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Preface and Editorial Comments

During the 25th SGA Anniversary Meeting in Nancy, France, the SGA decided to hold
its Second Biennial Meeting in Granada, Spain being one of Europe's most active countries
as far as the mining of ore deposits is concerned.

The meeting has been organised by a group of researchers belonging to the Department
of Mineralogy and Petrology of the University of Granada, together with the Andalucian
Institute of Mediterranean Geology and the University of the Basque Country, to all of
whom I extend my grateful thanks for their help and logistic support.

On behalf of the organising committee of the SGA I also wish to thank the Spanish
Ministry of Education and Science and all the other institutions who have helped in the
organisation of this meeting and have made it possible for scientists from developing

countries to be able to take part.

‘ And my thanks are of course due to all those researchers from five continents (191 from
Europe, with a large contingent from the eastern countries, 20 from America, and 44 from
Asia, Africa and Australia) who have contributed to the meeting with their presence and
their scientific contributions to the volume Current Research in Geology Applied to Ore
Deposits, in which all the communications presented during the Second Biennial Meeting
of the SGA in Granada (9 to 11 September, 1993) are published. These communications
are grouped into the following topics: mineralogical and geochemical studies applied to ore
deposits; massive and stratabound sulphide deposits in volcanic and sedimentary sequences;
gold and other precious metals; rare elements and other mineralizations associated with
granitic rocks; and industrial mineral deposits.

I must also acknowledge the help given by Maria del Mar Abad and Salvador Morales
in the publication of this volume, with their unstinting efforts in the composition of texts
and correction of errors. Lastly, my thanks go to the printing house La Guioconda and to
all those who have contributed in any way to ensuring that the volume came out before the
meeting.

It is a pleasure for the Organizing Committee and SGA to wish you a pleasant stay in
Granada during the meeting.

Granada, June 30
Puri Fenoll Hach-Ali
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SUBMARINE HYDROTHERMAL AND EVAPORITE-RELATED BASE METAL, RARE
METAL AND PGE MINERALIZATION IN THE LOWER PROTEROZOIC OLARY
BLOCK, SOUTH AUSTRALIA

Plimer, L
School of Earth Sciences, The University of Melbourne, Parkville Vic, 3052, Australia

The Lower-Middle Proterozoic Olary Block of South Australia comprises multiply deformed

high metamorphic grade metasediments and metavolcanics. The rocks form part of the

Willyama Supergroup which, 100km to the east, hosts the giant Broken Hill Pb-Zn-Ag

deposits. Hundreds of small base metal and uranium ore deposits occur in the Olary Block,

the largest of which was the Radium Hill uranium deposits. There are no base metal deposits -
in the Olary Block which closely resemble the Broken Hill Pb-Zn-Ag mineralisation.

The Olary Block has enjoyed Lower Proterozoic coeval D1-M1 resulting in amphibolite facies
metamorphism and recumbent folds. Coeval D2-M2 upright, open to tight folds and
amphibolite facies metamorphism are overprinted by D3 which is expressed as gentle warps
of pre-existing fabrics and dissection by retrograde shear zones. The small time difference
between deposition of the Willyama Supergroup and the coeval D1-M1 and D2-D2-M2 events
suggests that deposition and tectonism were a continuum of the same process. Retrogression
of the Willyama Supergroup began in D3. However, the retrograde events D4-D5 affected
both the Willyama Supergroup and the overlying Adelaidean sequence. The D4-D5 events are
dated at about 500 Ma.

The Willyama Supergroup in the Olary Block comprises a number of unusual lithologies. The
basal part of the stratigraphy comprises migmatite and composite gneiss and there are
indications that this is Archaean-Lower Proterozoic basement. Overlying the composite gneiss
is the quartzofeldspathic suite comprising a basal Middle Proterozoic felsic gneiss of granitic
composition containing bipyramidal quartz and tabular feldspars which is-interpreted as a
felsic volcanic rock. Stratigraphically above this gneiss is a sequence of psammopelitic to
pelitic gneiss in a sequence dominated by quartzofeldspathic gneiss. Lithological boundaries
within the quartzofeldspathic gneiss are gradational. The quartzofeldspathic horizons contain
K feldspar-biotite-quartz gneiss, quartz-albite rocks and calc-albitites. Minor discordant and
concordant amphibolite masses are present.

Horizons of laminated quartz-magnetite+hematite and quartz-magnetite-barite+hematite rocks
(iron formations) occur at ‘the top of the quartzofeldspathic suite and are the most
economically interesting parts of the quartzofeldspathic suite and are traditionally thought to
represent submarine hydrothermal precipitates. These iron formations contain both primary
and secondary hematite, have the REE signature of hydrothermal fluids and, in high strain
areas, are well laminated with laminae defined by schlieren of magnetite and magnetite-
hematite. Much of the "bedding" in these banded iron formations is of tectonic origin. In low
strain areas, a gradation from calc-albitite into magnetite albitite, magnetite pseudomorphs
after a rhombohedral mineral (? primary dolomite) and bedding characteristics identical to that
observed in the overlying calc-albitites are present. Calc-albitite rocks have textures
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_suggesting that primary evaporitic dolomite and gypsum were replaced by calc-silicate
minerals and, by analogy, it appears that the iron formations result from the pre-metamorphic
sub-sea floor replacement of evaporite minerals such as dolomite and gypsum by an extremely
oxidised hydrothermal fluid. There is no evidence to suggest that the iron formations formed
as a result of precipitation on the sea floor from submarine hydrothermal activity.

Overlying the quartzofeldspathic suite is a package of sediments dominated by a diversity of
cale-silicate rocks, quartz-albitetcobaltian pyrite rocks and metasediments (psammopelites,
pelites) and rare piemontite-, magnetite-garnet-, quartz-iron sulphide- and sulphide-bearing
rocks. Lithological boundaries are commonly gradational, especially between the albitite, calc-
albitite and calc-silicate rocks. The rare Mn- and Fe-rich rocks represent highly oxidised
submarine hydrothermal precipitates.

Calc-silicate rocks grade from laminated calc-silicate units, to calc-silicate-albite rocks, to
calc-silicate-albite-magnetite rocks to quartz-magnetite+hematite rocks. Retrograde
metamorphic (? M3) andradite and epidote are well developed along bedding and in fractures
in the calc-silicate rocks. The prograde diopside-grossular-plagiocase calc-silicate rocks
display bedding, pseudomorphs after dolomite and gypsum, hypersaline fluid inclusions and
variable contents of scapolite, scheelite, pyrite, chalcopyrite, cobaltian arsenopyrite, galena,
sphalerite and gold.

A great diversity of calc-silicate breccias occur. The breccias contain clasts of albitite or calc-
albite and a calc-silicate matrix however, in one place, the matrix is composed of magnetite-
hematite. Some breccias are possibly karstic in origin related to the replacement, solution and
collapse of evaporitic rocks by diagenetic and hydrothermal fluids whereas other breccias are
related to competency differences during D2 deformation and post-D2 brittle deformation. A
number of these calc-silicate breccias contain minor Fe, Cu and Au mineralisation.

On the basis of chemistry, fluid inclusions, evaporite pseudomorphs and boron isotope
geochemistry, the calc-silicate and calc-albitite rocks are interpreted as metamorphosed
continental evaporites intercalated with both oxidised and reduced sediments, analcime-rich
rocks and felsic volcanics. This Middle Proterozoic evaporite-volcanic-clastic sediment
sequence overlies Archaean to Lower Proterozoic continental basement. It is proposed that
dewatering of the clastic sediment-continental evaporite pile has resulted in hypersaline
oxidised diagenetic fluids which, at redox interfaces in the pelitic-psammopelitic-calc-silicate
rocks, deposited sulphides. The redox interface is characterised by sulphide minerals of the
transition elements such as Fe, Cu, Co and Ni and minerals of other variable valence elements
(U, Au). Minor platinoids (Pd>>Pt) also occur at this horizon of redox-controlled sulphide
deposits however the source and sink of the platinum group elements is not known. Platinoids
are enriched in some gossans developed at redox interfaces.

The uppermost part of the Willyama Supergroup in the Olary Block comprises a pelite suite.
The pelite suite has been subdivided into a lower pelite suite within which caic-silicate
ellipsoids, tourmalinite and tourmaline-rich pelite are characteristic. Boron isotope data from
the tourmalinite suggests that the boron is of continental evaporite origin. The upper part of
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the pelite suite is somewhat more psammopelitic, contains chiastolite-bearing carbonaceous
pelites, psammites, minor calc-silicate rocks and quartz-garmet rocks. Both the tourmaline- and
gamnet-rich rocks are interpreted as submarine hydrothermal precipitates or sub-sea floor
replacements of pelitic sediments.

The Middle Proterozoic Willyama Supergroup rocks were deposited on rifted Archaean-Lower

‘Proterozoic basement. Bimodal volcanism occurred and initial continental rifting was
associated with an abundance of felsic volcanics. Ash falls into alkaline lakes, somewhat akin
to the modemn East African Rift, produced analcime-rich rocks. Evaporites and possibly
lacustrine clastic sediments also formed in this rift. The sequence comprising evaporite-felsic
volcanic-clastic sediment underwent dewatering and diagenesis resulting in the extensive
replacement of sediments by minerals precipitated from the resultant supersaline brines.
Oxidised supersaline hydrothermal fluids cooled the new crust and precipitated mineralisation
below and on the rift floor. Hydrothermal activity persisted during relaxation phase of the rift
wherein the rift was being filled with clastic sediments, boron was leached from continental
evaporites deeper in the pile and deposited as sub-rift floor replacements and rift floor
precipitates, and hot springs precipitated iron- and manganese-rich sediments on the rift floor.
It is suggested that there is a continuum of related Middle Proterozoic events commencing
with continental margin extension followed by rifting, subsidence, compression and uplift.

A correlation of the Willyama Supergroup in the Olary Block with the Supergroup in the
adjacent Broken Hill Block suggests that an event of sudden deepening coeval with granite
emplacement, a high ‘geothermal gradient and resultant submarine hydrothermal activity was
absent in the Olary Block. The giant Broken Hill Pb-Zn-Ag deposits formed during this event
of high geothermal gradient when an energy source (plutons, thin crust) produced focussed
magmatic fluids mixed with supersaline evaporite-derived hydrothermal fluids. These fluids
ascended a fault, underwent instantaneous P-T-X changes in the rift graben, and precipitated
the Broken Hill sulphide deposits.

Deformation of the Willyama Supergroup in the Olary Block has resuited in the generation
of quartz-feldspar-rare metal pegmatites (D1) and quartz-feldspar pegmatite (D2, D3). The D1
pegmatites contain beryl, retrograde bertrandite and muscovite, phosphates and rare Li
minerals. These pegmatites commonly have a minor sillimanite-rich aureole, the pegmatite
composition reflects the composition of the intruded rocks and the D1 pegmatites are
controlled by D1 structures. For example, tourmaline-rich pegmatites only occur in the pelite
suite (which contains tourmalinite and tourmaline-rich pelite) and Mn-Fe phosphate-bearing
pegmatites only occur in the stratigraphic package containing piemontite- and magnetite-
hematite-bearing rocks. The D2 pegmatites are far less voluminous than D1 pegmatites and
contain no ore minerals as the first melting batch appears to have efficiently removed the
incompatible elements. Two generations of relatively oxidised syn-tectonic granitoids and one
post-tectonic granite have intruded the sequence.

Uranium mineralisation is associated with the second phase of syn-tectonic granite. The
second generation of syntectonic granites are sodic in contrast to the potassic first generation
of granites. Uranium mineralisation occurs in brecciated sodic granitoids which have a matrix



of F-phlogopite and quartz. Uranium minerals occur in veins, in shear/fault zones and as
minor disseminations.

Overlying the Willyama Supergroup is the Late Proterozoic Adelaidean Sequence comprising
weakly deformed greenschist facies metamorphosed psammitic, pelitic, and carbonate
sediments of glacial, shallow marine and evaporitic origin. Minor carbonate-hosted Pb-Zn
deposits and minor slate-belt-type axial plane quartz-pyrite-arsenopyrite veins in anticlines
occur in the Adelaidean sequence.

A small carbonatite with associated sheared retrogressed alkaline pyroxenites (e.g.
jacupirangite, ijolite) occurs within a shear zone. The shear zone may be associated with the
500 Ma D4-DS5 events. The emplacement of the undated carbonatite complex is probably
related to extension resulting in the opening of the Bancannia Trough to the north-east at 480
Ma. The carbonatite is poorly exposed, covered by calcrete and deeply weathered and only
primary coarse grained ferroan calcite, LREE-enriched apatite and chalcopyrite have been
identified.

Although the topography is controlled by Tertiary uplift, weathering probably commenced
immediately after the Permian glaciation. The freshness of outcrop and juvenile topography
suggest a very recent uplift. Outcropping sulphide deposits have a spectacular array of
secondary copper, cobalt and iron arsenates, carbonates and silicates, gossans are widespread
and groundwaters are enriched in heavy metals. The intense weathering and northward
drainage into salt lakes has resulted in Tertiary calcrete-type and fluvial channel uranium
deposits which derived the uranium from long intense weathering of the syntectonic
uraniferous sodic granitoids and U-rich metasediments.

This project forms part of a mining industry-Australian Research Council supported Olary
Research Project in the Olary Block initiated and supervised by Dr Paul Ashiey (University
of New England), Assoc. Prof. Phil Seccombe (University of Newcastle) and the author. It
has used the unusual approach of mapping a 4500 km? area of the Olary Block rocks before
detailed mineralogical, petrological, geochemical, stable isotopic and geochronological studies.
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RECENT EVOLUTION OF MINERALOGICAL AND GEOCHEMICAL TECHNIQUES
APPLIED TO ORE DEPOSITS: SELECTED ILLUSTRATIONS

Touray, J.C.
Université d'Orléans, ESEM, Rue Léonard de Vinci, 45072 Orléans Cedex 2, France. URA 1366 du CNRS

et GdR. "Métallogénie et Matériaux Minéraux”.

Improvements in scientific knowledge depend both on a renewal of
concepts and upon an evolution of techniques. In this last respect,
absolute dating which has strongly improved since the sixties, is now
usable in a routine way to constrain metallogenic models. For example,
in order to bracket the timing of Archean gold mineralization in the
Superior Province, a number of dating methods have been applied
(Classical Rb-Sr, 40ar-39ar step heating of vein related muscovite and
metamorphic amphibole, U-Pb dating of zircon, rutile and sphene, Sm-Nd
dating of scheelite.). The results give evidence for a 70-100 m.y time
gap between plutonism-metamorphism and mineralization (Hanes et al.,
1992).

Analytical devices for isotopic dating were developed in strong
relation with applications to geosciences. However, in a more general
way, mineralogy and geochemistry have benefited from an accelerated
development of analytical methods firstly devolved to other domains
such as solid physics, materials science or chemistry.

within the bunch of recently introduced methods, I selected four
approaches in order to *"sample" different analytical fields. These
approaches deal with isotope and trace elements studies, mineral
imaging and computer geochemistry.

ION MICROPROBE GEOISOTOPY

Since the pioneering work of Deloule et al (1986) about "lead and
sulfur microstratigraphy in galena crystals from MVT deposits*, a
limited number of applications to Ore Geochemistry have been
published. A possible reason is the relatively low present accuracy
(0.8 to 1 permil) which limits investigations to particular problems
involving high variations of isotopic ratios. In this respect, Pb and
S presently remain the best candidates for ion microprobe 1isotopic
investigations. When higher precisions will be attained with ion
microprobes of the new generation, a number of other applications,
including Oxygen thermometry, will become possible.

Profiles of lead isotope composition were measured, normal to the
growth zoning of PbS (Mc Farlane and Petersen, 1990). For adequate
precision, only 207pb/206pb and 208pb/206pb ratios were measured. In
samples from Hualgayoc area (Peru), the maximum variation of lead
isotopic ratios was found only slightly higher than the analytical
uncertainty. This lack of zoning indicates either a single source of
lead or a thorough homogenization of Pb from diverse sources prior to

galena deposition. Ion microprobe measurement of 834S may give

informations on variations of the fluid composition and temperature or
on the crystallization history of the ores. Isotopic zoning at a 0.1
mm scale has been observed in one hydrothermal sulfide rich chimney

from the EPR with &3¢S scattering from -1 to +7 permil (Chaussidon et
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al., 1991). Temperature changes (reflected by variable Se contents in
chalcopyrite) and variable amounts of sulphate reduction may explain
the observed 834S variations. The HYC deposit at Mc Arthur River
(Australia) is an example of sediment-hosted massive deposit made of
finely intergrown sulfides in which a very large sulfur isotope
variability has been determined using an ion microprobe (Eldridge et

al, 1993). A key issue was to define, through 634S measurements, the

genetic relations between primary pyrites and the base metals
mineralization. Extreme variations reaching 50 permil have been
observed in pyrites while sphalerite, galena and chalcopyrite

displayed more restricted 834s wvalues. These data suggest a
syndiagenetic formation of pyrite involving biogenic H2S and an

epigenetic origin for the base metal sulfides, which precludes any
*Sedex-type" accumulation of Zn, Pb and Cu.

