiri et al. in prep.). These features could lead
us to regard basinal brine as the important source of the
mineralizing fluid responsible for the formation of the
Keshtmahaki copper deposit, and thus are conformable
with the generation of the low-grade zeolite facies
formed under saline conditions.

Figure 1. Photomicrographs of various types of ore textures:
a) reflected lights, bornite-chalcopyrite intergrowth replaced by
digenite. b) reflected lights, chalcocite veinlet partially
replaced by covellite. c) chalcocite, bornite and native copper
as open space fillings and vein-veinlet. d) chalcopyrite II
ocurring as stockwork in host rock. e) scanning electron image
of inclusions of Ag-bearing clausthalite (A) and Ag-selenide
(B) in bornite and malachite, respectively. C is Fe-Cu silicate.
f) close-up image of e), (Cpy = Chalcopyrite, Bo = bornite, Cc
= chalcocite, Dg = digenite, Mal = Malachite, Kf = Kfeldspar).

Figure 2. a) Mineralization associated with silicification (Qz),
b) calcitization (Ca) of plagioclase, c) epidotization (Ep),
chloritization (Cl) and hematitization (He) associated with
mineralization of copper sulfides, d) Zeolite (Ze) occurring in
low-grade metamorphism.
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6 Summary and conclusions
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The present study presents geological, mineralogical,
geochemical data of the Keshtmahaki copper deposit,
and suggests a possible mechanism constrained from all
of the analytical results. The stratabound Cu (Ag)
mineralization occurs in Early Cretaceous lithic tuff with
concomitant volcanic lava and shallow marine
sedimentary rocks.
Mineralization occurs as vein-veinlet, open space
fillings, replacement, disseminated and laminated-like,
indicating that the Keshtmahaki deposit is generated
from hydrothermal processes mostly during the Early
Cretaceous. The high contenet of Fe-oxide (hematite)
suggested these minerals could be of carrier Cu in early
diagenesis and released in burial diagenesis.
Hydrothermal interaction of deep burial waters as
basinal brine with the volcano-sedimentary rocks
appears to be a highly probable genetic mechanism for
the Keshtmahaki and other Cu (Ag) deposits (Fig. 3).
Taking the above discussions into accounts, we could
conclude that the Keshtmahaki copper deposit
investigated here could be classified as the volcanic redbed copper-type modeled by Kirkham (1996).

Figure 3. Schematic profile of the Keshtmahaki Cu (Ag)
deposit.
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Supergene copper isotope systematics at the Bayugo
Cu-Au porphyry deposit, Philippines: fluid pathways
and exploration implications
David P. Braxton
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Department of Geology, Juniata College, Huntingdon, Pa, 16652, USA

the heavier copper isotope (65Cu). Based on evidence for
a fractionation effect between dissolved and precipitated
copper, the potential exists for isotopic differences to
develop between precipitated solids and weatheringderived fluids moving down-gradient through an exotic
copper deposit.

Abstract. Measurement of copper isotope compositions
for secondary phases from the supergene profile of the
Bayugo porphyry copper-gold deposit (Philippines)
shows significant isotopic fractionation relative to
hypogene
sulfide
phases.
The
results
vary
systematically, with isotopic enrichment in the leached
cap iron oxides and supergene copper sulfides.
Measurements for 39 iron oxide, copper oxide, and
65
copper sulfide minerals yielded δ Cu values between
-3.4 and +6.9‰. Hypogene sulfides have a narrow range
of isotopic values near zero per mil (-0.6‰ to +1.0‰). In
contrast, supergene sulfides (chalcocite and djurleite)
samples collected from the exotic and enriched copper
65
zones define a trend of decreasing δ Cu from the
enriched source area and proximal exotic zone (>3‰)
down-gradient to the distal portions (<1‰) of the exotic
zone. The higher isotopic values in the source area and
proximal zones can be interpreted with a series of
Rayleigh fractionation models depicting multiple cycles of
oxidation, leaching, and enrichment of copper. Enriched
(+1.8 to +2.7‰) copper isotope ratios measured for
leached cap iron oxides provide evidence for a preexisting sulfide enrichment zone that was removed in
subsequent cycles of oxidation, leaching, and
enrichment. These findings highlight the potential
applications of copper isotopes within supergene exotic
and leached cap environments.
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Figure 1. Location of Boyongan and Bayugo Porphyry Cu-Au
deposits in NE Mindanao, Philippines.

1 Introduction

This study investigates copper isotope systematics
within the well-understood hypogene, leached, enriched
and exotic copper zones in the Boyongan/Bayugo
porphyry copper-gold district, Philippines to test the
potential for applying copper isotopes in the exploration
for weathered porphyry systems.

Recent developmental work (Mathur et al. 2005; Mathur
et al. 2009) on the copper isotope systematics of
supergene copper minerals has highlighted the
development of distinct copper isotope reservoirs during
weathering of porphyry copper deposits. These studies
have shown that the copper isotope ratios in the
chalcocite and the leached cap iron oxides relate to the
degree of leaching, and have implications in the
exploration for well-developed enrichment blankets.
Weathering of pyrite-rich portions of porphyry
deposits produces a copper-depleted leached cap, with
consequent production of oxidized copper-bearing acidic
groundwater (Sillitoe 2005 and references therein). This
fluid migrates in response to the local hydrogeologic
regime, and ultimately begins to deposit copper as the
controls (e.g., electrochemical/pH) of solubility change.
Recent studies of experimental and natural fractionations
(e.g., Mathur et al. 2005) have demonstrated that
oxidative dissolution of copper enriches the solution in

2 Location and geological framework
The Bayugo and Boyongan porphyry Cu-Au deposits are
located in the Surigao Gold District of NE Mindanao
(Fig. 1), known previously for its epithermal and
sediment-hosted gold mineralization (Waters 2004). The
deposits, currently undeveloped, are covered by
Quaternary material. Diamond drilling by Anglo
American geologists resulted in the discovery of
Boyongan (2000) and Bayugo (2003).
At Bayugo and adjacent Boyongan, hypogene copper
and gold, as chalcopyrite, bornite, and electrum, are
associated with K-silicate-stage copper-sulfide ± quartz
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vein stockworks that developed in spatial and temporal
association with Pliocene-aged early-mineralization
diorite porphyry stocks (Braxton et al. 2009). At
Boyongan, these progenitor stocks were emplaced into a
silt-sand-matrix diatreme breccia complex, while those
at Bayugo (Fig. 2) intruded an earlier Pliocene diorite
complex, and Oligo-Miocene-aged volcano-sedimentary
rocks.

5 Discussion
Because oxidation and leaching of copper from the
vadose zone is essentially a process of copper depletion
from a finite reservoir, Rayleigh equations provide an
appropriate means to describe the isotopic evolution of
the leach fluid [δ65Cuaq= (δ65Cuºcpy + 103)αfmin α -1 - 103]
and residual solid phase [δ65Culeached = (δ65Cuºcpy +
103)fmin α -1 - 103]. Here the variables are: δ65Cuºcpy =
starting isotopic composition of leached mineral
(chalcopyrite); δ65Cu leached = evolving isotopic
composition of leached cap (chalcopyrite → iron
oxides); δ65Cuaq = evolving isotopic composition of
fluids responsible for oxidative leaching; fmin = mass
fraction of copper remaining in solid phase relative to
starting conditions; and 103lnα = fluid-solid fractionation
factor ≈ΔCu2+-chalcopyrite: +1.5‰ (Mathur et al. 2005).
Braxton and Mathur (in press) describe in detail the
Rayleigh model describing isotopic fraction applied in
the current context, and explore potential alternative
mechanisms that may have contributed to the observed
isotopic fractionation.
The copper isotope patterns are here interpreted in a
model whereby (1) Copper in the leached cap follows a
Rayleigh fractionation process of isotopic depletion, in
which successive batches of fluid become progressively
depleted in 65Cu; (2) Periods of static sulfide oxidation
are punctuated by leaching events when heavy seasonal
rainfall flushes accumulated soluble copper into
underlying/peripheral
zones
of
copper
enrichment/dispersion, and replacement of hypogene
sulfides by chalcocite occurs progressively further downgradient (deeper or more distal, depending on the
component of horizontal flow of supergene solutions),
contributing to systematically depleted isotopic values
for copper in supergene sulfides down-gradient; and (3)
As earlier supergene copper sulfide enriched and exotic
zones are exposed to leaching and oxidation by a falling
water table (e.g., following exhumation), ‘reworking’ of
pre-existing isotopically enriched chalcocite contributes
to progressive increase in δ65Cu values for newly-formed
supergene copper sulfides in the enrichment and/or
exotic copper zones. Isotopically enriched δ65Cu values
of iron oxide residue in leached cap minerals are
interpreted to reflect oxidation of an earlier-formed
supergene sulfide zone rather than a leached cap formed
by oxidative dissolution of hypogene copper sulfides.
These findings suggest that within ‘headless’ exotic
copper zones, copper isotopic values of supergene
sulfides can provide an indication both of proximity and
direction to the source area. Independently, copper
isotope ratios of iron oxides in surface samples or fossil
leached caps might be used to focus drilling in areas with
the greatest potential for mature enrichment profiles, by
mapping the distribution of isotopically enriched leached
cap iron oxides. This technique would enhance the iron
oxide mapping techniques traditionally applied in
leached
cap
interpretation
and
exploration.

3 Supergene profile
At Bayugo, supergene processes have created a goethitedominated leached cap (10-50 m) overlying a
discontinuous zone of oxide copper (10-50 m). A thicker
(50-140 m) zone of enriched copper sulfides, (chalcocite,
and minor digenite, djurleite, and covellite) lies below
the oxide zone and above the hypogene sulfide zone.
Copper ‘enrichment’ is here defined as domains
containing supergene copper phases occurring in spatial
association with quartz stockworks and/or related Ksilicate alteration assemblages, that generally overlie,
and grade vertically downward into, quartz stockwork
zones with lower copper grade and an exclusively
hypogene copper sulfide (chalcopyrite ± bornite)
assemblage.
A tabular zone of exotic supergene copper sulfides
(principally chalcocite) and minor copper oxides extends
southeast from the early-mineralization stock at East
Bayugo, steepening as it enters the diatreme breccia
complex (Fig. 2). The term ‘exotic’ is used here to
describe a zone of supergene copper phases in a domain
lacking evidence of pre-existing hypogene copper and
gold mineralization. In the supergene copper zone,
exotic supergene copper sulfides have largely replaced
hypogene pyrite in the pyritic halo peripheral to Bayugo,
a zone characterized by an absence of K-silicate-stage
quartz vein stockworks, and by generally low (<<0.01
g/t) gold grades. Braxton et al (2009) and Braxton and
Mathur (in press) provide a detailed description of the
supergene characteristics of the Bayugo and Boyongan
deposits.

4 Copper isotope results
Figure 2 presents the copper isotopic results and
geological context at Bayugo. Braxton and Mathur (in
press) provide a detailed discussion of the sampling and
analytical methodology employed in this study. Results
for hypogene minerals yielded a narrow range of δ65Cu
values near zero (-0.6‰ to +1.0 ‰). Supergene minerals
have a broader range between -3.4 and +6.9 per mil.
Copper δ65Cu values for supergene sulfides in the copper
enrichment zone generally exceed hypogene values
(+1.1 to + 6.3‰, n = 3). A broad range of δ65Cu values
(-2.0 to + 6.9‰) is evident for supergene copper sulfides
in the exotic copper zone in the pyrite halo around
Bayugo, with mostly higher values (>+4‰) in the
proximal portion, and lower values (<+1‰) in the distal
portion (Fig. 2). In the leached cap iron oxides (goethite
and minor hematite) there appear to be two groups (-0.3
to +0.1‰; and +1.8 to +2.7‰; Fig. 2).
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Figure 2. A: Geological map of the paleosurface at East Bayugo, depicting copper isotope compositions of supergene copper
sulfides (chalcocite and djurleite) from the enrichment and exotic copper zones. Values for δ65Cu are highest in the source area and
proximal exotic zone, and decrease systematically down-gradient toward the distal portions of the exotic zone. B: Geological section
through East Bayugo, depicting copper isotope compositions of hypogene sulfides (pyrite and chalcopyrite) and supergene copper
sulfides (chalcocite and djurleite) from the enrichment and exotic copper zones, and iron oxides (goethite ± hematite) from the
leached cap. Values for δ65Cu decrease toward the distal portions of the exotic zone, as well as toward the base of the enrichment
zone. Figure modified from Braxton and Mathur (in press).
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The nonsulfide zinc deposit of Jabali (Yemen)
Nicola Mondillo, Giuseppina Balassone, Maria Boni
Dipartimento Scienze della Terra Università di Napoli, Via Mezzocannone 8, 80134 Napoli Italy
Brett Grist
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Abstract. The nonsulfide Zn deposit of Jabali (Yemen)
contains a geological resource of 12.6 million tons of ore
grading 8.9% zinc, 1.2% lead and 68 g/t silver. The
primary sulfide deposit is dolomite-hosted and shows
features of both Mississippi Valley and Carbonate
Replacement types. It is believed to have been formed by
circulating hydrothermal fluids, either associated with
Mesozoic rifting, or generated from Tertiary igneous
activity, developed in the area during the Red Sea crustal
extension. The last phases of this phenomenon should
have also triggered the uplift, which favoured the
oxidation of sulfides. The main nonsulfide ore phase is
smithsonite, intergrown with Zn-rich dolomite. Argentite is
also quite common, occurring together with concretionary
smithsonite, greenockite and newly deposited galena.
Keywords. Jabali, Yemen, nonsulfide, zinc

Figure 1. Geological sketch map of Yemen, with the location
of the Zn-Pb-Ag Jabali nonsulfide deposit (modified from
Mondillo et al. 2011).

1 Introduction

2 Geology and mineralization

With the development of solvent-extraction (SX) and
electro-winning (EW) processes, there has been a
renewed commercial interest for nonsulfide zinc ores
throughout the world (Large 2001; Hitzman et al. 2003).
They are rapidly becoming an important source of
metallic zinc and within the foreseeable future the annual
production of zinc from this kind of ores could vastly
exceed 10% of the global zinc metal production. Most of
the historical European Zn-Pb nonsulfide concentrations,
the so-called “calamine” (Boni and Large 2003), are
carbonate-hosted, as well as other deposits of current
economic importance throughout the world.
Lead and zinc ore deposits in Yemen occur in the
Jurassic sediments (Amran Group) of the rift basins as
Jabal Salab (Christmann et al. 1989; Al Ganad et al.
1994), Al Jabal Al-Ahmar, Dhi Bin, as well as in
Palaeocene carbonates associated with the evolution of
the same rifts. Most of the metallic occurrences are
mainly dolomite-hosted at the margins of the rifts or in
rift-affected blocks (Mineral Resources of Yemen 2009).
The Jabali zinc-lead-silver deposit (Al Ganad et al. 1994;
Mondillo et al. 2011) is a dolomite-hosted mixed sulfideand nonsulfide mineralization, currently under
development by Jabal Salab Company (Yemen) Ltd., a
joint venture between ZincOx Resources plc and a
Yemeni company, Ansan Wikfs. The deposit is located
100 km ENE of Sana’a, in a desert terrain, at an altitude
of 2,000 m above sea level (Fig. 1). The nonsulfide
concentrations, derived from the supergene alteration of
the primary sulfide deposit, with their 8.7 million tonnes
of ore at an average grade of 9.2% zinc, are currently
considered the major zinc resource of Yemen (Mineral
Resources of Yemen 2009).

2.1 Deposit Geology
At Jabali the primary and secondary Zn-Pb ores are
located on the southwestern flank of the NW-trending
Sab’atayn Jurassic rift basin (Al Ganad et al. 1994),
where the sediments of the Amran Group are locally
condensed to some 300 m (Fig. 2). The mineralization is
structurally and lithologically controlled, and this control
is reflected in the morphology of the orebodies, which
are variously tabular and parallel to stratigraphy, vertical
along fractures and faults and along the intersection of
these structures, and may also occur as “keel” like
features. In particular, the structurally controlled
mineralization is developed along three main tectonic
trends, striking from 120° to 140°, 065° to 080° and 000°
to 005°. The planes have dip angles ranging between 60°
and 80°. The same directions seem to have controlled the
distribution
of
the
epigenetic
(hydrothermal)
dolomitization phases. At the intersection of faults, the
mineralization forms big vertical bodies, which are like
“chimneys”. The stratiform bodies, parallel to
stratigraphy, occur in different zones: a laterally
extensive “Upper” zone, and the more sporadic “Lower”
and “Middle” zones. These bodies are generally flat but,
at the base of the Jabal Salab massif, along the NW-SE
fault (Fig. 2), they dip towards NE with angles greater
than 30° (SRK Consultants 2005).
2.2 Sulfide mineralization
The primary sulfide deposit, which shows features of
both Mississippi Valley type (Al Ganad et al. 1994) and
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2.3 Nonsulfide mineralization

Carbonate Replacement models (Allen 2000), consists of
two generations of sphalerite (predominant), galena,
pyrite/marcasite and other minor sulfide phases. Silver,
cadmium, copper, arsenic, germanium and mercury are
generally contained in sphalerite (Al Ganad et al. 1994).
The ores are believed to have formed by a combination
of processes. After Al Ganad et al. (1994) the
mineralization was deposited by fluids circulating in a
karstic network related to an emersion surface, still in
association with Mesozoic rifting. Ore deposition has
been accompanied by several dolomitization phases,
only some of which have been considered strictly
hydrothermal. Sparry dolomite crystals (the baroque
dolomite of Al Ganad et al. 1994) occur within cavities,
or fill fractures crosscutting the previous dolomite
generations.

The supergene nonsulfide ore is massive, semi-massive
and disseminated, and is characterized by vuggy to
highly porous, buff, brown, and orange to white zinc
nonsulfide minerals (SRK Consultants 2005). A porous
cellular boxwork structure accompanied by numerous
cavities coated with zinc minerals, dolomite and calcite
is quite common. The most common zinc mineral is
smithsonite. Fine to granular amorphous aggregates of
hydrozincite have been observed in outcrop, but are very
uncommon at depth and in drill cores. Hemimorphite
occurs in minor amounts. Cerussite crusts partially
oxidized primary galena. Gypsum can be very abundant
through the entire mineralized area.
Smithsonite occurs in different forms. Some smithsonite
replaces directly dolomite, while some other occurs as
colloidal-like concretions in vugs and cavities and is
commonly zoned (Fig. 3). A sharp and/or gradational
transition between the smithsonite replacing dolomite
and the host dolomite has been observed. In most cases,
however, it is very difficult to distinguish only by optical
microscopy between a weathered dolomite and a
rhombohedral smithsonite. Smithsonite replacing
dolomite contains variable Mg amounts, but some zones
of the concretionary smithsonite are also Mg-rich (up to
15% MgO). Some smithsonites are moderately Fe- and
Pb-enriched (~1% PbO, up to 6% FeO) and the latest
smithsonite generation may contain traces of Ag and Cd.
Smithsonite has also progressively altered and replaced
the original sphalerite crystals (Fig. 3). At the boundary
between sphalerite and smithsonite, a rim containing
greenockite (CdS) and covellite (CuS) has been detected
locally. Newly deposited galena has been detected as
well. This last generation of sulfides belong to the
supergene mineral assemblage. Smithsonite can be
roughly intergrown with Fe-(hydr)oxides, as well as with
thin layers of clay minerals.
Argentite (Ag2S) is a quite common mineral at Jabali,
and it occurs in very small inclusions in several minerals.
The most common occurrence is together with
concretionary smithsonite, but tiny argentite specks have
been observed also in gypsum (Fig. 4).
Dolomite host rock displays a variety of fabrics and
crystal forms. However, all dolomite phases are strongly
fabric destructive and have obliterated both depositional
and diagenetic features of the precursor limestone.
Dolomite associated with primary sulfides is genetically
hydrothermal, and displays the undulose extinction
typical of the “saddle” type. This dolomite, which
consists of idiomorphic crystals, contains MnO up to 1.5
wt.% and FeO ranging between 0.1 and 6 wt.%.
However, near the main orebodies the hydrothermal
dolomite is patchily replaced along a network of
fractures and along the growth zones of the crystals, by
new mineral phases variously Zn-rich (up to 20 wt.%
ZnO) (Fig. 3). Locally these Zn dolomites are also
moderately Cd enriched (up to 3 wt.% CdO) (Boni et al.
2011; Mondillo et al. 2011). However, most of the host
dolomites are also dedolomitized and replaced by calcite.
Manganese and iron, previously contained in the
dolomite lattice, occur as newly deposited (hydr)oxides)
in the interstices of the crystals and in small vugs and

Figure 2. Geological map of the Jabali mining site (modified
from SRK Consultants 2005). U.1: sandstone transgressive
over Proterozoic basement; U.2: gypsiferous mudstone and
dolomitized calcarenite; U.3: biomicritic limestone (Callovian);
U.4: micritic limestone and dolomite; U.5: dolomitized
calcarenite (Oxfordian-Kimmeridgian); U.6: ammonite-bearing
limestone and gypsiferous mudstone (Kimmeridgian); U.7:
limestone with coral bioherms (Kimmeridgian); U.8:
gypsiferous argillite and dolomite (Kimmeridgian–Tithonian);
U.9: biomicrite with oncolites and oocalcarenite (Jurassic).

A different genetic concept has been presented in
some unpublished reports (Allen 2000). After this model
the primary sulfides were deposited by circulating
hydrothermal fluids, ascending along basinal faults,
boosted by the heat generated during Tertiary igneous
activity, developed in the area during the Red Sea crustal
extension (~22 Ma). An extension of this phenomenon
would have also triggered the late uplift, also favoring
the oxidation of sulfides.
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smithsonite. It occurs in concretions, filling vugs and
small veins, or as replacement of the dolomite host rock,
and it can be pure or containing variable amounts of
magnesium. Argentite is strictly linked to smithsonite.
There is an interesting point about the supergene
alteration of the dolomite host rock. In Jabali, as in other
dolomite-hosted Zn nonsulfides of the world (Boni et al.
2011), the host rock replacement occurs in several
stages, characterized by two different processes: the first
consist of a strong alteration of the dolomite lattice by
Ca-rich meteoric waters, and precipitation of calcite and
Mn-Fe(hydr)oxides (dedolomitization s.s.), while the
second is solely related to the circulation of Zn-rich
groundwaters that are enriched in Zn due to base metal
sulfide oxidation and leaching. The latter starts with a
partial replacement of Mg by Zn in the dolomite lattice,
and the consequent formation of new Zn-rich dolomite
phases, and is concluded with the total destruction of the
dolomite crystal structure and the formation of
smithsonite. For this reason, the Jabali Zn-dolomites can
be considered the “missing link” between pure dolomite
and smithsonite, in the wall-rock replacement process
sensu Hitzman et al. (2003). The supergene alteration of
dolomite host rock by Zn-rich waters is widespread, and
the zinc “concealed” in dolomite can reach significant
amounts (up to several percents) (Mondillo et al. 2011).
At the moment, this zinc is not economically extractable
and represents a non-recoverable phase. A similar pattern
may be critical also for the economic exploration and
evaluation of other dolomite-hosted supergene zinc
deposits.

fissures. Iron staining is common throughout the mining
area, resulting in variable concentrations of goethite,
hematite, and Mn-(hydr)oxides. The Fe-(hydr)oxides
contain ZnO (up to 12%), PbO (up to 7%) and SiO2 (up
to 6%). Most Mn-(hydr)oxides consist not only of
chalcophanite, but of possibly amorphous phases
containing Mn-Pb-Fe in variable proportions.

Figure 3. Smithsonite, partly replacing dolomite and locally
sphalerite. Concretionary smithsonite as late cement.

There are significant discrepancies between the metal
amounts recorded in the chemical analyses, and those
stoichiometrically calculated from the Zn minerals
amounts, obtained by the X-ray diffraction quantitative
phase analysis (Rietveld method) of the samples from
the Jabali deposit. As shown in Mondillo et al. (2011),
these discrepancies are mainly due to the fact that
smithsonite at Jabali can contain up to 15% MgO.
Moreover, the Zn-rich dolomite phases create can
“conceal” discrete amounts of zinc. In some dolomite
samples, which apparently do not contain Zn minerals, it
is possible to measure up to 5 wt.% ZnO.
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Figure 4. Argentite specks growing at the boundary between
smithsonite and gypsum.

3 Discussion and conclusions
Even though Jabali was famous in the past as a silver
(and lead) mining area, the current ore concentrations
consist of Zn nonsulfides. The main ore phase is
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Gerhardtite (Cu-nitrate) formation and the relative
timing of mineralization, Atacama Desert, Chile
Erik Melchiorre
Department of Geology, California State University, San Bernardino, CA 92407 USA
Abstract. This study confirms the occurrence of the rare
copper nitrate mineral gerhardtite at the Zaldivar and
Lomas Bayas deposits, Chile, and reports their nitrogen
isotope values. The copper nitrate at these deposits has
δ15N values similar to values for the Caliche upper
subzone nitrate beds of the Caliche zone from Pampa
Blanca and other nitrate deposits of the Atacama Desert
of Chile. This suggests that this copper nitrate
mineralization is not related to the earliest nitrate
accumulation event associated with the Congelo zone, or
the most recent nitrate accumulation events associated
with either the Costra zone or vein deposits, but rather
coincided with the main nitrate accumulation stage of the
Caliche subzone.
Keywords. gerhardtite,
Atacama Desert, Chile

nitrogen

isotopes,

2 Gerhardtite occurrence in Chile, sample
collection, and analytical methods
In June 2009, field work was performed in the Atacama
Region of Chile to collect potential gerhardtite samples
for mineralogical classification and nitrogen stable
isotope analysis. These samples were collected from the
Lomas Bayas and Zaldivar copper mines, 130 and 175
km respectively, east of Antofagasta. Samples of known
nitrate minerals were also collected from nine localities
within the “Caliche” nitrate mining districts east of
Antofagasta and west of San Pedro de Atacama.
Mineralogy of the samples was determined by a
combination of XRD, ion probe, EDS, optical, and wet
chemical analysis. Sample preparation for isotope
analysis of gerhardtite was performed by hand-picking
grains of the pure phase under a binocular microscope.
Other nitrate minerals from “Caliche” nitrate deposits
were crushed and prepared as bulk rock samples.
Nitrogen isotope analyses were performed on nitrate
extracted from samples by dissolution and collected on
selective ion resin columns. Nitrate from columns was
analysed using traditional stable isotope ratio mass
spectrometry. Analytical precision is 0.3‰, based upon
replicate analyses.
Samples of material collected at two different
locations in the Lomas Bayas Mine contained
gerhardtite as well as other copper and nitrogen phases.
These samples were from the conglomerate/bedrock
contact exposed in the top benches at two places several
hundred meters apart on the 1600 m level.
One location at the Zaldivar mine contained abundant
gerhardtite. This location was on the 2990 m level
within the top of the oxide zone at the
conglomerate/bedrock contact.
All of these occurrences consist of up to 30%
gerhardtite by volume, but extremely difficult to identify
in the field due to the fine scale of mixture with other
copper minerals of similar colour.
Samples were also collected from four nitrate
oficinas on route 5 between Maria Elena and Pedro de
Valdivia, a caliche deposit near Mt. Esperanza, a caliche
deposit north of Calama, oficina Vitorio, oficina Prat,
and the modern SQM Mine at Pampa Blanca. Samples
were obtained from a variety of zones within these
deposits, including from top to bottom (youngest to
oldest) the stratigraphically uppermost “Costra” zone,
the caliche unit “Caliche” upper subzone (called the
main Caliche unit in this paper), the caliche unit
“Congelo” lower subzone, and cross-cutting nitrate vein
deposits. Details of the nitrate stratigraphy can be found
in many sources (e.g., Whitbeck 1931; Ericksen 1983).
Laboratory work identified niter [KNO3], nitratine
[NaNO3], and darapskite [Na(SO4)(NO3)•H2O] as the

copper,

1 Introduction
Cupric nitrate minerals are a rare subclass that may form
within the oxidized zone of copper deposits in semi-arid
to hyper-arid regions. Recognized species include
buttgenbachite, gerhardtite, and ungemachite. Perhaps
the most abundant of these minerals in terms of recent
discoveries is gerhardtite.
Gerhardtite, Cu2(NO3)(OH)3, forms orthorhombic
crystals of emerald- to turquoise-blue colour. It was first
described as a natural occurrence by Wells and Penfield
(1885), and named in honour of Charles Frederic
Gerhardt (1816-1856), an American chemist who first
prepared the synthetic compound (Anthony et al. 2003).
The type locality for gerhardtite is the United Verde
Mine at Jerome, Arizona, USA (Wells and Penfield
1885), though the mineral has been observed at eight
other localities in the USA (e.g., Lindgren and
Hillebrand 1904; Williams 1961; Rosemeyer 1990),
France (Sarp et al. 2001), Germany (Wittern 2001), Italy
(Franzini and Perchiazzi 1992), Congo (Zaire), and
Australia (Sielecki 1988). Given the abundance of
“Caliche” deposits of nitrate minerals in the Atacama
Desert of Chile, it is odd that no published description of
gerhardite has been made for copper deposits in the same
region of Chile (though unpublished reports have been
made on the internet at www.mindat.org for gerhardtite
at Quebrada Blanca Mine, Collahuasi district, and Los
Azules mine in the Copiapo district).
In this report I document the occurrence of
gerhardtite at two new locations in Chile, and examine
the implications of their δ15N values for conditions and
relative timing of formation. This is part of a larger, ongoing study to examine the timing and nature of
oxidation zone development in the Atacama Desert of
Chile.
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were it not for their existence, geologists could easily
conclude that such deposits could not form in nature”
(Ericksen 1983). Many theories have attempted to
explain the origin of Chilean nitrate deposits, and
several have included the use of light stable isotopes and
concluded that their source is atmospheric (e.g., Bohlke
et al. 1997). However, any discussion of the genesis of
these deposits must examine the formation of different
types of caliche and explain the full suite of associated
elements. Thus it is likely that the origin of these
deposits cannot be fully addressed as a single question
(e.g., Chong 1994).
It is not the goal of this study to examine the origin
of Chilean nitrate deposits. Rather, the distribution of
δ15N(AIR) values of nitrate deposit stratigraphic units
(e.g., Costra, Caliche, Congelo) appear to provide
constraints on the relative timing and possible origin of
Chilean gerhardtite. Nitrogen isotope values were
measured for three samples of nitrate from the upper
Costra deposits, ten samples from the underlying main
Caliche, one from the lower Congelo deposits below the
main Caliche, and two from vein deposits of nitrates that
cross-cut the youngest deposits. Each of these nitrate
deposit units appears to have distinct δ15N(AIR) values,
though number of samples analysed is at present
admittedly smaller than desired (Fig. 2).

only nitrate minerals present in the samples.

3 Gerhardtite nitrogen isotope values
3.1 Nitrogen isotope values and the origin of
Chilean gerhardtite
Though nitrate mineral isotope systematic have been
examined by many workers (e.g., Holloway and
Dahlgren 2002) the nitrogen isotope values of copper
nitrate minerals have been poorly studied. The only
study is earlier work by the author (Melchiorre et al.
2006) in which gerhardtite at the Great Australia
Deposit, Cloncurry, Queensland, Australia was linked
with a biogenic nitrogen source from termite mounds.
Other recent, previously unpublished, work by the
author has linked nitrogen in buttgenbachite and
gerhardtite from the Bisbee and Morenci copper mines,
Arizona, USA to bat guano from oxidation caves in
limestone above the copper ore bodies (Fig. 1).
Chilean gerhardtite was found to have δ15N(AIR)
values of -0.3 to -1.0‰. It should come as no great
surprise that this plots well within the field of Chilean
nitrate deposit δ15N(AIR) values from this and other
studies (Fig. 1). Nonetheless, it establishes that the
mechanism(s) for nitrogen accumulation in the Atacama
Desert has produced copper nitrate in addition to the
more famous nitrate “Caliche” deposits.

Figure 2. Histogram showing distribution of δ15N(AIR)
values for gerhardtite and various nitrate deposit types from
Chile (analytical precision is 0.3‰).

Notably, δ15N(AIR) values of the three gerhardtite
samples are consistent with the δ15N(AIR) values of the
main Caliche unit and not other deposit types (Fig. 2).
This suggests that copper nitrate mineralization formed
during the period of deposition of the main nitrate
“Caliche” unit, not earlier or later.

Figure 1. Distribution of δ15N values of various substances.
Data in black from Tayasu (1998), Mizutani et al. (1992),
Böttcher et al. (1990), Amberger and Schmidt (1987), and
Létolle (1980). Chilean nitratine data are from Böhlke et al.
(1997). Australia gerhardtite data are from Melchiorre et al.
(2006). New data from this study are shown in light blue
shading.

4 Conclusions
The first formal documentation of gerhardtite in Chile
has identified its occurrence at both the Lomas Bayas
and Zaldivar Mines above the copper ore bodies at the
erosional contact between bedrock and overlying
sedimentary conglomerate. These occurrences are more
than mere traces, but are extremely difficult to identify
in the field due to the fine scale of mixture with copper

3.2 Nitrogen isotope values and the relative
timing of gerhardtite mineralization
Chilean nitrate deposits “…are so extraordinary that,
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minerals of similar colour.
The δ15N(AIR) values of Chilean gerhardtite is
consistent with published values for regional nitrate
deposits (e.g., Böhlke et al. 1997), and values reported in
this paper. As with the nitrate deposits, these gerhardtite
values are consistent with an atmospheric depositional
mechanism (e.g., Böhlke et al. 1997) involved with the
formation of the nitrate mineralization, but does not
conclusively identify the ultimate source of the nitrogen
or other elements such as iodine that comprise the
unique suite that is found in these deposits.
Specifically, the δ15N(AIR) values of Chilean
gerhardtite are most similar to the values measured for
the main “Caliche” unit of the nitrate deposits, and not
nitrate-bearing units that formed earlier or later.
Given the propensity for nitrate preservation in this
region, the association between copper nitrate
mineralization and a specific period of nitrate “Caliche”
deposition begs several questions. First, what was unique
during this period that permitted gerhardtite formation?
Secondly, is the association of gerhardtite with only the
main “Caliche” unit an artefact of selective preservation?
It is our aim with this on-going research to further
explore these issues.
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Characterization of placer gold deposits from central
Portugal: preliminary results
Anja Ehser, Gregor Borg
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Abstract. The streams in the Lower Tagus Basin and
along the contact of the Central Iberian and Ossa Morena
zones in central Portugal carry significant amounts of
gold. In this study, four placer gold deposits have been
characterized using geochemical, morphological and
heavy mineral data and compared with the styles of gold
mineralization in the vicinity. The geochemical similarities
of the Tagus palaeo-placer and the Tripeiro and Erges
gold placers suggest a primary gold source likely to be
similar to the mineralization found at Sarzedas and
Pomar. The more heterogenic composition of the Caia
gold placer probably reflects the different styles of
mineralization found at La Codosera, Los Algarbes and
Alburquerque to the east.

gold mineralization is unknown for the greater Tagus
estuary.

Keywords. Central Portugal, placer gold, LA-ICP-MS

1 Introduction
This study uses minor and trace element data,
determined by LA-ICP-MS during a provenance study
on the gold of the unique Early Bronze Age Nebra Sky
Disk, central Germany. The data is used to characterize
four placer gold deposits of potential prehistoric
importance in central Portugal together with grain
morphology and the associated heavy mineral fraction.
The results are discussed further with regard to the styles
of gold mineralization found in the vicinity of the placer
deposits. Similar studies on the geochemical signature of
gold have been carried out since the early works by
Watling et al. (1994) on numerous lode and placer gold
deposits worldwide, also by studying the microchemical
composition of the gold particles (e.g., Chapman et al.
2009). More detailed investigations on further gold
samples of these and other, also primary gold deposits,
are currently carried out to obtain additional information
on the geochemical and microchemical variability of the
deposits.

Figure 1. Locality maps of the study area, modified after the
Carta Geológica de Portugal Scale 1:500.000 (1992). (a)
Simplified geological map of the Tagus estuary containing the
Tagus palaeo-placer (1). (b) Simplified geological map of the
southern CIZ and BCSZ in the Castelo Branco region
containing the Tripeiro (2), Erges, Rosmaninhal (3-6), Erges,
Vale Feitoso (7), and Caia (8-9) gold placers.

In contrast, mineralization in the Castelo Branco
region (Fig. 1b) in the southern Central Iberian Zone
(CIZ) and along the left-lateral Badajoz-Cordoba Shear
Zone (BCSZ), separating the CIZ in the north from the
Ossa Morena Zone (OMZ) in the south, is mainly
characterized by post-metamorphic quartz veins that are
often associated with late brittle faults of Hercynian to
Late Hercynian age (Murphy and Roberts, 1997). The
fluids result from devolatilisation and dehydration during
prograde metamorphism of a several kilometers thick
sequence of Precambrian greywackes and shales
(Complejo Esquisto Grauvaquico or CEG) and are of
varying aqua-carbonic and meteoric mixture (Murphy
and Roberts, 1997). At Sarzedas, Pomar, and Mari Rosa
(Fig. 1b), the gold mineralization is hosted in the CEG

2 Geological setting
The study area comprises mainly the Lower Tagus Basin
(LTB) which extends from the littoral western part of the
Setúbal Peninsula to the region of Castelo Branco at the
border to Spain. The Tagus estuary in the Seixal area
(Fig. 1a) exhibits auriferous Pliocene sand and gravel
deposits of detrital origin, which are located exclusively
at the southern Tagus margin and are partially covered
by Quaternary alluvial and detrital deposits. Primary
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variation in morphological characteristics, also in grain
size, is observed for placer gold from the river Caia with
the number of populations, present at both sample
localities, to be investigated.

and mainly associated with arsenopyrite and minor
pyrite (As-Au, Sarzedas and Pomar) or stibnite (Sb-Au,
Mari Rosa). Late stage remobilization at Sarzedas and
Pomar resulted in the deposition of gold and Cu-Pb-Zn
sulphides. At La Codosera, Devonian slates and
sandstones form the main lithological host of the
auriferous quartz-pyrite-(arsenopyrite) veins (Murphy
and Roberts 1997) while several kilometres to the west
at Los Algarbes, Devonian quartzites contain Sb-Au
mineralization. Stratabound mineralization occurs at
Alburquerque, where gold is disseminated and found
parallel to the bedding of Ordovician-Silurian black
shales or in gossanous veinlets within quartzites
(Murphy and Roberts 1997). At São Martinho within the
BCSZ, post-metamorphic gold mineralization is also
mainly disseminated and runs parallel to the foliation of
Late Proterozoic schists, with arsenopyrite, pyrite, and
chalcopyrite as main mineral phases (Oliveira et al.
2007). Late stage remobilization during granitic
magmatism resulted in the deposition of gold with
pyrrhotite, pyrite, chalcopyrite and loellingite.

Table 1. Morphological characteristics of the studied placer
gold deposits using the criteria by Townley et al. (2003). Tri. =
triangular, rect. = rectangular, elong. = elongated, reg. =
regular, irreg. = irregular.
Deposit

Shape

Outline

Surface

Tagus

ovalround;
rect.
(10%)
rect.oval
tri.rect.
rect.

very reg.;
reg.
(10%)

very
reg.
(folded); reg.
(hammered)
(10%)
very
reg.
(hammered)
reg.-irreg.

Tripeiro
Erges,
Rosm.
Erges,
Vale
Feitoso
Caia

3 Samples and analytical techniques

elong.rect.

very reg.reg.
reg.-very
irreg.
reg.;
irreg.
(20%)
very reg.irreg.

reg.;
irreg. (20%)
very
irreg.

reg.-

Assoc.
mineral
-

Subordinate
-

qtz

folding

qtz

folding,
welding
hammering

-;
qtz
(20%)
qtz

-

5 Chemical composition

The recent placer gold samples derive mainly from a rare
earth reconnaissance survey on Portuguese stream
sediments, which included sampling, determination and
quantification of heavy minerals (Inverno et al. 2007)
with grain sizes below 3 mm. From the rivers with a
prehistoric potential for recoverable gold placers, ten
representative particles per deposit were selected to
characterize the morphology and chemical composition.
The Tagus palaeo-placer (Salgueiro et al. 2000) and
Tripeiro gold placer were sampled separately. For the
study of the grain morphology, a light microscope and
scanning electron microscope were used. Concentrations
of major, minor, and trace elements were determined by
LA-ICP-MS
at
the
Curt-Engelhorn-Zentrum
Archäometrie (CEZA), Mannheim, Germany. Full
details on the operating conditions for the ICP-MS and
laser ablation systems are given in Schlosser et al.
(2009). Due the low thickness of most of the gold
samples and based on the initial aim of the analyses to
obtain the average composition of the natural gold for
comparison with artefact gold, line ablation with a spot
diameter of 50 μm and energy of 45% was performed
over a length of 300 to 600 μm on all samples. A preablation time of 20 to 40 s using a spot diameter of 75
μm and energy of 30% was applied to eliminate surface
contaminations and to diminish the influence of
supergene rims on the results.

From the 25 elements measured by LA-ICP-MS, the
concentrations of Co, Ru, Os, Ir, Pt, Tl, and Bi were
below the detection limit of 5 ppm. Cr, Mn, Zn, Pd, and
Pb were only determined occasionally and, therefore, not
considered further for chemical characterization. The
remaining elements and their general significance for the
chemical composition of the placer gold deposits are
summarized in Table 2. The variation of the minor and
trace elements is illustrated in Figure 3.
Table 2. Trace elements of the studied placer gold,
discriminated by their median concentrations. References for
heavy minerals: 1 = Inverno et al. (2007), 2 = Salgueiro et al.
(2000). and = andalusite, c = cassiterite, cy = cyanite, hem =
hematite, il = ilmenite, lx = leucoxene, r = rutile, sil =
sillimanite, st = staurolith, tu = tourmaline, zr = zircon.
Deposit
Tagus
Tripeiro
Erges,
Rosm.
Erges, Vale
Feitoso
Caia

Trace elements
(median
>25
ppm)
Fe, Cu, Ni

Trace elements
(median
25-5
ppm)
Se, Ti

Cu, Fe
Cu, Fe
Fe, Cu, Ni

Ni, Se
Ni, Te, Se, As,
Cd
Te, Se

Fe, Sb, Cu, Ni

Sn, Te, Se

Main
heavy
minerals
(>5%)
il, st, tu, and, sil,
cy, zr, r 2
not determined
hem, lx, zr, tu 1
c, il, lx, r 1

Ni and Se show the smallest variations in
concentration with the concentrations being similar for
all placer gold deposits. The Tagus palaeo-placer and
Tripeiro gold placer are characterized by low Ag and Te
concentrations, with the Tripeiro gold placer being, in
total, most depleted in trace elements (Fig. 3a). The
relatively high Ti and Fe concentrations in the Tagus
palaeo-placer may result from secondary mineral
formation or inclusion during the long weathering
process. However, the main geochemical associations of
the Tagus palaeo-placer and the Tripeiro and Erges gold

4 Grain morphology
The grain morphology has been investigated using the
criteria by Townley et al. (2003) with the obtained
results summarized in Table 1. The gold from the Tagus
palaeo-placer and Tripeiro placer shows a very regular to
regular morphology with strong signs of folding or
hammering. In contrast, placer gold from the river Erges
shows a regular to very irregular morphology suggesting
a shorter distance to its primary sources compared with
the Tagus palaeo-placer and Tripeiro placer. The largest
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palaeo-placer and Tripeiro gold placer suggests a much
longer fluvial transport compared with the Erges gold
placers, a stronger depletion of elements such as Ag is
possible. In addition, different mineralization events,
investigated for the Sarzedas and Pomar primary gold
deposits in the vicinity of the Tripeiro and Erges gold
placers, promote the formation of gold with different
initial chemical compositions. As the rivers Tagus,
Tripeiro and Erges cross the same lithology found at
Sarzedas and Pomar (CEG), similar post-metamorphic
(As-Au) to late stage mineralization is likely to be
found, with the Tagus palaeo-placer being located
farthest away from known primary gold deposits. The
heterogenic composition of the Caia gold placer may
reflect the heterogenic mineralization of As-Au and SbAu found to the east, including the primary gold deposits
of La Codosera, Los Algarbes and Alburquerque. The
high Sn concentrations in the Caia gold placer may
result from the influence of the Sn-W mineralization in
the aureole of the adjacent Alburquerque Late Hercynian
granitic batholith, which will have to be investigated by
obtaining more data, also on the primary gold deposits.

placers, namely the median Ag, as well as (Fe), Cu, Ni,
and Se concentrations, can be considered similar given
the natural variability in composition within one gold
deposit, as well as the influence of supergene formation
and modification of the primary gold and its chemical
composition during weathering and transport. In
contrast, the Caia gold placer also contains significant
amounts of Sb or Sn, with the corresponding gold
samples deriving from different localities located two
km apart from each other (No. 8 and 9 in Fig. 1).
However, at both localities, the heavy mineral fraction
contains more than 25% cassiterite (Table 2). The
heterogenic composition of the Caia gold placer is also
displayed in the large variation in Ag concentrations,
ranging from 0 to 15 wt.% at the locality 8 and from 5 to
32 wt.% at the locality 9.
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6 Discussion
The geochemical similarities of the minor and trace
elements in the Tagus palaeo-placer and the Tripeiro and
Erges gold placers suggest a similar style of gold
mineralization for the primary gold sources, although
differences in the Ag and Te concentrations between the
Erges gold placers and the Tagus palaeo-placer and
Tripeiro gold placer have been detected. However, since
the very regular to regular morphology of the Tagus
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Nonsulfide zinc deposits in southern Africa: a review
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Abstract. The various nonsulfide Zn deposits in southern
Africa, located in Proterozoic terranes of Namibia,
Botswana and Zambia, are genetically and temporally
distinct. Nonsulfide mineralization consists of two main
ore generations: the first one has been responsible for
willemite (Zn2SiO 4) concentrations, either primary, or
derived from hydrothermal oxidation of existing sulfide
bodies. The second one resulted in the deposition of
Zncarbonates and silicates, derived from the supergene
oxidation of primary sulfide and nonsulfide deposits
through weathering processes. The timing of the willemite
ores is generally considered as Neoproterozoic and
Lower Paleozoic, as for other willemite deposits in the
southern hemisphere (Vazante, Beltana etc.). The ores
derived from supergene oxidation are related to the postGondwana (Mesozoic to Tertiary) weathering stages.

2 Nonsulfide zinc ores in southern Africa
Nonsulfide mineralization has been encountered in
several countries throughout the southern part of the
African continent. The most important deposits occur in
Namibia and Zambia, as well as at the border between
Botswana and Namibia. Only minor occurrences have
been locally exploited in South Africa. The nonsulfide
zinc occurrences described in this study are mainly
located in Neoproterozoic terranes that were involved in
the collision between the Kalahari and São
Francisco/Congo Cratons. This continental accretion,
commonly referred to as the Pan-African Orogeny,
occurred from ca. 750-900 (early rifting stage) to ca.
550-450 Ma (late orogenic stage). It led to the formation
of the Gondwana supercontinent and the DamaraLufilian-Zambezi orogenic belts. The Damara belt is
located in Namibia and the Otavi Mountainland is in its
northern portion (Northern Platform). The Lufilian Arc
extends from Northern (Copperbelt area) to Central
Zambia (Kabwe area), while the Zambezi belt lies in its
southernmost region. The mineralization consists of two
main ore types: the first type consists of willemite
(Zn2SiO4); the second one comprises a series of Zn
carbonates and silicates, derived from the supergene
alteration of primary sulfide and nonsulfide ores. The
two above mentioned types are not only genetically
different, but have also a different timing. A third type
may be associated with very low temperature
hydrothermal oxidation (Tsumeb), ranging from 50 to
60°C (Gilg et al. 2003).

Keywords. Nonsulfides, zinc, southern Africa

1 Introduction
It has been six years since Anglo-American began
producing zinc from the Skorpion deposit in Namibia
(Borg et al. 2003), one of the largest nonsulfide zinc
(also called “Zn oxides”) orebodies in the world, which
heretofore were ignored as “uneconomical”. Successful
commissioning of the mine was a major milestone for
the zinc processing industry. With the development of
solvent-extraction (SX) and electro-winning (EW)
processes, and the Skorpion success, there has been a
renewed commercial interest for nonsulfide zinc ores
throughout the world (Large 2001; Hitzman et al. 2003).
Those with metallurgy similar to Skorpion, where the
processing challenges have been successfully overcome
to allow economical production of zinc metal, showed
the best chance of success. Also those deposits boasting
a relatively simple mineralogy and good liberation
recovery and grades have been intensively sought after.
“Zinc nonsulfides” is a very general term that
comprises a whole series of minerals. A thorough
understanding of the mineralogy, but also of the
petrographic associations in each deposit type is a
“must” in exploration targeting and feasibility studies.
The only minerals of real economic importance for zinc
extraction so far are: the carbonates smithsonite and
hydrozincite, the silicates hemimorphite and willemite
and the Zn smectite (sauconite). Zinc can also be hosted
in chlorite (baileychlore) and serpentine (fraipontite)
minerals or in Mn (hydr)oxides (chalcophanite) or even
phosphates (tarbuttite), but economic concentrations in
these minerals are relatively uncommon. The
mineralogical association (franklinite-zincite-gahnite)
occurring in the Franklin–Sterling Hill type deposits in
North America is not very common either, and would
benefit from a dedicated (smelting) treatment.

2.1 Nonsulfide mineralization of Proterozoic –
Paleozoic age
Namibia - OML
The Otavi Mountainland (OML) in Namibia covers
an area of about 10,000 km2 in the northeastern foreland
of the Damara Orogen. The OML lithologies comprise
calcareous, dolomitic and siliciclastic rocks of the
Neoproterozoic
Damara
Supergroup,
which
unconformably overlie the Paleoproterozoic basement.
Most base metal deposits in the OML contain both
sulfide and nonsulfide mineralization and are hosted by
shallow-water carbonate successions of the Otavi Group.
Currently, the traditional subdivision of the primary
ores in two main types (Berg Aukas and Tsumeb),
mainly based on differences of Pb-isotopes, mineralogy
and structure (Frimmel et al. 1996) has been questioned
by Schneider et al. (2008), who relate the different
isotope groups to the original basement composition.
Berg Aukas-type deposits (Berg Aukas, Abenab) are
located in the central to eastern OML. Ore deposits in
the OML reflect a multistage evolution and generally
display a strong structural control. Nonsulfide Zn(Pb)
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dating method was applied by Schneider et al. (2008) to
a few samples from Berg Aukas and Abenab West mines
in Namibia. The data for OML willemite show isochron
ages in the range of ca. 480 to 580 Ma. Only the ages
from ca. 500 to 480 Ma (Berg Aukas) would be
consistent with the waning stages of the Damaran
orogeny and subsequent uplift phases. If the willemite
timing can be plausibly linked to the different phases of
the tectonothermal evolution of the Damara belt, then
this may indicate a hydrothermal overprint of primary
Zn-Pb sulfides, rather than a typical supergene alteration.
Only few preliminary Rb-Sr data are available for the
Zambia willemite deposits (J. Schneider pers.comm).
The data plot derived from a few samples of the Star
Zinc orebody suggests an age of 550-560 Ma. This time
interval broadly fits with the geological age resulting
from the Mwembeshi fault, which is considered coeval
with the Star Zinc deposit (Boni et al. 2011). However,
the geochronological data set still lacks a robust
statistical support.

ores in the OML are mostly associated with, or even
clearly replace primary base metal sulfides.
The Berg Aukas deposit is one of the largest known
accumulations of willemite in the world, with about 40%
of the total zinc content hosted in this mineral. The three
distinct orebodies of this mine are zoned, changing
upward from a sulfide-rich base into a willemite-rich
top. Willemite generally forms dark brown to grey
masses intergrown with or even replacing sphalerite, but
occurs in its latest generations as white to yellow-white
needles and concretions (Schneider et al. 2008). The
Abenab West deposit occurs along a steeply dipping,
bedding parallel contact. The main zinc orebody occurs
in the so-called “Zinc Reef” and consists of a 450 m long
replacement zone of red willemite and hematitic clay,
along a sheared and brecciated contact between
laminated limestone and dolostone. Willemite in the
Zinc Reef occurs also as radially assembled, needle-like
crystals in cavities or lining fracture surfaces. Only
monophase aqueous liquid inclusions have been detected
in OML willemite indicating temperatures <120°C.

2.2 Nonsulfide mineralization of Mesozoic –
Tertiary age

Zambia
Zambian willemite deposits occur in the metasedimentary carbonate rocks of the Proterozoic Katangan
Supergroup. The most important orebodies are located
around Kabwe, and contain both sulfides and willemite
in dolomites of low metamorphic grade (Hitzman et al.
2003). Willemite has been detected in several sites in the
Kabwe mining districts, in form of veinlets, massive
concretions and open-space filling. The textures vary
from massive/granular, to well-developed prismatic
crystals, shaped as slender or squat prisms. Pure, wellshaped willemite crystals are usually white colored. A
reddish brown to black color of willemite may be
induced by disseminated goethite and hematite
inclusions. The prospects of the Lusaka area occur in the
metamorphic lithotypes of the late Proterozoic Zambezi
Supracrustal sequence, and are hosted by the limestone
and dolomite marbles of the Cheta and Lusaka
Formations. Willemite in the Lusaka deposits is
associated with specular hematite and franklinite, and
post-dates the Zn-spinel gahnite (Boni et al. 2011). The
willemites, though Mn-poor, show bright green
fluorescence in short-wave UV (as the high-temperature
willemites in the Franklin-Sterling Hill district).
Thermometric analyses of fluid inclusions in willemite
yield homogenization temperatures ranging from 160 to
240°C, and salinities of 8 to 16 wt.% NaCl equiv. The
geochemistry of fluid inclusion leachates suggests that
the hydrothermal fluids were brines derived from highly
evaporated seawater.

Namibia - Gariep Belt
The Skorpion deposit is located 25 km north of the
small town of Rosh Pinah in the southernmost part of the
Namibian Desert. The deposit occurs in the
Neoproterozoic Gariep Belt of SW Africa, a succession
of siliciclastic and carbonate sediments with intercalated
mafic and felsic volcanics (Kärner 2006) and includes
resources of 24.6 Mt at 10.6% Zn (Borg et al. 2003). The
Skorpion mine has significant sulfides including pyrite,
sphalerite, chalcopyrite, chalcocite and covellite. The
nonsulfide zinc ore overlies a zone with abundant base
metal sulfides in felsic metavolcanic rocks. The major
zinc minerals at Skorpion are smithsonite, sauconite (Znsmectite) and hemimorphite. Minor ore minerals include
tarbuttite [Zn2(PO4)OH] and chalcophanite.
Namibia - OML
Common supergene Zn-Pb nonsulfide minerals, such
as cerussite, smithsonite, hemimorphite, hydrozincite
and sauconite, represent the product of weathering
processes of several sulfide and nonsulfide orebodies
throughout the OML. Moreover, some of the richest
supergene vanadium ores in the world, that were
exploited also for their base metal content, are known to
occur in the same region. The minerals consist of the
descloizite-mottramite series. The vanadates, Zn silicates
and Zn and Pb carbonates significantly postdate both the
primary sulfides and willemite phases in the paragenetic
sequence throughout the entire OML district (Boni et al.
2007). The wulfenite and Pb carbonates and silicates
associated with the second oxidation zone at Tsumeb,
are indicative of low temperature (50 to 60°C)
hydrothermal deposition (Gilg et al. 2003).

Geochronology
Only little information exists on timing of willemite
formation worldwide. This is due mainly to the paucity
of well-datable minerals in the willemite paragenesis.
Most of the currently available ages of willemite
formation are derived from a series of indirect evidences
including: 1) the timing of primary sulfides
mineralization, 2) the age of tectonic or metamorphic
events in the region, and 3) the timing of major
weathering events at a regional scale. The Rb-Sr direct

Zambia
At Kabwe abundant smithsonite mainly occurs as
well-shaped crystalline aggregates, but also as earthy
concretions. It occurs seldom in a network of veins
replacing primary sulfides. Earthy smithsonite crusts
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could be applied also to the weathering process of
nonsulfide zinc deposits in Botswana.
The similarity of the older tarbuttite and descloizite
ages suggests a relationship between Cretaceous-Eocene
climatic conditions in southern Africa and the formation
of supergene nonsulfide deposits associated with the
post-Gondwana “African erosion surface”. The same
climatic conditions and ages have been considered to be
the cause also for the enrichment of several manganese
deposits in South Africa (Pack et al. 2000).

may show the typical trigonal, translucent crystals under
SEM. Hemimorphite occurs usually as disseminated
aggregates
of
translucent
crystals.
Massive
hemimorphite masses as open-space filling are also
present. Brownish (supergene?) willemite, overgrown by
late mottramite aggregates, shows a massive/botryoidal
habit with a vitreous luster.
Botswana
The Kihabe-Nxuu Project (Mount Burgess Mining
N.L.) is located in siliciclastic Neoproterozoic
sediments, at the border between Botswana and
Namibia, and contains total resources of 33 Mt of Zn>Pb
ore. Primary sulfide orebodies are stratabound and
hosted in the siliciclastic equivalents of the OML
carbonates. Nonsulfide ore in the oxidized zone is found
as smithsonite and baileychlore, but also traces of early
deposited willemite have been locally detected (own
data).

3 Conclusions
Two different mineralization phases were responsible for
the deposition of nonsulfide zinc ores in southern Africa.
The willemite-dominated first phase was caused by lowT oxidized hydrothermal fluids (monophase inclusions),
is probably Proterozoic to Lower Paleozoic. The Zn
carbonate- and Zn-clay-dominated second phase is
probably associated with the post-Gondwana (Mesozoic
to Tertiary) weathering stages.

References
Boni M, Terracciano R, Evans N, Laukamp C, Schneider J.,
Bechstädt T (2007) Genesis of vanadium ores in the Otavi
Mountainland (Namibia). Econ Geol:102: 441-469
Boni M, Terracciano R, Balassone G, Gleeson SA, Matthews AH
(2011) The carbonate-hosted willemite prospects of the
Zambezi Metamorphic Belt (Zambia). Miner Deposita
DOI:10.1007/s00126-011-0338-7
Borg G, Kärner K., Buxton M, Armstrong R, Van Der Merwe S
(2003) Geology of the Skorpion supergene zinc deposit,
southern Namibia. Econ Geol 98:749-771
Evans NJ, Boni M, McInnes BIA, McDonald BJ (2006) (U-Th)/He
thermochronology of supergene base metal ores and
implications for Namibian paleoclimate. 16th Goldschmidt
Meeting, Melbourne: Theme 10, S10-2
Frimmel HE, Deane JG, Chadwick PJ (1996) Pan-African
tectonism and the genesis of base metal sulfide deposits in the
northern foreland of the Damara orogen, Namibia. Econ Geol
75:204–217
Gilg HA, Hochleitner R, Keller P, Struck U (2003) A fluid
inclusion and stable isotope study of secondary oxidation
minerals from the Tsumeb Cu-Pb-Zn deposit, Namibia.
European Current Research On Fluid Inclusions, Acta
Mineralogica-Petrographica Abstract Series 2 Szeged:78-79
Hitzman MW, Reynolds NA, Sangster DF, Allen CR, Carman CE
(2003) Classification, genesis, and exploration guides for
nonsulfide zinc deposits. Econ Geol 98:685-714
Kärner K (2006) The metallogenesis of the Skorpion non-sulphide
zinc deposit, Namibia. Unpublished Ph.D. thesis Wittenberg,
Germany, Mathematisch Naturwissenschaftlich-Technischen
Fakultät der Martin-Luther-Universität Halle, 133 p
Large D (2001) The geology of non-sulphide zinc deposits - an
overview: Erzmetall 54:264-276
Pack A, Gutzmer J, Beukes NJ, van Niekerk HS, Hoernes S (2000)
Supergene ferromanganese wad deposits derived from Permian
Karoo strata along the Late-Cretaceous-mid Tertiary African
Land Surface, Ryedale, South Africa. Econ Geol 95:203–220
Schneider J, Boni M, Laukamp C, Bechstädt T, Petzel V (2008)
Willemite (Zn2SiO4) as a possible Rb–Sr geochronometer for
dating nonsulfide Zn–Pb mineralisation: examples from the
Otavi Mountainland (Namibia). Ore Geol Rev 33:152–167

Figure 1. Geochronology of Mesozoic-Tertiary nonsulfides
from U-Th/He dating of phosphates and vanadates.

Geochronology
No reference to the possible age of the supergene
mineral assemblages in southern Africa has ever been
made, with the only exception of the data published on
the descloizite/mottramite concentrations (Boni et al.
2007). Because it has been not possible so far to date
directly the supergene Zn carbonate and silicate minerals
in the African deposits, we have applied the (U-Th)/He
methods to the phosphate tarbuttite and the vanadate
descloizite, which occur in the parageneses of supergene
nonsulfides in the Skorpion and in the OML deposits
respectively (Fig. 1). Tarbuttite ages show a bimodal
distribution with peaks at around 40-60 and 80-90 Ma
(Evans et al. 2006), thus indicating Zn phosphate
precipitation at the end of several episodic intervals of
humid climate in southern Africa (Cretaceous and
Eocene). Descloizite ages from OML display three age
groupings (Evans et al. 2006): some deposits have ages
spanning from 60 to 40 Ma, when climatic conditions
must have been humid and warm to allow deep chemical
weathering. Other (U-Th)/He age data (including also
those measured on a few descloizite samples from the
Kabwe deposit in Zambia) indicate mineralization
intervals around 29-26 Ma and another minor episode in
Pleistocene (Boni et al. 2007). Because descloizite
occurs also in the surficial samples of the Kihabe and
Nxuu orebodies, we are confident that the above ages
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Bauxite in Southern Italy: a new approach
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Abstract. Small bauxite deposits occur at an infraCretaceous stratigraphic gap in the Abruzzi-Molise,
Campania and Apulia districts (Central and Southern
Italy). The bauxite horizons are dominantly boehmitic, set
between Albian and Turonian carbonates. The bauxite
texture presents diagenetic concretions (ooids and
pisoids), as well as detrital fragments and reworked
ferruginous crusts. The main source material has been
identified as wind-blown pyroclastics of acid to intermediate composition. We present here new petrographic
data on the detrital heavy minerals association and
geochemical data on the REE distribution in the
Campania bauxites that partly support this interpretation.
®
Preliminary QEMSCAN analysis has been also carried
out on the Campania bauxites, considered as a model
analogue for other, truly economic karst bauxite deposits.
The results show a detailed image of the distribution of
the Al- and Fe-minerals, which could be extremely useful
for planning the processing.

European bauxites are characterized by minerals
deposited in high Eh environments, and rich in
“bauxitophile” trace elements, like V, Co, Ni, Cr, Zr and
locally in REEs (Bárdossy 1982).

Figure 1. Sketch map of Southern Italy, with the location of
the sampled bauxite area.

Bauxite deposits, at present uneconomic due to their
small dimensions and scattered distribution, occur along
a Cretaceous stratigraphic gap in the Mesozoic carbonate
platforms of Central and Southern Italy (Fig. 1): in the
Abruzzi-Molise, Campania and in Apulia districts. The
main horizons are Aptian to Turonian in age and
prevailingly boehmitic (Bárdossy et al. 1977). As to the
source material of the bauxites, most authors (Bárdossy
et al. 1977; D’Argenio et al. 1986; D’Argenio and
Mindszenty 1995) support the idea of possible windblown fine pyroclastics of acid to intermediate
composition, and exclude contributions from the
insoluble residues of the host carbonates.
Despite their low economic value, the bauxites of
Southern Apennines can be considered as a model
analogue for other, far more economic karst bauxite
deposits in the world. For this reason a renewed
investigation has been initiated, aimed at the spatially
resolved characterization and quantification of the
mineral species in bauxites, which could be useful for
ore processing.
Another objective of this study was to solve at least
part of the still open genetic questions on the source
material of the Southern Italian bauxites. The first data
presented here refer to two small districts in Campania,
where bauxites were exploited in the first part of the XX
century: the Matese Mts. and the Caserta province. On
the basis of transmitted-light and SEM microscopy, Xray and EDS mineralogy, and chemical analyses,
®
complemented by QEMSCAN investigation, this study
documents the distribution of diagenetic and detrital
mineral phases, and draws a first geochemical picture of
the REE elements in the Campania bauxites.
®
QEMSCAN is an automated technique for the rapid
characterization of mineral species and relationships in

Keywords. bauxites, mineralogy, provenance, southern
Italy

1 Introduction
Bauxites are economic accumulations of aluminum,
developed from the weathering of alumosilicate-rich
parent rocks. These residual deposits are mainly formed
under humid tropical to sub-tropical climates, with
rainfalls in excess of 1.2 m and annual mean
temperatures higher than 22°C (Bárdossy and Aleva
1990). Aluminum in bauxites is known to be precipitated
in the form of gibbsite [Al(OH)3] or amorphous Al
hydroxides. However, metabauxites (bauxites subjected
to several diagenetic stages) are instead boehmitic.
Boehmite [AlO(OH)] is less hydrated than gibbsite. Iron
is separated from aluminum and is frequently
concentrated as hematite>>goethite.
Though several intense palaeoweathering periods
have been recorded in the European continent from
Upper Paleozoic to Mesozoic, the Cretaceous-Eocene
interval is considered the most favorable for
bauxitization. In Europe the Cretaceous marked one
distinctive period of closure of part of the Tethys Ocean
accompanied by collision, uplift, and exhumation of both
ophiolitic suites and sedimentary successions. Many of
the circum-Mediterranean bauxites, including those
located in the Italian peninsula are Cretaceous in age, all
formed in karstic environments (karst bauxites) of
exhumed carbonates, which behaved as both a physical
and chemical trap. The karstic network provided
optimum drainage, necessary for further desilicification
of bauxites, as well as providing a protected environment
from later surface erosion (Bárdossy 1989). Most
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polished samples by scanning electron microscopy with
energy dispersive X-ray spectrometry (SEM–EDS)
(Gottlieb et al. 2000). The main benefit is the spatially
resolved mineralogical data inferred from chemical
spectra, which provide increased information on mineral
species, fully quantitative and statistically valid data on
ore mineral abundances, particle size and shape
distributions, and quantitative data on mineral
associations. This study has only been initiated for the
Italian bauxites: the final aim of our work with
®
QEMSCAN is a complete quantitative areal evaluation
of the mineralogical composition of all occurring phases
in the considered deposits.
®

Figure 2. QEMSCAN fieldscan image of Bx RA Maiorano
8.

2 Geological setting of Campania bauxites
During the late Aptian-Conjacian (early Senonian) the
Bahamian-type infra-oceanic platforms in Southern
Apennines were punctuated by repeated and long-lasting
emersions, locally testified by bauxite deposition
(D’Argenio and Mindszenty 1995). In Campania, most
of the bauxite deposits form flat contiguous lenses of a
few metres thickness over a shallow karst topography;
they are unconformably overlain by CenomanianTuronian carbonate sediments. The thinner horizons are
locally interrupted by deeply excavated dolines (e.g., in
the Caserta district). The bauxite texture presents
abundant diagenetic concretions (ooids and pisoids), as
well as detrital pebbles and reworked ferruginous crusts.
Below the unconformity, the limestone is extensively
karstified and preserves a complex diagenetic record
consisting of multiple events of dissolution, cementation,
and internal sedimentation (D’Argenio et al. 1986).

Preliminary QemSCAN quantitative analysis was
carried out on two sections of the Caserta bauxites using
fieldscan mode. For the sample Bx Top Dragoni 6 the
mineral composition is dominated by Al-hydroxides
(e.g., boehmite) that vary from pure (42 wt.%) to Fe-rich
(34 wt.%) types. Al-bearing goethite (15 wt.%) and
goethite (6 wt.%) occur with minor calcite (2 wt.%) and
clay minerals (kaolinite and montmorillonite, 1 wt.%).
The mineralogy of Bx RA Maiorano 8 is dominated by
Fe-rich Al-hydroxides (50 wt.%) (Fig. 2), with a reduced
amount of pure Al-hydroxides (10 wt.%). Hematite (12
wt.%), goethite (2 wt.%), clay minerals (montmorillonite
and kaolinite, 11 wt.%) and Al-bearing goethite (14
wt.%) account for the rest of dominant minerals.

3 Mineralogy and REE geochemistry of the
bauxites
Mineral composition of bulk bauxite samples does not
change significantly between the studied deposits (Bocca
della Selva and Regia Piana in Matese Mts.; Dragoni,
San Felice, and Maiorano in the Caserta province), but
the relative mineral proportions vary in relation to the
position of the samples within the deposit. Boehmite
(50-75 wt.%, with higher % in the Caserta bauxites) is
the main Al mineral, and almost all silica is present in
the form of clay minerals, the most important one being
kaolinite (3-27 wt.%, with higher % in the Matese Mts.
bauxites) (Bárdossy et al. 1977 and own data). Hematite
(5-35 wt.%, with higher % in the Caserta bauxites) is the
main Fe mineral, but goethite and Al-rich goethite is also
present, as well as anatase (1.5-5 wt.%). There are also
differences in the mineral distribution between the ooids
and the groundmass. Generally boehmite and hematite
seem to be more abundant in the ooids, whereas (partly
secondary) kaolinite is enriched in the groundmass.
However, in the structure of most ooids boehmite and
kaolinite are zoned, following a well-known diagenetic
pattern (Bárdossy 1982).

Figure 3. Detrital heavy minerals in the Campania bauxites.
A) and E): Matese Mts.; B), C) and D): Caserta district.

Using SEM-EDS and WDS analysis, we have been
able to determine a large number of detrital minerals,
with sizes between 5 and 25 μm. Some of them were
already mentioned in Bárdossy et al. (1977). The most
frequent is zircon (Fig. 3d), which is commonly Hf-rich,
but can also contain Sc and Ca. Rutile (Fig. 3a),
monazite (Fig. 3c) and xenotime have also been
detected, together with associations of ilmenite,
titanomagnetite and titanite (Fig. 3b). We found small
clusters of not previously detected qandilite[(Mg,Fe2+)2(Ti,Fe3+,Al)O4] and/or hercynite-type spinels
®
(Fig. 3e). Using QEMSCAN we could detect also
quartz, feldspar, muscovite (<15 μm), spinel (incl. Cr-
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both positive and negative anomalies, and Eu only
negative anomalies. We have interpreted Ce anomalies
as related to the redox chemistry of this element during
diagenesis. Its solubility varies strongly in the oxidizing
weathering environment, compared with the solubility of
the other REE elements. Negative Eu anomalies, on the
other hand, do not reflect chemical reactions during
weathering, but are rather mirroring the anomalies
inherited from the parent rock. Negative Eu anomalies
may suggest differentiated volcanics, but also igneous
and metamorphic associations (Cullers et al. 1987). This
behavior has been observed also in other bauxite
deposits of the Mediterranean realm (Mongelli 1997;
Mameli et al. 2007).

spinel), olivine and a Mg-silicate (serpentine/talc?).
To evaluate the REE geochemistry, we have used
chondrite-normalized patterns, as done by other authors
to compare the bauxite dataset with the REEs association
of the hypothesized precursors, which can be either
igneous (Mongelli 1997; Mameli et al. 2007) or igneousderived metamorphic rocks (Karadağ et al. 2009).
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Figure 4. Chondrite-normalized REE patterns of the bauxites.

The patterns of the Matese and Caserta bauxites (Fig.
4) show Ce and Eu anomalies. Cerium has positive
anomalies in the samples located higher in the deposits,
where Ce occurs as the highly insoluble CeO2 (Ce4+): this
could be due to surface alteration (Braun et al., 1990;
Mongelli, 1997). In contrast, Ce is depleted in the
samples collected at the transition between bottom
limestone and bauxite. Negative Eu anomalies, which
after Mongelli (1993) should be retained even during
strong weathering, may be inherited from the parent rock
of the bauxites.

5 Conclusions
®

Preliminary QEMSCAN analysis showed a detailed
image of the distribution of economic and non-economic
minerals and of their intergrowths in the Campania
®
bauxites. Further development work with QEMSCAN
is required to refine the mineral database identifications
for the Campania bauxite ores, considered as a model
analogue for truly economic karst bauxite deposits.
The detrital heavy mineral association is similar for
both Matese and Caserta deposits. It suggests not only a
wind-blown volcanic source material for the bauxites
(Dinarides explosive volcanism?), as hypothesized in
literature (Bárdossy et al. 1977), but also a partial origin
from an exposed terrain. A contribution of ultramafic
rocks (evidence by Cr-spinel, olivine and serpentine
detrital particles) is also possible, as for the Greek
bauxites. However, due to the isolated position of the
Appennine carbonate platform during Cretaceous, the
paleogeographic models (D’Argenio and Mindszenty
1995; Stampfli and Borel 2004) preclude any possible
fluviomarine transport for the source material of the
bauxites.
In the chondrite-normalized REE patterns Ce shows
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The supergene enrichment at Chuquicamata revisited
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Abstract. Using archived samples, two comprehensive
vertical profiles in the central part of the Chuquicamata
open pit have been studied. The observed textures and
mineralogy suggest, at the preliminary stage of the study,
that digenite and sphalerite might be predominantly or
entirely hypogene. Covellite and chalcocite can be both
hypogene and supergene, but textural analysis allows a
discrimination in certain cases.

anisotropy under crossed nicols, and digenite is used for
a light blue isotropic copper sulfide. Copper content of
these minerals, which can also comprise djurleite, anilite
and other phases, varies between 61 and 67 mol%.

2 Mineralogy of the studied profiles
A significant part of the supergene alteration profile has
been removed during the long exploitation of
Chuquicamata. The present study could be undertaken
because of a complete and well documentes collection of
samples taken in the period from 1970 to 1990 which
was accessible for study at the mine site.
Two vertical profiles along the N4200 section were
chosen in the central part of the Chuquicamata open pit
(Figure 1). Selection of the samples studied during the
present work is partly based on existing descriptions in
the mine archives.