ICP-MS INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY

Inductively coupled Plasma-Mass Spectrometry (ICP-MS) is a
relatively new, highly sensitive method for elemental and isotopic
analysis. A survey of applications in geoanalysis (Hall, 1992) and a
list of some 70 references about geological applications have recently
been published (Mc Larren, 1992). Accuracy depends mainly on the
possibility of eliminating spectral interferences; high sensitivity
stems from the excitation source which reaches about 8 000 to
10 000°K. The ICP-MS can be utilized in two operating modes : a)
quantitative or semiqguantitative analysis with routine accuracy of 10
to 20%, more than 80 elements being typically determined in about 5
minutes with evident applications to geochemical prospection; b)
isotope dilution analysis, allowing very accurate guantifications of
0.1 to 0.5%.

The main advantages of ICP-MS compared to ICP Emission
Spectrometry are better detection limits (typically ppb and sub-ppb
level) and possibility of detecting refractory elements (Brenner and
Taylor, 1992). REE detection limits in agueous solutions are up to
four orders of magnitude lower than the concentrations determined in
groundwater samples (Stroh, 1992) which indicates potential
applications to fluid inclusions leachates. Regarding fluid and solid
inclusions, the laser ablation technigue (ablated spot about 50 umz)
may be used for direct analysis with detection limits in the ppb
concentration range. A joint innovation is the development of fast
electronics capable of scanning the entire mass range in 0.1ls, which
enables measurement of fast analytical transient signals such as
emitted by laser ablation. Promising studies, in the field of
hydrogeochemical prospecting of ore deposits, deal with determinations
of precious (Pt, Pd, Os, Au) and other trace metals (e.g. W, Mo, U,
REE) .

RAMAN IMAGING WITH CONFOCAL SCANNING
Raman micro-spectroscopy 1s a molecular technique whose
applications during the eighties led to significant progresses in

micromineralogy and in fluid inclusions geochemistry. Although known
for at least two decades, Raman imaging is only developed at present.
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This new facility complements conventional mono or multichannel
spectroscopic devices. The main purpose of the different laser Raman
imaging and mapping techniqgues is to map out the distribution of a
given chemical compound in the depth of a transparent mineral. The
observed zone 1is divided in elementary pixels whose spectral
intensities -are measured for selected Raman bands. Spectral and
spatial data are stored, then an image is reconstructed for each band,
leading to "optical sections* i.e. *Raman tomographies®. Different
technical methods may be used : in the Ramascope, the whole observed
field is illuminated by the laser excitation radiation. After optical
spectral filtering of the selected band, the spectral intensities are
simultaneously measured in the 2D by means of a CCD camera, before
subsequent processing. In the Dilor *confocal laser Raman system® (Da
Silva, 1991), the system is kept confocal and stigmatic for every
pixel. Unlike the conventional optical microscope, the confocal
arrangement uses a point light-source (usually a laser beam) sharply
focused ontc the specimen. A pinhole aperture isolates in the enlarged
image a region exactly corresponding to the illuminated pixel. After
photoelectron detection, computer data processing enables a
reconstruction of microscope images. The confocal systems offer an
enhanced contrast, an improved depth of field and axial resolution
permitting "optical sectioning®". These properties lead to high
accuracy in Raman imaging, as displayed in the Dilor System, whose
principle is as following : two optical deflectors (one for lateral
scanning of the laser beam, the other for selection of the image
point) are installed within a confocal microscope transfer optics. A
dispersive spectral analyzer permits then to choose a selected Raman
band. Using this facility, Raman tomographies of fluid inclusions may
currently be performed, permitting the localization of fluid
components and sometimes of unexpected solids.

GEOCHEMICAL SIMULATORS

Computer codes for chemical modelling of natural systems and
sometimes involving ore genesis are now of routine use (Jamet et al.,
1993). Amongst recent progresses, one may quote a) the coupling of
speciation of water solutes and water-rock interactions with
hydrodynamics, in order to explain the migration of species through
the geological medium; b) the improvement of chemical codes for
accomodating a large number of elements and species and resolve new
problems. In this respect, the BRGM has recently developed a
combination of a simulation software package (NEPTUNIX) with a general
application graphic system (ALLAN). Using this new strategy makes it
possible to improve the solving of thermodynamic and kinetic problems
and explore mechanisms hitherto rarely taken into account (e.g. redox
reactions kinetics, crystal growth etc...); specific simulators may be
created for each application, code writing and solving of equations
being no longer a concern. Applications to metallogeny are still
preliminary but potential developments in this field are important. An
example of geochemical problem, the interaction of sea water with a
sandstone-type aquifer has been simulated with 12 elements, 86 aqueous
species and 8 minerals. The results indicate that a state of general
redox equilibrium 1is reached after 80 days at 25°C (Fabriol and
Czernichowski, 1992).



CONCLUSION

Current research in Ore Mineralogy and Geochemistry is regularly
replenished by new techniques giving new informations or data, more
accurate or easier to obtain than before. Present routine use of
Electron Microprcbe, Raman microspectrometers or Scanning Electron
Microscope are famniliar examples.

In my opinion and as presented in this lecture, future progresses
lie in the following fields : Extension of microprobing to geoisoctopy:
development of high sensitivity multielement trace analysis (ICP-MS);
new 1imaging techniques (Raman *tomographies”) and geochemical
simulation.

The main wager 1is aghout the long range validity of this choice, a
number of new devices lying rapidly in the cemetery of the stillborn
“promising techniques".

C. Beny, M. Chauusidon and R. Fabriol are acknowledged for helpful
dicussions.
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SELF-ORGANIZATION FABRICS IN CARBONATE-HOSTED ORE DEPOSITS:
THE EXAMPLE OF DIAGENETIC CRYSTALLIZATION RHYTHMITES (DCRs)

Fontboté, L.
Dépt. de Minéralogie, 13 Rue des Maraichers, 1211 Geneva 4, Switzeland.

Introduction

The scope of this contribution is to present an example of macroscopic rhythmic banding created
at the interaction site between mineralizing brine(s) and host rock. It will be shown that certain
rhythmic fabrics described below and which are typical for many carbonate-hosted ore deposits are
not determined by a possible original depositional or tectonic rhythmicity. It is rather suggested that
they are due completely or in part to “self-organization” processes, i.e., ."the spontaneous transition
of a non-equilibrium system from a non-patterned state to a patterned state without the intervention of
patterned external cause” (Chadam and Ortoleva, 1990, p. 175).

Rhythmic banded textures in carbonate-hosted ore deposits

Figure 1 shows an example of the banded textures discussed in the present contribution. They are
characterized by rhyhtmic alternance of dark and light bands which correspond petrographically to
distinct carbonate generations. In general, the dark bands or "generation I" correspond to a fine- to
medium grained aggregate of dolomite with or without fine-grained sphalerite and subordinate pyrite.
The light bands consist of coarse to very coarse subhedral crystals of dolomite or sphalerite arranged
in a bipolar pattern ("generation II"). In places, a xenomorphic filling of white sparry dolomite,
galena, calcite or bitumen is observed in the center of the light bands ("generation III"). The
petrographic character of the dark and the light bands is essentially different. Whereas the dark bands
correspond to the strongly replaced and completely recrystallized host rock, the light bands are open-
space filling precipitates. There exist different lines of evidences indicating that the space filled by
white sparry dolomite, sphalerite and the other minerals ocurring in generations II and III has been
produced mainly by dissolution of the host rock.

Characteristic rhythmic fabrics similar to those shown in Fig.1 occur in numerous carbonate-
hosted ore deposits. The most common composition is dolomite with or without sphalerite and
galena. However, numerous other compositions are known, including barite or fluorite (Gorzawski
et al,, 1989), ankerite and siderite (Gil et al. 1984), magnesite (Velasco et al. 1987), dolomite, pyrite
and sphalerite (Arne & Kissin, 1989). These fabrics are generally referred to as "zebra ore" or "zebra
rock” but other local names are also used ("coon-tail” fluorite ore in southern Illinois; "franciscana
dolomite” in southern Spain, and "mineral rubanné” in the French literature). Fontboté and Amstutz
(1983) presented a review of these fabrics and concluded from geometrical observations that in many
cases the rhythmic banding is basically not inherited from an original depositional rhythmicity but
rather created by the process of diagenetic crystallization and recrystallization itself and proposed the
term "diagenetic crystallization rhythmite (DCR)".

Fig. 1 Example of
irregular dolomitic
DCR in a mine wall of
the San Vicente Zn-Pb
deposit. Scale is given
by the hammer at the
left side.
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If, as discussed below, the conclusion that the rhythmicity basically is not inherited can be
mantained, subsequent geochemical investigations do not support other assertions proposed by
Fontboté and Amstutz (1983). In particular, it was suggested that DCRs form during early diagenesis
by a process of differentiation by crystallization fractionation in the sense of Amstutz and Park
(1971), implicitly assuming a closed system during diagenetic crystallization. However, as already
noted by Fontboté and Gorzawski (1990) and discussed in the next section, all DCRs known to the
author are the result of the interaction of brine(s) and the host rock in an open system long after
lithification. Arne and Kissin (1989) concluded similarly by describing DCRs of the Nanisivik Pb-
Zn-Ag deposit.

Isotopic characteristics and precipitation conditions

Carbon, oxygen, and strontium isotopic determinations carried out on dolomite, calcite and
sphalerite of DCRs of different localities display marked compositional patterns (Gorzawski et al.,
1989, and 1990, Fontboté and Gorzawski, 1990., Moritz et al.,1993, Spangenberg et al., this vol.).
In general, stable isotopes tend to be lighter and strontium isotopes more radiogenic in the later open
space-filling generations Il and III than in generation I which is a replacement and recrystallization of
the original host rock. This general behaviour can be explained in terms of different mixing ratios
between influxing brine(s) and the original carbonate rock. In generation I, where relicts of the
original host rock are still preserved, the fluid/rock ratio is lower that in generations II and III which
are open space precipitates. Therefore, the isotopic composition of the later filling minerals reflect
better the characteristics of the influxing brine(s).

In summary, these considerations are in agreement with the conclusion avanced by Fontboté and
Gorzawski (1990, p. 1415-1418) that DCRs at San Vicente formed during "late stages of diagenesis,
under a burial of two to three kilometers by a reaction of the original carbonate rock with an influxing
basinal brine". In fact, all DCRs studied in some detail (e.g., Fontboté and Gorzawski, 1990,
Gorzwski et al., 1989, Landis and Tschauder, 1990, Moritz et al., this volume) show that the
coarsely crystalline generation II has formed by precipitation of hot, saline, and strontium radiogenic
brines, i.e., brines similar to those which form MVT ore deposits.

Detailed analyses on a dolomitic DCR of San Vicente carried out by Spangenberg et al. (this vol.)
show small but measurable differences in the stable isotope composition of paragenetic coeval sparry
dolomite of generation II. This indicaties that compositional gradients existed at the sample scale
during crystallization. This supports the hypothesis of Machel (1990) that diagenetic recrystallization
and in some cases precipitation of carbonates in aquous fluids may occur commonly in
thermodynamic disequilibrium with the bulk solution. The compositional gradients could be due to
different fluid/rock ratios or different brine mixing ratios or to the existence of thin surface-absorbed
or surface-bonded fluid layers.

The rhythmic banding of DCRs

Interpretations which explain the banding of DCRs as mimic replacement of depositional
rhythmicity (e.g., Bogacz et al. 1973) can not be retained since abundant petrographic evidences
show that DCRs develop a rhythmicity non related to fabrics of the original host rock. Although in
many cases the rhythmic banding of DCRs incorporates original features like bedding, algal mat
lamination or cross-cutting patterns produced by stress (Fig. 1), the rhythmicity in DCRs is much
more "cyclic” than that of the original fabric. Extreme examples of almost perfect "cyclicity" are
shown in Fig. 1 of Spangenberg et al. (this vol). In addition, DCRs are often generated in rocks
devoid of any bedding or other type of original rhythmicity at the scale of DCR banding. For
example, many of the DCRs studied in the San Vicente deposit overprint unpatterned oolitic
dolostones (Fontboté and Gorzawski, 1990). One example of this is shown in Fig. 1 where areas
with different rhythm thickness and different ratios between dark and sparry dolomite occur in lateral
continuity overprinting an oolitic dolostone. A similar observation is made by Landis and Tschauder
(1990, p. 341) by describing zebra rocks in Central Colorado: "Variations in bedding at the scale of
zebra banding cannot be discerned in adjacent gray dolostone. Zebra rock cannot be related to
replacement of favorable laminae”.

The geometric key in order to understand the formation of the evenly spaced bands of DCRs is
the observation that the development of a rhythm is interpendent with that of the contiguous ones.
This feature can be observed in Fig. 1 where it can be seen that adjacent rhythms tend to have similar

- widths. For example, the right half of Fig. | shows areas with thin (at the mm scale) and thick
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rhythms (at the cm scale). Transition between thin- and thick-banded areas is gradual, indicating that
the thickness of a rhythm influences in some way that of the contiguous one. This phenomenon can

be generalized to numerous examples of DCRs of different parts of the world as analyzed statistically
by Fontboté and Amstutz (1983). It appears that the development of each rhythm has a range of
influence which is determined by the growth of the neighbour ones. The existence of this feedback
indicates that the rhythmicity is dependent of the growth process itself and not due to external factors
like an inherited depositional rhythmicity (Bogacz et al. 1973), replacement of stromatactis (Landis
and Tschauder, 1991), replacement of evaporite layers (Beales and Hardy, 1980), or pulsatory influx
of ore fluid (Ghazban et al., 1990, Arne et al., 1991).

Hydraulic fracturing and brecciation often occur associated with DCRs. It could be argued that
DCRs could also develop through injection and hydraulic fracturing of a fluid in the host rock pulling
apart thyhmically the host rock. Petrographic evidence indicates that this is not the essential
mechanism as the sparry dolomite of generation II has precipitated in a space open mainly by
dissolution of the host rock (see for example Fig. 1). Transitions between both types of fabrics are
however observed.

Self organization processes

If the striking rhythmic banding is not inherited from an original sedimentary or tectonic banding,
how was it developed? An answer may be been found in the investigations on self-organization
systems. A number of geological examples in which ordered distribution arises without the mediation
of an initial patterned texture are described in a special volume on "Self organization in geological
systems" (Ortoleva, 1990b). These include oscillatory zoning and complex morphology of crystals,
ordered geomorphological patterns, as well as a variety of periodic - in part fractal- geometric patterns
in diagenetic, metamorphic and igneous environment. Dewers & Ortoleva (1990) explain many of
these phenomena in terms of coupling between mechanical forces, chemical reactions and solute
transport. Self-organization necessarely involves disequilibrium and feedback loops. In addition,
Chadam and Ortolewa (1990) mention the existence of "noise” (heterogeneties) in the system,

These three "physical” requirements, i. e. disequilibrium, feedback and "noise" for generating
self-organization textures may be present during formation of DCRs. It has been shown above that
disequilibrium probably existed between carbonates precipitated as generation II and the bulk fluid.
Feedback loops are required to explain the interdependence between the growth of contiguous
rhythms. Finally, different hetereogeneties like bedding, different grain size or tectonic disturbances
may provide the "noise" necessary to start the process of differential replacement, dissolution and
open-space filling leading to the generation of DCRs. _

In other self-organization textures formed at low temperatures, as for example Ostwald-Liesegang
rings (Sultan et al. 1990), calcite concretions in sediments (Bjgrkum and Walderhaug, 1990), or
"diagenetic bedding" in the sense of Ricken (1986), interdiffusion appears to play a main role. If
mass transport in DCRs is also assured by diffusion or if advection plays a role must be investigated.
A difference compared to the textures mentioned above is the coarse grain size of the light bands of
DCRs.

Conclusion

It appears that the rhythmicity in DCRs is given because of the alternancy of (light colored) bands
in which complete dissolution occurs within {dark) bands in which replacement with certain
preservation of the original sedimentary fabric dominates. The spacing of the dissolution-dominated
bands within the dark replacing host rock is cyclic suggesting that this is what produces the
rhythmicity. The periodicity could result from a kinetik feedback between areas of dissolution. A
possible analogue has been discussed by Merino et al. (1983) who presents a kinetic theory to the
generation of evenly-spaced pressure solution seams during late diagenesis.