Keywords. Chuquicamata, supergene, mineral texture,
sphalerite.

1 Introduction
Descriptions of supergene alteration and enrichment at
the porphyry copper deposit of Chuquicamata, Chile,
were provided by Bandy (1938), López (1939) and
Jarrell (1944). Ossandón et al. (2001), in their general
description of the deposit, summarize also the main
available data on supergene processes.
The present work is part of a comprehensive study of
supergene processes at Chuquicamata, including exotic
mineralization. To understand the processes of supergene
enrichment it is primordial to be able to determine the
lower limit of the supergene sulfide enrichment, and the
proportion of supergene and hypogene sulfides at
different depths.
Ossandón et al. (2001) report an early hydrothermal
stage with little pyrite and mineral associations
containing mainly chalcopyrite - bornite (in rocks
affected by background potassic alteration); pyrite chalcopyrite (in propylitically altered rocks containing
chlorite and epidote); bornite - digenite - chalcopyrite,
some coarse grained covellite, and abundant digenite covellite in the "quartz-K feldspar zone", characterized
by veining and extensive obliteration of the original rock
texture; chalcopyrite with small amounts of disseminated
pyrite for veins with sericitic halo.
The late hydrothermal stage with "quartz-sericite"
alteration (local nomenclature, may also be termed
argillic alteration) and abundant pyrite. Sulfide mineral
assemblages attributed to this stage are pyrite chalcopyrite - bornite, pyrite - bornite - digenite enargite, and pyrite - digenite - covellite – enargite. Low
Fe sphalerite (lower than 1.2 wt.%, Aracena et al. 1997;
Ossandón et al. 2001) is also commonly included in
these assemblages.
According to Ossandón et al. (2001), the principal
supergene sulfides are chalcocite and covellite.
For the scope of the present work, the term chalcocite
is used for a light grey to blueish copper sulfide with

Figure 1. Location of the samples used to describe sulfide
texture in the section N4200. Inset in lower right corner shows
an aerial photograph of the Chuquicamata open pit in 2009.
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The western profile is mostly located in the quartzsericite alteration zone. In the upper part, pyrite, and in
places enargite grains, are mostly rounded and display
chalcocite rims (Fig. 2a). This kind of texture, typical for
supergene sulfide enrichment, is characteristic of the
"chalcocite zone" in the sense of Sillitoe (1969), that can
become massive depending on the degree of pyrite
replacement. In the lower part of the profile, associations
with digenite, sphalerite (confirmed by SEM), chalcocite
and covellite, and chalcopyrite and bornite, the latter
mainly at grain boundaries are predominant (Fig. 2b,
bornite not shown). Chalcocite and covellite rims are
absent, and the mineral intergrowths are in general
complex. These mineral associations and textures are
interpreted as hypogene. Typical sphalerite-bearing
textures are shown in Figure 3.
In the upper part of the eastern profile, main sulfides
are pyrite, chalcopyrite and covellite. When occurring
together with pyrite, covellite grains are relatively large
(up to 300 μm) and typically fill open spaces (Fig. 2c).
Chalcopyrite commonly shows rims of fine-grained
lamellar covellite (Fig. 2d). In the lower part of the
profile, two main mineral associations are distinguished.
One consists of pyrite and chalcopyrite with simple
intergrowths and is typical for the early hydrothermal
stages (Fig. 2e). Main mineral of the second
hydrothermal stage is chalcopyrite which is typically
rimmed by covellite, digenite, and sphalerite (confirmed
by SEM, Fig. 2f). Additional sphalerite-bearing textures
are shown in Figure 4.

Figure 3. Sphalerite-bearing mineral associations in drill hole
1652 at 454 m. a) Polished slab of the sample with the location
of the microscopical observations. b) Vein with relictic rounded
pyrite grains rimmed by covellite, chalcocite and sphalerite. c)
Covellite, mainly in the inner part of the sulfide grains, with
chalcocite and sphalerite, mainly on the external part. d) Close
up of the area marked in "c".

Figure 4. Sphalerite-bearing mineral associations in drill hole

1226 at 120.1 m. a) Polished slab of the sample with the
location of the microscopical observations. The black spots are
sulfides. b) Chalcocite-digenite grain with covellite patches
(distributed on crystallografic planes?), and sphalerite rims. c)
Chalcopyrite grains with replacement by lamellar covellite, and
digenite-covellite grains with sphalerite rims. d) Close-up of a
digenite-covellite grain with sphalerite rims. e) Chalcocitedigenite grains with rims of sphalerite, and location of the SEM
image (see f). f) SEM backscattered electron image of digenite
intergrown with (replacing?) sphalerite.

3 Hypogene versus supergene copper
minerals and sphalerite

Figure 2. Textures observed: a) Massive chalcocite with
enargite and pyrite relicts, sample CH7472. b) Hypogene
intergrowth of digenite, chalcocite, covellite, with sphalerite
and chalcopyrite rims, drill hole 2319 at 338 m. c) Pyrite and
covellite grains, CH6590. d) Chalcopyrite with rim of
supergene covellite, CH6590. e) Grains of pyrite-chalcopyrite,
drill hole 1604 at 310 m. f) Chalcopyrite with, at the border,
covellite, digenite, and sphalerite , drill hole 2313 at 122 m.

This section discusses the possible interpretations of the
textures of sulfides. Replacement can be atttributed to
(1) the "late hydrothermal stage" in the sense of
Ossandón et al. (2001) and/or to (2) supergene processes.
Digenite is mostly present as large grains partly
containing fine chalcocite grains or lamellae. This kind
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Cu is more chalcophile than Zn. In this study, in the
cases in which a replacement contact has been observed,
it is the digenite which replaces sphalerite and not the
contrary. The complex intergrowth shown in Figure 4f
indicates that the internal mineral, digenite, replaces the
external one, sphalerite. It is likely that previously
digenite has replaced chalcopyrite. The texture shown in
Figure 2f would represent this intermediate stage. Figure
5 represents this process schematically. It cannot be
excluded, at this stage, that some of the sphalerite "rims"
postdate digenite. If this were the case, it could be
expected that the sphalerite would precipitate at its
borders and in open spaces, without replacement
contacts. However, this relationship has not been
observed.

of texture is interpreted as hypogene (e.g., Fig. 342 in
Ramdhor 1980). Digenite is also observed on the borders
of chalcopyrite grains (Fig. 2f), and also clearly
replacing this mineral and sphalerite (Fig. 4f). Large
grains of digenite are reported to form only at
temperatures higher than 80°C (e.g., Ramdohr 1980;
Barton and Skinner 1979), i.e., by hypogene processes.
Chalcocite is mainly observed in the upper part of the
western profile, as partly concretional, homogeneous
rims around rounded relictic pyrite grains (Fig. 2a),
displaying a typically supergene texture. In the lower
part of this profile and in the eastern one, chalcocite
mostly occurs as fine grains within digenite (Fig. 3c), in
a texture common for hypogene processes (e.g.,
Ramdohr 1980).
Covellite, when replacing chalcopyrite, is mostly
lamellar (e.g., covellite rims in Fig. 2d and 4c), a typical
supergene texture. In places, the replacement is total but
all intermediate stages are observed as well. In other
samples, grains of covellite are different: covellite grains
are larger, filling open spaces (Fig. 2c) or are intergrown
with digenite and chalcocite (Figs. 2b, and 3c), partly in
contact with pyrite grains. Such textures are typical for
hypogene processes related to the late hydrothermal
stage of Ossandón et al. (2001).

4 Conclusion
In the studied profiles, the preliminary data suggest that
digenite and sphalerite are predominantly or entirely
hypogene. Covellite and chalcocite can be both
hypogene and supergene, but textural analysis allows a
discrimination in certain cases.
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Figure 5. Possible event sequence to obtain textures similar to
those observed in Figs. 2f and 4. a) Hypogene grain of
chalcopyrite. b) Precipitaton of (late hydrothermal?) sphalerite
on the borders, in cracks, and replacing weakness planes. c)
Partial (left) or complete (right) (late hydrothermal?)
replacement of chalcopyrite by digenite ± chalcocite. In places,
digenite may also replace sphalerite. d) Supergene replacement
of chalcopyrite by lamellar covellite. In some samples (e.g.,
Fig 4b), covellite is also observed replacing digenite and could
correspond to a re-equilibration under new oxidation
conditions (Sato 1992) and, thus, does not necessarily represent
a copper enrichment.

Sphalerite, mostly present as anhedral grains up to 50
μm in size, together with digenite and covellite (Fig. 3),
can be attributed to the late hydrothermal stage.
Interpretation of sphalerite partly rimming digenite
grains (Fig. 4) is particularly difficult. Aracena et al.
(1997) propose that these sphalerite "rings" could be
supergene. Only in few deposits supergene sphalerite has
been described. Lawrence and Rafter (1962) describe
sphalerite "masses" on "free surfaces" in the Broken Hill
Ag-Pb-Zn deposit. Belogub et al. (2008), in VHMS type
deposits of South Urals, report botryoidal supergene
sphalerite, mostly at the borders of primary pyrite grains.
To explain the sphalerite at the borders of chalcocite or
digenite as supergene replacement is difficult, because
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Abstract. The giant Imiter silver mine located at the
northern edge of the West African craton in Morocco is
assumed to be a late Neoproterozoic epithermal deposit
mainly characterized by a hypogene paragenesis of Agrich sulphides and sulfosalts, and Ag-Hg alloys occuring
preferentially in quartz-rich veins. The secondary
enrichment zone at Imiter reaches a thickness of 50 to
150 m below ground surface. The upper levels, famous
because of giant native silver crystals, grade up to 300
kg/t. Metallographic observations, SEM-EDS and XRD
analyses reveal the presence of a quite complex
secondary paragenesis made of acanthite, cinnabar,
imiterite,
perroudite,
cerussite,
mimetite,
iron
oxyhydroxides, synchisite and coronadite. Supergene
alteration processes of the giant Imiter silver mine
deposit consist of the remobilisation of the primary
hypogene paragenesis by (i) deep and old basinal brines
and (ii) downward infiltrations of surficial waters
becoming progressively more reduced and F-enriched in
response to fluid-rock interactions. Development of such
a supergene mineralization strongly suggests prevalence
of arid to semiarid conditions.

Imiter deposit has been poorly documented, even though
it is being exploited. Few details exist in mining reports
but one can note interesting grades related to secondary
enrichments that can reach 400 to 500 g/t with locally
more than 300 kg/t. In this study, the processes of
supergene alteration of the hypogene ore were
evaluated, with an emphasis on the deeper part of the
underground mine. Eventually, such supergene
conditions have been modelled using rare earth elements
(REE) as proxies of low temperature processes.

2 Geometry and paragenesis of hypogene
mineralizations
The primary hypogene ore is mainly related to the E-W
10-km long Imiter fault system that separates
Cryogenian black shales to the south from Ediacaran
plutonic, volcanic and volcaniclastic rocks to the north
(Fig. 1B).

Keywords. Ag, secondary ore, sulfohalide, lanthanides.

1 Introduction and geological setting
The world-class Imiter mine is the 10th largest
worldwide and the largest African deposit with ~210
metric tons of silver produced in 2009. Since 1960, the
total production is estimated at ~4,300 t of Ag. The
deposit’s total reserves are approximately 8,000 t of Ag
and a 30 year mine life is estimated. Ore grades range
between 500 and 700 g/t. Mercury is exploited as a byproduct of silver, but no production data are available
regarding this metal. The deposit, located at the northern
edge of the West African craton (Fig. 1A), belongs to the
Moroccan Pan-African chain (Neoproterozoic orogeny:
750 to 540 Ma). The Imiter deposit is assumed to be a
late Neoproterozoic epithermal vein deposit, formed
during regional-scale strike slip faulting and is
associated with felsic volcanism dated at 550 ± 3 Ma by
ion-probe U/Pb on zircons (Cheilletz et al. 2002; Tuduri
et al. 2006).
To date, the supergene enrichment of the silver-rich

Figure 1. A) Simplified map of the West African Craton, B)
Simplified geological map of the Imiter silver mine.

The Imiter fault consists of the association between
N090°E and N060–070°E lineament arrays and defines
a succession of apparent left-lateral pull-apart textures at
district scale (Fig. 1B). According to Tuduri et al. (2006)
a simplified two stage hypogene model is herein
proposed. (i) Stage one would correspond to the silver-
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carbonates and arsenates; (ii) the latter is mainly oxidic
(Fig. 2). According to XRD data, quartz, illite and
kaolinite are predominant in the oxidized altered rocks.
Dolomite occurs only in the least oxidized varieties.

rich low sulfidation epithermal deposit model. Quartz is
the primary gangue, associated with minor dolomite,
chlorite, sericite and scarce adularia. Metallic ore (Fig.
2) is mainly composed of Ag–Hg alloys, arsenopyrite,
acanthite-argentite, Ag sulfosalts and imiterite
(Ag2HgS2). Along N060–070°E structures, large open
voids are observed, as a result of important dissolution
of carbonates during hydrothermal alteration. (ii) Stage
two corresponds to a reactivation of the Imiter fault
system. As a consequence, this stage reopened and reused stage 1 structures along the shear-zone. Structures
correspond to veins filled with massive pink dolomite
(ΣFe+Mg ≈0.1 atoms per formula unit). Scarce quartz and
a sulfide-rich paragenesis characterize this stage.
Sulfides are mainly Ag-rich galena and sphalerite,
pyrite, chalcopyrite, with minor amounts of argentite
and arsenopyrite (Fig. 2).

4 Mineralogy of the deep supergene
enrichment zone
The first alteration type (sulfidic) is defined by a
redistribution and local enrichment by accumulation of
secondary silver phases. Arsenopyrite, primary acanthite
and Ag-Hg alloys are not preserved. Thus Ag, As, Hg
and Pb are solubilized and further incorporated into new
minerals depending on geochemical conditions (e.g., pe,
pH). In such cases, galena may be replaced by acanthite
and cerussite, or only by cerussite. According to SEM
and XRD analysis, imiterite and perroudite
(Hg5Ag4S5(Cl,I,Br)4) are also present. Generally
cerussite is well developed until formation fluids favor
mimetite precipitation. At this moment, cerussite and
mimetite may display complex intergrowths. Then
mimetite occurs as the common crystal and free growth
textures of euhedral prismatic to acicular crystals may
be observed. Scarce inclusions of acanthite and cinnabar
have also been observed within mimetite (Fig. 2).
The second alteration type occurs as overgrowths on
the first alteration type of oxidized minerals such as iron
oxyhydroxides, rare earth element fluorocarbonates and
Pb-Mn oxides. It generally consists of syncrystallization of a goethite-hematite mixture with
synchisite overgrown by fibrous botryoidal aggregate
textures of complex manganates such as coronadite (Fig.
3). Mimetite may also occur in the earlier oxidic
processes associated with iron oxyhydroxides.

Figure 2. Paragenetic diagram of Imiter hypogene vein filling
and supergene alteration minerals, earliest formed minerals to
the left.

3 Vertical zonation of supergene alteration
The supergene enrichment zone depth reaches 50 to 150
m below the surface and is vertically zoned. This
supergene part has been intensively mined since the
discovery of the deposit and is still exploited. The Imiter
deposit is herein considered as a pyrite-poor deposit type
(Sillitoe 2009) at least in the first 200 m of exploitation
below the surface.
The main supergene alteration displays a generalized
downward progression with (i) massive Ag0 veins (up to
300 kg/t, from surface to 50-75 m depth), Ag-rich galena
and Ag-rich sphalerite and related Mn oxides, and (ii)
powdery black and rusty materials in the deeper part,
from 50-75 m and up to 150 m below the surface (400500 g/t). Such material was studied and determined by
metallographic observations, SEM-EDS and XRD
analyses. The alteration of the hypogene mineralization
consists of cerussite, mimetite, acanthite, cinnabar,
perroudite/imiterite and various Ag-Hg arsenates,
coronadite (PbMn8O16), synchisite (Ca(Ce,La)(CO3)2F),
hematite and goethite that can be attributed to two main
alteration stages: (i) the former is characterized by the
crystallization of supergene sulfides associated with

Figure 3. SEM backscattered electron image showing
syncrystallization of iron oxyhydroxide (feox), with synchisite
(sch) overgrown by botryoidal coronadite (cor).

5 Supergene enrichment
Both alteration processes described above are mainly
oxidizing phenomena (i.e., increasing f(O2) and
decreasing f(S)) that are superimposed on pre-existing
primary mineralization. The oxidation of sulfide releases
dissolved Ag, Hg, S and Pb into formation fluids.
Subsequently,
the
dissolved
species
undergo
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Because the Ag enrichment zone occurs in response
to chloride-rich, neutral to alkaline pH and reduced
formation fluid circulation, two alternative ore-forming
models are proposed below: (i) deep Phanerozoic basinal
brines channelled within Precambrian basement fractures
influence primary ore destabilization during the long and
complex history of the south-Moroccan area; (ii)
downward infiltration of surficial water such as modified
rainwater are progressively reduced in response to fluidrock interaction (F-rich groundwater resulting from
interactions with volcano-sedimentary host-rocks).
Organic matter encountered within black shales hosting
the mineralization (Pašava 1994) would participate in
redox processes. The paragenetic evolution from
mimetite, Ln-fluoro-carbonate and iron oxyhydroxide to
coronadite (Fig. 3), observed in the second alteration
type, implies a drastic increase of the oxidation states
with probable neutral to alkaline pH preservation
conditions and reinforces a continuum model of
supergene weathering (arrow on Fig. 4).
In conclusion, supergene processes provide Ag-rich
sulfide concentration in response to saline groundwater
circulations. This suggests that supergene enrichment
processes of Ag deposits in the Imiter mine are dynamic
in nature and do not exclusively require the presence of
meteoric water. As compared to other ore deposits (e.g.,
Cu, Reich et al. 2008; Ag, Sillitoe 2009), development
of such mineralization suggests prevalence of arid to
semiarid conditions during the supergene enrichment.
Processes controlling the supergene products of the giant
Imiter silver deposit belong to the pyrite-poor deposit
type and are controlled by neutral pH solutions (Sillitoe
2009).

oxygenation and/or complexation by other ligands,
which then concentrate them to form new insoluble
phases. The secondary concentration observed in the
first alteration type documented in this study, results in a
zonation from sulfide to sulfohalide, probably in
response to an increasing oxidation state (Gammons and
Yu 1997).
Thus, the replacement of galena by acanthite
suggests neutral to alkaline pH values, a relatively low
oxidation state and high total sulfide (hatched area, Fig.
4). Moreover, release of S, Ag, Pb, As and Hg during
sulfide alteration (i.e., acanthite and primary minerals),
probably influenced by halide-rich solutions, provides
the necessary ingredients for imiterite/perroudite
crystallization.

References
Figure 4. pe-pH stability diagram for Ag, Hg, Pb minerals
and dissolved species of Ag-Hg-Pb-Cl-S-C at 25°C. Arrow
shows pe-pH trend for supergene alteration stages.

Cheilletz A, Levresse G, Gasquet D, Azizi-Samir M, Zyadi R,
Archibald DA, Farrar E (2002) The giant Imiter silver deposit:
Neoproterozoic epithermal mineralization in the Anti-Atlas,
Morocco. Miner Deposita 37:772-781
Gammons CH, Yu Y (1997) The stability of aqueous silver
bromide and iodide complexes at 25-300°C: Experiments,
theory and geologic applications. Chem Geol 137:155-173
Pašava J (1994) Geochemistry and the role of anoxic sediments in
the origin of the Imiter silver deposit in Morocco. Vĕstnik
Českého geologického ústavu 69, pp 1-12
Reich M, Palacios C, Parada MA, Fehn U, Cameron EM,
Leybourne MI, Zuniga A (2008) Atacamite formation by deep
saline waters in copper deposits from the Atacama Desert,
Chile: evidence from fluid inclusions, groundwater
geochemistry, TEM, and 36Cl data. Miner Deposita 43:663-675
Sillitoe RH (2009) Supergene silver enrichment reassessed. In:
Titley SR (ed) Supergene environments, processes and
products, Soc Econ Geol Spec Publ 14:15-32
Tuduri J, Chauvet A, Ennaciri A, Barbanson L (2006) Modèle de
formation du gisement d'argent d'Imiter (Anti-Atlas oriental,
Maroc). Nouveaux apports de l'analyse structurale et
minéralogique. Comptes Rendus Geoscience 338:253-261

6 Rare earth elements as proxies of
supergene processes
The weathering process has resulted in the mobilization
and redistribution of the REE affected by the nature of
secondary mineral formation (e.g., Mn oxides,
fluorocarbonates). The presence of aqueous ligands,
notably fluoride, carbonate or hydroxide in water
strongly affects REE solubility. Indeed, formation of
secondary REE-minerals (i.e., synchisite) can give some
clues for deciphering the probable ligands present in the
supergene ore-forming fluid. In order to establish the
supergene conditions, REE speciation in two multiligand solutions (reduced seawater and F-rich
groundwater) was calculated. Results show that (i) in the
reduced seawater at near-neutral pH, lanthanides exist as
free ionic, carbonate and chloride species; (ii) in Fenriched groundwater, lanthanides occur as free ionic,
carbonate and fluoride complexes. While there is no
indication for the presence of alkaline fluids, there is
evidence for the presence of F-bearing fluids. Indeed, the
precipitation of F-REE-bearing synchisite suggests the
presence of F and CO2 in the aqueous fluid.
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Cenozoic exotic Cu mineralization in the Centinela
district (Atacama Desert, Northern Chile)
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Abstract. The Centinela District exposes two of the
largest exotic Cu deposits of the world: the El Tesoro and
the Tesoro NE. The former presents two roughly tabular
mineralized ore bodies: the copper wad-rich Lower
manto, having copper wad, chrysocolla and minor
atacamite, and the atacamite-rich Upper manto, having
minor copper wad and chrysocolla. The Tesoro NE
presents copper wad, chrysocolla, atacamite and
malachite.
Sedimentologic,
stratigrafic
and
geochronologic data help elucidate the geomorphologic
evolution of Centinela District and provide constraints on
the location of the still undiscovered source area for the
copper. In the case of the El Tesoro Lower manto it is
likely situated to the north, whereas for the Upper manto
of El Tesoro and for the Tesoro NE the source area it is
probably situated easthward. Exotic mineralization
occurred during the early Oligocene –middle Miocene,
under semiarid-arid climatic conditions and prior to the
onset of the hyper-arid conditions. This climate change is
evidenced in the stratigraphic record by a change in the
hosting-gravel lithofacies and of the paleosoil
characteristics.

of the largest exotic Cu ore deposits of the world: the El
Tesoro and the Tesoro NE both hosted in gravel deposits
(Perelló et al. 2010). This article concentrates on the
stratigraphy of the gravels deposits outcropping in the
northern part of the district and focuses on how
sedimentologic features allow inferring the source of the
supergene solutions.

2 The Centinela district
The district contains several Late Eocene porphyry
copper: the Esperanza, the Telégrafo, the Caracoles, the
Polo Sur and the Mirador, all of them emplaced in
Mesozoic rocks (Fig. 1). The in-situ supergene
mineralization is superimposed on the hypogene
mineralization. Several K-Ar and 40Ar-39Ar ages of
supergene alunite between 22.9 ± 0.4 Ma and 20.0 ± 1.0
Ma for the Telégrafo ore deposit, and between 21.2 ±
0.2 Ma and 19.2 ± 0.2 Ma for the Polo Sur ore deposit
are reported (Sillitoe and Mckee 1996; Perelló et al.
2010). Exotic Cu mineralization has been recognized in
the El Tesoro, the Tesoro NE and Paleocanal (Perelló et
al. 2003; Mora et al. 2004). The source of copper in the
exotic deposits is still poorly understood.

Keywords. exotic Cu deposit, El Tesoro, Late Cenozoic
gravels, Atacama

1 Introduction

3 Gravel stratigraphy

The exotic Cu deposits form by lateral migration of
supergene solutions originating from oxidation and
leaching of Cu from nearby porphyry copper deposits
(Münchmeyer 1996). In the Domeyko Cordillera
(northern Chile), porphyry copper deposits were
principally emplaced during the early Paleocene - early
Oligocene. Subsequent late Cenozoic exotic Cu
mineralization is hosted in synorogenic gravel derived
from erosion and exhumation of this Cordillera (Reutter
et al. 1991; Maksaev and Zentilli 1999).
Field evidence, such as the presence of beds containing
exotic mineralization being truncated by overlying
barren gravel strata or cu oxide bearing clasts within the
gravel sequence suggests that the exotic Cu
mineralization occurred periodically during gravel
deposition (Münchmeyer 1996; Tapia 2009). The
intensity of supergene and exotic mineralization
processes decreased coevally with the aridification of
the Atacama Desert and terminated with the onset of the
present-day hyper aridity (Alpers and Brimhall 1988;
Sillitoe and Mckee 1996; Arancibia et al. 2006; Mote et
al. 2001; Tapia 2009; Bissig and Riquelme 2010).
The Centinela District is located in the late Eocenelower Oligocene porphyry copper belt and exposes two

The gravel deposits in the El Tesoro and the Tesoro NE
reach up to 300 m thickness and comprise well stratified
N-S to NNE-SSW oriented, 10-25° dipping, beds. They
unconformably overlie Paleocene to Eocene volcanic
and sedimentary rocks, and are cut by NNE oriented
sinistral faults. Based on lithofacies they can be divided
into three units, from the base to the top:
a) Gravas de Granito (Oligocene?) These gravels crop
out at the bottom of the El Tesoro pit, where they
unconformably overlie the 37 to 42 Ma tuff and
sedimentary rocks of the Estratos de Cerro Casado
(Mpodozis et al. 2009). The gravel lithofacies comprises
pebble to boulder (3-15 cm in diameter, locally 30 cm),
carbonate cemented, channel-infill conglomerates that
reach 1-2.5 m thickness. The gravel clasts are
subrounded, occasionally trough-cross laminated and
imbricated. Clast lithologies comprise poorly sorted
granitoid and rhyolite clasts sourced from the Sierra
Limón Verde. Other sedimentary facies include 0.2 to
0.4 m thick, horizontally and trough-cross laminated
sands. These sands host the Lower Manto where the
exotic Cu mineralization is forming the cement and
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Gravas de
Caliza

2003).

Chrysocolla

Gravas Rojas

Provenance
from the
ESE

Provenance
from the E

a
b

Atacamite
Copper wad

Gravas de Granito

locally fracture infills in these sands. Clast imbrications
suggest a provenance direction from NNW to NNE for
the gravels (see also Blanco and Tomlinson 2002).
b) Gravas Rojas (Early Miocene). These gravels crop
out in the middle of the El Tesoro pit and at the base of
the Tesoro NE pit. They are composed of 0.3 - 1 m thick
relatively well stratified red-colored conglomerates.
Sedimentary
structures
comprise
trough-cross
lamination and some levels of massive gravel. The
gravel levels occasionally alternate with calcic paleovertisoils. Lithologically, the gravel clasts are composed
of grey andesites (55%), Qz-sericite altered and silified
clasts (35%) and grey to purple rhyolites (10%). The
sedimentary facies in this unit has been interpreded as
sheetflood deposits in which the exotic Cu
mineralization forming the Upper Manto occurs as
cement or in veins. Based on clast imbrications, gravels
have a provenance direction from the E (see also Blanco
and Tomlinson 2002).
c) Gravas de Caliza (Early-Middle Miocene). These
crop out in the upper part of both exotic ore horizons and
are thicker above Tesoro NE. They comprise brownyellow colored granule (1-7 cm in diameter) clastsupported conglomerates interbedded with minor red
sand beds. The conglomerates are well stratified and
form 30 to 70 m thick beds, occasionally exposing
planar parallel and trough-cross lamination. The gravel
clasts are angular to subrounded. Clasts occasionally
reach diameters of 10 to 35 cm. Clast lithologies
correspond to 60% Jurassic limestones, 15% grey
andesites and 25% of leached porphyric rocks containig
bi-pyramidal quartz phenocrysts. The Gravas de Caliza
features interbedded calcic paleo-vertisoil levels
occasionally showing root traces.

50 m

Copper wad

0m

Provenance
from the N

b

Eocene

Figure 2. Stratigraphic log of the late Cenozoic gravels of the
northern part of the district. Sedimentary provenance directions
(black arrows) and the El Tesoro exotic mineralization
occurrences are shown. Gravel beds truncating exotic
mineralization are schematically illustrated In a) atacamite vein
cutting the sedimentary lamination, including the disseminated
copper wad and chrysocolla, b) the copper wad is gravel
cement following the trough-cross lamination structure.

3.1 Depositional environment
The sedimentary facies of the Gravas de Granito suggest
deposition in a multi-episode, high energy, stream and
sheetflood environment consistent with an arid climate
(Blanco and Tomlinson, 2002). The presence of calcic
vertisoil within the Gravas Rojas indicates semi arid
climatic conditions with precipitation rates of
approximately 200 mm/yr (Rech et al. 2006). The facies
evolution within the Gravas de Caliza shows a change
from arid to hyper-arid climatic conditions. This is
evidenced by the paleogypsisoil level outcropping at the
top of this unit, which suggest precipitation of <20
mm/yr (Rech et al. 2006; Tapia 2009).

El Tesoro NE
El Tesoro

Mirador

Telégrafo Norte

Esperanza

Telégrafo Sur

Caracoles

Centinela

500 0

4 Exotic Cu mineralization

Figure 1. a) Location map of the main deposits and prospects
of the Centinela District. Inset at lower right shows the
Centinela district in northern Chjle and relative to
Chuquicamata, Sierra Gorda and Calama.

The Lower Manto of El Tesoro is emplaced at the base of
the Gravas de Granito and comprises copper wad,
chrysocolla, and variable amounts of atacamite,
paratacamite, malachite and azurite (Mora et al. 2004).
The copper wad and chrysocolla mineralization occurs
as gravel cement, which follows the sedimentary
structures in some levels that are truncated by overlying
barren gravel beds which, indicates a syn-sedimentary
origin of the copper mineralization (Fig. 2b). The Upper
Manto of El Tesoro and the mineralized level of Tesoro

The main sedimentary facies corresponds to
sheetflood deposits. More than 150 measurements of
imbricated clasts indicate provenance directions from the
ESE (S71ºE). Above this unit a paleo-gypsisoil is
exposed which in turn is underlain by a 10 Ma (Ar-Ar
Biotite) ignimbrite level (Artola Ignimbrite: Perelló et al.
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NE are emplaced in the Gravas Rojas unit. They mainly
comprise atacamite, paratacamite, azurite and varible
amounts of copper wad and chrysocolla the latter two are
locally truncated by barren gravel beds. The atacamite
forms vein infills and post dates the copper wad and
chrysocolla which is consistent with observations by
Reich et al (2009) which indicate a much younger age of
atacamite than the other green copper oxides (Fig. 2a).
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Northern Chile: tectonic and climatic relations. J Geol Soc
163:107–118
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in the southern Atacama Desert deduced from geomorphology
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Minería, Informe Registrado IR-93-04, 282 p
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compresiva-oblicua polifásica y pórfidos cupríferos eocenos en
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Chileno Santiago, 22-26 November, S11_062
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migration of supergene solutions from porphyry copper
deposits, in Andean copper deposits: new discoveries,
mineralization, styles and metallogeny. Soc Econ Geol Spec
Publ 5:43-58
Perelló J, Brockway H, Martini R , Candia W (2003) Exploración
Llano y Paleocanal:Campaña 2003: Santiago, Chile,
Antofagasta Minerals S.A. Unplublished report, 11 p
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Exploration in a Mature Terrain: The Case History of the
Centinela District, Northern Chile Porphyry Copper Belt. Soc
Econ Geol Spec Publ 15:229-252
Rech JA, Currie BS, Michalski G, Cowan AM (2006) Neogene
climate change and uplift in the Atacama Desert, Chile.
Geology 34:761-764
Reich M, Palacios C, Vargas G, Luo S, Cameron EM, Leybourne
MI, Parada MA, Zúñiga A, You CF (2009) Supergene
enrichment of copper deposits since the onset of modern
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5 Discussion
We suggest that supergene solutions transporting Cu to
the Lower Manto originated from an undiscovered
porphyry copper source located in the Sierra Limon
Verde, ca. 8 km north of the district. This mineralized
level was deposited during the Oligocene-Early Miocene
under arid climatic conditions in an environment where
e alluvial gravels indicative of a high-energy
environment were episodically deposited. Copper in the
two stratigraphically higher exotic mineralization levels
was probably sourced from the porphyry copper deposits
located easthward (Pórfido Llano, Esperanza and
Mirador). The reported, ca. 20 Ma age for supergene
mineralization reported for the district (Citationes)
corresponds to these upper mineralized horizons. Exotic
Cu mineralization at this time occured under semi-arid
climatic conditions. The end of the mineralization
coincides with a change in the sedimentary facies of the
gravels and with the gypsisoil formation at roughly 13
Ma.

6 Conclusions
This study of the gravels hosting exotic Cu
mineralization in the Centinela District is an independent
approach to the discussion of the Atacama paleoclimate.
Our results agree with published work on in situ
supergene mineralization. The study also provides
potentially useful guidelines for the exploration of the
source of exotic Cu mineralization. It will provide an
improved understanding of the conditions and controls
leading to exotic Cu mineralization. These paleoclimate
conditions are frequently recorded in the sedimentary
records. Wetter climatic conditions than at present were
instrumental in the supergene Cu enrichment and lateral
migration of mineralizing solutions. The onset of hyperarid conditions at roughly 13 Ma restrained the
supergene activity, but provided ideal conditions to
preserve supergene ores
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The unusual supergene Las Cruces copper ore deposit
Nieves G. Miguélez, Fernando Tornos
IGME, Rios Rosas 23, Madrid (Spain)
Francisco Velasco
Universidad del País Vasco, Bilbao (Spain)
Juan Carlos Videira
Cobre Las Cruces, S.A., Gerena, Sevilla (Spain)
Abstract. Las Cruces is the most recent mine in
production of the Iberian Pyrite Belt (SW Spain). The Cu
mineralization is located in the zone of secondary
enrichment of a volcanogenic massive sulphide (VMS) of
Late Devonian age. The deposit includes a primary
massive sulphide with an associated stockwork, a
secondary Cu-sulphide enrichment zone and an
overlying “gossan” with unusual characteristics, all of
them capped by a thick Tertiary sedimentary sequence.
The so-called “gossan” includes a “true” gossan with
haematite, goethite, anglesite and quartz and a lower
zone (Black Rock) made up of fine-grained galena,
siderite and Fe sulphides with significant amounts of Ag
and Au. The Black Rock is interpreted as a product of a
late biogenic reduction of the gossan and marks the limit
with the cementation zone, which includes a layer of
barren coarse grained pyrite, a thick zone of massive
chalcocite with enargite and tetrahedrite-tennantite and is
crosscut by veins and breccias of calcite, quartz and
barite with chalcocite. The supergene deposit is
interpreted as formed in two stages, a first one of likely
pre-Miocene age that developed a gossan and a
cementation zone similar to those of other deposits of the
Iberian Pyrite Belt and a second one, that probably
continues today, of maturation below the sedimentary
cover.

mineralization.
The Las Cruces deposit was discovered in 1994 by
Rio Tinto plc that found a large gravimetric anomaly.
Since 2009 it is mined in an open pit by Cobre Las
Cruces, S.A., a subsidiary of INMET Mining. The initial
investment was 1180 mUSD and the expected
production during 15 years is 1 Mt of Cu-cathode,
obtained via hydrometallurgy.
The underlying massive sulphides were deformed
during the Variscan orogeny. The primary ore body has
an E-W direction and dips 45ºN; it is delimited by first
grade NO-SE and N-S faults. The secondary
mineralization and the sedimentary cover are horizontal
below the erosive surface. A major N-S trending fault
divides the orebody and affects also the sedimentary
rocks, producing a major metal enrichment; it is
interpreted an early fault that was reactivated during the
Alpine orogeny. Since it was a blind deposit, Las Cruces
is the only mineralization of the Iberian Pyrite Belt that
has kept pristine gossan and cementation zones. The aim
of this study, after a major field study, is to determinate
the ore forming processes and their relative timing.

Keywords. Las Cruces, supergene alteration, VMS,
Iberian Pyrite Belt

1 Introduction
The Las Cruces ore deposit is situated 20 km NW
Seville, in southwestern Spain. The deposit belongs to
the Iberian Pyrite Belt (IPB) which also hosts giant
massive sulphide deposits such as Rio Tinto, Tharsis and
Neves Corvo, among others, being one of the largest
VMS provinces in the world. The recently discovered
Las Cruces deposit has one of highest Cu grades (17 Mt
@ 7% Cu) of the currently mined deposits. It has
significant Au (5.9 g/t) and Ag (98 g/t) credits in the
gossan.
The Guadalquivir river basin overlies the IPB at its
southeastern limit, where Las Cruces is situated. At the
mine, it consists of a 170 m thick Miocene sequence
(Fig. 1). The base of the sedimentary unit hosts the
Niebla-Posadas aquifer which lies over the ore body.
This aquifer is hosted by a basal sandstone that includes
grains of quartz cemented by calcite; the base of the
sandstone is rich in glauconite and euhedral pyrite as
well as in boulders of gossan and includes several 2-5 m
long patches of packstone on the top of the

Figure 1. Sketch of the Las Cruces ore deposit (Modified
from Knight 2000)
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2 Las Cruces ore deposit
The primary massive sulphides and related stockwork
are hosted by the Volcano-Sedimentary Complex of the
IPB (Fig. 1). Here, it is made up of several dome
complexes of coherent dacite and andesite with
associated hyaloclastite and interbedded with
volcaniclastic sandstone, siltstone and shale (Conde et al.
2007). In detail, the primary mineralization is located at
the contact between a dacite dome and overlying shale;
the massive sulphides show a typical footwall
hydrothermal alteration zone that includes sericitic and
chloritic zones. Apart from its larger concentration in Cu,
the primary mineralization of Las Cruces shows similar
features to other deposits in the IPB. Pyrite is the main
phase along with minor amounts of chalcopyrite,
sphalerite and galena. The massive sulphides present
zonation with Cu enrichment in the upper part, and Zn
and Pb in the footwall (Knight 2000).
The supergene alteration and mineralization form a
horizontal blanket. The uppermost zone includes an
oxidized gossan and a reduced sulphide-rich cementation
zone. The upper oxidation zone includes two lithologies,
denominated Red and Yellow Rock. The Red Rock
shows features typical of a mature gossan; it has a rather
homogeneous appearance, where fine grained hematite
and goethite coexists with quartz and late siderite, which
coats cavities (Fig. 2a); this rock lacks sulphides and
sulphates. It is interpreted as the remnants of the gossan
formed during pre-Miocene times, being similar to other
subaerial gossans formed in the IPB.
The Yellow Rock (Fig. 2c) has uncertain relations
with the other rocks; field observations and a mineral
assemblage of quartz, goethite and late siderite, with
minor galena, anglesite and calcite, suggest that it is
probably formed by the supergene oxidation of the Black
Rock.
Beneath the Red and Yellow Rocks there is a
continuous black layer (Black Rock), up to 2 m thick,
made up of powdery to massive fine grained galena,
quartz, siderite, greigite and pyrrhotite; the assemblage
includes somewhat abundant gold and a complex suite of
Ag-bearing sulphides (Blake 2008). Contacts with the
adjacent rocks are sharp. Here are abundant late veins
and breccias cemented by open space grown carbonates
(Fig. 2b). The presence of relicts of the Red Rock in the
Black Rock and the enrichment in Pb strongly suggest
that the Black Rock is derived from the reduction and
sulphidisation of the Red Rock – its later oxidation
produced the Yellow Rock.
The Black Rock is underlain by an irregular but
continuous layer of granular coarse-grained barren
pyrite, with the hanging wall being replaced by galena.
The thickness of this layer varies from few centimetres
to one meter.
The bulk of the cementation zone is dominated by
massive chalcocite – including djurleite, digenite and
chalcocite s.s.; they replace earlier chalcopyrite and
bornite and coexist with some enargite, tetrahedritetennantite and pyrite. In detail, there are two generations
of pyrite; one is relict and interpreted as inherited from
the primary mineralization; it is usually brecciated and
replaced by younger minerals. The supergene pyrite is

Figure 2. a.- Red Rock: euhedral siderite crystals on botriodal
goethite. b.- Dolomite vein crosscutting the Black Rock. c.Yellow Rock replacing the Black Rock. d.- Euhedral pyrite in
the silica-rich alteration. e.- Cementation zone: calcite veins
crosscutting Cu-sulphides. f.- Cementation zone: Chalcocite
replacing pyrite.

usually euhedral and intergrown with the Cu-sulphides.
This cementation zone is up to 50 m thick but along
faults it can reach depths as high as 70 m (Knight 2000).
The contact with the primary sulphides is transitional.
The cementation zone is crosscut by abundant quartzcalcite-barite veins and breccias with chalcocite and
pyrite.
Broadly synchronous and adjacent to the supergene
ore body there is a supergene pervasive silica-rich
alteration zone affecting the host dacite and shale and the
sedimentary cover; mapping shows that it is associated
to the late Alpine faulting. It occurs in two different
ways: one as several stratabound silica-rich bodies, some
meters thick and located at the boundary between the
oxidizing and reducing zones, and another as a massive
silicification related to the faults. Here, quartz is the
main phase along with minor amounts of euhedral pyrite
(Fig. 2d).

3 Geochemistry of the gossan
A geochemical survey has been carried out to study the
distribution of the chemical elements among the
lithologies of the supergene alteration zone and compare
them with the nearby IPB gossans of Tharsis and San
Miguel. The geochemical signature of these last two
deposits is quite similar to that of the Red Rock and the
Black Rock of Las Cruces, except for the high
enrichment in Au and Ag and some minor depletion on
trace elements at Las Cruces.
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Figure 3. Distribution of chemical elements in supergene rocks at Las Cruces normalized to average contents in the Tharsis and San
Miguel gossans (Mean IPB Gossans).

However, it is important to point out that the
geochemistry of the three lithologies of Las Cruces is
similar but being the Red Rock more similar to the
average gossan of the IPB. As a whole, Las Cruces
gossan is enriched in CaO, MgO and MnO, whereas it is
depleted in Al2O3 and all the trace elements, but Pb, Sb,
W and Sr. The Black Rock and the Yellow Rock show
much larger depletion on Fe2O 3, As, Co and,
surprisingly, on Cu (Fig. 3).

Nowadays, the ore deposit is still interacting with the
aquifer suggesting that supergene alteration continues
being active.
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4 Genetic model and conclusions
The Las Cruces primary massive sulphides formed
during the Late Devonian synchronously with the other
equivalent deposits of the IPB during (sub)-seafloor
exhalation of hydrothermal fluids. The ore body was
deformed during the Variscan orogeny, uplifted and
subaerially exposed, eroded and weathered during preMiocene times, when most gossans of the IPB formed;
the only remnants of this early supergene alteration are
the Red Rock and perhaps a small part of the
cementation zone. Gossans in other deposits of the IPB
are quite mature, with only small cementation zones.
The marine transgression during the Miocene
covered the Las Cruces deposit and its weathered cap.
The clastic rocks directly covering the gossan were
detritic, including a calcarenite that hosts the major
Niebla-Posadas aquifer; other surficial fluids also
circulated – and continue circulating – through the faults
that crosscut the massive sulphides. Interaction of the
different fluids circulating through the system with the
previously formed supergene zones and the massive
sulphides enlarged the cementation zone, and reduced
some of the already formed gossan to the Black Rock.
The Black Rock-Yellow and Red Rock boundary was
probably controlled by fluctuations in the redox
boundary.
Biogenic activity was probably critical during the
supergene alteration processes. The sulphides and the
siderite of the Black Rock include abundant mat-like and
other biogenic textures that coexist with skeletal
growths, indicative of extremophilic microbial activity.
The siderite has δ13C values as low as -30 ± 18‰ (Blake
2008), consistent with biogenic derivation of the CO2.
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Geochemical simulations for the evolution and
formation time of the supergene Cu mineralization of El
Teniente (Chile)
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Abstract. The youngest porphyry copper deposit of
Chile, El Teniente, contains a thick supergene enrichment
zone. Reactive transport simulations were performed,
using the software RETRASO, to recreate the formation
and timing of this secondary enrichment zone. We used a
one-dimensional column of 100 m to represent the
saturated zone of the supergene deposit; water entered
through the top boundary with 0.5 g/L of copper in
solution and 55000 years were simulated with 100 timestep. The results reproduce the secondary sulfide
deposition zoning of El Teniente deposit: an upper zone
of chalcocite, with average copper grades increased with
respect to hypogene grade, and the lower zone without
significant enrichment with common presence of
covellite. Dissolution of pyrite and chalcopyrite occurred
in both areas as would correspond to replacement of
hypogene by supergene minerals. Dissolution of
chalcocite and covellite occurred too, as the upper and
lower zones of the secondary enrichment thickened.
Precipitation and dissolution of sulfides followed the
changes in pH-pE of the system. The secondary
enrichment zone deepened at an average rate of 1.4 m
per thousand years. This rate was higher than the
regional erosion rates estimated in the literature. Under
these conditions, the time required for the formation of
the secondary enrichment zone would not exceed
350000 years.

1993; Kurtz et al. 1997).
Host rocks of El Teniente deposit are of igneous
origin. The oldest lithologic unit corresponds to a basic
laccolith called El Teniente Mafic Complex (CMET),
which hosts 80% of the copper mineralization. The rest
of the lithologies are also hosted by CMET: subvertical
felsic intrusive, hydrothermal breccias and a breccia
pipe called Braden Breccias Complex (CBB),
considered sterile and located approximately in the
center of the deposit (Skewes et al. 2005).
The hypogene copper mineralization occurs in
veinlets, disseminations, and in the hydrothermal
breccia matrix, with chalcopyrite and bornite as the
main copper minerals. Other typical sulfide minerals are
sphalerite, galena, molybdenite and tennantite.
Magnetite is found most commonly in CMET (Skewes
et al. 2005). The top of the deposit has a supergene zone
which covers an area of 15 km2, approximately 200 to
700 m thick (Álvarez 1990).

Keywords. reactive transport simulation, supergene
enrichment, El Teniente porphyry copper deposit

1 Introduction and geology of El Teniente
El Teniente is considered the largest porphyry copper
deposit and is the youngest in the Andean Range (12-4.3
Ma, Cuadra 1986; Maksaev et al. 2003). The reserves of
El Teniente have been estimated at 94.35 Mt Cu with an
average grade of 0.63% (Cook et al. 2005). El Teniente,
together with other deposits of the area, formed during
Miocene to Pliocene times due to magmatichydrothermal processes related to the subduction of the
oceanic crust below the Southamerican plate (Sillitoe
1988).
The climate of the area is determined by the location
of the deposit, in the Andean Range, which has average
precipitation of 1 m/year. The formation of the supergene
zone, with the subsequent enrichment of Cu, involved
the exhumation of the deposit, i.e., uplift and erosion of
the area. Regional rates of erosion in El Teniente district
range from 150 to 300 m per million years (or 0.15 to 0.3
m per thousand years) over the last 4.9 Ma (Charrier and
Munizaga 1979; Stern et al. 1984; Skewes and Holmgren

Figure 1. Simplified cross section of the supergene
mineralization (modified from Álvares 1990).

The upper part of this zone is leached, but contains
irregular bags of copper oxides. A secondary sulfide
zone has developed below the leached zone, thicknesses
of 200 to 500 m. This secondary sulfide zone is
subdivided in a strong enrichment zone, typically the
upper part of the secondary sulfide zone, with more than
30% of secondary sulfides (Fig. 1). Chalcocite is the
more important secondary copper sulfide, and covellite
is present in smaller proportion, commonly in the weak
enrichment zone (Álvarez 1990). Kaolinite is the more
abundant supergene alteration mineral, with minor
montmorillonite, alunite and sericite (Álvarez 1990).
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chalcocite zone but precipitated, in small amounts, in the
covellite zone (Fig. 2). All the copper transported into
the saturated zone was precipitated as chalcocite and
covellite.
Alteration minerals also precipitated in the saturated
profile. Kaolinite occurred in the chalcocite zone and
from the covellite zone to the base of the column (Fig.
2). Like secondary sulfide zones, the lower kaolinite
zone deepened with time, with a consequent dissolution
of their upper part. Amorphous silica precipitated where
kaolinite dissolved. The Si and Al needed for the
precipitation of kaolinite and quartz were released by
dissolution of host rock silicates.

Previous studies of reactive transport models of
supergene zones in porphyry copper deposits
reproduced the dissolution of primary sulfides in the
unsaturated zone (Ague and Brimhall 1989; Xu et al.
2001) and the deposition of secondary sulfides below
the ground-water table. The authors concluded that
vertical copper fluxes out of the supergene systems are
probably negligible and that a water table drop results in
the migration downward of the secondary sulfides
mineralization (Xu et al. 2001).
In this study, we simulated a saturated onedimensional rock column of the supergene zone of El
Teniente, with initial iron and copper sulfide hypogene
mineralization and copper-sulphur rich water
circulation. Our purpose was to determine the vertical
evolution and the time needed to generate a thick
secondary enrichment like that of El Teniente porphyry
copper deposit has.

2 Methods
We represent a saturated zone with a 100 m onedimensional column with 41 nodes, 2.5 m apart. The
rock was simplified from the composition of CMET unit
(Fig. 2). Water entered with a flux of 3.17x10-5 kg/(m2s)
through the top boundary, during a period of 55000
years in 100 time-steps.
We used the software RETRASO (Saaltink et al.
2004) for reactive transport simulations of the saturated
column, which considers both types of fluid flux,
diffusion and advection. This software returns the
concentration of the aqueous phases and the mineral
masses (mol/m3rock) precipitated and dissolved, pH end
pe values, in every node at each step of time. The kinetic
constants used in this study were taken from Xu et al.
(2001).
Mineral reaction surface were calculated assuming
spheres with the expression s=3 πVf/r, where Vf is the
volume fraction of the mineral phase and r is the grain
radius. The pore volume fraction of the rock was 0.1.
The results are presented as mineral concentration
and pe-pH values in the column at the time-step of the
simulation using the software gnuplot.

3 Results: reactive transport simulations
3.1 Distribution and evolution af sulfides on
the saturated zone
The reactive transport simulations of the saturated
supergene column of 100 m showed the evolution of
precipitating sulfides (Fig. 2). Two distinct zones
developed: an upper one with chalcocite and a lower
zone with covellite. Both zones thickened over time so
that the secondary sulfide zone gradually deepened.
Chalcocite and covellite coexisted in a transition zone
which coincides with the deepest part of the covellite
zone. Dissolution of chalcopyrite and pyrite occurred
along the saturated column. Chalcopyrite dissolved
throughout the zone of secondary sulfides, and was
inversely proportional to the deposition of chalcocite
and covellite. In contrast, pyrite is dissolved in the

Figure 2. Evolution in time of the volumetric ratio for
supergene minerals (left), hypogene minerals (central) and
evolution of pe and pH (right) according to simulation results
of reactive transport models

During the 55,000 years of simulation time, the
secondary sulfide zone grew 90 m. Although after the
first 5,500 years the secondary sulfide zone was 25 m
thick, during the rest of the simulation it thickened 7.5 m
per time-step. This indicates a deepening average of the
secondary sulfide zone of 1.4 m per thousand years.
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precipitation processes, dissolution of secondary sulfides
occurred too. A strong acidic pH arose inside the
covellite zone, where a paragenesis of advance argillic
alteration appeared.
The time required for the formation of the 500 m
thick secondary sulfide zone of El Teniente deposit is on
the order of 350,000 years, according to our simulation
constraints.

3.2 Analysis and discussion
The distribution of the secondary sulfides in the column,
i.e., an upper zone of chalcocite and a lower zone of
covellite, is consistent with the allocation of secondary
sulfides in El Teniente. For simplification purposes, we
did not take into account in our simulation seasonal
changes in groundwater level or water mixing zones that
would partly explain the more complex distribution of
the secondary sulfides in the deposit.
The
inversely
proportional
dissolution
of
chalcopyrite with respect to the precipitation of
secondary sulfides is also observed in El Teniente
(Álvarez 1990).
The results of the simulation (Fig. 2) show that the
progressive growth and deepening of the chalcocite zone
imply the dissolution of covellite in the covellite zone,
and, inversely, the progressive growth and deepening of
the covellite zone implies the dissolution of the deepest
chalcocite. An equivalent replacement occurred with the
drop of the water table, and the consequent migration
downward of the secondary sulfide zone, described in
previous works (Xu et al. 2001).
Dissolution of pyrite occurred in the upper part of the
column, but, in our results, minor amounts of pyrite
precipitated together with silica and kaolinite. This
occurred in a zone of very acidic pH (2–3.5), which
could be envisaged as an advanced argillic alteration.
The pe and pH values evolve with time in accordance
with the sulfide and alteration paragenesis, thickening
the more oxidized and more acidic zones with time.
With the average growth of the secondary sulfide
zone of 1.4 m per thousand years, the formation of El
Teniente’s 500 m thick enrichment zone required
360,000 years to form. Taking into account the erosion
rate of 0.15 to 0.3 m per thousand years, 110 m of the
upper part of the supergene column in the last 360
thousand years would have been removed. Because the
calculated erosion rates for El Teniente are much smaller
than the obtained growth rates of the secondary sulfide
zone, it is reasonable to assume that erosion would affect
the uppermost part of the alteration zone, that is, the
oxide zone but not the sulfide zone. Besides, erosion
would facilitate deepening of the water table and,
consequently, promote growth of the sulfide zone.
Therefore, the calculated formation time is a maximum
value, so that the sulfide enrichment zone would form in
less than 360,000 years.

Acknowledgements
We thank Alejandra Arévalo and Roberto Valenzuela for
their invaluable assistance at the beginning of this
investigation.

References
Ague J, Brimhall G (1989) Geochemical Modeling of Steady State
Fluid Flow and Chemical Reaction during Supergene
Enrichment of Porphyry Copper Deposits. Econ Geol 84:506528
Alvarez Luis (1990) Perfil de alteración supérgena en el
yacimiento El Teniente. Memoria de Título, U. Católica del
Norte, Dpto. Ciencias Geológicas
Charrier R, Munizaga F (1979) Edades K-Ar de volcanitas
cenozoicas del sector cordillerano del río Cachapoal
(34°15’ Lat. Sur.). Rev Geol Chile 7:41-51
Cooke DR, Hollings P, Walshe JL (2005) Giant Porphyry Deposits:
Characteristics, Distribution, and Tectonic Controls. Econ Geol
100:801–818
Kurtz AC, Kay SM, Charrier R, Farrar E (1997) Geochronology of
Miocene plutons and exhumation history of the El Teniente
region, Central Chile (34-35°S). Rev Geol Chile 16:145-162
Reed M (1997) Hydrothermal alteration and its relationships to ore
fluid composition. In: Barnes HL (ed.) Geochemistry of
hydrothermal ore deposit, 3rd edition, J. Wiley and Sons, New
York pp 303-366
Saaltink MW, Batlle F, Ayora C, Carrera J, Olivella S (2004)
RETRASO, a code for modeling reactive transport in saturade
and unsaturade porous media. Geol Acta 2:235-251
Skewes MA, Holmgren C (1993) Solevantamiento Andino, erosión
y empĺazamiento de brechas mineralizadas en el depósito de
cobre porfídico Los Bronces, Chile (33°S): Aplicación de
termometría de inclusiones fluidas. Rev Geol Chile 20:71-84
Skewes MA, Arévalo A, Floody R, Zuñiga P, Stern CR (2005) The
El Teniente megabreccia deposit, The worlds largest copper
deposit. In: Porter TM (ed) Super porphyry copper and gold
deposits—a global perspective, Adelaide, Australia, Porter
Geoscience Consultancy Publishing 1, pp 83–113
Sillitoe RH (1988) Epochs of intrusion-related copper
mineralization in the Andes. J South Am Earth Sci 1:89-108
Stern CR, Amini H, Charrier R, Godoy E, Hervé F, Varela J (1984)
Petrochemistry age of rhyolitic pyroclastics flows occur along
the drainage valleys of the Río Maipo and the Río Cachapoal
(Chile) and Río Chaucha and Río Papagayos (Argentina). Rev
Geol Chile 23:39-52
Xu T, Sonnenthal TE, Spycher N, Pruess K, Brimhall G, Apps J
(2001) Modeling multiphase non-isotermal fluid flow and
reactive geochemical transport in variable saturated fractured
rocks: 2. Applications to supergene copper enrichment and
hydrothermal flows. Am J Science 301:34–59

4 Conclusions
The simulation of a saturated zone representing the
formation of the El Teniente secondary enrichment, show
a zonation, with an upper part of chalcocite and a lower
part of covellite. Both zones deepened progressively,
according to the progressive thickening of the secondary
sulfide zone.
The copper required for the precipitation of
chalcocite and covellite, comes from the dissolution of
chalcopyrite, and from copper in solution entering the
saturated zone. Nevertheless, simultaneously with the
hypogene sulfide dissolution and secondary sulfide
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Supergene copper deposits and minerals in the worldclass SHSC deposits of the Central African Copperbelt
(Katanga, DRC)
Thierry De Putter, Florias Mees, Sophie Decrée, Stijn Dewaele
GECO (Geology for a Sustainable Economic Development) team
Royal Museum for Central Africa, Geology Department
Leuvensesteenweg 13, B-3080 Tervuren, Belgium

Abstract. Central Africa is a region with an exceptional
wealth in mineral deposits. The Copperbelt, a world-class
series of copper and cobalt deposits, located in northern
Zambia and in the south-eastern part of the Democratic
Republic of Congo (Katanga), has received considerable
attention from ore geologists. However, only few of these
studies have focused on the supergene Cu- and Co-ore
deposits capping the primary ores. This secondary ore
“bonanza” results from a combination of geodynamic and
geochemical processes, from the beginning of the
Cenozoic era onward. These secondary deposits deserve
attention, as features providing key information about
recent regional geodynamics, as Cu ores with a great
diversity in mineralogical composition, and, especially, as
deposits of great economic importance, in particular for
artisanal mining.

cobalt ores (E Katanga) formed as surface “caps” at ~10
Ma and ~3 Ma (Decrée et al. 2010). Further stages of
landscape evolution, during the Quaternary, led to local
mechanical reconcentration processes, notably for cobalt
(Decrée et al. 2010). In the above-mentioned context,
copper is more mobile than cobalt in meteoric surface
conditions, moving downward and reconcentrating in the
subsurface in the form of various secondary minerals.

2 Cu mineralogy of Katanga: an overview
A considerable variety of Cu-bearing minerals has been
identified for the Katanga Copperbelt, whereby
secondary minerals represent a large part of this diversity
(see Table 1). By contrast, the variety of secondary
cobalt minerals is much more restricted, with
heterogenite [CoO(OH)] and Co-bearing calcite as main
secondary cobalt minerals (Gauthier and Deliens 1999).
Primary copper sulfides have received considerable
attention, mostly in studies dealing with the nature
and age of syndiagenetic and synorogenic SHSC
deposits (Dewaele et al. 2006; Muchez et al. 2008;
Kampunzu et al. 2009).
The most ubiquitous secondary copper mineral in
Katanga is malachite. This mineral occurs in various
facies, from impregnative and replacive features to
metre-sized nodules and stalactites (De Putter et al.
2010; Mees et al. 2010). The presence and abundance of
malachite in Katanga is due to (1) the wide occurrence of
calcareous Neoproterozoic host-rocks, and (2) the
development of voids in this substrate in the course of
uplift and weathering, creating sites where malachite
could precipitate, in phreatic conditions (De Putter et al.
2010).
Some of the secondary Cu-minerals of the Katanga
listed in Table 1 form in thermodynamic conditions that
are very close to those in which malachite precipitates.
This is the case for chrysocolla and cuprite, the latter
forming in slightly less oxidizing conditions than
malachite (De Putter et al. 2010).
In contrast, most other mineral groups, such as
phosphates, nitrates and halides have up to now received
little or no attention, unlike their occurrence in some
other major Cu deposits, such as those in Chile.
We briefly review some of these groups below, and
propose tentative explanations for their occurrence in
specific parts of the Katanga Copperbelt.

Keywords. Central Africa, supergene ore deposits,
weathering, copper, cobalt, malachite

1 Copper deposits in Katanga (DRC)
1.1 SHSC deposits in the Katanga Copperbelt
The Central Africa Copperbelt, which coincides with an
outer unit of the Lufilian fold belt, hosts numerous
world-class Cu-Co deposits. It includes the Katanga
Copperbelt in the southeastern Democratic Republic of
Congo (DRC), which accounts for >5% of the world's
copper reserves. These Cu and Co deposits underwent a
long geological evolution, from early diagenetic
Neoproterozoic stratiform ore deposition (ca. 820 Ma) to
what is usually described as “late” remobilization
episodes (late Cenozoic). The beginning of this 820 Ma
long history is fairly well known, up to the Lufilian
orogeny, whose main deformation phase occurred
between 550 and 510 Ma and which included a lateorogenic period of ore deposition (514-450 Ma)
(Kampunzu et al. 2009). By contrast, less attention has
been paid to post-Lufilian events and to recent secondary
ore formation episodes.
1.2 Supergene ores in Katanga
Central Africa experienced regional uplift from the
Miocene onwards (Lavier et al. 2001). Uplifted and
exposed landmasses were subjected to progressive
erosion and weathering. This process led to the
formation of an extensive regolith cover throughout the
southern and eastern part of the DRC. Formation of
secondary supergene minerals/ores took place in several
steps. Secondary manganese ores (W Katanga) and
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3 Secondary copper minerals in the
Katanga: where and why?

Table 1. Cu-minerals of the Katanga Copperbelt, based on
unpublished (RMCA collection) and published sources.

As a sediment-hosted copper deposit, the Katanga
Copperbelt is far from being a simple homogeneous
deposit. Some minerals, such as malachite, are
ubiquitous while others are rare, the latter resulting from
a combination of local geological factors. Copper
minerals associated with uranium fall within this
category. Uranium occurs at sites that are scattered
throughout
the
Copperbelt,
whereby
larger
showings/deposits are mostly concentrated in its central
part (e.g., Shinkolobwe) and the western part (e.g.,
Musonoï). Eleven minerals combine copper with
uranium and associated elements (Se, V, REE) (Table 1).
Some of these Cu-U minerals have been dated, yielding
radiometric ages (U-Pb) which indicate that a preorogenic Cu-U assemblage formed at ~650 Ma in a
proto-oceanic rift basin, followed by a recent, loosely
dated (Neogene or Quaternary) U remobilization event
(Decrée et al. in press).
A Cu-Se association was in detail by Musonoï (Pirard
and Hatert 2008). They identify a hot (~200°C),
metasomatic,
berzelianite-trogtalite
[(Co,Cu)Se2]
assemblage, which evolved toward a low temperature
(<100°C), spionkopite-yarrowite assemblage under the
influence of meteoric fluids. The latter are responsible
for selective leaching of Cu2+aq and reconcentration of
Se-depleted Cu minerals. It is likely that the first, Serich, assemblage is to some extent related to the 650 Ma
event proposed by Decrée et al. (in press), and that the
second, Se-depleted, assemblage results from processes
comparable to those explaining malachite formation
during the Mio-Pliocene (De Putter et al. 2010).
Minerals containing Zn (rosasite), Pb (vauquelinite)
and Ga (gallite), as well as copper phosphates, are
predictably well represented in Kipushi, a post-orogenic
Pb-Zn (+ Ge, Ga) deposit in the southern part of the
Copperbelt (Heijlen et al. 2008). The relative scarcity
and limited diversity of Cu halides, nitrates and sulfates
is probably related to climate, marked by high annual
rainfall (~1,200 mm). This prevents the long-term
persistence of secondary minerals that are often present
in arid to hyperarid conditions. Seasonal efflorescence of
such minerals might be observed locally in the field,
especially in the dry season.

Group
arsenates

Mineral
Formula
conichalcite
CaCuAsO4(OH)
agardite-(Y)
Cu6Y(AsO4)3(OH)6·3H2 O
mixite
Cu6Bi(AsO4)3(OH)6·3H2O
carbonates
astrocyanite-(Ce)
Cu2Ce2(UO2)(CO3)5(OH)2·1,5H2 0
azurite
Cu3(CO3)2 (OH)2
glaucosphaerite
(Cu,Ni)2CO3 (OH)2
kolwezite
(Cu,Co)2CO3 (OH)2
malachite
Cu2CO3 (OH)2
rosasite
(Cu,Zn)2CO3 (OH)2
schuilingite
CuPbNd(CO3)3 (OH)·1,5H2O
halides
atacamite
Cu2Cl(OH)3
nitrates
buttgenbachite
Cu36(NO3 )2Cl 6(OH)64·nH2 O
gerhardtite
Cu2NO3 (OH)3
likasite
Cu3(NO3)(OH)5 ·2H2O
hydroxides
roubaultite
Cu2O2(UO2)3(CO3)2 (OH)2 ·4H2O
vandenbrandeite
CuUO2(OH)4
phosphates
cornetite
Cu3 (PO4 )(OH)3
kipushite
Cu6(PO4)2(OH)6·H2O
libethenite
Cu2 PO4(OH)
ludjibaite
Cu5(PO4)2 (OH)4
metatorbernite
Cu(UO2)2 (PO4 )2 ·8H2 O
pseudomalachite
Cu5(PO4)2 (OH)4
reichenbachite
Cu5(PO4)2 (OH)4
torbernite
Cu(UO2)2 (PO4 )2 ·8H2 O
turquoise
CuAl6 (PO4 )4(OH)8 ·4H2 O
vauquelinite
CuPb2(CrO4)(PO4 )(OH)
veszeleyite
Cu3 PO4(OH)3 ·2H2 O
selenides
athabascaite
Cu5Se4
berzelianite
Cu2-xSe
selenites
chalcomenite
CuSeO3·2H2O
clinochalcomenite
CuSeO3·2H2O
derriksite
Cu4 (UO2 )(SeO3)2(OH)6
demesmaekerite
Pb2Cu5(UO2)2(SeO3)6 (OH)6·2H2 O
marthozite
Cu(UO2)3(SeO3)2O2·8H2O
metamarthozite
Cu(UO2)3(SeO3)2O2·6H2O
sulfates
brochantite
Cu4SO4 (OH)6
chalcantite
CuSO4·5H2O
connellite
Cu36(SO4 )(OH)62Cl 8·6H2O
cyanotrichite
Cu4Al2 SO4(OH)12·2H2 O
spangolite
Cu6AlSO4 (OH)12Cl·3H2O
silicates
chrysocolla
(Cu,Al)2H2Si 2O5(OH)4·nH2O
cuprosklodowskite
Cu(UO2 )2(SiO3 OH)2 ·6H2O
dioptase
CuSiO3 ·H2 O
plancheite
Cu8(Si 4O11)2(OH)4·H2 O
shattuckite
Cu5(SiO3 )4(OH)2
vanadates
mottramite
PbCuVO4 (OH)
sengierite
Cu2(UO2)2(VO4 )2(OH)2 ·6H2 O
vesigneite
Cu3Ba(VO4)2 (OH)2
volborthite
Cu3V2 O7(OH)2·2H2O
elements
copper
Cu
oxides
cuprite
Cu2 O
tenorite
CuO
delafossite
CuFeO2
sulfides
chalcocite
Cu2 S
covellite
CuS
digenite
Cu1.8S
bornite
Cu5 FeS4
chalcopyrite
CuFeS2
betekhtinite
(Cu,Fe)21Pb2S15
gallite
CuGaS2
renierite
(Cu,Zn)11 Fe4(Ge,As)2S16
spionkopite
Cu1.32 S
Sulvanite
Cu3 VS4
tennantite
Cu12As4S13
Yarrowite
Cu1.2S
Note: italics indicate groups and minerals that are usually primary in
the mineralization

4 Supergene Cu minerals in Katanga and
in Chile: brief tentative comparison
Copper deposits in Katanga (SHSC deposits) are
different in nature from those in Chile (porphyry-copper
deposits), which has important implications for the
genesis of secondary minerals. Calcium carbonates are
common as part of the host-rock in Katanga,
contributing to the abundance of malachite, but they are
obviously rare in a magmatic context.
The weathering of the primary sulfide mineralization
in Chilean deposits produced several hundreds of meters
of high-grade “caps” of secondary Cu-sulfides, oxides,
hydroxides, carbonates, sulfates and chlorides. Recent
work suggests that these “caps” formed recently (i.e.,
< 1.5 Ma; Reich et al. 2009).
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copiapite [Fe5(SO4)6(OH)2·20H2O]) form where
oxidation of sulfides releases highly acidic solutions.
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Cu oxides minerals and saline groundwaters, and
preserved in the prevailing hyperarid climate (Reich et
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This sequence is essentially an acid neutralization
sequence (Dold 2006), with sulfates (jarosite, alunite
[KAl3(SO4)2(OH)6] and Cu ones) in the low pH range,
and later kaolinite [Al2Si2O5(OH)4]. As such, it compares
well with alteration profiles formed on magmatic or
sedimentary substrates, in which low-pH fluids, either
fumarolic or resulting from sulfide oxidation, are not
immediately neutralized by carbonates (De Putter et al.
2000; Decrée et al. 2005). In contrast, it is quite different
from supergene ore deposits in Katanga, where
ubiquitous carbonates readily neutralize low-pH fluids,
and where a different range of available elements (U, Se,
Pb, Zn, V, P) results in other types of mineral
assemblages.
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5 Secondary Cu-Co ores in Katanga and
their economic importance
Central Africa experienced regional uplift from the
Miocene onwards. Almost contemporaneously, the area
experienced a predominantly extensional tectonic
regime, from the end of the Mesozoic onward (D.
Delvaux, RMCA pers. comm. 2011). In the Great Lakes
area, the Great African Rift is the most conspicuous
manifestation of this tectonic regime.
The combination of these concurrent geodynamic
processes – uplift, erosion and weathering, extensional
deformation and rifting – affected both barren terranes
and metal-rich terranes. On the barren terranes, laterites
formed by residual iron oxide accumulation (e.g., in
Katanga; Alexandre 2002). On the metal-rich terranes,
including Katangan SHSC deposits, major supergene
copper, cobalt and manganese deposits developed.
The supergene copper deposits of Katanga illustrate
how the regional geodynamic context favours
reconcentration of metals, especially when physical
“traps” exist, such as caves and fractures. But even
without traps other than the adsorption capacity of
weathered near-surface sediments, supergene ores
typically concentrate the metal by an order of magnitude
or more relative to values for the primary ore.
Because they are highly accessible and enriched,
these supergene ore deposits – a local “bonanza” when
compared to the associated deep-seated deposits – are
actively exploited by thousands of artisanal miners (the
so-called “creuseurs”), most often working in precarious
conditions. The economic importance of this artisanal
exploitation of supergene deposits cannot be
underestimated: most of the cobalt and a significant part
of the copper exploited in Katanga over the last decade
was derived from artisanal exploitation.
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The Cerro Bayo epithermal Ag-Au district, Chilean
Patagonia: 34 million years in the making
Jaime Poblete, Thomas Bissig
Mineral Deposit Research Unit (MDRU) Department of Earth and Ocean Sciences University of British Columbia, 6339
Stores Road, Vancouver, BC Canada
Manuel Rodríguez
Coeur South America, Av. Vitacura 5250, Of. 404 Vitacura, Santiago, Chile.
Richard Friedman, Janet Gabites, James K Mortensen
Pacific Centre for Isotope and geochemical Research, Department of Earth and Ocean Sciences University of British
Columbia, 6339 Stores Road, Vancouver, BC Canada.
Abstract. The Cerro Bayo epithermal district, located in
the Chilean Patagonia, comprises over one hundred AgAu-rich quartz-adularia veins, with a historical production
of 27.9 Moz Ag and 0.5 Moz Au. The veins were
emplaced in the Upper Jurassic Ibáñez Formation (biotite
40
39
Ar/ Ar ~154-144 Ma), which were intruded by a series
NS aligned rhyolitic domes (zircon U/Pb ~146 Ma), as
well as trachytic domes (zircon U/Pb ~83-82 Ma).
Mineralization consists of electrum, base-metal sulfides
and silver sulfosalts in quartz ± adularia gangue. Seven
40
39
new adularia Ar/ Ar ages from veins reveal a protacted
history of mineralization ages between ~144 Ma at
Mallines, in the southeastern part of the district; to ~111
Ma at Laguna Verde, in the western part of the district.
The new ages, together with published constraints, allow
three mineralization episodes to be defined: (1) Mallines,
~145 to 142 Ma; (2) Bahía Jara, ~137 to 124 Ma; and (3)
Laguna Verde, ~114 to 111 Ma; thus hydrothermal activity
and epithermal mineralization occurred over 34 m.y.
Veins from episode 1 may be related to mineralization
events at the Deseado Massif, whereas mineralization
from episodes 2 and 3 may be related to hydrothermal
activity associated with the magmatism recorded in the
Patagonian Batholith, which crops out ~60 km west of the
Cerro Bayo district.

1.1

Methodology

All the geochronologic analyses were performed at the
Pacific Centre for Isotopic and Geochemical Research
(PCIGR), University of British Columbia. Four samples
of domes proximal to mineralized veins have been dated
by the zircon U/Pb method using chemical abrasion
isotope dilution thermal ionization mass spectrometry
(ID-TIMS). Four samples from rhyolitic fragmental
rocks and seven samples taken from within veins were
dated by 40Ar/39Ar on biotite and adularia, respectively;
following the analytical techniques described in Bissig et
al. (2008).