Initial hetereogeneities are seen to influence, yet no to fully determine, the textural evolution
leading to DCRs. In this way the rhythmic zoning of DCRs may generate "without the intervention of
externally imposed periodicities in the state (pressure, temperature, or composition” of the fluid
(Ortoleva, 1990a, p. 3}, or without the intervention of inherited gemetric pattern in the carbonate rock
being replaced.
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FLUIDS: A PREREQUISITE FOR PLATINUM METALS MINERALIZATION

Stumpfl, E.F.
Inst. of Geological Sciences, Mining University, A-8700 Leoben, Austria

ABSTRACT: A vast amount of new data on the importance of metasomatic
replacement and hydrothermal regimes in layered igneous complexes (Bushveld,
Skaergaard, Great Dyke, Stillwater, Duluth) has emerged in recent years. Finally, the
significance of fluid regimes - long accepted as integral features of acid igneous rocks
- is being recognized in the mafic/ultramafic field. Parallel to these developments, our
knowledge expanded on processes of precious metals concentration. We shall focus
here on the role of fiuids for PGE genesis and consider relevant field evidence,
mineralogical observations, analytical data and experimental results. These
considerations are of importance for conceptual modelling in ore genesis and for
exploration.

Field evidence

1.Potholes

Potholes in layered igneous complexes, long considered enigmatic features, have
emerged as the most impressive, large-scale results of fluid activity. The first -
comprehensive model of pothole formation in the Bushveld Complex has been
presented by Ballhaus (1988); potholes have since also been recorded from the mafic
complexes of Northern Finland, from the Stillwater Complex and from the Skaergaard
intrusion.

Potholes are circular to elliptic features of up to 1000 m diameter, within which
deposition of the "normal” stratigraphy of mafic igneous rocks has been interrupted
because of lowering of the liquidus temperature due tc the presence of volatiles.
Pegmatoids, graphite, hydrous silicates and PGE associations differing from those in
normal PGE-bearing horizons are characteristic aspects of potholes.

In potholed areas, the ore-bearing reef (e.g. Merensky Reef) leaves its position in
the stratigraphic sequence to "descend" tc a lower level which may be up to 20 m
below its original position. The resulting pothole is filled by pegmatoids, which may
carry up to 80 % graphite, and by rocks from the hanging wall sequence. PGM
associations in potholes and in normal reef differ significantly, with a preponderance
of Pt-Fe alloys in the former and Pi-Pd-sulphides and tellurides in the latter. While’
potholes are co-genetic with the respective PGE reef, ultramafic pipes (discussed
below) are not. Again, there is the dominance of Pt-Fe alloys in and near the pipes .
with increasing proportions of sulphides and teliurides away from it. The features
discussed above are ascribed to the activity of volatiles associated with the formation .
of potholes and pipes, respectively.

2.Pipes

Uitramafic pipes represent another remarkable product of the activity of fluids in
layered igneous complexes. They have been recorded from the Bushveld, Finiand,
Stillwater, Skaergaard and from the Duluth Complex, Minnesota. In the Bushveld
crosscutting pegmatoids carry Fe-rich olivine, tremolitic amphibole, albitic plagioclase,
talc and Fe-Ti-oxides rather than chromite. They also reveal a linear positive
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relationship between Si0z and Ho0 contents. Estimates of maximum temperatures for
the metasomatic processes involved range from 6700 - 800°C; these are in the same
order of magnitude as temperatures obtained from fluid inclusion studies in the
Merensky Reef (7209C; Ballhaus and Stumpfl, 1986). Where pipes cut the PGE-
bearing horizon, such as the Merensky or the UG2 chromitite in the Bushveld
Complex, modifications of "standard” PGM mineralogy can be observed up to 3000 m
away from ultramafic pipes.

3. Ophioiite chromitites

In the giant ophiolitic chromitite deposits of Kempirsai, Kazakhstan (annual
production, 4 mt of chromitite), orbicular-type chromitites (leopard ore) with large
proportions of hydrous silicates preferentially occur in the hanging wall of massive
chromitite bodies. This is interpreted as a result of volatiles migrating towards the roof;
pronounced effects of a volatile regime have also been reported from the
stratigraphically higher chromitite layers in the Troodos ophiolite. At Kempirsai, fluids
are considered polygenetic; there is a magmatic contribution but crustal contamination
also plays a role. This is documented by the occurrence of blocks of mafic/ultramafic
country rocks in massive chromitites. These are strongly altered and change gradually
into disseminated, orbicular, rich disseminated and finally, into massive chromitites.
Chromitites at Kempirsai carry in average 1 ppm PGE part of which is located in laurite
(RuS»,) and erlichmanite (OsS»); this is presently not recovered but the problem is the
subject of a cooperative research project between the Institut flir Geowissenschaften,
Leoben and IGEM, Moscow.

The upwards-migrating fluids responsible for pothole and pipe formation have
been derived from the intercumulus liquid by fluid-melt unmixing. This is not 10 exclude
the possibility of fluid contributions from country rocks which, e.g. Duluth, has been
proven by isotopic evidence. Pothole and pipe formation, however, has taken place on
such a scale that it can largely be attributed to the activity of intercumulus-derived
fluids. In the Lukkulaisvaara intrusion (Kola Peninsula, Russia), sulfide and associated
PGE mineralization is hosted in pegmatites surrounding microgabbro norites; the latter
are interpreted as the results of a sudden loss of volatiles.

Mineralogy and geochemistry

The ortho-magmatic concept of PGE concentration postulates sulphide precipitation
in the course of magma mixing due to input of pulses of new magma into the chamber.
The turbulence associated with plume emplacement leads to high "R" factors.
Sulphide globules then move under the influence of gravity towards the bottom of the
chamber, scavenging, en route, PGE from the magma. This process would lead to
associations of magmatic sulphides with globular textures preserved in places, with
cumulus silicates in layers such as the J.M., Merensky or Skaergaard reefs. What we
do, in fact, encounter differs significantly from the above assumption: a wide
compositional spectrum of discrete PGM, associated with hydrous silicates, altered
feldspars, graphite and Fl-bearing quartz. At Stillwater, the J.M. reef is in parts
enveloped by up to 200 m thick zones of pegmatoids and alteration features, which
extend into footwall and hanging wall. "De-coupling” of S and PGE is a world-wide
feature in layered igneous compiexes (Fig.1). The distribution patterns shown suggest
that transport and deposition of PGE is not necessarily linked to sulphides.
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Fig.1: PGE and S distribution in drillholes from the Suhanko Complex, Finland (Huhtelin et al., 1989),
the Duluth Complex, Minnesota (Sabelin et al., 1986) and from the Merensky Reef, Bushveld (Crocket et
al. 1976). At Suhanko, there is significant Pd mineralization without sulphides, at Duluth Pt+Pd are
concentrated about 15 metres above a sulphide-rich layer, and in the Merensky Reef, the Pd but not the
Pt peak coincides with a sulphur peak.

Detailed investigation of mineral textures in supposedly unaltered layered rocks of
the Upper Criticial Zone of the Bushveld Complex reveals alteration reactions similar
to those in surrounding ultramafic pegmatoids. These include clinopyroxene coronas
surrounding orthopyroxene, hornblende and biotite lamellae in orthopyroxene, and
the formation of olivine, talc and serpentine from orthopyroxene (Zingg, 1988). These
alteration phenomena are attributed to a fluid regime linked to the emplacement of
concordant pegmatites. The highest grade of PGE mineralization ( >2 kg/ton) known in
"primary" (non-placer) deposits was encountered in dunite pipes of the Eastern
Bushveld.

A remarkable aspect of the 2.4 b.y. Finnish intrusions is the frequent occurrence,
within the same igneous body, of stratiform PGE concentrations associated with
sulphides, with silicates or with oxides. This has been ascribed to a polyphase
evolution, with possible premagmatic mantle PGE enrichment due to depletion, high
degree of melting during the partial mantle event, crustal contamination, interaction
between two magmas and activity of magmatic volatiles(Saini-Eidukat et al., 1993, this
vol.).

Impressive examples for PGE mineralization occurring without sulphides have
been reported from the Rytikangas PGE Reef in the Suhanko-Konttijarvi area, Finland.
Out of 87 identifications of PGM, 64 % are associated with silicates only. In these
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deposits, the presence of Pd-selenides and Pd-Sn phases also points towards low-
temperature hydrothermal processes (lljina, Ph.D. thesis, University of Oulu, 1993).

There is also disseminated PGE mineralization, with galena, in basement
granitoids, pointing to a volatile phase as transporting agent. The Rytikangas Reef
occurs in pegmatoids and poikilitic orthocumulates which cross-cut the underlying
adcumulates - a situation not dissimilar to parts of the J.M. Reef at Stillwater.
Formation of the Rytikangas Reef has been ascribed to upward-moving intercumulus
fluids. In the Narkaus Complex, N.Finland, silicate-associated PGE mineralization
occurs in chlorite schists of unusual chemical composition (Thalhammer et al., this
volume). This cannot be explained by magmatic processes.

These observations further underline the fact that scavenging of PGE by sulphides
is by no means a prerequisite for the formation of economic PGE concentrations. The
same applies to the Skaergaard intrusion, East Greenland, where saline, CHy-bearing
fluid inclusions have recently been described. These have been trapped at 655 to
7700C, at {02 1.5 and 2.0 log units below the QFM oxygen buffer (Larsen et al., 1992).
They also occur in the Triple Group horizon of the Middle Zone, which carries gold and
platinum-rich horizons (Bird et al., 1991).
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Fig.2: PGE contents in graphite from the Merensky Reef (NaCl-rich fluid inclusions in quartz, economic
PGE contents) and from the barren Bastard Reef (CO»-rich fluid inclusions in quartz) (from Wilson et al.,
1992). This illustrates the significance of volatiles in the system C-O-H-Cl for PGE mineralization.

A complex association of fluid inclusions occur in quartz in the Merensky Reef
(Ballhaus and Stumpf!, 1986). These comprise, amongst others, highly saline Fl with
up to 80 % w.t. NaCl. Maximum temperatures of entrapment have been estimated at
7300C at 4-5 kb.The PGE-rich Merensky Reef also carries graphite with significant
PGE-contents; graphite in the PGE-poor, uneconomic Bastard Reef which occurs
above the MR and is characterised by COp-rich Fi shows significantly lower PGE
contents (Fig.2). However, NaCl-bearing Fl are only one expression of the Cl-contents
of those late-magmatic fluids. A hydrous iron chloride, hibbingite, has recently been
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described (Saini-Eidukat et al., 1993). This mineral is widespread and occurs over
significant volumes of rock. It can be considered a final product of late-magmatic
chiorine-rich fluids; hibbingite is inconspicuous under the microscope and easily
dissolves in H>O. This has probably prevented its recognition until recently.

in the Coronation Hill - EI Sharana region, Northern Territory, Australia,
unconformity-related Au-Pt-Pd-U mineralization has been deposited at 140 OC from a
boiling, strongly saline fluid with high CaCl, contents. Oxygen isotopes measured from
quartz and carbonate veins at Coronation Hill have average values of 13.3 %0 + 5 %0
180, The descending ore-forming fluids had average § 180 values of -3.6 %0, pointing
towards a mineralizing fluid of meteoric origin; this was highly oxidized and carried the
precious metals as chloride complexes, such as as AuClz and PtCly: Interaction of
these fluids with carbonaceous or sulphide-bearing rocks resulted in precipitation of
the metals (Fig.3). The Coronation Hill example is considered particularly relevant
because it represents a comparatively simple, one-stage precious metals depositing
system where relevant parameters (Fl, geochemistry, stable isotopes) have been
determined guantatively (Mernagh, 1992), and a convincing case has been made for
transport and concentration of PGE and gold by low-temperature meteoric fluids.
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Fig.3: Log fO2.pH diagram. showing the distribution of iron phases, and the solubility of U oxides,
AuCls, and PtCla2" in solution at 200°C. Heavy arrows on the right ordinate mark the position of the
hematite+magnetite and Mn304 + Mn20O3 redox buffer assemblages. The hatching indicates the possible

pH and oxidation state of the original ore fluid, and the light arrow a possibie reaction path (from Memagh,
1992).

The mobility of PGE at surface temperatures has been documented in the lateritic
environments in W.Australia. Saprolites above ultramafic bodies in the New Norcia
area carry up to 1 ppm Pd over 30 m. Chromitites at Niguelandia, Brazil, have been
exposed to lateritic weathering; goethite fillings between chromite grains carry a
variety of PGE. There is also goethite with up to 37 % Ru and 15 % Fe. In some grains,
Ru may reach 45 % and Ir 10 %. Os as well as Pt, Pd and Rh are absent or occur as
trace components only.This is the first reported occurrence of hydroxides of Rh, Pd, Fe
and Cu (Milliotti and Stumpfi, 1993).
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Although oxidizing conditions are not conducive to PGE transport at high (late-
magmatic) temperatures, this is not the case in the low-temperature environment. The
goethite-PGM association appears to be a result of weathering under tropical
conditions; it has not been reported from occurrences in higher latitudes.

Experimental data

There is now experimental evidence for PGE transport by fluids over a wide range
of temperatures. Synthetic fluid inclusions obtained by equilibratiocn of H>QO-NaCi-+
(CH4-CO2-H,S) with metallic Pt and Au and (FeNiCu)S monosulphide solid solution
doped with PtS and Au at 900°C and 0.5-1 GPa carry, amongst others, H»0, NaCl, Pt
or Au-bearing mss, PtFe alloy and PtS (Ballhaus et al., oral comm.,1991). These
results suggest that high-T fluid transport may be relevant for Pt concentrations in
layered intrusions at iow 02 and for the formation of fluid inclusions in the Merensky
Reef and other layered complexes.

PGE volatilities determined experimentally by Fleet (1992) are much higher than
those calculated from thermo-chemical data. The results suggest significant transport
of PGE in volatile phases in largely solidified magmatic systems. In the 200 to 400°C
range, Mackovicky et al. (1980) have documented the low formation temperatures of
PGM in the Pd-Pt-S and Pd-Te-S systems.

In addition to transport of PGE in chloride solutions, other modes of transport
should also be considered. it has been suggested that particulate clusters of <100
PGE atoms may occur in silicate melts (McDonald and Tredoux, 1991). These are not
bonded to the silicate melt and could become enriched in the residual melts; from
there they can be transported as carbonyl complexes in a carbonaceous volatile
phase. Thus, PGE can be removed from large volumes of intercumulus melt and
concentrated in specific sites.

Conclusions

Pegmatites, hydrothermal veins and alteration zones have, traditionally, been
considered a by-product of the emplacement of granitoid rocks. The geological and
economic importance of porphyry copper systems has, no doubt, strengthened this
attitude. However, there is now comprehensive evidence for the activity of fluids in
mafic-ultramafic intrusions and ophiolites. A vast spectrum of concordant and
discordant pegmatoids, cross-cutting pipes, potholes and alteration zones has been
recognized world-wide in recent years. A comprehensive fiuid regime which ranges
from high-temperature volatiles separating from the intercumulus liquid, to late-
magmatic hydrothermal and even metecric fluids forms an integral part of the
evolution of mafic-ultramatfic rocks.

Observations on the field scale have been augmented by microscopic, analytical
and isotopic evidence. Fluids have been involved in transport and deposition of PGE
and Au from the major mafic/ultramafic complexes (Bushveld, Stillwater, Finland,
Duluth, Skaergaard) to Alaskan type complexes (Fifield; NSW) and ophiolites. They
very likely also play a role in the formation of chromitite horizons and pipes.
Experimental evidence points towards precious metal transport in chloride complexes
at high temperatures and low f02. Other modes of transport should not be excluded.
Clusters of PGE atoms may be transported as carbonyles. Low-temperature solubility
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of PGE is documented by Pd-bearing saprolites (W.Australia) and by the recently
discovered goethite-PGE association (Brazil).
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FRACTIONATION IN GRANITE + RARE-ELEMENT PEGMATITE SYSTEMS.
FACTS AND FICTION.

Cemny, P.
Dept. of Geological Sciences, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2.

ABSTRACT: Textural, paragenetic and geochemical features of fractionation in
cogenetic suites of fertile granites and their rare-element pegmatite aureoles
are fairly well established. They locally represent the most extreme fraction-
ation gradients encountered in any magmatic system. However, the mechanisms
facilitating this fractionation are much less known. The principal expressions
of fractionation in granite + rare-element pegmatite systems are reviewed, and
the probable, potential and unlikely mechanisms are discussed.

Historically, numerous competing hypotheses have been forwarded to explain the
origin of rare-element granitic pegmatites. During the last two decades, field
observations, paragenetic and geochemical data plus experimental studies have
clearly established complex magmas as the parent medium, generated by
differentiation/fractionation from fertile granitic intrusions (e.g., Cerny
1982, 1992a,b; Cerny and Meintzer 1988; Shearer et al. 1987, 1992). Common
metamorphic and tectonic setting, physical continuity and gradual changes in
texture, mineral assemblages and geochemistry are the most significant features
Tinking the parent granites and their pegmatite progeny. However, the specific
nature of the fertile granitic magmas and their pegmatite-generating residua is
sti1l being examined and discussed. Consequently, the mechanisms of fraction-
ation that extract high concentrations of numerous LILE and HFSE elements into
the tail-end differentiates also are debatable, and in some cases questionable.
Let us review the salient characteristics of the granite + rare-element
pegmatite systems, and discuss the diverse mechanisms offered over the past ~80
years to explain the fractionation phenomena.

The fertile granites display solidification trends advancing either from
early peripheral consolidation inwards (with pegmatites penetrating this crust
and its metamorphic envelope) or from primitive Tithologies at deep levels
upwards (with pegmatites penetrating the roof as a direct extension of the most
evolved, topmost granite facies). The trend progresses from biotite-bearing to
leucocratic granites, with more or less concurrent coarsening of grain size,
development of aplitic, graphic and blocky textures, and local appearance of
internal pegmatitic pods, gradually evolving from the surrounding granite.
Pegmatitic leucogranites commonly grade into poorly zoned barren pegmatite
bodies; in many cases, the two categories cannot be clearly distinguished.

Pegmatite aureoles surrounding the parent granites are commonly zoned,
from the primitive interior through marginal to the most compiex exterior
pegmatites. Zoning is particularly well developed in the peraluminous LCT
family, grading from barren and beryl-columbite pegmatites through intermediate
subtypes to complex Li-rich pegmatites, albite-spodumene bodies and the albite
type. Except the last two categories (which are still insufficiently
understood), the textural and paragenetic complexity remarkably increases
through this sequence, and so does the geochemical diversity. .

Compositional features gradually change from the most primitive granite
facies to the most evolved pegmatites. In the peraluminous LCT family,
Ca,Sr,Ba,Mg,Fe,REE’s, Y,Ti and Zr are compatible, extracted in early stages of
crystallization, whereas Li,Rb,Cs,T1,Be,Mn,Ga,Ge,Sn,Hf,Nb,Ta,B,F and P behave
in an incompatible manner, enriched in residual magmas. In the subaluminous
NYF family, Ca,Sr,Ba,Mg and Fe are compatible but REE’s,Y,Zr and Ti seem to
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increase with differentiation to the pegmatites, along with the incompatible
elements typical of the LCT systems. This condensed "classification" of
element behaviour is, of course, oversimplified: perceptible deviations from
these generalized trends are observed in geochemically specialized granite +
pegmatite systems, and among peraluminous LCT suites with different anionic
dominances. In all cases, strong fractionation is shown by decreasing K/Rb,
K/Cs, Rb/Cs, K/T1, Ba/Rb, Sr/Rb, Mg/Fe, Fe/Mn, Ti/Sn, Th/U, Zr/Hf, Nb/Ta,
Ti/(Nb,Ta) and W/Ta, whereas that of Rb/T1, Al/Ga, Si/Ge, Ca/Sr is less
pronounced, and reversals in LREE/HREE, Ca/Y and Fe/Sc are observed, superposed
on their general decrease. The negative Eu anomaly initially increases but
becomes greatly reduced in highly fractionated pegmatites.

In general, the facts of fractionation outlined above are reasonably well
known. In contrast, much of our understanding of the underlying mechanisms is
speculative at best, and occasionally rather nebulous. This is in part due to
insufficient study of these phenomena, generated by an environment changing
from magmatic through supercritical to hydrothermal + gaseous, in which a
single element may be controlled by several factors in different stages of the
process.

(1) Crystal-melt partitioning (Goldschmidt 1930; Ringwood 1955;
Mittlefehldt and Miller 1983; Mahood and Hildreth 1983; Michael 1983) removes
some cations that form early accessory minerals (REE’s in monazite, Ti in
ilmenite, Zr in zircon). Conversely, cations excluded from early accessory
minerals and most rock-forming phases on crystal-chemical grounds accumulate in
the residual melts (e.g., Li,Be). Compatible trace elements capable of sub-
stituting for major cations are preferentially extracted from the melt (Ba,Sr
in K-feldspar and micas), whereas their incompatible counterparts are enriched
in residual melts and enter in increasing quantities only the Tate generations
of the same species (e.g., Rb,Cs).

(2) Fluid transport (e.g., Shaw 1968) may become significant in the
advanced stages of evolution of the fertile granites. Extensively hydrated
cations may essentially follow upward migration and accumulation of volatile
components within homogeneous, highly hydrous but still undersaturated magmas.
This may be particularly significant for non-complexing cations.

(3) Thermogravitational diffusion/convection in sizeable magma reser-
voirs (Hildreth 1979, 1981) may very effectively promote the above fluid
transport of lithophile rare elements (Li,Rb,Cs,T1,Be,Mn,Sc,Y,HREE’s,Sn,U,Th,
Mo,Nb,Ta and W), generating volatile-enriched and highly fractionated magma
layers beneath the roof of plutonic intrusions. However, this mechanism seems
to be more viable in basaltic magmas rather than the relatively viscous granite
melts (Lesher et al. 1982).

(4) Zone refining and the concept of buoyant boundary layers are worth
consideration but so far they seem to stumble over the same viscosity obstacle
as the preceding mechanism of the modified Soret effect. They might probably
~apply to smaller-scale phenomena in layered tops of stratified fertile plutons.

(5) Whereas the above mechanisms can be effective during plutonic
differentiation, complexing (Ringwood 1955; Beus 1966) conserves rare litho-
phile elements for late-stage crystallization at different stages of the pegma-
tite-generating and -consolidating process. Complexes stable under magmatic
conditions preserve rare-element cations til1l their breakdown triggered by
cooling, decompression, changes in pH et similia. Numerous complexes were
examined experimentally (incorporating, e.g., Be,Sn,Ga,Nb and Ta). However,
our understanding of speciation of rare elements in pegmatite melts and fluids
is still rudimentary, and only a few elements are justifiably suspect of being
controlled, in part, by complexing (such as fractionation of Al-Ga, Nb-Ta or
HREE-LREE). Speculations abound about complexing of many other cations,
including the rare alkalis.
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(6) "Crystal-crystal” fractionation may also play a role at different
stages of the whole granite-to-pegmatite evolution. Substitutions subject to
significant crystal-chemical controls can strongly affect partitioning of trace
elements in differentiating suites with diverse mineral assemblages (e.g.,
micas » feldspars preference for Ga; (erny and Hawthorne 1989).

(7) Liquid-liquid fractionation might possibly play a role at the highly
fractionated level of evolved pegmatite magmas. Liquid immiscibility is
advocated for F-rich systems on experimental grounds (e.g., Melentyev et al.
1967). So far it was demonstrated for simple haplogranitic systems in the
presence of = 4 wt.%F, which is considerably in excess of the F contents known
from bulk pegmatite compositions. However, the F content of pegmatite melts
could be distinctly higher than that of the solid products of their crystall-
jzation, and we have no information about the possibly compounding effects of
other volatile components such as B,P or Li.

(8) Melt-vapour fractionation was assigned a significant role by Jahns
and Burnham (e.g., 1969) who advocated the appearance of an exsolved super-
critical fluid at the onset of coarse pegmatitic textures in granite or pegma-
tite zoning. This concept was uprooted by the recent experimental work of
London et al. (1988, 1989), in which H,0-oversaturated melts yielded fine-
grained anchi-~homogeneous products. However, H,0-rich but H,0-undersaturated
melts solidified into miniature replicas of zoned pegmatites, with strong
fractionation gradients from margin to core. The only stage at which super-
critical fluid appears along with the melt is a very late period of vug
formation and/or fluid exomorphism. London’s experiments have also shown
moderate to strong preference of the lithophile rare elements, F and P for
melt, rather than for the exsolved fluid (the only exception being B). .

(9) The last factor to be considered is acting at the smallest scale of
fractionation, during the growth of individual crystals. Diffusion through
melt or fluid controlled by mass effect may be effective in fractionation of
closely related cations which differ substantially in atomic masses, such as
Zr-Hf or Nb-Ta (Butler and Thompson 1965). Progressive zoning in zircon or
columbite-~-tantalite and related minerals may result from this mechanism.

This review indicates that a multitude of fractionation vehicles is
available for diverse stages of granite + pegmatite evolution but only a few of
them are reasonably documented, and some classic concepts are being dismantled
by thorough testing. Not only that the current scrutiny modifies the number
and character of possible mechanisms, but the traditional features of fraction-
ation become expanded by new observations: Tlarge-scale gradients in thin,
tabular, subhorizontal pegmatite bodies; widespread oscillatory zoning in Nb,Ta
oxide minerals; homogeneous masses of lepidolite vs. extreme muscovite-to-
lepidotlite zoning within individual microcrystals; homogenecus vs. extremely
zoned zircon-hafnon; and very Tate appearance of significant concentrations of
Ca,Ba,Sr,Fe,Mg and/or C1. A1l these and other phenomena will reguire a
thorough study and interpretation.
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OBSERVATIONS ON THE ISOTOPIC COMPOSITION OF ORE Pb IN THE IBERIAN
PENINSULA

Arribas Jr A. ]
Geological Survey of Japan, 1-1-3 Higashi, Tsukuba, 305 Japan

ABSTRACT: Comparison of recently published Pb-isotope data from ore
deposits of the 1Iberian peninsula with data for selected Pb-2Zn
deposits in southern Europe indicates the importance of the Hercynian
metasedimentary basement as a source of ore-Pb. Sedimentary-
exhalative-type deposits and some epigenetic vein- and manto-type
deposits contain basement Pb. An igneous rock source of Pb is sugges-
ted for Hercynian vein-type and Miocene volcanic-hosted deposits.

INTRODUCTION

Recent Pb-isotope studies of Cambrian to Miocene age ore deposits
in Spain and Portugal provide insight into the metallogeny and
crustal evolution of the Iberian peninsula. This paper discusses the
relationship of Pb-isotope data for Iberian ores with data from
southern European deposits, with an emphasis on the various metal
sources (e.g., basement vs. intrusive rock sources). Furthermore, the
Pb-isotopic evolution of the basement rocks provides the geochemical
framework to discuss questions of broad geologic interest in the
region.

GEOLOGIC SETTING AND ORE DEPOSIT TYPES

Most of the pre-Mesozoic basement of the Iberian peninsula consists
of terranes of late Proterozoic to Devonian age, similar to other

regions of western Europe. These terranes were deformed,
metamorphosed, and intruded by various granitoids before the Lower
Permian, during the Hercynian orogeny. In Spain and Portugal these

terranes form the stable platform beneath Neogene basins, and outcrop
in the Iberian Massif and internal zones of the Betic and Pyrenean
Alpine chains (Fig. 1).

The ore deposits from the Iberian peninsula considered in this
paper occur in the following settings: (1) within the pre-Mesozoic
basement in relation to Cambrian (Rubiales), Ordovician to Devonian
(central and eastern Pyrenees), and Carboniferous (Iberian Pyrite
Belt, Linares) mineralization events, (2) in Triassic carbonate rocks
deformed during the Alpine orogeny (Betic Cordillera), and (3) cross-
cutting Paleozoic to Miocene rocks, in association with Miocene post-
collisional volcanism (Cartagena, Mazarrén, Rodalquilar, Almagrera).

The Pb-isotope fields of these deposits are shown in Figure 2,
together with the fields of Pb-2Zn deposits of southern Europe that
have homogeneous Pb-isotopic compositions and occur within the same
basement terrane (except for the Iberian Pyrite Belt; see Matte,
1991). The ores shown in Figure 2 may be grouped genetically as
follows (in parentheses, references to Pb-isctope data): (1)
sedimentary exhalative deposits, Montagne Noire. {(Brévart et al.,
1982), southwestern Sardinia (Boni & K&ppel, 1985; Ludwig et al.,
1989), central and eastern Pyrenees (Marcoux et al., 1992; Pujals,
1983), Graz (Képpel & Schroll, 1983), southern and eastern Alps
(Koppel & Schroll, 1988), Betic Cordillera (Arribas et al., 1991).
(2) volcanogenic massive sulfide deposits, Iberian Pyrite Belt (IPB)
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Fig. 1. Simplified structural map of southern Europe, showing
location of mining districts considered in this study (for the
names of deposits, see Fig. 2).

(Marcoux et al., 1992). (3) epigenetic hydrothermal deposits,
including veins related to Hercynian magmas at Linares (Arribas &
Tosdal, 1991, unpub. data), vein and/or replacement mantos at
Cartagena, Almagrera, and Mazarrdén (Arribas et al., 1991y,
epithermal, volcanic-hosted Au at Rodalquilar (Arribas et al., 1991),
and complex ores at Les Malines (Le Guen et al., 13991).

SOURCES OF ORE LEAD

On the basis of the well-understood geologic setting and similarity
between rock-Pb and ore-Pb data, it appears that Pb in the Linares
and Rodalgquilar deposits was derived from Hercynian granitoids and
Miocene calc-akaline volcanic host-rocks, respectively (Fig. 2).

For the rest of the Pb-isotope data, except for the IPB (see
below), a pre-Mesozoic basement rock source is suggested. This
interpretation is consistent with previous studies of some individual
ore deposits and is confirmed by the rock-Pb data; the trends defined
by the ore samples in Pb-variation diagrams are similar to those of
whole-rock and feldspar samples from basement rocks in Spain, France,
and the Alps (see Koppel & Schroll, 1988; Arribas et al., 199%1; Le
Guen et al., 1991). The contribution of basement Pb could have
occured by direct leaching, or, in the case of post-Hercynian
deposits, from leaching of first-cycle sediments derived from the
basement rocks. However, the coherence of the Pb-isotope trends among
all deposits suggests that Pb was extracted at various times from
sources with similar U/Pb, Th/Pb, and Th/U ratios. This was most
likely a common source, such as the metamorphic rocks of the Vendée
Cévennes-Drosendorf terrane of southern Europe (see the paleogeogra-
phic reconstruction of Matte, 1991). Geologic factors that
contributed to produce consistent ore Pb-isotopic compositions with
such limited ranges (Fig. 2) include homogenization of the original
Archean or early Proterozoic crystalline basement by erosion and
deposition of thick sedimentary Paleozoic sequences, and hydrothermal
convection during ore-forming processes.
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Fig. 2. Summary Pb-isotope variation diagrams of ores from the

Iberian peninsula and selected Pb-Zn deposits of southern Europe. SK
is Stacey and Kramers (1975) growth curve and (L) is a two-stage Pb
evolution curve proposed by Ludwig et al. (1989) for Sardinia. Rock
Pb data for Hercynian granites and Miocene volcanic rocks in Spain
are from Michard-Vitrac et al. (1981) and Arribas et al. (1991),
respectively.

With respect to the IPB, it may be argued that Pb in these ores is
similar in origin to the Linares deposit (magmatogenic), originating
perhaps from early Hercynian intrusive rocks. However, the IPB is
located within a different basement terrane (Cornwall-Rhenish; Matte,
1991) and the Pb-isotope trends of this terrane are not well known.

CONCLUSIONS AND IMPLICATIONS

The Pb-isotope data for major base-metal ores in southern Europe
suggest extensive leaching of Pb from the late Proterozoic to
Devonian (Hercynian) basement rocks. Other deposits, such as Miocene
volcanic-hosted epithermal Au deposits and Hercynian vein deposits
show a dominant magmatic source for the Pb.

Identification of the basement Pb-isotopic signature for southern
Europe provides a useful constraint in the discussion of regional
metallogenic, petrogenetic, and structural questions. Three examples’
are: (1) the Rubiales Pb-Zn deposit in northwestern Spain 1is
considered to be controlled by a Hercynian shear zone (Tornos &
Arias, 1993); however, the Pb-isotope data suggest remobilization of
lower Cambrian stratabound mineralization, similar to carbonate-
hosted deposits in the Montagne Noire and southwestern Sardinia
(fields 1, 2 and 3, Fig. 2); (2) extensive crustal contamination of
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Miocene to Pliocene volcanic rocks in southeastern Spain (also in
central Italy) is indicated by the large component of crustal Pb in
these rocks; and (3) the similarity between the Pb-isotope data for
basement and volcanic rocks of southern Spain and southern Greece
(Milos Island; Pflumio et al., 1993) suggests that the pre-Alpine
basement in the Aegean region is also Hercynian.
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SULPHUR ISOTOPE COMPOSITION OF Cu-Pb-Zn MINERALIZATION FROM THE
PYRITE DEPOSIT OF CAMPIANO (SOUTHERN TUSCANY)

Benvenuti, M. (1); Morelli, F. (1); Corsini, F. (1); Lattanzi, P. (1) & Tanelli, G. (2)
(1) Dip.to Scienze della Terra, Firenze, Italy
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BAbstract: Cu-Pb-ZntAg polymetallic mineralization associated with
massive pyrite at Campiano mine has been analyzed for sulfur isotope
composition. In particular, the S-isotope signatures of galena and
sphalerite points to deposition at about 340°C, under relatively

high £S; values, from fluids with §34Sys around +6.3 per mil. These

values compare with a previous 834Sys estimate of +8 per mil for the
skarn Cu-Pb-2Zn deposit of Campiglia Marittima (southern Tuscany).