2 Volcanic stratigraphy
The host volcanic rocks correspond to the Ibáñez
Formation (Suárez and De la Cruz, 1997a), which has
been assigned to the Jurassic Chon Aike silicic large
igneous province (Pankhurst et al. 1998)
In the Cerro Bayo district, the Ibáñez Formation
consists of a basal member of dacitic to andesitic
coherent lavas and volcaniclastic rocks (Unit 1). These
are overlain by a lower and upper pyroclastic succession
consisting of variably welded rhyolitic to rhyodacitic
fragmental rocks (Units 2 and 4). These two pyroclastic
units are separated by a horizontally extensive
volcanosedimentary unit (Unit 3). The felsic succession
is intruded by rhyolitic domes and dykes at Cerro Bayo
as well as dacitic domes near Laguna Verde (Fig. 1B).
The upper pyroclastic unit is overlain in angular
unconformity by the Lower Cretaceous El Toqui
Formation (De la Cruz and Suárez 2008). Eocene to
Pliocene basaltic plugs and lavas, the later with minor
Oligocene to Miocene sedimentary intercalations, have
intruded and overlie the Mesozoic sequence respectively.

Keywords. Cerro Bayo, epithermal, Ag-Au, adularia,
geochronology

1 Introduction
Silver-rich low sulfidation epithermal deposits of late
Jurassic age (including Cerro Vanguardia, Manantial
Espejo and Mina Martha Fig. 1A) characterize the
metallogeny of the Deseado Massif in Patagonia
(Schalamuk et al. 1997; Birak et al. 2007). The Cerro
Bayo district, located at 46°30’S and 71°50’W in Chile,
west of the Deseado Massif is hosted in similar rock
units and exhibits similar mineralization styles.
However, published age constraints on volcanic rocks,
mineralization and the timing relationship between them
are limited and ambiguous for the Cerro Bayo district.
We herein present new U/Pb zircon ages on rhyolite and
trachytic domes spatially related to some of the veins
and 40Ar/39Ar biotite ages on rhyolitic ash flow deposits
hosting the veins. We also present new 40Ar/39Ar results
on adularia taken from within veins from different veins
throughout the district.

2.2

Age constraints

Two samples from the N-S aligned rhyolitic domes, one
from the Cerro Bayo dome proper and one from ~ 4 km
south of it, near Mallines (Fig. 1B), gave ages of 146.50
± 0.21 and 146.3 ± 0.2 Ma, respectively. K-feldspar and
whole-rock K/A ages of 111 ± 4 Ma, 99 ± 2 Ma and 97 ±
2 Ma were reported by De la Cruz and Suárez (2008) for
this dome. In contrast, dacitic domes from the Laguna
Verde area gave U-Pb ages of 82.6 ± 0.2 Ma and 83.0 ±
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preferred vein orientations exist in the Mallines area:
N20°W to N30°W (System 1); N45°W to N70°W
(System 2); NS to N15°W (System 3); and WE to NE
(System 4).
Geochemistry of vein drill-core samples (C
Hermosilla written communication Coeur d’Alene
Mines) indicates that the highest mean concentrations for
Ag (755.96 ppm), Au (19.78 ppm), Cu (136.38 ppm), Pb
(238.99), Sb (67.78 ppm) and Zn (480.69 ppm) are for
veins from Bahía Jara area; while, veins from Mallines
present the highest mean concentrations for As (743.56
ppm) and Laguna Verde for Mo (22.36 ppm).
Fluid inclusion analyses (Townley 1996; Pizarro
2000; C Hermosilla written communication) showed for
Laguna Verde a wide range of Th (123°C to 327°C), and
overall higher salinities (1.22 to 4.29 wt.% NaCl equiv.)
than veins from other areas. Meanwhile veins from the
Bahía Jara and Brillantes areas, have a narrow range of
Th (196.6° to 234°C) and the widest range of salinities
(0.1 to 3.6 wt.% NaCl).

0.2 Ma.
Two sets of samples were taken from Unit 4 in the
Cerro Torta area (Fig. 1B). The stratigraphically lower
samples have a significantly older age (~154 Ma) than
the overlying sample (149.7 ± 0.7 Ma at Cerro Torta E
and 144.9 ± 0.5 Ma at Cerro Torta W: Fig. 1B). The
stratigraphically lower samples both exhibit slightly
disturbed Ar systematic and some Ar loss, probably due
to overprinting hydrothermal alteration, whereas the
younger samples show undisturbed age spectra. The
U/Pb zircon date of the felsic dome near Mallines (146.3
± 0.2 Ma) falls within the overall age range of the
rhyolites at Cerro Torta.

3.1 Age constraints
Three of the seven samples yielded reliable plateau ages
(JP-79B, JP-233 and JP-265; Fig. 2) based on the default
criteria used by Isoplot software (Ludwig 2003). The
other plateau ages were visually defined, and do not
strictly fit all the rigorous criteria such as including more
than 60% of the 39Ar released used by Isoplot.
Adularia and sericite 40Ar/39Ar and K/Ar ages were
previously reported by Tippet et al. (1991), Townley
(1996) and De la Cruz and Suárez (2008) for the
different areas mentioned above and are shown on
Figure 1B. Our new adularia 40Ar/39Ar ages are shown in
bold numbers in Figure 1B. In the Mallines area, the new
analyses gave plateau ages of 144.4 ± 1.6 Ma for System
2; 142.3 ± 1.6 Ma for System 3, and 144 ± 1.5 Ma for
System 4 (Fig. 2). The Roberta vein at the Brillantes area
gave an age of 133.0 ± 1.5 Ma and for the Bahía Jara
area, the Guanaco I and Guanaco III veins gave ages of
124.9 ± 1.1 Ma and 111.7 ± 1.2 Ma, respectively.
The adularia 40Ar/39Ar analysis for the Taitao system
at the Laguna Verde area gave and age of 111.9 ± 2.0
Ma, which is within the error of ages published for this
area.

Figure 1. A. Map showing Chilean and Argentinean
Patagonia and the distribution of the Deseado Massif and
Patagonian batholith, as well as selected Ag-Au deposits in the
Deseado Massif. B. Cerro Bayo district map showing the
adularia 40Ar/39Ar and K/Ar, and zircon U/Pb geochronology.

4 Discussion
The new biotite 40Ar/39Ar ages overlap with the biotite
K-Ar age range given for the Ibañez Formation in Suárez
and De La Cruz (1997a) from samples taken from Cerro
Torta as well. All these samples correspond to the higher
levels of the Ibáñez Formation in this area, (i.e., Unit 4),
hence the youngest volcanic events prior to the
deposition of the Toqui Formation; and the N-S aligned
rhyolitic domes (~146 Ma) are interpreted to be part of
the same magmatic episode, and coeval with the Ibáñez
Formation in this area. In contrast, the ages of the
Laguna Verde area domes (~83-82 Ma) provide the first
evidence for Late Cretaceous igneous activity in the
study area

3 Mineralization
The low sulfidation epithermal Ag-Au mineralization
occurs in N-NW trending and steeply W or E dipping
veins and subordinate stockworks and breccias.
Mineralization
consists
of
pyrite,
sphalerite,
chalcopyrite, bornite and lesser arsenopyrite, galena,
covellite, tetrahedrite, freibergite, proustite, native silver
and gold (Townley 1996). Gold occurs as inclusions in
pyrite (filling fractures), in galena (in cleavage planes)
and sphalerite (Pizarro 2000). The gangue is quartz,
minor adularia and late barite and ankerite.
In the Mallines and Bahía Jara areas mineralization is
spatially related to the N-S aligned rhyolitic domes. Four
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Bayo.
Hydrothermal
activity
and
epithermal
mineralization occurred episodically over 34 Ma. The
oldest veins from Mallines are similar in age to
mineralization in the Deseado Massif and are tentatively
considered the westernmost part of that metallogenic
province. In contrast, veins from Bahía Jara, Brillantes
and Laguna Verde may represent hydrothermal activity
related to the long-lived magmatism of the active
southern Andean continental margin represented in the
Patagonian Batholith (Hervé et al. 2007).
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Figure 2. 40Ar/39 Ar age spectra of adularia samples from vein
samples. See Figure 1B for locations. P A: plateau ages; Incl.:
includes.

The new adularia 40Ar/39Ar data confirm the overall
range of previously published ages (Tippet et al. 1991;
Townley 1996; De la Cruz and Suárez 2008). On the
basis of all ages, three main mineralization episodes and
their spatial extent can be defined: (1) Mallines, ~145 to
142 Ma (with low salinities and high As concentrations);
(2) Bahía Jara, ~137 to 124 Ma (high-grade Ag veins and
narrow Th range); and (3) Laguna Verde, ~114 to 111
Ma (with overall higher salinity fluids and slightly
elevated Mo, Fig. 1).
The new adularia 40Ar/39Ar age of 133.0 ± 1.5 Ma for
the Roberta vein, allows temporally correlate the
hydrothermal activity of the Brillantes area to the Bahía
Jara area. The 124.9 ± 1.2 Ma age for the Guanaco I vein
suggests that the period of mineralization lasted until ca.
125 Ma in the Bahía Jara area. However, an adularia
40
Ar/39Ar age of 111.7 ± 1.2 Ma was obtained for the
Guanaco III vein, which is younger than all the other
veins in that area. Thus, the young age of Guanaco III
may represent a young mineralizing event for the Bahía
Jara area or, alternatively, thermal resetting of adularia
during the ca. 114 – 111 Ma hydrothermal events
documented for the Laguna Verde area.
The new ages presented here indicate that all
epithermal mineralization in the district was emplaced
after the eruption of the N-S aligned domes at Cerro
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The Gondwana Supercontinent breakup and IOCG
mineralization in the Central Andes
Huayong Chen, David R. Cooke and Michael J. Baker
ARC Centre of Excellence in Ore Deposits (CODES), University of Tasmania, Hobart, Tasmania, Australia 7001

Abstract. Mesozoic metallogenesis in the Central Andes
is dominated by iron oxide-Cu-Au (IOCG) mineralization.
Globally, it is also the primary Phanerozoic example of
IOCG-style mineralisation. The Central Andean IOCG
deposits lie in a linear array of interconnected Mesozoic
continental margin rift basins which record a major phase
of extension accompanying subduction along the western
margin of Gondwana. Mesozoic tectonic evolution in
Central Andes since initial mineralization can be
classified in three stages: the Tethyan period (165-155
Ma); the South Atlantic period (145-130 Ma) and the
Pacific period (130-90 Ma). Central Andean IOCG
mineralization was initiated in the Middle Jurassic (165155 Ma), associated with the deep-angle subduction of
the Phoenix plate and coeval with the early stage of
Gondwana breakup. Following a relatively weak
tectonomagmatic stage (145-130 Ma), the Central
Andean Mesozoic mineralization peak and the formation
of major IOCG deposits occurred during the inversion of
extensional basins (130-90 Ma), corresponding to the
final separation of African and South American tectonic
plates.

Gondwanaland breakup (Sillitoe 2003; Chen et al. 2010).
With the help of recent precise geochronological data,
we reconstruct the tectonic evolution of the Central
Andes during Gondwana breakup and examine its
relationship with Mesozoic IOCG mineralization.

2 Mesozoic mineralization in the central
Andes
Mesozoic mineralization in the Central Andes lies in a
linear array of interconnected Mesozoic continental
margin rift basins (Mpodozis and Ramos 1990), which
record a major phase of extension accompanying
subduction along the western margin of Gondwana
(Mpodozis and Allmendinger 1993), prior to the major
Cenozoic compressive events and crustal thickening that
generated the Andean Cordillera (Ramos and Alemán
2000). The most voluminous host rocks to the Andean
Mesozoic mineralization are Middle Jurassic to Lower
Cretaceous volcanic products generated in the arc and
aborted marginal back-arc basins in southern Perú
(Romeuf et al. 1993) and northern Chile (Grocott et al.
1994). The dominant mineralization types include IOCG
and temporally and spatially associated magnetite-apatite
(pyroxene) deposits, manto-type Cu deposits and small
porphyry Cu deposits (Sillitoe 2003). The Central
Andean Mesozoic mineralization incorporates the largest
magnetite deposit (Marcona) and most important IOCG
deposits (e.g., Mina Justa, Mantoverde and Candelaria)
in the Andes (Chen et al. 2010). The principal mineral
deposits in northern Chile and southern Perú were
mainly generated in the Middle to Late Jurassic (170 to
150 Ma) and Early Cretaceous (130 to 110 Ma) epochs
(Sillitoe 2003; Chen et al. 2010).

Keywords. Supercontinent breakup, IOCG
mineralization, Central Andes

1 Introduction
Secular variation of mineral deposits has been widely
observed and increasingly recognized through earth
history (Goldfarb et al. 2010). With improved
geochronological methods and better plate tectonic
reconstructions (Condie 2005), the temporal distribution
of mineral deposits associated with supercontinent
assembly and breakup have been documented for many
important ore types, such as orogenic gold deposits
(Goldfarb et al. 2001), volcanic-hosted massive sulfide
deposits (Huston et al. 2010) and sediment-hosted leadzinc deposits (Leach et al. 2010). As a newly-defined
and poorly understood deposit type (Williams et al.
2005), iron oxide-copper gold (IOCG) deposits are
increasingly becoming a major target in both research
and mineral exploration because of the giant Olympic
Dam Cu-Au-U deposit and enormous Cu-Au deposits
with similar characteristics elsewhere in the world
(Williams et al. 2005; Groves et al. 2010). Although
most likely occurring in different tectonic settings
(Hitzman 2000), most Precambrian IOCG deposits are
believed to have been distributed in intracratonic settings
typically 100 to 200 km inland from craton margins,
probably associated with supercontinent breakup
(Groves et al. 2010). Conversely, Mesozoic Central
Andean IOCG mineralization was associated with an
active continental margin and formed during

3 Gondwana breakup and IOCG
mineralization
The earliest period of mineralization in the Central
Andean Coastal Cordillera began in the Middle Jurassic
(Sillitoe 2003). Mesozoic tectonic evolution since the
initial mineralization can be sub-divided into three stages
(Jaillard et al. 2000; Fig. 1), termed the Tethyan period
(165-155 Ma), South Atlantic period (145-130 Ma) and
Pacific period (130-90 Ma).
In the Middle Jurassic, due to the expansion along
the oceanic ridge between the Phoenix and Farallon
plates, the Phoenix plate was subducted eastsoutheastward generating extensive magmatism in the
Central Andean Coastal Cordillera (Fig.1A; Jaillard et al.
2000).
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Figure 1. Tectonomagmatic evolution of the Mesozoic metallogenic sub-provinces in the Central Andes. A – the Tethyan Period
(165-155 Ma); B – the South Atlantic Period (145-135 Ma); C – the Pacific Period (120-80 Ma).

identified as the only large Cu deposit to have formed in
the Central Andes during the Late Jurassic-Early
Cretaceous (Fig. 1B).
Plate interactions around the Central Andes were
reorganized in the middle Cretaceous (Jaillard et al.
2000; Oyarzun et al. 2003), most likely triggered by the
development of a mid-Pacific superplume (Larson 1991)
and coincident with the final separation of the South
American and African plates (Fig. 1C; Thomaz-Filho et
al. 2000). Coupling of the converging Phoenix and South
America plates, with a northeast vector, ended a long
period of orthogonal extension and sinistral transtension
along the central South American littoral, and gave rise
to dextral transtension and the formation of midCretaceous basins (Polliand et al. 2005). The major
Central Andean IOCG deposits formed in the middle
Cretaceous (Table 1), spatially associated with Cu-poor
Chilean iron deposits, “manto-type” stratabound Cu (Ag) deposits and subordinate porphyry Cu (-Mo-Au)
deposits (Fig. 1C; Sillitoe 2003). All of these styles of
mineralization were largely coeval with the emplacement
of shallow granitoid plutons along the margins of
aborted mid-Cretaceous basins during basin inversion
(Oyarzun et al. 2003). Hydrothermal alteration was
initiated at ~128 Ma (Gelcich et al. 2005) and persisted
to ~100 Ma (Sillitoe and Perelló 2005), with

Distinct mineralization related to the local tectonic
regime formed in metallogenic sub-provinces during this
period. The Marcona massive magnetite deposit formed
in a newly-developed extensional submarine basin (Chen
et al. 2010), whereas the Cachuyo porphyry Cu (-MoAu) mineralization in the Cocachacra district in southern
Perú was genetically related to broadly coeval 160-165
Ma granitoid intrusions emplaced during contraction and
uplift (Clark et al. 1990). Numerous iron oxide-rich Cu
veins (e.g., Tocopilla, Julia and Las Animas), constitute
the major occurrence of mineralization in northern Chile
in the Middle Jurassic and were probably controlled by
transform faults (Fig. 1A; Sillitoe 2003).
The Paraná flood basalt eruption in the Late Jurassic–
Early Cretaceous (130-140 Ma; Stewart et al. 1996) may
relate to the initial opening of the South Atlantic Ocean
and possible plume activities (Fig. 1B; Renne et al.
1996). At this time, only weak tectonic movement from
the Phoenix plate occurred (Jaillard et al. 2000) and the
tectonic regime in the Central Andes was dominated by
transtension associated with the Paraná eruption
(Lucassen et al. 2007). Magmatism at this stage was
relatively “quiet” (Jaillard et al. 2000), while
hydrothermal alteration was localized (Chen et al. 2010).
The rhyolite-hosted, breccia-style hydrothermal Mantos
Blancos deposit (140 Ma; Ramírez et al. 2006) has been

847

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

mineralization culminating at 116-110 Ma, represented
by the major IOCG deposits of La Candelaria (Marschik
and Fontboté 2001), Mantoverde (Benavides et al. 2007)
and Mina Justa (Chen et al., 2010), the El Romeral
magnetite deposit (Oyarzun et al. 2003) and the
Andacollo porphyry Cu-Au deposit (Sillitoe and Perelló
2005).
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Arc dynamics and REE-SiO2 magma chemistry: a
multidisciplinary model for arc metallogeny
Tim Ireland
CODES Centre of Excellence in Ore Deposits, University of Tasmania, Australia
Abstract. Porphyry Cu deposits are genetically
associated with contemporaneous intrusive rocks that
have distinctive chemistry. Fertile suites from the north
Chilean Eocene belt, and from several Mio-Pliocene belts
of the SW Pacific have convex REE (and HFSE) - SiO2
trajectories. This is also shown by suites composed of
pre- and post-mineral rocks. The fertile suites otherwise
resemble normal oceanic arc rocks with crustal isotopic
hybridization. Amphibole-melt partitioning is uniquely
sensitive to bulk melt composition, and these convex
trajectories require that the origin of fertile suites includes
partial melting of an amphibolitic source, here inferred to
be arc-magmatic amphibolites in the basal lithosphere.
Amphibolitic cumulates form at the base of the crustal
lithosphere under compressional arc settings. In the
Andes, and worldwide, major arc metallogeny has
followed compressive tectonism. In terms of the evolution
of tectonic parameters for the Andean margin, epochs of
mineralization coincide with peaks in strain rate
acceleration in the overriding plate. Several scenarios are
possible in which sub-arc cumulates melt, but critically,
the fertile low-volume partial melts are only able to
ascend into the shallow crust under the most dynamic
intra-arc strain conditions.

crystallization (FC) of amphibole because amphibolemelt partitioning favors incorporation of the M-HREE
over Yb. However, amphibole FC occurs commonly
during mid-late stage magmatic differentiation in many
unmineralised arcs (Davidson et al. 2007), inconsistent
with the scarcity of mineralized suites. Brophy (2008)
observed that amphibole-melt partition coefficients (KD)
for the REE increase logarithmically with melt silica
content, such that FC yields flat Harker trajectories at
SiO2 <70%. In contrast, fertile suites associated with
porphyry copper systems are characterized by
compatible REE Harker trajectories at dacitic
compositions, and overall convex trajectories are shown
by those suites that extend to more mafic compositions.
Convex REE Harker patterns characterize fertile
magmatic suites in the Eocene Central Andes, as well as
in several mature oceanic arcs of the SW Pacific. REEsilica trajectories for suites closely associated with
mineralization define tighter patterns than less selective
suites including pre- and post-mineral volcanic rocks
(e.g., the Icanche Formation in the N Chilean Eocene
Andes). Nonetheless, the same convex patterns are
present. The origin of these patterns is therefore
independent of arc maturity and occurs over a much
longer time frame than the mineralisation sensu strictu.
Convex Harker patterns may arise through iterative
amphibole FC – mafic magma recharge steps, by partial
melting of an amphibolitic source (Brophy 2008), or a
combination of these. Mafic recharge of otherwise
dacitic syn-mineral magma chambers is widely recorded
by a variety of proxies is association with mineralised
magmatic rocks. However, the ability of primitive
magma refluxing to lower the REE content of felsic
melts is limited by the REE content of the primitive
magma and the minimum content attainable by closedsystem FC. Convex patterns would also require a
fortuitous balance of amphibole FC and magma
chamber recharge to have occurred again and again in a
variety of subduction settings. Instead, the observed
patterns correspond very closely to those modeled for
certain modes of amphibolite melting (Brophy 2008).
There is systematic variation of the amphibole-basalt
partitioning coefficient (KD) of each of the REE and the
silica content at which the fertile-suite Harker trajectory
inflects. Amphibole-andesite KDREE are <1, so these
relationships cannot be taken to imply the onset of
amphibole FC. Instead fertile magmas are envisaged
here to be generated by partially melting subductionrelated amphibolites, in addition to which mafic
recharge plays a key role in supplying metals and/or
sulfur, and in critically influencing the speciation of
sulfur (Hattori and Keith 2001).

Keywords. porphyry, magma, chemistry, REE, HFSE,
tectonics, dynamics, compression, arc, amphibole

1 Chemistry and origin of fertile magmas
The porphyry copper family of magmatic-hydrothermal
mineral deposits owes its connection with subduction to
the extra oxygen, water, chlorine and sulfur introduced
into the sub-arc mantle wedge from the subducted slab
and sediments. The space-time distribution of deposits in
discrete provinces and epochs suggests that ‘normal’ arc
magmas do not make mineral deposits. Mineralization
occurred where certain specialized magmas were
emplaced in the shallow crust, thus enabling the
development of their related hydrothermal systems.
The syn-mineral magmatic suites in the Collahuasi,
Escondida (Richards et al. 2001), and Chuquicamata
districts (Pemberton 1997) as well as throughout
northern Chile (Haschke et al. 2002) are typical
subduction-related arc magmatic rocks in most respects.
The same is true of fertile suites from several camps in
the SW Pacific. In all cases the syn-mineral suites are
subtly distinct from rocks produced by the same arc in
previous and subsequent magmatic episodes, i.e., periods
of semi-continuous magmatism, lasting <20 million
years. These differences include relative depletion the
middle to heavy REE, and relative enrichment in Al2O3
and Sr. Most fertile suites also show moderate to strong
relative LREE enrichment (high La/Yb) but subtle
depletion of the M-HREE (Gd-Er) relative to Yb. These
characteristics have been attributed to fractional
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2 Sub-arc amphibolites

In-situ melting might be possible by volatile addition if
slab-related fluids were able to cross the mantle wedge
(Peacock 1990) during shallow or flat subduction
geometries that coincided with Miocene mineralization
in Peru and Chile (James and Sacks 1999; Kay et al.
1999).

Melting amphibolites in the subducted lithosphere is
inconsistent with the physical conditions in most
subduction zones (Peacock et al. 1994). In contrast, the
presence of primary arc cumulates between the
seismologic Moho and “genetic” Moho is necessary to
balance the mass transfer budget of continental growth at
convergent margins and satisfies the density structure of
the mantle lithosphere implied by seismic velocity. The
radiogenic isotope composition of fertile suites points to
a hybrid source including both components from the
mantle wedge and the lower crust (Lang and Titley
1998). Therefore, if sub-arc cumulates were
amphibolitic, they would constitute a viable source for
the fertile suites, as has been proposed elsewhere in the
context of postcollisional metallogeny (Jiang et al. 2006;
Richards 2009; Chiaradia 2009). The Collahuasi data
suggest it may have occurred more widely.
Stress conditions in the overriding plate of a
subduction zone impact on the location of magma
storage, such that higher stress leads to deeper magma
storage and greater degrees of differentiation at depth.
High magma water content and pressures consistent with
the basal crust and mantle lithosphere favour the
advancement of amphibole in the crystallization
sequence from basaltic melts (Moore and Carmichael
1998; Müntener et al. 2001). Intra-arc compression
therefore enhances the crystallization of cumulate
material beneath the arc, favours retention of water in
this material, and promotes amphibole in the cumulate
mineralogy.

3 Subduction dynamics and metallogeny
Most major arc metallogeny occurred during and after
compressive tectonism that marked the end of a longer
period of arc magma productivity (Tosdal and Richards
2001). This was strikingly the case in both the Paleogene
and Miocene Central Andes (Kay et al. 1999; Maksaev
and Zentilli 1999; Haschke et al. 2002), as well as in
many of the world’s other major porphyry belts. Major
episodes of intra-arc compression therefore share an
empirical time-space relationship with metallogeny,
consistent with the development of sub-arc amphibolites.
Any tectonic setting that causes either heating or
hydration of the mantle lithosphere in situ, or moves
parts of it to greater depth may prompt partial melting.
The principal mechanisms for the latter are delamination
(Kay and Kay 1993) and subduction erosion (Scholl et
al. 1970). Upper crustal extension typically follows
delamination, and postcollisional porphyry copper
systems and related epithermal precious metal deposits
are classically associated with regional extension and
orogenic “collapse”, (Neubauer et al. 2005; Marchev et
al. 2005; Richards 2009; Xiaoming et al. 2009; Howard
2003). Subduction erosion is principally a function of the
shear strength of the interplate boundary, enhanced by
subduction of thickened oceanic crust (Kukowski and
Oncken 2006). Correspondingly, many of the major
Neogene porphyry copper systems in the circum-Pacific
share first order spatial relationships with subduction of
thick hydrous oceanic lithosphere (Cooke et al. 2005).

Figure 1. La and Yb Harker diagrams showing the differences
and similarities between the differentiation trajectories of
fertile and ‘infertile’, oceanic and continental arc suites, and
summary amphibolite melting models. Point data from
Collahuasi supplemented with data of Pemberton (1997),
Richards et al. (2001), and Haschke et al. (2002). SW Pacific
data are from Rohrlach (2002). Reference arrows indicating
common trends based on data reproduced in Davidson et al.
(2007). Fractional crystallization and partial melting yield very
different Harker trajectories according to the model results of
Brophy (2008), adapted here for an appropriate absolute
primitive arc basalt composition (48% SiO2, 5-10 ppm La, and
1.75 ppm Yb). The observed fertile-suite Harker patterns more
closely resemble the amphibolite melting model results than
any abundant natural infertile suites.

Tectonic constraint of the multiply-mineralized
Andean margin permits some evaluation of the
relationships between compression and metallogeny.
None of the first order tectonic parameters directly
correlate with intra-arc shortening, nor do these
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parameters correlate with metallogeny (Oncken et al.
2006; Fig. 1). Instead, the critical variable affecting
upper plate shortening is the difference between the
hinge/slab rollback and the westward drift of the South
American plate (Silver et al. 1998; Sobolev and Babeyko
2005). However, shortening grossly increased through
the Cenozoic, whereas mineralization occurred during
four short events (Fig. 1a). The unique variable that
peaked during each of the four Cenozoic metallogenic
events in the Central Andes is the rate of change of
subduction hinge motion. The subducting slab is less
able to adjust to variations in net convergence than the
upper plate (Oncken et al. 2006), and therefore changes
in the rate of rollback equate to changes in the rate at
which strain must be absorbed by shortening of the
upper plate, i.e., to strain acceleration. Dynamic strain
environments are caused by disturbance of the
subduction geometry, which is a common theme among
a diversity of triggers that have coincided with
metallogeny; collision, aseismic ridge (±flat) subduction,
slab tearing and/or detachment, and subduction polarity
reversals.
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Tectonic significance of the structure of the Collahuasi
district porphyry Cu-Mo deposits
Tim Ireland
CODES CoE in Ore Deposits, University of Tasmania, Australia
Abstract. The Collahuasi district of northern Chile is one
of four major Eocene-Oligocene porphyry-epithermal
mineral camps distributed along a 650 km-long segment
of the central Andean margin (the Domeyko Arc). In this
study, 1:10,000 mapping of the district geology and
detailed mapping of faults and vein arrays in the major
porphyry Cu-Mo deposits at Collahuasi reveals major
differences between the structural architecture of two
pairs of deposits formed approximately 2 million years
apart. These are used to infer changes in the far-field
tectonic stress conditions during the porphyry
mineralisation epoch. Similar changes in structural
architecture between deposits, or between hydrothermal
stages of individual deposits along the length of the
Domeyko Arc suggest multiple reversals of strike slip
strain and associated variations in the strength of
compression during the 42-31 Ma duration of porphyry
mineralisation. In turn, that means that no single
structural site serves as a point of dilation that might
localise shallow intrusion through the entire fertile epoch.
At Collahuasi, porphyries are located at splays and
misaligned segments of second order long-lived multiplyreused arc subparallel faults. Sites that were dilational
under both dextral transpressional and sinistral transtensional strain accommodated porphyry emplacement
and are mineralised.

reflect hydrothermallly mediated tectonic fracturing
during mineralisation. Therefore the principal stress
orientation was subhorizontal to shallowly inclined to
the east during early stage mineralisation. Main stage
mineralisation in both locations therefore appears to
have occurred under dextral transpression. However, at
QB, late stage veins and breccias occupy steeply E and
NE dipping orientations and shallow vein stepovers are
commonly broader than more steeply dipping vein
segments. Local hydraulic forces driven by the
hydrothermal system are therefore interpreted to have
dominated tectonic forces during the middle and latter
hydrothermal stages. Decline of the system was possibly
followed by a change to weak WSW-directed extension
by ~35 Ma (Tomlinson et al. 2001, and references
therein).
1.2 Rosario and Ujina
The Rosario and Ujina porphyry Cu-Mo deposits are
located 10 and 15 km east of the Domeyko fault (Fig. 1)
and formed at ~34 and 35 Ma, respectively (Masterman
et al. 2004). Both deposits occur at the intersection of
the NW-trending Rosario Fault (offset by post-mineral
sinistral displacement between the two deposits) and
NNW-trending Triassic dykes. They also both occur
within 2 km of major regional N to NNE-trending faults
(Fig. 1). At Rosario, all main stage stockwork veins dip
steeply and strike NNW parallel to a misaligned
segment of the Lulu Fault, or NW parallel to the Rosario
fault within 50 m of that structure. Shallowly dipping
veins are uncommon. The Rosario and Monctezuma
faults existed and articulated together during deposition
of the Triassic basement, but there is no stratigraphic
evidence to suggest that the Lulu Fault was a hardlinked structure at that time. Instead, the northern Lulu
Fault appears to have linked with a fault sympathetic to
the Monctezuma Fault zone, along part of the Rosario
Fault and/or fractures associated with the Triassic
Collahuasi Porphyry. The vein array suggests dominance
of this ‘new’ NNW link on the Lulu Fault, and localised
re-use of fractures associated with the Rosario Fault.
Dilational strain on those orientations can only be
achieved under either WSW-directed extension or SSEdirected compression. The scarcity of shallow veins
suggests the extensional scenario, and hence along arc
sinistral transtension, is more likely.
The Ujina deposit shows very little systematic
polarity among stockwork vein generations and major
faults are absent from the mineralised body. Multiple
NW-trending faults in the NW sector coincide with
preferential orientation of veins therein, as veins and
faults trend NE in the southwestern sector. The eastern
part of the deposit shows weakly radial and concentric
veins arrays. However, a swarm of >100 Triassic

Keywords. Collahuasi, porphyry, Chile, Eocene,
structure, tectonics, stress

1 Structure of the Collahuasi porphyries
1.1 Copaquire and Quebrada Blanca
The Copaquire and Quebrada Blanca (QB) porphyries
formed at 37-36 Ma (Tomlinson et al. 2001, and
references therein). They are located on NNE-trending
second order faults that splay from the regional arcparallel Domeyko fault zone, a regional scale,
subvertical, arc-parallel deformation zone (Fig. 1). At
QB, the main NE trending fault can be shown to be
long-lived; it articulated subbasin subsidence and
volcanism during eruption of the Triassic host rock
package. Lower Priabonian dilation and accommodation
of intrusions, breccias, and early stage alteration and
mineralisation occurred along these subsidiary faults, as
well as on prominent 3rd order ENE-trending splays at
QB. This is interpreted to suggest that the NNE-trendnig
faults acted as dextral synthetic Reidel shears to the
Domeyko fault zone during mineralisation. At
Copaquire, main stage quartz-molybdenite-pyrite veins
occupy shallowly E-dipping orientations. At Quebrada
Blanca, early quartz-pyrite-muscovite-biotite veinlets
define a conjugate array of shallowly and moderately Edipping orientations. The vein geometries of these two
deposits bear no systematic relationship to the geometry
of the intrusions and veining is inferred to primarily
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Ma El Abra porphyry apparently formed during WSWdirected extension (Ambrus, 1977). Compiling the
geometry and inferred local stress state during formation
of all those deposits for which data are available reveals
five (possibly seven) such changes of apparent along arc
strike-slip shear during the fertile epoch in the Domeyko
Arc (Fig. 2). Oscillation between compression and
extension, and hence between transform sense of shear
for oblique convergent margins, is not expected to be
part of “steady state” subduction environments. Instead,
this oscillation occurred during a transition in the
behaviour of the central Andean margin, from overall
compression related to acceleration of continental South
America, to transtension associated with bending of the
Bolivian Orocline (Roperch et al. 2000). From an
exploration standpoint it follows that a) structural
targeting should include a range of trap site geometries,
and not simply those that would be dilational under the
prevailing far-field tectonic stress regime, and b) that
oroclinal bending may present another tectonic scenario
(in addition to perturbations related to subducted slab
morphology) during which major deviations from the far
field stress condition can occur, and therefore permit the
ascent of low-volume fertile melts into the shallow crust
to drive porphyry mineralisation.

andesitic dykes occurs immediately to the NNW.
Andesites are common xenoliths in the Ujina Porphyry
and abundant wallrocks to porphyry mineralisation,
although they are scarce among the basement
stratigraphy in this location. Hence the Ujina Porphyry
is interpreted to have been emplaced into a zone of high
bulk fracture permeability at the intersection of this dyke
swarm with the Rosario Fault. The ambiguous vein
orientations most closely approximate Tosdal and
Richards’ (2001) low differential horizontal stress
criterion, and it is possible that these conditions
prevailed during the switch from district-wide dextral
transpression to sinistral transtension around 36-35 Ma.
The different structural architecture of the Collahuasi
deposits suggests that mineralisation occurred during
both transpression and transtension within the magmatic
arc. Implicitly, a period of limited directed stress
separated the two regimes, and was also a time of
mineralisation. Similar variation of local stress
conditions is evident in the other major EoceneOligocene porphyry camps of northern Chile, most
notably between NNE-trending ~33 Ma early stage, and
NW-trending ~31 Ma late stage veins at Chuquicamata
(Lindsay et al. 1995). Fifty kms to the north of
Chuquicamata, the 36-34 Ma El Abra porphyry
apparently formed during WSW-directed extension
(Ambrus, 1977). Compiling the geometry and inferred
local stress state during formation of all those deposits
for which data are available reveals five (possibly seven)
such changes of apparent along arc strike-slip shear
during the fertile epoch in the Domeyko Arc (Fig. 2).
Oscillation between compression and extension, and
hence between transform sense of shear for oblique
convergent margins, is not expected to be part of “steady
state” subduction environments. Instead, this oscillation
occurred during a transition in the behaviour of the
central Andean margin, from overall compression
related to acceleration of continental South America, to
transtension associated with bending of the Bolivian
Orocline (Roperch et al. 2000). From an exploration
standpoint it follows that a) structural targeting should
include a range of trap site geometries, and not simply
those that would be dilational under the prevailing farfield tectonic stress regime, and b) that oroclinal bending
may present another tectonic scenario (in addition to
perturbations related to subducted slab morphology)
during which major deviations from the far field stress
condition can occur, apparently promoting porphyry
mineralisation.
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Figure 1. Map of the Collahuasi District (UTM grid is PSAD 56, zone 19 S) showing the major faults, intrusions and hydrothermal
pyrite-bearing alteration zones as indicated by pole-dipole induced polarisation. Arrows on major NNE to NNW-trending faults
indicate the inferred strike slip sense of shear during mineralisation. All of these major structures originated as extensional faults
during Permo-Triassic basement volcanism. FZ = fault zone, RF = Rosario Fault, QBF = Quebrada Blanca Fault.

Figure 2. Compilation of apparent sense of shear on arc-parallel structures in the four principal Chilean Eocene-Oligocene porphyry
camps, arranged in time and showing contained Cu. Structural data largely based on this study, Gustafson and Quiroga, (1995),
Lindsay et al (1995), Richards et al (2001), Tomlinson et al. (2001) and Camus (2003).
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LA-ICP-MS U-Pb zircon ages and Nd isotope data for the
Teniente Plutonic Complex: implications for the
evolution of the El Teniente Porphyry Cu-Mo Deposit
Michael J Baker, David R Cooke
ARC Centre of Excellence in Ore Deposit Research, University of Tasmania, Private Bag 126, Hobart, Tasmania,
Australia 7001
Peter N Hollings
Department of Geology, Lakehead University, 955 Oliver Rd, Thunder Bay, Ontario, Canada P7B 5E1
Abstract. A series of calc-alkaline intermediate to felsic
porphyritic sills and dikes, collectively termed the
Teniente Plutonic Complex, are spatially associated with
magmatic-hydrothermal breccias and veins that are host
to mineralization at the supergiant El Teniente porphyry
Cu-Mo deposit in central Chile. The Teniente Dacite
Porphyry was emplaced between 7.1-4.9 Ma, although
previous workers suggest a 7.10 ± 0.41 Ma age for the
porphyry may be inherited. A dacitic dike (5.11 ± 0.26 Ma)
cuts the northern end of the Teniente Dacite Porphyry,
providing a minimum age constraint for that part of the
intrusion. A sample of granodiorite from ~2 km NE of the
deposit was dated at 5.34 ± 0.39 Ma, suggesting its
emplacement was coeval with the Teniente Plutonic
Complex. The intrusive rocks are geochemically similar,
with εNd(t) values between 2.4-2.8, while the granodiorite
sample has a εNd(t) value of 3.2. The data suggest the
Teniente Dacite Porphyry was emplaced as several
discrete intrusions over a ca. 1 million year period. This
process has implications for the relationships between
porphyry emplacement and Cu-Mo mineralization at El
Teniente.
Keywords. geochronology, El Teniente, porphyry Cu

1 Introduction

Figure 1. El Teniente locality map (after Cannell et al. 2005).
Also shown are the approximate boundary of the central
Chilean late Miocene-Pliocene porphyry-Cu belt; and the
approximate boundary between the Southern Volcanic Zone
and the non-volcanic flat-slab segment. Other porphyry Cu-Mo
deposits and prospects are marked by grey circles.

The supergiant El Teniente porphyry Cu-Mo deposit is
located in the Andean Cordillera in the central Chilean
porphyry belt. The belt is host to a number of worldclass late Miocene-Pliocene porphyry copper deposits
including Rio Blanco-Los Bronces-Los Sulfatos and Los
Pelambres (Fig. 1). El Teniente is wholly owned and
operated by CODELCO. It is considered the world’s
largest copper deposit in terms of contained metal, with
a total identified resource of over 16 billion metric
tonnes (Gt) at 0.554% Cu (current resource plus past
production totals 93.6 Mt of Cu; CODELCO Annual
Report 2009) and 7.8 Gt at 0.018% Mo (1.4 Mt of Mo;
Camus 2002). The deposit has been the subject of
numerous published studies (e.g., Lindgren and Bastin
1922; Howell and Malloy 1960; Camus 1975; Skewes et
al. 2002; Maksaev et al. 2004; Cannell et al. 2005;
Klemm et al. 2007; Vry et al. 2010) in addition to the
significant body of work generated by mine geologists.
This paper presents geochronological and
geochemical data collected from intermediate-felsic
intrusions at the deposit as part of the AMIRA
International P765A research project at CODES,
University of Tasmania. The data are used to determine

if these discrete intrusive phases have distinct timing
relationships and if so, what bearing their ages will have
on understanding the magmatic evolution of the deposit.

2 Deposit geology
El Teniente is located within the Miocene-Pliocene
central Chilean porphyry-Cu belt (Fig. 1). The deposit is
hosted by the Teniente Mafic Complex, part of the midlate Miocene Farellones Formation, a sequence of
generally
flat-lying
arc-related
volcanic
and
volcaniclastic rocks located to the west (trench-ward) of
the current Andean volcanic front (Fig. 1). The
Farellones Formation is unconformably underlain by
voluminous basaltic to rhyolitic volcanic and volcanosedimentary rocks of the early Miocene Coya-Machali
Formation (Charrier et al. 2002; Hollings et al. 2005;
Kay et al. 2005).
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inherited from previously crystallised zircons, whereas
Maksaev et al. (2004) interpreted the older age group to
represent the time of crystallisation with the younger
group reflecting resetting by hydrothermal activity. We
follow the interpretations of Maksaev et al. (2002) and
Cannell et al. (2005) that infer the younger age group to
represent the time of crystallisation.
The crystallisation ages determined for the various
dacitic intrusives range from 7.10 ± 0.41 Ma through to
4.91 ± 0.24 Ma, with four of the six samples returning
crystallisation ages in the range of ca. 5.4-5.1 Ma. This
range is consistent with existing ages determined for the
dacitic intrusions and associated felsic-igneous rocks
(Maksaev et al. 2004), although the 7.10 ± 0.41 Ma age
from the northern end of the Teniente Dacite Porphyry is
older than any previously published crystallisation ages
for the dacite intrusive complex at El Teniente (Maksaev
et al. 2004; Cannell et al. 2005). A dacite dike, which
cuts the Teniente Dacite Porphyry at the northern end of
the intrusion crystallised at 5.11 ± 0.26 Ma.
The granodiorite sample ~2 km NE of El Teniente
has a U-Pb zircon crystallisation age of 5.34 ± 0.39 Ma.
The granodiorite is considered to be coeval with the
Teniente Dacite Porphyry and was emplaced during the
late magmatic stage of Cannell et al. (2005). The range
of calculated crystallisation ages for the dacitic
intrusions suggests that they were emplaced as a series
of discrete events over a ca. 2 Ma period during the late
Miocene-early Pliocene.

2.1 Teniente Mafic Complex
The Teniente Mafic Complex, also referred to as the
Mine Andesites or Teniente Host Sequence (Cannell et
al. 2005), are the principal host rocks at El Teniente.
They are interpreted to be a sill and stock complex
containing aphanitic to crystal-supported, feldspar ±
hornblende-phyric diorite sills (Skewes et al. 2002;
Cannell et al. 2005). The complex has intruded andesitic
lava flows and volcaniclastic units of the Farellones
Formation. Based on detailed petrographic analysis,
Cannell et al. (2005) reclassified the Teniente Mafic
Complex into nine rock types. These include early
porphyritic to aphanitic andesitic flows that were
intruded by later andesitic sills and stocks, a diorite
porphyry and zones of subvertical hydrothermal biotite
breccia associated with the intrusion of the Teniente
Dacite Porphyry and dacite pipes.
2.2 Teniente Plutonic Complex
The Teniente Plutonic Complex intruded the Farellones
Formation and parts of the Teniente Mafic Complex. It
comprises a series of calc-alkaline felsic to intermediate
porphyritic stocks and dikes, as well as a number of
igneous and hydrothermal breccia bodies (Cannell et al.
2005; Vry et al. 2010). The oldest phase is the Sewell
Tonalite (Camus 1975; Guzman 1991), a premineralization intrusion located to the southeast of the
deposit (Maksaev et al. 2004). The Teniente Dacite
Porphyry is a large composite mineralized dike;
individual phases have pre- or syn-mineralization
timings. Discrete high-grade ore zones occur around the
pencil-like dacite pipes (Vry et al. 2010). Diatreme
volcanism at 4.7 Ma produced the kilometer-diameter
Braden pipe, which truncates mineralization and the
southern end of the Teniente Dacite Porphyry.

4 Geochemistry
Samples from the Teniente Plutonic Complex and the
granodiorite intrusion have been analysed for their
Rb/Sr and Sm/Nd isotopic compositions. εNd values for
the samples are consistently positive, ranging from 2.4
to 3.2, while 87Sr/86Sri values are between 0.70388 and
0.70421. When compared to the Central Chile data set
of Hollings et al. (2005), our data show broadly similar
trends, implying an abrupt decrease in εNd values circa 5
Ma (Fig. 2). Hollings et al. (2005) interpreted the
geochemical and isotopic data from Central Chile to
reflect localized assimilation of crustal material in the
mantle wedge as a result of subduction erosion adjacent
to a zone of ridge subduction, rather than intra-crustal
contamination, consistent with the proposed subduction
erosion model of Stern and Skewes (1995).

3 Geochronology
LA-ICP-MS U-Pb zircon crystallisation ages have been
determined for seven samples of intermediate to felsic
intrusive rocks from El Teniente. The samples were
analysed at CODES, University of Tasmania following
the method of Meffre et al. (2007). Six samples of
dacitic intrusions from the Teniente Dacite Porphyry and
associated dacitic dikes were analysed in order to
determine if these intrusive phases have distinct timing
relationships. One sample of granodiorite collected from
a CODELCO exploration drillhole ~2 km NE of El
Teniente was also analysed in order to determine the age
of that intrusion.
U-Pb SHRIMP dating of zircons by Maksaev et al.
(2002, 2004) has shown that the dacite pipes at El
Teniente have bimodal age distributions, with samples
returning ages between 6.28 ± 0.16 to 6.11 ± 0.13 Ma
and 5.50 ± 0.24 to 5.48 ± 0.19 Ma. The euhedral phase
of the Teniente Dacite Porphyry was also dated by
Maksaev et al. (2004) and returned a crystallisation age
of 5.28 ± 0.10 Ma. Maksaev et al. (2002) interpreted the
younger age group of the dacite pipes to represent the
time of crystallisation and the older age group to be

5 Conclusions
New LA-ICP-MS U-Pb zircon dating results
constrain the maximum age of the northern part of the
Teniente Dacite Porphyry to 7.10 ± 0.41 Ma. However,
as with similar ages obtained for the dacite pipes
surrounding El Teniente, this age may be inherited from
previously crystallised zircons, as interpreted by
Maksaev et al. (2002) and Cannell et al. (2005). If so,
the 5.22 ± 0.46 Ma age also obtained from the Teniente
Dacite Porphyry would provide the maximum age
constraint on the intrusion. This age is consistent with
the crystallisation age of 5.28 ± 0.10 Ma obtained by
Maksaev et al. (2004). The minimum age of the dacite
porphyry is constrained by a crystallisation age of 4.91
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± 0.24 Ma from the central part of the intrusion.
The new LA-ICP-MS U-Pb zircon ages obtained
from the Teniente Dacite Porphyry suggest that it was
emplaced over a ca. 2 million year period during the late
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Variations in the Late Triassic Nicola arc and the
tectonic environment of alkalic porphyry Cu-Au
mineralization, Quesnel Terrane, British Columbia,
Canada
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Canada
Abstract. Most alkalic porphyry Cu-Au deposits in British
Columbia are hosted by the Late Triassic Nicola group
and laterally equivalent rocks of the Quesnel terrane
representing an oceanic arc assemblage extending over
1300 km along strike. The arc can be subdivided on the
basis of subtle differences in physical properties and
geochemistry. Basalts around Mount Polley and Lac La
Hache, where porphyry Cu-Au mineralization was
emplaced shortly after a transition from extrusive to
intrusive magmatism, have higher magnetic susceptibility
-3
3+
2+
(>20x10 SI) and Fe /Fe
ratios >0.5 and lower
3
densities (mostly <2.9 g/cm ) than basalts from areas
devoid porphyry Cu-Au mineralization or where
mineralization is much younger than volcanism (e.g.,
Mount Milligan). Basalts around Mount Polley and Lac La
Hache are slightly alkaline and also have relatively low
Fe and Mg but higher Al and Na content. Carbon
isotopes of secondary carbonates in basalts from Mount
Polley range from δ13C = -5.6‰ to +1.7‰ (PDB)
reflecting limited organic C contribution whereas in the
13
other studied arc segments δ C is <-6‰. Our data are
consistent with Mount Polley being emplaced in a
relatively oxidized arc segment shortly after a tectonic
transition from an extensional to contractional regime.

present stable O and C isotope data on minor amounts of
calcite that occur within the altered basalts. Our study
complements earlier work by Mortimer (1987) who
documented the igneous associations in the Nicola Arc
south of 51° Lat. N into calc-alkalic, shoshonitic and
alkalic to tholeiitic igneous associations. The Nicola arc
in this area has been divided into a western, calc-alkalic
dominated belt and a central and eastern, largely alkalic
belt (Preto 1979; Mortimer 1987). The western belt hosts
the calc-alkalic Highland Valley porphyry Cu district
whereas alkalic (shoshonitic) rocks of the central and
eastern belt are spatially associated with the alkalic
porphyry Cu-Au deposits of Copper Mountain, Afton
and Ajax.

Keywords. alkalic porphyry Cu-Au, British Columbia,
Quesnel Terrane, Nicola Group, Mount Polley, Mount
Milligan

1 Introduction
Alkalic porphyry Cu-Au deposits and prospects are
common in British Columbia (BC) but rare globally.
Most of these deposits in BC are hosted in the Quesnel
Terrane (Fig. 1), which consists largely of an Upper
Triassic basaltic oceanic arc assemblage extending over
a strike length of up to 1300 km (e.g., Nelson and
Colpron 2007). The dominant volcanic rock types are
clinopyroxene ± plagioclase-phyric basalts which are
intercalated with volcano-sedimentary rocks, assigned to
the along strike equivalent Nicola, Takla and Stuhini
groups (herein jointly termed the Nicola Arc). A better
understanding of the along and across strike variations of
the arc assemblages hosting the Cu-Au mineralization
helps identifying prospective arc segments, but also
contributes to the understanding of the geodynamic
environment in which these deposits were emplaced.
We herein present data on the chemical variations
along with magnetic susceptibility and density
measurements of Nicola arc basalts from the Mount
Milligan deposit (55° Lat. N) to ~51° Lat. N. We also

Figure 1. Location map showing the extent of the Quesnel
terrane and the areas studied and locations discussed in the
text.

2 Samples and methods
Basalts from four contrasting areas have been sampled
for this study (Fig. 1). These include 1) rocks from the
vicinity of the ca. 205 Ma Mount Polley porphyry Cu-Au
deposit (Logan et al. 2007), representing basalts that are
broadly coeval with mineralization (Bailey and Hodgson
1979; Logan and Bath 2006), 2) basalts from the Lac La
Hache area where significant Cu-Au mineralization is
also thought to be broadly coeval with the basalts, 3)
Triassic basalts hosting the >20 Ma younger, 185 Ma

858

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Lake, but are between -5.6 and +1.7 ‰ for Mount Polley
and Lac La Hache basalts (Fig. 3).
Oxygen isotopes exhibit an overall range of +8 to
+22‰ but, although the values tend to be higher at
Mount Polley and Lac La Hache, they do not distinguish
between different sample groups.

Mount Milligan alkalic porphyry Cu-Au deposit (Nelson
and Bellefontaine 1996; Jago 2008); and 4) basalts
sampled from an area apparently devoid of porphyry
style deposits ~50-100 km E and SE of Lac La Hache,
NE of the town of Bridge Lake (Fig.1).
Magnetic susceptibility was routinely measured on
outcrops in the field using a handheld KT-9 Kappameter
device. The values reported here are the average of 10
measurements and are given in dimensionless SI units.
Rock densities were measured by the hydrostatic
weighing (displacement method) which compares the
mass of the dry sample with the mass of the sample
submerged in H2O.
Forty-two coherent basalt samples were analysed at
the ALS Chemex laboratory, North Vancouver, using the
major and trace element whole-rock package MEMS81D which uses a Li-borate fusion ICP-MS
technique. Ferrous iron was measured in twenty-three
selected samples by H2SO4-HF acid digestion and
titrimetric finish (ALS-Chemex, Fe-VOL05 package), to
obtain Fe3+/Fe2+ ratios.
A subset of twenty five samples with calcite-chloriteepidote alteration assemblages were analyzed for stable
carbon and oxygen isotopes (δ13CPDB (‰), δ18OSMOW
(‰)) using a modified infrared spectroscopic instrument
LGR DLT-100 at the University of British Columbia
(Barker et al. 2011). This instrument analyzes CO2 gas
extracted from carbonates after rock powder has been
exposed to 100% phosphoric acid at ambient
temperatures.

3 Geochemistry and physical properties
The geochemistry of basalts from the different areas
studied shows only subtle variation and some overlap
between different sample groups. Basalts hosting broadly
coeval Cu-Au mineralization are slightly more alkaline,
and have higher Al2O3/MgO ratios (Vaca et al. 2011)
than those from Mount Milligan and the Bridge Lake
area. The magnetic susceptibility and density
measurements also show a clear distinction between the
two groups of basalts. Those from Mount Polley and Lac
La Hache have higher Fe3+/Fe2+ ratios and magnetic
susceptibilities. Densities decrease with increasing K and
Al content and are largely below 2.9 g/cm3 for rocks
from Mount Polley but higher for basalts unrelated to
porphyry Cu-Au mineralization (Fig. 2). Although
hematite alteration does affect the rocks around Mount
Polley and Lac La Hache, the presence of primary
magnetite inclusions in phenocrystic clinopyroxene
indicates that the high magnetic susceptibility and
Fe3+/Fe2+ ratio cannot solely be explained by secondary
processes and reflect a relatively high magma oxidation
state (Vaca et al. 2011).

Figure 2. Physical properties of Nicola Arc basalts. A)
Magnetic susceptibility versus Fe3+/Fe2+ ratio; B) Density
versus Al2O3 + K2O.

Figure 3. Stable isotope signature of propylitic alteration
calcite. Symbols as in Figs 2 and 3. Reference fields are from
Veizer et al. (1999) for marine carbonates, Taylor et al. (1967)
for upper mantle and Melling et al. (1990) for the Quesnel
River Au deposit.

4 Stable O and C isotopes
The stable O and C isotope signature of calcite present as
part of the chlorite-epidote-carbonate alteration
assemblage of many of the sampled basalts is distinctive
for the different areas. The values of δ13C range from -16
to -7‰ for basalts from Mount Milligan and Bridge

For comparison, calcite from propylitically altered
rocks at the Quesnel River “Propylite” alkalic intrusion
related gold deposit, also hosted in Nicola arc basaltic
rocks, have δ13C values from -10 to -7‰ and δ18O

859

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

References

varying from +10 to +14‰ (Melling et al. 1990), which
is similar to the basalts at Mount Milligan and Bridge
Lake.
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5 Discussion
The Nicola arc, north of 51°Lat. N can tentatively be
subdivided into a relatively oxidized western belt and a
more reduced eastern belt which may be correlated with
Preto’s central and eastern belt, respectively. Porphyry
Cu-Au mineralization at Mount Polley was emplaced in
an oxidized and relatively evolved arc segment which is
consistent with the high oxidation state of magmas
typically associated with porphyry Cu mineralization
(e.g., Seedorff et al. 2005) and the evolution from
extrusive basaltic to intermediate intrusive magmatism
and related porphyry Cu-Au mineralization observed at
Mount Polley (Logan and Bath 2006).
The stable carbon isotope signature of calcite within
the chlorite-epidote-carbonate alteration assemblages
which regionally affect the Nicola Arc basalts is
interpreted to reflect the importance of organic carbon as
source for the carbon in the carbonate, the most negative
values indicating the largest organic carbon contribution.
On the other hand, δ13C values closer to 0‰ are similar
to the values expected for Triassic marine carbonates
(Veizer et al. 1999). On the basis of the stable isotope
chemistry we suggest that the basalts at Mount Milligan
and Bridge Lake extruded in relatively deep oceanic
basins where organic carbon was abundant in the
sediment and later incorporated in secondary calcite. The
basalts at Mount Polley and Lac La Hache, on the other
hand, may have extruded in shallow waters or, judging
by the abundant hematite in some volcanic map units
(Logan and Bath 2006) subaerially.
The geochemistry, physical properties and stable
isotope signature of the basalts around Mount Polley are
consistent with the porphyry Cu-Au deposit having been
emplaced after a change from an extensional to a more
contractional tectonic regime which resulted in a change
from extrusive to intrusive magmatism and uplift. Some
volcanic edifices may have breached the sea level.
The eastern belt may correspond to a stratigraphically
lower and older part of the Nicola arc (e.g., Schiarrizza
and Blingh 2008) or, alternatively may represent a
separate arc which amalgamated with the central belt
prior or during accretion to the North American
continent. The pre accretion geometry was perhaps
similar to the present day configuration around New
Ireland, Lihir and the Solomon islands in the west
Pacific, where young alkalic type epithermal
mineralization is found at Lihir in an arc parallel to the
calc-alkalic Solomon arc.
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Phanerozoic gold metallogeny in the Colombian Andes
Hildebrando Leal-Mejía, Joan Carles Melgarejo i Draper, Robert P. Shaw
MINRESOUR, Faculty of Geology, University of Barcelona, C/Marti i Franques, S/N, Barcelona, Spain
Abstract. Colombia, located within the northern Andean
domain, is a well-recognized and historically important
gold-producing nation. The Colombian Andes however
suffer from a lack of controlled regional-scale
metallogenetic studies. Based upon our six-year
investigation of numerous Colombian gold districts,
accompanied by widespread radiometric age dating, and
detailed petrochemical and geochemical studies, we
present a temporal - tectono-magmatic analysis of gold
mineralization in Colombia. Results reveal a close
relationship
between
gold
mineralization
and
Phanerozoic tectono-magmatic evolution, especially with
respect to the development of subduction-related calcalkaline arcs. Seven principal gold-forming periods are
identified during the 1) Pre-Jurassic, 2) Jurassic, 3)
Cretaceous, 4) Paleocene-early Eocene 5) middle
Eocene, 6) early Miocene, and 7) late Miocene.

base metal sulfide and pluton-related Au (Cu-Mo-base
metal) vein systems and stockworks, to hypabyssal
porphyry Au (±Cu, Mo) occurrences, to more distal AuAg disseminations and structurally-controlled Zn-Pb-AgAu vein deposits of intermediate and low sulphidation
epithermal character.
Based upon our U-Pb age data and petrochemical
analyses, six main periods of subduction-related calcalkaline arc development can be identified; Pre-Jurassic,
Jurassic, Cretaceous to early Eocene, middle EoceneOligocene, early Miocene, Late Miocene-Pleistocene
(Fig. 1). Each of these periods presents spatially and
temporally related gold mineralization of varying styles.

Keywords. Colombia, gold, magmatism, metallogeny

Pre-Jurassic
magmatism
includes
Ordovician,
Carboniferous and Permo-Triassic intrusives. Gold
mineralization is hosted in ca. 462 Ma granitoid gneiss at
Angostura (Santander Massif) and in Carboniferous
leucotonalite at El Carmen (Fig. 1). Mineralization at
Angostura however, significantly post dates the age of
the host-rock. At El Carmen, alteration sericite ages
appear reset by Permo-Triassic magmatism.

2.1 Pre-Jurassic

1 Introduction
The Colombian Andes are comprised of a complex
association of autochothonous, para-autochthonous and
allochthonous components amalgamated along the
northwestern margin of the Guiana Shield since the
Meso-Proterozoic (Etayo et al. 1983; Cediel et al. 2003).
Major faults and reactivated suture systems provided
important controls on the emplacement of subductionrelated
calc-alkaline magmas throughout
the
Phanerozoic (Aspden et al. 1987; Cediel et al. 2003).
A close spatial-temporal relationship between gold
occurrences, calc-alkaline magmatism and Colombian
tectonic evolution has been proposed (e.g., Shaw 2000,
2003), but the lack of precise age data for constraining
magmatic crystallization, and interpreting hydrothermal
alteration and mineralization, rendered conclusions
necessarily speculative.
A new temporal - tectono-magmatic interpretation of
Colombian gold occurrences is presented herein.
Interpretations are based upon historic data and 107 new
high precision U-Pb (zircon) dates for intrusive rocks
throughout the Colombian Andes, supported by new KAr, Ar-Ar, Re-Os, Sr, Pb-Pb data, and 282 new wholerock major–minor–trace-REE petrochemical analyses.

2.2 Jurassic
There are at least three temporally and spatially separate
calc-alkaline arcs of Jurassic age, including the
Santander massif - Mocoa batholiths (ca. 205–210 Ma),
the Sierra Nevada de Santa Marta–Norosi–San Martin
(San Lucas region)–southern Ibague batholiths (ca. 194–
174 Ma), and the Segovia – northern Ibague batholiths
(ca. 167–149 Ma). Abundant magma and east-to-west
arc migration suggests emplacement within an
extensional regime throughout the Jurassic. The Santa
Marta – Bucaramanga – Suaza and Palestina paleosutures facilitated batholith emplacement.
Gold mineralization occurs in quartz + base metal
sulfide veins and localized structural breccias cutting the
Norosí - San Martin (San Lucas), Ibague and Segovia
batholiths (and coeval volcano-clastic Norean and
Saldaña Formations). Mineralization throughout the San
Lucas region is coeval with the cooling history of the
Norosí-San Martin batholith whilst mineralization hosted
in the Santander and Segovia regions appears largely
post-Jurassic in age.

2 Magmatism vs. Metallogeny
Phanerozoic calc-alkaline magmatism in Colombia spans
the early Paleozoic to the present (Fig. 1), related to the
periodic development of subduction-related volcanomagmatic arcs (Aspden et al. 1987; Cediel et al. 2003).
Gold districts of numerous ages are developed within or
surrounding major composite batholiths and clusters of
holocrystalline and porphyritic stocks and dykes. The
nature of the deposits ranges from mesothermal quartz-

2.3 Cretaceous – Early Eocene
The poly-phase late Cretaceous to Paleocene Antioquia
and Sonsón batholiths formed during at least four
distinct magmatic pulses (96-92 Ma, 89-82 Ma, 81-72
Ma and 63-58 Ma). Southward migration of magmatic
centres over time is recorded in smaller plutons like the
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Manizales and El Hatillo stocks and the El Bosque
Batholith (ca. 60-49 Ma). Ca. 95-85 Ma magmatism is
also present, within and to the west of the Romeral fault,
where calc-alkaline intrusives (e.g., Buga batholith,
Jejenes stock) of continental margin or intra-oceanic
affinity are in structural-intrusive contact with
parautochthonous/allochthonous oceanic basement of the
Romeral and Dagua terranes.
Vein-type Au-base metal deposits cutting the Jurassic
Segovia batholith at Segovia-Remedios, are associated
with 89-84 Ma porphyry dykes and alteration
contemporaneous with emplacement of the early phases
of the Antioquia batholith a few km to the west, while
important pluton-related Au (Cu-Mo) stockworks of the
Antioquia gold province (e.g. Gramalote) are associated
with 60-58 Ma magmatism (Leal-Mejía et al. 2010).
Mineralization ages for the Buga batholith and Jejenes
pluton have not been fully constrained.

known Colombian Au resources are associated with
porphyry-related deposits of late Miocene age, including
world-class
deposits
at
California-Angostura
(intermediate- to high-sulfidation Au-Ag; Felder et al.
2005) and La Colosa (Au-porphyry; Lodder et al. 2010).
Intermediate sulfidation Zn-Pb-Ag-Au veins (Sillitoe
2008) at Marmato and Buritica are also Miocene in age.

2.4 Middle Eocene

Acknowledgements

Middle Eocene magmatism includes the development of
the ca. 46-42 Ma inter-oceanic Mande – Acandí
batholiths within the Chocó Arc. Eocene Cu (Au)
mineralization is related to calc-alkaline diorite and
granodiorite porphyry observed at Murindó, Pantanos,
Comita and Acandí (Sillitoe et al. 1982). Deposits were
formed prior to the accretion of the Chocó Arc to the
northern Colombian margin.
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3 Conclusions
New radiometric, petrochemical and geochemical studies
permit the definition of seven principal gold-forming
periods in the Colombian Andes. Combined with
regional tectonic studies, the data demonstrate a close
temporal-spatial relationship between Colombian gold
metallogeny and the formation of subduction-related
calc-alkaline arcs throughout the Phanerozoic.

2.5 Early Miocene
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2.6 Late Miocene-Pleistocene
Late Miocene calc-alkaline magmatism is widespread in
the Colombian Andes, represented by small batholiths
and stocks and numerous clusters of porphyrytic stocks
and dykes. The most important plutonic phases include
the Betulia complex, the Farallones batholith, Paramo de
Frontino and El Cerro stocks (all ca. 12 Ma). Important
clusters of hypabyssal porphyry stocks and dykes
include Arboledas-Berruecos (ca. 9 Ma), Cerro BolivarBetulia-La Vega-Dominical (18-9 Ma), Buenos AiresSuarez (17 Ma), Cajamarca-Salento (ca. 9-6 Ma), Middle
Cauca (ca. 8-6 Ma), Rio Dulce (<3 Ma), Buritica (ca. 12
Ma) and Vetas–California–Angostura (ca. 10-8 Ma).
Pluton-related veins are hosted within and
surrounding the holocrystalline plutons whilst all of the
porphyry clusters exhibit mineralization of the porphyry
and/or
temporally-related,
structurally-controlled
intermediate sulfidation styles. The majority of presently
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Figure 1. Magmatism vs. gold occurrences in the Colombian Andes. Histogram illustrates new magmatic U-Pb crystallization ages
for intrusives, and principal gold forming periods (yellow arrows). Tectonic base map modified after Cediel et al. (2003).
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Ar/39Ar evidence for the Brasiliano (ca. 500 Ma)
tectono-thermal event in the southern margin of the São
Francisco Craton: implications for the remobilization
and preservation of Gold-PGE deposits hosted in the
Minas Supergroup Iron-Formation
Gema Ribeiro Olivo, Douglas A. Archibald, Thomas D. Ullrich
Department of Geological Sciences and Geological Engineering, Queen’s University, Kingston, ON, Canada, K7L 3N6
Abstract. The Itabira district, in the southern São
Francisco craton, comprises gold-PGE mineralization
hosted in Paleoproterozoic iron-formation units of the
Minas Supergroup, which are tectonically imbricated with
Archean amphibolites. These rocks were submitted to
three phases of deformation and comprise two main
types of gold mineralization: an earlier Pd-rich gold type
associated with the first phase of deformation (D1: >1.83
Ga) and a younger, Pd-poor type controlled by the
second deformation structures (D2). Recrystallized
hornblende, biotite aligned parallel to D2 fabric and lateD2 muscovite from the Archean amphibolite yielded
plateau ages of 506 Ma, 488 Ma and 498 Ma,
respectively. Muscovite from the auriferous iron-formation
locally transposed parallel to D2 fabric yielded plateau
ages of 497 Ma. These results, integrated with
petrological data, indicate that these rocks were
submitted to upper greenschist to amphibolite facies
metamorphism (T ~500°C) during the ca. 500 Ma
Brasiliano event (D2). The preservation of these Au-PGE
orebodies is interpreted to be due to the fact that they
were formed and remobilized at relatively deep crustal
levels and uplifted under slow exhumation conditions.

Cauê and Conceição mines. These data are integrated
with detailed structural, petrographic, mineralogical and
Pb isotopic data in order to understand the processes
related to formation and preservation of these deposits.

2 The Itabira district
2.1 Geology
The Itabira District is a major iron producer in Brazil,
containing a total of 897 Mt of iron ore reserves and 679
Mt of resources as of the end of 2002. In 2006 the annual
production increased from 43 to 46 Mt. The main
operations are the Cauê and Conceição mines (Fig. 1),
where Au and Pd are extracted as by-products by the
Compania Vale do Rio Doce (CVRD). Gold ore reserves
are estimated at 100,000 t grading 30 g/t (Leão de Sá and
Andrade 1990). Three metamorphosed and deformed
stratigraphic units are present in the Cauê and Conceição
mines (Olivo et al. 1995, 1996, 2001; Galbiatti et al.
2007).
They are from the bottom to the top (Fig. 1): (1) a
volcano-sedimentary sequence, which is correlated with
the Archean Rio das Velhas Supergroup in the
Quadrilátero Ferrífero and regionally overlying an
Archean granite-gneiss complex; (2) an iron-formation,
referred to as the Cauê Formation of the Itabira Group
from the Minas Supergroup; and (3) a quartzite from the
Piracicaba Group of the Minas Supergroup. Weathered
dikes of intrusive rocks occur in the iron-formation and
quartzite units. Slices of Archean amphibolite (>2.66 Ga:
Olivo et al. 1966; and dated here using Ar-Ar) and talc
schists are tectonically imbricated with the ironformation unit mainly in the Cauê mine. With exception
of the intrusive contacts, all contacts between the various
units are tectonic and interpreted as thurst faults based
on kinematic indicators.
The iron-formation unit tectonically overlies the
volcano-sedimentary unit and has an apparent thickness
of 200 and 500 m in the Cauê and Conceição mines,
respectively. It comprises itabirite, kaolinite-hematite
schists, compact hematite bodies and auriferous ironformation known historically as jacutinga. Itabirite forms
alternating centimeter- to milimiter-scale layers of
quartz, specular hematite, and octahedral grains of
magnetite partially to almost completely replaced by
hematite. Compact hematite bodies are concentrated
mainly in the hinges of D1 and D2 folds (Fig. 2) and

Keywords. gold, platinum-group elements, ironformation, Minas Supergroup, São Francisco Craton, ArAr geochronology

1 Introduction
The southern margin of the Archean São Francisco
craton hosts Au (-Pd) mineralization in Archean to
Paleoproterozoic (2.6-2.4 Ga) iron-formations that were
deformed and metamorphosed during two major
orogenic events. The oldest one is Paleoproterozoic (2.11.9 Ga) and is referred to as Transamazonian and the
youngest is Neoproterozoic-Lower Paleozoic and is
known as Brasiliano event (650-450 Ma; Chauvet et al.
2001 and references therein). The most economic and
well-known deposits are in the Cauê and Conceição
mines from the Itabira District (Fig. 2). The nature and
age of the deformation and Au-Pd mineralization are
very controversial and various models have been
proposed (Olivo et al. 1995, 1996, 2001; Galbiatti et al.
2007 and references therein).
In order to understand the influence of the various
tectonic events on the genesis and evolution of the
Itabira iron-formation hosted Au-Pd deposits, we
conducted Ar-Ar geochronological investigation in the
minerals from the orebodies and country rocks from the
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moderate dip. Metamorphism attained upper greenschist
to amphibolites conditions.

comprise more than 95 percent hematite, either specular
or octahedral grains pseudomorphous after magnetite
and minor amounts of goethite, quartz and kaolinite.
Jacutinga is a hydrothermally altered iron-formation
containing
hematite,
magnetite,
Fe-hydroxides,
muscovite, talc, tourmaline, kaolinite and Au-Pd ore
minerals.

2.2 Au-PGE mineralization
Two major types of Au-Pd orebodies were identified in
the Cauê and Conceição mines (Fig. 1 and 2). The oldest
type form veins of quartz parallel to the S1 foliation and
are controlled down-dip by the elongation lineation
associated with D1 deformation. The main example is
the Pd-rich gold mineralization in the the Corpo Y (Y in
Fig. 1), where the palladiferous gold grains occur
included in rotated tourmaline in the core of sheath folds,
and the cm-size free Pd-rich nuggets exhibit the
imprints of the L2 lineation and D3 crenulations (Fig.
2A). In the Corpo Y, the highest concentrations of Au (up
to 7000 g/t) and Pd (up to 20% in the gold alloys) occur
in quartz veins and alteration selvage, folded and
transposed by D2 deformation. The veins and the altered
wall rock comprise in addition to hematite and quartz,
minor to trace amounts of muscovite (only in Conceição
orebody), talc, phlogopite and tourmaline parallel to S1
foliation (Fig. 2C). Palladium arsenides and antimonides
commonly occur associated with this first generation of
gold and include palladseite, arsenopalladinite and
mertieite II. The second type of gold mineralization in
the Itabira District was found during our study only in
the North orebody (N in Fig. 1) of the Cauê mine (Olivo
et al. 1995) and lately documented in the other orebodies
by Galbiatti et al. (2007). It comprises a boudinaged
hematite-rich vein with local concentrations of quartz
and phyllosilicates weathered to kaolin, and quartz veins
controlled by the D2 brittle structures and shear zones.
Gold occurs in euhedral grains, commonly poor in Pd
and some grains yielded rhodium contents up to 1.5
wt.% and enriched in Ag and Te (Fig 2B). Weathering of
the auriferous iron-formation extends to more than 200
m in depth forming kaolinite and goethite after
phyllosilicates and iron oxides, respectively. Pure gold,
native palladium and palladian oxides form as products
of weathering of palladian gold alloys and palladium
minerals (Olivo and Gammons 1996).

Figure 1. Simplified geological map of the Cauê (A) and
Conceição (B) iron-mines showing the location of the Au-PGE
deposits hosted in the Minas Supergroup iron-formation.