Introduction

The Campiano deposit is one of the largest pyrite (%Cu,Pb,Zn)
deposits of southern Tuscany. The origin of these deposits has been
ascribed to an early (pre-Tethydean) sedimentary-hydrothermal stage
-leading to massive pyrite (*Cu,Pb,Zn sulfide) deposition, followed
by a late-Apenninic hydrothermal event of (re)mobilization and
(re)deposition of metals in structurally-controlled sites (Tanelli &
Lattanzi, 1986). The Campiano deposit, however, appears guite
peculiar at the district scale with respect to ore setting, mineral
associations and ore textures (Morelli, 1990).
In this communication, we present new data on the S-isotope
composition of sulfide minerals at Campiano, in order to better
understand the ore-forming environment.
Geologic framework

The Campiano deposit consists of 25 Mt pyrite, currently
exploited between levels -20 and -300 meters below sea level. The
whole area is characterized by a high geothermal gradient (about
100°C/Km) presumably linked to the presence of a magmatic body at
shallow depths. The Campiano deposit is strictly associated with a
major tectonic lineament, the "Boccheggiano fault", a normal
structure trending NW-SE and extending downdip (45°NE) for several
hundreds of meters. The footwall rocks belong to the "Filladi di
Boccheggiano" formation, consisting of a dominantly phyllitic
complex with interlayered sulphatic-carbonatic masses, locally
metasomatized to skarn. The hangingwall rocks are represented by
flysch sequences (Ligurids) and underlying (Late Triassic?)
evaporites.
Polymetallic mineralization (the so-called "Filone guarzoso-
cuprifero”) has been exploited in the past in the upper portion of
the Boccheggiano fault. Significant, although uneconomic, amounts of
polymetallic minerals have been also discovered at greater depth in
association with the massive pyrite body of Campiano. The
investigated samples were preferentially taken from this Cu-Pb-Zn
(Ag) mineralization.

Mineralogy and textures

Main ore minerals in the polymetallic sulfide assemblage
commonly include chalcopyrite, sphalerite, galena, pyrite,
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pyrrhotite, and magnetite {Morelli, 1990). The polymetallic sulfide
assemblage overprints an earlier, quantitatively more abundant Fe-
mineral association (pyrite, magnetite, hematite, and pyrrhotite),
typically displaying a strong metamorphic imprint. Sphalerite and
galena usually show mutual grain boundaries. Pb-Cu-Zn minerals may
show textural equilibrium with a late pyrite generation.

Sulfur isotope data: results and discussion

S-isotope analyses were performed on sphalerite (N=8), galena
(N=5), pyrite (N=9), pyrrhotite (N=1) and anhydrite (N=2) by
Krueger Enterprise Inc. (Cambridge, Massachussetts). The reported
analytical uncertainty is #0.1 per mil or better. Results are
depicted in Fig.l together with previous S-isotope data by Cortecci
et al. (1983). Sulfides show

[4loy [e]po BJen Pdsp Plepy [ Jann a large spread of 0§34s

164 [] ' values (4.2+13.9 per mil),
) this work with a freguency peak at
Corteccieta.l., 1983 about 7 per mil. The
] widest variations are shown
by pyrite and pyrrhotite
(8348=6.0+13.8 and 4.2+13.9
per mil, respectively),
whereas base-metal sulfides
have fairly homogeneous
compositions (average §34s=
6.6%0.4 per mil, sphalerite,
and 4.610.5 per mil,
galena). No significant
correlation between §S-
isotope composition and
depth, type of setting
4 , . : and/or mineral assemblage is
N evident. On the other hand,
= +10 +15 +20 the order of enrichment in
343 among the various sulfur

O3S e com e indicat
pounds is indicative that
Fig.1 - 534S values of sulfides and rSOtopic equilibrium was
;;fa;esfrm“Cm“dmm_ approached, at least at

large scale.

Base-metal sulfides in veins cutting through massive pyrite are
probably in isotopic disequilibrium with massive pyrite, because
apparent isotopic temperatures for pyrite-sphalerite and pyrite-
galena pairs are seemingly too high (=2500°C). When pyrite,
sphalerite and galena all belong to the same vein assemblage,
isotope geothermometry gives consistently lower values (T=140-
275°C). The most consistent isotopic temperatures were given by
several sphalerite-galena pairs, which provided an average
temperature estimate of 348#45°C. Such a value is in good agreement
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with temperatures estimated by other methods, such as
stannite(kesterite)-sphalerite geothermometry (T=245-360°C: Corsini
et al., 1991), fluid inclusion microthermometry (T=310-340°C:
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Garrone, 1988), and Cd partitioning between sphalerite and galena
in one sample (T=350°C: Garrone, 1988). Therefore, a value of
340°C seems a reasonable temperature estimate for deposition of
polymetallic mineralization at Campiano.

We can also attempt to define other physico-chemical parameters
such as sulfur and oxygen fugacities by combining phase equilibria

_26 and mineral chemistry data.
The FeS content of
sphalerite (FeSgp) ranges
between 3.6 and 18.3 mol$%
(average values), with a
marked tendency to be higher
in sphalerites associated
with pyrite and hexagonal
pyrrhotite than in
sphalerites from pyrrhotite-
free samples. The Dbulk of
mineralogical and textural
features indicates that
sphalerite deposition was
accomplished under relative-

),—— ly high fs, values,
_ / \ predominantly in the pyrite-

-28

-30

log fos

-3 £ o L =\ stability field. More in
N 4 o8 = detail, at  about 340°C and
= FeS g =~ 2\ low pressure, a fS; range
s SEIi A of 10-8-10-° can be calcul~-
NS 2iL \ ated from the equation of

-34 : ) \ Barton & Skinner (1979,

2 4 6 8 p-369). The corresponding
pH compositional field of

Fig.2 - Comparison of the position of §34s mineralizing flu_ldsz in fa fH'
contours of sphalerite (sp) and galena (gn) foz. dlagra:m (Fig. ) falls
with the stability fields of Fe-S-0O minerals entirely within the H,S )=

and muscovite (mu). T=340°C, 534523=6.3—6.4 dominant region- In addit-
per mil, ¥s=0.01 moles/Kg H;0, mg+=0.01 to jon, considering the common

0.5 moles/Kg H;0. The shaded area represents aeeourrence of muscovite and
the stability field of mineralizing fluids. quartz, a pH range of 2.7 to

5.9 can be assumed. Using Ohmoto & Rye's (1979) 1isotope
fractionation factors between sulfides and H,S .4, 2 0%Ssgs of
approximately 6.3-6.4 per mil may be thus calculated for fluids in
equilibrium with sphalerite and galena with the measured S-isotope
signature.

Conclusions

On the basis of several independent geothermometers, a
temperature estimate in the order of 340°C has been proposed for

polymetallic sulfide deposition at Campiano. Calculated 34Sys of ore-

forming fluids compares well with that determined for other deposits
in southern Tuscany, namely the polymetallic skarn mineralization at

vValle del Temperino, Campiglia Marittima (83¥Sys=8 per mil: Corsini
et al., 1980). This feature, in conjunction with other geological,
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mineralogical, textural and compositional evidences (cfr. Tanelli,
1983, and references therein), is consistent with a similar
evolutionary trend of Campiano and other polymetallic mineralization
throughout southern Tuscany. Their emplacement would have been
promoted by hydrothermal activity extensively affecting the
district at a late-Apenninic stage. With respect to this picture,
the Campiano deposit shows some peculiar and still controversial
aspects. In particular, it is not clear whether the massive pyrite
bodies must be included among the products of such a late
hydrothermal activity or, alternatively, they could represent a pre-
Tethydean massive sulfide deposit (pyrite#Cu,Pb,Zn,Ag) subsequently
affected by (re)mobilization processes. In this respect, the
observed textural and isotopic features of pyrite could reflect a
multi-stage deposition of this phase, each generation recording
different chemico-physical conditions, whereas base-metal sulfides
could have formed by a single-stage process and/or under more
uniform environmental conditions.

The researches were financially supported by MURST (40% and 60%
University of Florence and University “Federico II" of Naples) and
CNR (Centro di Minerogenesi e Geochimica Applicata of Florence).
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STABLE ISOTOPE EVIDENCE FOR THE GENESIS OF THE MADAN VEIN AND
REPLACEMENT LEAD-ZINC DEPOSITS, CENTRAL RODHOPES, BULGARIA

Bonev, LK. (1); Boyce, AJ. (2); Fallick, AE. 2) & Rice, CM. (3)

(1) Geological Inst., Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria

(2) Scottish Universities Research and Reactor Centre —SURRC, East Kilbride, Glasgow, G75 0QU, UK
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ABSTRACT: The primary fluid macroinclusions located in some galena crystals
permit direct determination of 8D and 5'80 of the hydrothermal fluids using special
techniques. The 8D values (-62.4 + 7%} and the 8'80 values (dispersed mainly
between 0 and -15%) indicate a meteoric origin of the main water constituent of
solutions. The 834S composition of the major sulphides (+1 to + 7%e) coincides with
those of premetamorphic pyrrhotite layers concordant to the embedding gneiss
rocks (534S 4%o) suggesting them as a probable source of S. The base metals seem
to have been mobilized from a deep seated magmatic body connected with the
Tertiary volcanic activity. The ore deposition is the result of convective circulation
of solutions along large, partly opened faults in the thermal field of this body.
Introduction. The Madan ore district situated in the southern part of the Rhodope
Mountains is the Bulgarian largest and most productive lead-zinc mining area,
intensively worked during the last 4-5 decades. The Tertiary (30-40 Ma) ore
mineralizations of vein and skarn-replacement type emplaced mainly in metamorphic
rocks are relatively well studied. However, a study of S, H and O stable isotopes
may provide important data for better understanding of the ore-forming processes.
The sulphide ore deposits in Thermes, NE Greece, are a natural southern extension
of the Madan district and have the same genetic problems.

Primary fluid inclusions of macroscopic {up to mm) size are known from
some large galena crystals {Bonev, 1977). The ore solutions, as found by direct
analysis in such fluid inclusions (Piperov et al., 1977), represent slightly acidic,
comparatively diluted chloride-sodium-potassium aqueous solutions of 4-5%. total
salinity and Na:K:Ca molar ratio of about 11:2:1 with some Fe and Mn content. The
gas phase is mainly CO,. Homogenization temperatures are 360-300°C for the main
sulphide assemblages, and 280-200°C for the late quartz-carbonate assemblage.
The average pressure has been estimated as 100 bars.

The ore deposition is the effect of the physico-chemical {(mainly pH) changes
in the fluids as the result of: 1) interaction with pyroxene skarns, 2) interaction with
the host gneiss rocks, and 3) boiling of solutions (Bonev, 1884).

Samples studied. Samples of coexisting sulphides from the vein and metasomatic
ores of the main deposits in the district were used for isotopic studies. Quartz
specimens analysed for 3'%0 were single crystals coexistent with galena and
sphalerite.

Experimental. Sulphur isotopic ratios were measured by standard mass
spectroscopic techniques after transforming the sulphides into SO;. Standard
techniques were also used in the production of quartz 8'80 data. 8D isotopic values
were determined from the fluid macroinclusions in galena crystals. Two main
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methods were developed for this study: 1) extraction of fluids from the thoroughly
prepared crystals through crushing and subsequent decrepitation under vacuum at
high temperatures {400°C) in a special crushing device-ampoule, and 2) extraction
of water from macroinclusions near the galena crystal surfaces by puncturing and
direct collection in capillaries. The extracted waters were saturated by standard CO»
and, after equilibraticn and separation, the O isotope ratio was determined from the
exchanged CO2 gas, as recommended by Ohba (1987).By using U-furnace the
water was transformed into H for the 6D mass spectroscopic determination.

Results and discussion.

5%48. The 834S composition of sulphide minerals (~60 analyses) varies in a relatively
narrow range, (O to +7.5 %o, Fig. 1). The measured 84S differences for the
simultaneous galena and sphalerite are close to the equilibrium fractionation values,
and the calculated for these pairs temperatures (355-320-260°C) are compatible
with the homogenization temperatures in associated quartz. In cases of successive
precipitation the 8S differences are smaller and the calculated temperatures are not
realistic.

It is worth noting that the 8%S values for the lead-zinc mineralization in the
Thermes area (Changkakoti et al., 1990) are very similar, grouped in a narrow range
from -0.8 to +6.1%. However, a small systematic shift towards the lighter values
characterize these data.

In one of the underground mines (Murzyan), a pyrrhotite-amphibole layered
body was revealed. It interiayers concordantly the gneiss rocks as part of the
metamorphic complex but has not visible link with the ore veins. The 3*S values of
this pyrrhotite (4.04%<) are very close to the average for the whole district, which
suggests the possible role of such premetamorphic sulphides as a S-source.

Sy{s O Ga OSphACp XPy OPo

i

I T T R

i
!
Fig.1 8343 of sulphides from different deposits in the Madan district and the Thermes area
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8D. The 8D values measured from the water of the fluid inclusions in galena are
grouped in the range between -10 and -70%, with a mean value of -62.4 £ 7.0%e
gained from 27 analyses, including the data of Piperov and Penchev (1982). This
value agrees very well with that of the modern meteoric waters Iin the area: -66 *
5%, according to the above authors (Fig 2).

O =2 N W h N B ®

DL B DL B 0D H O BH D S5 D

Fig 2. Frequency diagram of 8D content of inclusion
fluids extracted from galena crystals

8'80. The direct 8'80 determinations of inclusion fluids exracted from galena
crystals are dispersed in a wide range of light negative (<0) values {Fig. 3) with a
mean value of -9.6 £ 5.7%0 (9 analyses). The average 8180 ratio for these waters is
located exactly on the line of meteoric waters. Indirect methods for ascertaining the
O isotopic composition were also applied - determining the 580 of quartz crystals
contemporarenous with the main sulphides. The 5'80 values of fluids in equilibrium -
with such quartz were calculated using the water-quartz fractionation factor for
temperatures characteristic of the ore mineralization. The light 3'80 values obtained

are grouped in a narrow range between O and -5%s, average -2.40 = 1.60 (18
analyses).
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Fig.3. 80/8180 isotropic composition of the hydrothermal fiuids: from inclusions in galena

(individual values - 1, and mean value solid square) as compared to the primary magmatic
water area (in the square} and SMOW
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As compared to 8'80 data produced from solid quartz, the 8'80 values of
inclusion fluids scatter-in a larger area, partly also to the left of the meteoric water
line (Fig. 3). It must be taken in consideration that vapour bubbles enriched in light
isotopes have played a substantial role during trapping of the macroinclusions in
galena from the boiling solutions, and the liquid:vapour ratio in the different

“inclusions is highly variable (e.g. 1:1, Piperov et al., 1977; Bonev, 1977).

Genetic model. The results of the isotopic studies indicate that the ore deposition in
the Madan district (including the area of Thermes) took place in a high-temperature
meteoric-hydrothermal system (as these discussed by Criss and Taylor, 1986). The
convective circulation of the deeply penetrating predominantly surfacial waters was
generated by the thermal energy of a magmatic heat source, and was strongly
controlled by the fracture network in the weakly permeable country rocks.

Most likely, such a model is applicable and to the other geologically and
mineralogically very similar Tertiary lead-zinc ore fields in the Rhodopes, as well as
in the Serbian-Macedonian Massif, incliding in Bulgaria, Greece and Macedonia.
Acknowliedgements. Financial and technical support from the Royal Society, SURRC
- East Kilbride, University of Aberdeen, and the Bulgarian National Science
Foundation is gratefully acknowledged.
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AUTHIGENESIS IN SEDIMENTS OF THE MIDDLE VALLEY, NORTHERN JUAN DE
FUCA (ODP LEG 139): - A RECORD OF CONVECTIVE HYDROTHERMAL
CIRCULATION ON A SULPHIDE BEARING, SEDIMENTED RIDGE
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Abstract: Mineralogical, petrographical and stable “isotope 'Iin\iesﬁi_gétibns of
authigenic minerals recovered from the sediments cored at Middle Valley have
allowed a better insight into hydrothermal proéesses in an area where
significant massive sulfides have been discovered recently In .particular,  both
mineralogical and geochemical composition, as well  as stable isotopes _have
proven to be excellent tracers of the temperatures and geochemical condltlons
under which in situ reactions occurred. The results of this study have provided
important information to define the fluid pathways and temperature gradients in
both active and fossil hydrothermal systems of sedimented ridges.

Middle Valley is a fault-bounded rift valley, .situated at  the
northern extremity of the Juan de Fuca Ridge, just -south of the
Sovanco fracture 2zone (Davis & Villinger, 1992) Because ‘of its
proximity to the North American continental margin, Middle ‘Valley -is
predominantly filled by terrigenous sediments (Goodfellow & Blaise,
1988). The sedimentary sequences are characterized by turbiditei units
of variable thickness (300 1500 m), interbedded with pelagic to
hemipelagic sediments.

The sediment/basement interface in Mlddle Valley 1s transitional
rather than sharp. The top of the igneous crust is chanacterlzed by a
gradual transition zone of intercalated sediments and /basaltic sills
and flows. Numerous local heat flow anomalies occur'in the valley
(Davis & Villinger, 1992). The elevated basement temperatures
probably reflect a high thermal insulating capacity and 1low
permeability of the sedimentary sequences. This plays an important
role in maintaining high fluid temperatures and facilitating
hydrothermal discharge at a restricted number of vent sites
(Goodfellow & Blaise, 1988).

The four sites drilled in the eastern part of Middle valley during
ODP Leg 139 are characterized by distinct hydrologic environments
which include an area of fluid recharge at lower temperatures (Site
855), an area of active discharge characterized by high flow (Site
858), and a “hydrothermal reservoir” (Site 857), with high
temperature fluids well-sealed with sediments. Site 856 is considered
to be an area of fossil discharge where an older event of
hydrothermal activity, possibly reactivated, led to strong alteration
of the sedimentary cover and to the deposition of a large body of
over 95m in thickness of massive sulfides (Davis et al.,1992). Main
components of the ore are the iron minerals pyrite, pyrrhotite,
magnetite and marcasite. Chalcopyrite and sphalerite are present only
in minor amounts. As gangue minerals associated to the sulfides
quartz, talc, dolomite and siderite have been observed. :
However, among the various hydrothermal authigenic phases recovered
from the sedimentary piles cored during the Leg, the more abundant
are silicates and carbonates. Authigenic silicate, prevailing in
deepest layers downhole,are mostly Mg-chlorite, but in Site 858 the
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silicate sequences from sea-water interface to the deepest levels of
the holes reflect a thermal gradient with depth, related to the
vertical influence of the intrusive fluids. Carbonate nodules and
concretions (Al-Aasm & Blaise, 1991) have been sampled at several
depths from Sites 856, 857 and 858 and consist mostly of Ca-carbonate
concentrations of various shapes, impregnating and/or substituting
for both hemipelagic and coarse-to-fine turbiditic sediments. In the
coarser lithologies they form a cement network between detrital
grains. In the finer silty clays the carbonates can be (1) unevenly
diffused as microcrystalline cement, whose distribution follows
generally traces of burrowing organisms, and as (2) fibrous calcite
macrocrystals growing in the form of rounded concretions throughout
the silty sediment. In the latter case, calcite nodules contain
pyrite crystals and framboids as well as Mn-dendrites. Observed under
cathodic light, the carbonates are all luminescing, with different
degrees of colour and brightness. Higher cathodoluminescence colours,
however, appear to be related to Mn-values > 0.7 wt.% (Mn/Ca > 0.02)
in the calcite. These higher Mn/Ca ratios are common both in the
nodules sampled from Sites 856 and 857, below 40 meter below sea
floor, as well as in few nodules from Site 858, below 20 m. Mn-richer
carbonates have been deposited in more advanced diagenetic stages
compared with those recovered at shallower depths, whose carbonates
have lower Mn/Ca ratios (Buatier et al., in press). The same
characters have been deduced from the stable isotope ratios, where
the shallow/low-Mn nodules show positive 8180 (PDB) and more negative
(< -25%0 PDB) 813C, compared with late-diagenetic/high-Mn nodules
(negative 8180 and more positive 813C}).

Moreover, oxygen and carbon isotope measurements on authigenic
carbonates, integrated also by the data recorded from the silicates,
provide a record of present and fossil convective fluid circulation
and high temperature gradients associated with the hydrothermal
alteration of the sediments of Middle Vvalley (Friih-Green et al., in
press). Oxygen isotope compositions of authigenic carbonates from the
active hydrothermal field at Site 858 show vertical thermal gradients
of 2.2°C/m in the more distal holes, and of 10°C/m at the central
vent areas.

As anticipated, the higher thermal gradient is consistent with oxygen
isotope data for Mg-rich authigenic clays and quartz, which yield
isotope fractionation temperatures of 280°C at 32 mbsf in a hole
(858B) where no authigenic carbonates have been recorded.
Extrapolation of the latter gradient to greater depths indicates
temperatures of approximately 400°C at depths of 40-45 mbsf in the
sedimentary sequence, approaching values which are sufficiently high
enough to generate ore-forming fluids at these shallow depths.
Furthermore, the calculated thermal gradients from the active vent
area are similar to paleo-geothermal gradients recorded in the oxygen
isotopic composition of carbonates from the fossil hydrothermal field
at Site 856 (with its massive sulfides), which are higher than the
modern measured geothermal gradient.

Carbon and oxygen isotope data of shallow carbonates at the active
hydrothermal field are consistent with methane oxidation and,
together with the presence of dolomite and Mg in pore-water profiles,
provide evidence for advection of cold, oxidizing surface waters at
shallow depths. From about 5 mbsf (carbonate cements) and 20 mbsf
(nodules) respectively, to the base of the cored section at Site 858
and throughout the hydrothermal reservoir at Site 857, the carbonate
minerals with 813C values between -10 and -25%0 reflect sulfate
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reduction, demonstrating that the circulating hydrothermal fluids
were reducing. The same reducing conditions can be deduced also by
the presence of Mn-bearing carbonates in the deeper carbonate
nodules.

The results of this integrated study, combined with pore water and
sediment geochemistry, delineate a system of large scale convective
hydrothermal circulation through the sedimentary sequence. 1In
addition, smaller scale fluid advection in the shallowest parts of
the section occurs. The oxygen isotope data imply an altered isotopic
composition for the circulating fluids, indicating that the reaction
rates or fluid/rock interactions must be high, relative to the fluid
flux rates.
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ABSTRACT: SIMS analyses revealed that arsenopyrite contained 1.2
to 74 ppm "invisible goid”. PT conditions are estimated to have
ranged from 190 to 380°C and 0.9 to 2.7 kb.

1 INTRODUCTION

Gold occurs usually as 1isolated grains of native gold 1in quartz
"veins or gold andiéilver tellurides intimately associated with
suifides (Boylé,1979). “Invisible gold" incorporated in sulfides
minerals has been found to play an important  role in many low
grade deposits (Boiron et al.,1989; Chryssoulis,1989; Cabri et
al.,1989). Arsenopyrite is a principal minerail containing invi-
sible gold. Paragenesis and crystallization conditions of Au-
bearing arsenopyrite are poorily documented. This paper presents
an attempt to shed new light on paragenesis, chemical composition
and condition of formation of Au-bearing arsenopyrite in the
mesothermal deposits.

2 GEOLOGY OF DEPOSITS

Au-bearing arsenopyrite has been found in mesothermal deposits
Nezhdaninskoye (Russia), Charmitan (Uzbekistan) and Delita
(Cuba).

The Charmitan gold deposit 1is located within the North Nurata
anticlinorium in endo~ and exocontact zones of the Koschrabad
~granosyenite body intruded in the metamorphosed sedimentary se-
quence (sericite-chliorite, quartz-sericite shists, carbonaceous
and clay shales). The metamorphosed rocks are folded in an iso-
clinal anticline. The zone of the regional faults in the sou-
thern exocontact of the intrusive body has been mapped. Quartz
veins and mineralized zones are located in the fractures related
to this fault zone.
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The Delita deposit 1s located within the anticlinal foid and 1is
hosted by the metamorphic quartz-sericite shists with the peas
enriched 1in graphite and the carbonaceous matter. The large mag-
matic bodies were not found, but small dykes of rhyolite has bpeen
recognized. Ore bodies are the quartz veins, containing 3-15%
opagque minerals.

The Nezhdaninskoye deposit 1s locatea in South-Verkhoyansk syn-—
clinorium. 1t 1is hosted by a 400-m-thick seguence of bilack
aleurolites with thin sandstone pbeds and a 800-m-thick sequence
of carpbonaceous argiliites. These rocks contain up to 2 WtL. per
cent of organic matter and disseminated fine-grained pyrite and
marcasite. Host rocks have been metamorpnoseg To I1ow greenschist
facies. The principal fold of the district 1s the Dybinskaya
anticline. This fold is asymmetric and has a north—east (15-20°)
axial surface. Its 1limbs are undisturbed by faulting. North-
North-westerly trending (350°) and north-easterly (60°) trending
faults are components of a conjugate system that dominates the
tectonic pattern of the Nezhdaninskoye area. The ore bodies are
controlled by the Nezhdaninskaya tectonic zone which includes the
foliation, brecciation, shear zones. The sedimentary sequence is
intruded by small stocks of gabbro-diorite and numerous dykes of

aplite, spessartite, Kersantite and diorite porphyrites.

3 MINERAL PARAGENESIS OF GOLD-BEARING ARSENOPYRITE

The muitistage ore forming process was responsible for the
formation of gold deposits with very complex minerai composition.

Two generations of Au-bearing arsenopyrite have been recognized.
Earlier arsenopyrite 1is coarse grained and comprises tne ribbons,
veinlets, and pockets 1in the quartz veins. It associates with
pyrite and native gold. Native gold (fineness ranges from 740 to
950) replaces earlier arsenopyrite. The iate arsenopyrite is fine
grained and associates with pyrite, tetrahedrite, Pb~Sb
sulphosalts (jamesonite, boulangerite, zinckenite) ana Pb-Ag-Sb
sulphosalts (owyheeite, diaphorite) The grains of the late arse-
nopyrite are crosscut by late electrum (the fineness 1s 480-560).
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4 GOLD IN SULFIDES

Secondary 1ion microprope analyses has bDeen used to determine a
gold content 1n suifides. Analytical procedure has been described
in detail by Chryssoiius (1989). The resuits are given in Table.

Table
Gold contents (in ppm) in sulphide minerals
Deposit Mineral Range Average

Nezhdaninskoye Asp 1 1.5 - 48 ( 9) 12.4+9.43
Asp II 10.0 - 35 (10) 22.4+5.79
Py 1.4 (1)
Po 0.78- 1.2 (2)

Charmitan Asp 1 1.2 - 23 (15) 5.4+2.9
Asp I1 2.7 - 74 ( 8) 30.1+15.9
Py 4.4

Delita AsSp 5.4 - 56 (17) 26.3+7.69
PO 0.38- 0.868 (2)

Note. Asp I - coarse grained arsenopyrite, Asp II - fine grained

arsenopyrite, Py - pyrite, Po - pyrrhotite, Number of analyses 1s
given in parentheses.

5 CHEMICAL COMPOSITION OF ARSENOPYRITE

Microprobe analyses have revealed the wide compositional varia-
tions in Au-bearing arsenopyrite. The As content in earlier ar-
senopyrite varies from 28.8 to 32.1 at.% in the Charmitan depo-
sit, from 31.2 to 32.2 at.% 1in the Nezhdaninskoye deposit, and
from 30.3 to 32.4 at.% in the Delita deposit. The similar ranges
of the composition were found for arsenopyrite of the late gene-
ration. They are from 28.6 to 31.7 1in the Charmitan deposit, from
32.6 to 33.3 1in the Nezhdaninskoye deposit, and from 30.5 to
32.8 at.% in the Delita deposit. Therefore, goid-bearing
arsenopyrite is As-deficient 1in relation to the stoichiometric
FeAsS. The ranges found coincide well with the compositional va-
riations of arsenopyrite 1in equiiibrium with pyrite as it has
been recognized in the experimental study of the Fe-As-S system.
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6 PHYSICAL AND‘CHEMICAL CONDITIONS OF ARSENOPYRITE
CRYSTALLIZATION

The data on mineral paragenesis, Tluid 1inclusion and stable
isotope studies (Bortnikov et al.,1989,1991,1993) were used to
_evaluate physico-chemical parameters of Au-arsenopyrite-forming
process. Ore fluids have low to moderate salinity and consist of
H,0>C0,>CH,=N,>H,S8. T-P conditions for the auriferous minerali-
zation are estimated to have been ranged from 180 to 380°C and
0.9 to 2.7kb. Boiling may result in mineral deposition at pH va-
Tues of 4 to 6 and apgo and ag, of the mineralizing fluids were in
the range about 1073 to 1073® and 1077 to 10712, respective-1ly.
The CO2 and CH4 fugacities were up to 102'5Aand 1014 pars.
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ABSTRACT: Recent exploration in the Moonta area, South Australia, has resulted in the development of two new
mining operations in this previously important copper field. The Poona and Wheal Hughes ore bodies are vein deposits
located in shear zones in the Mid-Proterozoic Moonta Porphyry. The major minerals are chalcopyrite, pyrite, hematite,
quartz, chlorite and tourmaline. Fluid inclusions in quartz have homogenization temperatures between 140° and
3880C and salinities between 0.2 and 22.7 wt % NaCl equivalent. Temperatures calculated from chlorite analyses range
from 163° to 326°C, with log fO; values from ~50.9 to ~31.4. 534S values of chalcopyrite, pyrite and bornite vary from
-1.3 to 6.4 per mil. A magmatic hydrothermal origin is suggested (but not proved) by the association with pegmatites,
the presence of tourmaline and minor molybdenite, and near-zero 8345 values.

1. INTRODUCTION

The Moonta copper deposits in South Australia were discovered in 1860 and worked continuously until 1923. During
this time the Moonta and adjacent Wallaroo fields were important copper producers, yielding 6,250,000 tons of ore at an
average grade of 5.3% copper. After closure of the mines, these fields remained dormant until recent exploration by
Western Mining Corporation discovered further deposits at Moonta by means of SIRO TEM surveys, leading to the
development of mining operations at Poona and Wheal Hughes (Fig. 1) by Moonta Mining Joint Venture. The Poona
mine was worked from 1988 to 1992, producing 150,000 tons of ore at 4.8% Cu and 1.5g/t Au from the open cut and
37,000 tons at 4.6% Cu and 1.3g/t Au from the underground mine. Wheal Hughes commenced operations in 1991 and
produced 140,000 tons of ore from the open cut; an ongoing drilling program has so far proved 160,000 tons of ore at
5.2% Cu and 0.7g/t Au underground, of which 50,000 tons have been mined to date. Although not large, these
discoveries have provided the first opportunity in recent years to investigate the origin of the Moonta deposits, since lack
of acces$ to old workings and complete absence of outcrop in the area had previously prevented such studies.

2. REGIONAL GEOLOGICAL SETTING

The copper deposts of Moonta and Wallaroo are located within the Gawler Craton (Parker, 1990), and hosted by the
Proterozoic Moonta Porphyry and Doora Schist, respectively (Fig. 1). The Moonta Porphyry is a strongly foliated,
porphyritic rhyolite interpreted by Lemar (1975), on the basis of relic primary textures, as representing a sequence of
comagmatic ash flow tuffs and tuff breccias and intrusive microgranites. Fanning et al. (1988) have reported a U-Pb
zircon age of 1741 + 9 Ma for the Moonta Porphyry. The Doora Schist is interlayered with the Moonta Porphyry (Fig.
2). The Kimban Orogeny (1950 to 1700 Ma; Parker, 1990) was followed by emplacement of the Arthurton-Tickera
granite suite and deposition of Proterozoic and Cambrian sediments (Fig. 2). The granite has been dated by zircon at 1585
+ 3 Ma (Creaser, 1989). Pegmatite bodies are common throughout the region, including the ore zones, and are
apparently a late stage fractionation of the granite.

3. MINERALIZATION AND PARAGENESIS

Mineralization in the Moonta field typically consists of tabular veins within fractures and shear zones in the Moonta
Porphyry. The majority of the veins are located in a series of concentric arcs trending from NNE to ENE. The Poona
vein stikes E-W and dips approximately 45°N, within a shear zone, and is offset into 3 segments by faults perpendicular
to the shear plane. The Wheal Hughes deposit is unusual for the Moonta field, in that the main part consists of a sheeted
vein system. The veins strike NE-SW and dip 45°NW, and are hosted by a 25m thick shear zone. The NE part of the
Wheal Hughes deposit, known as Leighton's lode, consists of a single vein separated from the main part by a cross—
cutting fault. Post-mineralization shearing of both the Poona and Wheal Hughes deposits has produced pinch and swell
boudinage structures in the ore, with copper enrichment in both the boudin and neck zones.

The Poona and Wheal Hughes ores contain similar mineral assemblages, but with some differences in mineral
proportions and paragenesis (Fig. 3). The dominant metallic minerals at Poona are chalcopyrite, pyrite and hematite, with
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minor amounts of magnetite and bornite, and trace amounts of carrollite, gold and marcasite. At Wheal Hughes
chalcopyrite and pyrite dominate, with only minor hematite, and traces of magnetite, carrollite, gold and marcasite.
Minor molybdenite is also present at Wheal Hughes. Non-metallic minerals in the ores are quartz, chlorite, sericite and
tourmaline. Both deposits have undergone supergene alteration in the upper levels. Patches of atacamite, cuprite and
malachite occur at the base of the oxidized zone and pods of native copper have been found in the gradational boundary
between the oxidized and supergene sulphide zones. The main secondary sulphides are chalcocite and covellite, with
minor digenite found only at Poona.