The rocks in the Cauê and Conceição mines were
subjected to three phases of deformation. The first phase
(D1) is characterized by tight to isoclinal folds which
developed progressively and locally into sheath folds in
the iron-formation unit. The D1 fabrics are the S1
foliation and the elongation lineation. S1 is a C/S
penetrative foliation, defined by the preferred shape
orientation of the first generation of specular hematite,
muscovite and planar to lenticular ribbons of finegrained quartz aggregates in the iron-formation, and
hornblende and ilmenite parallel to the earliest fabric in
the tectonically imbricated amphibolites. The elongation
lineation plunges 10° to 25° towards N80°-85°E and 30°
to 40° in the N70°-80°E direction in the Cauê and
Conceição mines, respectively. The second folding
phase is represented by large-scale asymmetrical tight
folds and associated parasitic folds. In high strain zones,
an axial planar foliation developed, locally transposing
the S1 fabric. The axes of the D2 folds plunge 25°-45°
toward N65°-80° E and are broadly parallel to the
elongation lineation. Hematite and quartz veins,
including some auriferous ones, formed subparallel to
the S2 fabric (Olivo et al. 1995) or in D2 shear zones
(Galbiatti et al. 2007). Thurst faults are associated with
both D1 and D2 phases of deformation. The third phase
of folding is characterized by open folds with an
associated north-south crenulation cleavage having a

3 Ar-Ar geochronology
40

Ar/39Ar isotopic analyses were conducted on mineral
separates from the Conceição Jacutinga (muscovite;
samples 41C and 41G) and from the Archean
amphibolite imbricated in the iron-formation unit of the
Cauê mine (hornblende, muscovite and biotite; sample
58). The selection of the samples was based on the
availability of the minerals suitable for Ar-Ar
thermochronology. The amphibolite sample was chosen
because it has three minerals with distinctly different
closure temperatures. In addition, the Pb isotopic
determinations on hornblende and ilmenite from this
sample (Olivo et al. 1996) indicate that it is an Archean
slab tectonically imbricated in the iron-formation, which
records at least two episodes of metamorphism, allowing
for determination of the thermal history and cooling rate
in the Itabira District. The only auriferous sample with
suitable minerals was the jacutinga from Conceição
mine. The samples were analysed at Queen’s University
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using step-heating techniques described by Kontak et al.
(2008). The results are plotted in figure 3. Muscovite
from the iron-formation locally transposed parallel to D2
fabric yielded plateau ages of 497 Ma. Recrystallized
hornblende, biotite aligned parallel to D2 fabric and
muscovite with inclusions of D2 fabric from the
amphibolite yielded plateau ages of 506 Ma, 488 Ma and
498 Ma, respectively. These dates are interpreted as the
cooling ages through the closure temperature for the Ar
diffusion in these minerals.

Figure 2. A. Palladian gold from syn- D1 orebody (Corpo Y).
B. Gold crystals from syn D2 orebody (Norte). C. Conceição
jacutinga with dated muscovite (sample 41 C). D. Two
generations of hornblende, and syn D2 biotite from
amphibolite (sample 58), which were dated.

Figure 3. 40Ar/39Ar age spectra for A. Muscovite from sample
41 C of the Conceição jacutinga. B. Muscovite of the
amphibolite from the Cauê Mine (sample 58) C. Biotite of the
amphibolite (sample 58). D. Hornblende of the amphibolite
(sample 58)

4. Discussions and conclusions
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Gold metallogeny in the Gurupi Belt, Brazil
Evandro L. Klein
CPRM/Geological Survey of Brazil, Belém, Brazil
Abstract. The Gurupi Belt in northern Brazil is a
Neoproterozoic mobile belt developed at the
southwestern margin of the Paleoproterozoic São Luís
Craton. Gold deposits of this belt are hosted in
Paleoproterozoic
(2160-2147
Ma)
metavolcanosedimentary and calc-alkaline granitoid rocks formed in
island arc setting. These host rocks represent the
reworking margin of the cratonic area during the
Neoproterozoic. The deposits are clearly controlled by
the Tentugal shear zone that represents the tectonic
boundary between cratonic and belt areas. Geological
characteristics along with petrographic, fluid inclusion
and stable isotope information indicate that the deposits
formed from predominantly metamorphic fluid sources at
260-383°C and up to 3 kbars. These features are
consistent with the class of orogenic gold deposits.
Paleoplacer gold deposits are hosted in a <2110 Ma-old
siliciclastic sequence closely related with the gold hosting
metavolcano-sedimentary and granitoid rocks. The timing
of hydrothermal mineralisation has not yet been defined.
Conflicting
isotope
evidence
indicate
both
Paleoproterozoic (<2110 Ma) and Neoproterozoic model
ages.

2086-2091 Ma; and (7) post-orogenic highly
evolved/shoshonitic granite of 2056-2076 Ma and (8)
isolated felsic volcanics of 2068 Ma. Based on rock
association and ages, and in geochemical and Nd
isotope signatures, these Paleoproterozoic associations
of the SLC are interpreted as forming part of a Rhyacian
orogen that record an accretionary (2240-2150 Ma) and
a collisional phase (ca. 2100 Ma) (Klein et al. 2008a,
2009). This scenario correlates with what is described
for similar successions of the Eburnean-Birimian
terranes of the West-African Craton (Klein and Moura,
2008 and references therein).
The Gurupi Belt (GB) is a Neoproterozoic mobile
belt developed in the south-southwestern margin of the
SLC (Fig. 1). The belt consists of igneous, sedimentary
and metamorphic rock units of variable natures with
ages ranging from 2695 Ma to 549 Ma (Klein et al.
2005a; Palheta et al. 2009). These rock units are NW-SE
trending successions that follow the general tectonic
orientations in the belt. In addition to small bodies of (1)
Archean metatonalite, part of the exposed basement of
the GB is composed of Paleoproterozoic rocks,
including: (2) foliated to banded orthogneisses of 2167
± 3 Ma, with limited remnants of paragneisses and
basic-ultrabasic rocks; (3) batholiths of the same
juvenile calc-alkaline granitoids found in the SLC, with
remnants of coeval amphibolite; (4) a juvenile, 2160 Ma
old metavolcano-sedimentary formation; (5) a
siliciclastic formation younger than 2110 Ma; (6)
gabbroic intrusions; (7) biotite-bearing calc-alkaline and
weakly peraluminous monzogranites and granodiorites
of 2159 to 2085 Ma with crustal signature; (8) several
generations of variably deformed peraluminous,
muscovite- and biotite-bearing leucogranites with ages
between 2116 Ma and 2072 Ma and strong crustal
signature; and (9) highly evolved/shoshonitic granite to
quartz-syenite of 2100 Ma. Units 2 to 6 represent the
reworked margin of the SLC, whereas units 7 to 9 are
probably disrupted fragments of a Rhyacian continental
arc. Vestiges of the Rhyacian metamorphism and
deformation (and collision?) are inferred from the
presence of the peraluminous leucogranites and some
low Th/U zircon ages round 2098-2092 Ma.
Neoproterozoic units comprise (10) predominantly
metasedimentary rocks younger than 1140 Ma, probably
deposited in a passive margin, having subordinate
remnants
of
amphibolite;
(11)
pre-orogenic
undersaturated alkaline intrusion of 732 ± 7 Ma that has
subsequently been deformed and metamorphosed under
amphibolite facies conditions; (12) metamorphosed
microtonalite of 624 ± 16 Ma with crustal signature, and
(13) peraluminous, two-mica granite of 549 ± 4 Ma
(Klein et al. 2005a; Palheta et al. 2009 and references
therein). The Neoproterozoic metamorphism is
estimated to have occurred between 624 and 549 Ma.
The Tentugal shear zone is a NW-SE-trending, left-

Keywords. Gurupi Belt, gold, shear zone, metallogeny,
Paleoproterozoic, Neoproterozoic

1 Introduction
The Gurupi Belt is a Neoproterozoic mobile belt
developed at the southwestern margin of the São Luís
Craton (Fig. 1). Gold, so far, is the main mineral
resource known in this belt. More than 100 occurrences
are recognized in addition to more developed deposits.
Only partial resources of the belt are known and totalise
about 120 tonnes Au. The first organised, industrial
operation is planned to start in 2012 at Cipoeiro.
The aim of this short paper is to present an
integration of the geological and genetic characteristics
of the gold deposits, as well as the geological setting in
which they were formed.

2 Geology and tectonic setting
The São Luís Craton (SLC) is composed, from the
oldest to the youngest unit, of: (1) an island arc-related
metavolcano-sedimentary sequence (2240 ± 5 Ma) that
was intruded by (2) shallow granophyric rocks at 2214
Ma and by (3) batholiths and stocks of juvenile,
subduction-related,
metaluminous
to
slightly
peraluminous calc-alkaline granitoids developed in
island arc between 2168-2147 Ma; (4) andesite, dacite
and subordinately basic volcanic rocks of 2164 ± 3 Ma,
formed in mature arc with minor back-arc component;
(5) minor calc-alkaline felsic volcanics of 2160 ± 7 Ma
with limited Archean inheritance formed in a continental
margin; (6) peraluminous, collision-type granites of
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arsenopyrite. Bi, As, Sb, and Te are also present as
trace-element in sulphides. Chalcopyrite, galena and
sphalerite are volumetrically minor phases.
The hydrothermal paragenesis is syn- to late-tectonic
and post-metamorphic peak and is, in general,
composed of variable amounts of quartz, chlorite, white
mica, carbonate, minor albite, and sulphide minerals.
Fluid inclusion and stable isotope studies indicate
formation temperatures between 260 and 383°C and
pressures up to 3 kbars. These studies also indicate lowsalinity and relatively reduced aqueous-carbonic ore
fluids (CO2±CH4-H2O-NaCl±CaCl2±MgCl2) of probable
metamorphic origin. Complex, sometimes conflicting
and competing processes such as fluid immiscibility
under fluctuating pressure conditions and fluid-rock
reactions (sulphidation, desulphidation, carbonatisation,
CO2 removal) have been considered the main causes for
gold precipitation (Yamaguti and Villas 2003; Klein et
al. 2005b, 2006, 2007, 2008b).

lateral, strike-slip structure that represents the tectonic
boundary between the SLC and GB. This structure is
thought to have formed under oblique collision with a
strong directional component and records mass
transportation from SW to NE (Ribeiro 2002 and
references therein).

3.1 Paleoplacer gold deposits
Paleoplacer gold deposits and showings are associated
with the siliciclastic Igarapé de Areia Formation (<2110
Ma). This formation is composed of monomitic to
polimitic conglomerate, sandstones with characteristic
cross bedding and, possibly, phyllite. The association is
interpreted to have formed in fluvial system (Klein and
Lopes 2009). In the Gurupi Belt the formation occurs
mainly as a narrow basin with strata that dip gently in
the middle and with high angles in the margins. In the
inner portions of the Gurupi Belt, the formation is
affected by the Tentugal shear zone and occurs in close
association with the Chega Tudo Formation and forms
elongated and discontinuous strips (Fig. 1).
Gold is contained in both badly sorted, coarsegrained sandstones and quartz-pebble conglomerate. In
addition to the detrital mineralisation, hydrothermal
imprint is observed at least at Pico 20 and Boa
Esperança and epigenetic mineralisation is described at
Cachoeira and, possibly, at Cipoeiro and Sequeiro
(Klein et al. 2005b; Klein and Lopes 2009 and
references). These features have led Klein and Lopes
(2009) to suggest similarities between the Igarapé de
Areia deposits and those of the Tarkwa sequence in the
West-African Craton.

Figure 1. Simplified geological map o f the Gurupi Belt and
the southwestern margin of the São Luís Craton, with the
location of the main gold deposits

3 Gold deposits
3.1 Orogenic gold deposits
The orogenic gold deposits of the GB are all hosted in
structures related to the Tentugal shear zone (Fig. 1).
Most of the deposits are hosted in rocks of the 2160 Maold metavolcano-sedimentary sequence (Chega Tudo
Formation) and fewer deposits are hosted in the calcalkaline granitoids of 2160-2147 Ma (Tromaí Intrusive
Suite) and gabbros. The supracrustal rocks underwent
metamorphism under greenschist to lower amphibolite
facies conditions.
Geological and genetic characteristics are similar in
both supracrustal- and granitoid-hosted deposits. The
ore bodies tend to be parallel to the structural grain of
the host rocks, but can also be discordant. At the deposit
scale they are confined to discrete brittle-ductile
structures. The ore bodies are discontinuous, subvertical,
stretched, and have cylindrical to lens shapes.
Two types of mineralisation products have been
described. (1) Quartz veins and vein sets with variable
length and thickness. The quartz veins commonly show
visible gold and have low sulphide contents. (2) Quartzcarbonate-sulphide veinlets and dissemination in the
enclosing altered host rocks. In addition to free-milling
gold, this style shows gold deposited in microfractures
of quartz and sulphide grains, in intergranular contacts,
and as trace-element especially in pyrite and

4 Concluding remarks
The geological and genetic models for the gold deposits
of the Gurupi Belt are relatively well-established and are
consistent with those of the class of orogenic gold
deposits. Furthermore, the existence of paleoplacer gold
is well documented.
However, a feature that is critical for the
development of genetic models, which is the absolute
timing of gold deposition, has not yet been determined.
This major problem stems from the poli-orogenic
evolution of the Gurupi Belt. That is, the host rocks have
formed during the Rhyacian orogeny that built up the
São Luís Craton, but these rocks, at least in part, have
been affected by Neoproterozoic events related to the
evolution of the Gurupi Belt. Tectonic reworking,
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isotope resetting, and lack of isotopic equilibrium in
places where petrographic evidence indicates
equilibrium, are widespread features. Preliminary and
ongoing Pb isotope studies also show conflicting results.
For instance, a well-defined Pb-Pb isochrone constructed
with gold particles from the Mina Velha target (Chega
Tudo deposit) revealed an Archean age. Furthermore,
apparently coexisting pyrite and arsenopyrite grains from
the Cachoeira deposit gave Paleoproterozoic and
Neoproterozoic model ages, respectively. Moreover, the
epigenetic mineralisation that took place in the Igarapé
de Areia Formation at Cachoeira is younger than 2110
Ma.
Therefore, this major issue needs further constraints.
The hypotheses envisaged in this study include: (1)
mineralisation occurred in the Paleoproterozoic and
remobilisation may have taken place in the
Neoproterozoic, with Pb isotopes indicating both
Archean
and
Paleoproterozoic
sources;
(2)
mineralisation occurred in the Neoproterozoic from
Archean to Neoproterozoic Pb (and Au) sources; (3) one
of the two hypothesis above may have occurred in
different deposits.

Brito Neves BB, de Wit MJ (eds) West Gondwana: preCenozoic correlations across the South Atlantic region. Geol
Soc Spec Publ 294:137-151
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Geology and stable isotope (O, H, C, S) constraints on the
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Gurupi belt in northern
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geochronology, and geodynamic evolution. Precambrian Res
141:83-105
Klein EL, Harris C, Renac C, Giret A, Moura CAV, Fuzikawa K
(2006) Fluid inclusion and stable isotope (O, H, C, and S)
constraints on the genesis of the Serrinha gold deposit, Gurupi
Belt, Northern Brazil. Miner Deposita 41:160-178
Klein EL, Harris C, Giret A, Moura CAV (2007) The Cipoeiro gold
deposit, Gurupi Belt, Brazil: chlorite geochemistry, and stable
isotope study. J S Am Earth Sci 23:242-255
Klein EL, Luzardo R, Moura CAV, Armstrong R (2008a)
Geochemistry and zircon geochronology of paleoproterozoic
granitoids: Further evidence on the magmatic and crustal
evolution of the São Luís cratonic fragment, Brazil.
Precambrian Res 165:221-242
Klein EL, Ribeiro JWA, Harris C, Moura CAV, Giret A (2008b)
Geology and fluid characteristics of the Mina Velha and
Mandiocal ore bodies and implications for the genesis of the
orogenic Chega Tudo gold deposit, Gurupi Belt, Brazil. Econ
Geol 103:957-980
Klein EL, Luzardo R, Moura CAV, Lobato DC, Brito RSC,
Armstrong R (2009) Geochronology, Nd isotopes and
reconnaissance geochemistry of volcanic and metavolcanic
rocks of the São Luís Craton, northern Brazil: Implications for
tectonic setting and crustal evolution. J S Am Earth Sci
27:129-145
Palheta ES, Abreu FAM, Moura CAV (2009) Granitóides
proterozóicos como marcadores da evolução geotectônica da
região nordeste do Pará – Brasil. Revista Brasileira de
Geociências 39:647-657
Ribeiro JWA (2002) O arcabouço estrutural da região de Chega
Tudo e Cedral, NW do Maranhão, com base em sensores
geofísicos. M.Sc. thesis Universidade Federal do Pará, Belém,
155 p
Yamaguti HS, Villas RNN (2003) Estudo microtermométrico dos
fluidos hidrotermais relacionados com a mineralização aurífera
de Montes Áureos, NW do Maranhão. Revista Brasileira de
Geociências 33:21-32

Acknowledgements
Contribution to CNPq (Brazilian council for
technological and scientific development) projects n°
481.189/2009-2 and 306.723/2009-3, and to the Instituto
Nacional de Geociências da Amazônia (GEOCIAM).

References
Klein EL, Lopes ECS (2009) Formação Igarapé de Areia: Tarkwa
no Cinturão Gurupi? In: Simpósio Brasileiro de Metalogenia,
2, Resumos (CD-ROM)
Klein EL, Moura CAV (2008) São Luís craton and Gurupi belt
(Brazil): possible links with the West-African craton and
surrounding Pan-African belts. In: Pankhurst RJ, Trouw RAJ,

872

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Metallogenesis of Eastern Guiana Shield in Brazil
Evandro L. Klein
CPRM/Geological Survey of Brazil, Belém, Brazil
Lucia T. Rosa-Costa
CPRM/Geological Survey of Brazil, Belém, Brazil
Abstract. The Eastern Guiana Shield in Brazil contains
orogenic and paleoplacer Au, sedimentary and
supergene Fe and Mn, magmatic Cr, Ti, Sn, Nb-Ta, and
paleoplacer diamond deposits. It also holds potential for
Cu, Zn, Ni, PGE, and thorianite deposits. Although the
tectonic evolution of this shield spans from 3.32 to 0.61
Ga, the most active tectonic and metallogenic period was
between 2.26 and 1.95 Ga. The internal structure of this
area is quite complex and at least three tectonic domains
are recognised: an Archean block intensively reworked
during the Rhyacian, and two Rhyacian domains that
represent continental arcs. Ore deposits formed at ~2.262.21 Ga (Fe, Mn, Cr, Cu-Au, and paleoplacer gold and
diamond); 2.11-1.93 Ga (widespread orogenic gold); 1.75
Ga (Sn, Nb-Ta); 0.61 Ga (Ti); 0.05-0.02 Ga (supergene
Fe-Mn).

of granite-gneiss-migmatite with remains of older crust
(3.32 Ga), and of charnockites of 2.66-2.63 Ga. This
basement records granulite facies metamorphism at
2.10-2.08 Ga and has been intruded by pre-orogenic
layered mafic-ultramafic rocks, by several generations
of orogenic granitoids between 2.22 and 1.99 Ga, and by
anorogenic granites of 1.75 Ga. Greenschist to granulite
facies supracrustal rocks occur as disrupted and
elongated NW-SE trending sequences composed of
mafic-ultramafic volcanic rocks, and chemical and
clastic sedimentary rocks (Rosa-Costa et al. 2006).
The Paleoproterozoic Carecuru Domain is composed
of gneisses, calc-alkaline granitoids dated at 2.19-2.14
Ga, narrow and discontinuous belts of metavolcanosedimentary rocks, and remnants of Archean granulite
gneiss (Fig. 1). The association is interpreted to have
formed in magmatic arc setting. Younger units comprise
syn- to post-collisional granitoids of 2.10-2.03 Ga
(Rosa-Costa et al. 2006 and references). In the southern
portion of the domain crops out the 612 Ma old
Maraconaí Alkaline Complex. It comprises peridotite,
pyroxenite and subordinate syenite and alkali granite
(Lemos and Gaspar 2002) and it is hosted in basement
units.

Keywords. Guiana Shield, Archean, Paleoproterozoic,
metallogeny

1 Introduction
The most recent review of the metallogeny of Guiana
Shield is found in Dardenne and Schobbenhaus (2003).
In the last decade, new geological, geochronological and
Nd isotope studies have been produced allowing for a
better understanding of the geological evolution of the
eastern portion of the Guiana Shield (see review in
Rosa-Costa et al. 2009). In addition, some new
metallogenic studies have been conducted at deposit and
district scale (Melo et al. 2003; Faraco et al. 2006;
Galarza et al. 2006; Nunes et al. 2007; Klein et al. 2009;
Klein and Fuzikawa 2010).
This work summarises the different types of ore
deposits of the Brazilian portion of Eastern Guiana
Shield (i.e., State of Amapá and NW-Pará State) and
attempts to integrate the ore genesis within the evolution
of the distinct tectonic domains of this part of the shield.

3 Ore deposits
3.1 Lourenço Domain
The Lourenço Domain contains orogenic(?) gold and
sedimentary iron deposits (Fig.1). The gold deposits are
hosted in 2.15 Ga old granitoid and gneisses and in
supracrustal sequences. Mineralisation took place at ca.
2.00 Ga and is associated with silicification,
saussuritisation, chloritisation and sulphidation of the
host rocks (Nogueira et al. 2000). Sedimentary iron
deposit and occurrences are associated with magnetitebearing quartzite and itabirite. The ore was probably
deposited prior to 2.26 Ga and underwent supergene
enrichment in the Eocene-Oligocene period.

2 Tectonic domains
The Eastern Guiana Shield in Brazil in subdivided into
three tectonic domains (Rosa-Costa et al. 2006; Klein et
al. 2011). The Lourenço Domain occupies the northern
portion of the Eastern Guyana Shield in Brazil (Fig. 1).
It is composed of gneisses and diorite to granodiorite of
2.18-2.16 Ga interpreted to have formed in juvenile
magmatic arc (Nogueira et al. 2000). These plutonic
rocks are associated with discontinuous strips of
metavolcano-sedimentary sequences. Younger rocks
include granitoids and charnockite of 2.10-2.05 Ga
(Faraco et al, 2009 and references).
The Amapá Block represents an Archean crust (Fig.
1) that has been reworked during the Rhyacian period.
Its basement is composed of 2.85-2.60 Ga associations

3.2 Amapá Block
Orogenic gold deposits of the Amapá Block are
associated with the metavolcano-sedimentary Vila Nova
Group (>2.26 Ga) (Fig. 1). The main gold deposit of this
domain is Amapari. The gold-sulphide ore is hosted in a
N-S trending shear zone that affected amphibolite facies
pelitic schists, BIF and carbonate rocks, and subordinate
skarns produced by the intrusion of a 1.99 Ga old
granite. Mineralisation was produced by low-salinity
aqueous-carbonic fluids of metamorphic origin at 270 to
>420°C (Melo et al. 2003; Nunes et al. 2007). Ore
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fluids at 250-450°C and 0.7-2.3 kbars. Faraco et al.
(2006) interpret the mineralisation to be of the VMS
type.
Primary and supergene titanium ore is associated
with the Maraconaí Alkaline Complex. The ore is
contained in anatase (Fonseca and Rigon 1984).
Other mineral resources in the Carecuru Domain
include cassiterite and PGE.

deposition is estimated to have occurred at ca. 2.11 Ga
(Galarza et al. 2006).
Chromite deposits are associated with the Bacuri
Mafic-Ultramafic layered complex that intruded
basement gneisses at ca. 2.22 Ga. The magmatic body
consists of a lower mafic layer, an intermediate
ultramafic layer, and an upper mafic layer. The main
chromitite zone is located at the base of the ultramafic
layer in sharp contact with the lower mafic layer. The
layered complex and the chromitite ore bodies
underwent folding and metamorphism under
amphibolite condition (Spier and Ferreira Filho 2001).
The hematitic sedimentary iron deposits consist of
BIF, itabirite, and Fe-quartzite of the Vila Nova Group
(>2.26 Ga). These iron concentrations have
subsequently been enriched to ore grade by supergene
processes during the Eocene-Oligocene periods (Spier
and Ferreira Filho 1999).
Manganese ores include eluvial, massive and
schistose types, in addition to the carbonate and gondite
protore deposited in supracrustal rocks of the Vila Nova
Group. The ore genesis involved three stages: (1)
sedimentary (~2.26 Ga) – deposition of Mn-rich
carbonate rocks associated with C-bearing pelites; (2)
deformation and metamorphism under amphibolite
facies conditions (2.08 Ga) producing lenses of protore;
(3) exhumation and tropical weathering inducing
supergene enrichment (50-23 Ma) (Rodrigues et al.
1986; Klein et al. 2011 and references).
Greisen and pegmatite Sn-Nb-Ta deposits are
supposedly related to the A-type granites of 1.75 Ga.
Paleoplacer deposits include the gold and diamond
concentrations associated with the basal portion of
metaconglomerate and subordinate conglomeratic
quartzite of the Vila Nova Group (Gonzaga and
Tompkins 1991; Spier and Ferreira Filho 1999).
Considering geological associations and preliminary
reports, the Amapá Block holds also potential for
thorianite, Zn-Cu (VMS), and Ni-Cu-PGE deposits.
3.3 Carecuru Domain
Orogenic gold deposits of the Carecuru Domain (Fig. 1)
occur mainly in the Ipitinga Auriferous District. The
deposits are associated with supracrustal-granitoid
associations formed in continental arc setting. The host
rocks are quartzite, pelite and BIF belonging to the
Ipitinga Group (2.26 Ga), Fazendinha and Treze de
Maio sequences, and subordinate monzogranite and
tonalite of the Carecuru Intrusive Suite of 2.18-2.14 Ga.
The gold-quartz veins are hosted in shear zones, reverseoblique faults and in the metamorphic foliation (Klein
and Rosa-Costa 2003; Rosa-Costa et al. 2006). Fluid
inclusion and isotopic studies (Klein et al. 2009; Klein
and Fuzikawa 2010) indicate low-salinity metamorphic
(granulitic?) and magmatic (charnockitic?) fluid sources
that deposited gold at 290-355°C. The timing of
mineralisation is estimated at ca. 2.03 Ga.
A copper occurrence is hosted in hydrothermallyaltered
oceanic
basalts
(quartz-chlorite
and
anthophyllite-cordierite schists) of the Ipitinga Group.
The semi-massive ore is composed of pyrite, pyrrhotite,
sphalerite, Au and Ag, and was deposited from CH4-rich

Figure 1. Simplified tectono-stratigraphic map of E-Guiana
Shield in Brazil, with the location of the main mineral deposits.
Adapted from Rosa-Costa et al. (2006) and Klein et al. (2011).

4 Metallogenic evolution: an appraisal
The orogenic evolution of the Eastern Guiana Shield in
Brazil occurred between about 2.26 to 1.95 Ga, and is
considered to be related to the Transamazonian cycle of
orogenies. Most of the ore deposits of this area formed
within this time window. However, other deposits were
formed and/or modified after this period. At least five
metallogenic epochs are envisaged (Fig. 2).
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(1) ~2.26-2.21 Ga. Pre-orogenic syngenetic deposits.
Include sedimentary Fe and Mn deposits, secondary
(paleoplacer) diamond and gold deposits, and magmatic
Cr deposits of the Amapá Block and Lourenço Domain;
the volcanogenic Cu-Au deposit of the Carecuru
Domain.
(2) 2.11-1.93 Ga. This period is characterised by
metamorphism, deformation, migmatisation and
extensive crustal reworking. The main metallogenic
feature of this period is the formation of orogenic gold
deposits in all the tectonic domains.
(3) 1.75 Ga. Formation of the Sn-Nb-Ta related to the
intrusion of post-orogenic to anorogenic A-type granites.
(4) 0.61 Ga. Formation of the Ti deposit in the Carecuru
Domain.
(5) 0.05-0.02 Ga. Supergene enrichment of the
sedimentary Fe-Mn deposits.

deposit, Ipitinga Auriferous District, SE-Guiana Shield, Brazil:
implications for orogenic gold mineralization. Ore Geol Rev
37:31-40
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Vasquez ML (eds), Contribuições à Geologia da Amazônia
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metaconglomerate, Minas Gerais, Brazil: whole-rock
geochemistry and mineral chemistry of tourmaline
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Abstract. Whole-rock and tourmaline mineral data are
reported for the auriferous metaconglomerate of the
Palaeoproterozoic Moeda Formation, Minas Gerais,
Brazil. The whole-rock data indicate a mainly felsic
source rock with minor contribution of a mafic source.
The whole-rock U and Stot concentrations are most likely
controlled by a detrital origin of their host minerals. Gold
shows a close connection to Fe2O3, Stot and U. The
whole-rock B contents and the relative abundance of
tourmaline, forming gold–tourmaline aggregates that
cross-cut detrital pyrite, point to an overprint by a B-rich
fluid. Tourmaline mineral chemistry and field relations
suggest that a meta-evaporitic fluid was introduced
during the Brasiliano orogenic overprint. Some of the
gold bound to detrital pyrite was then mobilised and
concentrated as gold–tourmaline aggregates.

2 Geological setting
The auriferous metaconglomerates of the Ouro Fino
area are part of the Moeda Formation (Minter et al.
1990), for which the youngest detrital zircon age is 2.58
Ga (Hartmann et al. 2006). The Moeda Formation is the
basal unit of the Palaeoproterozoic Caraça Group
(Minas Supergroup). The upper part of the Caraça
Group is a pelitic, locally carbonaceous, unit known as
the Batatal Formation. The Caraça Group discordantly
rests on greenstone rocks of the Archaean Rio das
Velhas Supergroup (Dorr 1969). The sedimentation of
the metaconglomerates took place under paralic to
stable shelf environments, reflecting the early phase of
the development from continental rifting to a passive
continental margin (Garayp et al. 1991; Renger et al.
1994; Alkmim and Marshak 1998). The Moeda
sediments underwent two post-sedimentary tectonic
events: the Transamazonian orogeny (~2.0 Ga) and the
Brasiliano orogeny (~0.6 Ga) (e.g., Chemale et al. 1994;
Alkmim and Marshak 1998).
Several authors describe detrital gold within the basal
metaconglomerates (Renger et al. 1988; Minter et al.
1990; Garayp et al. 1991). This gold was primarily
deposited together with other detrital minerals, such as
pyrite, arsenopyrite, zircon and rutile. The detrital gold
is thought to have hydrothermally been mobilised and
precipitated
as epigenetic gold
within
the
metaconglomerates.
The samples were taken from drill cores GAN-FSD84-0001 to 0006, which were drilled at Vigário da Vara,
a locality at the southernmost tip of the Gandarela
Syncline (for a location map see Koglin et al. 2010).

Keywords. Moeda Formation, gold, tourmaline,
geochemistry

1 Introduction
The Palaeoproterozoic gold- and pyrite-bearing
palaeoplacer deposits of the Moeda Formation,
Quadrilátero Ferrífero of Minas Gerais, Brazil, are
known already for at least over a century. However,
basic information on whole-rock and mineral
chemistries is still sparse or missing (Renger et al.
1988). Whole-rock geochemical data has the potential to
provide information about possible source rocks (e.g.,
Meinhold and BouDagher-Fadel 2009). Correlations of
whole-rock element contents in combination with
mineral data are an important tool to reveal relationships
between certain elements and minerals. In this
connection, conclusions can be drawn concerning the
formation, transport behaviour and remobilisation of
different constituents of sedimentary rocks.
This study reports whole-rock chemical data and
documents the presence of epigenetic gold–tourmaline
aggregates from the Moeda Formation.

3 Methods
Whole-rock geochemical analyses were carried out by
Acme Analytical Laboratories, Vancouver, Canada.
Major- and trace-element concentrations were measured
by ICP-ES and ICP-MS, respectively. Analyses for
precious and base metals were carried out by ICP-MS.
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Loss of ignition (LOI) was determined by ignition of the
samples on 1000°C. The ICP technique was used to
determine B. Carbon dioxide (CO2), total carbon (Ctot)
and total sulfur (Stot) contents were measured by Leco.
Tourmaline was analysed by electron microprobe at
TU Clausthal and at the University of Cape Town.

4 Results
The metaconglomerates are characterised by very high
contents of SiO2 (76.3–91.4 wt.%) and medium to high
contents of Al2O3 (2.6–12.3 wt.%), K2O (0.8–3.8 wt.%)
and total iron as Fe2O3 (1.0–11.8 wt.%). These
compositions correspond to their major mineralogy of
quartz, pyrite and muscovite, and are in favour of a
predominantly felsic source. Compared to upper
continental crust values (17.3 μg/g Co, 92 μg/g Cr and
47 μg/g Ni, Rudnick and Gao 2003), most of the
samples are enriched in Co (3–115 μg/g), Cr (21–260
μg/g) and Ni (8–197 μg/g), suggesting additional
sediment supply from a mafic source.
The whole-rock U and Au values vary from 0.9 to 89
μg/g and from 3 to 2299 ng/g, respectively. These
values show enrichment compared to the upper
continental crust (2.7 μg/g U and 1.5 ng/g Au, Rudnick
and Gao 2003). The average U value of 19 samples from
the immediately overlying Batatal Formation is 2.9 μg/g
(A.R. Cabral unpublished data). Significant positive
correlations hold for Au vs. Stot, U vs. Stot (Figs. 1a, b)
and Fe2O3 vs. U, but not for Au vs. Zr. The contents of
Stot are in the range between 0.09 and 9.50 wt.% and
show significant positive correlation with total Fe2O3, in
line with the occurrence of pyrite. The B contents are
remarkably high, up to 206 μg/g (average value of 70
μg/g), compared to the upper continental crust (17 μg/g,
Rudnick and Gao 2003), which is consistent with the
presence of tourmaline. Boron and Au are not correlated
(Fig. 2a). The total Ctot values are from 0.02 to 0.43
wt%, with some organic carbon (Corg) from 0.02 to 0.04
wt%. It is important to note that the Au contents are not
controlled by the amount of Ctot (Fig. 2b).
Tourmaline occurs as euhedral to subhedral crystals
and, locally, as gold–tourmaline aggregates that crosscut detrital pyrite (Fig. 3). The gold-associated
tourmaline is aluminous and sodic, and show two
compositional trends: one is parallel to the “oxydravite”–povondraite join; the other stretches along the
dravite–schorl join (Fig. 4).

Figure 1. Binary plots of Stot vs. (a) Au, and (b) U; both
showing a good positive correlation.

5 Discussion and conclusions
Figure 2. Binary plots of Au vs. (a) B, and (b) Ctot
representing a lack of correlation.

The metaconglomerates of the Moeda Formation
palaeoplacer deposit show geochemical features of a
predominantly felsic source. Elevated values of Cr, Co
and Ni indicate some contribution of mafic material, in
agreement with previous studies on pyrite mineral
chemistry (Koglin et al. 2010). High U contents can be
explained by the presence of uraninite, brannerite and
coffinite (Villaça 1981). The significant correlation of U
vs. Stot is suggestive of a palaeoplacer origin for heavy
minerals such as pyrite and uraninite.

The lack of significant correlation between Zr and Au
can be interpreted as follows: (1) gold was not detrital
and, therefore, does not correlate with Zr, whose main
carrier is detrital zircon, (2) detrital gold and zircon
show different hydraulic behaviour (Smith and Minter
1980), or (3) detrital gold and zircon have different
sources with variable felsic/mafic rock ratios (Frimmel
et al. 2005) and, hence, are decoupled from each other.
The quartzitic metaconglomerates show elevated
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samples. Professor Dr Bernd Lehmann kindly supported
one of us (A.R. Cabral) with access to laboratory
facilities for whole-rock and electron-microprobe
analyses.

whole-rock B contents. This enrichment in B points to
an overprint by external B-rich fluids. Cross-cutting
relationships suggest that the B overprint took place
during the Brasiliano orogeny. The tourmaline
composition along the “oxy-dravite”–povondraite join
further suggests a meta-evaporitic B origin (Fig. 4). The
deviation from the meta-evaporitic trend may be caused
by sulfate–silicate interactions and/or influx of a distinct
metamorphic and/or low-saline fluid (Henry et al.,
2008). The gold–tourmaline aggregates indicate that
gold was mobilised by, and precipitated from, epigenetic
B-rich fluids.
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Figure 3. Backscattered-electron image of pyrite (py), gold
(g) and tourmaline (tur). The gold–tourmaline post-dates both
detrital and euhedral (late) pyrite (not shown).

Figure 4. Upper part of the Al-Fe-Mg ternary diagram for
tourmaline after Henry et al. (2008). The “oxy-dravite”–
povondraite and dravite–schorl joins are indicated by black
lines.
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The structure of the western Serra do Curral Range,
Quadrilátero Ferrífero and the tectonic control of the
high-grade Fe-orebodies
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Abstract. In the western branch of the Serra do Curral
Range, Quadrilátero Ferrífero, Brazil, magnetitic-martitic
middle-sized (~100 Mt) high-grade (>64% Fe) orebodies
are controlled by NE-SW trending nearly coaxially
superimposed folds and related thrusts (B 1-Phase),
developed during the first event of the tectonic evolution
of the area. A second fold group with NNW-SSE trend
(B 2) partially overprints B1 structures. The complex
variation of fold profiles and orientations is a
consequence of the mechanical response to deformation
under shallow crustal conditions. This allowed the
development of open spaces and of stress and strain
gradients that drove circulating metamorphic fluids
producing high-grade Fe orebodies in favourable sites.

2 The western segment of the Serra do
Curral Range
In the western segment of the Serra do Curral Range,
metamorphic grade of the Paleoproterozoic Minas
Supergroup is low. The sequence comprises
metasandstones and conglomerates, chlorite-sericite
metapelitic rocks and quartz-carbonate-grunerite-bearing
BIFs (Pires 1995). Sedimentary layering (S0) with
microbanding and other primary features are well
preserved in the iron formations reflecting also the low
internal strain undergone by these rocks (Rosière et. al
2001).
Several small- to middle-sized (~100 Mt) high-grade
ore bodies occur along the entire western branch of the
range. The ore mineralogy comprises magnetite (up to
70%) partially oxidized into kenomagnetite, maghemite
and martite and granular to platy hematite (Rosière et al.
2008).

Keywords. Quadrilátero Ferrifero, high-grade iron ore,
Western Serra do Curral

1 Introduction
The Quadrilátero Ferrífero district is an iron and gold
mining district, located at the SE border of the São
Francisco craton where the Minas Paleoproterozoic
metasedimentary rocks outcrop as syncline keels
between Archean gneissic domes and greenstone
terrains (Dorr 1969).
The Serra do Curral Range is the geographic
expression of one of these keels that also represents the
northern limit of the district. It extends in the direction
NE-SW over 100km. Structurally it represents an
inverted limb of the NNW-vergent Piedade Syncline,
whereas the normal flank is exposed only in the NE
(Alves 1961) and SW (Romano 1989) extremities of the
ridge.
The studied area comprises the segment located west
of the Paraopeba River and about 30 km long,
approximately 1/3 of the total extension. Several minor
high-grade iron orebodies and massive veins can be
found. Magnetite-martite is the main mineralogical
component. The preservation of primary BIF features,
the relatively small size of the orebodies and the
absence of large specularitic shear zones allow a better
understanding of the structural control of the deposits.

2.1 The structure of the western Serra do
Curral Range
The region was subdivided in three main areas with
distinct trends but internally consistent tectonic
structural orientation. Figure 1 depicts the orientation
and distribution of the structural elements for the
selected homogeneous domains. B1 folds of deca- to
hectometric dimensions and the related S1 axial plane
foliation controls the regional structure. The B2 folds are
smaller and develop mainly in flanks of the B1 folds
abutting in mesoscale its hinge zones (Fig. 2). S2
represents the B2 axial planar cleavage.
From the western end to the transecting valley of the
Paraopeba River, dips of the Minas SG basal units
(Caraça and Itabira Groups) progressively increase,
changing from the inverted into the normal position. In
the entire southern half of the range bedding dips steeply
NW. The upper units of the Minas SG exposed in the
northern part of the range, on the other hand, dip with
low to moderate angle to the S and SE, resembling in
map view a homoclinal structure dipping ca. 45º SE.
The variation of dip values in the various segments of
the W-Serra do Curral is due to the fact that distinct
sectors of the NNW-vergent syncline are exposed in
each area. In the western domains we have the
exposition of the inverted limb of the syncline, whereas

879

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

the central and eastern segments correspond to the
regional fold hinge zone (Fig. 3).
Superposition of nearly coaxial metric to hectometric
tight to isoclinal B1 folds occurs along the entire range.
This is interpreted as the product of a progressive
accommodation of BIF layers during the SE-NW
vergent compression with the development of coaxial
folds and thrust faults. The axial planes of the earliest B1
phase dip gently SE but late nucleated folds present
steeply-dipping axial planes and are associated with high
angle thrusts. This results in the stratigraphic repetition
of the sequence (Fig. 3) and in unusual geometric
patterns encountered in all open pits along the range.

Figure 3. Schematic block-diagram depicting the structure of
the W-segment of the Serra do Curral Range and location of
the main iron ore mines.

The S0 and S1 pole figures from the westernmost
domain present a single concentration in the NW quarter
due to the small interlimb angle of B1 folds. These are
not cylindrical and the axis is generally distributed along
the axial plane (Fig. 1 and 2).
In the central and eastern domains S0 and S1 data
present a similar distribution as sub-parallel girdles
oriented perpendicularly to the general trend of the
range. The calculated girdle β axes are parallel to the
measured B1 fold axes in the field (Fig. 1).

Figure 1. Structural geological map of the W-Serra do Curral
Range with stereograms for S0, S1, B1 and S2, from separated
homogeneous domains. Location of the mines Esperança,
Camargos and Usiminas Central is also shown.

Figure 2. Sketch representing the curvi-lineal trace of the B1
fold axes and the development of WSW-vergent B2 folds in the
limbs with hinge zones abutting and fading against B1.

Figure 4. a) Schematic cross-section of the Serra do Curral
range at the Esperança mine. b) Detail of the structural position
of the high-grade orebody.
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The girdle distribution of S0 and S1 planes at the
central and eastern segments of the NNW-vergent
regional syncline reflects the typical M-type
morphology of the micro- to mesoscale structures in
hinge zones that commonly present an open profile.
Differently, in the regional limb (western domain),
parasitic small scale folds are usually tight to isoclinal.
Larger scale, superimposed deformation is
compensated by high angle reverse faults parallel to
axial plane of the younger folds. These structures control
the geometry and position of the largest massive
magnetitic-martitic high grade ore body in that part of
the range, at the Esperança mine (Fig. 4) and also the
now exhausted Feijão orebody, located further east.
A second group of WSW-vergent asymetric folds
(B2) overprint the older structures. They nucleate only at
the limbs of the B1 folds and do not refold the hinge
zones (Fig. 2). The trend of the B2 axes exhibits
consistently a high angle with the general extension of
the range and the plunge is controlled by the orientation
of the folded surface (Fig. 1 and 2).
The S2 crenulation cleavage strikes parallel to the
axial plane of these folds and dips from NE to SE. This
is represented in the pole figure by several girdles with
variable orientation along the range (Fig. 1). The plane
defined by the Π-axes of the S2 diagrams is parallel to
the lineaments that cut across the range in NNW-SSE
orientation. These lineaments also separate the different
analyzed segments and therefore control the passive
rotation of the S2 cleavage.
In the extreme eastern segment, the distribution of
the structural elements indicate that they have undergone
slight rotation around a sub-horizontal axis (B3) due to
drag folds related to N-S striking normal faults. These
structures have a very limited occurrence (Fig. 1).
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in hematite. J Struct Geol 23:1429-1440
Rosière CA, Spier CA, Rios FJ, Suckau VE (2008) The Itabirites
of the Quadrilátero Ferrífero and Related High-Grade Iron Ore
Deposits: An Overview. Rev Econ Geol 15:223-254

2.3 Structural control of iron ore mineralization
The NNW-vergent structures formed in a polyphase
event during the Transamazonian orogeny as described
by Alkmim and Marshak (1998), with the development
of superposed folds and thrusts over a regional NE-SWtrending regional inverted syncline. During the B2
deformation NNW-SSE-trending asymetric folds were
nucleated at the B1 fold limbs with the development of a
crenulation cleavage (S2). They may be related to the
same regional event of Palaeoproterozoic age as
proposed by Dalstra and Rosière (2008).
The Esperança high-grade iron ore deposit, just as
other iron orebodies along the Serra do Curral Range, is
controlled by the B1 structures. The largest orebody of
the mine is located at a high angle fault formed in order
to compensate the mechanically hampered flexural
gliding of the BIF layer during the second phase of the
B1 deformation. The faulting and related brecciation was
probably assisted by the high pressure of the
hydrothermal (metamorphic?) fluids. They resulted in
the development of several ore veins observed along the
entire range including the upper formations of the
Piracicaba Group.
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Geological mapping of the aurifeous Rancho Novo area,
Minas Gerais state, Brazil
Yuri Ribeiro, Sarah Akemy Shinzato, Lydia Maria Lobato
Department of Geology, Universidade Federal de Minas Gerais, Av. Antônio Carlos 6627, Campus Pampulha, 31270901, Belo Horizonte – MG, Brazil
Atlas Vasconcelos Corrêa Neto
Department of Geology, Universidade Federal do Rio de Janeiro, Av. Pedro Calmon n° 550, Cidade Universitária, 21941901, Rio de Janeiro – RJ, Brazil
Abstract. The 1:10.000-scale geological mapping was
undertaken near the towns of Conselheiro Lafaiete and
Ouro Branco, Minas Gerais state, Brazil. The area is a
segment of the southwestern portion of the Quadrilátero
Ferrífero region, known for its mineral wealth especially
gold and iron. The area belongs to the 40-km-long
Congonhas Lineament, a shear-dominated structural
regional trend. Eight lithological units are recognized, and
encompass rocks of the Metaultramafic, Mafic Metavolcanic, Lower and Upper Metasedimentary units, which
are the main host to gold, and the units Metagranodiorite,
Alto Maranhão tonalite, Metadolerite Intrusions, and
Recent Alluvial Cover. The two mapped structural
domains are the Lineament domain, which occurs in the
N-NE and is the most affected by the Congonhas
Lineament shear zone, and the Sinclinorium domain
dominating the central and southern portions. Two
metamorphic events affected the area, with the regional
metamorphism of greenschist facies conditions being
best recognized in the supracrustal rocks. Biotite and
amphibole reflect a contact metamorphic event on mafic
rocks. Gold occurs in shear-related hydrothermal
alteration zones, mainly in the NE portion, in close
association with sulfide-quartz-rich veins and veinlets.
Alteration is represented by the presence of sericite/
chlorite, and quartz-carbonate veins and sulfides. Gold
occurrences are characterized as orogenic.

focus on the extent of the supracrustal units, in the
southwestern portion of the Congonhas Lineament,
which host most of the gold occurences in the area.

Keywords. metavolcano-sedimentary sequence,
orogenic gold, Congonhas Lineament

1 Introduction
The geological, structural, and geophysical mapping at
the scale of 1:10.000 of the Rancho Novo Region
defined eight stratigraphic units and two structural
domains. The study area is situated between the towns of
Conselheiro Lafaiete and Ouro Branco in Minas Gerais
state, southeastern Brazil. It is located in the southern
portion of the Quadrilátero Ferrífero region and belongs
to the 40 km-long structural trend known as Congonhas
Lineament (Seixas 1988) (Fig. 1).
A NW-SE-directed shear zone characterizes the
regional-scale Congonhas Lineament, which occurs
along the contact of granitic and metavolcanosedimentary rocks. Along this trend a series of gold
showings are known to have been exploited in the later
part of the 18th century (Pires 1977) in the supracrustal
rocks. These have historically been correlated to the
Archean metavolcano-sedimentary rocks of the Rio das
Velhas Greenstone Belt-RVGB, which contain a series of
orogenic-gold deposits. For this reason, the present study

Figure 1 – Geological mapping of the southern Quadrilátero
Ferrífero region (modified after Baars and Rosière 1997).

2 Results
2.1 Stratigraphy
The eight lithological units encompass rocks of the
Metaultramafic, Mafic Metavolcanic, Lower and Upper
Metasedimentary units. The remaining units are named
Metagranodiorite, Alto Maranhão tonalite, Metadolerite
Intrusions, and Recent Alluvial Cover. Gold is mainly
hosted by rocks of the Mafic Metavolcanic, Lower and
Upper Metasedimentary, and Metagranodioritic units.
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Three of these units are also identified in the southern
portion by geophysics (Radiometry) considering their
total radiation values. The Alto Maranhão tonalite shows
the highest levels with average values of 45.60 CPS. The
Upper Metasedimentary unit yielded intermediate values
with an average of 32.80 CPS. The Mafic Metavolcanic
unit has the lowest values with an average of 29.34 CPS.

characterized by quartz-carbonate veins, sulfides and
other minerals such as chlorite and sericite.
In this part of the Congonhas Lineament, gold is
associated with sulfide alteration, mainly arsenopyrite,
and with silicification zones. The characteristics of the
mineralization indicate it to be orogenic (Groves et al.
1998).

2.2 Structural geology

3 Final commnets

The Lineament and the Sinclinorium domains are two
structural domains recognized in the area (Fig. 2). The
former occurs in the N-NE part of the study area, and is
strongly affected by the Congonhas Lineament shear
zone. The Sinclinorium domain, in the central and
southern portions, is characterized by asymmetric
synformal folds. For each domain the mean structural
measurements are: Sinclinorium: S0 = 217/84; Sn =
222/88; Sn +1 = 041/88; Lineament: Sn = 127/34; Sn +1 =
054/75; Ln = 113 / 37. The rocks are highly tectonized
and strongly folded, exhibiting transposition of their
planar structures. Layering is verticalized in the
Lineament domain, probably due to folding as indicated
by small-scale, tight isoclinal folds, which may have
been influenced by the nearby intrusive plutonic units.

The Quadrilátero Ferrífero is one of the main
metallogenetic provinces in Brazil, with special
emphasis on gold, iron and manganese. World-class,
orogenic gold deposits, such as Cuiabá and Morro
Velho, are hosted by Archean metavolcano-sedimentary
rocks of the RVGB, where they are invariably associated
with regional lineaments.
Although geochronological data are lacking, Seixas
(1988) correlates the supracrustal sequences in the study
area to the RVGB. Along the entire extension of the NWSE Congonhas Lineament, gold was recovered in the
17th and 18th centuries by bandeirantes (gold diggers).
These diggings are recognized by the presence of
excavations (Fig. 3) along the contact with granitic rocks
of the Metagranodiorite unit. Exploration by mining
companies such as CVRD (presently Vale) and WMCCCO were undertaken in the 1980`s. More recently,
IAMGOLD has been reexamining these prospects.
Further work in the area is warranted to better evaluate
its true gold potential.

2.3 Metamorphism and hydrothermal alteration
Two metamorphic events affected the area. The regional
metamorphism is best recognized in the supracrustal
rocks, which exhibit mineral parageneses indicative of
greenschist facies conditions. A contact metamorphic
event produced biotite and amphibole overgrowths on
the regional foliation of mafic rocks (Fig. 3), and is
apparently related to the emplacement of granite and
dolerite intrusions.
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The BIF-bearing sequence from the Morro Escuro
Ridge, Santa Maria de Itabira, Minas Gerais, Brazil: main
petrographic and geochemical characteristics
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Abstract. The BIF-bearing sequence from the Morro
Escuro Ridge is located in an allochtonous thrust slice
developed probably at the Proterozoic-Paleozoic
boundary during the Brasiliano Orogeny. It comprises
quartzites, schists, metaconglomerates, gabbroic sills
and itabirites all metamorphosed at lower amphibolite
facies. BIFs are mainly of hematitic composition
presenting granoblastic or schistose fabric. Magnetite is
restricted to igneous contact zones. The analyses of
PAAS-normalized REE values, shows HREE enrichment,
consistent positive Eu anomaly and a small negative Ce
anomaly. Ce/Ce*(SN) vs. Y/Ho and the low content of
Al2O3, TiO2, Th, Hf and Sc is evidence for lack of
significant shale contamination. These geochemical data
indicate that the BIFs were deposited on a platformal
environment distant of the hydrothermal fluids source,
although sills and dykes locally affected their chemistry
and mineralogy.

interpretation for the area and reliable criteria for future
correlation between units of well established
stratigraphic position, such as the Minas Supergroup and
several others of undefined or controversial age (Fig. 1).

2 Geological setting
The Morro Escuro Ridge is located in the thin-skinned
western half of the Araçuaí fold and thrust belt, as an
allochtonous slice bounded by imbricate thrusts near the
east border of the São Francisco Craton. The sequence
has been currently interpreted as belonging to the
Archean (2.8 Ga) TTG-greenstone Guanhães Complex
(Grossi-Sad et al. 1997) that extensively outcrops NE of
the area.

Keywords. Morro Escuro Ridge, banded iron formations,
REE geochemistry

1 Introduction
The Morro Escuro Ridge sequence and several other
discontinuously distributed BIF-bearing units are
bounded by N-S-trending thrust faults that divide
elongated tectonic slices encasing meta-sedimentary
units and granite-gneisses along the eastern border of the
Espinhaço Range, from the Quadrilátero Ferrífero
mining district to the town of Serro (Fig. 1). Age and
sedimentary environment of these units have been
differently and controversially interpreted through time.
Although the BIFs do not usually host any minable highgrade (>60 wt.% Fe) orebodies, the increasing demand
for iron in the world market made this type of occurrence
economically interesting and a major exploration target.
Particularly interesting, however, is the fact that such
sequences have undergone only locally minor Feenrichment, even though they experienced strong
deformation. This contribution presents the first results
of investigations at the Morro Escuro Ridge sequence,
with the purpose to establish a consistent geologic

Figure 1. Regional map showing the location of the Morro
Escuro Ridge area and distribution of main BIF-bearing
sequences between the Quadrilátero Ferrífero District and the
locality of Serro (based on Grossi-Sad et al. 1997; PedrosaSoares et al. 1994).
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In most of the samples the values for MgO, Na2O, K2O
(<0.01%) and Cr2O3 (<0.002%) are below the analytical
detection limits.

Important BIF-containing Proterozoic supracrustal
units are also exposed in that region such as the Minas
Supergroup to the south, (2580 Ma to 2050 Ma - Renger
et al. 1994); and the Serra da Serpentina Group to the
northwest, purportedly from the basal sequence of the
Espinhaço Supergroup (Fig.1).
The structural characteristics of the area results from
the tectonic inversion that affected the entire eastern
border of the São Francisco Craton, probably during the
Brasiliano orogenic event. East-dipping, N-S trending,
W-vergent thrust faults intersect several units of both
Archean and Proterozoic age with the development of
regional-scale tight to isoclinal inverted folds. In map
view the layers resemble NNW-trending homoclines
dipping ca. 20º to NE. (Rolim 2010).

4.1 Rare Earth Elements
The chondrite-normalized (Taylor and McLennan 1985)
REE spider diagram for the Morro Escuro itabirite
indicates a pronounced LREE enrichment in relation to
HREE ((Pr/Yb)(CN) =0.57-4.03; with an average of 1.67),
as illustrated in Figure 2. The Eu anomaly is in general
slight negative (Eu/Eu*(CN)=(Eu(CN)/Sm(CN)+Gd(CN))=
0.27-0.65). Normalized against PAAS (McLennan,
1989), the REE spider diagrams shows the typical
HREE enrichment in relation to LREE ((Pr/Yb)(SN)=
0.10-0.71: Fig. 3). The Eu anomaly is generally positive
(Eu/Eu*(SN)=(Eu(SN)/(0.66Sm(SN)+0.33Tb(SN))=0.90-1.91)
with an average of 1.63, close to the value of 1.5
proposed by Planavsky et al. (2010) to characterize late
Paleoproterozoic iron formations.

3 The Banded Iron Formations
The BIF sequence of Morro Escuro starts at the base
with micaceous quartzite and quartz-mica schists that
grades at depth into biotite-quartz schist with garnet,
graphite, plagioclase, tourmaline, staurolite and tremolite
interlayered with carbonate lenses resting upon granitegneiss. Quartzite layers turn progressively iron richer
near the contact with the overlying BIFs. Iron formations
grade upwards into similar schists and quartzites and BIF
pebble-bearing metaconglomerates. All units are
intruded by sills and also some dykes of gabbroic
composition (now amphibole-schists).
Primary sedimentary/diagenetic features of the BIFs
are extensively destroyed and transposed by an axialplanar schistosity, defined by oriented specularite
crystals. Locally several metric and mm- to cm-thin
shear zones cut oblique to the foliation, with high-grade
specularitic orebodies. The iron oxide mineralogy
comprises mainly hematite with variable morphologic
characteristics
(lamellar/specularite,
granular,
lobular/fused and martite) but also magnetite. The
textural features gradually change depending on the
proportion of the dominant iron oxide. Amphibole and
epidote display always <10% vol., and usually occur
close to the contact aureole around the intrusive rocks.
Accessory minerals are sericite, chlorite, apatite and
minor biotite, rutile, epidote (allanite), pyrite,
chalcopyrite. Sericite/mica and chlorite are commonly
present at the grain boundaries of iron oxide minerals.
Grain size is medium to fine (0.01 mm to 1.0 mm Ø).
Magnetitic and amphibole-rich itabirites are restricted to
the contact aureole with the amphibole-schists presenting
randomly distributed magnetite porphyroblasts (0.01 mm
to 2.0 mm Ø – up to 4.0 mm Ø) along cm- to mm- thick
bands.

Figure 2. Chondrite-normalized REE spidergram for Morro
Escuro itabirites, compared with quartz itabirites from the
Quadrilátero Ferrífero District (Spier et al. 2007) and Isua
(Frei and Polat 2007).

4 Geochemistry
Sixteen least altered BIF samples were collected from
drill cores and prepared by SGS-GEOSOL. The ICP-MS
whole rock chemistry analyses were accomplished by
ACME Analytical Laboratories. The SiO2 and Fe2O3
contents range respectively from 47.90% to 67.83%, and
from 28.52% to 51.47% respectively. The Fetotal ranges
from 19.95% to 36.00%. The CaO, MgO, MnO, Al2O3,
Na2O, K2O, P2O5, TiO2, Cr2O3 content is lower than 1%.

Figure 3. PAAS-normalized REE spidergrams for the Morro
Escuro itabirites compared with quartz itabirite from
Quadrilátero Ferrífero District (Spier et al. 2007).
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Proterozoic meta-sedimentary sequences from Serra da
Serpentina and Morro do Pilar (Fig. 1), that exhibit very
similar characteristics. Intrusion of gabbroic sills and
dykes locally affected both chemistry and mineralogy of
the BIFs. The gabbroic sills and dykes were
metamorphosed and deformed during thrust-related
tectonics and likely linked to a late-stage opening of the
basin.

The Ce anomaly is mostly light negative, close to 1,
(Ce/Ce*(SN)=(Ce(SN)/0.5La(SN) +0.5Pr(SN))=0.66-5.86) but
may present positive values mainly due to the presence
of
hydrothermal
allanite
((Ce,Ca,Y)2(Al,Fe3+)3(SiO4)3(OH)). La anomaly is also
mostly positive (Fig. 4). No relationship could be
established between Ce/Ce*(SN) and the Al2O3 content
that is also very low, similar to other BIFs worldwide.
The Y anomaly (Y/Y*(SN)=(Y(SN)/(0.5Dy+0.5Ho)=
0.83-1.97) is mostly positive, with an average of 1.59.
The values Ce/Ce*(SN) ploted against Y/Ho (Fig. 5), also
indicate the absence of shale contamination, that agrees
with the low values for of Al2O3 (0.07-1.53%), TiO2
(<0.01-0.06%), Th (<0.2-13.7 ppm), Hf (<0.1-0.8 ppm),
Sc (<1-2 ppm).
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Figure 4. Binary plot of Ce/Ce* vs. Pr/Pr* used to identify La
and Ce anomaly (see Bau and Dulsky 1996; Planavsky et al.
2010).

Figure 5. Binary plot of Ce/Ce* vs. Y/Ho (Pecoits 2010).

5 Conclusions
The banded iron formations from the Morro Escuro
Ridge sequence have a relatively simple mineralogy
comprising mainly quartz, hematite/martite/specularite
in variable proportions and textures. There is a rapid
variation and distribution of magnetite and amphiboles,
limited to the contact zones to mafic sills that have
undergone hydrothermal alteration. Sericite, chlorite and
apatite are common accessory minerals. The close
association of the BIF with psammo-pelitic sediments
and the geochemical and mineralogical characteristics
indicate that they formed on a platformal environment
and also allow a first-hand correlation with the
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Origin of coexisting carbonates and iron oxides in the
2.42 Ga Gandarela Formation, Minas Supergroup,
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Abstract. A detailed mineralogical, petrological and
geochemical study of quartz and carbonate itabirites and
massive carbonates from the lower Gandarela Formation
has been performed to understand the evolution of the
depositional environment that resulted in the facies
changes seen today. Nano-hematite droplets, positive Eu
and Y anomalies in both the quartz and carbonate
itabirites and a negative Ce anomaly in the carbonate
itabirite reveal precipitation from an oxygenated mixture
of marine and hydrothermal fluids. In both itabirites, iron
oxides aggregated into bands. Quartz itabirite underwent
reductive diagenesis forming magnetite and promoting
dissolution of iron oxides releasing Ce, thus losing its
negative Ce anomaly with resulting diagenetic fluids
precipitating ankerite and sideroplesite. Micritic-size
dolomite (<10 μm) and a lack of recrystalisation textures
in the carbonate itabirite are interpreted as a primary
precipitation resulting from higher ocean temperatures
and an increased seawater Mg/Ca ratio interpreted due
to diagenetic sideroplesite in the quartz itabirites. A
cessation of hydrothermal fluids to the local area ended
iron oxide precipitation but not dolomite.

from the Gandarela Formation (massive dolomites,
quartz itabirites (QI) and black shales from the Socorro
Mine drillcore; carbonate itabirite (CI) from the Aguas
Claras Mine drillcore and massive calcite with ironoxide micro-nodules from an outcrop in the Gandarela
syncline). The carbonate and iron oxide mineralogy and
the inter-relationships of these key minerals may allow
us to determine the physical-chemical conditions during
the complex rock history and to model the depositional
environment.

2 Geological setting
The Cauê and overlying Gandarela Formations (Itabira
Group) are part of the Minas Supergroup in the
Quadrilátero Ferrífero, Brazil. The contact between the
formations is laterally and vertically intergradational
with the Cauê Formation containing the major iron
formations (QI and CI), whilst the overlying Gandarela
Formation is a dolomite of variable thickness (150 to
750 m) with stromatolitic features and minor ~20 m
thick lenses of QI and CI, and intercalated phyllites
(Dorr 1969). General consensus is that the Cauê and
Gandarela formations were deposited on a stable
continental shelf and that change in lithology is a result
of marine regression with minor oscillatory
transgressions accounting for the gradational changes in
facies from the Cauê to the Gandarela (Dorr 1969).
Upgrading of the banded iron formations to high-grade
iron ore bodies is the result of both hypogene and
supergene processes with the QI forming hard orebodies
and the CI forming soft and friable orebodies (Rosiére
and Rios 2004).

Keywords. Quadrilátero Ferrífero, Cauê, Gandarela,
banded iron formations, dolomite, ankerite, sideroplesite,
itabirites, magnetite, hematite

1 Introduction
Carbonates and iron oxides are key minerals for
recording CO2 and O2 fugacities and pH of the
conditions in which they formed. The economically
important banded iron formations, BIFs, (major
occurrences: 3.8-1.8 Ga) are greatly studied in the debate
on the evolution of the hydrosphere and atmosphere at
that important time-interval (e.g., Bekker et al. 2010 and
references therein). Despite the majority of BIFs being
composed of quartz and iron oxides, carbonates
associated with BIFs (siderite and dolomite) are known
from the Early and Mid-Archean (e.g., Van Kranendonk
et al. 2003; Klein and Ladeira 2002), but the only known
large-scale dolomitic BIFs are found in the Lower
Proterozoic Minas Supergroup.
It is generally agreed that the massive dolomites of
the Gandarela Formation represent a sedimentary facies,
however the dolomites related to the itabirites are more
ambiguous (Spier et al. 2007) because of hydrothermal
and metamorphic overprint. We performed detailed
mineralogical and petrological studies on five lithologies

3 Petrology
The CI are alternating laminations of red/pink dolomite
and dark grey hematite of varying thickness from submillimetric to ~5 mm. Banding is disrupted by submillimetric micro-sparitic dolomite veins that are
stepped due to the differences in the mechanical
properties of the bands during diagenesis and are later
cut by hematite bands. Finally massive quartz veins
caused brecciation. In the least altered samples the CI
contain between 30 and 50% hematite and a similar
amount dolomite with minor quartz, clinochlore and
apatite. The red/pink bands are composed of a micritic

888

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

orientation is perpendicular to folding related pressures,
indicating their syn-deformational origin (Fig. 2). In the
quartz bands are euhedral to subhedral crystals of
sideroplesite (≤100 μm) and ankerite, which occurs as
both anhedral (≤ 100μm) and as larger crystals (≤300
μm) interstitial to quartz and magnetite. The magnetite
crystals cut the grain boundaries of the ankerite,
sideroplesite, quartz and apatite.

(<10 μm) dolomite containing nanometric hematite
droplets giving it a ‘cloudy’ appearance.

Figure 1. Photomicrographs of (main) SEM images showing
texture of CI with aggregated hematite bands and ‘dusty’
hematite-dolomite matrix being cut by dolomite veins and
(inset) post diagenesis large euhedral hematites with dolomite
cores.

Figure 3. Carbonate composition of the different lithologies
as determined by the CaO-MgO-FeO plot.

The massive banded carbonates from the outcrop
samples in the centre of the Gandarela syncline contain
centimetric layers of recrystallized, subhedral white and
purple-grey calcite (~30 μm), whose colour is caused by
nanometric hematite droplets. Minor minerals include
subhedral quartz with inclusions of calcite, dolomite, and
hematite, Mg-rich chlorite contemporaneous to calcite,
talc with corrosion features, barite, fluorite, apatite,
phlogopite and rutile. Micrometric calcite and fluorite
veins, sometimes associated with barite, crosscut the
sample. Within the purple-grey bands are millimetric
layers of nodular iron oxides aggregates (~5 mm), which
have been affected by pressure dissolution causing
elongation in the direction of the bedding. The nodules
are composed of nano-hematite crystals (≤3 μm) finely
intergrown with quartz and dolomite. The latter exhibits
corrosion features due to replacement by calcite.
Euhedral grains of barite form aggregates around the
iron-oxide nodules or are aligned parallel to banding.
Massive carbonates are creamy white to faint, crossbedded light grey depending on iron oxide presence.
Sub-millimetric fractures parallel and perpendicular to
bedding are filled with muscovite and millimetric veins
of calcite (~300 μm) respectively. They have a granular
aggregate texture composed of recrystallised iron-rich
dolomite to ankerite (20-40 μm). Samples found in close
proximity to the QI have increasing amounts of quartz
(~4%) and iron oxides (~8%). The quartz crystals are the
same size as the carbonate crystals, subhedral and are
dispersed throughout the sample. Granular, subhedral
magnetite crystals (≤50 μm) form a faint banding. There
is a correlation between the presence of magnetite bands
and a decreased size for the ankerite crystals. Chlorite
(100μm) is found throughout the sample, aligned parallel
to the faint magnetite bands.
Both quartz-rich and carbonaceous shales are

Figure 2. Photomicrographs of QI illustrating quartz matrix
with euhedral to subhedral carbonate crystals with nanohematite inclusions and larger anhedral partially martitized
magnetite. Vein with tabular hematite and biotite.

The iron oxide bands composed of micro-tabular
hematite crystals that form micrometric ‘bird-nest’ like
clusters and (~100 μm) subhedral hematite crystals that
have carbonate cores (Fig. 1). These locally cut dolomite
veins. Accessory apatite (~20 μm) is associated with the
hematite bands.
The QI samples are from a 20 m thick unit
intercalated between massive carbonates and have a
texture similar to that of the CI with alternating bands of
1-3 mm recrystallised, semi-granoblastic quartz crystals
(≤50 μm) and 3-15 mm granular, subhedral, partially
martised magnetite (20-100 μm), which has been
disrupted by folding (Fig. 2). The mineralogy of the QI
is more complex than that of the CI with mainly quartz
and iron oxide (~50% each) and minor carbonates
(ankerite, sideroplesite (Fig. 3), accessory pyrite (>100
μm), talc (≤50 μm) and apatite (<40 μm) cutting ankerite
and quartz boundaries. Nanometric euhedral hematite
crystals are included in both the quartz and carbonate
crystals (Fig. 2). Banding parallel veins with hematite
laths (specularite, 50-100 μm) and biotite occur, whose
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a metamorphic process also producing talc and
phlogopite. Dolomite is persevered as relicts within the
iron oxide nodules, which protected the dolomite from
replacement.
Syn-deformational infiltration of hydrothermal fluids
facilitated precipitation of biotite and hematite laths in
microveins and pervasively throughout the QI.
Greenschist facies metamorphism was achieved resulting
in talc and clinochlore formation.
Stromatolitic textures in the upper Gandarela do
allow interpretation of a large primary dolomitic
platform whose origin may be partially biogenic.

intercalated within the carbonates. Their mineralogy is
quartz, ankerite, sideroplesite and subhedral, elongated
pyrite crystals (~20 μm) with minor 5-10 μm euhedral
rutile and monazite and phyllosilicates.

4 Geochemistry
Post-Archean Australian shales (PAAS) normalised rare
earth element (REE) patterns (Taylor and MacLennan
1985) show a heavy REE enrichment compared to the
light REE ((La/Y)(SN) (0.18-0.4)). CI, massive carbonates
and outcrop limestones are characterised by a negative
Ce anomaly whilst the QI has an absence of negative Ce
anomaly, or least one that is masked by a positive La
anomaly (Based on Ce and Pr anomalies of Bau and
Dulski 1996). All samples have positive Eu (1.19-2.06)
and Y anomalies.
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5 Discussions and conclusion
On the basis of these studies a reconstruction from the
Cauê to the Gandarela Formations is presented below.
The QI at the base recorded a change from oxygenic
to reducing conditions. Primary quartz with hematite
droplets was affected by diagenetic CO2 -rich fluids
precipitating ankerite and sideroplesite. Since magnetite
crystals cut the carbonates and quartz it formed later
most likely from hematite ‘birds-nest’ clusters similar to
those seen in the CI.
The CI with its fine sedimentary laminations, micritic
sized dolomite crystals and ‘dusty’ hematite inclusions
most likely reflect a primary origin during deposition.
However the origin of the dolomite formation has been
the subject of much debate.
1) Organic precipitation at ambient fluid
temperatures. This is not considered due to a lack of
organic matter, stromatolitic textures and ∂13C values (2.55 to -1.72) typical of a marine environment.
2) Precipitation from seawater via evaporation in a
restricted basin as seen in the Arabian Gulf sabkahs
(Patterson and Kinsman 1982) is unlikely due to large
thickness of the unit and no evidence of evaporates.
3) The common feature of the CI and the QI are the
hematite droplets in the dolomite and quartz crystals
respectively, which we interpret as representing the same
process of formation for both i.e. direct precipitation
from the water column. Hematite droplets in or around
quartz commonly give rise to jaspilites e.g. Belingwe
Greenstone Belt (Hofmann and Kusky 2004) and are
typical of ancient and modern hydrothermal deposits
(Grenne and Slack 2003). Dolomite precipitation may be
due to an increased Mg/Ca ratio and higher Early
Proterozoic oceanic temperatures. Precipitation of
Textures and REE geochemistry for the CI and QI argue
for a mixture of hydrothermal fluids (Eu) and seawater
(Y). A positive La anomaly in the QI may reflect a
change to reducing conditions resulting in reductive
dissolution of iron oxides thus liberating Ce.
The providence of the coarser dolomite found in the
massive carbonates is attributed to recrystallization
accompanied by pressure dissolution. In the Gandarela
syncline, the calcite replacement of dolomite is related to
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Abstract. Carbonate facies BIF with fine lamination was
found ca. 400 m below the water table in the upper
sequence of the Cauê Formation in the Alegria iron ore
deposit at the SE Quadrilátero Ferrífero mining district in
Minas Gerais, Brazil. This BIF was probably deposited in
a shallow platformal environment but still below wave
base. It consists mainly of siderite, quartz, grunerite and
some riebeckite plus magnetite/martite as the principal
iron oxide. The BIF layer also contains sedimentary and
diagenetic
features
such
as
SiO2-cemented
synsedimentary fractures related to slump structures.
Geochemistry of trace elements, including REE, has
characteristics typical of Paleoproterozoic BIF but distinct
from the Cauê dolomitic itabirite, whose origin is still
subject to debate. The Alegria deposit comprises largely
supergene low-grade ore (45 – 55 wt.% Fe) formed by
weathering of the carbonate BIF. Hydrothermal
processes also played a role in forming the ore but were
apparently less important because it only affected part of
what is now the mined body. The presence of specularitic
ore (~50 wt.% Fe) is restricted to thrust shear zones that
form an imbricate fan.

weakly affected by metamorphism, apparently devoid of
hydrothermal alteration, and also unaffected by surface
weathering. Therefore they contain several primary
features not yet described in this area.

2 Geological setting
The Alegria deposit is located along a ~25° SE-dipping
listric fault plane in the eastern part of the Quadrilátero
Ferrífero that refolds older regional large-scale
structures. Folds in outcrop scale display variable plunge
from SW to NE (max at 152/77) with an axial plane
trending NE-SW (Kaneko 1999). Hard ore was only of
minor abundance at this deposit and has been completely
mined out. Weathered goethite-rich low-grade ore (Ferich itabirite, 45 – 55 wt.% Fe), on the other hand, is
particularly abundant and displays considerable
mineralogical variability. Magnetite and martite
dominate in folded domains, and specularite is the main
mineral in sheared portions of the orebody, with the
development of a schistose low-grade ore (~50 wt.% Fe).
The shear zones envelop E-plunging tight to isoclinal
cm- to m-scale intrafolial folds and are associated with
several second-order thrusts composing an imbricate
system. The lower sequence of the Cauê Formation
comprises quartz-rich BIF and is overlain by
carbonate/silicate BIF.

Keywords. Cauê Banded Iron Formation, Quadrilátero
Ferrífero, Alegria deposit

1 Introduction
Several questions about the sedimentary characteristics
of the metamorphic iron formation succession from the
Paleoproterozoic Minas Supergroup from Minas Gerais,
Brazil (Dorr 1969) remain unanswered. Recent drilling
of relatively unaltered carbonate/silicate facies iron
formation from the Alegria deposit located in the
southeastern part of the Quadrilátero Ferrifero mining
district is expected to provide important new information
regarding primary composition and sedimentary
paleoenvironment of the Cauê Formation. It should also
help in understanding the transformations undergone
during hypogene and supergene Fe-enrichment events
that produced a large number of high-grade orebodies in
the Quadrilátero Ferrífero District. In contrast to regional
mineral assemblages, the analyzed BIF layers were

2 Iron Formations from the Quadrilátero
Ferrífero
The term itabirite is commonly applied to the
metamorphosed BIFs of the Cauê Formation, and covers
a wide palette of textural and mineralogical facies that
reflects metamorphic reactions, deformation and
hydrothermal alteration superimposed on a variety of
different lithofacies already distinguished by Dorr
(1969). The latter are classified as quartz-rich, dolomitic
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oxides (martite) and a finely crystalline mesh of siderite,
ankerite, quartz and iron silicates (grunerite and
riebeckite). Quartz/siderite pods are not uncommon.
Massive micro-crystalline quartz may transect the
banding or infill syn-sedimentary fractures and open
spaces associated with slumping structures. Some veins
parallel to bands are filled with fibrous quartz, grunerite
and minor siderite that grow perpendicular to the
layering. Fibrous aggregates also occur in the hinge
zones of minor folds like little saddle reefs or in fractures
that transect the banding. Euhedral crystals of riebeckite
and grunerite overgrow the siderite mesobands and
fibrous aggregates being themselves replaced by siderite
and ankerite(?) pseudomorphs. Oriented riebeckite
bundles together with quartz and carbonates constitute
discontinuous schistose domains. Magnetite crystals are
partially oxidized to martite, perfectly euhedral, finegrained, and concentrated in iron oxide bands. Single
grains or aggregates are occasionally encountered within
quartz and carbonate mesobands.

Figure 1. A) Simplified map of the Quadrilátero Ferrifero
with Cauê banded iron formation and location of the Alegria
Deposit. B) Geological map of Alegria with sampled drillhole:
Rv - Rio das Velhas Supergroup; Mo – Moeda Formation; Ba –
Batatal Formation; Cauê Formation = QI quartz-itabirite, Sp
specularitic ore, AI amphibolitic-itabirite; PI – Piracicaba
Group; Ita – Itacolomi Group; Dk – metabasic dyke.

and amphibolitic with many of the silicates formed at the
expense of dolomite, iron-rich dolomite and quartz (see
Klein 1973; Pires 1995). The origin of the Cauê Fm
dolomitic itabirite is still controversial: in different
stratigraphic levels, this rock grades upwards or laterally
into either amphibole-rich iron formation or layered or
massive gray to pink dolostone and is interpreted as a
product of syndiagenetic dolomitization of sideritic BIF
(Spier et al. 2007). Compositional layering inherited
from the iron-rich sediment is present in all of the
itabirite lithofacies, and evidenced by the appearance of
microbanding or lamination except where it is
obliterated by transposition and metamorphic
differentiation (Rosière et al. 2001). In the Alegria
deposit, however, drilling 300-500 m below the water
table to explore at greater depths found important
carbonate and silicate BIF layers that have undergone
weak metamorphism and internal deformation and nearly
no hydrothermal alteration. Most of the primary features
are preserved and mineralogical and chemical
characteristics are typical of carbonate-facies iron
formations.

Figure 3 A) Photomicrograph of sideritic iron formation with
layered structure defined by siderite/amphibole magnetite
bands bands. Euhedral riebeckite (blue) and grunerite grow
over the microcrystalline fabric. Plane-parallel transmitted
light. B) SEM-image of riebeckite (Rbk) basal section partially
substituted by siderite (Sid)

4 Geochemistry
The BIFs do not show much difference in major element
geochemistry from similar Palaeoproterozoic units; their
SiO2 content varies from 32.21% to 62.82% and Fe2O3
from 53.31% to 63.42%. Fe2O3 values are inversely
proportional to CaO (3.61 to 0,02%) and MgO (3.65 to
0.01%) and highest in samples with slight goethite
alteration. Al2O3, Cr2O3, K2O, MnO, and P2O5 contents
are all lower than 0.5%.
Rare Earth Elements. Three samples were tentatively
analysed for REE to evaluate their geochemical
characteristics and compare them with earlier results
such as those of Spier et al. (2007). The ΣREE of the
samples analyzed was uniformly low (9.28, 7.35 and
3.18) and similar to values reported by Spier et al. in
quartz-itabirites. Normalized to PAAS (McLennan,
1989) the spidergrams (Fig. 3, red lines) are also similar
to published data on quartz-itabirites (Fig. 3, light-gray
shaded area) but quite distinct from those of dolomitic
itabirites (Fig. 3, dark-grey shaded area). The values for
light to heavy REE ratio (Pr/Yb)(SN) show the depletion
(av = 0.15) typical of most Paleoproterozoic BIFs
(Planavsky et al. 2010); their Eu anomalies are likewise
positive (Eu/Eu*(SN) = 1.30-1.39). A Ce anomaly is
absent as visible in the plot of CeSN and PrSN anomalies

Figure 2. Laminated iron formation with pod-shaped fibrous
aggregate of grunerite, quartz and siderite grown perpendicular
to the layering.

3.1 The sideritic banded iron formation from
Alegria
The BIF from the upper sequence of the Cauê Formation
in the Alegria deposit is fine laminated and
banded/microbanded. Alternating layers consist of iron
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from Bau et al. (1996) where (Ce/Ce*(SN) = (Ce(SN)/0.
5La(SN) +0.5Pr(SN)) = 0,63-0,87) and Pr/Pr*(SN) =
(Pr(SN)/(0.5Ce(SN) + 0.5Nd(SN)) = ~1 for all samples. The
Y anomaly values (Y/Y*(SN) = 1.72-2.23) are also clearly
positive.
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Figure 4. REE spider diagram of the analysed carbonate BIFs
(red lines) compared with the data from Spier et al. (2007):
light gray- quartz itabirite, dark gray – dolomitic itabirite

5 Concluding remarks and references for
future work
The banded iron formations of the Itabira Group present
typical mineralogical, textural and geochemical features
of lightly metamorphosed carbonate facies iron
formation. Stratigraphically, they overlie quartz itabirite
and probably represent a shallow facies BIF deposited
penecontemporaneously with the Fe-poor stromatolitic
dolomites of the Gandarela Formation. The latter are
locally absent and were presumably deposited in coastal
paleoenvironments. Geochemical data, particularly the
REE in spider diagrams, show profiles typical of BIF but
quite distinctive from the widely described dolomitic
itabirite. This indicates different conditions for the
formation of these two rock types.
Hydrothermal high-grade ore (>60 wt.% Fe) is only a
minor component in the Alegria mine and the rich
orebodies have been totally mined out. Only few
specularitic lenses (~50 wt.% Fe) are left along thrust
shear zones and higher-temperature changes are
apparently restricted to these tectonic planes. The bulk of
the deposit consists of supergene ore that probably
formed as a weathering product of carbonate-silicate BIF
and has 45-55 wt.% Fe. Goethite alteration may locally
reach great depths down to 400m below water table and
a gradational textural and mineralogical change can be
observed in the drill cores.
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A mineralogical and textural comparison of different
high-grade iron ore styles in the Iron Quadrangle, Minas
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Abstract. The significant high-grade iron ore deposits of
the Iron Quadrangle (IQ) in the state Minas Gerais, Brazil
are hosted by Banded Iron Formations (BIF) of
Paleoproterozoic age. These rocks were affected by two
main deformational events: The Transamazonian (2.1 –
2.0 Ga) and the Brasiliano (0.8 – 0.6 Ga) orogenies.
Orebodies in the western low-strain domain of the IQ
comprise mainly magnetite, kenomagnetite and martite
and have a banded, brecciated or massive texture,
whereas in the eastern high-strain domain an additional
phase of tabular hematite and specularite crystals
overprint the earlier formed iron oxides and developed a
schistose fabric. Investigations at the Esperança,
Usiminas and Pau Branco deposits support existing
models predicting that mineralogy and texture of main
ore types are controlled by structures formed during the
Transamazonian and Braziliano tectonic events.
Keywords. Brazil, Iron Quadrangle, high-grade iron ore,
iron oxide mineralogy

1 Introduction
The Iron Quadrangle (IQ) in the state Minas Gerais,
Brazil is one of the largest iron-ore producing areas in
the world. Although mining in this area started already
in historical times, and significantly increased in the last
three decades, the remaining ore reserves are estimated
to be still approximately 6.0 Gt with over 600 Mt of
high-grade ore (> 60 wt.% Fe; Rosière et al. 2008).
The economically important iron ore deposits are
mainly hosted by the Cauê Formation, a 300 m-thick
metamorphic Banded Iron Formation (BIF) of the Lake
Superior Type (Chemale et al. 1994). The high-grade
ores consist mainly of “hard”, massive ore bodies with
alternating schistose ore sequences and a weathered
“friable” ore horizon on top. There are significant
differences with regard to the metamorphic grade of the
host rocks and the iron oxide mineralogy within the IQ
(Pires 2003). Although research on the petrology,
structural geology and geochemistry of particular
deposits was carried out in the last 50 years (e.g. Dorr
1969; Chemale et al. 1994; Spier et al. 2003; Rosière
and Rios 2004), the relationship between the different
mineralisation styles, structures and physico-chemical
conditions of hydrothermal fluids within the high- and
low-strain environments in the IQ requires further
detailed studies.

Figure 1. Geological and structural sketch map of the Iron
Quadrangle (simplified after Dorr 1969, and Romano 1989).
Location of high-grade iron ore deposits is marked by white
dots, whereas deposits, which are subject of the present study
are displayed in squares.

2 Geological
Quadrangle

setting

of

the

Iron

The IQ is located at the southern border of the São
Francisco craton. The name was coined by Dorr (1969)
and his co-workers to name the quadrangle map south of
the city of Belo Horizonte. The structure is defined
particularly by the distribution of the Minas Supergroup
(MSG),
a
metasedimentary
sequence
of
Paleoproterozoic age (Dorr 1969), which overlies the
Archean greenstone sequences of the Rio das Velhas
Group and the basement granite-gneiss terranes
(Chemale et al. 1994). The MSG hosts most of the giant
(>100 Mt) high-grade iron ore deposits in this area and
comprises three compositional types of itabirites (Dorr
1969): quartz itabirites, dolomitic itabirites and minor
amphibolitic itabirites.
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domains can be defined: the eastern high-strain domain
with ductile shear zones and regional thrusts and the
western low-strain domain with well preserved
megasynclines. This increase of strain is also reflected
by an increase of the metamorphic grade towards the
eastern part of the IQ (greenschist facies in the W to
amphibolite facies in the E) and the development of
different iron oxide types and textures within the IQ
(Table 1).

The Iron Quadrangle was affected by two main
tectonic events: The Transamazonian (2.1 – 2.0 Ga) and
the Brasiliano (0.8 – 0.6 Ga) orogenies. The former
resulted in large anticlines and synclines in the
supracrustal sequences (such as e.g. Moeda, Serra do
Curral, Itabira synclines) and the uplift of gneissic
domes (Rosiere and Rios 2006; Spier et al. 2007). The
latter caused a W-verging thrust belt and affected mainly
the eastern portion of the IQ by reworking and
overprinting older structures. Therefore, two main

Table 1. Structural, mineralogical and textural characteristics at the major high-grade iron ore deposits in the IQ (ore bodies studied
presently by senior author are shown in grey boxes)
Tectonic position

Deposit

Main controlling structures

Serra do Curral syncline

Esperança

Aguas Claras
(exhausted)

Ore mineralogy

friable ore, hard ore

brecciated

mainly martite with minor
magnetite/kenomagnetite
mainly martite/granular
hematite with minor
specularite

1,2,5,6

friable ore with minor
hard ore lenses

NE-SW folds

alternating friable and
hard ore layers

Pau Branco
N-S shear zone
5
Mutuca (exhausted) NW-SE folds, thrust fault

Capão Xavier
Tamanduá

2,5

2,5

Pico (exhausted)
CambotasFundão Thrust Timbopeba 3,4,5
System

Fazendão
Agua Quente
thrust

5

1,5

5

mainly tabular
hematite/specularite

massive, banded

mainly martite/granular
hematite with minor tabular
hematite/specularite

schistose (locally)

major tabular
hematite/specularite

friable ore with minor
hard ore lenses

mainly hematite

NW-SE fold, shear zones

friable ore with minor
massive, schistose
hard ore lenses

friable ore with hard
NW-SE folds, locally shear zones
ore lenses

massive

mainly martite and hematite

folds

massive

granular hematite/martite with
minor magnetite

shear zone

schistose

specularite

shear zone

friable ore with minor
schistose
hard orebodies

friable ore/hard ore

friable ore with minor
hard orebodies

magnetite/martite

schistose

specularite

friable ore with minor
mainly schistose
hard orebodies

shear zone

friable ore with minor
hard orebodies

5

NW-SE/NE-SW folds

friable ore with minor
hard orebodies

shear zones
2

3

4

5

massive

mainly martite/granular
hematite with minor magnetite

massive,locally
schistose

mainly tabular
hematite/specularite

6

Spier at al. 2003; Spier et al. 2007; Rosière and Rios 2004; Rosière and Rios 2006; Rosière et al. 2008; Klein et al. 2000
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mainly martite/granular
hematite with minor
specularite
mainly
kenomagnetite/granular
hematite with minor magnetite
mainly tabular
hematite/specularite

shear zone

3,5

mainly specularite/granular
hematite with minor martite

massive

NW-SE/NE-SW folds
Cauê

Conceição

1

schistose

NW-SE folds

5

Brucutú

mainly granular/tabular
hematite with locally
specularite,martite

hematite

locally shear zones
Gandarela
syncline

massive,banded

hard ore/friable ore

folds
Alegria

Itabira syncline

Eastern high-strain domain

Textures of hard
ore

fold, shear zone

NW-SE folds

Moeda Syncline

Western low-strain domain

USIMINAS complex NW-SE folds

Ore body
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3 Mineralogical and textural
characteristics of high-grade iron ore in
the IQ

Acknowledgements
The research project is supported by the “Scholarship for
International Research Fees (SIRF)”, the “University
Postgraduate Award (International Student)” (UPAIS)
and the “University International Stipend” (UIS) of the
UWA. The Society of Economic Geologists Foundation,
Inc., provided a Graduate Student Fellowship. We wish
to thank the mining companies V&M do Brasil,
Terrativa Minerais S.A. and Usiminas for providing
logistical support and access to their industrial facilities.
We express our special thanks to ME Neri, R Sabadini
Júnior and JC Destro Sanglard for the constructive
geological discussions and debates.

A detailed compilation of publically available research
data and present studies on the iron oxide mineralogy
and texture of various ore bodies within the IQ and
surrounding area (Table 1) shows that: 1) The ore bodies
differ in terms of texture and mineralogy with respect to
their location in high- or low-strain domains; 2) Massive
hard ore layers hosted by fold zones, e.g., in the
Usiminas Ore Complex, Esperança and Pau Branco
deposits consist mainly of martite with relics of
kenomagnetite and magnetite, and have a banded,
massive or brecciated texture. Rosière and Rios (2004)
described magnetite and its oxidisation stages martite
and kenomagnetite as the dominant iron oxide phases in
the western low-strain domain of the IQ. In most of the
iron ore deposits this stage can be related to the
Transamazonian folding event; 3) A second generation
of hematite was formed by partial recrystallisation and
forms granular crystals with increasing grain size
towards the high-strain portion of the IQ (Rosière et al.
2008); and 4) In areas affected by high strain (such as
ductile shear zones) an additional hematite generation
comprises euhedral to subeuhedral tabular and/or
elongated specularite as a late stage mineralisation
event. This oxide phase fills the interstices between the
granular hematite aggregates and overprints the previous
fabric. At the Pau Branco deposit secondary microplaty
hematite and specularite were formed along a shear zone
overgrowing the early granular hematites and thus
developing a schistose fabric of the orebody. Even
though tabular hematite and specularite are related to a
shearing event of Brasiliano age in most of the eastern
high-strain orebodies, in the western low-strain deposits
(e.g., Pau Branco), in contrast, these oxides appear to
have formed by an older shearing event of
Transamazonian age (Rosière et al. 2011).

References
Chemale F, Rosière CA, Endo I (1994) The tectonic evolution of
the Quadrilátero Ferrífero, Minas Gerais, Brazil. Precambrian Res
65:25-54
Dorr II JVN (1969) Physiographic, stratigraphic and structural
development of the Quadrilátero Ferrífero, Minas Gerais, Brazil.
USGS Professional Paper 641-A, 103 p
Klein C, Ladeira EA (2000) Geochemistry and petrology of
someProterozoic banded iron formations of the Quadrilátero
Ferrífero, Minas Gerais, Brazil. Econ Geol 95:405-428
Pires FR (2003) Distribution of hard hematite ore at the
Quadrilátero Ferrífero, Minas Gerais, Brazil and its possible
genetic significance. Appl Earth Sci 112:32-37
Romano AW (1989) Evolution Tectonique de la region nord-ouest
du Quadrilatère Ferrifère – Minas Gerais – Brésil: PhD
dissertation, Université de Nancy I, Nancy, France, 259 p
Rosière CA, Rios FJ (2004) The origin of hematite in high-grad
iron ores based on infrared microscopy and fluid inclusion studies:
the example of the Conceição mine, Quadrilátero Ferrífero, Brazil.
Econ Geol 99:611-624
Rosière CA, Rios FJ (2006) Specularitic iron ores and shear zones
in the Quadrilátero Ferrífero district. Appl Earth Sci 115:134-138
Rosière CA, Spier CA, Rios FJ, Suckau VE (2008) Chapter 9: The
Itabirites of the Quadrilátero Ferrífero and related high-grade iron
ore deposits: an overview. Soc Econ Geol Rev 15:223-254
Rosière CA, Sabadini R, León-Garcia O, Siemens H, Schaeben H
(2011) Structural control by shear zones of the high-grade Fe
deposit of Pau Branco, Quadrilátero Ferrífero, Brazil- a
microstructural approach. In: Barra F et al. (eds) Proceedings of
the 11th Biennial SGA Meeting Antofagasta, Chile, 26-29
September 2011
Spier CA, de Oliveira SM, Rosière CA (2003) Geology and
geochemistry of the Águas Claras and Pico Iron Mines,
Quadrilátero Ferrífero, Minas Gerais, Brazil. Miner Deposita
38:751-774
Spier CA, de Oliveira SM, Sial AN, Rios AF (2007) Geochemisty
and genesis of the banded iron formations of the Cauê Formation,
Quadrilátero Ferrífero, Minas Gerais, Brazil. Precambrian Res
152:170-206

4 Concluding remarks
The analysis of textural and mineralogical relationships
of different iron oxide types within eastern and western
domains of the IQ provides evidence that the different
mineralisation types are related to different deformation
stages within two main tectonic events (Transamazonian
and Brasiliano orogenies). Therefore, two main
mineralogical types of high-grade iron ore have formed:
1) An early magnetite-rich phase controlled by folds,
which was subsequently oxidised to martite and
kenomagnetite, and 2) a later mixed iron oxide stage,
represented by tabular hematite and specularite, which
overprinted the earlier iron oxides and developed a
schistose texture of the ore. Even if the latter stage can
be related to a late Brasiliano shearing event in many of
the eastern high-strain iron ore deposits of the IQ, there
is also evidence, that specularite was formed by shear
zones of late Transamazonian age.
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Hypogene zinc-silicate mineralization in the Northern
Extension of the Vazante Mine, Minas Gerais, Brazil
Paul R. Slezak, Gema Ribeiro Olivo
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Gustavo Diniz-Oliveira
Exploração Mineral, Votorantim Metais, Praça Ramos de Azevedo, 254 – São Paulo, Brazil
Marcel A. Dardenne
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Abstract. The Vazante Northern Extension is an
extension of the structurally controlled, hypogene silicate
zinc deposit at Vazante, Minas Gerais, Brazil. The
deposit is hosted in the carbonate sequence of the
Neoproterozoic Vazante Group located in the Brasília
Fold Belt along the western region of the São Francisco
Craton. The Northern Extension Vazante deposit is
hosted within a shear zone that trends N30E and dips
30º-70º NW. Other major structures include folding and
transcurrent faulting associated with the main shear
zone. The shear zone is composed of a hydrothermal
breccia unit within the dolomites of the Serra do Poço
Verde Formation. Hypogene mineralization consists
mainly of willemite (Zn2SiO4) and minor franklinite
(ZnFe2O4) associated with abundant and coeval specular
hematite, and minor, late hydrothermal dolomite, ferroandolomite, and silica. In the southern part of the deposit,
late Ag-Pb sulfide-rich veinlets are commonly observed
cutting the hypogene silicate zinc mineralization, and
contain galena, sphalerite, native silver, and silver
sulfides-sulfosalts.

epigenetic with sphalerite and galena as the major ore
minerals (Dardenne and Freitas-Silva 1999; Monteiro et
al. 2006).
The Vazante deposit is epigenetic, structurally
controlled by faults that overprint the folding events, and
is hosted in the Lower Pamplona (hanging wall) and the
Upper Morro do Pinheiro embers (footwall) of the Serra
do Poço Verde Formation. The main hypogene ore
mineral is willemite (Zn2SiO4); but minor franklinite,
sphalerite and galena are also present at the Vazante
Mine deposit and at its northern extension (Hitzman et
al. 2003; Monteiro et al. 2006; this study).

Keywords. willemite, franklinite, silicate zinc deposit,
Vazante Group, Brasília Fold Belt, hydrothermal breccia

1 Introduction
The Vazante Mine is an epigenetic, structurally
controlled, silicate zinc deposit hosted in the
Neoproterozoic Carbonate Sequence of the Vazante
Group. The mine is situated along the western margin of
the São Francisco Craton in the southern part of the
Brasília Fold Belt (Dardenne 2000; Monteiro 2006;
Cunha et al. 2007).
The deposit is located approximately 300 km
southeast of Brasília (Fig. 1). Total zinc resources are
indicated at 18 Mt at 19% Zn (Votorantim Metals
internal data 2011). The Vazante Northern Extension is a
continuation of the Vazante Mine ore body, trending
northeast for approximately 5 km.
The Neoproterozoic Vazante Group is host to several
lead and/or zinc deposits in the Brasília Fold Belt,
including the Vazante and Morro Agudo mines as well as
the smaller Fagundes and Ambrósia deposits (Cunha et
al. 2007).
The Morro Agudo, Fagundes, and Ambrósia deposits
are all hosted in the dolomites of Upper Pamplona
Member of the Morro do Calcário Formation. These
deposits are structurally and stratigraphically controlled.
Mineralization is thought to be early diagenetic to

Figure 1. Simplified geology and structures of the northern
most area of the Vazante Northern Extension (Modified from
Votorantim internal data 2010).

The fact that these two types of deposits (sulfide and
silicate zinc) occur in the same sedimentary basin raises
intriguing questions about the evolution of the
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hydrothermal system during early diagenesis through the
Brazilian orogeny in of this part of the Brasília Fold
Belt. This contribution reports the structural and
mineralogical characteristics of the zinc mineralization
in the North Extension of the Vazante Mine, in order to
contribute to the overall understanding of the evolution
of these hydrothermal systems in the Brasília Fold Belt.

2.2 Structures
The largest and most prominent structure in the area is
the hydrothermal breccia shear zone, which hosts the
hypogene silicate zinc mineralization (Fig. 1). This shear
zone overprints the earlier folding structures and fabrics.
The brecciated shear zone trends N30E, with dips
ranging from 30° to 70° NW in the Northern Extension
region. The hydrothermal breccia unit varies greatly in
width, being as narrow as 50 m to over 200 m wide. The
variability in dip is directly related to the morphology of
the breccia shear zone, which undulates in a "stair-step"
pattern. The hydrothermal breccia and its bounded faults
are deflected in the north part in hinge of a mega-fold
structure within the Serra do Garrote slate unit, causing
an apparent split in the breccia and its bounding faults
The hydrothermal breccia zone is bounded on either
side by two large faults, which are mapable for about
600 m, both with the same dip angle and trend as the
main hydrothermal breccia zone. The apparent motion
on the fault is oblique normal based on local
observations of slickensides and step orientation on the
fault planes. However, it is difficult to be certain about
the motion of along the whole extension of these faults
because of the complex tectonic nature of the
hydrothermal breccia and lack of kinematic indicators.
These two bounding faults continue in the subsurface as
seen at the Vazante Mine. The structures and the breccia
zone are covered by lateritic soils in the northern and
southern extensions. Seven smaller folds have a NEtrend and are sub-parallel to the hydrothermal breccia
unit, and are interpreted as drag folds related to the
major faulting event.
There are various late, minor (50 to 100 m in length)
strike-slip faults trending E-W and crosscutting the
hydrothermal breccia and its bounding faults. These
faults are filled with silica and supergene calamine zinc
ore. Most of the faults have a dextral offset of a few
meters; however, there are at least two notable strike-slip
faults with sinistral movement.
Large open, asymmetric folds and associated
parasitic folds are observed in the Serra do Garrote
Formation with fold axes trending 210 and plunging
30SW.

2 Northern Extension geology
2.1 Geologic units
The Vazante Group, which hosts the silicate zinc
mineralization, extends for 250 km NW in the southern
part of the Brasília Fold Belt (Dardenne 2000; Monteiro
et al. 2006). It is in tectonic contact with the Paracatú
Formation, which hosts the world-class Morro do Ouro
gold deposit in the west, and with the Bambuí Group in
the east, which also host Pb-Zn deposits (e.g., Mina
Grande). It is composed of several dolomitic pelitic
formations, interpreted to be formed at ca. 900-800 Ma
in a continental passive margin around the São Francisco
craton that had subsidized rapidly due its foreland setting
during the onset of the Neoproterozoic Brasiliano
Orogeny (Dardenne 2000; Pimentel et al. 2001; MartinsNeto 2009). The Vazante Group has undergone
metamorphism up to greenschist facies and was
submitted to three major phases of deformation during
the Brasiliano orogeny. (Monteiro et al. 2006; Cunha et
al. 2007).
The units present in the Vazante Northern Extension
area are part of the middle-upper sequence of the
Vazante Group and include the Serra do Garrote
Formation, Upper Morro do Pinheiro and Lower
Pamplona members of the Serra do Poço Verde
Formation, and the "hydrothermal breccia unit", which
hosts the silicate zinc mineralization (Fig. 1).
The Serra do Garrote Formation comprises mainly
laminated slates that are more resistant to weathering
than the carbonate units, forming ridges. The contact
between the Serra do Garrote Formation and the Upper
Morro do Pinheiro member is tectonic, with the normally
stratigraphically lower Serra do Garrote having thrust
imbrications on top of the Upper Morro do Pinheiro
member of the Serra do Poço Verde Formation.
The Lower Morro do Pinheiro member rocks do not
outcrop in the northern region and are covered by orange
lateritic soils. In core, the Lower Morro do Pinheiro is a
mottled pink and grey dolomite, exhibiting zones of
crackle breccia.
The Upper Morro do Pinheiro member is composed
mainly of grey to light tan colored dolostones with algal
layering and bird's eyes. It contains thin layers of phyllite
in the basal contact. The upper contact, between the
Upper Morro do Pinheiro and Lower Pamplona members
is disrupted by faults hosting the hydrothermal breccia
unit in the Northern Extension region.
The Lower Pamplona member comprises light grey
to grey doloarenites and dolorudites intercalated with
maroon and green phyllites. In the Northern Extension
region, the phyllitic units of the Lower Pamplona
member are extensively faulted and fractured.

2.3 Vazante Northern Extension hypogene zinc
mineralization
Hypogene mineralization in the Northern Extension
consists of massive to semi-massive willemite and
specular hematite. This ore forms discontinuous lenses
within the fault-controlled hydrothermal breccia unit,
and has internal structures similar to that of the main ore
zone of the Vazante mine. Mineralization in the most
northern region of the North Extension, referred to as
Cavas 5A and 6A, consists primarily of willemite,
hematite, franklinite, carbonate, and quartz. Willemite
(0.1 to 0.75 mm) occurs as euhedral, lath-shape crystals
and granular masses filling in the breccia zone. Hematite
(0.01 to 1 mm) occurs either as euhedral laths,
disseminated grains in the breccia matrix, as well as
filling discrete veinlets. Franklinite is found as small
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3 Conclusions

octahedral crystal inclusions in willemite, hematite, and
carbonate or very small (1 to 10 μm) disseminated
crystals in the breccia matrix. Carbonate occurs
associated with hematite and willemite in the main
breccia or as late veinlets cutting these earlier phases.
The southern and central regions of the Northern
Extension have similar silicate ore mineralogy as the
northern region; however it also hosts three types of
sulfide mineralization. Type 1 occurs in wide (5 to 7 m)
veins exhibiting various stages of brecciation, where
carbonate and coarse-grained pyrite grains are deformed,
and the fractures are filled with late quartz, carbonate,
and sphalerite with trace galena. Type 2 sulfide
mineralization occurs associated with the willemite ore.
In this type, early galena occurs included in quartz
aggregates which are mantled with radial crystals of
willemite. Willemite also occurs as radial crystals, coarse
grained clasts filling the breccia matrix and as late
fibrous veinlets. The early carbonate, silicate, and sulfide
phases are fractured, filled with, and enclosed by later
carbonate, galena, and franklinite. Type 3 sulfides occur
mainly in veinlets cross-cutting the silicate zinc
(willemite-hematite-franklinite) mineralization and are
composed of mckinstryite, stromeyerite, native silver,
franklinite, and hematite.

A

The major type of ore in the Northern Extension is the
silicate willemite mineralization, which is associated
with hematite and carbonate in the main breccia zone.
The main breccia zone is structurally controlled along
NE-trending faults. In the southern region, in addition to
the main silicate ore, three types of sulfide
mineralization have been identified. Type 2 and 3
sulfides, which comprise mainly galena with minor
hematite and franklinite (type 2), as well as mckinstryite
and native silver (type 3), post-date the main silicate zinc
event. However, we could not determine the relative
timing of type 1 sulfide mineralization, which is
characterized mainly by pyrite and sphalerite, as it was
not observed to be spatially associated with the silicate
zinc or the other sulfide mineralization.
The features documented here indicate that this
hydrothermal system is complex, comprises various
stages of brittle deformation and mineralization, and may
have formed in episodes related to fluids with distinct
compositions.
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Figure 2. A) Drill core from the Northern Extension showing
the main breccia zone with willemite (Wl) and hematite (Hm).
B) Coarse willemite with hematite in breccia matrix. C) Type 1
sulfides with sphalerite (Sp) replacing pyrite (Py) in the
southern region of the Northern Extension. D) Type 2 sulfides
(galena – Gn) surrounding fibrous willemite, which is mantling
quartz aggregates in the southern region of the Northern
Extension. E) Type 2 sulfides, galena with franklinite (Frk) and
sphalerite in late veinlets cutting the silicate ore. F) Type 3
sulfides cutting the silicate ore showing mckinstryite (Mks)
associated with native silver (Ago) and hematite in the southern
region of the Northern Extension.
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The BIF-bearing Morro Escuro Tectonic Slice, southern
Espinhaço Range, Minas Gerais, Brazil
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Abstract. The supracrustal sequence exposed at the
Morro Escuro Ridge, near Santa Maria de Itabira, Minas
Gerais comprise a thick and extensive continuous BIF
layer between quartz schist, quartzite and subordinate
conglomerates, probably stratigraphically correlative with
the units of the northern Serra da Serpentina Group. The
iron formations (30-35 wt.% Fe) may be hematiticspecularitic or magnetitic and have undergone severe
internal deformation during NE-SW-trending folding with
the transposition of the layering overprinted by an axialplanar schistosity. They represent approx. 90% of the iron
ore resources of the area (~700 Mt). Soft, weathered,
supergene enriched (up to 45 wt.% Fe) iron formation
represents ca 10% of the resources (~70 Mt). The Morro
Escuro Ridge represents a wedge-shaped slice bounded
by reverse faults, probably splays of a SE-vergent
imbricate fan of back-thrusts. Tectonic evolution can be
discriminated in three progressive stages of thrust-related
folding where the second and main phase was
responsible for the development of the regional first-order
syncline. Younger normal faults also develop transversal
to the regional structures.
Keywords. iron deposits, Serra da Serpentina Group,
Guanhães Group

1 Introduction
Figure 1. Regional geology and location map (based on
Pedrosa-Soares et. al. 1994; Grossi Sad at. al. 1997).

Several poorly-defined BIF-bearing sequences such as
the one from Morro Escuro Ridge near Santa Maria de
Itabira, Minas Gerais (Fig. 1) occur in elongated and
discontinuously developed tectonic blocks between the
Itabira mining district, the Serra da Serpentina Range
near the township of Conceição do Mato Dentro), and
the Guanhães Terrains (Dorr 1969; Alkmin and Marshak
1998; Rosière et. al. 2008; Almeida Abreu and Renger
2002; Dussin 1985; Grossi Sad et. al. 1990). The
supracrustal units comprise, besides iron formation,
psamo-pelitic layers. The entire succession have
undergone amphibolite facies metamorphism and strong
internal deformation, without considerable hypogene Feenrichment in the BIF-layers where content remains in
average 30-35 wt.%. Weathering has residually enriched
the exposed parts yielding extensive areas covered with
friable specularitic ore (40-45 wt.% Fe). Preliminary
results of systematic mapping and structural analysis
indicate that the different sequences represent juxtaposed
tectonic slices bounded by ramps from an imbricate fan
(Fig. 2) that control their size and shape.

2 Geologic setting of the Morro Escuro
Slice
The Morro Escuro tectonic slice is a wedge-shaped block
(15x3 km) bounded by moderately-dipping faults, at the
eastern border of the west-verging Espinhaço fold-thrust
belt. It is one of a serie of parallel ridges that trend
mainly NE but curves to a more northerly trend in the
northeastern areas and comprises a BIF-bearing
metassedimentary sequence of uncertain age and
stratigraphic position. The package is tectonically
inserted between Archean TTG crystalline-gneisse
terrains from the Guanhães Group (2.8Ga) (Grossi Sad
et. al. 1990; Noce et.al 2007) and clastic metassediments
of the Espinhaço Supergroup (1.7 Ga - Machado et al.
1989)
2.1 Lithostratigraphy
The metassedimentary rocks overlie with tectonic
contact grey-coloured medium- to fine-grained banded
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comprises about 83% of the available resources, with an
average grade of 30 to 35 wt.% Fe; 0.1 to 0.5 wt.%
Al2O3 and 0.01 to 0.05 wt.% P. Magnetite-itabirite occur
in minor proportions (7%) always at the contact zone
with metabasic dykes and sills. Fe content is 30 to 35
wt.% with slightly higher Al2O3 (0.85 to 1.3 wt.%) and P
(0.05 to 0.1 wt.%). Weathered soft Fe-enriched itabirite
(35 to 45 wt.% Fe) comprises aprox. 10% of the
resources, building an up to 50m thick weathering
mantle but with higher Al2O3 content (0.5 to 2.0 wt.%)
although P grade remains low (0.01 to 0.05 wt.%)

granite-gnaissic rocks of TTG composition here named
as the Basal Unit. The mineral assemblage includes
quartz, plagioclase, K-feldspar and biotite. Sericite,
epidote, titanite, apatite and zircon are minor
components. The sequence of supracrustal rocks
comprises a lower unit (Unit 1) with light-colored,
medium to fine grained quartz-sericite schist and
sericitic quartzite, that grade in depth to garnet-biotite
schist and graphite phyllite. The unit presents a domainal
schistosity with elongated lenticular quartz aggregates
enveloped by anastomosing phyllosilicates. Unit 2 is a
30 m-thick layer (stratigraphic thickness) of banded iron
formation between psamo-pelitic rocks. Tight isoclinal
intrafolial folds with axial planes parallel to the layering
yields thicknesses up to 150 meters. The BIF is overlain
by fine- to coarse-grained sericite quartzite with
magnetite that grades upwards and laterally into mica
schist (Unit 3). The uppermost layer (Unit 4) is a matrix
supported metaconglomerate containing clasts of iron
formation, quartzite and vein quartz embedded in a fine
quartz matrix. The NW adjacent imbricate wedge
comprises cream-coloured, coarse-grained (~5-8 mm)
orthoquartzite with sparse large boulders similar to the
ones from Unit 4, interlayered with quartz-sericite schist
informally named as Unit 5.
The entire succession is intruded by sills and dykes
of fine-grained (<1.0 mm) metabasic rocks with
amphibole, biotite, plagioclase and quartz and some
disseminated sulphide.

Figure 3. Types of Itabirite types from the Morro Escuro
Ridge: (a) specularitic itabirite, (b) magnetitic itabirite (c)
hematite dust from weathered itabirite.

2.2 Structural geology
A large-scale asymmetric SE-vergent overturned tight
syncline controls the geometry of the BIF-bearing
sequence in the Morro Escuro slice, bordered by two
oblique shear zones (Fig. 2). In outcrop scale parasitic
folds are asymmetric and cylindrical but present variable
profile, open to tight, and NE to SW-plunging axes. They
refold the bedding-parallel transposition foliation. Late
stage open symmetric folds with vertical axial plane and
SSE-plunging axes further overprint the outcrop scale
structures.
Several NW-SE-striking, younger high-angle normal
faults transects the thrust blocks with the development of
lineaments that may be several km long.

Figure 2. Geological map of iron deposit of Serra do Morro
Escuro and A-A’ crossection.

3 Concluding remarks

Iron formations The iron formations of the Morro
Escuro presents a homogeneous layered and schistose
structure by transposition of the sedimentary layering
(Fig. 3). The tectonic banding is characterized by
alternating 0.1 to 2 mm-thin bands of granoblastic quartz
and elongated hematite/specularite platelets with rare
magnetite porphyroblasts. Grain size varies from 0.5 to
1.5 mm. Unweathered, hard specularitic itabirite

A first appraisal of the structure and stratigraphy of the
BIF-bearing units of the Morro Escuro tectonic slice
indicate that the region have undergone a SE-vergent
thrust contrasting with the regional westward tectonic
transport and might represent the product of backthrusting. Several shear zones separate juxtaposed
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Rosière CA, Spier CA, Rios FJ, Suckau VE (2008) The
itabirites of the Quadrilátero Ferrífero and related
high-grade iron ore deposits: an overview. Soc Econ
Geol Rev 15:223-254

allochtonous wedge-shaped blocks comprising packages
of distinct age such as Archean granite gnaisses and
Proterozoic quartzite of the Espinhaço Supergroup.
However, a stratigraphic correlation between the BIFbearing sequence from the Morro Escuro Ridge and the
Serra da Serpentina Group can be presumed. The iron
formation has undergone internal deformation and
metamorphism
although
without
any
hypogene/hydrothermal
Fe-enrichment.
Further
investigations are due to elucidate these questions.
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From jaspilite to hypogene high-grade iron ore, Serra
Norte deposits, Carajás mineral province, Brazil: 3stage magmatic-meteoric hydrothermal fluid model
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Abstract. Meteoric-magmatic hydrothermal fluids
interacted with jaspilites and formed hypogene, highgrade iron ore at the Serra Norte deposit. The
chronological steps of the paleohydrothermal fluid
evolution are based on distinct mineralogy and
paragenetic stages of quartz±carbonate±oxide±sulfide
veins, located in distal, intermediate and proximal
hydrothermal alteration zones of the jaspilites. The early
hydrothermal alteration stage was dominated by
magmatic fluids based on high-salinity fluid inclusions in
conjunction with magmatic signatures of carbon, oxygen,
strontium isotope ratios in carbonates, and oxygen
isotope ratios in magnetite. The intermediate
hydrothermal alteration stage comprises a mixture of
magmatic and meteoric waters indicated mainly by low
salinity fluid inclusions in conjunction with low oxygen
isotope values of hematite. The advanced hydrothermal
stage, corresponding to the majority of hypogene highgrade iron ore, was dominated by massive influx of
meteoric water evidenced by low salinity inclusions and
light oxygen isotope values of hematite (-10‰).

microthermometry (Fig. 2), bulk method of crush-leach
extraction followed by atomic absorption analyses and
release by thermal decrepitation, thereafter followed by
ion-chromatography, and laser ablation coupled to ICPMS. Carbon and oxygen stable isotope and radiogenic
strontium isotope analyses have been performed on
carbonates (calcite, dolomite); sulfur isotopes on sulfides
(pyrite and chalcopyrite); oxygen isotopes on magnetite,
different hematite types (Fig. 3) and on quartz in veins
and breccias; and hydrogen isotopes on fluid inclusions
trapped in quartz from the different vein-breccia types.

Keywords. iron ore; hydrothermal model

1 Introduction
The Serra Norte jaspilite-hosted iron ore deposits are
located in the Carajás Mineral Province-CMP, part of the
Archean Grão Pará Group. They represent one of the
largest high grade (>60 wt.% Fe) BIF iron ore deposits
and resources in the world. Four main open pits N4E,
N4W, N5E and N5W (Fig. 1) have produced about 1.2
billion tons of high-grade iron ore with further resources
of 5 billion tons. Ore types at the Serra Norte deposits
include soft ore and hard ore; the former are interpreted
to be supergene in origin, whereas the latter consists of
banded, massive and/or brecciated hypogene ores, and is
mainly located along the contact with the surrounding
hydrothermally altered basalts.
In order to better constrain and understand the
hydrothermal processes that lead to the upgrade of
jaspilite to form hard, high-grade iron ores in the Serra
Norte deposits, we have investigated the composition of
hydrothermal fluids from five vein-breccia types located
in the different hydrothermal alteration zones, using two
main research approaches, viz. fluid inclusions and
stable and radiogenic isotopes. Several different
techniques are applied to fluid inclusions, such as

Figure 1. Simplified geological map of the main open pits in
the Serra Norte iron ore deposits. The map was constructed
from drill core and open pit mapping of the N4WN, N4WC,
N4E, N5W, N5E and N5S deposits; also shown are locations of
selected drill holes and geological sections (based on data from
Vale).
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The results of these methods, paired with detailed
mineralogy and paragenetic studies (Figueiredo e Silva
et al. 2008), are used to propose a dual magmaticmeteoric hydrothermal model (Fig. 4) that constrains the
fluid processes and sources, which were integral to the
enrichment of jaspilite to high-grade iron ore.

to the: (i) relatively high-salinity fluid inclusions, mainly
trapped in carbonate (~20 to 30 wt.% CaCl2 equiv.), and
(ii) carbon, oxygen and strontium isotope ratios in
carbonate minerals, oxygen isotope ratios in magnetite,
and sulfur isotope ratios in sulfides which are all
compatible with magmatic fluids (Taylor 1997).

2 Hydrothermal alteration and
mineralization model

2.2 Intermediate stage
The intermediate alteration stage (Fig. 4B) is typified by
intense de-silification, leaving porous jasper bands, and
dissolution of hydrothermal carbonate, precipitated
during the early stages of alteration. Microplaty hematite
formed in vuggy quartz-hematite V2, and hematitequartz V3 veins, and in open spaces in the wall rock; it
also nucleates from martite borders or nuclei. In V3
veins, platy hematite crystals may contain magnetite
relicts or inclusions indicating that a relatively oxidizing
fluid had interacted with the jaspilite sequence during
this alteration stage. The V2 and V3 veins contain highsalinity Na-Fe-Mg-rich fluid inclusions (up to 24 wt.%
CaCl2 equiv.) with Ttrap of 205 to 300°C (Fig. 2)
suggesting a magmatic fluid, but a basinal brine
contribution cannot be excluded. In addition, low- to
medium-salinity Ca-Mg-Fe-rich fluid inclusions (<2
wt.% NaCl equiv. to >25 wt.% NaCl equiv.) with
trapping temperatures of 185 to 325°C are observed
locally. The low-salinity fluid inclusions, paired with the
low oxygen isotope values of hematite (~ –4.0‰; Fig.
3), suggests that, besides ascending magmatic fluids, the
influx of meteoric water during this alteration stage (Fig.
4B). The relatively high temperature of the meteoric
water may be the result of a steep geothermal gradient
that caused the descending water to be heated.

2.1 Early stage
The early hydrothermal stage (Fig. 4A) is characterized
by the loss of silica in the jaspilite, accompanied by
calcite, quartz, magnetite and sulfide precipitation in V1a
vein-breccias (characteristic in the N4E deposit), and
quartz-sulfide V1b vein-breccias, mainly present at the
N4W deposit. Medium- to high-salinity fluids (9.6 to
30.1 wt.% CaCl2 equiv.) contain Ca besides Na, K and
Mg and metals such as Fe, Cu, Zn and Pb. Trapping
temperatures of fluid inclusions in quartz and calcite
vary from 223o to 324oC (Fig. 2). Calculated carbon and
oxygen isotopes and strontium isotope ratios in
carbonate minerals, i.e., calcite, kutnahorite, reveal
values of δ13CPDB –5.5 to –2.4‰; δ18O +9.3 to +20‰,
and Sr/Sr: 0.7116 to 0.7460. Magnetite is the early
hydrothermal oxide, being present in veins and
overgrowing microcrystalline hematite bands in jaspilite,
and has oxygen isotope values of 0 to +4‰ (Fig. 3).
Subsequently, magnetite is incipiently oxidized to form
martite leaving kenomagnetite relicts. Sulfides in
hydrothermal veins of the mafic wallrock display δ34S
values of –0.7 to +5.7‰ (Zucchetti 2007, in Figueiredo e
Silva et al. 2008).

Figure 2. Histogram of microthermometric data including
temperature of initial ice-melt (Teutectic), salinity (wt.% of
NaCl and CaCl2 equiv.) and temperature of homogenization
(ThTOTL-V) for fluid inclusions trapped in quartz and carbonate
from: A. vein-breccias V1 (distal alteration zone); B. V2, V3
(intermediate alteration zone); and C. V4 and V5 (proximal
alteration zone). Eutectic temperatures lines as given by
Borisenko (1977) in Goldstein and Reynolds (1994).

Figure 3. Diagram showing oxygen isotope values of leastaltered jaspilite (including two values for microcrystalline
hematite from jaspilite samples), magnetite, and different
hematite types. Black line boxes correspond to calculated fluid
values according to the following equations: Yapp (1990) for
hematite (Ttrap of 250 and 275°C); Zheng (1991) for magnetite
(245°C); Matsuhisa et al. (1979) for quartz (Ttrap from 245 to
285°C). Magmatic reservoir box is shown in gray, according to
Taylor (1997).

The early hydrothermal alteration of the jaspilites and
introduction of V1 veins is interpreted to have been
caused by hydrothermal magmatic fluids (Fig. 4A) due
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2.3 Advanced stage

water, based on the decrease from heavy to light oxygen
isotope values towards the late-stage hematite crystals in
high-grade iron ores, besides various other
characteristics of the intermediate alteration zone,
including mineral assemblages, microthermometric fluid
inclusion data including low to high salinity values, and
variation of eutectic temperatures.
The source of the ascending fluids remains open to
discussion. There is a lack of evaporates in and near the
Carajas iron ore deposits, in addition Cl/Br, Na/Cl and
Na/Br ratios in fluid inclusions are not compatible with
basinal brines (Figueiredo e Silva 2008). On the other
hand, oxidized, magnetite-series, rapakivi A-type
Paleoproterozoic granites (Dall’Agnol and de Oliveira
2007), which were emplaced at shallow crustal levels in
the CMP, may have been compatible with the ascending
hydrothermal fluids. This is based on similar low
temperature aqueous fluid inclusions from the Serra dos
Carajás granite (Rios et al. 1995), and those defined in
the Serra Norte deposits (Fig. 2).
Therefore the current model includes an: (i) early
hydrothermal stage dominated by ascending magmatic
fluids; (ii) intermediate hydrothermal stage characterized
by a mixture of meteoric waters and magmatic fluids;
and (iii) advanced hydrothermal stage dominated by low
salinity, medium temperatures meteoric water,
coinciding with the formation of the latest hematite type
microplaty hematite which makes up the great majority
of hypogene iron ore bodies at depth, i.e., below the
weathering zone.
The soft ore mined presently in the Serra Norte
deposits represents the main source of (supergene) iron
ore reserves in the CMP. These are interpreted to be the
product of progressive weathering and SiO2 leaching,
however, hypogene processes cannot be discarded
(Figueiredo e Silva 2008).

The advanced alteration stage (Fig, 4C), is characterized
by V4 ore breccias cemented by carbonate, mainly Mnrich dolomite in the N4E deposit and dolomite in the
N5E deposit, and portions of V5 quartz-hematite veins
trapped in high-grade hard ores. In the V5 veins, fluid
inclusions trapped in quartz in equilibrium with
microplaty hematite display low-salinity Na-K-Mg fluids
trapped between 245 and 295°C (Fig. 2). Locally,
clusters of primary carbonate in V4 breccia contain Carich fluid inclusions trapped at about 235 to 285°C (Fig.
2).
The progressive martitization generated aggregates of
anhedral hematite crystals, locally present as eyedshaped portions in banded or brecciated ores, in the N5E
deposit. Tabular hematite crystals correspond to the
paragenetically latest stage oxide, and precipitated
mainly along discordant V5 veins where quartz is absent.
These two hematite types are characterized by the
lightest oxygen isotope values of all oxides (Fig. 3),
indicating the influx of substantial amounts of meteoric
water into the high-grade iron ore bodies during the
advanced alteration stage (Fig. 4C).
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Figure 4. Hydrothermal fluid model of: A. Early alteration
stage (distal zone). B. Intermediate alteration stage. C.
Advanced alteration stage (proximal zone). Schematic cross
sections are modified from Vale data and their location can be
depicted in Figure 2. Scale shown in the C can be considered in
all other cross sections. Blow-ups of some microscopic features
are also shown.

3 Discussion and conclusions
Based on the petrographic evidence, in combination with
fluid inclusion and isotopic data, we suggest that an
initial ascending fluid, sourced likely by a concealed
granitoid at depth was followed by the influx of meteoric
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Abstract. The Turmaline gold deposit is located at about
140 km northeastern Belo Horizonte, in the Quadrilatero
Ferrífero area. The ore is hosted by sericite- chlorite
quartz schist from the upper metasedimentary unit of the
Rio das Velhas Supergroup metamorphosed at
greenschist and amphibolites facies, reaching T = 600ºC
and P = 6.6 Kb. The gold mineralizations are related to
Pitangui shear zone. The ore minerals are arsenopyrite,
pyrite, pyrrotine and free gold.
The
geochronological
pattern
of
the
hosted
metasedimentary rocks includes Sm-Nd age for garnetwhole rock of 2184 ± 39 Ma, Rb-Sr age for biotite-whole
rock of 1886 ± 30 Ma. The ore minerals are dated by RbSr and Pb-Pb isochrons, which give an age of 2023 ± 110
Ma and 2150 Ma respectively, which are in agreement
with Pb-Pb model age of 2118 Ma. Rb-Sr technique
applied to hydrothermal sericite – whole rock pair, yielded
an age of 1928 ± 2.6 Ma. The 2100-2000 Ma ages could
be related to the first stage of mineralization at 600ºC.
The age of 1928 Ma could be related to the boyling
episode that occurs at ~340ºC. Pb,Sr and Nd isotopic
compositions of the ore minerals suggest that the
mineralizing fluids represents mixing between several
reservoirs.

spinifex, pillow lava, cumulate and quench textures in
some places. The NL Group overlies older (Archean)
tonalite–trondhjemite–granodiorite (TTG) terranes and is
associated with plutonic bodies of Late Archean to
Paleoproterozoic age (e.g., Lobato et al. 2001b).
In QF, Au mineralization is epigenetic and primarily
hosted in rock sequences re-crystallized under
greenschist facies conditions. These include mostly
banded-iron formations (BIF) and hydrothermallyaltered (strongly carbonatized) mafic-felsic volcanics
(lapa-seca) (Lobato et al. 2001b). Subordinate gold
mineralization is found within ultramafic-felsic
volcanics, as well as in clastic (e.g., metapelites)
sediments. Ages of gold mineralization are based on
dating of associated minerals or estimated in relation to
deformational features associated with ore deposition
(Lobato et al. 2001 and references therein). Estimated
ages range from Late Archean (2.7 - 2.6 Ga) to
Paleoproterozoic (2.2 – 1.9 Ga), with some older ages
being interpreted as isotopic re-homogenization and
mixing occurring during Trans-amazonian and Brazilian
events (ca. 2.0 Ga and 0.6 Ga, respectively, Thorpe et al.
1984).
This paper reports the investigation in the Turmaline
gold deposit, which is located at 6 km southern Pitangui
city and about 140 km northeastern Belo Horizonte,
which
involves
characterization
of
its
thermochronological evolution in order to establish the
relationship between gold mineralization and the
metamorphic regime during the evolution of the region.
The application of low and medium temperature
thermochronometers in
minerals forming the
metasedimentary rocks (garnet, biotite), gold-ores and
hydrothermal alteration halos (sulphides, muscovitesericite), using thermochronological methods as Sm-Nd,
Rb-Sr and K-Ar, allowed for the investigation of the
regional cooling rate and the age of gold mineralization.
In addition, these techniques were applied to study the
thermal history of gold mineralization by integrating the
data with other information, such as the origin of the
mineralizing fluids and the evolution of metamorphic

Keywords. Quadrilatero Ferrífero, Gold mineralization,
thermochronology

1 Introduction
The Quadrilátero Ferrífero (QF) (Fig. 1) is a well-known
world class Au-ore district and, historically, one of the
most important gold producing regions in Brazil, with
total reserves exceeding 1000 metric tons (Lobato et al.
2001a). In general, Au mineralization in QF is hosted in
the basal Nova Lima Group (NL) of the Rio das Velhas
Supergroup granite-greenstone belt (RVGB). The Nova
Lima Group is considered to be a classic greenstone belt
sequence upwardly transitioning from ultramafic/mafic
volcanics into volcanic-chemical, clastic-chemical,
volcanoclastic and, finally, to reworked sedimentary
suites (Lobato et al. 2001b). Komatiites are strongly
serpentinized, but, in some places, preserve original
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conditions, using isotope geochemistry, petrology and
fluid inclusion studies. The information about the

evolution of the region is crucial to the understanding of
the metallogenic evolution experienced by QF.

Figure 1. Regional map of Quadrilatero Ferrifero zone, showing the location of the studied area (black open square).

developing under temperature conditions below ca.
400°C, is dominated by aqueous-carbonic fluids further
subjected to repeated boiling and mixing with colder
aqueous solutions. The main boiling stages (triggered out
by system depressurization) may have occurred at ca.
350-300°C and 1-2 kb. There are evidences for late
events of hydrothermal activity (mostly recorded in trails
of secondary inclusions) under temperatures varying
from ca 230 to 130°C. The main stage of gold deposition
is interpreted to be related to high-temperature fluids.

2 Turmaline gold ore deposit
The Turmaline gold mineralization is hosted in sericitechlorite quartz schist from the upper metasedimentary
unit of the Rio das Velhas Supergroup. These rocks are
metamorphosed
under
transitional
greenschistamphibolite facies conditions and comprise garnet +
staurolite + cummingtonite, biotite + chlorite +
plagioclase + quartz; the metamorphic peak is at ca.
600°C and 6.6 kbars. The ore consist of arsenopyrite,
pyrite, pyrrhotite and free gold in a gangue made of
quartz, carbonates, graphite and oxides (hematite,
magnetite and ilmenite) (Fig. 2). Its development overlap
a silicified halo related to the Pitangui shear zone, a
remarkable NW-SW to WNW-ESE tectonic structure
with evidence of polyphase shearing. The main
metamorphic foliation shows a E-W a N35W, 45° - 70°
N trends, compatible with the main regional deformation
regimes. Transpressive deformation and a overthrust
component for SW are also observed.
Mineralized structures develop when the Pitangui
Shear Zone cut the metamorphic isograde, which is
thrusted by garnet growth; therefore, the metamorphic
path should include the time span of gold deposition.
Fluid inclusion microthermometry performed in
mineralized quartz indicates the presence of saline
(mostly in the range 15-19 wt.% NaCl equiv.) aqueouscarbonic, (CO2 ± CH4) vapor and aqueous fluids. These
were trapped in two main evolving stages under distinct
temperature conditions, as recorded by the total
homogenization temperature measurements. The onset of
the first stage took place at around 600°C and involved
saline fluids with minor CO2 (±CH4). The second stage,

Po
Apy

Py

1 mm
Figure 2. Pyrite (Py), pyrrhotite (Po) and arsenopyrite (Apy)
orientated along the S2 myllonitic foliation (FMT65-480).

3 Results and discussion
The Sm-Nd isochron ages (2076 ± 60 Ma and 2184 ± 39
Ma) determined for the garnet – whole rock pair from
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Ferrífero, Minas Gerais, Brazil. Revista Brasileira de
Geociências 30: 397-402

the hosted metasedimentary rocks dates the regional
metamorphic event at ca. 600°C. These rocks have TDM
model ages that fall within 3.1 to 3.0 Ga time interval
and when the Sm-Nd whole rock analytical data are
plotted on a Sm-Nd isochron diagram the data define a
line whose slop indicates an age of 2860 Ma, which
clearly demonstrate the Archean age for the schist
protoliths.
The whole-rock – biotite pair from metasedimentary
rocks yielded an Rb-Sr age of 1886 ± 30 Ma, which
correspond to a temperature of 400°C; the K-Ar age on
the same biotite sample gave an age of 1776 Ma
corresponding to the temperature of 300°C. These data
suggest that the Turmaline system was submitted to a
slow cooling rate, less than 1ºC/Ma, during the
Paleoproterozoic.
When the analytic data of gold-related arsenopyrite
are plotted on a Rb-Sr isochron diagram form a isochron
that indicates an age of 2023 ± 110 Ma with an initial
87
Sr/86Sr of 0.7454 ± 0.0037 (MSWD = 2.6); this is
interpreted as the timing of the gold mineralization.
The 206Pb/204Pb ratio for arsenopyrite of Turmaline
Mine ranges from 17.468 to 19.594; the 207Pb/204Pb from
15.097 to 15.723 and the 208Pb/204Pb from 36.923 to
38.999. These analytical data define a line whose slop
corresponds to an age of 2150 Ma. The Pb isotopic data
of the analyzed arsenopyrite, define a Pb-Pb model age
of 2118 Ma in the lower intercept with the Stacey and
Kramers (1975) model curve. The 2100 – 2000 Ma ages
could be related to the first stage of mineralization at
600°C.
The hydrothermal alteration process was dated by
Rb-Sr technique applied to sericite – whole rock pair and
yields an age of 1928 ± 2.6 Ma; this could be related to
the stage of late fluid mixing and boiling under average
temperature conditions of about 340°C.
Pb,Sr and Nd isotopic compositions of the ore
minerals suggest that the mineralizing fluids of
Turmaline hydrothermal system represents mixing
between diverse reservoirs. In this scenario Pb, Sr and
Nd points to distinct types of fluids (derived from
mantle, lower and upper continental crust) mixed during
several episodes within 2150 – 1920 Ma time interval.
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Discovery of the Frontera porphyry Cu-Au deposit at
Los Pelambres, central Chile
José Perelló, Humberto Brockway, Hector Posso
Antofagasta Minerals, Apoquindo 4001, Piso 18, Santiago, Chile
Richard Sillitoe
27 West Hill Park, Highgate Village, London N6 6ND, England
Patricio East, Felipe Matthews
Geoatacama Ltda, Avenida del Mar 5720, Departamento 72, La Serena, Chile
Abstract. The Frontera porphyry Cu-Au deposit is a
satellite of the giant Los Pelambres porphyry Cu-Mo
system and forms an integral part of the Los Pelambres–
El Pachón cluster of the central Chile and contiguous
Argentina porphyry Cu-Mo belt. Frontera was discovered
in early 2006 during a brownfields exploration program
that used detailed field geology and geologic modelling,
combined with geochemistry and drilling as the only
exploration tools. The geologically constrained Frontera
resource (700 Mt at 0.52% Cu and 0.1 ppm Au; 0.4% Cu
cutoff) is hosted predominantly by intensely biotitized
andesitic volcanic rocks near the contact with a small
quartz diorite porphyry outlier of the Los Pelambres
intrusive complex. The mineralization is contained in an
immature supergene enrichment zone defined by
chalcocite that formed at the expense of a low-sulfide,
chalcopyrite-bornite assemblage, which continues
downward into the underlying hypogene zone.
Hydrothermal magnetite is a conspicuous component of
the mineralization and, together with quartz, forms a
quartz-magnetite stockwork zone coincident with the
potentially economic mineralization. Porphyry-related
intrusive activity in the area took place between ~14 and
~10 Ma, with the bulk of the Cu-Mo-Au mineralization
occurring between 11.7 and 10.4 Ma.

by Sillitoe (1973) and, years later, by Atkinson et al.
(1996). An updated geologic summary was recently
provided by Perelló et al. (2009).
The deposit is centered on a large, north-oriented,
composite intrusion (Los Pelambres intrusive complex;
Fig. 2) emplaced in a sequence of Late Cretaceous to
early Miocene subvolcanic, volcanic, and volcanosedimentary rocks. The syntectonic intrusion was
accommodated by a regional, north-trending and westdipping reverse fault that crosses the deposit. The system
was active between ~14 and ~10 Ma, with the bulk of
the Cu-Mo-Au mineralization introduced between 11.7
and 10.4 Ma (Perelló et al. 2009).

Keywords. porphyry copper, gold, magnetite, Chile

1 Introduction
With a resource of 35 Mt of contained Cu, Los
Pelambres is the third largest deposit in the late Miocene
to early Pliocene belt of giant porphyry Cu-Mo deposits
of central Chile and contiguous Argentina (Sillitoe and
Perelló 2005; Fig. 1). Mining employs open-pit methods,
with an expansion in early 2010, to 175,000 t/day of ore,
increasing the average annual output to 440,000 t of Cu
and 9,500 t of Mo.
Recent brownfields exploration resulted in discovery
of a satellite porphyry Cu-Au deposit at Frontera, which
confirms both the clustered nature of Los Pelambres and
El Pachón deposits and Cu-Mo-Au metallogenic
signature of the central Chile porphyry Cu belt (Sillitoe
and Perelló 2005; Perelló et al. 2009).

Figure 1. Location of the Los Pelambres–El Pachón cluster
with respect to other main porphyry copper systems of the
central Chile porphyry belt

The Frontera Cu-Au deposit is centered on a quartz
diorite porphyry outlier of the Los Pelambres intrusive
complex, which is emplaced into early Miocene
andesites. The deposit comprises a northwest-trending
zone of magnetite-rich potassic alteration characterized
by hydrothermal biotite and intense quartz-magnetite
stockworks (Fig. 2). The system is made up of an upper,
oxidized zone containing erratic green and black copper
oxides plus pitch limonite, underlain by a weakly
developed supergene enrichment zone with chalcocite
and covellite and, at greater depths, hypogene
mineralization dominated by bornite and chalcopyrite. A
sericite-pyrite assemblage forms a poorly defined
annulus between the central potassic and external
propylitic zones. Molydenite is present locally in the ore
zone, but the average Mo content of the deposit of ~60

2 Geologic background
Since the pioneering work of Thomas (1967), who first
defined the porphyry Cu affiliation of the deposit, the
geology of Los Pelambres was described and modelled
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Marubeni Corporation, and Mitsubishi Materials,
acquired a 40% interest in CMLP and committed
development funding in equal proportions. Project
construction commenced in early 1998 and, in January
2000, the new mine was operating at design capacity.
Successive expansions through to 2004 increased plant
throughput to an average of 130,000 t/day, with the most
recent expansion, completed in early 2010, bringing
production to 175,000 t/day. To 2010, CMLP mined
approximately 392 Mt averaging 0.9% Cu, most of it
weakly to moderately supergene-enriched material.

ppm is only half that of at its giant neighbor at Los
Pelambres.

3 Exploration history
3.1 Discovery of Los Pelambres
The exploration history to 1992, when Los Pelambres
first entered production as a small, 5,000-t/day operation,
was summarized by Sillitoe (1995) and Atkinson et al.
(1996). The color anomaly associated with limonite
staining of sericitic-altered rocks was first investigated in
1914 by William Braden (the original operator of the El
Teniente porphyry Cu-Mo deposit; Fig. 1), but the
copper values encountered were not of economic
interest.
In 1967, the Instituto de Investigaciones Geológicas
(Chilean Geological Survey) prepared the first
geological report (Thomas 1967) and conducted an
induced polarization survey that failed to produce
positive results (Sillitoe 1995). Exploration was resumed
in 1969 by a joint project between the United Nations
and Empresa Nacional de Minería (ENAMI), the state
mining agency. The systematic program involved
geologic mapping, innovative talus-fines geochemistry
(Maranzana 1972), and core drilling, which resulted in
the identification, in 1969, of chalcopyrite-bornite
mineralization averaging 0.8% Cu in potassic-altered
intrusive rocks (Sillitoe 1995). Follow-up drilling
employing shallow holes (<250 m; 4,100 m in total) was
completed in early 1971, when a geologic resource of
430 Mt at 0.8% Cu and 0.035% Mo was calculated and
formal discovery confirmed (Sillitoe 1973, 1995).

3.3 Discovery of Frontera and additional
resources at Los Pelambres
Exploration at Los Pelambres effectively ceased in 1983
when Anaconda completed its feasibility study. In late
2005, a brownfields program to better constrain the
resource potential of the deposit and explore peripheral
geologic targets was designed and implemented by the
Antofagasta Minerals exploration team. The program
employed 1:2,000-scale geologic mapping, core logging,
and cross-section construction combined with
geochemistry and drilling. The information stemming
from the previous drilling campaigns by Anaconda as
well as the geologic and geochemical surveys carried out
by the United Nations-ENAMI project (Sillitoe 1973)
were also incorporated. A total of 30,000 m of both
reverse circulation and core holes were drilled and
130,000 m of historical core holes relogged.
Relogging of historical drill holes was a key
component of the study because it assisted with
definition of the main geologic elements of the deposit,
including several phases of porphyry intrusion,
alteration-mineralization zoning and distribution of orecontrolling veinlets and high-grade mineralized centers.
Contouring of chalcopyrite/bornite ratios on 1:2,000scale level plans, combined with geologic mapping
emphasizing alteration assemblages and veinlet intensity
and distribution, were particularly useful in the vectoring
of new targets, both within mine limits and beyond at
Frontera (Fig. 2). Because of the extensive talus surface
geochemistry was largely confined to channel and rockchip sampling along both existing and newly constructed
access roads, some of which revealed the presence of Cu
staining. The results defined Cu-Au anomaly (>0.3% Cu;
>0.1 ppm Au) hosted by andesitic rocks, displaying
potassic alteration and intense quartz-magnetite
stockworks (Fig. 2) in contact with minor intermineral
quartz diorite porphyry dikes, the latter similar to those
at Los Pelambres (cf. Sillitoe 1973). The anomaly
confirmed and further expanded the talus-fines Cu
anomaly (>300 ppm) reported by Maranzana (1972; Fig.
2).
During the first half of 2006, 23 diamond and reverse
circulation holes (8,600 m) were drilled in three main
areas within and beyond pit limits, of which eight (4,000
m) tested the Frontera Cu-Au target. The first hole
drilled at Frontera, MAM-1 (Fig. 2), intersected 180 m
of erratic green and black copper oxides, followed at
depth by a zone of immature supergene enrichment
defined by chalcocite coatings on chalcopyrite and
bornite grains. The latter zone averaged 0.98% Cu, 0.2

3.2 From discovery to initial production
No further exploration was conducted in the area until
1979, when Anaconda South America initiated a new
program with the ultimate aims of completing a
feasibility study and putting the deposit into production
(Atkinson et al. 1996). A total of 40,000 m in 111 holes
were drilled and, by 1983, a resource of 3,300 Mt at
0.63% Cu and 0.016% Mo was defined, enough to
sustain a 60,000-t/day operation (Sillitoe 1995; Atkinson
et al. 1996). However, the copper grade and prevailing
economic conditions to justify such a large-scale
development were not present, leading to the project
being shelved.
In 1985, Antofagasta Holdings (Luksic group) bought
Anaconda´s interests in Chile, and conducted scoping
studies relevant to development of a small-scale
underground mine on a high-grade breccia body defined
previously at Los Pelambres by Anaconda. Production
commenced in 1989, with ore being trucked ~100 km to
a small, company-owned plant. This initial mining was
followed, in 1992, by a more formal, 5,000-t/day, sublevel cave and flotation operation controlled by
Compañía Minera Los Pelambres (CMLP). To 1999,
CMLP mined approximately 12 Mt of ore averaging
1.5% Cu.
Simultaneously, a feasibility study for an 80,000t/day plant was conducted, with completion in 1996. In
1997, a Japanese consortium comprising Nippon Mining,
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4 Conclusions

ppm Au, and 3.4 ppm Ag between 180 and 234 m, and is
underlain by a pyrite-poor, hypogene assemblage
dominated by chalcopyrite and bornite averaging 0.6%
Cu, 0.28 ppm Au, and 3 ppm Ag to a depth of 518 m.
Discovery hole MAM-1was followed by six additional
holes (MAM-2–7; Fig. 2) all of which intersected similar
geology, mineralization and Cu, Au, and Ag tenors.
Target size confirmation and resource modelling
through to early 2008 expanded the Frontera mineralized
zone, leading to eventual definition of a geologically
constrained resource of 700 Mt averaging 0.52% Cu and
0.1 ppm Au (at a 0.4% Cu cutoff; Perelló et al. 2009). A
preliminary economic study showed that a US$1.9/lb pit
at Frontera would recover ~990 Mt grading 0.45% Cu
and 0.1 ppm Au.
Exploration of the other targets at Los Pelambres
discovered additional mineralization within and
peripheral to the deposit as well as at depth, beyond both
the mine´s base-case resource model and the original
resource outlined by Anaconda in 1982. A new geologic
model for the entire Los Pelambres deposit, including
Frontera, was constructed and forms the basis for the
current resource estimate of 6,165 Mt at 0.56% Cu,
0.011% Mo, and 0.03 ppm Au (using a 0.35% Cu
cutoff). Current reserves are 1,500 Mt at 0.64% Cu and
0.018% Mo, a base-case large enough to sustain the
440,000-t annual production referred to above.

Nearly 100 years after the initial prospecting work and
37 years after completion of the first drilling program
that resulted in formal discovery of the deposit, Los
Pelambres continues to deliver new mineral resources.
Expansion of the base-case resource at the mine and
discovery of the satellite porphyry Cu-Au deposit at
Frontera were natural outcomes of a conventional,
geologically driven exploration program that: (1)
assessed and incorporated all available historical data;
(2) constructed geologic models through relogging of
both the historical and newly acquired drill core in
combination with geologic mapping; and (3) tested these
models in a timely manner by drilling. Basic geologic
data recorded during the mapping included: main
lithologic types, with emphasis on differentiating
productive from late porphyry phases; vein counting to
define zones of higher veinlet intensity; structure;
sulphide zoning; and dominant hydrothermal alteration
assemblages. All the recorded information formed the
basis for construction of detailed (1:2,000-scale) crosssections and level plans, which, in turn, defined the CuMo-Au vectors that assisted in siting of the early drill
holes at both Frontera and elsewhere in the mine area
where new resources were added.
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Geology of the Cretaceous Lascano-East intrusive
complex: magmatic evolution and mineralization
potential of the Merín basin, Uruguay
Federico Cernuschi, John Dilles, Adam Kent
Department of Geosciences, Oregon State University, Wilkinson Hall 104, Corvallis, Oregon, USA
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Abstract. The Merín basin is a Cretaceous aborted-rift in
eastern Uruguay and it is composed of sub-alkaline
Paraná basaltic flows and shallow intrusions, rhyolitic
ignimbrites and associated mildly alkaline to alkaline
intrusions and volcanic rocks. Ten lithogeochemical
igneous units and one sedimentary formation are
identified and range in age between 133 and 127 Ma.
Four sub-circular intrusive complexes from 20 to 30 km in
diameter are identified based on positive gravity and
cospatial aeromagnetic anomalies. Whereas the
outcropping Valle Chico complex is mainly composed by
mildly alkaline syenites, drilling at Lascano-East revealed
mostly alkaline gabbros and trachyte dikes/lavas. The
Lascano-West and San Luis complexes are concealed
and only inferred because of the geophysical anomalies.
Hydrothermally altered rocks together with sparse gold
and copper anomalies were identified in the central zone
of the Lascano-East intrusive complex. The only other
evidence of mineralization in the basin is a series of
fluorite veins enriched in tungsten, barium and yttrium
cutting the Precambrian basement near the basin edge.
However, the mineralization potential of the Merín basin
includes niobium, zirconium, phosphate, uranium,
thorium and rare earths based on common ores of
mineralized complexes from Brazil and Namibia.

a north-east trend (Fig. 1). The anomaly on the
southwest coincides with, a group of syenite outcrops of
the Valle Chico complex. The two central anomalies at
Lascano-East and Lascano-West have sparse outcrops of
Paraná basalts flows, rhyolitic ignimbrites, flows and
breccias, and granodiorite granophyres dikes and sills.

Figure 1. Airborne reduced to pole magnetic image from OMI
survey, showing the location of inferred intrusive complexes
and drillhole collars in the Merín basin (simplifed from Ellis
and Turner 2006).