0 10 km

Arthurton-Tickera Doora Schist

granite suite

Moonta Porphyry  [//77] Wandearah Metasiltstone

Fig. 1: Generalized regional geology (after Hafer, 1991).
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Fig. 2: Schematic diagram of rock relationships, Moonta region (after A. J. Parker, pers. comm.; Hafer, 1991).
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Adjacent to the ores bodies the host porphyry has been altered to chlorite, tourmaline and sericite. Tourmaline is rore
abundant in the alteration zone associated with the main part of the Wheal Hughes orebody, where the zone is up to
several metres in thickness. The Leighton's lode segment and Poona have narrower alteration zones. The oxidized
porphyry above both deposits, as well as the feldspathic sandstone of the Blue Range Beds (Fig. 2) that partly overlie the
Wheal Hughes deposit, are extensively kaolinized. This kaolinite is clearly supergene, but the Wheal Hughes veins are
also partly surrounded by a zone of kaolinite that could, at least in part, be hypogene in origin.

The paragenetic sequence shows only minor differences between the two deposits (Fig. 3). Mineralization was deposited
in 3 hydrothermal stages separated by episodes of fracturing associated with shearing. The first stage was characterized
by Fe oxides; magnetite was deposited initially and subsequently almost entirely replaced by hematite. The second stage
was dominated by Fe sulphides, mainly pyrite with minor marcasite. The final hydrothermal stage involved deposition of
Cu~Co-Fe~Au mineralization. The major mineral is chalcopyrite, which replaced earlier minerals along fractures.
Carrollite is closely associated with chalcopyrite and shows similar textural relationships. Bornite and gold both occur
mainly as small inclusions within chalcopyrite. The main paragenetic difference between the two deposits is the presence
at Poona of a second generation of hematite, in the form of thin tabular crystals that form a network within fractures in
earlier hematite and pyrite. The spaces in the network have been filled with chalcopyrite and associated third stage
mumerals. Although molybdenite 1s present at Wheal Hughes it has not been observed in contact with other metallic
minerals and, hence. its paragenetic relationships are not known. Quartz appears to have been deposited in all stages.
Deposition of chlorite, sericite and tourmaline commenced in the second stage and continued through the third stage.

STAGE 1 N STAGE 2 S STAGE 3
- NN

Magnetite p— \ -
Herrlatite ‘& Q
Pyrite M
Marcasite N -—-—----—-}[\\1
Chalcopyrite 121 {2}
Bornite (5 BD:}

= T
Gold i§1 i§1 —
Carrollite I P‘C\-}

\

Quartz &\ §
Chlorite § - —"l\|
Sericite l\{ - ——S{——————
Tourmaline & - "'"!\

A i

Fig. 3: Paragenetic sequence of mineralization, Poona and Wheal Hughes ore bodies. P* indicates observed at Poona
only.

4. FLUID INCLUSIONS

Fluid inclusions in quartz associated with the ore minerals are small (maximum size 15 x 12pm) and mainly 2-phase
liquid-rich inclusions. Small daughter crystals were observed in some fluid inclusions and appear to be halite and

hematite. Discrimination between primary and seceadary fluid inclusions was difficult in the absence of growth zoning
in the quartz.

First melting temperatures of fluid inclusions classified as primary ranged from -63.0° to -23.6°C, indicating the
presence in the fluid of components such as CaCly and/or MgCly in addition to NaCl. Final melting temperatures
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correspond to a salinity range of 0.2 to 22.7 wt. % NaCl equivalent. Homogenization temperatures show a range of
139.89 10 387.80C, with the data suggesting 2 groups, viz. a higher temperature group with a mode around 340°C and a
lower temperature group with a mode around 180°C. The latter group overlaps with homogenization temperatures of
fluid inclusions identified as secondary.

-25 5. CHLORITES
30 Electron microprobe analyses of chlorites were
used to calculate temperatures and fO; values,
using the 6-component solid solution model of
35— ‘Walshe (1986).  Chlorites intergrown with
chalcopyrite and/or pyrite give a range of
S 0 calculated temperatures of 163° to 326°C, with a
et mode around 280°C and log fO values ranging
L 5] from -50.9 t0 ~31.4. The data define a trend of
decreasing fO; with temperature (Fig. 4),
presumably reflecting a waning hydrothermal
A T system.
-SSJ - © Poona 6. SULPHUR ISOTOPES
< 7 M Wheal Hughes
-60 i . — } 534S values of 13 chalcopyrites from Poona
150 200 250 300 350 range from -1.3 to 5.5 per mil and 12 from
TEMPERATURE °C ‘Wheal Hughes range from2.5t0 64 per mil. In
addition, 7 pyrites and 1 bornite from Poona and
Fig. 41 Log fOp vs. T diagram showing chlorite data in 2 pyritfs from Wheal Hg es lie within the
relation to stability fields of pyrite (Py), pyrrhotite respective chalcopyrite 8°°S ranges for the
(Po), hematite (Hm), chalcopynte (Ccp) and bomite deposits. T-fOo-pH considerations indicate that
(Bn). Calculated for pH=4.5. the dominant sulphur species in the ﬂuxd was
H$ and that 83 Ssulphlde minerals = 8>*Sgiuid-
7. ORE GENESIS

Several features of the Poona and Wheal Hughes ore bodies are consistent with a magmatic origin for the hydrothermal
fluids responsible for the deposits and, by implication, for other deposits in the Moonta field. These features include the
common association of pegmatites with the ore zones, the presence of abundant tourmaline as a gangue component of the
ores and in the wallrock alteration assemblages, and the occurrence of molybdenite as a minor component in the Wheal
Hughes ore (a feature also of many other Moonta deposits). The near—zero 834 values of the sulphide minerals are also
in keeping with a rnagmatic origin for the sulphur. In terms of both time and space, the Arthurton-Tickera granite suite
(Figs. 1 and 2) represents a possible source of the hydrotherma] fluid. However, none of the above characteristics proves
a magmatic origin and further stable isotope analyses (61 O of quartz and 6180 and 3D of chlorite) are currently being
undertaken in an attempt to further constrain the fluid source.
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Abstract

Pyrite in he Lower Palaeozoic sequences below the giant Lower Carboniferous Sedex base-metal ore
depositatNavan exhibits atleastfour generations of growth, dominated by growth during early to late Lower
Palaeozoic diagenesis. The pyrite exhibits an extraordinary range in 9343, between -33.4%0 and +81.7%a,
with the bulk of the data (80%) falling between 0%. and +30%., with a mode around +16%.. This mode is
very similar ©o the 334Spy,g of hydrothemal sulphide in the main ore horizons (~+15%0), suggestng a
genetic link between the iwe: thatis, the Lower Palaeozoic-hosted sulphide was leached with base-melals
during the hydrothermal convection which led to the deposition of the deposit

Introduction

The Navan Zn+Pb deposit is a world-class base-metal orebody (~68.9Mt at 10.1% Zn
and 2.6% Pb), with the ores occurring in complex stratiform to stratabound tabular
lenses. It is hosted in Lower Carboniferous shallow-water carbonate lithologies, during
the diagenesis of which, the base-metal sulphides were precipitated (Ashton, et aj,
1992).

Anderson's (1990) detailed petrographic and sulphur isotopic study showed that,
although ‘most of the sulphide ore was precipitated via the combination of
hydrothermally exhaled metals and local bacteriogenic sulphide, a small but significant
component of the ore was deposited using a hydrothermal sulphide source: that is,
sulphide entrained in the hydrothermal solutions along with the metals. The two
sulphide components have distinctly different 934S: the “"bacteriogenic* ores having
9348 around -15%., and the "hydrothermal" sulphides having a calculated 934S,s
around +15%. (Anderson, 1990). This dual source of sulphide is also seen in the two
other major base-metal ore producers in Ireland (Silvermines and Tynagh; Anderson et
al, 1989).

The currently dominant genetic model! for the Irish base‘metal ores is the "convective®
leaching model, which envisages the metals and some sulphur being derived from the
thick sequence of Silurian and Ordovician turbiditic shales and siltstones, and volcanics
which underlie the deposit (on the southern flank of the Longford-Down Inlier). The
solutions are transported to the depositional site by large scale (=30km diameter)
convecting hydrothermal systems (Russell, 1978; Mills et al, 1987). The hydrothermal
sulphur is suggested to be leached from diagenetic pyrite in the Lower Palaeozoic
rocks. ‘
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Anderson et al (1989) published preliminary 934S data on 7 samples from beneath the
Navan deposit, and suggested that the unusually isotopically heavy mean 934S of this
*diagenetic" pyrite (~+16%o) correlated well with the hydrothermal signature in the base-
metal deposit. It was also clear that the 9345 of supposed diagenetic pyrite was
significantly 34S-enriched. A 934S range around 0% to -15%o is expected from general
considerations of diagenetic sulphide origins, and confirmed in the laterally equivalent
Moffat Shaie in southern Scotland (0%. t0 -17%0; Anderson et al, 1989).

Our study aims to test the link between the hydrothermal and Lower Palaeozoic
sulphides, while assessing the nature of the latier sulphide - is it truly diagenetic? To this
end, we have accessed new Lower Palaeozoic core material from the deposit vicinity.

Lower Palaeozoic Pyrite

The Lower Palaeozoic sulphide is overwhelmingly in the form of pyrite in all lithologies,
and is locally very abundant. Petrographic analysis reveals at least four generations of
this pyrite (Fig. 1). Host sediments are mostly mildly deformed mudstones, with a weak
slatey cleavage occasionally present. Small scale shearing and slumping (mm scale)
are considered to be original sedimentary features. More intense detormation 1s
localised, consisting of faulting and brecciation (accompanied by quartztcarbonate
veining). The latter are related to major tectonic structures, which slice the Lower
Palaeozoic succession in the area (Vaughan, 19392).

EARLY Framboidal pyrite

4

Pyrite in fine blebs, ragged patches,
disseminated rich laminae with rare
chalcopyrite

J

I

| Fine and coarse pyrite euhedral/subhedral
I porphyroblast growth, often
I

i

TIME

as merged and zoned lenses/nodules

J

* Replacive crystalline
LATE pyrite networks

Figure 1: Preliminary Navan paragenesis in Lower Palaeozoic lithologies in
borehole N1014
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The pyrite exhibits a wide and complex range of textural forms, the paragenesis of which
can be simplified as follows. Early diagenetic types are dominated by framboids (~10um,
locally abundant) and fine disseminated coatings on graptolites. The succeeding pyrite
is in the form of ragged or rounded blebs which occur as disseminations or thin lenses
(€0.5smm). The next stages of growth exhibit a gradation from fine euhedral
porphyroblasts, which appear then to coarsen, and finally to merge into large pyrite
lenses and nodules (<5cm, dictated by core diameter). These nodules sometimes
exhibit zoning defined by variations in the amount of interstitial silicate material, or in the
size of the pyrite subhedra. The fact that porphyroblasts and most lenses generally
cross-cut sedimentary laminae and fossils, indicates that they have been deposited
post-lithification. Flexuring of sedimentary laminae above and below these lenses,
however, suggests that the growth may have been late diagenetic (rather than much
later). A final stage of growth is associated with a phase of brittle deformation which
fractures earlier lenses and is accompanied by the deposition of fine, replacive, pyrite
networks. At least three phases of quartztcarbonate veining are also noted.

Sulphur lIsotopes

Concentrating on Hole N1014, coarsely sampled pyrite (from all generations) show
extreme variation in 9348, between -33.4%. t0 +51.9%. (Fig. 2): 80% of the data,
however, fall in the range -2.1%. to +32%., with a mode around +16%.. There is no
systematic variation with depth in the hole. The same textural style can show a wide
variation in 9345, but co-existing early and late generations of pyrite showed notable
variations up to 15.4%., with the later pyrite usually (but not exclusively) being
isotopically heavier. Locally extreme variations in 934S correlate with particularly
tectonised and altered drillcore.

Pyrite Cat .
8- E Coarse blebsflenses (undifferentiated)
g n 7] Clouds of disseminated fine
Y e 7 1 porphyroblasts
Basic Statistics R
H  mean = +8.2+18.4%. (10; n=34) 6- Coarse porphyroblasts in clumps
H range = -33.4%. to +51.9%. (=B5.3%.) E Laminae and layers composed of
54 fine disseminated pyrite
4 a Carbonate hosted pyrite in vein
3- & Pyrite vein
1 . ? Degree of uncertainty in categorisation
=X 33
- ¥ %
13 9% e N 999 ¥}
i gt R ¥ £ -
ke A SRR ERREE &E iQ
¥ T L T 7 1 L) T LB SR S L] Lames | T L]
-36 -32 -28 -24 -20 16 12 -8 4 4 8 12 16 20 24 28 32 50 54
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Figure 2: Histogram of sulphur isotope data from coarse-sampled pyrite in
Lower Palaeozoic lithologies of Hole N1014.
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Laser 034S analyses reveal a systematic variation in 934S within zoned nodules, in
which 348 is progressively enriched from core to rim, resulting in the rim being <10%.
heavier than the core. This is typical of the pattern of diagenetic nodule growth reporied
by Raiswell (1982), in which ths bacteriogenic sulphate reduction system (supplying
sulphide) becomes progressively closed as the pyrite grows outwards.

Conclusions

Incorporating the data of Anderson et al(1989), we confirm the unusually heavy 934S of
Lower Palaeczoic-hosted pyrite under the Navan deposit, which appears principally to
be the result of prolonged, periodic deposition of pyrite during the diagenesis of the
Lower Palaeozoic sequence. The correlation of mean d34S of Lower Palaeozoic pyrite
(~+16%0) with the calculated 934S,g of ore precipitated with hydrothermal sulphide
(~+15%0) is consistent with the convection hypothesis which postulates that the
hydrothermal solutions at Navan leached sulphur from the underlying Lower Palaeozoic
lithologies.
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ABSTRACT: Ore samples from the Upulungos mine, La Mejicana District,Riocja
Province of Argentina, were investigated by reflected light microscopy,
electron microprobe analyses and x~ray methods.- The ore assemblage consists
of pyrite, chalcopyrite, enargite-stibioenargite, luzonite-stibioluzonite,
fahlores, colusite and aikinite. A Ag-Bi phase related to Pb-free benjaninite
also occurs. A very pronounced chemical zonality is typical for most phases.

Introduction

The Nevado de Famatina Mining District is located in the Famatina Range, La
Rioja Province of Argentina, at an altitude between 2600 and 4600 m above
sea level. The district is well known for extensive vein-type copper (An-
gelelli,1983; Mendez,1981) and a porphyry type mineralisation. The latter
was proved during an exploration campaign from 1976-1983 (Marcos and Zanne-
tini,1982).

The most important veins were exploited in the La Mejicana (Upulungos and
San Pedro nines), Los Bayos and Ophir districts.

The mining activity was important only early this century. More than 1 million
tons of ore grading 10% Cu, 8 g/t Au, 70 g/t Ag (San Pedro) and 3% Cu,-

20 g/t Au, 300 g/t Ag (Upulungos) were produced during that time.

The complex mineralogy of the copper veins was only incompletely studied so
far. According to earlier investigations (Angelelli et all,1970; Brodtkorb
and Klemm, 1980) the mineral association of La Mejicana is composed of
luzonite-stibioluzonite (famatinite), enargite-stibioenargite, pyrite,
tetrahedrite~tennantite, chalcopyrite, sphalerite, galena, native gold,
native silver, wittichenite-emplectite, ? boulangerite, mineral "X" and
secondary covellite. Gangue minerals are quartz, barite and alunite. .

- Malachite, azurite, chalcanthite and goslarite are weathering products

of the primary mineralisation.

In this note new microprobe analyses of luzonite- Stlbloluzonlte, enarglte-
stibioenargite, fahlores, aikinite and colusite are presented. The latter
represents the first occurrence of this mineral in Argentina.

Geology

The structure of the Sierra de Famatina is relatively simple. Besides an
important Taconic phase, the present structure of upljifted longitudinal
ranges and downfaulted intermontane valleys is due to Tertiary (Lower
Miocene~Plidcene) movenments.

The stratigraphic sequence in this region begins with sedlments of the
Negro Peinado Formation, deposited during the Cambrian to early Ordovician.
They were netamorphosed and deformed during the late Ordovician. The pre-
vailing rocks range from dark green siltstones to gray -black sandstones.
In‘the southern part of the mining district, the Negro Peinado Formation
has been intruded by granites and granodiorites, which were correlated by
Marcos and Zanettini (1982) with the Nunorco Batholith of late Ordovician
to Carboniferous age (Turner,1971). Late Paleozoic continental sediments
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(Agua Colorada and Patquia Formations) overlie unconformably the older rocks.
Small bodies of porphyritic rocks have intruded the Negro Peinado Formation
during the late Tertiary; those are known as the Mogote Formation. The
apparent spatial relationship between the mineralisation and the dacitic
rocks of the Mogote Formation suggests a genetic link between them (An-
gelelli, 1983; Marcos and Zanettini, 1982).

Mineralogy

Two specimens from the Upulungos mine were studied by reflected light nmicros-
copy, electron microprobe analyses and x-ray methods.

The mineral assemblage consists of predominating enargite and luzonite-stibio-
luzonite (famatinite) associated with minor amounts of pyrite, different fahl-
ores, colusite, chalcopyrite, galena, sphalerite, aikinite and a phase probab-
ly related to Pb-free benjaminite.