Keywords. Cretaceous, Uruguay, Merín basin, Paraná,
intrusive complexes

Different hypothesis have been proposed to explain
the gravity and magnetic anomalies, and these
includeconcealed mafic intrusions similar to Bushveld or
Trumpsberg, several kilometers of basalt lava fill, and
caldera structures within the Paraná rhyolite sequence
(e.g., Reytmayer 2001; Rossello et al. 1999).
This work reconstructs the volcanic stratigraphy, and
outlines the geometries of intrusions of Lascano-East
complex based on 801 whole-rock major and trace
element geochemical analyses, isotopic ages, and contact
relations obtained from new drill core samples. These
samples result from the first drilling campaign in the
Lascano-East anomaly between 2002 and 2008 by
Orosur Mining Incorporated (OMI). Reconnaissance
mapping and limited geochemical surface sampling from
the rest of the Merín Basin were used to make
correlations.
Drilling by OMI at Lascano-East also encountered
hydrothermally altered rocks with weakly anomalous
copper and gold concentrations. We describe the

1 Introduction
The bimodal Paraná - Etendeka large igneous province
erupted in the early Cretaceous (e.g., Renne et al. 1997).
This province is dominated by tholeiitic basalt with
minor rhyolites and has been linked to the Tristan da
Cunha mantle plume through the Rio Grande Rise and
the Walvis Ridge (O`Connor and Duncan 1990).
Contemporaneous and younger intrusive complexes are
described in Brazil, Bolivia, Paraguay, Uruguay and
Namibia.
In the early Cretaceous, aborted rifting of the
Precambrian basement in eastern Uruguay resulted in
the formation of the Santa Lucía and Merín basins. The
Merín basin is filled with a 1-2 km thickness of subalkaline bimodal volcanic and intrusive rocks of the
Paraná rocks. Mildly alkaline to alkaline intrusions
intrude the Parana sequence and are associated with
volcanic rocks. Four circular positive gravity and
coincident aeromagnetic anomalies lie in the basin along
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While Valle Chico was dominated by the intrusion of
syenites, Lascano-East was dominated by gabbros and
trachytes. The alkaline dikes and sills encountered in
drilling to 1 km depth are inferred to be the upper part of
deeper mafic alkaline intrusions responsible for the
gravity anomalies. The youngest and least voluminous
igneous rocks are the Arrayán olivine basalts that erupted
synchronous with the deposition of the Quebracho Fm.
conglomerates and are inferred to be younger than ~127
Ma.

hydrothermal alteration assemblages and associated
mineralization using trace element geochemistry, short
wave infrared spectroscopy and X-ray diffractometry.
The mineralization potential is also assessed by
comparison with broadly coeval complexes from Brazil
and Namibia.

2 Stratigraphy, intrusion geometry and
magmatic evolution of the Merín basin
Stratigraphic observations throughout the Merín basin,
calibrated with isotopic ages are summarized in Figure 2.
The identified lithogeochemical units were grouped into
sub-alkaline, mildy alkaline and alkaline associations.
The only sedimentary rocks are conglomerates named as
the Quebracho Formation.
The Paraná-like sub-alkaline to mildly alkaline
basaltic lavas of the Treinta y Tres A and B types and
some Santa Lucía basalts erupted first, mostly between ~
133 to 131 Ma throughout the basin. The voluminous,
sub-alkaline, Lavalleja rhyolitic ignimbrite eruptions
followed between ~130 to 128 Ma, and are inferred to be
related to circular caldera collapses at Lascano-East and
Lascano-West. The felsic volcanism at Valle Chico was a
bit younger and dominated by the Aiguá rhyolitic lavas
(~128 to 127 Ma). At least some sub-alkaline to mildlyalkaline basaltic magmatism continued during and after
this period, in particular at Lascano-East. The last event
includes mildly alkaline and alkaline mafic to felsic
intrusions into extrusive centers at ~128 to 127 Ma.

3 Hydrothermal alteration-mineralization in
the Lascano-East complex
Hydrothermally altered rocks were only identified in the
drill holes in the central zone of the complex (e.g.,
LASDDH2, Fig. 1) where the mildy alkaline Santa Lucía
gabbro sills and Lascano alkaline gabbro to trachyte
dikes were also identified. This observation suggests that
the alteration and mineralization might be linked to these
intrusions.
Potassic alteration (K-feldspar added) and younger
superimposed intermediate argillic alteration (smectitechlorite added) were identified on the basis of alkali
element gains and losses in subalkaline to mildly
alkaline felsic rocks. Pyrite, quartz-pyrite and fluorite
veins cut altered Lavalleja rhyolitic ignimbrites that
contain disseminated pyrite and local weak gold (11
ppb), bismuth (8 ppm), thallium (7 ppm) and
molybdenum (6.5 ppm) anomalies.

feldspar replacing the aphanitic groundmass. These rocks
are also cut by the altered Lascano alkaline series dikes
and by one Santa Lucía gabbro sill. The contact zone of

Local potassic alteration was identified in Santa
Lucía basalts as K-feldspar rims around plagioclase
phenocrysts and sparse fine-grained hydrothermal K-
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rocks to deep and concealed intrusions of the Merín
basin. Such concealed hydrothermal zones could host
disseminated and vein mineralization.

the Santa Lucía sill with the Santa Lucía basalts includes
a 5 meter intercept with up to 813 ppm Cu associated
with millimetric to one centimeter wide quartzchalcopyrite-pyrite veins. Below this contact, sparse
millimetric to one centimeter quartz-pyrite veins cut the
altered Santa Lucía basalts in a zone of anomalous
molybdenum (14 ppm).
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5 Mineralization potential of the Merín basin
The only exposed intrusive complex of the basin, the
Valle Chico complex, does not present mineralization in
outcrop.
The only other mineralized zone in the Merín basin
includes fluorite-quartz-manganite-epidote-barite veins
cutting the Precambrian granite-gneiss basement near
the southern faulted edge of the basin (reserves of ca.
4500 tonnes at 80% CaF2, Bosse et al. 1982). At least
some of these veins are enriched in yttrium (ca. 0.5%,
Rossini and Arana 2000). Two samples obtained during
this work are anomalous in tungsten (100 ppm) and
barium (4434 ppm). Quartz veins with tabular calcite
blades replaced by quartz were identified nearby.
Based on results from this work and the comparison
with similar age mineralized complexes in the Paraná –
Etendeka province in Brazil and Namibia (Fig. 3), the
potential mineralization can be divided into three main
types: 1) magmatic-hydrothermal gold, copper and
molybdenum in the wall-rock roof of Lascano-East
alkaline intrusions; 2) fluorite, tungsten, barium and
yttrium in fluorite veins in the basin edge; 3) niobium,
zirconium, phosphate, uranium, thorium and rare earths
in inferred and concealed carbonatites or other alkaline
rocks.
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Figure 3. Paleogeographical reconstruction (Franke et al.
2007) of the breaking up of Gondwana at ca. 133 Ma and
showing location of broadly coeval magmatism.

The erosion levels of the Merín basin are shallower
than over most of the mineralized alkaline complexes in
Namibia, with the possible exception of the Valle Chico
complex. Limited erosion might have allowed
preservation of the hydrothermally altered roof wall
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Antilla: a supergene enriched porphyry copper deposit
in the Andahuaylas-Yauri belt, Peru
José Perelló
Antofagasta Minerals S.A., Apoquindo 4001, Piso 18, Santiago, Chile
Héctor Posso
Anaconda Perú, Avenida Paseo de la República 3245, Piso 3, San Isidro, Lima, Perú
Abstract. The Antilla porphyry copper deposit belongs to
the Andahuaylas-Yauri belt of southeastern Peru.
Discovery in 2003 was the result of a systematic, regional
exploration program in which geology and geochemistry
played key roles. An original copper-molybdenum stream
geochemistry anomaly was rapidly followed-up by
geologic mapping and drilling. The deposit consists of a
supergene enrichment blanket formed at the expense of
well developed stockworks of D-type quartz-sulphide
veinlets in clastic sedimentary rocks of the Mesozoic
Soraya
Formation.
Hypogene mineralisation
is
genetically related to a composite porphyry copperbearing stock and associated dikes with corresponding
potassic, sericitic, chlorite-sericite and propylitic alteration
zones. Both the potassic and sericitic events contributed
copper and molybdenum. The age is constrained by K-Ar
dates of between 35.3 ± 1.0 and 32.3 ± 0.8 Ma, which
correspond to the regional middle Eocene to early
Oligocene Andahuaylas-Yauri event. The deposit
contains a mineral resource of 154.4 Mt at 0.47% Cu and
0.009% Mo.

approximately 600 m east of Antilla. Poor results caused
SPCC to discontinue exploration and terminate the
option agreement. The property was then let expire by
the owner.

Keywords. porphyry copper, supergene, enrichment,
chalcocite

1 Introduction
Figure 1. Location of the Antilla deposit in southeastern Peru

The Antilla porphyry copper deposit (14°20’S;
72°58’W) is located near the town of Antilla, ~200 km
southwest of Cuzco, in the Department of Apurimac, at
an elevation of between 3,400 and 4,000 m (Fig. 1). The
porphyry copper mineralisation belongs to the middle
Eocene to early Oligocene Andahuaylas-Yauri belt of
the Western Cordillera of the Peruvian Andes (Perelló et
al. 2003) and the deposit is currently undergoing
exploration by Panoro Apurimac, a wholly-owned
subsidiary of Panoro Minerals Ltd. of Canada (Panoro).
The deposit contains a mineral resource of 154.4 Mt at
0.47% Cu and 0.009% Mo, for a cutoff grade of 0.25%
Cu (www.panoro.com).
The present contribution summarizes the exploration
history that led to discovery of Antilla in 2003 by
Cordillera de las Minas as well as the salient geologic
and mineralisation characteristics of the deposit as
defined by early exploration.

In 2001, Anaconda Peru S.A. – a subsidiary of
Antofagasta Minerals – and Companhia Vale do Rio
Doce (VALE) formed Cordillera de las Minas (CDLM),
a Peruvian joint venture company aimed at exploring the
Andahuaylas-Yauri belt. Under the terms of the joint
venture, VALE, through its subsidiary Compañía Minera
Andino-Brasilera, had the option to earn a 50% interest
in CDLM by spending in exploration over three years.
The CDLM program built on previous exploration
experience in the region by Anaconda Peru, and
consisted of systematic field reconnaissance and
regional stream geochemistry, complemented by
airborne magnetics and local geophysical surveys at the
prospect scale.
During 2002, the regional stream survey detected a
series of copper and molybdenum anomalies in the area,
with copper values between 150 and 1024 ppm and Mo
values between 13 and 150 ppm in the -80 mesh sample
media. Immediate follow-up work of the anomaly
highlighted the porphyry-style nature of the Calvario
area originally targeted by SPCC and, more importantly,
the large leached capping zone developed to the east of
it, in intensely sericite-altered sedimentary rocks. A
detailed, 1:5,000-scale mapping program that followed
in early 2003 upon consolidation of the initial 2,800 ha

2 Exploration and discovery
Prior to discovery, the area was explored by Southern
Peru Copper Corporation (SPCC) in 1999 through a
short program of geologic mapping, geochemistry and
diamond drilling at Cerro Calvario, an optioned property
that contains a low grade porphyry copper center located
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flattening, crustal shortening, and intense uplift during
the Incaic phase of deformation that affected large parts
of Peru and northern Chile (Noble et al. 1979; Perelló et
al. 2003).

of mineral rights, defined the principal geologic
attributes of the sytem, including a potassic altered
porphyry stock of granodioritic composition and the
abundant stockworks of D-type veinltes (Gustafson and
Hunt 1975) developed adjacent to it, in the host
sedimentary rocks. Mapping was accompanied by semidetailed rock chip sampling which confirmed both the
anomalous character of the system and the stream
geochemistry values of the regional survey. An area of
approximately 2x2 km, centered on the granodiorite
porphyry stock, was shown to contain copper values
>200 ppm and molybdenum >10 ppm, with local highs
exceeding 1000 ppm copper and 200 ppm molybdenum.
An induced polarization (IP) survey conducted after
target identification and mapping, detected numerous
chargeability anomalies, one of them partly coincident
with an outcropping zone of D-type veinlet stockworks.
The technical attributes of the area prompted
preparation of a drilling program to test for supergene
mineralisation associated with the D-type veinlet
stockworks underneath a thin leached capping zone. The
concept of a shallowly preserved blanket was further
confirmed through road-cut exposures of supergene
chalcocite during drill site construction.
An initial program of 10 diamond drill holes in 2003
(ANT1 to ANT10) totalled 1,784 m, successfully tested
the supergene chalcocite blanket, and resulted in the
discovery of Antilla. All holes of this first program
intersected significant copper grades associated with
supergene chalcocite, including ANT1 (52 m at 0.79%
Cu from 2m), ANT5 (66 m at 0.67% Cu from 18 m),
ANT6 (66 m at 0.89% Cu from 10 m), and ANT7 (80 m
at 0.68% Cu from 18 m). This was followed by a second
campaign of 11 additional diamond drill holes (2,227 m)
in 2004 which confirmed and further expanded the
target area, at the end of which a geologically
constrained mineral inventory of 114 Mt at 0.71% Cu
was estimated.
In 2007, Panoro completed acquisition of all
outstanding shares in CDLM and the corresponding land
holdings of 13 properties in the Andahuaylas-Yauri belt.
A drilling program by Panoro at Antilla in 2008 focused
on defining the mineralisation discovered by CDLM and
consisted of 9,130 m distributed in 49 shallow drill
holes on 100-m centers, upon which a new mineral
resource was estimated (see above).

Figure 2. Regional setting of the Andahuaylas-Yauri belt
showing the location of the principal porphyry copper and
porphyry-related skarn deposits (simplified from Perelló et al.
2003)

Porphyry copper mineralisation at Antilla is
genetically associated with a composite porphyry
intrusion of granodioritic to dacitic composition and
textures. The earliest, coarse-grained porphyritic phase
was responsible for the bulk of the hypogene copper
introduction. It occurs as a centrally located stock of
800x600 m in diameter, from which numerous dike- and
sill-like intrusions emanate (Fig. 3). These lateral dikes
and sills typically accommodate either to bedding and
bedding-parallel thrusts in the sedimentary country
rocks or to conjugate tear structures. An intermineral
porphyry phase is exposed at Cerro Calvario, where it
constituted the main exploration target by SPCC. It is
similar in composition and texture to the main porphyry
phase, but it lacks the quartz veinlet stockworks of the
earlier event. Late mineral phases display coarsegrained porphyritic textures and dacitic composition,
and occur as small dikes that typically develop chilled
margins and flow-banding textures at the contacts with
country rocks.
Country rocks to the porphyry copper-bearing stocks
and dikes include a predominantly clastic sedimentary
sequence of Mesozoic age composed of thinly- to
thickly-bedded brownish pelites, medium- to coarsegrained greyish sandstones and quartz arenites, and
minor intercalations of calcareous pelites. The sequence
is grouped into two main formational units, namely
Soraya and Chuquibambilla, of regional distribution.
The structure of the area conforms to the regional
structural grain, with numerous, east-west trending,
steeply to shallow-angle thrusts (10°-70°) accompanied
by corresponding overturned anticlinal and synclinal
folds that define a reverse flower structure, consistent
with the regional Incaic phase of compressive
deformation.

3 Geology
The Andahuaylas-Yauri belt hosts numerous porphyry
copper and porphyry-related skarn deposits spatially and
temporally associated with the middle Eocene to early
Oligocene (~48-32 Ma) intrusion of the homonymous
batholith into carbonate and clastic strata of Mesozoic
age (Perelló et al. 2003; Fig. 2). The largest deposits of
the belt include the clusters at Tintaya and Las Bambas,
as well as the isolated deposits at Los Chancas, Haquira,
Cotabambas, and Constancia, most of which are
currently undergoing either construction (Antapaccay at
Tintaya), feasibility studies (Las Bambas; Los Chancas)
or advanced exploration (Haquira).
Mineralisation along the belt is inferred to have taken
place simultaneously with a process of subduction
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constituents. Pyrite, chalcopyrite, and molybdenite are
common accompaniments to D veinlets and account for
significant introduction of both copper and molybdenum
in the system. Chlorite-sericite assemblages, together
with minor amounts of pyrite, occur beyond the limits of
intense serictic alteration and constitute the transition
zone between sericitic and external propylitic alteration.
4.2 Supergene features
The leached capping zone is typically developed in the
upper 20 m of the supergene profile and is characterized
by jarositic limonites with varying proportions of
goethite and hematite. Although intense at the surface,
supergene leaching of sulphide species is only moderate
in general, as testified by zones of pyrite and supergene
chalcocite exposed during road construction and by
several perched sulphides zones encountered in drill
holes. Lateral migration of acidic waters associated with
pyrite dissolution is demonstrated by the occurrence of
ferricrete aprons intermixed with colluvium.

Figure 3. Simplified geologic map of the Antilla deposit
(mapping by the authors). Solid black lines are faults. NEtrending faults are low-angle, bedding-parallel thrusts.

4 Alteration and mineralisation
4.1 Hypogene features
The hydrothermal system, as constrained by the extent
of the sericitic alteration, occupies an east-west trending
area of approximately 7.5 x 4 km. The hydrothermal
alteration geometry consists of a central zone with
potassic alteration partly to totally overprinted by
sericitic assemblages. Chlorite-sericite and propylitic
zones are developed externally to sericitic alteration.
Potassic assemblages include moderately developed
quartz stockworks of A and B types (Gustafson and
Hunt 1975) with minor amounts of pyrite and
chalcopyrite.
B-type
veins
carry appreciable
molybdenite in addition to pyrite and chalcopyrite. The
dominant potassic assemblage includes hydrothermal
biotite, typically as minute shreddy crystals at the
expense of fine-grained clastic horizons. In the main
porphyry phase, hydrothermal biotite occurs as
replacements of ferromagnesian phenocrysts.
Lithologic control on hypogene mineralisation is
appreciable at Antilla. Potassic assemblages are
preferentially developed along certain pelitic horizons,
with formation of biotite-andalusite hornfels with
granoblastic texture. Mineralisation in these horizons is
dominated by chalcopyrite, either as fine-grained
disseminations and thin veinlets or as coarser-grained,
monominerallic stringers and seams that follow
bedding. Pyrrhotite is locally present in more distal
environments.
Sericitic assemblages constitute the dominant
alteration type at Antilla and form a halo to the weakly
preserved central potassic zone. Sericitic alteration
formed at the expense of stockworks of centimetric Dtype veinlets (Gustafson and Hunt 1975) in medium- to
coarse-grained sandstone, where fine-grained quartzsericite mosaics pervasively replace all rock

Figure 4. Simplified cross-section displaying key geologic
elements of Antilla and the supergene chalcocite enrichment
blanket.

The supergene enrichment blanket consists of an
upper part with higher copper grades in which
chalcocite dominantly occurs as thin coatings and films
around pyrite and chalcopyrite grains. Estimated
chalcocite:chalcopyrite ratios for this higher grade
(>0.7% Cu) zone are in the range of 8:1. Enrichment in
the lower part of the blanket is weaker and lesser
amounts of chalcocite and covellite intermixed with
hypogene sulphides. Supergene enrichment is controlled
by: (1) structural preparation of the host rocks, being
more intense and better developed in highly fractured
rocks and fault zones; (2) permeability and porosity of
the sedimentary sequence, being more intense in
medium- to coarse-grained sanstones; and (3) intensity
of D-type veinlet stockworks and contained
chalcopyrite, where chalcocite dominantly replaces
chalcopyrite and pyrite in the veinlets themselves and
along their alteration halos.
The average thickness of the supergene blanket is
~50 m and its distribution is relatively uniform over an
area of ~1,200 x 800 m. The top of chalcocite beneath
the leached capping zone notably mimics present-day
topographic features, the blanket being best developed
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dominantly carbonate sequences of the region, but also
with respect to the terrigenous Mesozoic formations of
the region (cf., Perelló et al. 2003). Enrichment blankets
at Los Chancas, Haquira, Constancia, and Cristo de los
Andes are examples of this potential.

at elevations between 3,800 and 3,400 m.

5 Age
Hydrothermal biotite from the biotite-bearing potassic
alteration associated with main-phase porphyry yielded
a K-Ar age of 35.3 ± 1.0 Ma (2 sigma), while magmatic
biotite from a late mineralisation dacitic dike gave a KAr age of 32.3 ± 0.8 Ma (2 sigma). Both ages confirm
that the porphyry copper mineralisation at Antilla
belongs to the regional metallogenic event of porphyry
copper and porphyry-related skarn mineralisation of the
middle Eocene to early Oligocene the AndahuaylasYauri belt (Perelló et al. 2003).
Supergene
processes
and
corresponding
mineralisation are thought to have taken place
predominantly during the Pliocene, judging by: (1) the
immature nature of the chalcocite blanket; (2) its
geometry subparallel to recent and present-day
topographic features; and (3) a K-Ar age of 3.3 ± 0.2
Ma (upper Pliocene) on supergene alunite at the
Cotabambas porphyry copper-gold deposit near Cuzco
in the same belt (Perelló et al. 2004). Supergene
enrichment blankets at Haquira (~3,900 m), Constancia,
Cristo de los Andes, and Quechuas (~4,200 m) in the
Andahuaylas-Yauri belt could be associated with the
same Pliocene supergene event or younger events of
topographic rejuvenation that are common in the region.
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6 Discussion
The syntectonic emplacement and evolution of the
Antilla hydrothermal system is inferred from the
following evidence: (1) the regional structural
framework; (2) the abundance of deposit-scale
structures in which intense folding and bedding-parallel
thrusting dominate; (3) the intimate spatial relationship
between porphyry copper-bearing intrusions with thrusts
and corresponding tear structures; (4) the early
Oligocene age determined on hydrothermal and
magmatic products of the system. All evidence suggests
that emplacement of the main-phase porphyry, through
potassic and sericitic alteration, to emplacement of latemineral phases occurred in a highly contractional
environment, associated with the regional Incaic phase
of deformation that affected large parts of Peru and
northern Chile (Perelló et al. 2003).
Both hypogene and supergene mineralisation display
a marked control by structure and stratigraphy.
Hypogene copper mineralisation (chalcopyrite) is best
developed in biotite-andalusite hornfels formed at the
expense of pelitic beds of the country rocks. Supergene
chalcocite is more intensely developed in association
with structurally controlled D-type veinlet stockworks,
fault zones, and in permeable, medium- to coarsegrained sandstone horizons.
Discovery of the Antilla deposit was the product of a
conventional, well structured regional program in which
geologic reconnaissance and stream geochemistry
played key roles. The supergene enrichment blanket at
Antilla is a clear example of the exploration potential of
the Andahuaylas-Yauri belt, not only with respect to the
porphyry-related mineralisation hosted by the
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Las Calandrias dome-related gold-silver discovery,
Deseado Massif, Southern Argentina
Gustavo Rodríguez, Gabriel Gómez, Nicolas Stoessel
Minera Mariana Argentina S.A., Mendoza, Argentina
Abstract. Las Calandrias is the first bulk-tonnage gold silver discovery hosted by rhyolite domes, so far reported in the prolific Deseado Massif of southern
Argentina. Mineralization is characterized by quartz
stockwork veining a brecciation. Two principal
mineralization styles occur: moderate to low grade
disseminated at Calandria Sur dome, and high grade
gold confined to narrow structures and breccias at
Calandria Norte dome. The geological setting of Las
Calandrias draws attention to the exploration potential of
volcanic dome fields throughout Mesozoic massifs of
Patagonia Argentina.

exposing felsic domes, interbedded gray-green tuff,
coarse volcaniclastic breccias and lacustrine sedimentary
rocks (Fig. 2). The ash flows appear to dip outward from
the window, suggesting that the window may be
exposing a geologic and paleo-topographic high
(Hodder and White 2010). Three irregularly shaped
domes – Calandria Sur, Calandria Norte, and Nido Este
– occupy the central area of the window and intrude the
lacustrine sedimentary rocks and the tuff. A fourth
cluster of coalescing domes, called El Nido Norte
occupies the northwest portion of the window (Fig. 2).
This contribution describes de most advanced
exploration targets: Calandria Sur and Calandria Norte.

Keywords. gold - silver, rhyolite domes, Las Calandrias,
Deseado Massif, Argentina

1 Introduction
The Deseado Massif in Patagonia Argentina is one of
the most prolific epithermal districts in the world (>13
Moz Au past production and reserves). Gold and silver
mineralization occurs in quartz veins and stockwork
belonging to the low sulfidation type of Late Jurassic
age (Schalamuk et al. 1997). The deposits are largely
hosted by Jurassic volcanic rocks characterized by
ignimbrites, intermediated to rhyolite lava flows and
tuff. There are four gold- silver mines (Fig. 1): Cerro
Vanguardia (6 Moz Au total ore reserves and resources),
San José-Huevos Verdes (3.5 Moz Au eq reserves and
resources), Manatial Espejo (1 Moz Au eq) Mina
Martha; (30 Moz Ag, total production) and advanced
projects like Cerro Negro (2.7 Moz Au eq) and Cerro
Moro (0.6 Moz Au eq). Recently Fernandez et al. (2008)
proposed that mineral deposits related to Jurassic
volcanism in Patagonia, can be divided into: a) Au-Ag
and Ag>Au, b) polimetallic with Ag-Au or Ag, and c)
complex polimetallic locally with Ag-Au.
Although stockwork and disseminated gold deposits
hosted by volcanic dome represent an important
exploration target (i.e., Nelson 2001), most of past
exploration programs in the region have been focused
on exploring vein-style Au-Ag mineralization. Las
Calandrias represent the first discovery of disseminated,
bulk tonnage gold-silver mineralization. This
contribution describes the geological setting of gold and
silver mineralization and provides insights for
exploration in volcanic dome fields of Patagonia
Argentina.

Figure 1. Location of Las Calandrias and principal gold and
silver deposits in Deseado Massif.

Calandria Norte and Calandria Sur are two rhyolite
domes that cut shallowly dipping, quartz poor
volcaniclastic rocks and welded ignimbrites. El Nido
domes intrudes both the quartz-poor volcaniclastic unit
and quartz rich-ignimbrite flows, presumable of the
Chon Aike Fm. This suggests that while the domes may
be exposed in a window through the Chon Aike
Formation, at least some of the intrusive activity was
contemporaneous with Chon Aike deposition.
Calandria Sur is a "boat-shape" dome that has a
carapace of autoclastic crackle and jig-saw breccia a few
meters thick, in which the clasts are generally finely
flow banded and the rectangular clasts’ long axes are
parallel to the flow banding. A simplified geological
section across Calandria Sur comprises: 1- a spherulite,
partially brecciated (clast-supported breccias ) upper
part, (typically from surface to 45 m); 2- a flow-banded
(subordinated amygdale) central part; 3- a monomictic
basal breccia close to the dome margin; 4- an
intercalation of dome and volcaniclastics rocks and; 5volcaniclastics, quartz-poor lithic rich ignimbrites.

2 Geology
The Las Calandrias project, located in the northern part
of the Deseado Massif (Fig. 1), occurs in an erosional
window through ash flows of the Chon Aike Formation
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silver mineralization does not outcrop and typically
occurs some 10 to 15 m below surface in most holes up
to 90 m depth and largely confined to the dome.
Mineralization is centered in the rhyolite dome and a low
grade envelope occurs in the adjacent volcanic rocks
close to the dome contact (Fig. 3).
The extent in plan view of significant gold
mineralization (drill holes with > 10gm.m Au) is up to
600 m NW-SE by 250-300 m NE-SW with a 350x100150 m >50 g/m Au core (Fig. 3)

Calandria Norte is a cone inverted shape dome that is
composed of white-pink, spherulitic, flow-banded
devitrified and limonitic glass. It is not significantly
brecciated except for a one-meter interval that appears to
be a late, silicified fault and coincides with the location
of La Calandria high grade gold vein.

Figure 2. Simplified local geology.

3 Mineralization
Las Calandrias mineralization is gold-dominated with a
Ag:Au ratio of 30 to 100 at Calandria Sur and 1 to 10 at
Calandria Norte and a relatively low base-metal content.
Mineralization at Las Calandrias is not restricted to
quartz veins but occurs also as disseminations in wall
rock and in chalcedonic hydrothermal breccia filling.
Some of the mineralized zones in drill-hole intercepts
from Calandria Sur appear to correlate with roughly subhorizontal zones rather than steeply dipping veins. In
contrast high grade gold (up to 450 g/t Au over 0.75 cm)
in Calandria Norte dome occurs along an up to 1 m wide
breccia that strikes north-easterly and dips steeply to the
north. Highest gold grades occur in zones of stockworkbreccia intersection.
Although the deposits locally contain abundant
sulfides (pyrite-marcasite), they are dominantly a lowsulfidation epithermal system (Sillitoe 2009). Greatest
gold concentrations occur in arsenic rich pyrite and
electrum that overgrow or associate to acicular marcasite
embedded in a fine-grain quartz-illite matrix. This event
is contemporaneous with deposition of arsenopyrite, and
minor galena, sphalerite, tetrahedrite argentite and
covellite (Barnett et al. 2010). Alteration of rhyolite
consist of pervasive silicification, within a broad illitesmectite halo that grades outward into widespread
propylitic alteration.

Figure 3. Calandria Sur dome, drill plan and gold grades.

3.2 Calandria Norte
Calandria Norte, located about 700m north of Calandria
Sur, consists of northeast-trending veins and veinbreccia mineralization on the eastern side of a circular
rhyolite dome. This mineralization is in contrast to the
more widespread silicified breccias at Calandria Sur. La
Calandria vein breccia is filled with brown chalcedony
and microcrystalline quartz with black sulfides. This
vein has been recognized for almost 400 m along strike
with widths typically between 0.4 and 0.8 m, with gold
assays between 2.3 and 20.2 g Au/t and 8 to 55 g Ag/t at
the surface.
Drilling at Calandria Norte has identified a 3m-wide
sulfide-rich silicified structure 100m below surface. Two
holes drilled 70 m apart along strike in 2010 intersected
wide zones of marcasite-pyrite veining up to 125m down
hole in strongly silicified rocks in the hanging wall of
this structure. The best intersections were: Hole CND45
with 4.0 m of 76 g Au/t and 70 g Ag/t from 92.5 m, and
CND46 with 4.5 m of 102 g Au/t and 72 g Ag/t from
81.5 m. Mineralization is in a breccia zone of
colloform/crustiform and skeletal marcasite/pyrite with
interstitial electrum.
High-grade mineralization with more than 25 grammeters, is 400 m along the strike, and remains open
along strike and to depth. The top of the significant
mineralization (as defined by the 10 g/m contour) occurs
at 30 to 90 m below surface in the central and peripheral
parts of the vein respectively (Fig. 4).

3.1 Calandria Sur
Calandria Sur consists of a northwest-trending rhyolite
dome (750 m in length, by 350 m in width) which hosts
moderate to low-grade gold mineralization, controlled by
northeast and northwest-trending structures. The most
robust mineralization encountered in drilling, occurs
where both sets of structures intersect. One of the most
striking characteristic of Calandria Sur is that gold and
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our attempts to understand the Las Calandrias
hydrothermal system. Mariana geologists (S. Cadile, M.
Arguello, P. Farias, G. Candela) contributed significantly
through subsequent exploration. Discussions with R.
Sillitoe, R. Hodder and D. White have contributed to the
ideas presented here.
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Figure 4. Calandria Norte longitudinal section, gold g/m.

4 Conclusions
The extend of gold and silver mineralization at Las
Calandrias has not yet been constrained and first mineral
resources for Calandria Sur and Calandria Norte are
expected by Middle 2011. Calandrias is a grass root
discovery; the property was acquired in open ground in
2008 and the discovery hole was drilled in October
2009.
The nature and geometry of mineralization,
particularly at Calandria Sur, have not previously been
reported in Deseado Massif. Gold and silver
mineralization is largely disseminated and confined to a
boat-shape rhyolite dome, with limited continuity into
the adjacent volcaniclastics rocks. Few high grade gold
zones have been identified within the disseminate
orebody that are believed to represent feeder systems.
These zones are poorly defined and lack distinct
assemblages of alteration minerals. At present, the
continuity of these veins into the volcaniclastic rocks,
has not been established and drilling is now targeting
possible feeder zones below the base of the dome. The
paucity of "true" vein zones within and in the immediate
vicinity of the dome is particularly puzzling and might
indicate individual feeders having a short life in the
mineralization event.
High-grade gold and silver Mineralization at
Calandria Norte is in most cases structurally controlled,
confined to a flow banded inverted cone-shape rhyolite
dome.
Mineralization outcrops sporadically in Calandria
Norte and is low grade and subtle at surface in Calandria
Sur. This attest for targeting of "blind" mineralization in
rhyolite dome complexes elsewhere in Patagonia.
Detailed and persistent field work by enthusiastic
geologists, non-expensive sample techniques (i.e. Lag
soil sampling), followed by diamond drilling and the
application of technology (3D IP geophysics) were
responsible for the discovery of Las Calandrias.
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1.87 Ga Au quartz-alunite and Cu-Mo-(Au) adulariasericite epithermal and Au-(Cu) porphyry mineralization
in the Tapajós Gold Province, Amazonian craton
Caetano Juliani, Carlos Mario Echeverri Misas, Bruno Lagler, Gustavo Usero
Departamento de Mineralogia e Geotectônica, Instituto de Geociências – USP, Rua do Lago, 562, São Paulo, SP, Brasil
Carlos Marcelo Dias Fernandes
Faculdade de Geologia de Marabá, Universidade Federal do Pará, Folha 17 Quadra 04 L. Especial, Marabá, PA, Brasil
Lena Virgínia Soares Monteiro
Departamento de Geologia e Recursos Naturais, IGC–UNICAMP, Rua João Pandiá Calógeras, 51, Campinas, SP, Brasil
Abstract. The southern portion of the Amazonian Craton
contains Paleoproterozoic precious and base metal
epithermal high- and low-sulfidation and porphyry-type
mineralization. These are genetically associated with
continental magmatic arcs of the Uatumã event.
Epithermal mineralization is hosted by post-caldera
volcanic rocks. Porphyry-type mineralization occurs
where the erosion of the volcanic pile was more intense.
The alunite of the high-sulfidation mineralization has
magmatic-hydrothermal isotope signature. It is related to
hydrothermal breccias hosted in 1.89 to 1.87 Ga rhyolitic
volcanic ring complex that contains dikes and stocks of
granites, rhyodacites and porphyries. The breccias
contain alunite, natroalunite, pyrophyllite, andalusite,
quartz, rutile, diaspore, woodhouseite-svanbergite,
hindaslite (?), kaolinite, pyrite, enargite-luzonite,
famatinite,
tetrahedrite-tennantite,
tiemannite,
chalcopyrite, bornite, covellite, and kaolinite. These
breccias have an overlying brecciated cap of vuggy and
massive silica and are surrounded by advanced argillic
and argillic alteration zones that grade outward to large
areas of propylitically altered rocks. Sericitic alteration
assemblages occur at depth, associated with porphyry
dikes. Porphyry dikes and stocks are mineralized in CuMo-(Au) in the low-sulfidation mineralization and in Au(Cu) in the Palito Mine.

Figure 1. Geochronological provinces of Amazonian craton
(Santos et al. 2000) and main magmatic-hydrothermal
mineralization associated with the Uatumã event.

The TGP is a large gold panning producer area (>650
t) located at the boundary of the Tapajós–Parima (TPP)
and Central Amazonian (CAP) provinces (Fig. 1),
formed during at least two ocean–continent orogenies
between 2.10 to 1.87 Ga. The TPP is essentially
composed of a ~2.1 Ga volcano-sedimentary sequence
(Jacareacanga Group) and the magmatic arcs of the
Cuiú-Cuiú Complex (~2.01 Ga), Creporizão Intrusive
Suite (1.97–1.95 Ga), Rio das Tropas Tonalite (~1.90
Ga), and Parauari Intrusive Suite (~1.88 Ga). Calcalkaline basaltic andesite, andesite and rhyolite and
volcaniclastic rocks of the Vila Riozinho Formation (2.0
Ga) and the Iriri Group (1.88 Ga) are included in the
Uatumã magmatic event and overlie most of the previous
units. A-type ignimbrites and rhyolites of the Moraes
Almeida Formation (1.88 Ga) (Lamarão et al. 2002) and
large bodies of anorogenic granites of the Maloquinha
Intrusive Suite (~1.87 Ga) are common in TGP.
Paleoproterozoic fluvial and marine units and several
mafic intrusions also occur in the TGP (Fig. 2). The
basement of the CAP is not well exposed but, at least in
part, it is Archean in age (Santos et al. 2000).
Intermediate to acid volcanic rocks correlated with the
Iriri Group and fluvial clastic sedimentary units overlie
the CAP basement, and are crosscut by mafic sills and

Keywords. high-sulfidation, porphyry, Paleoproterozoic,
Amazonian craton, gold, base metals

1 Introduction
As high- and low-sulfidation epithermal mineralization
and associated porphyry deposits are typically formed in
shallow crustal environments, their preservation in
Precambrian terranes is hampered due to the weathering,
erosion and subsequent metamorphic events. Epithermal
deposits are therefore typically preserved in Quaternary
or Tertiary terranes, with few Cretaceous, Paleozoic and
Neoproterozoic occurrences. However, very wellpreserved and unmetamorphosed Paleproterozoic quartzalunite mineralization was described in the Tapajós Gold
Province (TGP), Amazonian craton (Juliani et al. 2005).
Adularia-sericite Cu-Mo-(Au), pyrophyllite-kaolinitediaspore Au, and several large sericitic alteration zones
(sometimes with traces of Au, Bi, Cd, Sb, Mo, Pb and
Zn) have been also identified along a west-east belt from
the Tapajós to Xingu rivers along ~650 km (Fig. 1).
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and Cu. In the core of this zone, a massive to brecciated
silica body, which flares upwards, is present. This silica
body has alunite and subordinated pyrophyllite in
shallow levels and sulfide-rich zones in deeper levels.
The zone of advanced argillic alteration with alunite is
enveloped by an advanced argillic alteration zone with
rare alunite and without andalusite, indicating lower
temperature in these external haloes. Narrow zones of
argillic alteration represented by clay-rich rocks with
veins of coarse-grained kaolinite occur in the outer parts
of the previous zone. The advanced argillic alteration
zone grades outward to a large propylitic halo in shallow
parts, and to sericitic alteration in deeper levels,
especially close to hydrothermally altered porphyry
dikes. A hematite-rich silica cap with abundant vugs
filled by diagenetic quartz occurs on the top of the
hydrothermal breccia bodies. At least two pulses of
hydrothermal fluids have been recognized, generating
several alunite textural types (Juliani et al. 2005). The
first pulse was more pervasive and cooler than the
second one. The latter resulted in brecciation of the silica
cap and generation of high-temperature fine-grained
alunite veins that crosscut alunitites, and coarse-grained
alunite branching veins. Undeformed alunite shows Ar–
Ar maximum age of 1869 ± 2 Ma and recrystallization in
shear zones at 1805 ± 2 Ma. Supergenic alunite has 51.3
Ma, indicating the period of starting erosion of the
epithermal mineralization. Oxygen and hydrogen isotope
data for fluids in equilibrium with minerals from
different parts of the HSM system reveal mixing trends
involving magmatic and externally derived fluids. The
δ34S values of most samples of alunite range from 14.0
to 36.9‰, and coexisting pyrite from -6.3 to 1.7‰.
Sulfur isotopic alunite–pyrite and oxygen isotopic
alunite SO4–OH temperatures range from 130 to 420 oC.
The δDH2O and δ18OH2O values (–43 to –55‰ and 11.8 to
16.7‰) for alunite-forming hydrothermal fluids suggest
a predominance of magmatic water, with a small
meteoric contribution. Hotter fluid pulses crystallized
alunite with predominant magmatic signature and fluids
in equilibrium with sericite from deeper parts suggest
evolution from magmatic vapour. Calculated isotopic
compositions for the fluids associated with the lower
temperature alunite, pyrophyllite and kaolinite could be
associated with two evolutionary trends. These trends
could indicate a contribution of seawater, followed by an
influx of low-latitude highly evaporated waters, to the
hydrothermal system. This suggests that during the late
Paleoproterozoic, the Amazonian Craton was located in
an arid near equatorial environment.
Silicified hydrothermal breccias associated with the
alunite contain an estimated reserve of 30 tonnes of gold
in rock that grades up to 4.5 ppm Au.
The low-sulfidation Cu-Mo-(Au) mineralization
(LSM) is located 50 km north of the HSM (Fig. 2), at the
border of another caldera complex. The geological
setting and the hydrothermal system evolution is similar
to that of the HSM, but the silica cap is not present and
the erosion and deformation related to shear zones are
more intense. This epithermal mineralization shows an
overprint of a porphyry style mineralization associated
with several porphyry dikes.

dikes. A-type rhyolites of the Santa Rosa Formation
form large dikes oriented in NE-SW and NW-SE
directions and ignimbrite deposits (Juliani et al. 2010) in
CAP. A-type granites of the Maloquinha Intrusive suite
are also common in this province (Santos et al. 2000).
All of these units are essentially unmetamorphosed, but
zeolite to prehnite-pumpellyite facies have been
identified in volcanic rocks in some regions, and
greenschist grade metamorphism is recognized in the
Jacareacanga Group. In the TGP, the Iriri Group, which
hosts epithermal mineralization, was originated in
several large nested ash-flow caldera complexes (Juliani
et al. 2005). The pre-caldera units are composed of flows
and dikes of basaltic andesite and andesite (Bom Jardim
Formation) covered by rhyodacite, dacitic, rhyolite and
ignimbrites of the Salustiano Formation. Latite,
trachyandesite, ash- and crystal tuffs, and acid to
intermediate hyaloclastites are also present. The syncaldera units consist of several large ignimbrite deposits
with subordinated rhyolite flows of the Aruri Formation.
These volcanic rocks are interfingered and are partially
covered by Paleoproterozoic lacustrine, fluvial and
marine sedimentary sequences.

Figure 2. Geological map of TGP. (1) Batalha Granite, (2)
HSM, (3) LSM, (4) Palito mine.

The post-caldera units are represented mainly by
rhyolites and ignimbrites, which encompass ring
composite volcanoes and domes. The latter occur as
vents along rings and within the calderas. Tuffs,
epiclastic sandstone and lacustrine sediments compose
the intra-caldera deposits. Intrusions of granophyric
stocks, and rhyolitic and rhyodacitic porphyry dikes
crosscut the volcanic sequence.

2 Epithermal mineralization
The high- and low-sulfidation mineralization are
associated with intrusions of dikes and stocks of
rhyodacitic to rhyolitic porphyries, which resulted in
strong and wide hydrothermal alteration zones in
volcanic and volcaniclastic rocks. The high-sulfidation
gold mineralization (HSM) occurs in hydrothermal
breccia pipes affected by advanced argillic alteration
with alunite-natroalunite veins and disseminated
pyrophyllite, andalusite, diaspore, rutile, kaolinitedickite, woodhouseite-svanbergite, hindaslite (?) pyrite,
chalcopyrite, bornite, covellite, sphalerite, enargiteluzonite, tetrahedrite-tennantite, famatinite, tiemannite,
kaolinite, pyrite, and very fine grains of native Au, Ag,
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similar to those observed in the HSM. δ34S values (1.2 to
3.6‰) of sulphides suggest magmatic source for the
sulphur.

3 Porphyry-type mineralization
Porphyry-related mineralization is related with the Palito
Au-(Cu) granite and porphyry dikes intruded in the lowsulfidation mineralization. The Au mineralization
associated with the Batalha Granite is similar to those of
Au-rich porphyry, but this granite was emplaced in
mesozonal crustal level (Juliani et al. 2002), precluding
its classifications as a porphyry-type mineralization. The
Palito granite composes a semi-eroded dome-like
granophyric body intruded in the northern boundary of
the shallow-emplaced intrusion of the Rio Novo
porphyritic granite. These granites are high-K calcalkaline and are possibly correlated to the later Parauari
granites of the TGP. It was intruded in the Fofoquinha
tonalite–granodiorite–quartz diorite and in early
granodiorites of the Parauari Suite. Porphyry stocks,
sometimes brecciated, and several porphyry dikes, some
of them affected by hydrothermal alteration crosscut the
previous units. This association shows geochemical
characteristics of generation in an active continental
margin evolving to a late collisional stage.
The main wall-rock hydrothermal alteration
recognized in the Palito and host rocks are potassic,
propylitic, and sericitic (QSP) alterations, with restricted
argillic alteration. The potassic alteration is very intense
in the mineralized Palito Granite and decreases in
intensity towards the host Fofoquinha and Rio Novo
units. The alteration resulted in almost complete
replacement of igneous feldspar by microcline and darkcoloured igneous biotite and amphibole by green biotite.
This alteration was followed by propylitic alteration
mainly in a fissure-controlled style, which evolved to Au
and Cu mineralized sericitic alteration. An outer halo of
propylitic alteration occurs around the Palito Granite.
The Au-(Cu) mineralization is represented by hundreds
NW-SE and E-W oriented sulfide-rich and quartz veins,
metric massive chalcopyrite ± covellite veins, and pyrite
± Cu-sulfide mineral lenses and veins. Massive sulfide
veins are locally crosscut by hydrothermal brecciated
sulfide veins and veinlets. All vein generations are
commonly sheared. The ore grade and the size of
mineralized veins decrease towards the host Rio Novo
Granite. "Sterile" samples of the Palito Granite without
sericitic alteration have ~0.25 ppm Au (up to 2.7 ppm).
SEM and WDS studies indicate that the ore has
chalcopyrite, pyrite, digenite, chalcocite, pyrrhotite,
galena, sphalerite, covellite, gold, electrum, barite,
argentumcuproauride,
bismuth,
bismuthinite,
makovickyite, wittichenite, hedleyite, cuprobismuthinite,
kupcikite, Te-Se-bismuth, Ag-Te-Bi-tellurite, matildite,
tetradimite, scheelite, ytrialite, monazite, thorite and
pilsenite. Native gold is predominantly included in
chalcopyrite. Later shear-related non-mineralized quartz
veins have mainly pyrite, carbonates and fluorite.
Microthermometric studies indicate salinities up to 23.8
wt.% NaCl equiv. and boiling evidences. δDH2O and
δ18OH2O values of sericite varies between –38 and –74‰,
and 1.7 to 6.9‰, respectively. Stable isotopes evidences
indicate mixing involving magmatic-derived and
meteoric hydrothermal fluids during the sericitic
alteration and the ore deposition. This evolution is very

4 Discussion
In the TGP, the presence of minor alkaline flows within
the calc-alkaline volcanic rocks of the Iriri Group
suggests a possible back-arc tectonic environment for the
caldera complexes with epithermal mineralization
(Juliani et al. 2005). The geologic setting of the TGP, the
presence of HS and LS mineralization, the relationship of
this mineralization with late- to post-collisional granites of
the Parauari magmatic event, and the association of the
Palito Granite with less evolved granitic rocks, suggest for
this area a high potential for the occurrence of Au-Cu
mineralization in the intra-arc environment, and of Au and
Cu-Mo-(Au) mineralization along the back-arc basin,
besides the associated epithermal volcanic-hosted
mineralization. The magmatic and metallogenetic zoning
and the geophysical data of the southern part of the
Amazonian Craton suggest that the Paleoproterozoic
subduction and the magmatic arc is ~W-E orientated, with
less evolved rocks with Cu-porphyry potential in the
southern part of the belt. In this scenario the 1.88 Ga.
andesites of the Sobreiro Formation at the Xingu area have
been considered as generated in a flat subduction event
(Fernandes et al. 2011). Oriented NW-SE fault zones in
TGP and NE-SW in Xingu area controlled the emplacement
of A-type granite and of dikes of rhyolites. These structures
were also tectonically reactivated at ~1.8 Ga.
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The Conceição do Mato Dentro Iron Formation Province
in southeastern Brazil
Vassily K. Rolim, Carlos A. Rosière
Instituto de Geociências, Universidade Federal de Minas Gerais, 31270-901, Belo Horizonte, Minas Gerais, Brazil
Abstract. The Banded Iron Formation (BIF)-bearing
sequence of Conceição do Mato Dentro region belongs
to the Serra da Serpentina Group and is comprised of
metapelites,
quartzites,
metaconglomerates,
and
carbonates.New preliminary age data from detrital
zircons provide a minimum age of 2050 Ma indicating
that the Serra da Serpentina Group is older than the
Espinhaço Supergroup, but younger then the Cauê
Formation of the Minas Supergroup. Exploration
campaigns in Serra da Serpentina Group in the last years
defined three main iron deposits located in the mountain
ranges of Serra do Sapo, Serra da Serpentina, and
Morro do Pilar. The geologic potential resources
estimated so far are of 8 billion tons at Serra do Sapo; 10
billion tons at Serra da Serpentina, and 4 billion tons at
Morro do Pilar. New mining operations will start in 2013
producing high grade, low contaminant, direct reduction
pellet feed.
Keywords. Serra da Serpentina, banded iron formations,
direct reduction ore

1 Introduction
The banded-iron-formation (BIF)-bearing sequence from
the Serra da Serpentina and Sapo Ranges extends more
than 40 km north of the township of Conceição do Mato
Dentro (Fig. 1). Conceição do Mato Dentro is located
approximately 150 km north of the world renowned
Quadrilátero Ferrífero mining district, Minas Gerais,
Brazil. Known since the 19th century, the Conceição do
Mato Dentro mining district was exploited to feed the
first blast furnace in South America, installed in 1894 at
Morro do Pilar (~25 km south of Conceição do Mato
Dentro). However, the district gained economic
importance only in the first decade of 21st century, due to
the rise of iron ore prices on the international market.
In 2005, three large mining companies, MMX (later
bought by Anglo American), VALE, and TERRATIVA
(during 2 years associated with BHP-BILLITON),
started independent exploration programs in the region,
involving
aerogeophysical
surveys
(magnetics,
gamaspectrometry,
eletromagnetics,
and
gravity
gradiometry), detailed geological mapping (scales
1:10000 to 1:5000), and diamond core drilling (~150,000
m).
These exploration data in association with ore
characterization, benefaction process, geometallurgical,
geotechnical, hydrogeological, market, and logistical
studies prove the economic and technical feasibility of
mining the iron deposits of the Conceição do Mato
Dentro region. The production of pellet feed by the
Anglo American mine is expected to start in 2013. Mines
belonging to the other two companies should start their
production in a few more years.

Figure 1. Regional geological map showing the location of
the BIFs of Serra da Serpentina Group and distribution of
others BIF-bearing sequences in southeast Brazil (based on
Grossi-Sad et al. 1997; Pedrosa-Soares et al. 1994).

2 Geological setting
The BIF-bearing sequence of Conceição do Mato
Dentro region belongs to the Serra da Serpentina Group
(Almeida Abreu and Renger 2002; Grossi Sad et al.
1990) and is comprised of metapelites, quartzites,
metaconglomerates, and carbonates that suggest a
typical distal sequence of a platform passive margin.
Form a structural point of view it is part of the Araçuaí
fold and thrust belt near the southeast border of the São
Francisco Craton, and consists of an imbricate thrust
system with folded slices of supracrustal rocks separated
by blocks of Archean gneissic rocks.
The age of the Serra da Serpentina Group is not yet
well defined but it has been tentatively correlated with
the Minas Supergroup, 2580 Ma to 2050 Ma (Renger et
al. 1994) or with the nearby Espinhaço Group, 1711 Ma
+8/-4 Ma using U/Pb in zircon (Machado et al. 1989),
1710 ± 12 Ma using Pb/Pb in zircon (Dossin et al. 1993).
Preliminary unpublished age data from the authors
obtained from detrital zircons of meta-conglomerates
stratigraphically located immediately above the BIFs (U-
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Pb SHRIMP) provides a minimum age of 2050 Ma. This
age indicates that the Serra da Serpentina Group is older
then the Espinhaço Supergroup, but younger then the
Cauê Formation of the Minas Supergroup and, therefore,
should not be correlated with any of these sequences.

3 The Serra da Serpentina Group
The Serra da Serpentine Group consists, from bottom to
top, of:
a) a pelitic basal unit with a thickness up to 700 m
comprising light red to yellow quartz-mica-schists
associated with rare fine white quartzites and
manganese-rich black schists, black shales, and sericitic
gray schists. Black and gray schists represent the
uppermost layer, which is in direct contact with the
overlying BIF.
b) a lower schistose quartz-hematite BIF unit where the
primary features were extensively obliterated by
deformation and recrystallization.
c) light red metadolostones and dolomitic marmor occur
in lenses up to 80m thick near the village of
Itapanhoacanga north of Conceição do Mato Dentro.
Quartz and/or calcite veins are frequent, giving a
brecciated appearance to the rock.
d) quartzite-metaconglomerates that generally overly the
BIF-unit. The quartzites are white, fine grained, and
sericitic; whereas, the metaconglomerates are clastsupported pebbles and boulders of the underlying BIF.
Clast of quartzites, iron formations, mica-schists, and
phyllites are also found in a quartz-rich matrix. This
psammo-rudite unit can reach a thickness of 300 m.
e) an upper 10- to 30-m-thick BIF unit on top of the
quartzite-metaconglomerate unit, which has lithological
and mineralogical characteristics identical to the lower
BIF layer (Fig.2).

4 The iron deposits
The three main iron deposits in the Conceição do Mato
Dentro region are located in the mountain ranges of
Serra do Sapo, Serra da Serpentina, and Morro do Pilar
(Fig. 1). Each presents similar mineralogical and
chemical characteristics comprising anhedral to tabularshaped hematite grains, specularite platelets, minor
magnetite/martite, and quartz.
The Serra do Sapo deposit, located in northern
Conceição do Mato Dentro, is 15 km long, strikes NNW
and dips 20-30° to ENE. The BIF layer has an average
thickness of 120 m, but can reach 350 m at its north end.
The Serra da Serpentina deposit begins at Conceição do
Mato Dentro is 32 km long, and strikes SE to ESE down
to the township of Santo Antonio do Rio Abaixo dipping
30 to 40° to NE – NNE. The average thickness is approx.
100 m. In this range at least two parallel BIF layers
outcrop due to thrust imbrications.

Figure 2. Complete stratigraphic column of the Conceição do
Mato Dentro region. GnGr – Archean gnaisse-granitic rocks;
Gr – granites; Ri – rhyollites; Qtz – quartzites; Sx – light red to
light yellow schists; Bs – black shales; Gs – grey sericitc
schists; BIF1 – banded iron formation layer 1; Do –
metadolomites; Cg – metaconglomerates; Cgr – granules
metaconglomerates; BIF2 - banded iron formation layer 2; Bs –
basic intrusive.
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The Morro do Pilar deposit also begins near Conceição
do Mato Dentro, is 20 km long, strikes south (dipping E)
until turning ESE (dipping NNE) at its southern end. It
dips gently 15 to 20°, and has an average thickness of 50
m, but gets up to 250 m in the southern inflection region.
Three ore types are recognized: hard, least altered
BIFs; friable weathered BIF; and high-grade hematite
ore. The first comprises 40 to 50% of the total resources
at Serra do Sapo; 30 to 40% at Serra da Serpentina and
70 to 80% at Morro do Pilar. Average grade is 32.5% Fe;
51.8% SiO2; 0.023% P; 1.24% Al2O3; and 0.89% FeO.
These percentages are very similar to the values
determined in iron formations worldwide (Klein 2005).
Weathered BIFs have undergone considerable residual
Fe-enrichment and present average grades of 43.86% Fe;
38.78% SiO2; 1.55% Al2O3; 0.022% P; and 0.98% FeO.
The high-grade ore bodies (>60% Fe) occur as
discontinuous, schistose to powdery, specularite lenses,
100 to 300 m long, with thicknesses varying from 10 to
30 m. Average grades are 66.93% Fe; 3.13% SiO2;
0.024% P; 0.85% Al2O3; and 0.55% FeO. These ore
bodies are tectonically controlled, located at shear zones
related to the regional thrust faults, and are of
hydrothermal origin (Lima 2009; Rolim 2010).
The geologic potential resources so far estimated are
of 8 billion tons at Serra do Sapo; 10 billion tons at Serra
da Serpentina, and 4 billion tons at Morro do Pilar. Two
minor deposits, with similar geologic characteristics, are
also known in the region at Itapanhoacanga and Serro
(Fig.1)
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Revista Brasileira de Geociências 32:1-14
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Grossi-Sad JH, Lobato LM, Pedrosa-Soares AC, Soares-Filho
BS (eds) Projeto Espinhaço em CD-ROM (textos, mapas e
anexos). COMIG, Belo Horizonte, pp 2533-2693
Klein C (2005) Some Precambrian banded iron-formations (BIFs)
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mineralogy, metamorphism, geochemistry and origin. Am
Mineral 90:1473-1499
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Desenvolvimento da Tecnologia Nuclear, Belo Horizonte
Machado N, Schrank A, Abreu FR, Knauer LG, Almeida-Abreu PA
(1989) Resultados preliminares da geocronologia U/Pb na
Serra do Espinhaço Meridional. In SBG, Simp. Geol. MG 5,
Anais, pp 1-4
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Gerais, Escala 1:1.000.000. SEME/COMIG, Belo Horizonte,
231 p
Renger FE, Noce CM, Romano AW, Machado N (1994) Evolução
sedimentar do Supergrupo Minas: 500 Ma. de registro
geológico no Quadrilátero Ferrífero, Minas Gerais, Brasil.
Geonomos 1:1-11
Rolim VK (2010) Mapeamento geológico-estrutural de detalhe da
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5 Conclusions
The low Fe grade, mostly compact banded iron
formations of the Serra da Serpentina Group have been
transformed into economically important iron deposits
by the rise in international iron ore prices.
They are Lake-Superior-type BIFs with little, if any,
Fe hypogenic enrichment, although they are highly
deformed and metamorphosed in the greenschist facies.
The depositional environment, assumed to be
plataformal at a passive margin, should be confirmed by
further studies like REEs analysis and sedimentary facies
mapping.
Their Rhyacian age should also be constrained by
new data coming from more quartzite-metaconglomerate
zircon U-Pb SHRIMP analyses and from Re-Os age data
from the underlying black shales.
Their poor content of impurities like P and Al2O3 and
the easy liberation of iron oxides and quartz at 0.15 mm
make them an excellent source of Direct Reduction (DR)
pellet feed, which has
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Structural and intrusive setting of the Montañitas gold
mineral systems, Eastern Andean Cordillera, Northern
Peru
Thomas Angerer, Steffen G. Hagemann
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Compañia Mineral Poderosa SA, Lima, Peru
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Abstract. Geological mapping of Sierra Montañitas, the
mountain range SE of the Parcoy gold mining district in
the Eastern Andean Cordillera in Peru, combined with
geochemical, and geochronological analyses, reveal a
complex intrusive system, comprising medium grained,
oxidized, calc-alkaline, moderately evolved I-type
granitoids and multistage porphyritic (subvolcanic)
intrusions. Their emplacement was largely structural
controlled by two, NE(NNE) and NW(WNW) trending and
steeply dipping fault systems. Brittle reactivation and
associated hydrothermal alteration overprinted the rocks
in the Montañitas region. The overall geological
configuration is similar to the Pataz region, and
geochemistry reveals a close genetic relationship of
magmatic rocks with the Pataz batholith series. The
dominance of porphyritic rocks suggests that the
Montañitas represent a higher crustal section than in the
Pataz region, and the absence of epithermal alteration
suggests deep erosion.
The mineralization styles at Montañitas are varied. Visible
gold
is hosted in quartz-chlorite-epidote-pyritearsenopyrite±carbonate±galena veins in granite. Copper
and locally Au are present in quartz-malachite±carbonate
veins. Controlling structures for the Au-bearing vein
occurrences are mostly Riedel shear zones related to
major NE(NNE) trending strike-slip faults. The Estrella
mine at the southern margin of the Pucara Group
limestone is a small (high-grade) gossaneous Fe-Au-Cu
exoskarn deposit. Anomalous Au exist in quartz
stockwork in phyllic altered porphyritic quartz-dacite.

this area. This contribution will provide a documentation
of the structures, mineralogy and geochemistry of
intrusive rocks and a description of the different gold
systems.

2 The geology of the Montañitas
The geological framework of Montañitas is divided into
two zones: the southwestern graben (trough) that hosts
Neoproterozoic mafic to intermediate volcanogenic
rocks of the Marañon Complex and Paleozoic to
Mesozoic sedimentary rocks of the Ambo, Mitu, and
Pucara Groups, and the larger northeastern intrusiondominated zone. The boundary between both zones is a
NW trending Andean normal fault (Fig. 1). Intrusions in
the eastern part include a magmatic suite of
monzogranite, grandiorite, tonalite, and quartz-diorite,
which is truncated by, and is locally gradational into,
porphyritic to subvolcanic rocks.
The rock units of the Marañon Complex are
recumbently folded but show only locally a pervasive
chlorite cleavage (Fig. 1b). Therefore, the Marañon
Complex in the Montañitas represents a low-strain zone
compared to the similar stratigraphic units in the PatazParcoy region (Witt et al. 2009).
Porphyritic rocks display incipient cleavage,
especially in phyllic altered porphyritic quartz-dacite,
indicating some degree of deformation postdating the
phyllic alteration. Considering a Paleozoic-Mesozoic
minimum intrusion age (Mišković et al. 2009, to be
confirmed), the fracture cleavage in porphyritic rocks is
most likely related to Andean orogenic phases. The
horizontal stress for cleavage formation is NE-SW
directed (Fig. 1c).
The brittle fault pattern is dominated by NE(NNE)
and NW(WNW), steeply dipping fault sets (Figure 1a).
The NE(NNE) fault set includes five main faults,
delineated by major valleys and outcropping second
order faults (Fig. 1a). Strike-slip kinematics is indicated
by steeply dipping secondary faults (parallel to master
fault, low-angle R and P, and high-angle R’ faults) in the
vicinity of major faults with shallowly plunging
structural striation. Secondary thrusts and high-angle
reverse faults are observed as well, and may be related to
the strike-slip kinematic, but may also be evidence of
reactivation (Fig. 1d). Most of the major NE(NNE)

Keywords. Andes, Eastern Cordillera, hydrothermal
alteration, gold, copper, skarn, geochronology

1 Introduction
Sierra Montañitas (“small mountains”) are a (partly
subvolcanic) intrusion-dominated region located in a
mid- to high-altitude (3600-4200 m.a.s.l.) section of the
Eastern Andean Cordillera, about 50 km SSE of the
Pataz-Parcoy gold mining district (Haeberlin et al. 2004;
Schreiber et al. 1990). Even though artisanal mining has
indicated the potential for gold deposits in the region
(e.g., the La Paccha artisanal mining district and many
other disseminated workings throughout Montañitas),
there has been a dearth of geological research in the area.
For example, there is little known about the structural
and intrusive framework and different gold systems in
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to 10 ppm) consists of a Cu-rich goethite gossan, which
is the weathering product of the exoskarn. The pyroxene
diorite is locally truncated by younger NE-trending
strike-slip faults (determined by lithology offset), which
caused to a localized overprint by quartz-chloriteepidote-pyrite±arsenopyrite(?) alteration.
(4) Auriferous silica-sulphide-rich propylitic and
phyllic (-argillic?) alteration in intermediate to acidic
porphyritic intrusive rocks: Hydrothermal vein and wall
rock alteration of intermediate to acidic porphyritic
intrusive rocks, located in the SE of Montañitas, is
mainly siliceous, propylitic (chlorite), and sulphidic
(arsenopyrite and pyrite). One analysed quartzarsenopyrite vein has an elevated gold concentration (Au
= 0.13 ppm). The 10’s m wide zones of hydrothermal
alteration are spatially associated to the Riedel shear
zone system that is related to a NE trending master
strike-slip fault (no. 1 in Fig. 1a). Gold anomalies (10 to
30 ppb) are detected in quartz stockwork/sheeted veinrich zones within bleached sericite-sulphide-altered
quartz-dacite in the eastern porphyry intrusions. These
zones are typified by a dense network of partially
parallel oriented thin (cm-scale) white quartz veins.

trending faults show parallel bends, which may represent
extensional jogs (Fig. 1a). The timing of faulting is
polyphase, which is suggested by overprinting
relationships.

3 Geochemistry of magmatic rocks
The whole rock geochemistry data of 35 igneous rock
samples suggest a close chemical relation between
granitoids and porphyritic subvolcanic rocks in the
Montañitas. The magma type is calc-alkaline and has a
uniform C1-chondrite normalized REE fractionation
trend (LREE-enrichment and a negative Eu anomaly:
Fig. 2). In least-altered granites and felsic porphyritic
intrusions the Na2O is high (2.9 - 4.1%) and K/Rb is
between 200 - 270, suggesting moderately evolved Itype magma (Chappell and Stephens 1988). These trends
are similar to the high-SiO2 series of the Pataz Batolith,
suggesting a strong genetic relationship (Witt et al.
2009). This is supported by SiO2 versus major oxides
plots (not shown).
The oxidation state in these rocks is oxidized
(Fe2O3/FeO = 0.6 - 3.4) and Rb/Sr is between 0.37 - 3.5.
These ratios indicate an affinity of the igneous suite of
the Montañitas to Cu-Au and Cu-Mo metallogeny
(Blevin and Chappell 1995).

5 Preliminary conclusions
The Montañitas region comprises a complex intrusive
system that includes a granitoid suite and multistage
porphyritic (subvolcanic) intrusions showing calcalkaline I-type magma signatures with an affinity to CuAu (and Cu-Mo) metallogeny. The geochemical
similarity between Montañitas magmatic rocks and the
Pataz batholith (e.g., REE fractionation, Harker
diagrams) suggests a close genetic relationship between
both. The dominance of porphyry intrusions suggests
that Montañitas represent a higher crustal section than
the Pataz region (Witt et al. 2011, in the present
conference volume), however the area has been eroded
to depth where any potential epithermal systems have
been stripped off. Three auriferous mineralization styles
are present: orogenic gold (?) veins, structurally
controlled by NE(NNE) and NW trending fault systems,
porphyry-hosted
stockwork/sheeted
veins
with
anomalous Au, and a Fe-Au-Cu exoskarn.
The general fault pattern is compatible with the
Eastern Andean Cordillera structural architecture (Witt et
al. 2009; Haeberlin et al. 2004), with two major fault
systems: 1) a NW trending fault system parallel to the
Marañon fault and the major intrusive rocks, and 2) a NE
trending system. On a plate tectonic scale the NEtrending faults are parallel to ocean floor (transform)
faults SW of the Peruvian coastline. Future work will
provide a robust geological model for the different gold
systems, thereby assist in better constraining the
metallogeny of the eastern part of the Andes in Peru and
South America.

4 The Montañitas Au(-Cu) mineralization
styles
The mineralization styles in Montañitas are varied, and
spatially related to the dominant NE(NNE) and NW fault
pattern, in the SW and SE (Fig. 1a):
(1a) Auriferous quartz-chlorite/epidote-pyrite-galena
veins in the central granite and SE porphyritic intrusive
dacites: Variously oriented quartz veins in the central
granite are commonly close to the intersection of a major
NE(NNE) and NW trending faults. Several artisanal
mine workings follow steeply dipping gold-bearing
veins. Visible gold is in equilibrium with pyrite in
quartz-chlorite-pyrite-galena veins. Wallrocks to veins
are silicified and locally breacciated granites and felsic
porphyries. Samples of these quartz veins show high-Au
and locally high-Cu anomalies.
(1b) Auriferous malachite veins, second-order strikeslip(?) fault hosted: Cu±Au bearing malachite-quartz
veins are located in steep (Riedel?) faults at low-angles
to one of the major NE(NNE) trending strike-slip fault
zones (no. 3 in Fig. 1a), and at high-angle (R’?) shears to
NE(NNE) faults. In one mine, the adjacent fault rock is
characterized by silicification and boxworks after
euhedral sulphide (pyrite?) crystals.
(3) Iron-copper-gold skarn: The skarn at the Estrella
artisanal mine is located at the SW boundary between the
Pucara limestone and a pyroxene dioritic stock (Fig. 1a).
The temporal and genetic relationship between the
pyroxene diorite stock and other intrusive rocks in the
southern zone is presently unknown. The mine includes a
massive magnetite-calcite-silicate(?) exoskarn, which is
located in recrystallized Pucara limestone, and a patchy
endoskarn (defined by green pyroxene and red garnet) in
silicified diorite. The proximal high-grade gold zone (up
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Figure 1. Structural map and data of the Montañitas. A) schematic map, B) structural data including of the Paleo-Mesozoic strata,
cleavages in intrusions, and Marañon complex lithologies, C) fault slip data of strike slip and reverse faults.

Figure 2. Whole-rock geochemistry data of intrusive rocks of the Montañitas and the Pataz region (data of the latter in courtesy of
CMPSA and Wally Witt).
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Uranium mineralization in carbonaceous chert pebbles
from Mesoarchean Mozaan Group conglomerates (~3
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Abstract. Black, organic matter-rich chert pebbles from
conglomerates at the base of the Mozaan Group contain
up to 500 ppm U. Uranium minerals occur as droplet-like
inclusions in quartz grains, as U-Ni-As-S-Fe minerals on
pyrite, as silicates disseminated in the quartz matrix and
incorporated in late-stage Fe-oxides in veins. The black
cherts represent replacement cherts. They have most
likely a volcano-sedimentary protolith and display
conglomeratic and brecciated textures respectively. Prior
to erosion and deposition in a fluviatile environment, the
protoliths
were
silicified
and
experienced
Kmetasomatism (feldspathisation, biotitisation). However, a
chemical comparison of the chert pebbles to potential
Archean source cherts show that the significant
enrichment of U and Th in the chert pebbles is related to
hydrothermal fluid infiltration after their deposition in the
basin. Low-temperature oxidizing fluids (weathering?)
remobilised U and sequestered U in-situ in Fe-oxides.
Further investigations have to show whether the U
source is dissolved detrital uraninite or an external
source.

the Pongola Supergroup contain ~ 500 ppm U. Cherts
represent an important sedimentary lithology in Early
Archean time, and chert pebbles represents ~12 vol.% of
certain fluviatile conglomerates of the Witwatersrand
(Frimmel et al. 2005). Cherts were subjected to several
hydrothermal events both before and after their
deposition in mineralised conglomerates, and should
thus be evaluated for their uranium potential. This is the
first study that investigates the U mineralogy of chert
pebbles in Archean conglomerates and associates the
physico-chemical conditions related to each step of the
rock evolution.

2 Geological setting
Black chert pebbles are hosted in U-Au-bearing
conglomerates of the Denny Dalton Member of the c.
2.96–2.87 Ga old Mozaan Group (Pongola Supergroup,
SE Kaapvaal Craton; Hegner et al. 1994). The Pongola
Supergroup is a volcano-sedimentary succession which
is lithologically and stratigraphically similar to the
Witwatersrand Supergroup. The Mozaan Group consists
of fluvial to shallow marine sandstone and shale. Thin
beds of gold- and uranium-bearing conglomerate are
locally present in the Mandeva Formation at the base of
the Mozaan Group and have been mined at Denny
Dalton (northern KwaZulu-Natal). The Mandeva
Formation rests on basalts of the Nsuze Group along an
angular unconformity and contains conglomerates of the
Denny Dalton Member at its base. The conglomerate of
the Mozaan Contact Reef contains sulphide- and
subeconomic gold- and uranium-mineralization and was
deposited in a proximal braided alluvial plain
environment (Dix 1984). On surface, the conglomerate
has been affected by weathering (Saager et al. 1981).

Keywords. placer deposit, Archean, carbonaceous chert,
pyrite, uranium silicate, K-metasomatism, pyrrhotite,
TEM, FIB, Curie balance, XRD

1 Introduction
The Mesoarchean Witwatersrand Supergroup in South
Africa is exploited for uranium as a by-product to gold
mining (~270 g/t U, Frimmel et al. 2005). The origin of
U is generally attributed to detrital uraninite, but the
presence of uraninite in fracture fillings and associated
with bitumen indicates some remobilisation and/or
hydrothermal alteration. Some carbonaceous matter
bearing chert pebbles in Mesoarchean conglomerates of
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3 Mineralogy of the conglomerates

veins, and a later Fe-oxide vein network, indicate fluid
infiltration after the initial silicification event.
In the chert with the conglomeratic texture, Kfeldspar, biotite, monazite, pyrite (As, Co, Ni bearing),
Ni-As-Co sulfides and Ti-oxides are associated with
microquartz and represent minerals that formed during
silicification. Secondary minerals include large Kfeldspar crystals, Ba- and Cr-bearing biotite, massive
euhedral pyrites, pyrite aggregates and sphalerite,
overgrowing or cross-cutting the microquartz matrix.
Some pyrite grains are partly dissolved, indicating
subsequent events of fluid flow. Uranium minerals are
droplets in, or at grain boundaries of, quartz grains.
Numerous coffinite grains, U-Ti-(Si) (brannerite?), UZn-Si (S) and U-Si-As-P-Ca phases were observed
interstitially to quartz grains or sometimes around Tioxides. The latter shows dissolution features and the
presence of PbS along grain boundaries. U-S-As-Ni-Fe,
U-Si phases with traces of S, Al, Mg, Fe, Ni were mainly
observed on crystal surfaces of the pyrite. U-silicate
(coffinite?) veinlets with local U-silicate accumulations
occur along quartz grain boundaries.
In the chert sample with a brecciated texture, no Kfeldspar, As-Ni-Co-sulfides and Ti-oxides were
observed. Synchronous with silicification droplets of
pyrite, sphalerite and galena, micrometric Ca-amphibole
and Ba-Cr-bearing biotite formed as inclusions in quartz
grains. Secondary minerals include large patches and
veins of biotite. Rare large euhedral pyrite represent an
agglomeration of smaller grains. Pyrite with galena
occurs in veins. Coffinite is the most common U mineral
and is disseminated in the quartz matrix. Coffinite is
massive or has a vermiculate, filamentous texture, and is
always characterized by the presence of droplet-like or
small euhedral crystal of galena. It is intergrown with
clays and quartz and also shows dissolution features. UAl-silicates are intergrown with biotite patches. A few
cross-cutting veins filled with Fe-oxides are present.
They have a porous texture and contain about 0.1 wt.%
U, 1.2-1.9 wt.% As, and variable Al and Si contents,
indicating their intergrowth with clays and quartz. Low
S contents indicate that these Fe-oxides are an oxidation
product of pyrite.
The large pyrites in the microconglomeratic chert
facies contain 0.14-2 wt.% Ni, while those in the
brecciated samples contain 0.13-1.3 wt.% As.

The Mozaan Contact Reef (MCR) is an up to 1 m thick,
laterally discontinuous conglomerate. The facies vary
from medium- to large-pebble, polymictic, matrixsupported conglomerate to rare cobble-sized, clastsupported conglomerate concentrated within palaeochannels directly above the footwall contact. Pebbles
consist predominantly of vein quartz and chert in a sandy
matrix dominated by quartz and sericite. Pyrite is a
common detrital constituent and occurs as (sub-)
rounded fine sand to small-pebble-sized particles (Fig.
1). Tabular, well cleavaged Ti-oxides (anatas) occur
associated with the pyrite pebbles. Focused-ion-beam
(FIB)-transmission
electron
microprobe
(TEM)
investigations reveal that large anatas grains (100 μm)
are composed of multiple small crystals pointing to rapid
crystallization. The patchycontrast is due to nonstoichiometry of the anatas grains. Secondary porosities
within these crystals are filled with nanocrystals of
galena. Silica inclusions in anatas do not show
diffraction, any contrast or any irradiation damage
contrast features and are thus amorphous. Uranium
minerals in the matrix of the MCR are rare needle-like
crystal clusters of brannerite (U,Ca,Ce)(Ti,Fe)2O6) and
anhedral porous grains of uraniferous leucoxene with
inclusions of pyrite, galena and chalcopyrite (Saager et
al. 1986).
3.1

Mineralogy of the black chert pebbles

Two representative black chert pebbles were studied.
They represent replacement cherts and the silicification
of the sedimentary or volcano-sedimentary protolith
occurred in the source area (Orberger et al. 2006;
Rouchon and Orberger 2008).

3.2

Mineralogy of the detrital pyrite

Three generations of pyrite can be identified, and occur
as sand- to pebble-sized anhedral to euhedral grains in
the matrix. The most abundant pyrite grains (0.2 to 10
mm) are massive, subrounded to rounded, with etched
and abraded edges. Surfaces of these pebbles show radial
dissolution marks, which are filled in part by
micrometric galena. Gold, arsenopyrite and minor
pyrrhotite occur as minute inclusions within these
pyrites. Well-rounded, porous pyrites with diameters up
to 10 mm are associated with the smaller massive pyrite
within the MCR. Rounded pyrite with the radial texture
of marcasite is also common. Pores within the grains are
commonly filled with quartz and sericite. FIB-TEM
analyses of massive rounded pyrite pebbles show that

Figure 1. Pyrite pebbles accumulated between chert pebbles,
Pongola Supergroup, Denny Dalton Mine, South Africa.

The two cherts have different prototextures,
microconglomeratic and brecciated, respectively. The
microconglomeratic chert facies is composed of rounded
clasts, which are enriched in organic matter. 2. The
brecciated chert facies contains millimetric fragments of
quartz coarser grained than that of the matrix. These
clasts contain numerous angular black and dark grey
fragments. A network of cross cutting micro quartz
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these pyrites contain nanocrystals of randomly oriented
hexagonal iron monosulfide (troilite). This iron
monosulfide
was
not
detected
through
its
thermomagnetic behaviour during Curie Balance
experiments, nor by X-ray diffraction, probably due to
its nanosize and its low abundance.

Further investigations are under way to evaluate whether
the U source is dissolved detrital uraninite or an external
source.

4 Geochemistry

For analytical work we obtained financial support from the
CNRS-INSU program GUTEC, the UMR IDES 8148, field
work was sponsored by the CNRS-NRF bilateral program CI.
We thank A. Schreiber, L. Delabesse, R. Pichon, V. Godard and
O. Dufaure for analytical and technical help.
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Five black chert pebbles were analysed. They have
variable U contents (1, 40, 50 and 400, 470 ppm) and
very low and variable Th/U ratios (0.00049–0.082) and
K2O contents (0.05 and 0.21 wt.%). For comparison,
Barberton granite (Th/U = 4.8) and Archean cherts, the
potential source material (Th/U = 0.34 –3.51) have
significantly higher Th/U ratios which are positively
correlated. All chert pebbles show unfractionated PAASnormalized light rare earth element patterns. Some are
highly enriched in middle and heavy rare earth elements
(MREE, HREE) and yttrium, while others are almost
unfractionated. A slight negative Y anomaly was
observed in all samples. However there is no correlation
between the enrichment of MREE and HREE and the Ucontents.
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5 Discussion and conclusion
In order to evaluate the potential of the black chert
pebbles as a U source, we retrace their history before and
after deposition. The particularity of the Denny Dalton
locality is that no detrital uraninite was found. Alkalimetasomatism and U-mineralisation are often related and
give rise to one of the world-class type of uranium
deposits. As K-metsomatism is a common phenomena in
the Archean related to intensive hydrothermal activity
during replacement of volcano-sedimentary rocks
(Orberger and Rouchon 2008), this process could be
responsable for the U mineralisation. However,
comparative binary plots (Al2O3, K2O, TiO2, MgO and
Rb versus U and Th, U versus Th) of the Pongola chert
pebbles and Archean cherts of the potential source areas
(Nondweni greenstone belt; Hofmann and Wilson 2007)
indicate that U and Th are generally enriched in the chert
pebbles. It can thus be deduced that both U and Th were
infiltrated into the chert pebbles through reducing
hydrothermal aqueous fluids after deposition, possibly
during greenschist facies metamorphism that affected
these rocks at an unknown time in the past. This is also
supported by the rough correlation between U and Th,
and the presence of U-droplet inclusions in quartz, and
U-Al-silicates intergrown with biotite in veins.
Brannerite was formed and various U-S-As-Fe-Ni
minerals nucleated on hydrothermal pyrite. Uranium was
trapped in the cherts, possibly in part because of its
carbonaceous matter content.
In the matrix of the conglomerates the hydrothermal
overprint is marked by the crystallization of sericite and
amorphous silica bearing Ti-oxides (anatas). Uranium
was remobilised by oxidizing fluids, probably during
weathering, from the dissolution of the hydrothermal
minerals (coffinite dissolution) and was either
incorporated into Fe-oxyhydroxides in veins or adsorbed
as U(VI) on the oxide surfaces (Saager et al. 1981).
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Medium-term uranium supply and demand economics
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Abstract. Future global uranium production from ore
deposits was modelled following two independent
approaches, i.e., (i) based on reported reserves and
resources as well as planned capacities of current
uranium mines and mine projects, and (ii) based on a
hypothetical calculated total amount of U that can be
mined as extrapolated by a modified Hubbert
Linearization and parabola technique. Both methods
resulted in a predicted U peak at around 2023. Until that
time, an oversupply of U is predicted. After 2013, when
secondary U from the dismantling of nuclear weapons
might not be a significant source for the global U supply
anymore, this shortfall will be covered by additional
primary U from mining of ore. From the late 2020’s or
early 2030’s, a progressively opening gap between U
supply and demand is predicted.

availability of U from U-ore deposits, based on reported
reserves and resources as well as planned capacities of
current uranium mines and mine projects. The results
obtained are then compared with an extrapolated future
production curve that is modelled based on the
hypothetical calculated total amount of U that can be
mined as extrapolated by a modified Hubbert
linearization and parabola technique.

2 The relative significance of different Uore deposit types
No other commodity is marked by such a large spread in
mineable ore grades as U. Ore grades of deposits
currently being mined or of projects that are at an
advanced stage of development range from 0.01 to as
much as 21% U3O8 as in the case of Cigar Lake
(Canada). This wide range reflects the diversity of
geological processes that can lead to enrichment in U,
giving rise to a large variety of ore deposit types.
A compilation of all reported reserves and resources
(i.e., measured, indicated and inferred but excluding
prognosticated and speculative resources) yielded a total
resource (incl. reserves) of some 10,300 kt U3O8. The
largest proportion (28.2%) thereof is in IOCG deposits,
dominated by a single deposit – Olympic Dam in South
Australia. The second most important deposit type is
sandstone-hosted deposits, which contribute 19.5% to
the total resource. Unconformity-related deposits, mainly
in the Athabasca Basin and related basins in North
America and Australia follow with 9.4%. The Uresources in tailings of the South African gold industry
are with 9.2% of similar size. Also significant are
metasomatism-related deposits (7.6%, mainly in Ukraine
and Russia), black shale-hosted resources (5.9%) and
granite-hosted deposits (5.3%). All other deposit types
contribute less than 5% to the known total resource.

Keywords. uranium, mining, supply, forecast

1 Introduction
Uranium ore is being mined essentially for the purpose
of generating electricity. The currently 440 nuclear
power plants in use worldwide consume about 68,600
metric tonnes (t) uranium per annum. Over the last few
years, only 63 to 68% of this demand could be covered
by U from the mining of U-ore deposits (the proportion
increased in 2009 to 76% largely due to an increased
production in Kazakhstan), according to data provided
by the OECD/IAEA (2010). The difference between
supply from primary deposits and demand has been
made up by U from the nuclear weapons stockpiles of
the USA and the former USSR, following a series of
disarmament treaties. These treaties expire in 2013,
which poses the question whether mining of U-ore
deposits can make up for the expected shortfall in U
from secondary sources, such as nuclear weapons.
Since nuclear energy is perceived by many as CO2neutral and thus favoured for fear of global warming, it
is likely that there will be a net increase in the future
global generation of nuclear power. OECD/IAEA (2010)
presents two scenarios, a conservative prediction of an
increase in nuclear generating capacity installed in 2035
to some 511,041 MWe (low-demand scenario) and a
more aggressive expansion of nuclear energy to some
781,973 MWe (high-demand scenario) by 2035. To meet
these predicted demands some 87.37 and 138.17 kt U/a,
respectively, would be required by 2035.
Both a significant reduction in U from secondary
sources and a predicted drastic increase in U-demand in
the years to come place severe pressure on the U-supply
from primary, mineable resources. The aim of this
contribution is, therefore, to assess the future

3 Availability of mineable uranium ore in
the next 25 years
The future availability of U from mining is dictated by
the lifespans of existing mines and the development of
new projects. Only 17 mines, each contributing >2% of
the global production, account for four fifths of the
global production and are thus the major role players.
Based on reported resources, capacities and life of mine
data, an increase in production from these 17 role
players from currently 52 kt to 60.9 kt U3O8/a in the
years 2020-2024 is predicted. Thereafter, production is
calculated to drop to 41.3 kt/a and then to 34.8 kt/a after
2030. These numbers are based on the assumption that
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supply/demand relationship balanced.
(v) Irrespective of the above, a widening gap between
supply and demand will open up in the 2030’s.
Predicted avai lable amount of U3O8 from mining
(100 0 t/a)

the expansion plans for Olympic Dam will be realised.
Amongst new projects (Fig. 1), those that are either
under construction or with a completed feasibility study
naturally stand the highest chance of contributing to the
global U production in the coming years. In contrast,
those that have not even undergone a pre-feasibility
study are unlikely to become significant U-producers in
the next decade or so, considering the time typically
required to install a new mine. Thus, based on ideal
development plans as presented by the various
companies, the reported resources, planned mine
capacities and thus life-of-mine prognosis, the expected
annual contribution from such new projects has been
calculated for the next 25 years. Accordingly, new
projects should contribute 11.6 kt U3O8/a until 2014,
with a considerable hypothetical increase to 51.2 kt/a
over the following 5-year period, up to 55.8 kt/a in the
period 2020-2024. Thereafter, a decrease is calculated to
43.0 kt/a for the period 2025-2029 and to 23.9 kt/a for
the years from 2030-2035.
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Figure 2. Comparison between theoretically available U from
mining and predicted requirements (in 5-year steps) for the
nuclear energy industry (low- and high-case scenarios as given
by the OECD/IAEA 2010).

Although the calculated oversupply in U in the late
2010’s and early 2020’s can be carried forward and thus
will offset some of the depicted gap between supply and
demand after the mid-2020’s, known resources are not
sufficient to sustain the generation of nuclear power at
planned levels beyond the 2030’s, unless some major
new discoveries are made in the coming years.

5 Sustainability of uranium mining
Figure 1. Ore grade versus tonnage for uranium projects
under various stages of development.

Potential for future production, not considered in Figure
2, exists in the Australian Jabiluka deposit, in the Elkon
district in Russia and to some extent in new resources to
be defined in the large Cigar Lake deposit (Canada).
Optimistically, an extra 15 kt U3O8/a could be feasible
from these places for the time 2030-2035. In the highdemand scenario, this would still leave a deficit of some
70-80 kt/a from 2030. A predictable increase in the Uprice at that time could make projects such as the shalehosted Viken deposit (Sweden) or the calcrete-hosted
Marenica deposit in Namibia economic. The same
applies to gold mine tailings around the Witwatersrand
in South Africa. Although all of these projects together
can add further several kilotons to the annual
production, they are by far not sufficient to meet the
predicted demand from the 2030’s.
As with many other metallic mineral resources,
exploration has reached a high level of maturity. This is
reflected by the fact that increasing exploration budgets
do not necessarily lead to a corresponding increase in
discoveries anymore. Thus a clear trend emerges
towards discovery and planned mining of low-grade
ores. Mining of low-grade ore invariably requires higher

4 Supply versus demand
The above numbers for mineable U-resources in the
next 25 years are unlikely to match real developments.
They can serve, however, as a base for the prediction of
likely market adjustments. A number of conclusions and
predictions can be drawn from the comparison between
theoretical supply and likely demands as shown in
Figure 2:
(i) There will be sufficient U from mining to compensate
for a likely lack of U from decommissioning of
nuclear weapons from 2013;
(ii) The hypothetical supply from 2014 into the early
2020’s exceeds the predicted demands, even for the
high-case scenario that assumes aggressive global
expansion of nuclear power;
(iii) The predicted oversupply will suppress major
increases in the spot market price for uranium within
the next decade;
(iv) A number of projects will be delayed from the
2010’s into the 2020’s in order to keep the
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input of energy and water and thus higher production
costs (Norgate and Jahanshahi 2010). The latter can be
offset by a corresponding higher price of the commodity.
In the case of U, there is a limit to this for as long as the
commodity is used essentially only for the generation of
electricity. There is a thermodynamic limit, beyond
which the production of U from ores is not economic
anymore as it would consume more energy than can be
yielded from the produced amount of U. The effort
required to extract U from ore increases exponentially
with decreasing ore grade. This has been shown in
several studies (e.g., Storm van Leeuwen and Smith
2008; Mudd and Diesendorf 2010), which also
illustrated a corresponding exponential increase in CO2emission with U-extraction from progressively lower
grade ore. Following these studies, an ore grade of
0.01% U3O8 should be close to the thermodynamic limit
below which any U-production would make no
economic sense anymore, irrespective of the market
price for U. Almost all of the undiscovered resources
(i.e., prognosticated and speculative resources) reported
by the OECD/IAEA (2010) have ore grades close or
below that limit.
Theoretically, the known U-resources should last for
another 140 years if consumption remains at current
levels. As many of these resources have very low oregrades, this number of years must be regarded as
meaningless though, with only a fraction of those
resources actually available for economic mining.
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Figure 3. Actual (solid line) and modelled (stippled line) Uproduction curve, assuming Q∞ = 13,200 kt U3O8.
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6 Modelling of production curve
Independent of the above calculations and predictions,
the future production of U may be modelled based on
past production curves, following an approach similar to
Hubbert’s (1956) astonishingly successful modelling of
the USA oil production. The applicability of the peak-oil
theory also to metals remains a question of debate (for
an attempt to apply it to gold see Müller and Frimmel
2010). When applying the Hubbert Linearization
Method to U-production, the linear extrapolation of the
ratio between annual production (P) over cumulative
production up to that given year (Q) as a function of Q
yields a total recoverable amount of Q∞ between 2800
and 7000 kt U3O8. The lower value is unrealistic but the
upper value corresponds well with the total resource
given by the OECD/IAEA (2010).
The cumulative production as a function of time can
be described by a logistic function using a least-squares
method for a given value of Q∞. Using the maximum
resource estimates from above plus the already mined
amount of U gives a Q∞ of some 13,200 kt U3O8.
Expressing the logistic function in terms of global U
production over time yields a peak production of 187
kt/a in 2023 (Fig. 3). This peak production is
considerably higher than that predicted in Fig. 2, which
is due to all known resources considered here and not
only those that are likely available for mining.
Interestingly, though the absolute numbers of annual
production at peak-time vary, both approaches resulted
in a very similar time-frame for the peak in Uproduction, i.e., at around 2023.
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Geology and tectonic setting of Pasha-Ladoga and
East-Anabar basins (Russia): implications for the
formation of unconformity-related uranium deposits
Alina V. Kuptsova
Department of Geology, St. Petersburg State University, Universitetskaya nab. 7/9, 199034, St. Petersburg, Russia

Abstract. Pasha-Ladoga and East-Anabar basins are
known as uranium potential areas in Russia. Geological
data indicate that these basins represent different
tectonic environments which could be responsible for
uranium deposits formation and tonnage. Calculated
isotopic composition of H and O shows similarity of Karku
deposit with basement-hosted Athabasca deposits, while
Anabar ore occurrences with sandstone-hosted
Athabasca deposits.

successions are different for eastern and western flanks
of the Basin. On the western flank fluvial sediments are
overlain by lacustrine and shallow-marine successions
(Priladoga, Jablonevka Formations), whereas on the
eastern flank – by fluvial deposits with volcanic units
(Salmi, Pasha Formations).

Keywords. Pasha-Ladoga Basin, East-Anabar Basin,
tectonics, unconformity-related uranium deposits

1 Introduction
Proterozoic Pasha-Ladoga and East-Anabar basins are
regions with high uranium potential for unconformitytype uranium deposits similar to that in the Athabasca
Basin. Based on the Athabasca Basin model, it was
predicted that most of Proterozoic basins in Russia are
not favorable for this type of uranium mineralization.
However, in Pasha-Ladoga Basin has been discovered
Karku deposit, and in East-Anabar Basin - several
uranium occurrences. Karku deposit and Anabar ore
occurrences show many similarities to unconformitytype uranium deposits in Canada, but also reveal some
differences that show necessity to extend a classic
uranium model to deposits of new types.
The aim of this paper is to present new insights on
tectonic setting of basins that host unconformity-related
uranium deposits and ore occurrences in Russia.

Figure 1. Schematic map and cross-section of Pasha-Ladoga
Basin. Formations: pr – Priozersk, sal – Salmi, pash – Pasha,
prl – Priladoga, jab – Jablonevka.

The maximum age of sedimentation is constrained by
the timing of emplacement of the Salmi rapakivigranite-anorthosite intrusion at 1530 Ma (Amelin et al.
1997), whereas the minimum age comes from timing of
Valaam Sill emplacement at 1457 ± 2 and 1459 ± 3 Ma
(Ramo et al. 2001). Age of the youngest detrital zircon
(1477 ± 8 Ma) in basal sequence considered rapid
sedimentation which took place less than 20 Ma
(Kuptsova et al. 2011).
Basal
sandstones of Priozersk
Formation,
paleoregolith and basement lithologies on the NE flank
of Pasha-Ladoga Basin host low-grade uranium deposit
Karku (Velichkin et al. 2005). According to U-Pb dating,
age of uraninite varies from 1400 to 1470 Ma (Cuney
and Kyser 2008) pointing that it was formed
simultaneously with sedimentation. Presence of
discordant ages for uraninite indicates multiple tectonic
re-activation.

2 Regional geology
2.1

Pasha-Ladoga Basin

The Mesoproterozoic Pasha-Ladoga Basin is located at
the margin of the Archean Karelian Craton adjacent to
the Paleoproterozoic Svekofennian Belt in the northwest of Russia, approximately 400 km from St.
Petersburg (Fig. 1). It is a quite small, elongated
sedimentary basin with evidences of rift-related origin.
The architecture of the basin is influenced by bounding
NW-SE fault system, normal faults which formed horst
and graben structures, and rare thrust faults.
Graben geometry also controls sedimentation in the
basin (Fig. 1). Sedimentary cover composed of flat-lying
unmetamorphosed terrigenous lithologies with total
thickness up to 0.8-2 km (Velichkin et al. 2005). Basal
sequences (immature sandstones and conglomerates of
Priozersk Formation) are common for the whole basin
and suggest basin-wide fluvial deposits. Upward

2.2 East-Anabar Basin
The East-Anabar Basin (Anabar Shield, Central Siberian
Plateau) was formed approximately at the same time as
Athabasca Basin. It overlies Archean-Paleoproterozoic
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rectorite, but in ore zones kaolinite-dickite, calcite and
chlorite may predominate.

terranes and Paleoproterozoic regional-scale shear zones
of Siberian Platform (Rosen et al. 1994). It is thought to
be an intracratonic basin, where the lower part was
formed in major river system, while the upper part – in
shallow-marine to near-shore marine environment (Fig.
2). Sedimentary successions consist on two main units:
terrigenous Mukun Group (different-grained immature
sandstones and conglomerates) and carbonate Billyakh
Group (carbonates with rare shales and sandstones).

3.1 Mukun Group

Anabar Shield and adjacent area host more than 800
radiometric anomalies and uranium occurrences, part of
them are sandstone-hosted unconformity-related
occurrences (Molchanov et al. 2001).

Mukun Group overlies basement with sharp
unconformity which is typically marked by regolith of
variable thickness. Mukun Group locally pinches out
forming a number of sub-basins with the highest
thickness about 200 m (Fig. 2). Coarse-grained
sandstones predominate, although in the lower part of
the succession discontinuous conglomerate beds with
thickness varying from several centimeters up to meters
have been found as well. Pebbles are well rounded and
consist of quartz, quartzite, and, rarely, feldspar.
Sandstones are quartz to sub-arkose arenites with
cross-bedding. Detrital grains are well sorted, rounded to
sub-rounded. Quartz grains are the most widespread and
typically form more than 80% of framework grains.
Feldspar content varies from 0% to 20%, locally up to
45%, but generally decreases upward in the section.
Locally thin beds are enriched in heavy minerals where
zircon, magnetite and tourmaline are most widespread.
Some beds are enriched with extremely altered
glauconites. Quartz overgrowth and rim cementation are
typical. Matrix constitutes 3-15% of rocks and composes
of illite-muscovite, rarely calcite. 
The hydrothermal processes are characterized by
transformation of illite to chlorite, replacement of illite
to kaolinite, accompanied by minor sulfides (pyrite,
rutile, etc.) and secondary hematite and limonite.
Furthermore, the alteration process is followed by
feldspar and quartz dissolution, which resulted in new
adular and quartz veins formation.

3 Basal sequence lithology

4 Fluid geochemistry

3.1 Priozersk Formation

Oxygen and hydrogen isotopic composition of illites and
kaolinites from alteration halos of Pasha-Ladoga and
East-Anabar basins were analyzed at Queen’s University
(Kingston, Canada). Calculated isotopic compositions of
H and O for fluids are shown in Fig. 3.

Figure 2. Generalized map of Anabar Shield and correlation
charts for East-Anabar Basin (State geological 1983). Legend:
1 – sandstones; 2 – conglomerates; 3 – siltstones; 4 –
limestones. mk – Mukun Group, bl – Billyakh Group

Priozersk Formation overlies crystalline basement with
angular unconformity. There is a well-developed
regolith profile with total thickness up to 5 m.
Priozersk Formation consists of conglomerates and
sandstones with rare thin beds of green siltstones. It is a
few tens to 450 m thick and is overlain by basaltic lava
flows up to 130 m thick (Fig. 1). Sandstones with
floating quartz pebbles and lens-shaped conglomerates
are most typical. Sandstones have massive structures
with abundant cross-beddings and scour surfaces.
Lithology, lenticular structures and thickness variations
of Priozersk Formation do not allow to correlate beds
even in adjacent wells that suggests deposition in
braided fluvial systems. U-Pb detrital zircon study on
the eastern flank of the basin indicates only local sources
for sedimentation and SW directions of paleocurrents
(Kuptsova et al. 2011).
Sandstones of Priozersk Formation are immature,
may be classified as subarkoses, arkoses, lithic arkoses,
lithic subarkoses, and consist of quartz (70-90%),
feldspar (10-15%) and lithic fragments. Detrital grains
are angular, poorly sorted.
Matrix constitutes 20-30% (up to 40%) of rocks. It
consists of illite-smectite with minor amount of

Figure 3. H and O isotopic composition of diagenetic fluids
in equilibrium with illite and kaolinite in Pasha-Ladoga and
East-Anabar basins
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H and O isotopic composition of diagenetic illites
from Pasha-Ladoga Basin reflect only basin-derived
fluids.
Most of studied kaolinite samples from PashaLadoga Basin have quite high δ18O values (11.82-13.31
per mil), higher that for East-Anabar and Athabasca
(Cuney and Kyser 2008) samples. According to K.
Kyser, differences between δ18O values may indicate
interactions of fluids with 18O rich basement lithologies.
Generally, H-O isotopic compositions of kaolinites from
Pasha-Ladoga Basin (associate with ore zones) are
consistent with mixing of basin and basement fluids
which is common for basement-hosted deposits of the
Athabasca Basin (Cuney and Kyser 2008). Only one
kaolinite sample (sampled near basaltic flow) reflects
basement-derived fluids.
Fluids of the East-Anabar Basin are isotopically
similar to basin-derived fluids which are responsible for
the formation of sandstone-hosted deposits in Athabasca
(Cuney and Kyser 2008). Nevertheless, we expect that
basement-derived fluids were also present at the basin.
Sandstones of Mukun Formation are strongly enriched in
Pb, Th, Nb, Zr, Y and HREE – elements typical for
alkaline rocks with carbonatites. But these geochemical
anomalies may reflect the influence of Mesozoic
magmatic processes in Siberian Platform.

14.740.11.0187 and SEG McKinstry Fund. The author
wish to thank Dr. Kurt Kyser (Queen’s University,
Canada) for his great concern and help.
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5 Discussion and conclusions
Main results of the study may be summarized as follows:
Based on tectonic setting, Russian basins which host
unconformity-related uranium deposits and ore
occurrences may be divided into two types: rift-related
(Pasha-Ladoga) and intracratonic (East-Anabar). Riftrelated basin type is characterized by reduced sediment
thickness formed by horst and graben structures,
immature lithology with abrupt facies transition,
presence of regional aquitards (such as basalt flows),
tectonic and magmatic activity. All these factors may
reduce permeability of sediments and prevent prolonged
regional-scale fluid circulation which is critical for the
formation of large-scale uranium deposits. Uranium
deposits of rift-related basins are low-grade and show
results of multiple tectonic re-activation and reprecipitation of ore. Intracratonic-type basin type due to
structural simplicity is more favourable for the
development of unconformity-related uranium deposits.
Different tectonic setting of studied basins could be
responsible for H and O ranges in ore-forming fluids.
Isotopic composition of diagenetic illites and ore-related
kaolinites in Pasha-Ladoga Basin suggests mixing of
basin-derived and basement-derived fluids that is
common for basement-hosted deposits of Athabasca
Basin. Isotopic composition of H and O for illites and
kaolinite sample from East-Anabar Basin show
similarities with sandstone-hosted unconformity-type
deposits in Athabasca Basin.
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Mid-crustal anorogenic granite magmatism at Mt Isa: a
spatial and geochemical study, and potential links to
Mesoproterozoic U-REE deposits
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Abstract. Intrusive phases of the mid-crustal Sybella
Granite Batholith show a spatial relationship to numerous
ore deposits at Mt Isa, and have previously been
suggested as a potential metal source for these
orebodies. Geochemical analysis of the various Sybella
Batholith phases, particularly new sampling of the most
radiometrically hot microgranite phase, indicates
anorogenic-type chemistry with enrichment in several
incompatible and high field strength elements. The
microgranite phase shows the most fractionated
elemental suite, along with sudden depletions in key
elements compared to older, less fractionated Batholith
phases. Previous geochronological work on the Sybella
microgranite
gives
ambiguous
constraints
on
emplacement age, allowing the possibility of a syn-Isan
intrusion significantly later than the main intrusive body of
the Sybella Batholith (ca. 1660 Ma). Our geochemical
results, combined with a potential younger age for the
microgranite phase, would improve the possibility of a
temporal association to the Valhalla U-REE deposit
around 1530 Ma. Further work is needed to determine
the metallogenic source potential of the Sybella Batholith,
but the F-, Zr- and P-rich nature of the nearby unusual UREE deposits may suggest, in some part, a granitederived fluid involved in mineralisation.

of the U-REE deposits have distinct hematite-stained
albite Na alteration with the exception of a few smaller,
lower grade, amphibolite-hosted deposits (Gregory et al.
2005).

Keywords. anorogenic granite, uranium, Rare Earth
Elements

1 Introduction
The Sybella Batholith is an extensive granite pluton
covering 1600 km² which intruded ~1660 Ma into
basement rocks and rift sequence units of the
Haslingden Group (Page and Bell 1986). The Batholith
includes older main and β-quartz phases, and a younger
microgranite phase (Wyborn et al. 1988). Some twenty
five uranium- rare earth element (U-REE) deposits,
together with Cu, Pb-Zn-Ag and Sn deposits are found
within a 40 km radius of Mt Isa, with many
demonstrating a spatial relationship to the Sybella
Batholith. These spatial relationships have frequently
been cited as potential evidence for a granite-derived
metal source for these orebodies (Wyborn 1987;
Connors and Page 1995; Gregory et al. 2005), although
conclusive evidence has not been found.
The largest of these U-REE deposits, Valhalla (Fig
1a), has a tonnage of 69.9 Mlb U3O8. Valhalla is
currently defined as a sodic (albitised) and calcic
metasomatic uranium deposit (Polito et al. 2009). Most

Figure 1a. Location of U-REE deposits (red stars) showing
spatial association to the Sybella Batholith. Modified from
Polito et al. (2009). b Total (K+Th+U) counts for the
radiometrically hot Sybella Batholith, showing the highly
anomalous microgranite in light grey and U-REE deposits
(black stars). MG: Microgranite, MP: Main Phase, BQ: βQuartz Phase QP: Queen Elizabeth Phase.

Higher U ore concentrations correlate well with
albitised zones, and siltstone and sandstone layers which
are interbedded by flow-top tholeiitic basalts in the 1790
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Ma Eastern Creek Volcanic (ECV) unit. These country
rocks were also subject to regional greenschist facies
metamorphism (Wyborn 1987).
Whole rock geochemistry data from samples of the
Sybella Batholith and the nearby U-REE Valhalla
deposit were used to examine any relationship between
mineralisation and the radiometrically hot Batholith.
Initial results indicate that the Sybella Batholith is a
multi-intrusive complex with evidence of extensive
fractionation (necessary for U-REE enrichment). The
youngest
intrusions
contain
unusual
quartztourmaline±ilmenite veins, suggestive of evolved fluid
chemistry and extensive fractionation. The microgranite
also gives the most consistently elevated radiometric
response of any phase of the Sybella Batholith (Fig. 1b).
Such observations, along with ambiguous constraints
on the emplacement age of the Sybella microgranite
gives potential for the involvement of the batholith
during U-REE mineralisation, although the extent of this
involvement is still uncertain and at odds with previous
interpretations of metamorphogenesis (Oliver et al.
1999), metamorphic unconformity-style (Gregory et al.
2005) and albitite-hosted, sedimentary-sourced (Polito
et al. 2009) models.

content for all phases, this suggests late-stage
fractionation of these elements. Decreases in the trace
element Zr and LREE, plus F in the final microgranite

Figure 2. Zr+Nb+Ce+Y(ppm) vs. FeO*/MgO discrimination
diagram for A-type granitoids, modified from Whalen et al.
(1987) and compared to a suite of 486 A-type granitoids from
Eby (1990) shown shaded pink. All Sybella samples plot as Atype. FG:fractionated I-type; OGT: I-, S- and M-type field.

phase, are interpreted as evidence for late metasomatism
of these elements into the adjacent country rocks.
All these analyses are consistent with typical
chemistry for anorogenic granites, which show high
silica, alkali and iron content, elevated enrichment in
incompatible and high field strength elements, high F,
and low CaO (Eby 1990). The lack of previous detailed
work on the geochemistry of the microgranite phase,
allows the prospect that U-REE deposits at Mt Isa could
be sourced from this late-stage, anorogenic-type
intrusive, although further work is needed to establish
this link.
New mapping of the microgranite has led to the
discovery of unusual quartz-tourmaline±ilmenite veins
suggestive of evolved fluid chemistry and supporting
geochemical analyses that the youngest intrusion
appears to have undergone the most extensive
fractionation. Ti can be transported in reduced fluorinebearing fluids (Rapp et al. 2010), and the observation of
hydrothermal ilmenite (FeTiO3) shows indicates late
fluid
exsolution
whilst
significant
magmatic
fractionation is also necessary to exsolve B-rich
hydrothermal fluids for tourmaline formation.

2 Geochemical links to anorogenic
granites
2.1 Geochemistry of the Sybella Batholith
New samples taken from the radiometrically hot Sybella
microgranite phase (Fig.1b) were geochemically assayed
for major and trace elements. Together with previous
geochemical data on the main, β-quartz and microgranite
phases of the Sybella (Wyborn et al. 1988), granite
classification plots of this new data were produced (Frost
et al. 2001). Major element results indicate that all
phases of the Sybella analysed are ferroan, alkali-calcic
and peralkaline in nature. Trace element plot results
indicate that all Sybella phases have an intra-plate
setting, distinct from other granite-types (Fig. 2), and
have LREE enrichment and a negative Eu anomaly that
suggests feldspar removal by fractionation and partial
melting, supporting observed albitisation in the Mt Isa
region and at the U-REE deposits.
All phases of the Sybella Batholith show enrichment
in SiO2, TiO2, K2O, Fe oxides, P2O5, U, Zr and LREE
compared to any batholith in the Mt Isa region emplaced
before 1820 Ma, with Wyborn et al. (1988) interpreting
the geochemical signature as a batholith evolving by
fractionation, with rapakivi textures forming from high
F content in the melt. The Sybella microgranite phase
was not extensively sampled or analysed in this previous
work, but authors noted petrological and geochemical
differences compared to younger phases, interpreting
later intrusive phases as unrelated to older phases.
Our latest results show the microgranite has
increased K2O, Al2O3, Na2O, Rb, Th and U, and reduced
total Fe, MnO, CaO, Ba, Sr and Zn compared to older
phases. These new results also confirm differences
between various phases of the batholiths, with the later
microgranite phase showing percentage increases for
TiO2, Fe2O 3 and P. Along with high F and LREE

2.2 Deposit petrology and geochemistry
Previous petrological work on the Valhalla and
Anderson’s Lode deposits indicates at least two
mineralisation stages. An early U-REE stage with Tirich ilmenite and titanomagnetite associated with
brannerite and albite, and a later, less significant,
brannerite, uraninite and coffinite stage with associated
magnetite and calcite (Gregory et al. 2005; Polito et al.
2009). Both authors also identified evidence for F and
Zr mobility at these deposits, with fluoroapatite
engulfing inclusions of brannerite and anatase, and
zircon found as grains containing up to 20 wt.%
uranium or as veinlets. Both brannerite and uraninite
dated using SHRIMP U/Pb and Pb/Pb methods give
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model involving granite-derived fluids can be tested. But
it is clear that the abundance of REE, F and Zr in the
Valhalla deposit, and evidence for mobility of these
elements in fluids, must be explained by any such model.
Crucially, our geochemical results indicate a highly
fractionated suite of elements in the Sybella Batholith,
with A-type granite affinities. The elevated radiometric
response, plus the ambiguous emplacement age of the
Sybella microgranite in current literature, allow the
possibility of a syn-Isan granite intrusion. If this
hypothesis is correct, the microgranite would
demonstrate potential to produce F, Zr and P ligands in
hydrothermal fluids, capable of transporting metal into
the ECV host rocks, which may explain the association
of uranium with REE, F, Zr and P at the deposits.

tentative depositional ages ranging between 1555 and
1510Ma at Valhalla (Polito et al. 2009), which fits a less
well constrained 1533 Ma age from Ar/Ar dating (Page
and Bell 1986).
Valhalla drill core assays that sample downhole at
metre intervals show significant enrichment in U, Zr,
Na, P and Ca in mean ore zone samples (Fig. 3). Linear
correlations for U versus P and Zr, and Th with P,
(statistical significance; r² 0.96-0.6 and Pvalue <0.01)
were also calculated. In ore zones (where U> 400 ppm),
linear correlations were observed for U with Pb and Th
with P (r² 0.74, Pvalue <0.01). There was less correlation
between U and Zr however (r² 0.43, Pvalue <0.01).
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3 Potential influence of the Sybella
Batholith on U-REE deposit formation
Both Wyborn (1987) and Gregory et al. (2005) suggest a
spatial association between the Sybella Batholith and U
mineralisation. A temporal relationship has been poorly
constrained because of previous errors dating the Sybella
microgranite, including poor sampling techniques,
inheritance problems, and erratic Pb-loss (Page and Bell
1986). Our study is currently using SHRIMP U-Pb
dating to determine a new emplacement age for the
microgranite, which will resolve whether the
microgranite is significantly younger than main Sybella
phase (thought ~1660 Ma), which in turn could support a
temporal and thus, a possible genetic link to U-REE
deposits at ~1530 Ma, at least at the Valhalla deposit.
Evidence of abundant incompatible elements and F,
Zr and P associated with U at the U-REE deposits and
also elevated contents in the microgranite phase would
support the idea of mobile F, P and Zr complexes (e.g.,
F- and PO43-) being components of a potential granitederived fluid. The importance of F found with U ore, and
enriched in the Sybella Batholith, may be a significant
observation, with F potentially acting as a highly soluble
transporter of typically immobile Zr and Ti.
Previous authors’ genetic models for the U-REE
deposits of Mt Isa are either metamorphogenic (Oliver et
al. 1999), metamorphic unconformity-style (Gregory et
al. 2005) or albitite-hosted, sedimentary-sourced (Polito
et al. 2009). More research is necessary before a new
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Abstract. We investigate the chemical and isotopic
composition of water and gas thermal discharges from
Surire, Puchuldiza-Tuja, Pampa Lirima, Pampa Apacheta,
El Tatio and Torta de Tocorpuri geothermal systems, to
determine the chemical–physical conditions at the fluid
source. The chemical composition of the thermal
+
−
discharges vary from Na –Cl (Tatio, Puchuldiza-Tuja and
part of Surire where SO42−-rich waters also occur) to
2−
+
2−
−
+
−
Na –Cl (SO4 ) (Pampa Lirima), Ca2 –SO4 (HCO3 )
+
2−
(Torta de Tocorpuri) and Ca2 –SO4 (Pampa Apacheta).
The gas discharges are characterized by the dominance
of CO 2, H2S and CH4. Water and gas geothermometry
suggests that El Tatio and Puchuldiza-Tuja fluid
reservoirs have relatively high equilibrium temperature
(up to 270°C). Gases from Pampa Apacheta apparently
equilibrated at unusually high temperature for
hydrothermal fluids (up to 350°C), is likely related to an
active magmatic system. On the contrary, low equilibrium
temperatures were calculated for the Surire fluids
(<200°C). Shallow, low temperature aquifers mask any
signal of deep fluids in the Pampa Lirima and Torta de
Tocorcupi thermal discharges. The geothermometric
estimations carried out in the present study indicate that
El Tatio, Pampa Apacheta, Surire and Puchuldiza-Tuja
can be regarded as the most promising areas and
deserve more detailed geological investigations.

and discusses the compositional data of thermal fluid
discharges of Puchuldiza-Tuja, Surire, Pampa Lirima,
Pampa Apacheta, El Tatio and Torta de Tocorpuri
systems (Fig. 1). The aim is to investigate the chemicalphysical conditions acting on the fluid reservoirs to
provide information useful for the evaluation of the
geothermal potential of these systems.

Keywords. geothermal systems, geothermal exploration,
northern Chile

1 Introduction
Geothermal activity in northern Chile not necessarily
associated with volcanic structures (Hauser 1997) is
related to an anomalous geothermal gradient produced
by the subduction process thrusting the oceanic Nazca
Plate beneath the South America Plate (Stern 2004).
Preliminary investigations (Lahsen 1988) indicated that
several areas area characterized by extended geothermal
systems, such as El Tatio, Puchuldiza and Surire,
although the local economic conditions did not allowed a
systematic geothermal exploitation. This study presents

Figure 1. Location of the geothermal systems of northern
Chile

2 Regional setting
The main geothermal systems of northern Chile are
located within NS-NW trending grabens at the western
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side of the Pliocene–Holocene Central Andean Volcanic
Zone (CAVZ) (Lahsen 1976). This wide area is
characterized by a homogeneous geological setting,
consisting of Lower Miocene-Pleistocene ignimbrite
deposits and andesitic–rhyolitic volcanic products
overlying Middle Cretaceous-Upper Miocene volcano–
sedimentary formations. The latter, likely hosting the
main reservoirs, are formed mainly by andesitic lava and
pyroclastic flows, conglomerates, and occasionally by
breccias, sandstones, siltstones, limestones, marls and
evaporites (Marinovic and Lahsen 1984; Garcia et al.
2004). Evaporitic surficial deposit, locally named
“salar”, constituted by borates (mostly ulexite), and
subordinate sulphates, carbonates and chlorinates, are
locally present (Chong et al. 2000).

3 Discussion
3.1 Water geochemistry
The chemical composition of the El Tatio and
Puchuldiza-Tuja water discharges is characterized by a
Na+-Cl- composition, high TDS (Total Dissolved Solids)
values (up to 10,829 mg/L), and relatively high
concentrations of geochemical tracers commonly
enriched in mature waters (B and Li+). These features are
related to contribution of steam produced by relatively
high enthalpy geothermal reservoirs. Surire waters,
although marked by similar characteristics, display
significant SO42--enrichment that may be caused by i)
H2S dissolution and ii) leaching of evaporitic rocks that
are extensively present in the area. At Pampa Apacheta,
low-temperature (<90°C) fumaroles discharging low-pH
(<3.57), SO42--dominated fluids, typical of meteoric
water heated by H2S-bearing steam. The Torta de
Tocorpuri fluid discharges, having a Ca2+-SO42-(HCO3-)
composition and low outlet temperatures (<28°C), are
likely related to presence of a thick meteoric aquifer
affected by dissolution of relatively low amounts of a
CO2-H2S-rich gas phase. Eventually, Pampa Lirima
thermal waters are characterized by a Na+-Cl-(SO42-)
composition and relatively low TDS values (<1,250
mg/L), indicating that the origin of these thermal
discharges are fed by low contribution of both
hydrothermal fluids and solute from gas-water-rock
interactions.
In the δD vs. δ18O diagram (Fig. 2), the Na+-Clwaters plot out of the Local meteoric Water Line
(LMWL) (Chaffaut et al. 1998), likely because of
different processes: 1) loss of vapor, 2) water-rock
interaction, and 3) mixing between meteoric and
“andesitic” water (Taran et al. 1989). The water isotopic
signature of the Pampa Apacheta, Pampa Lirima and
Torta de Tocorpuri waters confirms that the contribution
of magmatic water to these discharges is negligible.
Geothermometric calculations based on the
composition of the main cations indicate that: 1) mature
waters, i.e. those from fluid discharges of El Tatio and
Puchuldiza Tuja, equilibrated at about 230°C; 2) Surire
and Pampa Lirima waters did not attain a complete
chemical equilibrium; 3) Pampa Apacheta and Torta de
Tocorpuri waters are completely immature (Fig. 3).

Figure 2. δ2H vs. δ18O binary diagram

Figure 3. 10Mg/(10Mg+Ca) vs. 10K/(10K+Na) binary
diagram

3.2 Gas geochemistry
The dry fraction of the gas phases discharged at El Tatio,
Puchuldiza-Tuja and Surire has a chemical composition
typical of hydrothermal fluids, being dominated by CO2
with significant concentrations of N2, CH4, H2S and H2,
and showing low atmospheric contribution. At Pampa
Apacheta, the presence of SO2 and HCl suggests a direct
contribution of magmatic-related fluids. The gas samples
from all these systems are characterized by mantle
isotopic signature for CO2 (δ13C-CO2), whereas the δ13CCH4 and δD values indicate that CH4 is mainly
thermogenic. On the contrary, the CO2-rich gases from
Pampa Lirima and Torta de Tocorpuri show relatively
high Ar and O2 concentrations, suggesting that these
discharges strongly depend on the influence of shallow
environment. Gas geothermometry in the H2-Ar-CO2-
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CH4 system (Fig. 4), consistently with the cation
geothermometers (Fig. 3), indicate that the El Tatio,
Surire and Puchuldiza-Tuja fluids equilibrated at
temperatures of 200-250°C, assuming redox conditions
more oxidizing than those typical of hydrothermal
fluids. Equilibrium temperatures of the Pampa Apacheta
gases are significantly higher (up to 345°C), whereas
Pampa Lirima and Torta de Tocorpuri gases seems to be
affected by severe H2-depletion, likely caused by reequilibrium at lower temperature during the fluid ascent
toward the surface.
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Figure 4. log(CH4/CO2) vs. log(H2/Ar) binary diagram

4 Conclusions
Chemical and isotopic compositions of fluids discharges
from the El Tatio, Puchuldiza-Tuja and Surire
geothermal systems seem to be related to liquiddominated reservoirs that may be considered promising
for geothermal exploitation. However, a reliable
estimation of the production capability of these systems
can only be obtained on the basis of further detailed
geophysical and geochemical investigations. The Pampa
Apacheta fumaroles are fed by a still active magmatic
system, thus a geothermal prospection could be
successfully carried out in the areas surrounding the
volcano. On the contrary, at both Torta de Tocorpuri and
Pampa Lirima thick shallow aquifers mask possible
clues related to presence of well developed geothermal
systems.
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Characterisation of uranium-vanadium mineralisation at
Bigrlyi, Ngalia Basin, Australia
Susanne Schmid, James Cleverley
CSIRO Earth Science & Resource Engineering, PO Box 1130, Bentley, WA, Australia, 6102
Abstract. The Ngalia basin uranium mineral system
project is a research collaboration between CSIRO,
surveys and industry. The aim of the project is to
understand the physical and chemical processes that led
to the formation of known uranium deposits within the
basin, such as the Bigrlyi uranium-vanadium deposit.
Uranium mineralisation in the Carboniferous Mt Eclipse
sandstone is common throughout the basin, e.g. Dingos
Rest, Walbiri and Camel Flat. The depositional
environment is dominated by fluvial channels intercalated
with floodplain siltstones, sandstones and shales. The
channels are partly carbonate cemented which carbon
and oxygen isotopes show is formed through
groundwater processes. The mineralisation occurs in the
base of stacked fluvial channel sub-arkosic sandstones.
The source of the very immature sandstone is
Proterozoic I-type granites within the Arunta block north
of the deposit.
Petrographic observation using BSEM and CL revealed
several uranium and vanadium bearing minerals, such as
roscoelite,
coffinite,
uraninite,
montroseite,
Vsmectite/illite and APS minerals. The mineralisation
occurred prior to compaction and cementation of
groundwater calcite. Detrital roscoelite clasts containing
APS minerals and uranium are interpreted to have
originated from a hydrothermal system within the granitic
source rock.

The Ngalia Basin is an elongate intracratonic basin in
Central Australia and its sedimentary succession
comprises of Neoproterozoic- to Carboniferous rocks
with a cumulative thickness of about 5000 m (Lally and
Bajwah 2004). The uranium-bearing Mt Eclipse
sandstone in the Ngalia Basin is part of a Devonian to
Carboniferous fluvial redbed sequence interbedded with
floodplain siltstones and mudstones. The Mt Eclipse
sandstone was deposited during uplift and erosion of
granites and gneisses bordering the basin at 350-370 Ma
(Young et al. 1995). The northern margin of the basin is
tightly folded during later compression and the vertical
sandstones are exposed in outcrop along the basin
margin.

2 Geology
The Ngalia Basin (Fig. 1) is an elongate intracratonic
basin in Central Australia and its sedimentary succession
comprises of Neoproterozoic- to Carboniferous rocks
with a cumulative thickness of about 5000 m (Lally and
Bajwah 2004). The uranium-bearing Mt Eclipse
sandstone in the Ngalia Basin is part of a Devonian to
Carboniferous fluvial redbed sequence interbedded with
floodplain siltstones and mudstones. The Mt Eclipse
sandstone was deposited during uplift and erosion of
granites and gneisses bordering the basin at 350-370 Ma
(Young et al. 1995). The northern margin of the basin is
tightly folded during later compression and the vertical
sandstones are exposed in outcrop along the basin
margin.
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1 Introduction
The Ngalia basin is an intracratonic sedimentary basin
overlying deformed Proterozoic basement rocks of the
Arunta domain in Central Australia. The exploration for
uranium in the Ngalia Basin dates back to the 1970s.
Bigrlyi was one of 20 occurrences discovered during
that time. It took two decades before exploration and
research in the Ngalia Basin commenced.
Sandstone-type uranium mineralisation is known in
the northern and central parts of the basin. The
mineralisation is hosted in immature medium-to coarse
grained, sub-arkosic sandstone, commonly on the base
of stacked fluvial channels.
Bigrlyi is located approx 340 km NW of Alice
Springs on the northern margin of the Ngalia Basin.
Radiometric anomalies were defined over a strike length
of 15 km in vertical outcropping sandstones. The
anomalies are related to surface carnotite mineralisation
but recent exploration has defined a primary uranium
resource below the weather profile typified by uranium
minerals and associated vanadium-rich micas and clay
minerals. This work used a variety of characterisation
techniques to understand the nature and genesis of the
Bigrlyi deposit and use this knowledge to aid regional
exploration within the basin.

Figure 1. Australian onshore sedimentary basin, encircled
central Australian Ngalia Basin, Geoscience Australia.
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3 Methods

indicate a primary pegmatitic signature of the host rock.

The samples were studied using light microscopy,
cathodoluminescence (CL) and backscattered electron
microscopy (BSEM). Carbon and oxygen isotope
analysis on carbonate cemented samples were carried out
using a Finnigan 252 mass spectrometer/Conflo III.
International standard LSVEC and internal laboratory
carbonate standards CSIRO were used to correct the
data. The isotope values are reported in permil (‰)
relative to the international standard VPDB and
VSMOW (for oxygen only). Whole geochemistry on 39
samples were carried out commercially using multi-acid
digest analysed by ICP-MS, multi-acid digest analysed
by ICP-OES and fused disk analysed by XRF
spectrometry.

4.3 Petrography
The sandstones at Bigrlyi have non to poor porosity due
to compaction. The detrital quartz and K-feldspar grains
are commonly angular to subangular and are coated by
clays. Other detrital components include biotite,
muscovite, roscoelite (V-bearing mica), APS minerals,
clay/mica detrital clasts, zircon, monazite, garnet, apatite
and Ti-(Fe)-oxides. Uranium is typically associated with
V-bearing smectite and roscoelite, Ti-Fe-oxides, APS
minerals and biotite (Fig. 4). Minerals that contain
uranium are coffinite, uraninite, Ti-V-Fe oxides, APS
minerals and carnotite. Calcite is a major cement (Fig. 3)
and encloses detrital grains. It can take up to 28% of the
rock volume and is interpreted to be early groundwater
cement precipitated prior to compaction. Other
diagenetic minerals in the mineralised zone are
montroseite and V-bearing smectite which are both
dissolution products of detrital roscoelite. Quartz cement
enclosing detrital quartz grains is interpreted to be
inherited and transported as rock fragments and could
originate from re-deposited older sediment or could have
hydrothermal origin.

4 Results
4.1 Isotopes
The δ13C carbon isotope values vary from -3.88‰ to 6.04‰ VPDB and the δ18O oxygen isotopes vary from 14.01‰ to -19.48‰ VPDB (Fig. 2). Pre-industrial
atmospheric CO2 had a δ13C value of about -7‰. Carbon
isotope record in carbonate cements commonly have
values that lie between -12‰ and +4‰ (e.g., Talma and
Netterberg 1983; Schmid et al. 2006). The Bigrlyi
samples fall near the atmospheric CO2 signature and
within the common carbonate cement value for
groundwater that are lacking biological input. Oxygen
isotopes are consistent with previously reported values
(Hays and Grossman, 1991) for late Devonian/lower
Carboniferous isotopes at a predicted palaeo-latitude
between 50-60 degrees S (Chen et al. 1994).

Figure 3. BSEM micrograph of heavily calcite cemented
sandstone above the mineralisation; qtz – quartz, k-fsp – Kfeldspar, cal – calcite, py – pyrite, cal nod – calcite nodule.

Figure 2. Stable carbon and oxygen isotope cross-plot
showing meteoric origin of calcite cements.

4.2 Geochemistry
All analysed samples have a provenance signature of
volcanic arc type granites (VAG) as Ta-Yb plots show.
Uranium values above 1000ppm U3O8 up to 2.5% U3O8
and vanadium values above 7000ppm V2O5 up to 3.4%
V2O5 was detected in 6 samples. Uranium and vanadium
have a good correlation of 0.89 R2. All U-V mineralised
samples show increased abundance in bismuth,
tellurium, selenium, lithium and barium, which may

Figure 4. BSEM micrograph of V-smectite/roscoelite and Umineralisation (white) near and within detrital clay clasts.
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5 Discussion
Uranium mineralisation occurred prior to calcite
cementation, since calcite is enclosing uranium minerals.
Stable carbon and oxygen isotope show that calcite
cementation occurred in meteoric groundwater before
compaction of the Mt Eclipse sandstone. The highest
abundance or uranium correlates to increased abundance
of clay coating and detrital clay/micas in the sandstone
which is enclosed by calcite-rich beds. The source of the
uranium, the close relationship to vanadium in minerals
such as detrital roscoelite and elevated W, Te, Se, Li and
Ba suggests that the uranium may have originated from a
pegmatitic/hydrothermal source within the granitic
provenance rock. Erosion would have transported these
elements in various aqueous and/or colloidal phases
followed by deposition within the fluvial channel.
Secondary uranium minerals, such as carnotite, form
from dissolution of primary uranium minerals in
oxygenated waters during palaeo- or modern day
weathering.
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Magmatic-hydrothermal system associated to
Planchón-Peteroa and Descabezado Grande-QuizapuCerro Azul volcanic complexes
Oscar Benavente, Francisco Gutiérrez
Departamento de Geología, Universidad de Chile, Plaza Ercilla 803, Santiago, Chile
Abstract. Thermal manifestation associated to PlanchónPeteroa and Descabezado Grande-Quizapu-Cerro Azul
volcanic complexes can be explained by a close
relationship between a magmatic-hydrothermal systems
and faults from the Malargue Fold Thrust and Belt. Two
possible reservoirs can be distinguish at different depth.
The deeper one has temperatures near 350ºC and is
controlled mainly by a mixture of volcanic and
hydrothermal fluids. Instead the shallow has a
temperatures range between 100-140ºC and is mainly
controlled by hydrothermal system.

The aim of this study is to understand the
contribution of volcanism in the origin of the active
thermal manifestation in the zone, base on the
geological,
structural,
geophysics
superficial
information, and gas-water geochemical. For this
purpose we collected a total of 24 water and 6 gas
samples from hot spring, bubbling pools, fumaroles and
meteoric water. We analyzed cations, anions and stable
isotope (18 O-2H) in water samples, and soluble and
insoluble gas species.

Keywords. fluids geochemistry, volcanism, geothermal
exploration

2 Results and discussion
The main results are: (i) The origin of the fluids from the
fumaroles, hot springs, bubbling pools are depth
circulation of meteoric water that are heated by shallows
magmatic chambers (4 km). This can be seen by δ2Hδ18O ratio in water samples and from relative content of
N2-He-CO2 in gas samples. (ii) The origin of the water
dissolved component can be explained by water-rock
interaction based on molar ratio showing dissolution
trends of the main minerals present in the zone (i.e.,
gypsum, calcite, dolomite, feldspar). Despite this, water
samples that were taken near to fumaroles present SO4
and CO2 anomalous concentrations that doesn’t follows
the dissolution trend. (iii) Quartz, chalcedony and
multimineral equilibrium geothermometers show
equilibrium temperatures that range between 100º140ºC, instead the geothermometers with slow kinetic
reaction like Na-K-Ca and He-CH4 for water and gases
samples respectively, estimates maximum temperatures
of 350ºC for a some samples.
Due to the different temperatures estimated by the
geothermometers and the geology, it is possible to infer
the existence of two reservoirs at different depth. The
deeper one would reach temperature near to 350ºC,
where water would rise throw a permeable zone
associated to faults of the MFTB. In its rise, thermal
water would mix with meteoric water and interact with
the host rock changing the equilibration temperatures of
the faster kinetic reaction geothermometers (i.e., quartz,
chalcedony, Na-K, multimineral equilibrium). Therefore,
on sectors where faults reach surface is possible to find
active thermal manifestation with evidence of
equilibrium from the deeper reservoir (samples 9, 15, 17,
19, 35). Meanwhile where faults does not reach surface
due to the impermeable volcanic cover, water would
flow laterally having sufficient time to reequilibrate also
the slower kinetic reaction geothermometers like Na-KCa and He-CH4, erasing all evidence from deeper
reservoir (samples 1, 2, 3, 6, 7, 8, 10, 30 and 39).
The conceptual model proposed can be represented in

1 Introduction
Calabozos Caldera Complex (CCC) and PlanchónPeteroa (PPVC) and Descabezado Grande-Quizapu-Azul
(DGQAVC) volcanic complexes, are located between
35-36ºS, at Maule’s region, Chile. This complexes
belong to the volcanic arc of the Transitional Southern
Volcanic Zone (TSVZ; Fig. 1), which correspond to a
sector of 300 km long (34.4-37ºS), where the actual
volcanic arc reach a width of 150 km and the crust depth
range between 35-40 km (Hildreth and Moorbath 1988).
The time-spatial control of the VCPP-VCDGQACCC and the active hydrothermal system associated are
determinate by NW-SE and NE-SW structures
(Cembrano and Lara 2009; ¡Error! No se
encuentra el origen de la referencia.) that
develop along the Malargue fold thrust and belt (MFTB).
The MFTB is a thick-skinned fold thrust and belt in this
zone, composed by a series of basement blocks that limit
zone with thin-skinned internal deformation (Dicarlo and
Cristallini 2007). In this way PPVC and DGQAVC lies
over inverse fault that put in contact Meso-Cenozoic unit
with NE-SW striking (Cembrano 2009), whereas that
CCC, uses NW-SE and NE-SW structures for its
emplacement.
Previews studies of the active hydrothermal systems
associated with CCC (Thompson et al. 1983; Grunder et
al. 1987) relate the thermal manifestation (i.e., hot
springs and fumaroles) with fault associated to the
collapse and resurgence of the caldera complex. Along
the thermal manifestation it can be distinguish two
principal groups: (i) the ones associated with the fault
that control the volcanism and, (ii) the ones associated
with caldera’s edges structures. For both groups a
maximum temperature of 250ºC has been estimated by
quartz geothermometers and the enthalpy-chlorine
diagrams (Thompson et al. 1983; Grunder et al. 1987).

953

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Acknowledgements
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affected by heat transfer from the crust, increasing water
temperature (without mass transfer “chlorine”)
producing a negative superficial thermal anomaly (Fig.
2c).
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3 Conclusions
This work has two main conclusions: (1) Thermal
manifestation associated to PPVC, DGVC and CCC can
be explained by close relationship between a magmatichydrothermal systems and faults from the MFTB. (2)
Geothermometry and superficial thermal anomaly shows
the existence of two reservoirs beneath lavas and tuffs
belong to CCC. The deeper one reach temperature near
350ºC and the shallow one has temperatures range 100º
to 140ºC.

Figure 1. a. Andean volcanic zone (modified from Parada et al. 2007). b. South volcanic zone (modified from Parada et al. 2007).
c. Geological map from the study area. Samples 1, 2 and 3: Aguas Calientes spring; 6: Tigre Naciente spring; 7: Potrerillo spring; 8:
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Pellejo spring; 9: Tierra Humeante del Colorado spring; 10: Quebrada de los Colores spring; 12: Azufre fumaroles; 14: Llolli
fumaroles; 15: Baños de la Yegua spring; 17: San Pedro spring; 19: Romeral spring; 30: Descabezado Grande spring; 32, 33 and 34:
Valle del Estero del Volcán fumaroles; 35: Medano spring; 36: Campanario spring; 39: Panimávida spring; 40: Quinamávidas spring.

Figure 2. a. Chloride-enthalpy diagrams for water samples. b. expanded area (red rectangle) from Figure 2a. Green triangles:
chloride waters; Yellow triangles: sulfate-chloride waters; Blue triangles: bicarbonate waters; Red asterisks: acid-sulfate waters;
Yellow circles: meteoric waters. c. Possible reservoir and superficial thermal anomalies.
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SESSION 4. APPLIED GEOLOGY
S4.2 Geometallurgy,
Sustainability in Mining
and Related Environmental Issues
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Geometallurgy: from ore to concentrate – a pilot study
on the Cavanacaw Au deposit, Northern Ireland
Sandra Birtel, Dirk Sandmann, Jens Gutzmer
Department of Mineralogy, TU Bergakademie Freiberg, Germany
Abstract. A pilot study was carried out to assess the
value of characterization of uncrushed samples of low
grade, finely disseminated Au ores by SEM-based image
analysis in order to produce a geometallurgical
assessment. For this purpose, a small suite of samples of
ores and concentrates from the Cavanacaw mine in
Northern Ireland was examined. Results illustrate that
important information may be lost during geometallurgical
assessments if only processed samples are studied. For
example, exceptionally large electrum grains (to 100x20
μm) were noted in the ore, but are conspicuously absent
in the concentrate. Furthermore, the concentrate has a
large component of sulfides other than pyrite despite the
fact that the ore samples indicate that pyrite is not only
the preferred host of electrum, the most important ore
mineral in the deposit, but also contains Au in solid
substitution and is thus also an ore mineral. These
observations indicate that concentrate quality could be
improved and this has obvious economic implications.
Keywords.
processing

gold,

MLA,

in-situ

analyses,

tetrahedrite, chalcopyrite and pyrite.
Two of the samples investigated here represent a vein
and two other samples were collected of the wall rock
(quartzite with ore veinlets). Both sample types were
from a recently mined area in the main open pit. For
comparison four small individual samples were
collected from a large bag of sulfide concentrate
produced by flotation-based mineral processing. Two
polished thin sections were prepared from each of the
high grade vein (CAV05 A, CAV05 B) and the wall rock
samples (CAV06 A, CAV06 B). Four grain mounts were
prepared from the concentrate samples (CAV08 I,
CAV08 II, CAV08 III, CAV08 IV). The concentrates
were not separated into different grain size fractions but
prepared “as is”.

2 Analytical approach

mineral

Both sample suites were analyzed in two analytical
sessions with a mineral liberation analyzer (MLA)
Quanta FEG 600, a scanning electron microscope made
by FEI with two Bruker EDX detectors located at the TU
Bergakademie Freiberg. The instrument is equipped with
MLA software supplied by FEI for automation and data
processing. The MLA instrument and different analysis
modes are described in detail by Gu (2003) and Fandrich
et al. (2006).
Instrument settings for this study were 25 kV
(acceleration voltage) and 190 μA (emission current).
The XBSE mode was used to gain an overview of the
sample. Two more analytical modes (SPL_Lt, GXMAP)
were also used. The latter modes are efficient methods
used to search for fine-grained, high grey level minerals
such as electrum. For the SPL_Lt mode a trigger was set
to a grey level of >230, which will find and identify the
different compositions of electrum (Au90Ag10,
Au85Ag15, Au80Ag20, Au75Ag25, Au70Ag30,
Au65Ag35, Au60Ag40, Au55Ag45, Au50Ag50), but
will also be triggered by galena. For minerals with the
matching grey levels, the X-ray spectra are verified and
a frame of 50 pixels was analyzed with the grain in the
center. In the GXMAP mode a similar grey level trigger
was used. Matching mineral grains were analyzed in
grid-like fashion with a pre-defined step size.
The different analytical modes can be run with
different magnification which has obvious implications
for the minimum grain sizes that will be detected. The
analytical mode, magnification and complexity of the
samples (number and size of the minerals) (Tables 1 and
2) determine the measurement time. In order to reduce
analytical time to a maximum of eight hours for each
measurement mode per sample, only part of each
sample was analyzed.

1 Introduction
The quantitative mineralogical investigation of grain
mounts by SEM-based image analysis has become a
common method in the mineral industry in the last
decade. Quantitative information on mineralogy, mineral
association, the degree of liberation, grain size
distribution etc. has proven to yield valuable data for
plant design and efficient mineral processing. However,
information on the mineralogical and fabric relationships
in the undisturbed ore is lost when the material is
crushed and milled and made into grain mounts,
including the loss of valuable information that may
provide insights into factors influencing metal recovery.
The value of studying undisturbed ores has been recently
documented by Voordouw et al. (2010).
In a pilot study we have investigated three different
types of samples that were collected in August 2010
with permission of Omagh Minerals Ltd who operate
the Cavanacaw mine. Gold and base metal
mineralization occurs along veins and shear zones in
Dalradian
metasedimentary
rocks
that
were
metamorphosed to greenschist facies during the
Caledonian orogeny (Parnell et al. 2000). Gold
mineralization is associated with Caledonian structures
that formed during thrusting of an Ordovician arc over
the Dalradian rocks. The major ore mineral is electrum,
but minor concentrations of Au also occur in pyrite (0.70.8 at.% Au) and galena (up to 1.2 at.% Au) (Parnell et
al. 2000). Parnell et al. (2000) describe electrum as
small rounded grains within sub- to euhedral pyrite,
along the rim of domains or crosscutting veinlets with
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Table 1. Analytical settings and information about number of
analyzed particles and gold including electrum grains (g.)
identified in grain mounds. (Mag: magnification).
Mag.

XBSE
300

sample

particles

Au
g.

particles

Au
g.

particles

Au
g.

70737
20676
101266
9670

15
3
23
13

14657
15690
15664
15459

3
3
1
4

14738
13688
581
9670

4
12
0
2

CAV08
CAV08
CAV08
CAV08

I
II
III
IV

GXMAP
500

Gold was exclusively detected in electrum and is
heterogeneously distributed in the ore, wall rock and
concentrate (Fig. 1). Gold concentration varies by a
factor four in the two sulfide rich vein samples CAV05 A
and B although the analyzed areas are comparable (ca.
100 mm2). For the wall rock samples the variation is a
factor of two (0.95 ppm and 0.37 ppm). The Au content
of the concentrate samples is rather uniform, with a
mean of 90 ppm Au.

SPL_Lt
500

Table 2. Analytical settings and information about size of
analysed area and number of gold including electrum grains
(g.) detected in thin sections (Mag: magnification).
Mag.
sample
CAV05 A
CAV05 B
CAV06 A
CAV06 B

XBSE
175
area
2
(mm )
95
115
312
572

Au
g.
28
64
5
3

GXMAP
500
area
2
(mm )
10.4
12.3
10.4
1.4

Au
g.
47
323
38
0

SPL_Lt
500
area
2
(mm )
20
38
123
149

Au
g.
3
19
2
10

3 Results
In the following section the results obtained for different
measurement modes are documented. Differences
between in situ analyses on polished thin sections and
grain mount analyses are highlighted.
3.1 Different analytical modes
XBSE, SPL_Lt and GXMAP measurement modes were
found to be of very different efficiency in detecting
electrum grains. For example, in a particular area (38
mm2) on one sample, the XBSE mode found 11 electrum
grains, whereas the SPL_Lt mode identified 19 grains. In
another area (12.3 mm2), the XBSE mode identified 16
gold grains whereas the GXMAP mode found 323
electrum grains. In the SPL_Lt or GXMAP mode gold
grains of 2 μm in diameter are safely detected, whereas
the XBSE mode detected gold >7 μm in size as it was
carried out at lower magnification. In this study, the
GXMAP mode was the most efficient mode for
identifying gold grains. However, improved detection of
gold grains was achieved at the expense of measurement
times that are about ten times higher than in the XBSE
mode.

Mozilla Firefox.lnk

3.2 Modal composition and gold concentration
Compared to the modal mineralogical composition of the
ore and the wall rock samples, the concentrate is
enriched in galena, whereas pyrite is present in similar
amounts (ca. 30 wt.%). This may suggest that the gold
bearing pyrite (containing both Au in solid substitution
(Parnell et al. 2000) as well as electrum mineral
inclusions) is only partly captured during flotation (Fig.
1). However, assuming a certain ratio of vein material
and wall rock material in the plant feed (e.g., 3:2), a
similar mineralogical composition to that observed in the
concentrate could be attained.

Figure 1. Modal mineral composition of the four thin sections
(A) and concentrates (B), analyzed in XBSE mode (scale to the
left). The black bars adjacent to each column show the Au
content (scale to the right). Numbers below the sample names
indicate the analyzed area in mm2 (A) for the thin section and
the number of analyzed particles (p.) for the concentrate (B).

Since all concentrate samples were from the same
bag, CAV05 A and B from the same part of an
individual sulfide ore, and CAV06 A and B from
immediately adjacent wall rock, these three sample
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types have been recombined for further data processing.
There is a distinct difference in the distribution of the
electrum composition between the concentrate and the
ore samples. Au80Ag20 is the most common
composition in the polished thin sections of ore and wall
rock samples. In contrast, the concentrate samples have
compositions of Au80Ag20 to Au65Ag35 that appear
evenly distributed.

concentrate. This would result in much higher Au grades
in the pyrite concentrate which has obvious economic
implications. On the other hand electrum also occurs in
very large grains (100 x 20 μm), that need to be
captured.
These
observations
have
important
implications for mineral processing, which can only be
gained by including thin section samples of the ore
material and not just the final concentrate.

3.3 Liberation and association

5 Conclusions

In the concentrate samples ca. 50% of the electrum is
liberated, another 40% is associated with pyrite, less than
10% is associated with quartz or galena and less than 5%
with other minerals. For the vein samples 75% of the
electrum is associated with pyrite, 10% with chalcopyrite
and <10% with arsenopyrite. In the wall rock samples
most electrum is associated with arsenopyrite and pyrite.
It may be assumed that electrum associated with
arsenopyrite is efficiently extracted in the concentrate, as
arsenopyrite is enriched in the concentrate compared to
the vein material (Fig. 1). However, strong enrichment in
galena in the concentrate – and the lack of association of
electrum with galena, will lead to a decrease in
concentrate grade.

The use of SEM-based image analysis allows detection
of electrum grains down to 2 μm in diameter. However,
due to extremely long measurement times only small
areas can be tested in such great detail. The GXMAP
mode is the most effective but takes the longest
measurement time. The recommended method is to
analyze a large part of the sample in XBSE mode, which
detects Au grains down to 7 μm and then in areas where
electrum has been found in the XBSE mode a small area
can be chosen for the GXMAP mode.
The results indicate that important information on the
association between electrum and sulfide minerals can
only be determined by analyzing samples of uncrushed
ore. These results can then be used in conjunction with
the results from analyzing the concentrate samples. For
example, galena forms a large proportion of the
concentrate but has been shown to have only a minor
association with Au. This information could be used to
help improve the way the ore is processed at
Cavanacaw. Behaviour of specific ore minerals during
processing need to be assessed on an ongoing basis is to
avoid systemic losses.

3.4 Grain size distribution
Calculated grain size distributions for electrum in the
concentrate and thin section samples indicate that
smaller grain sizes (<10 μm) are more frequent in the
concentrate. In the concentrate, electrum grains >20 μm
represent 5 area % of the total Au. In contrast electrum
grains >40 μm represent 15 area % of the total Au in the
thin sections. Electrum grains >20 μm always represent
the infill of fractures in pyrites. The absence of such
large electrum grains in the concentrate may simply be
attributed to the scarce occurrence in the ore. Due to the
ductile behaviour of electrum it is unlikely that these
grains are crushed or milled to a finer grain size.

Acknowledgements
The kind permission by Orla McKenna and Richard
Crew from Omagh Minerals Ltd operating the
Cavanacaw gold mine to take samples in the open pit
and from the concentrate bag is greatly appreciated.

4 Implications

References

Comparison of the results of in situ analyses of ore
samples in thin section with those from the concentrate
indicates that the average Au concentration of both thin
sections is 130 ppm, double that determined for the
concentrate (average of 60 ppm, Fig. 1, ignoring the low
grade concentrate sample CAV08-II the average is 90
ppm). However, the number of samples included in this
pilot study is not representative. Furthermore, we cannot
confidently assume that the ore samples correspond to
the same material used to produce the concentrate. This
also likely influences the observed variation in electrum
compositions in the concentrate samples. Nevertheless
an important observation that is not affected entirely by
sample selection, is the fact that electrum occurs in the
ore with grain sizes from 2-20 μm and is associated most
commonly with pyrite. Effective transfer of the pyrite
into the concentrate is highly desirable. Concentrate
quality could thus be improved by suppression of galena
in the flotation circuit or by separation of galena from
the pyrite concentrate to form a separate saleable Pb

Fandrich R, Gu Y, Burrows D, Moeller K (2007) Modern SEMbased mineral liberation analysis. Int J Miner Process 84:310320
Gu Y (2003) Automated Scanning Electron Microscope Based
Mineral Liberation Analysis. An Introduction to JKMRC/FEI
Mineral Liberation Analyser. J Miner Mater Charact Eng
2.1:33-41
Parnell J, Earls G, Wilkinson JJ, Hutton DHW, Boyce AJ, Fallick
AE, Ellam RM, Gleeson SA, Moles NR, Carey PF, Legg I,
Carey PF (2000) Regional Fluid Flow and Gold Mineralization
in the Dalradian of the Sperrin Mountains, Northern Ireland.
Econ Geol 95:1389-1416
Voordouw R, Gutzmer J, Beukes NJ (2010) Zoning of platinum
group mineral assemblages in the UG2 chromitite determined
through in situ SEM-EDS-based image analysis. Miner
Deposita 45:147-159

961

11 th SGA Biennial Meeting

Let’s Talk Ore Deposits
26-29th September 2011 Antofagasta, Chile

Controls on Au deportment in the Pebble Cu-Au-Mo
porphyry deposit, Alaska
Melissa Gregory
Pebble Limited Partnership and Mineral Deposit Research Unit, University of British Columbia, Vancouver, Canada
James Lang
Hunter Dickinson Inc, Vancouver, British Columbia, Canada
Abstract. Mineralisation in the Pebble porphyry Cu-AuMo deposit in southwest Alaska precipitated during
several stages of hydrothermal alteration.
Each
alteration assemblage has a distinct Au deportment
which reflects changes in the T-X conditions of the
hydrothermal fluids. Early, high-temperature alteration
related to magmatic fluids produced electrum inclusions
in chalcopyrite and pyrite. Clay alteration related to
younger, cooler fluids recrystallised early sulfides and
electrum, and precipitated a new generation of pyrite
which contains pure Au inclusions.
A second,
structurally-controlled pulse of magmatic fluids formed
advanced argillic alteration which introduced additional
Cu-Au. The core of this zone is pyrophyllite-rich and
contains pure Au inclusions in chalcopyrite, whereas an
enveloping zone of sericite contains inclusions of pure Au
hosted by pyrite. Temporal and spatial delineation of
variations in Au deportment provide critical inputs to
optimisation of mineral processing designs for the Pebble
deposit.
Keywords.
Pebble,
hydrothermal alteration

porphyry,

Au

overlain by Late Cretaceous to Eocene sedimentary and
volcanic strata. The deposit was tilted 20º east in the
Eocene.

3 Alteration and mineralisation
Sodic-potassic (±calcic) alteration is the earliest
hydrothermal assemblage preserved in the Pebble
deposit. It dominates the western half of the deposit and
occurs at depth in the east below a domain of potassic
alteration. This assemblage affects all rock types in the
deposit and comprises albite-K-feldspar-biotite with a
pyrite-chalcopyrite sulfide assemblage.
Potassic alteration is concentrated near the top of a
granodiorite stock and its immediate host rocks in the
eastern part of the deposit. The assemblage is dominated
by K-feldspar, quartz and biotite and sulfides are mostly
chalcopyrite accompanied by minor pyrite.
A domain of illite, quartz and pyrite alteration, called
the illite-pyrite domain, is preserved along the western
extension of the potassic alteration domain. This
assemblage is interpreted to have originally formed as a
cap to potassic alteration which overprinted it as the
system cooled. A lower temperature quartz-sericitepyrite alteration assemblage forms a very wide
unmineralised halo to the deposit.
Pervasive, low-temperature illite alteration variably
overprints potassic alteration throughout most of the
deposit. In affected rocks, early hydrothermal biotite is
completely replaced by illite, whereas igneous and/or
hydrothermal quartz and K-feldspar are typically
preserved. Pyrite precipitated as part of this event and
was added to the earlier chalcopyrite-dominated sulfide
assemblage and creates large domains of chalcopyritepyrite mineralisation. Sodic-potassic alteration is also
overprinted by low temperature illite and kaolinite
alteration which replace K-feldspar and albite,
respectively. Biotite is typically preserved. Additional
pyrite also precipitated during this alteration.
A younger stage of advanced argillic alteration is
related to a major, syn-hydrothermal structure that cuts
the eastern side of the deposit. Advanced argillic
alteration comprises two distinct assemblages that
replace older sodic-potassic, potassic and illite
assemblages.
The core of this domain contains
pyrophyllite-quartz alteration which is characterised by
intense quartz stockwork veins, some of which may be
related to older alteration types, with intervening
domains strongly altered to pyrophyllite-quartz-sericite
with a high concentration of chalcopyrite.
The
pyrophyllite alteration is enclosed by a zone of strong

deportment,

1 Introduction
The Pebble porphyry Cu-Au-Mo deposit is located 27
km northwest of Iliamna in southwest Alaska. Pebble is
one of the world’s largest porphyry deposits with a
combined measured, indicated and inferred resource of
10.8 billion tonnes which contains 80.6 billion pounds
of Cu, 107.4 million ounces of Au and 5.6 billion
pounds of Mo (www.pebblepartnership.com). The
QEMSCAN facility at the Colorado School of Mines
was used to quantify variations in Au deportment with
respect to changes in alteration assemblage across the
deposit. The results show that the minerals which host
Au vary systematically across the deposit and that these
variations are critical inputs to effective mineral
processing design for the giant Pebble deposit.

2 Deposit geology
The Pebble deposit represents a large magmatichydrothermal system centred on a group of porphyritic
hornblende granodiorite intrusions. Host rocks to the
deposit are siltstones of the Jurassic-Cretaceous Kahiltna
Flysch which were intruded by diorite and granodiorite
sills and by alkalic intrusions and related breccias at 96
Ma (Bouley et al. 1995). The hornblende granodiorites
associated with mineralisation intruded these rock types
at ~90 Ma. The western half of the deposit crops out at
surface, whereas the eastern side is unconformably
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pyrophyllite and sericite sub-domains of advanced
argillic alteration which introduced additional Cu and Au
to the eastern part of the system.

sericite-quartz alteration within which the chalcopyritepyrite assemblage precipitated during earlier alteration
events was reconstituted to a high-sulfidation
assemblage of pyrite-bornite-digenite (±covellite
±enargite).

4 Gold deportment
Gold deportment was studied by QEMSCAN in 138 thin
sections selected to represent average grade material
from each alteration domain in the Pebble deposit. A
total of 323 grains of Au were identified. Host minerals
include chalcopyrite, pyrite, bornite, tennantitetetrahedrite and non-sulfide minerals (the latter termed
free Au). The compositions of Au grains include pure
Au (<10 wt.% Ag), electrum (>10 wt.% Ag) and Au±Ag
tellurides.
By estimated mass, most Au grains occur as
inclusions in chalcopyrite (62.5%; excluding one large
outlier grain), pyrite (26.6%) and as free Au in nonsulfide minerals (10%). Only five Au grains were
identified in bornite or tennantite-tetrahedrite.
Gold inclusions within chalcopyrite comprise 65%
electrum by mass with 32% pure Au and 3% either
telluride minerals or of unknown composition. In
contrast, Au grains in pyrite are 87% pure Au, 10.5%
electrum and 2.5% telluride or unknown. In non-sulfide
host minerals, 50% are pure Au, 29.5% are electrum and
20.5% are telluride minerals which are mostly petzite
and calaverite.
Alteration domains at Pebble exhibit distinct
combinations of the composition of Au grains and the
minerals which host them (Fig. 1). In the potassic
domain, most Au inclusions are electrum grains in
chalcopyrite. The sodic-potassic domain has a more
complex signature. Here, Au inclusions are more evenly
distributed among pyrite, chalcopyrite and non-sulfide
grains, but pure Au inclusions are found mostly in pyrite
and electrum mostly in chalcopyrite. Few Au inclusions
were identified in the illite-pyrite domain but those
present occur mostly in pyrite and include both electrum
and pure Au. The Au inclusions in the advanced argillic
domain are mostly pure Au with chalcopyrite and pyrite
the principal host minerals in the pyrophyllite and
sericite sub-domains, respectively. The Au tellurides are
most common as inclusions in chalcopyrite in the sericite
sub-domain, whereas in other alteration domains these
minerals occur mostly in pyrite.

Figure 1. Average Au deportment characteristics for each
alteration domain in the Pebble deposit. A. Gold host
mineralogy, B. Gold composition. Abbreviations: bn-tt-tn bornite-tetrahedrite-tennantite, free - silicate hosted, py pyrite, cpy - chalcopyrite.

The Au deportment, both the composition of Au
grains and their host minerals, varied in company with
this complex evolution of the Pebble hydrothermal
system (Fig. 2). Early high-temperature magmatic fluids
plausibly precipitated Au and Ag in solid solution in
chalcopyrite and to a much lesser extent in pyrite.
Exsolution upon cooling produced mostly electrum
inclusions in chalcopyrite in potassic alteration and in
both chalcopyrite and pyrite in sodic-potassic alteration
(Fig. 2). Fewer free grains of electrum were precipitated
within hydrothermal quartz and K-feldspar in the
alteration envelopes to early quartz veins.
As the magmatic fluid cooled, illite-pyrite alteration
overprinted the potassic and sodic-potassic alteration at
the top and on the flanks of the deposit. Strong alteration
of early potassic and sodic-potassic alteration minerals
by illite-quartz and sericite replacement of chalcopyrite
liberated Au originally occurring as electrum in
chalcopyrite but left much of the early electrum in pyrite
stable. Liberated Au was either reprecipitated as pure Au

5 Relationship between Au deportment
and hydrothermal alteration
The Pebble Cu-Au-Mo deposit formed as a result of at
least two major pulses of magmatic-hydrothermal fluid
flow. The first produced high-temperature sodic-potassic
alteration at depth, a well-mineralised potassic core and
a cap of illite-pyrite alteration. Much of the Cu-Au-Mo
was introduced during this stage. Cooling resulted in
low-temperature illite and illite-kaolinite overprints on
the potassic and sodic-potassic assemblages with minor
redistribution of metals. The second, structurallycontrolled magmatic-hydrothermal pulse generated the
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proportion of Au hosted by pyrite has implications
for consideration of alternative recovery methods. Full
characterisation of Au deportment should occur early in
deposit assessment so that variations can be costeffectively incorporated into mineral processing designs
and engineering trade-off studies.

inclusions in a younger stage of pyrite related to the
illite-pyrite alteration and/or migrated to other parts of
the deposit. As a result, Au in this domain includes older
preserved electrum and younger, reconstituted pure Au
inclusions in pyrite (Fig. 2).
Most of the deposit was overprinted by lowtemperature illite or illite-kaolinite assemblages. The
low-temperature illite overprint had little apparent effect
on Au. Chalcopyrite formed during potassic alteration
and its contained inclusions of electrum remained largely
stable. Some electrum in early-formed pyrite was
reconstituted as pure Au in newly-formed pyrite (Fig. 2).
The kaolinite-illite overprint, which is most common in
the early sodic-potassic domain, resulted in more
significant redistribution of Au. Primary magmatic
chalcopyrite, pyrite and silicate-hosted electrum
inclusions are partially preserved, but pyrite has been
significantly recrystallised. A component of the Au that
was released from magmatic pyrite forms inclusions of
pure Au in the recrystallised pyrite and a proportion may
also have been transported to other parts of the system.
The Au released into solution during low-temperature
clay-rich alteration of the Pebble deposit may have been
transported to the margins of the system. The Pebble
deposit is surrounded by a very large, low-temperature,
quartz-sericite-pyrite alteration zone. This alteration has
very low concentrations of Cu and Mo but has
consistently and strongly elevated Au concentrations
typically between 100 and 500 ppb. The auriferous
peripheral alteration may reflect outflow of or interaction
with late, Au-bearing fluids.
The advanced argillic alteration added significant Cu
and Au to the system, mostly as an overprint on the older
potassic alteration domain. In the sericite sub-domain,
the chalcopyrite-pyrite which originally precipitated
during early potassic alteration has been replaced by a
high sulfidation assemblage of bornite-digenite-pyrite(enargite-covellite). Electrum inclusions in the older
chalcopyrite-pyrite assemblage has been reconstituted as
pure Au inclusions in pyrite (Fig. 2).
The pyrophyllite-rich sub-domain of the advanced
argillic assemblage occurs within the core of the
controlling structural zone. This alteration introduced
new Cu and Au to the deposit as a low-sulfidation
chalcopyrite-pyrite±bornite
assemblage.
Complete
recrystallisation of pre-existing chalcopyrite and pyrite
may have occurred as no relict electrum grains from
earlier stages of alteration have been identified. The Au
occurs as pure grains mostly within chalcopyrite, the
only example of this association in the Pebble deposit
(Fig. 2). The observed deportment of pure Au inclusions
in chalcopyrite clearly distinguishes this alteration from
earlier stages.

Figure 2. Paragenetic evolution of hydrothermal alteration,
Au deportment and sulfide host minerals in the Pebble
porphyry Cu-Au-Mo deposit. Abbreviations: bn-bornite, cpychalcopyrite, py-pyrite.
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6 Implications for mineral processing
The Au deportment in the Pebble deposit varied over
both space and time as the system evolved through
multiple stages of magmatic-hydrothermal activity. This
has resulted in volumetrically large domains which can
be anticipated to exhibit distinct differences in Au
recovery to the Cu concentrate during conventional
flotation milling. In particular, spatial variations in the
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Preparation of a polished reference block for the
identification of copper ores
Christin Weißflog, Jens Gutzmer
Department of Mineralogy, TU Bergakademie Freiberg, Brennhausgasse 14, 09596 Freiberg, Germany
Michael Magnus
Department of Geology, TU Bergakademie Freiberg, Bernhard-von-Cotta-Straße 2, 09596 Freiberg, Germany
Abstract. The development of a polished mineral
reference block is necessary to recognize and distinguish
Cu sulphides with advanced scanning electron
microscopy-based image analysis systems (Mineral
Liberation
Analyser
(MLA),
QEMSCAN
or
similar).Bornite, chalcocite, digenite, covellite, enargite,
chalcopyrite and cubanite were selected to build the
reference. Most of these minerals were sourced from the
extensive Geoscientific Collections of the TU
Bergakademie Freiberg. To test the identity and
monomineralic nature of the samples, the verification
process of reflected light microscopy, SEM-based mineral
liberation analysis and microprobe analysis has been
documented. In particular, the MLA can be used to test
and show the homogeneity of the Cu sulphides. The
development of a mineral reference for Cu sulphides is
the first step to benchmarking the performance of SEMbased image analysing systems.
Keywords. mineral reference,
analyser, Cu sulphides

mineral

capability of advanced scanning electron microscopybased image analysis systems in recognizing and
distinguishing Cu sulphides.

2 Methodology
Seven minerals were selected for inclusion in the first
attempt to build this reference, namely bornite,
chalcocite, digenite, covellite, enargite, chalcopyrite,
and cubanite (Table 1). Examples of these minerals were
sourced from the extensive Geoscientific Collections of
the TU Bergakademie Freiberg.
An individual polished block (diameter: 2.5 cm, Fig.
1) containing hand-picked millimeter-sized grains of
each of the seven Cu sulphides was prepared in order to
test the identity and monomineralic nature of the
minerals. This screening procedure was carried out
using reflected light microscopy, electron microscopy
and microprobe analyses.

liberation

1 Introduction
Copper ores may comprise a multitude of Cu minerals,
including, among others, sulphides, carbonates and
oxides. Copper sulphides are a particularly complex
group of ore minerals, with several members of this
group known to occur in economically significant
abundances in Cu ores (Oszczepalski 1999; Tarkian and
Stribrny 1999; El Desouky et al. 2010; Boomeri et al.
2010).
As different ore minerals will have different
processing characteristics, it is of importance to
distinguish these reliably during ore characterization
studies. Differentiation of the common Cu sulphides is
easily accomplished using the light microscope.
However, as advanced scanning electron microscopybased image analysis systems (MLA, QEMSCAN or
similar) become more widespread, they are commonly
applied to Cu sulphide ores. Distinction between
minerals is achieved in these SEM-based systems based
on qualitative mineral chemistry (as acquired by EDS)
and mean atomic number (as reflected by the brightness
of the BSE image) (e.g., Gu 2003; Fandrich et al. 2007).
As such, reliable distinction between different Cu
sulphides with similar mineral chemistry and mean
atomic number (Table 1) is regarded difficult. Particular
difficulties may be encountered while trying to
differentiate between chalcocite and digenite or
chalcopyrite and cubanite (Table 1). On this basis it was
decided to develop a mineral reference block to test the

Figure 1. Example of a polished block containing grains of
Cu sulphides
Table 1. Selected Cu sulphide minerals with stoichiometric
formula and mean atomic number

Mineral
Covellite
Chalcocite

Formula
CuS
Cu2S

Digenite

Cu9S5

25,95

Chalcopyrite CuFeS2
CuFe2S3
Cubanite

23,32

Cu5FeS4
Cu3AsS4

25,13
25,20

Bornite
Enargite
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A

B

Figure 2. Results of the XBSE measurement mode visualized with the MLA-software; A) covellite (darkgrey), very homogeneous
and suitable as reference material; B) bornite (black), chalcocite (grey), digenite (darkgrey), very inhomogeneous and unsuitable as
reference material

To illustrate homogeneity of the selected Cu
sulphide specimen, XBSE measurements were carried
out on a MLA 600 instrument. The XBSE
measurement mode produces an area X-ray analysis
(Fig. 2). Results illustrate that the sample (A)
(covellite) is suitably homogeneous in composition to
be used in the reference block, whereas the mineral in
(B), on the other hand, is found to be a complex
intergrowth of bornite with digenite and chalcocite and
certainly unsuitable for a polished reference block.
Once a suite of suitable mineral samples has been
identified using this screening procedure, a series of
polished blocks will be prepared and made available to
other laboratories.

El Desouky HA, Muchez P, Boyce A J, Schneider J, Cailteux J L
H, Dewaele S, von Quadt A (2010) Genesis of sedimenthosted stratiform copper-cobalt mineralization at Luiswishi
and Kamoto, Katanga Copperbelt (Democratic Republic of
Congo). Miner Deposita 45:735-763
Fandrich R, Gu Y, Burrows D, Moeller K (2007) Modern SEMbased mineral liberation analysis. Int J Miner Process
84:310-320
Gu Y (2003) Automated scanning electron microscope based
mineral liberation analysis: An introduction to JKMRC/FEI
Mineral Liberation Analyser. J Minerals and Materials
Characterization and Engineering 2:33-41
Oszczepalski S (1999) Origin of the Kupferschiefer polymetallic
mineralization in Poland. Miner Deposita 34:599–613
Tarkian M, Stribrny B (1999) Platinum-group elements in
porphyry copper deposits: a reconnaissance study. Miner
Petrol 65:161-183

3 Conclusions and further work
We aim to develop a mineral reference for Cu
sulphides that can be used as a benchmark for the
performance of SEM-based image analysis systems
that have become an indispensible tool in ore
characterization studies.
The reference block may in future incorporate a
larger number of Cu sulphides, if compositionally
uniform mineral samples become available. Similar
reference blocks may be developed for complex silver
ore minerals, manganese oxides and non-sulphide
copper and zinc minerals.
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Mineral liberation analysis of lithium-bearing micas
from the Eastern Erzgebirge, Saxony, Germany
Dirk Sandmann, Jens Gutzmer
Department of Mineralogy, TU Bergakademie Freiberg, Brennhausgasse 14, D-09596 Freiberg, Germany
Abstract. Two methods of mineral processing
(conventional mechanical breakage and electrical
comminution) have been tested for the treatment of a
bulk sample of lithium-bearing topaz-mica-greisen from
Zinnwald, Eastern Erzgebirge, Germany. The mechanical
breakage was carried out by various crushers and mills
and the electrical fragmentation was realised using a
selFrag Lab system. Both products were concentrated by
magnetic separation and all materials characterised by
mineral liberation analysis (MLA). Concentrates produced
by magnetic separation show marked enrichment in
zinnwaldite, i.e, Li-rich mica to 95 to 97 wt.%. The results
of mineral association analyses by MLA indicate that Limicas in samples treated by the selFrag system are only
slightly better liberated than those processed
conventionally.

greisen (Kühne et al. 1972). The abundance of Libearing mica, quartz and topaz is highly variable (Seibel
1975), but the minerals are usually coarse with grain
sizes of several mm. The Li-bearing micas, historically
termed zinnwaldite, represent a series of trioctahedral
micas on, or close to, the siderophyllite-polylithionite
join (Fleet 2003). The Li content for the Li-bearing
micas of the Zinnwald deposit ranges from 1.3 to 4.6%
Li2O with a mean of 3.3% Li2O (Berwerth 1877; Bräuer
1967; Gottesmann 1962; Kunitz 1924; Rammelsberg
1886; Rieder et al. 1970; Štemprok 1961b; Tischendorf
et al. 1997; Uhlig 1992; Winchell 1942).
In preparation for a large scale research project on
the possible utilization of this greisen as a source of
lithium, a pilot study was carried out to compare the
effects of different comminution strategies on the
liberation of Li-bearing micas.

Keywords. Zinnwald, zinnwaldite, lithium, selFrag, MLA

1 Introduction

2 Methodology

Currently, one third of global lithium production is from
silicate ores. Spodumene-bearing pegmatites are the
dominant source of Li-bearing silicates, with
Greenbushes (Australia) and Bikita (Zimbabwe) as
prominent examples. However, since the demand for
lithium is expected to rise dramatically in the near
future, driven by the widespread use of Lithium-ion
batteries (“electromobility”), alternative mineral
resources for Li may become attractive targets for
exploration. One example is lithium-bearing micas in
greisen deposits of the Eastern Erzgebirge in Germany.
Lithium-bearing mica concentrates were produced from
the Zinnwald Sn-W deposit, located in the Eastern
Erzgebirge, since 1869. From 1890 to 1945 the
production of lithium-bearing micas was economical
and Zinnwald was the world’s primary source of lithium
minerals. Since 1945, until the cessation of active
mining in 1990, the Zinnwald deposit has only been
exploited for Sn an W as lithium production was not
feasible in comparison with the exploitation of Libearing brines, for example from the Salar de Atacama,
Chile.
The Zinnwald deposit is hosted by F-rich albite
granite stocks intruded into Early Permian rhyolites. The
highly altered granites host polyphase vein-style Sn-W
mineralisation as well as irregular Sn- and W-bearing
greisen bodies consisting mostly of quartz, Li-bearing
mica (zinnwaldite), and topaz. A comprehensive review
of the geology of the deposit is provided by Baumann
et al. (2000), Bolduan et al. (1967), Sala (1999) and
Štemprok (1961a).
According to Seibel (1975) and Sala (1999) the vast
majority of the greisen ores from Zinnwald can be
described as topaz-, mica-topaz-, topaz-mica- or mica-

Representative subsamples of a bulk sample (ca.
4 metric tons) of lithium-bearing mica greisen from
Zinnwald were treated with both high voltage pulses
(selFrag) and conventional mechanical comminution.
The conventional comminution was carried out by the
UVR-FIA GmbH, Freiberg and the Department of
Mechanical Process Engineering of the TU
Bergakademie Freiberg using a jaw crusher, flat cone
crusher and ball mill. SelFrag comminution was carried
out at the Department of Geology of the TU
Bergakademie Freiberg.
The processed material both from selFrag and
conventional milling was sieved and split. A
representative subsample was then used for magnetic
separation. Both products were analysed with a Mineral
Liberation Analyser (MLA). These analyses were
performed at the Department of Mineralogy of the TU
Bergakademie Freiberg using a FEI MLA 600F system
(scanning electron microscope (FEI Quanta 600 FEG)
equipped with a field emission source and two energy
dispersive X-ray spectrometers (Bruker AXS XFlash®
5010 detector)) combined with image analysis software
(Fandrich et al. 2007). The working distance was 10.9
mm, the emission current 190 μA, and the overall
electron beam acceleration voltage was 25 kV. Carbon
coated polished grain mounts were analysed with the
‘XBSE_STD’ measurement mode at a magnification of
175 times.

3 Results
3.1 Modal mineralogy
The results show that each particle size fraction yields
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different mineral proportions. The abundance of Li-mica
for example varies between 24-68 wt.%, quartz between
31 and 59 wt.% and topaz between 0.2-27 wt.% (Fig. 1).
The concentrates all contain in excess of 95 wt% Limica, with selFrag processed samples having a
marginally higher Li-mica content than the concentrate
processed conventionally (Fig. 2).
100
Modal mineralogy (wt%)
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With decreasing particle size the liberation grade of the
Li-mica increases. The subsample processed with
selFrag displays a somewhat better liberation grade than
the subsample processed conventionally (Fig. 3).
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Figure 1. Modal mineralogy for the different particle size
fractions of samples processed by conventional (A) and selFrag
(B) comminution.
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Figure 3. Mineral association of Li-micas for different
particle size fractions processed by mechanical (A) and selFrag
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comminution (sieve size fraction 1 to 0.1 mm) were divided
into strongly magnetic (s.m.) and weakly magnetic (w.m.)
fractions, whereas concentrates from selFrag were separated
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The Li-micas in concentrate samples have an even
greater degree of liberation. The samples from the
conventional mechanical comminution show a slightly
higher quantity of Li-micas with free surface than the
selFrag samples (Fig. 4).

Rammelsberg CF (ed) Handbuch der Mineralchemie,
Ergänzungsheft zur zweiten Auflage. Verlag von Wilhelm
Engelmann, Leipzig, 121 p
Rieder M, Huka M, Kučerová D, Minařík L, Obermajer J,
Povondra P (1970) Chemical composition and physical
properties of lithium-iron micas from the Krušné hory Mts.
(Erzgebirge). Part A: Chemical composition. Contrib Mineral
Petr 27:131-158. doi:10.1007/bf00371980
Sala M (1999) Geochemische und mineralogische Untersuchungen
an alterierten Gesteinen aus dem Kuppelbereich der
Lagerstätte Zinnwald (Osterzgebirge). Dissertation, Technische
Universität Bergakademie Freiberg, Freiberg, 96 p
Seibel O (1975) Kartierung ausgewählter Profile im Grubenbereich
Zinnwald unter besonderer Berücksichtigung paragenetischer
und struktureller Aspekte von Granithochlagen. MSc thesis
(Diplomarbeit), Bergakademie Freiberg, Freiberg
Štemprok M (1961a) Genetische Untersuchung der flach fallenden
Gänge auf der Erzlagerstätte Cínovec (Zinnwald) im
Erzgebirge. Sbor Ústř Ústav Geol 26:455-518.
Štemprok M (1961b) Poznámky k paragenetickému postavení a
chemismu cinvalditu z Cínovce. Věst Ústř Ústav Geol 36:303305
Tischendorf G, Gottesmann B, Förster H-J, Trumbull RB (1997)
On Li-bearing micas: estimating Li from electron microprobe
analyses and an improved diagram for graphical
representation. Mineral Mag 61:809-834
Uhlig J (1992) Zur Mineralogie und Geochemie der Granitoid- und
Greisenglimmer aus Zinnlagerstätten des Sächsischen
Erzgebirges und der Mongolei. Dissertation, Bergakademie
Freiberg, Freiberg, pp 129
Winchell AN (1942) Further studies of the lepidolite system. Am
Mineral 27:114-130

4 Conclusions
The results of this pilot study illustrate that in terms of
the liberation of Li-rich micas from the ore from the
Zinnwald greisen deposit, an only incrementally
improvement of separation is achieved with selFrag as
compared to conventional mechanical comminution. It
should be noted that the selFrag treatment process is
energy-intensive and can only handle small sample
quantities, whereas the conventional mechanical
comminution process has much lower energy
consumption and handles large amounts of material.
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Gallium – can future demand be met by geological and
technological availability?
Thomas Dittrich, Thomas Seifert, Jens Gutzmer
Department of Mineralogy, Technische Universität Bergakademie Freiberg, Brennhausgasse 14, Freiberg, Germany
Abstract. Gallium is one of the “electronic metals”, i.e., a
metal consumed in rapidly increasing amounts by high
technology applications. In the case of Ga, demand is
driven mainly by applications in optoelectronics and
integrated circuits. The annual primary production of Ga
in 2009 of 111 t is set to increase twentyfold by 2030.
Gallium is the sixteenth most common element in the
lithosphere, but it is currently only extracted as a byproduct of Al- and Zn-metal production. Geological
availability is, however, not a limiting factor as geological
reserves and resources of bauxite and Zn ore are
estimated to contain at least 3.75 Mt of Ga. Instead,
technological factors are identified as essential factors
limiting Ga availability. During Al production Ga is
extracted from the so called Bayer-liquor during the
processing of bauxite to alumina. Gallium extraction from
Zn ore uses residues that accumulate during
metallurgical processing of Zn. The essential disadvantage of these technologies is the poor recovery
rate of only 5 -10% of the Ga contained in the bauxite or
Zn ore. To satisfy the expected increase in demand,
existing technology needs to be improved or new
technologies developed. Alternatively, utilitization of other
Ga-bearing resources, including coal (-ash), red mud or
alkaline intrusives may be considered.
Keywords. Gallium,
technologies

bauxite,

red

mud,

2 Geological Availability
Gallium is the sixteenth most common element in the
Earth’s crust (16 ppm, Rudnick and Gao 2004) and thus
is much more common than metals like Cu, Zn, Ag or
Cu. Despite of its relative abundance Ga minerals (e.g.,
gallite, Cu3GaS4) are very rare and no separate Ga
deposits are known. This is attributed to the close
geochemical affinity of Ga to Al resulting in Ga
substituting easily into rock-forming Al silicates.
Furthermore, Ga also substitutes well for Zn in ore
minerals such as sphalerite. Indeed, bauxites and Zn ores
are currently the only mineral resource types from which
Ga is being extracted.
The more important of these two deposit-types are
bauxite deposits that are the basis of the world’s
aluminium industry. Bauxite is best described as
surficial saprolitic weathering residue typically
containing 40-50 wt.% Al and comprising a complex
mixture of microcrystalline Al-rich minerals, most
importantly gibbsite, boehmite, diaspore, iron oxides
and clays. Bauxite is formed through intense weathering
(laterization) of various rock-types (e.g. granites, gneiss,
dolostones), especially in tropical regions (Evans 1993).
Typical sizes of bauxite deposits are in the range of 100
Mt to more than 250 Mt (Bogatyrev and Zhukov 2009).
The currently known global bauxite reserves are 27.1 Gt
and bauxite resources are estimated to be 55-75 Gt. The
annual bauxite production rate in 2008 was
approximately 215 Mt (USGS 2010).
Gallium is a typical trace element in bauxite and
varies between <10 ppm to 160 ppm (world average 50
ppm, e.g., USGS 2010, Mordberg et al. 2001). It is
generally accepted that Ga in bauxite is derived from the
rock forming minerals (e.g. feldspar, nepheline) of the
source rock. During weathering the minerals are
breakdown with Ga exhibiting immobile behaviour
much like Al and Fe (e.g., Meyer et al. 2002). Gallium is
than incorporated into Al-bearing phases (e.g., gibbsite,
kaolinite) and thus enriched in the bauxite (Hieronymus
et al. 2001).
Based on the indicated bauxite reserves and estimated bauxite resources given by the USGS (2010)
and Bogatyrev and Zhukov (2009) and assuming an
average Ga content of 50 ppm, geologically available Ga
quantities in bauxites may be estimated. Accordingly,
the total geologically available Ga quantity that is bound
to bauxite reserves and resources is estimated to be
1.355 Mt Ga and between ~2.75 Mt to ~3.75 Mt Ga,
respectively. Furthermore, based on bauxite production
of 215 Mt/a about 10.750 t of Ga are available for
recovery each year. Table 1 summarizes the theoretical
available quantities of gallium in bauxite resources for
major bauxite producing countries worldwide.

resource

1 Introduction
The element gallium belongs like indium or germanium
to the so called "electronic metals". In contrast to
commodities such as Cu, Zn or Al that are used in
quantities of millions of tons, the annual production of
"electronic metals" is in the range of tens to hundreds of
tons. Gallium is a typical example, as the total Ga production in 2008 was 111 t for primary production, 24 t
for secondary production and 135 t for refined Ga
(USGS 2010). Almost the entire Ga production from
primary sources is currently recovered as a by-product
during the Bayer Process used in converting bauxite into
alumina. Only a small portion of the primary Ga is
extracted from zinc-smelting residues.
The applications of gallium are varied and it is expected that three future technologies will have the
largest impact on future demand that is expected to rise
sharply. These are white LEDs, high-performance
microchips and thin-film photovoltaics. It is assumed
that due to routine usage of these technologies the Ga
demand will increase twentyfold by 2030 (Angerer et al.
2009). This study provides a critical assessment as to the
opportunities to satisfy this expected increase in
demand. Both geological and technological attributes
are carefully evaluated.
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4,000 ppm Ga (de St. Jorre and Smith 1988). Finally,
nepheline-syenites that are treated in some countries as
an alternative Al source could serve as a Ga resource.

Table 1. Major bauxite producing countries indicating their
estimated bauxite resources and estimated Ga quantities
(USGS 2010, Bogatyrev and Zhukov 2009).
Country
Australia

Bauxite
Resources (Mt)
6,200

China

2,000

Brazil

4,000

80,000

India

2,300

115,000

Guinea

7,500

375,000

Jamaica

N/A

N/A

Russia

1,900

97,500

Venezuela

4,000

200,000

Suriname

4,000

200,000

450

22,000

Kazakchstan

3 Metallurgy

Estimated
Gallium Quantity (t)
310,000

The technology to extract Ga from Zn ore and bauxite
has existed since the middle of the last century.
However, the usage of such technology is restricted to a
small number of companies, as the application of Ga
was limited to high-technology applications.
Gallium is only a trace element in the raw material
and is thus always a by-product. During the production
of aluminium, for example, Ga is produced as a byproduct of the Bayer-process (Fig. 1). At this production
stage bauxite is transformed to pure alumina (Al2O3) by
leaching with concentrated sodium hydroxide solution.
As Ga behaves very similar to Al, Al and a portion of the
Ga are leached from the bauxite and are concentrated in
the Bayer-liquior (Habashi 2008). Alumina is then
precipitated by feeding the solution with Al2O3, while a
portion of Ga remains in the solution that is recycled in
the Bayer-process. Thus, after multiple cycles the Bayerliquior becomes more and more enriched in Ga. The
enriched Ga solution can then be treated with different
methods to extract 99.9% pure Ga metal. The different
methods comprise carbonatisation, electrolyses and
cementation and are described in Habashi (2008).
However, the essential disadvantage of the Ga extraction
from bauxite is the extremely low recovery rate of only
5-10% Ga when compared to the initially gallium
content in bauxite (Roskill 1997). The majority of the
Ga is lost in the red mud (30-40%) or is transferred to
alumina (50-60%). Hence, approximately 250,000 t of
bauxite is needed to produce 1 t of Ga metal.
Gallium is also extracted from residues that
accumulate during the metallurgical process of Zn
smelting (Fig. 1). The residues are processed using
several leaching and separation stages to produce 99.9%
pure Ga metal (Habashi 2008). General information
about the recovery rates of gallium during the different
process steps is not available, but it is believed that the
recovery rates are not much higher than the methods of
Ga extraction from bauxite.

100,000

The second most important resource from which
gallium is being extracted are Zn ores. Zn ores are derived from several deposit types that were formed under
quite different geological conditions (e.g., VHMS, MVT,
skarn) and are ordinarily accompanied by Cu and Pb that
are produced in combination with Zn (Evans 1993). This
reflects the complexity of the mineralogy of Zn ores that
primarily comprise pyrite, sphalerite, chalcopyrite and
galena. Although Ga shows a strong geochemical
affinity to Zn and thus should be incorporated into
sphalerite, it is also a typical trace element in pyrite,
chalcopyrite or galena.
Geochemical analyses of the Ga content in Zn ore or
sphalerite are scant in the literature, rendering the
estimate of the gallium potential of Zn ores elusive to
speculative. Assuming, that sphalerite has an average
content of 16 ppm Ga (average Ga content Earth’ crust;
Rudnick and Gao 2004) and on the basis of an annual
production of 11.6 Mt Zn metal per year, about 280 t Ga
bound to Zn ores are mined. Based on world Zn reserves
of about 200 Mt and Zn resources estimated to be 1.9 Gt
about 4,850 t Ga to 46,400 t Ga are assumed to be
locked in Zn ores worldwide. However, because of the
lack of reliable information about the Ga content in Zn
ores or sphalerites, these quantities can only be
considered as an estimate. It is more probable that the
actual Ga content in Zn ores is essentially beyond this
minimum estimation.
Alternatively, other resources show a significant enrichment and thus have the potential to serve as Ga
sources in the future. Coal contains on average 1-20
ppm Ga (Thomas 2005), but there are some deposits
known that are extremely enriched in Ga. The Jungar
lignite deposit in China contains an average 52 ppm Ga
(Dai et al. 2008) and hard coal from the former mining
district of Zwickau-Ölsnitz (Germany) was found to
contain up to 570 ppm Ga (Leutwein and Rösler 1956).
Since gallium in coal is bound to the inorganic fraction
it is further enriched during combustion in the ash. Other
potential gallium resources are alkaline intrusions such
as the Thor Lake REE deposit (Canada) that contains
300-400 ppm Ga. In this case feldspar is enriched up to

Figure 1. Simplified process flows for Ga production from
bauxite and Zn ores.

Both technologies, Ga extraction from bauxite and
Zn ore, produces Ga metal of 99.9% purity (Roskill
2002). However, most users of gallium require a degree
of purity of at least 99.999%, making a further stage of
refining necessary (Fig. 1).
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4 Conclusions
This study suggests that future supplies of Ga are not
limited by its geological availability. The Ga reserves
that are associated with bauxite and Zn ore total an
estimated 1.36 Mt. Resources of Ga are significantly
greater and are estimated to be 2.75 to 3.75 Mt.
Because of the poor data available for Ga abundance
and distribution in Zn ores, it is not possible to
accurately assess the contribution that Zn ores can make
to Ga supply. Here, systematic mineral chemical or
geochemical studies are needed to provide a detailed
characterisation of Ga contents and distribution in Zn
ores
It is technological availability that may limit the
supply of Ga. Technology for Ga extraction from bauxite
and Zn ores has been known for decades, but because of
the limited market for Ga in high-technology
applications the metal is recovered only by a few
companies globally. Future demand may thus be met
either (a) by building new production facilities at
existing alumina refineries and Zn smelters using
existing technology or (b) develop novel, more efficient
(e.g., with better recovery), technologies for Ga
extraction.
Assuming that all existing alumina refineries are
equipped with the currently available technology for Ga
extraction, about 860 t of Ga metal could be produced
each year. However, based on a Ga demand of 2200 t by
2030, there is still a deficit of more than 50%. Hence, an
improvement in recovery rates using the existing
technologies will be required to meet this future demand.
Utilization of alternative sources of Ga should be
taken into consideration. Waste material from aluminium
refining, so-called red mud, is considered a potential
source of Ga, as more than half of the primary Ga in
bauxite is lost to this material. Similarly, Ga may be
recovered from some polymetallic Cu- and Pb-ores,
from certain coal (ash) and from alkaline intrusions
currently explored for REE resources. Suitable
technologies will, however, have to be developed for all
of these possible Ga resources.
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Register of summer mixing in a pit lake of the Iberian
Pyrite Belt (IPB): an exceptional phenomenon
Esther Santofimia Pastor, Enrique López-Pamo, Nieves Gómez Miguélez
Instituto Geológico y Minero de España, Ríos Rosas 23, Madrid, España
Elena González-Toril
Centro de Astrobiología, Torrejón-Ajalvir road km 4, Torrejón de Ardoz, Madrid, España
Abstract. The pit lakes placed in temperate zones,
holomictic and meromictic, present thermal stratification
during the summer. This situation stabilizes the water
column preventing the mixing in the vertical. In winter the
mixing processes are active and homogenize water
column, total (holomictic lakes) or partially (meromictic
lakes). In a small pit lake of the Iberian Pyrite Belt, which
showed a singular stratification, the mixing in the vertical
has been detected in the summer. The destabilization of
pre-existing thermal stratification is caused by the
increase of dissolved solids concentration in a thin
shallow layer due to the evaporation effects. Temperature
record in water column and the specific measurements of
dissolved oxygen concentration, redox species of iron
and total dissolved solid have made possible to identify
this exceptional phenomenon.

(pH ~2.7) with high concentrations of sulphate (8.5
g/L), magnesium (1.0 g/L) and metals (Fe 760 mg/L, Al
230 mg/L, Mn 88 mg/L and Cu 29 mg/L). As the
majority of the mining lakes of the IPB, chemical
stratification was developed (meromictic lake), but
unlike the rest, occasionally, at the beginning of some
winters, a period of mixing and total homogenization
was observed (holomictic lake). During intense episodes
of rain the lake has recovered the chemical stratification
due to the contribution of runoff from a basin of 270,000
m2 (Santofimia et al. 2009).
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In the Iberian Pyrite Belt (IPB), there are a lot of
abandoned mine pits, which have developed a lake
inside. The majority of these lakes are acidic (pH 3) and
show high concentrations of sulphate and metals (Fe, Al,
Cu, Zn, Mn). The meromictic lakes (permanent chemical
stratification) are more frequent than the holomictic
lakes (winter mixing that homogenizes water column of
lake). In all these pit lakes, from spring to the end of
autumn, a thermal stratification is developed. The
meromictic lakes show, as well as chemical
stratification, thermal stratification in this time of the
year, increasing the intensity of total stratification
(López-Pamo et al. 2009; Sánchez España et al. 2008).
The mixing processes in the vertical (total in the
holomictic lakes and partial in the meromictic lakes)
remain restricted to the period between November and
February. In summer, the stratification is more intense
and the pit lakes present major stability.
In this work are presented data that reveal a period of
exceptional mixing during summer, in a small lake
stratified chemically, classified according to the years as
holomictic or meromictic, depending on the existence or
absence, the winter mixing (Santofimia et al. 2009).

Waste rock piles

ð





Trimpancho Stream

Nuestra Señora del Carmen Mine









Figure 1. Geographical situation and mining area sketch.

In the year 2009 the variation of the lake level and its
temperature at different depths has been registered. The
field and analytical data correspond to six sampling.
The changes in water level were measured by CTDDiver sensor, and Baro-Diver instrument to compensate
barometric pressure data, both of Van Essen
Instruments. The temperature variations in the lake were
measured by a CTD-Diver sensor situated between 0.4
and 2 m deep (due to variations in water level), and by
Hobo® Prov2 at 2, 3, 5, 7 and 20 m fixed deep.
Depth measurements and vertical profiles of pH,
redox potential (Eh), temperature (T), dissolved oxygen
(DO),
electric
conductivity
(EC),
turbidity,
photosynthetically active radiation (PAR) and
chlorophyll-a concentration were collected with a
Hydrolab® Datasonde S5 probe.
The concentration of Fe(II) was measured by
reflectance photometry with a Merck RQflex10
reflectometer. For the determination of the total iron was
necessary to add a reducing agent (ascorbic acid).
Water samples were analyzed by AAS, ICP-AES, and
ICP-MS. Microbial samples were collected in May (0

2 Description site and methodology
The mining pit of Nuestra Señora del Carmen, located in
the NW of Huelva province (IPB), has been totally
flooded for several decades.
The dimensions of the lake are 110 m x 80 m and 35
m depth, with a volume of ∼80,000 m3. Water is acid
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and 15 m depth) for DNA extraction, PCR (Polymerase
Chain Reaction) amplification and sequencing.

3 Results and discussion
During February 2009, the pit lake developed thermal
stratification, which disappeared during November 2009
(Figs. 2A and B). Due to water characteristics (dissolved
metals and iron colloids) the intensity of the solar
radiation diminished drastically with depth. The
warming of the lake was a shallow phenomenon that
disappears practically at 5 m deep (Fig. 2B). From this
depth to the bottom, the lake temperature has always
been uniform (Fig. 3).
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Figure 2. A) Temperature register in the pit lake at 0.4/2.2, 2
and 3 m depth, B) temperature register at 3, 5, 7 and 20 m
depth, C) relative variation of lake level and D) annual rainfall.
The register was carried out during 2009.

The lake level increased 50 cm with the rainfalls of
the first two months of the year (Fig. 2C). After a period
of certain stability (March), the level showed a
progressive decrease of 100 cm, until the first rains of
autumn (October). In the last weeks of December,
associated with an intense precipitation, the lake level
showed a strong increase of 150 cm reaching the
overflow level (Figs. 2C and D).
The runoff that flowed into the lake was freshwater,
because the reception basin was not mined (Fig. 1). The
difference of salinity made the runoff lighter than the

974

lake water, overturning only partially with the lake, and
developing a thin and less dense layer in surface, which
made the lake to stratify chemically. A chemical and
thermal stratification of the lake became more intense
when the shallow temperature began to increase from
spring (Fig. 3A).
During summer, the absence of rainfall, high
temperatures (24 and 25ºC, average of June and July
respectively) and a dry environment (40-50% of relative
humidity), make the lake level to descend due to the
intense evaporation (Fig. 2C). This phenomenon affected
exclusively the thin superficial layer, and it was so
intense (effective water loss higher than 8 mm/day in the
period May - September) that could have increased the
dissolved solid concentration. This process has caused
the increase of density in the upper layer, reducing the
intensity of the stratification (Fig. 3A and B), and
presenting more quantity of TDS in the upper layer than
in the bottom layer (11.8 and 10.7 g/L respectively,
August data).
From registered data can be deduced that the
evapoconcentration process has been so intense that has
destabilized the initial thermal stratification of the lake,
generating certain mixing processes in the vertical from
July 2009.
While the lake remained stratified during springtime
and the beginning of summer the upper layer
temperature increased slowly and progressively (Fig.
2B). Nevertheless, from July 11, 2009, there was a
breaking point in its evolution. The temperature increase
was considerably faster. The development of this
discontinuity coincides with a change of trend in the
evolution of the temperature at 3 m depth, which initiates
a sudden decrease until it is equalized at the bottom layer
temperature, after two weeks (Fig. 2B). The temperature
at 2 m depth showed the same change in its evolutionary
trend. Nevertheless at this depth the temperature values
did not equalize at the bottom layer values. With respect
to these data it is possible to reinforce the existence of a
mixing process in the vertical that homogenized the lake
thermally from 3 m depth, affecting less the water mass
located at 2 m depth. This phenomenon was active until
September, since October the lake stabilized thermally,
identifying an increase of the temperature at 3 m depth
(Fig. 2B).
In general, when the lake was stratified chemically,
the shallow upper layer presented saturation in the
dissolved oxygen values (8-9 mg/L according to
temperature range), and the iron was fundamentally as
Fe(III) (e.g., May 2009, Fig. 3A). However, the situation
changed from July to October 2009. During these
months the upper layer showed a shortage of dissolved
oxygen concentration (40-50% sat., equivalent to 4
mg/L). Likewise, it is worth noting that in August, this
layer showed high values of Fe(II) (34 mg/L, Fig. 3B).
The fact that the surface of the lake presented these
characteristics, lead us to believe that a mixing of water
column was caused, transporting to surface anoxic water
enriched in Fe(II) and Fe(III), from the bottom layer.
The mass transfer, as a result of the mixing, provided
dissolved oxygen at the maximum depth of the lake. This
contribution together with the presence of bacteria such
as At. ferrooxidans and At. ferrivorans (oxidizing
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smallest Fe(II) concentration has been measured during
summer 2009.

bacteria of ferrous iron in the presence oxygen) helped
the oxidation of Fe(II) to Fe(III). These species have
revealed metabolic versatility, since they can also reduce
ferric iron in anoxic conditions (Malki et al. 2006).
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The NSC pit lake presents a singular stratification. This
lake was characterized by the presence of a thin
superficial layer associated with a shallow chemocline of
great intensity. In summer (scanty rainfall and a strong
evaporation), the evapoconcentration managed to annul
the chemocline inverting its gradient (major
concentration above). This can cause the destabilization
of the water column that starts mixing in the vertical, as
happened during summer 2009.
The evidences of this summer mixing are the
following: 1) the thermal homogeneity of the water
column from 3 m depth to the bottom, 2) change of trend
in temperature evolution 2 m depth, 3) the sub-saturation
of dissolved oxygen in the surface of the lake, 4) the
presence of Fe(II) in the surface, and 5) especially, the
evolution of Fe(II) and Fe(III) concentrations in the
water column.
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Figure 3. Vertical profile of temperature (T), electric
conductivity (EC), dissolved oxygen (DO) and dissolved Fe(II)
and Fe(III) concentrations in the months of A) May, B) August,
C) October and D) November 2009.

This versatility seems to control the evolution of the
redox species of iron in this pit lake (Fig. 3). In May
2009, the bottom layer showed similar concentrations of
Fe(II) and Fe(III) (Fig. 3A), but the system evolved for
these months, reducing the concentration of Fe(II) and
increasing the Fe(III) (Fig. 3). The evolution from May
to October can be attributed to the summer mixing. But
from October to November the oxidation was favored by
the winter mixing associated to the cooling of the lake
surface.
When the pit lake was stratified in 2010, the
evolution of Fe(II) and Fe(III) has been opposite to 2009
(data not shown), due to the fact that the summer mixing
had not occurred (information of February, May and
September), observing an increase of Fe(II) and a
decrease of Fe(III). It is important to note that in anoxic
conditions the bacteria such as At. ferrooxidans and At.
ferrivorans can reduce Fe(III).
Since the start of the study of water column of the pit
lake in 2006, the greatest Fe(III) concentration and the
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Application and limitation of standard humidity cell
tests at the Andina porphyry copper mine, CODELCO,
Chile
Leyla Weibel
Universidad Internacional de Andalucía. La Rábida s/n, Huelva- España
Bernhard Dold
Department of Geology, University of Chile, Plaza Ercilla 803, Santiago, Chile
Javier Cruz
División Andina Codelco, Santa Teresa 513, Los Andes, Chile
Abstract. The Andina Division, CODELCO, Chile
conducted a sampling campaign (78 samples) to
characterize low-ore grade materials for future waste
disposal (%CuT < Cut-off), in order to determine the
potential for acid rock drainage (ARD) generation and its
kinetics. The samples were characterized for mineralogy
and geochemistry, acid-base accounting (ABA),
sequential extraction (SE), and standard humidity cells
tests (ASTM D5744-96).
The mineralogical and geochemical static test results
(ABA) indicate that all samples are net acid producers.
However, the evolution of the humidity cells did not reflect
this acid potential. Only 11.5% showed a fast decrease of
pH with final values around 3.5-4.5 and with the
associated release of acidity and associated elements.
This decrease in pH is due to the presence of
Fe(III)hydroxides in the samples and not due to sulfide
oxidation. 64.1% of the samples presented final pH ≥6.3;
14.1% present final pH between 5.5-6.3; 10.3% present
final pH between 4.5-5.5. This indicates that the kinetics
of producing an acid environment (acid production
through sulfide oxidation and neutralization processes)
are slow for porphyry copper mineralogy and therefore
the standard humidity cell test ASTM D5744-96 is not
appropriate for this type of material.

generation of ARD using Standard Humidity cells,
according to ASTM D5744-96 (1998). Sequential
Extractions (Dold 2003) were done using heads and
wastes resulting from humidity cells to determine the
rates and characteristics of dissolution of different
minerals present in the samples. These results were
correlated with the results obtained from the humidity
cells.

Keywords. acid rock drainage, humidity cells, Acid-Basic
Accounting (ABA), sequential extractions

This test is based on ASTM D5744-96 (1998), which
simulates the accelerated weathering of a solid sample of
1000 g, from which weekly effluents are generated and
that are chemically characterized. Each cycle is
composed by three days of dry air injection (relative
humidity <10%) and three days of humid air injection
(relative humidity ~95%), followed by an inundation
with de-ionized water on the seventh day, with a
recommended duration period of 20 weeks (20 cycles) in
total.
The purpose of this test is to assess the evolution of
the effluents originated weekly, regarding pH,
conductivity, acidity/alkalinity and release of cations and
anions.

2 Methodology
2.1 Sampling
The sampling was done from existing drill cores in areas
of LGS, considering: (1) Representation of LGS,
according to the existent lithologic model, for the period
of 2006-2031; (2) Availability and optimal condition of
the drill cores; (3) Samples with grades of %CuT < CuT
cutoff; (4) Representation of different alterations, and
mineralization types.
2.2 Standard humidity cells

1 Introduction
Codelco's Andina Division has considered the creation of
a waste deposit, within the framework of a new
extension program. The material for deposition will be
characterized by 1900 Mt of low grade sulfides (LGS)
with copper concentrations below cutoff. The
management and treatment of ARD in the long term is
considered, and therefore, basic information is required
about geology and environmental behavior of the LGS.
In this context, a campaign study of 78 samples has
been developed (78 samples) to determine the potential
generation of acid waters and establish a first approach
to the variability of LGS, in addition to those the factors
that may control their behavior during weathering
processes.
The analytical approach considered the application of
the Modified ABA Test (Lawrence 1990); the
determination of the kinetics of the samples in the

2.3 Static test
The ABA Modified Test (Lawrence 1990), determines
the Acidification Potential (AP) according to the sulfide
sulfur (STotal-SSulfates), unlike the original method of
Sobek et al. (1978), which calculates the function AP the
STotal. The Neutralization Potential (NP) is determined
through acid digestion at room temperature for 24 h and
subsequent titration until obtaining a pH of 8.3; the
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methodology also differs from the original of Sobek et
al. (1978). Net Neutralization Potential (NNP) of the
samples is given by the difference of the acidification
and neutralization potentials.
Sequential Extractions after Dold (2003), is a
mineral dissolution procedure done in stages adapted for
primary and secondary mineralogy of copper sulfide
ores, such as porphyry copper and Fe-oxide Cu-Au
deposits and has been used in understanding the element
cycles of mining wastes. Along the seven steps of the
test, mineral phases are gradually dissolved: (1) liberates
the water-soluble fraction; (2) exchangeable fraction as
adsorbed ions, calcite and vermiculite-type mixed-layer;
(3) oxy-hydroxides of Fe(III), schwertmannite, two-line
ferrihydrite, Mn-hydroxides, secondary jarosite partial
dissolution and goethite; (4) oxides of Fe(III) and all
secondary ferric minerals; (5) organic matter and
supergene Cu-sulfides; (6) primary sulfides and (7) the
residual fraction (silicates).

Mean Plot (Spreadsheet in Workbook1-78SBL.stw 8v*78c)
Mean; Whisker: Mean±0.95 Conf. Interval
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Figure 2. Sequential Extraction of Sulfur (S).
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Figure 3. Sequential Extraction of Calcium (Ca).

3.3 Standard humidity cells results

3 Results

Given the previous results, it was expected that most of
the samples would generate acidity and pH decreases
would be observed within the cells, however after the
20-week test, these results were not obtained.
In the case of pH (Fig. 4) the following geochemical
results were observed:
(1) Only 11.5% of the samples reached a final pH
between 3.5-4.5. This decrease was caused by the
presence of oxy-hydroxides of Fe(III) and not by the
oxidation of sulfides.
(2) 10.3% of the samples reached a final pH within 4.55.5, the pH buffered by gibbsite (Dold 2010).
(3) 14.1% of the samples reached a final pH within 5.56.3, the pH buffered by siderite, and
(4) 64.1% of the samples reached final pH >6.3, the pH
buffered between both carbonate species HCO3- and
H2CO3.
Through evolution of acidity (Fig. 5), low ARD
generation was confirmed, where the 73.0% of the
samples remained stable (green line); 10.2% had scarce
acidity contributions (blue line) and 16.6% of the
samples (red line) had a greater contribution, associated
to the samples containing Fe (III) oxy-hydroxides.

3.2 Static test results
ABA test outcomes show that 58% of the samples have a
high potential to generate ARD and 42% have a marginal
potential (Fig. 1). The mineralogy of the samples
confirms these results, where the content of sulfides,
mainly pyrite (FeS2) is higher than the content of
carbonates (siderite and/or calcite), which are typically
present at trace levels and insufficient to neutralize acids
generated through sulfide oxidation.
Histogram (Spreadsheet in Workbook1-78SBL.stw 24v*78c)
50
Generator, 58%
No of obs

0.8

-0.4

The mineralogical characterization consisted in
macroscopic mapping, microscopy transmitted and
reflected light, and application of QEMSCAN
(Quantitative Evaluation of Materials by Scanning
Electron Microscope) technology, in hand specimen and
briquettes of heads and wastes of humidity cells, with the
purpose of qualifying and quantifying the ore and
gangue mineralogy responsible for acidification and/or
neutralization processes.

Uncertain, 42%

30
20
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0

Mean±0.95 Conf. Interval
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2.4 Mineralogy

40
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20

-20
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Figure 1. Test ABA Net Neutralization Potential (NNP).

Similarly, the step 6 of the Sequential Extraction for
sulfur (Fig. 2) indicates the sulfides content (pyrite) as
well as the limited presence of carbonates (Fig. 3),
represented by low calcium release in step 2.
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humidity cell tests.

Mean Plot (Spreadsheet in Workbook1-78SBL.stw 26v*78c)
Include condition: v26=4
Mean; Whisker: Mean±0.95 Conf. Interval
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7

The LGS samples characterized in this study present a
high potential to generate ARD, according to results
from ABA Test, Sequential Extraction and mineralogy,
with pyrite content > carbonates. However, standard
humidity cell tests applied according to ASTM D574496 (1998) did not show such generation. This indicates
that the kinetics of acidity and neutralization processes
are slower in the porphyry copper samples used and
therefore the standard test is not the most appropriate for
this material.
Despite the slow kinetics of the cells, trends in pH
and sulfate allowed to establish cutoffs, supported by the
mineralogy and static tests, establishing sample groups
with greater input of soluble fraction and control of the
geochemistry by Fe(III) oxy-hydroxides. However, for
main sulfide domains, it is vital to establish differences
in the kinetics of generation of ARD, through the
optimization of humidity cell tests.
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Figure 4. Evolution of pH in Standard Humidity Cells.
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In the evolution of sulfate (Fig. 6), 15.3% of the
samples (brown line) show decreasing sulfate
concentrations and 84.6% (gray line) show no major
decrease. These trends coincide with the sequential
extractions, where the greatest sulfate concentrations
was observed for those samples containing sulfates as
gypsum and/or anhydrite (according to QEMSCAN
mineralogy), minerals dissolved in Step 1 and 2 of the
test (Fig. 2). Therefore, the decrease of the sulfate
concentrations in time represents the dissolution of
primary sulfate minerals gypsum and anhydrite and their
leach-out with time.
Mean Plot (Spreadsheet in Workbook1-78SBL.stw 23v*12c)
Mean; Whisker: Mean±0.95 Conf. Interval
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Figure 6. Evolution of sulfates in the standard humidity cells.

The analysis of heads versus wastes of the humidity
cells do not show great differences, confirming the slow
reaction kinetics of sulfide oxidation in the standard
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Characterization of copper wad from the Lomas Bayas
ore deposit, northern Chile
Eduardo Campos, Shoji Kojima, María Soledad Bembow
Departamento de Ciencias Geológicas, Universidad Católica del Norte, Antofagasta
Javier González, David Vega
Compañía Minera Xstrata Lomas Bayas
Abstract. Characterization of copper wad from the
Lomas Bayas porphyry copper deposit was undertaken
to provide constraints on chemical composition, definition
of crystal structure and identification of associated
minerals, using analytical techniques such as X-ray
diffraction, scanning electron microscopy, and optical ore
microscopy. The results indicate that copper wad
corresponds to Cu-bearing manganese-iron oxides
mainly composed of manganese with lesser amounts of
iron and copper. Other minor or trace elements are Si, K,
Al, and Zn, and these mineral phases are amorphous or
poorly crystalline. The majority of copper wad is related to
strongly fractured breccias in areas showing intense
phyllic alteration or supergene weathering, and is closely
associated with limonite, kaolinite and secondary copper
minerals such as chrysocolla, chalcanthite, antlerite and
brochantite.

facilities.
The aim of this investigation is to characterize the
black copper mineral phases in the Lomas Bayas deposit,
providing better constrains on the composition, as well
as mineral associations. This information will be
fundamental for designing a procedure that will allow
the extraction of the copper from the wad, offering an
opportunity to economically prolonging the mine and
plant life.

2 Copper wad characterization
In the Lomas Bayas deposit, the copper wad
mineralization occurs in phyllic alteration or supergene
weathering zones mostly associated with strongly
fractured breccia bodies. This type of mineralization can
be observed as a dull brownish friable material coating
gangue grains, filling void space in strongly fractured
and permeable host rocks or as the matrix cementing
fragmented rocks.
To obtain a compositional characterization of the
copper wad and associated minerals, fragments showing
the highest concentration of copper wad were collected
from different locations within the mine.
Polished samples of copper wad were examined using
an Olympus BX-40-type reflected light microscopy.
Under the microscope the copper wad appears as finegrained (< 5 μm) aggregates up to several centimeters in
size. The textures of the copper wad are commonly
characterized by concentric colloform growth bands,
massive aggregates and banded intergrowths with iron
oxides (limonite). Precipitation of minerals with
colloform textures may be produced by rapid deposition
of highly supersaturated ore fluids at low temperatures
(e.g., Kojima and Ohmoto 1991).
The copper wad is closely associated with other
supergene copper oxide minerals such as atacamite,
chrysocolla, antlerite, chlacantite and brochantite. The
common gangue phases associated with copper wad are
limonite, kaolinite, quartz, sericite and chlorite. Hematite
and relics of pyrite and chalcopyrite are opaque minerals
that can occasionally be recognized.
High purity concentrates of copper wad were
analyzed on a Siemens D50000 X-ray difractometer. The
results obtained indicates that this mineral phase is
essentially amorphous or shows a low level of
crystalinity. The X-ray technique was also very useful in
defining the mineral species commonly associated with
the copper wad including atacamite, brochantite,
antlerite, chrysocolla, tenorite, cuprite, chalcocite,
neotocite, hematite, goethita, gypsum, nantrojarosite,

Keywords. copper wad, black copper oxides, supergene
mineralization

1 Introduction
The Lomas Bayas ore deposit is located 110 km
northeast of Antofagasta city, northern Chile. The ore
body has been defined as a low-grade (0.35% Cu)
porphyry type deposit, in which the hypogene
mineralization occurs mainly as quartz veinlets
accompanied by chalcopyrite, pyrite, bornite, digenite
and molybdenite. The primary ore zone is deeply
weathered resulting in supergene mineralization, which
is characterized by secondary enrichment zones with a
chalcocite-covellite association. Oxidation of secondary
and primary ore produces supergene copper oxide
minerals such as antlerite, brochantite, chalcanthite,
chrysocolla, atacamite, and black copper ore (Varela
2001).
The black copper ore is a generic mining term for a
mixture of Cu-bearing manganese oxyhydrate mineral
phases, whose crystal structure and composition proves
difficult to accurately characterize. Traditionally, the
black copper ore was classified into two subtypes
“copper wad” and “copper pitch” (e.g., Fam 1979;
Pincheira et al. 2003); the copper pitch is silica-rich and
closely associated with chrysocolla, and thus it may also
be called “black chrysocolla”. These ore phases are
poorly understood and pose recovery problems as they
are refractory during acid leaching processes.
In the Lomas Bayas deposit, the black copper ore
correspond to the copper wad type and represents about
30% of the non-soluble copper, and 0.12% of the total
copper, and is left untreated by current processing
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chemical composition composed mainly of Mn (more
that 60%), Fe (around 15%) and Cu (between 5 and
20%), other minor or trace elements are Si, K, Al, and
Zn.
The copper wad occurs in the phyllic alteration or
supergene weathering zones, and are associated with
other copper minerals such as atacamite, chrysocolla,
antlerite, chlacanthite and brochantite, whereas the most
common gangue minerals are limonites, quartz and
kaolinite.
The constraints on the actual composition of copper
wad from Lomas Bayas and the identification of
associated minerals, represents the first step in searching
for metallurgical alternatives that will improve the
extraction of copper contained within this mineral phase,
that is not recovered by the acid leaching process
currently used in the Lomas Bayas processing plant.

quartz, clinochlore and biotite.
Further characterization of copper wad was
performed using a JEOL JSM 6360 LV-type scanning
electron microscopy (SEM). To perform the textural and
compositional analysis, sample chips of copper wad
were embedded in epoxy resin and polished. The
polished sections were first described in reflected light
microscopy with the aim of finding spots of mayor
interest to be studied on the SEM.
To characterize the chemical composition, mineral
association and textures of copper wad the previously
selected spots were analyzed on the SEM using different
procedures such as spot analysis, mapping of element
distribution and element distribution profiles.
The spot analysis indicates that copper wad is mainly
made up off manganese (more than 60 wt.%), with lesser
amounts of copper (between 5 to 20 wt.%) and iron
(around 15 wt.%), other elements such as K, Al, Si and
Zn in general represents less than 5%. This
compositional pattern is very consistent in all studied
samples. The compositional mapping (Fig. 1) and
element distribution profiles confirm the close
association between Mn, Fe and Cu in copper wad
samples.
Where veins are observed the copper wad is along
the walls of the vein, while in the centre iron oxides are
the dominant mineral phase.

A

3 Discussion and conclusions
Several studies dealing with the characterization of the
composition and crystal structure of copper wad have
had difficulties due to the complex and variable
composition and poorly crystalline nature of these
mineral phases.
Rojas and Müller (1994) studied the genesis of the
Damiana exotic copper deposit related to the El Salvador
porphyry system, and found that the ideal formula for
copper wad in the deposit was CuO·MnO2·7H2O,
whereas Mote et al. (2001) concluded, based on
chemical analyses of samples from the same orebody,
that a significant portion of the copper wad corresponded
to copper-bearing manganese oxyhydrates, with
structures similar to cryptomelane (K1-2(Mn3+, Mn
4+
)8O16·XH2O) and birnessite (K0.33Mn3.9+7O 14·7H2O). In
another example, Münchmeyer (1996) defines the
copper wad in the Mina Sur exotic deposit
(Chuquicamata) as Cu-rich Mn-Fe oxides, while
Pincheira et al. (2003) suggested that, based on the
detailed study of samples from the same mine, the
copper wad has a complex and very variable chemical
composition with Si, Cu, Mn, and Fe as major elements
and Al, Ca, Na, K, Cl, P, Pb, Zn and Ni as minor or trace
elements. Cuadra and Rojas (2001) found that the
majority of materials named copper wad from the
Radomiro Tomic deposit are amorphous materials and
some show characteristics similar to those of
cryptomelano and crednerite (CuMnO2).
The copper wad from the Lomas Bayas deposit is
rather different from the wad phases described in other
deposits of northern Chile. The wad from Lomas Bayas
is amorphous or poorly crystalline, with a variable

B

C

D

E

Figure 1. Picture A: Back-scattered electron image showing
veinlets of copper wad mineralization (bright grey) cutting
through silicate clasts (darkest grey). Brightest white grains are
iron oxides. The close association between manganese, iron
and copper is shown on pictures B, C, D, whereas the silica
distribution is completely different (picture E).
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Abstract. Thermal balance is an important indicator of
the dynamic state of any geothermal system. Recent
studies identify the use of Forward Looking Infrared
(FLIR) as an effective tool for assessing thermal
conditions on small scale sites. Extrapolating to larger
scales can potentially provide real-time data and noninvasive techniques for the development of basin level
thermal budgets. Two field visits were completed in
October and December of 2009 immediately following an
uncontrolled release from a 4500 m deep exploration well
in the El Tatio geyser field. The aim was to use
antecedent FLIR data from 2008 for a comparative
approach with conditions after the 2009 event to measure
system behavior and potential impacts. FLIR datasets
were incorporated with geochemical datasets from 20062009 to validate trend analysis and compare response
indicators. Initial results indicate that there was no
significant long-term change in thermal flux for the basin
and assessment of short-term impacts remained
inconclusive. Without a continuous monitoring program
empirical assessment of impacts was not possible in the
2009 event. Results of this research support the use and
value in further refining real-time FLIR monitoring to
approximate the conditions in geyser systems with the
use of geothermal flux as a metric.

observing and estimating thermal budgets and eruptive
activity in volcanoes (Spampinato et al. 2011). Aerial
thermal imaging has also been used in hydrothermal
systems, primarily to identify thermal features for
exploration or geothermal power project management
(Einarsson and Kristinsson 2010). However, to our
knowledge FLIR imagery has not been employed as a
rapid-response technology to measure changes.

2 Methodology
Given the sudden nature of the uncontrolled release of
steam and limited access to measure and sample the
artificial geyser, a rapid method for acquiring thermal
data over a large area was required. FLIR imagery and
interpretation was selected as the preferred methodology.
FLIR imagery was acquired using a FLIR ThermaCam
660. Images were acquired from the northern end of the
field of the upper geyser basin and the middle geyser
basin (Glennon and Pfaff 2003). Each panorama image
encompasses an area of approximately 1km2. FLIR data
was analysed for significant fluctuations in detected
wavelength using analysis sequences conducted for to
micro-scale FLIR results from 2008 (Dunckel et al.
2009). Basin scale imagery from 2009 was then
compared to similar basin scale images from 2008.
Water samples were collected at four major springs
within the middle basin, as well as major spring and
geyser features within the upper and lower springs (Fig.
1). One sample was also collected from a spring feature
located in group M-III, a group of hydrothermal features
closest to the damaged well. These samples were
analysed for cation, anion, and trace metals, as well as
total carbon and dissolved gases including H2, O2, and
CH4. Trace metals and cations were measured using
Inductively Coupled Plasma Mass spectrometry (ICPMS). Anions were measured using High Performance
Liquid Chromatography (HPLC). Gas chromatography
was performed on the water samples to calculate
dissolved volume of gases.
Geochemical analyses have been performed over a
ten year period, and geochemical data from measured
features were compared with results from data gathered
from the same springs in December 2006, March 2008,
and/or June 2009. Arsenic, a toxic metalloid which
occurs in very high concentrations in El Tatio and

Keywords. geothermal, Tatio, FLIR, infrared, thermal flux
geochemical

1 Introduction
The El Tatio geothermal complex, located in II region of
northern Chile, is the largest geyser field in the southern
hemisphere. With more than 100 documented thermal
features, the geyser field is a major tourist attraction and
a unique geological and geochemical laboratory. In
September of 2009, an uncontrolled release during flow
testing of an historic geothermal exploration well created
an artificial geyser which reached up to 60 m in height.
This raised concerns about the potential environmental,
ecological, and geological impacts of this geyser. Due to
the absence of any permanent monitoring system in the
El Tatio field, much of the evidence provided about
impacts has been anecdotal. This study investigates the
impact of the uncontrolled release of steam on the
thermal and geochemical balance of major thermal
features in the field.
FLIR thermal imagery is an established technique for
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of climate and weather conditions, or seismic events,
they would be detected in the geothermal flux. The
geochemical data will corroborate this conclusion, as
changes in geochemical properties are indicative of
changes in water source, residence time, or other
systemic alterations.

chloride were selected as key indicators of geochemical
changes.

3 Hypothesis
Any significant or long-term impacts on the geyser
system either human-induced changes, natural variations

Figure 1. Arsenic (As) and chloride (Cl) concentrations (in ppm) for the four major features examined.

4 Results

feature, seen in the upper left of Figure 2 is
approximately 300 m from the camera. Field
complications prevented extended calibration and
repeated measurements with the FLIR camera.
Therefore, images like Figure 2 are useful for comparing
temperatures of features within a photograph, and
between photographs, but thermister measurements must
be used to calibrate this data to absolute temperatures.

The images obtained via the FLIR camera indicate a
steady thermal output from El Tatio’s major
hydrothermal features. Images taken over a span of 2
field visits yielded virtually identical results, which
correlate with imagery from the prior 2008 data. Figure 2
illustrates the limitations of the FLIR camera. The major

Figure 2. FLIR camera image of the Upper Field of El Tatio.

FLIR images from 2008 are very similar to those
taken in 2010, which corroborates the results obtained
from geochemical analyses showing slight variations in

geochemistry that cannot be correlated directly to
geothermal exploration. The tables in Figure 2 illustrate
the relative geochemical stability of the hydrothermal
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system, with no significant fluctuation in cations, anions,
or trace elements. With the exception of the feature in
group M-3, located nearest the artificial geyser the time
series data indicate no significant fluctuations between
the key periods of July and October 2009.

Volcano surveillance using infrared cameras, Earth Sci Rev
106:63-91
UNDP Chile (2010) Revisión de la Ejecución del Proyecto
Perforación Geotérmica Profunda El Tatio, Fase I: Informe
Preliminar Informe Técnico Rev 2010-06-24

5 Discussion
The continuity of geochemical and FLIR results
corroborate the findings of the official report by the
United Nations Development Program’s panel of experts
(UNDP Chile 2010). The recharge cycle for El Tatio has
been estimated to be 15-17 years and the volume of
water available from the recharge zone is likely orders of
magnitude larger than the output of the geyser field, even
with the uncontrolled release of steam from the
uncontrolled release from the damaged well (Lahsen and
Trujillo 1976). Given these parameters, it is unsurprising
that analysis of the FLIR imagery was inconclusive and
preliminary analysis does not support claims for major
shifts in thermal flux. The correlation of geochemical
data adds an additional level of confidence to this
conclusion.
The use of FLIR imaging as rapid response to well
control incidents in geothermal fields is a new field of
inquiry. This project was conducted with a true rapid
response philosophy, with limited antecedent FLIR data.
As such, the results obtained from the FLIR imagery are
preliminary indicators that are best assessed in
conjunction with additional parameters such as the flow
rate of steam, geophysical data, and in situ reservoir
measurements. We anticipate FLIR methodology will be
essential
in
determining
anthropogenic
and
environmental impacts on hydrothermal features in the
future. Future work in the development of robust
methodologies for basin-scale assessment of geothermal
flux using the FLIR camera and establishing a set of
measured baseline conditions can provide improved
understanding of system behaviour and offer valuable
information to aide long-term management, or
protection, of the geothermal basin. Continued collection
of geothermal data with the FLIR will also contribute
vital knowledge for assessing potential for impacts
related to either geothermal exploration or development
on geyser fields.
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