The minerals of the luzonite-stibioluzonite and enargite groups have all the
typical properties described in detail by previous investigators {Gaines, 1957;
Ramdohr, 1969; Brodtkorb and Klemm, 1980). Electron microprobe analyses (Table)
show very distinct chemical zonality and tin contents, which have not been re-
cognised so far.

Table. Electron microprobe analyses of various minerals from the Upulungos mine,
La Mejicana District, Sierra de Famatina (Argentina).- Cameca Camebax Micro-
probe, operated at 25 kV and 20 nA. The results were processed by the Caneca
PAP program. Synthetic sphalerite (ZnK,,SKy ), covellite (Cu&x), stibnite (Sbe)
bismuthinite (Bilw), galena (Pbly), GaAs (AsKy), SnS (Snly) , pyrite (FeKy) .,

as well as pure metals (Ag,V) (Agle, VKX) were used as standards (x-ray lines

in brackets).

1 2 3 4 5 6 7

Cu [46.5| 45.1-49.7 | 47.9~49.6 39.6-40.7 | 40.4 | 43.8 [36.2-38.3
Ag 0.9~ 1.7 3.0 1.2 1.7- 2.9
Fe 0.1- 0.6 0.3- 0.6 0.6~ 0.7 2.1 3.2 0.6- 1.2
Zn 0.1 6.2- 6.7 4.1 2.5 4.6- 6.1
Sb 0.1 3.3-19.7 4.8~ 7.0 18.9-19.5 | 10.8 3.1 |15.7-17.3
As {19.2 5.6-15.2 3.6~ 7.2 5.8- 7.8 113.2 |18.6 4.1- 6.1
Bi 0.1 0.1 6.3- 9.2
Sn 0.1-1.9 5.5- 9.0

v 2.0~ 2.9

S 33.31 28.9-32.3 1 27.6-29.6 24.5-24.9 1 27.1 128.2 |23.3~-24.0

1l: enargite; 2: luzonite-stibioluzonite; 3: colusite; 4-6: tetra-
hedrite-tennanite; 7: annivite.

Colusite(Figs.l,2)is the interesting discovery of this study. It corresponds
to the mineral "X" from the Upulungos and Melliza mines (Brodtkorb and Klemn,
1980). C. in the studied material appears cream to brownish colored in re-
flected light and has no internal reflections. Reflectances were measured in
air using tungsten carbide No 044 (Zeiss) as a standard. Values .at the four
standard wavelength are (A,%): 470,26.7; 546,29.2; 589,31.1; 650,31.8. The
microhardness (100 g load) is ranging between 330-365 kp.mm_z.

Colusite occurs as distinctly zoned irregular veinlets and grains intergrown
with or as inclusions in enargite-luzonite type phases, fahlore and pyrite.
The variation in chemical composition is obvious (Table) and is the expla-
nation for the slightly differing reflection colors.

On the basis of an average composition (wt.%) of colusite-Cu 49.6, As 7.0,
S$b 5.2, Fe 0.3, Sn 5.7, V 2.9, S 29.6~ the formula is (IM+5=66): Cuyg_4V1.g
(A53.33b1.32)36.17531,3' Several grains gave tungsten contents up to 3 wt.%.
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Colusite is a not too widespread phase in mineral deposits but is occasio-
nally associated with enargite-luzonite in hydrothermal Cu-As deposits (Or-
landi et al.,1981).

Figs.l+2 Colusite (CO) as inclusions in pyrite (PY) and as irregular net-
work replacing luzonite/stibioluzonite (LZ). The zonal texture is well vi-
sible in Fig.2. EN,enargite; TN,tennantite. - Length of bar : 25 um.

The chemistry of the fahlores is quite variable. Tetrahedrite-—tennantite
phases with up to 3 wt.% Ag are always intergrown with enargite-luzonite.
The high bismuth-containing fahlore (annivite) is associated with aikinite
(Cu 11.0, Pb 35.6, Bi 36.9, S 16.9 wt.%) and a Ag-Bi compound related to
Pb-free benjaminite.-

Acknowledgement. WHP is most thankful to Dr.A.C.Roberts (Ottawa; Geolog.
Survey of Canada) for confirmation of the colusite by x-ray work.
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THE GEOCHEMICAL PROSPECTION OF Cu AND Co MINERALIZATION IN
THE KASTAMONU REGION (NORTHERN ANATOLIA)

Biirkiit, Y.; Suner, F. & Kirikoglu, S.
ITU Mining Faculty, Dept. of Geology, Ore Deposits—Geochemistry Section, 80670 Maslak Istanbul, Turkey

ABSTRACT : In this study, the Xastamonu Region was prospected. For this aim, the
samples of stream sediments and rocks were collected and analyzed using different
methods. It was concluded that the fractures and faults were the most favorable
places for the deposition of the ore. The determined main ore was Cu in the area
with the minor amount of Co and Au. The estimated reserve was about 1 million met-
ric ton of Cu with the maximun grade of 1.5 % Cu. The main ore mineral was Chal-
copyrite in which the determined maximum Au and Co contents were 1.5 and 2000 ppm.

The studied area is located on the Northern part of the Anatolian Peninsula, in
the province of Kastamonu. This area is also part of the metalogenetic Pontid a-
rea. In this study, it was prospected an area of about 600 kmZ appoximately.

As a part of Black Sea oceanic crust, the region was consisted of opniolitic for-
mations, named as the Cangal Metaophiolitic Massive. As the result of the field
observations and investigations, the geology of studied and surrounding areas was
deteriiined as it was explained below. The bottom levels have been characterized
by ultramafic and peridotitic rocks most of which were serpantinized. The gabro-
ic, diabasic and doleritic rocks which generally cut the former formations were
observed on the top of ultrabasics. On the upper levels of these formations, it
was found spilitic pillow lawas and tuffs together with other volcanic products.

It was determined that some parts of this ophiolitic series were highly affected
by dynamic-methamorphic processes because of which a metaophiolitic series were
formed. The metagabbro, metaspilitic rocks and servartin were also the opserved
rocks in the region. The upper levels of these rocks were consisted mainly of sir
ales and phyllites the mineralogical composition of which were determined as the
paragenesis of chlorite + sericite + quartz. All these rocks mentioned above were
cut by the Cangal Granitoid that has caused the contact metamormism in the stu -
died area. This complex was overlain discordantly by Alpidic sedimentary sequen-—
ces which were mainly consisted of agglomera, sandstone and limestone.

The studied area, which exhibits typical subduction zone properties, has been af-
fected largely by tectonic procedures. A lot of deep faults were observed in the
area, which have generally cut the all rocks mentioned above. The main fault in
the prospected area is the Northern Anatolian Fault and related to that other big
and small antitetic - syntetic faults were formed. The ore formation were obser-—
ved in these faults and also fractures which were very common in the region, as
a result of deposition of ore minerals which were transported into these tectonic
environments by means of hydrothermal solutions. These ore-bearing solutions we-—
re originated from the Cangal Granitoid which was the productive pluton in this
region.

In the prospected area, among the other mentioned rocks, the doleritic and diaba-
sic rocks were the most suitable rocks as the results of the field observations
and microscopic studies for these kinds of ore depositions. Eventhough the other
basic and ultrabasic rocks observed in the area were subjected to alteration pro-
cedures and also to the same tectonic movements, the highest metalic concentrati-
ons were measured on the samplesof the: doleritic and diabasic rocks.

Our studies have revealed that the dominant ore formation in the region was the
copper mineralization. The measured grade of copper were changed from 250 ppm to
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Figure 1. The geological map of the studied and surrounding areas.The scale is
1/25000.

1.5 % and,in this study, it was evaluated merely the samples that have carried mo-
re than 0.5 %. The reserve estimations and the geochemical maps were calculated
and prepared by taking into account this limitation. Ore mineral paragenesis was
determined as pyrite + chalcopyrite. In addition to the copper concentration, in
these winerals, especially in chalcopyrites, cobalt and gold presences were inv-
estigated in significant levels. As a result of the chemical analyses, the deter-
mined cobalt level was letween 0.1 and 0.2 %, and gold level was between 0.0 and
1.5 ppm. In the view the mineralogy, cobalt was observed in the form of Co—Pend—
landite ; gold in the elenentary form.

In the region, as it was pointed out before, fractures and faults were the ore d-
position places where hydrothermal solutions were circulated which were the reas-
on not only ore-—transportation-crystallization proces but also alterations of roc-
‘ks. These alterations around deposits exhibit various properties and a series of
alterated rocks.These alterations are also very important in covering a much gre-
ater area than the deposits itself and reveal generally the oresence of a deposit
before mineralization has beenascertained.In the prospected area this kind of al-
teration has included chloritization, epidotization and serpantinization were ob-
served. Especially, chloritization was determined within the dyke system vhere di-
abas and dolerites were very cCOMRoOn. These rocks and alterations, particularly,ch-
loritization, could serve as a guide for wineralization in the form of pyrite and
chalcopyrite in the region.
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The topography of this mineralized area was hard and also covered mostly by fo-
rests. On the other hand, the tectonism was very effective and caused many cra-
cks, fractures and faults. In such a hardly conditioned area, in order to work
effectively and to prospect in detail, it was planned to collect the samples fr-
om a very large area, not only from the rocks but also from the rivers which we-
re common in the region. For this aim the samples of the rocks and stream sedim-—
ents were analyzed using different chemical methods. The major and minor elements
contents were determined using Atomic Absorption, Flame Photometry, Spectrophot-—
ometry and also gravimetrical methods. The Atomic Absorption was the most used
method in determining the levels of Cu, Pb, Zn, Au, Co and other elements. The
results of the analyses were evaluated statistically and the target localities
were chosen. After this step was proceded, the detailled explorations were appli-
ed and the sampling were repeated in hopeful places. The analyses of all samples
were performed using the methods mentioned earlier. By taking into account the
all results, the geological and isoproperty maps, such as isograde map of Cu, of
Zn, isolithology map, were prepared in scale of 1/1000. As a result of the eval-

uations the data, the lowest level of ore, in productions, were chosen as 0.5 %
Cu.

b+ 25 (% 97.5)
b+Ss {(1%84) e

A\ AN

N

PN
Y

100

80

60
b (%50}

A e

100 200 300 500 1000 2000 3000

Cumilative Frequency {3C)
o
<

Class Intervail ( ppm Cu )
CQumulative Frequency line of Cu valves
Back ground population
Anomaly population
inflexion between back ground and anomaly values

pPopulation of common distribution between two population
Probable Cu Ancnaly { 800 - 980 ppm §

AL

1 Possible Cu Anomaly { 980 ~ 1700 ppm }
”] Cu Anomaly { 1700 ppm }

Figure 2. The determination of geochemical parameters in the studied area.

After the anomalous areas were found out as the results of mineralogical, petro-
graphical and geochemical studies ; it was planned to control the determinations
and the hopuful localities. Furhtermore, it was tried to find the exact depth of
the ore. For this aim, the P.S. geophysical method were applied to the regionw-
here the geochemical studies have revealed the anomalies. The data of the geoph-
ysical workings were evaluated also statistically and the results were correla —
ted with those of the geochemical studies. The P.S. method has supported the re-
sults of the geochemically determined anomalous localities. The geophysical and

geochemical maps have definitely indicated the same point as a location of ore

deposition. The estimated ore depth was 150 m. below the surface. As the conclu-
sion of the studies, it was observed that the placeswhere the oxidation process-
es has been worked and produced the minerals such as malachite, azurite and bro-
chantite, were also very important in indicating to ore depositions. The oxidat~

ion processes have been largely developped and many secondary minerals were for-
med.
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The reserve estimation calculations have been also evaluated. For this aim, all
chemical -analyses and maps prepared before were studied geostatistically. The i-
sograde maps and geologic cross sections were evaluated together . As a result of
these detailed geostatistical methods, the reserve of copper were estimated, ap-
proximately, one million metric ton of 0.5 - 1.5 % Cu. On the other hand, the re-
sults of the geochemical and microscopic workings were revealed that a very wide

area of poorly mineralized were yielded in the surrounding part of the investiga—
ted region.

Evaluating the geological and geophysical data, it was also studied on a drilling
programme with the aim the determination of the border of the deposit. According
to the data it was proposed a series of drill the depht of which must be between
100 m. and 300 m. by taking into account of the topographic conditions.

Finally, the interpretation and evaluation of all data, it was assumed that there
was many deposits carrying similar properties in the same geologic formations in
the E - W , the direction of the Northern Anatolian Fault.

Zone
of
Oxidation

Reduction

Figure 3. The estimated model of the ore formation.
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ABSTRACT: The karstic barite deposits of the Coll de Pal area developed
in cavities of dolomitized limestones of Devonian age. Paragenesis is
constituted by saddle dolomite, pyrite, chalcopyrite, calcite, quartz
and barite. The saddle dolomite and sulfides are related by a sulfate
reduction process that took place between 125 and 150°C. Barite
precipitation is explained by a mixing between sulfate-rich solutions
of probable marine origin and hot, CaCls-rich brines of evolved meteoric
or connate origin.

INTRODUCTION

The infilling of karstic structures by mineralization occurred in
Cambrian and Devonian carbonates from the Eastern Pyrenees. This type
of mineralization is characterized by the presence of barite and minor
amounts of Fe and Cu sulfides associated with a widespread phase of
dolomitization. One of the best examples, due to its accessibility and
good outcrop, is the Coll de Pal deposit. It was mined for barite until
the 80’s. This deposit is similar to the low-temperature Ba-F-base metal
vein mineralizations enclosed within the Paleozoic basement of the
Catalonian Coastal Ranges (NE Spain) with an age ranging from late
Triassic to Jurassic, that have been described by Canals and Cardellach
(1993).

The purpose of this work is to constrain the age, chemistry, and
origin of the mineralizing fluids that formed the karst-filling
deposits, using stable isotope and fluid inclusion data. In so doing,
a genetic model extensible to similar deposits of the Eastern Pyrenees
is developed and a comparison with the vein-type deposits of the
Catalonian Coastal Ranges is established.

GEOLOGY AND MINERALOGY

The studied area is located in the Tossa d’Alp massif, Eastern
Pyrenees, about 150 km to the NW of Barcelona. The Tossa d’Alp massif
is made up of materials of upper Paleozoic to Cenozoic age. The upper
Paleozoic is represented by the Devonian (limestones) and Carboniferous
(detrital materials of Culm facies, schists and conglomerates)
unconformably covered by volcanics (rhyolites and ignimbrites) of
Stephanian to Permian age (Domingo et al., 1988). The Mesozoic sediments
unconformably overlie the peneplane formed by the Hercynian basement
and are represented by the lower Triassic and the Cretaceous. The
Triassic section is represented by red-bed facies: conglomerates,

65



sandstones and shales (Buntsandstein facies) and the Cretaceous
(deposited discordantly on the Triassic) by limestones. The Cenozoic
is constituted by red sandstones and shales. The area has been affected
by the Hercynian and Alpine orogenies, which have given rise to a complex
succession of thrusts and faults.

The Coll de Pal deposits are situated within dolomitized limestones
of upper Devonian age. They consist of several dolomitized cavities of
karstic morphology. Previous to mineralization the cavities were
partially filled with banded speleothems of dolomite and by large
crystals of calcite. No clear relationship between these two fillings
has been found. Pervasive dolomite replacement of the regional limestone
developed around fractures and karstic cavities. The mineralizing stage
consists of a first generation of dolomite (nonplanar dolomite of Sibley
and Gregg, 1987) followed by the precipitation of a millimetric to
centimetric-size band of saddle dolomite and sulfides {chalcopyrite and
pyrite). A later generation of quartz and calcite preceeds the
precipitation of white barite, the most abundant mineral, which is
present as large radial crystals. A last generation of late calcite can
also be recognized.

FLUID INCLUSION DATA

Fluid inclusion studies were made on quartz and saddle dolomite.
The size of the fluid inclusions in dolomite (<5i) only allowed to obtain
homogenization temperatures (Th). Primary fluid inclusions in quartz
and dolomite are composed of two phases, liquid and vapor, at room
temperature. Th for inclusions in saddle dolomite are around 125°C
(n=11). Th in quartz inclusions are aroud 150°C (n=27). Ice melting
temperature is around -16.2°C, pointing to a salinity of 20 wt% eq. NaCl.
Eutectic temperatures are as low as -57°C indicating the existence of
a polysaline brine. SEM-EDS analyses on frozen fluid inclusions show
that the fluid is composed of NaCl and CaCl2, with minor amounts of KCIl.
No S04, Fe or Mg have been detected (<0.5%) . Many inclusions show trapped
crystals of platy morphology, with Si, A1 and K in their chemical
composition (SEM-EDS analyses) which have been interpreted as
muscovite. These CaCla-rich brines are like those found in the Ba-F vein
type deposits in the Catalonian Coastal Ranges, or in the Variscan domain
of Western Europe and Northern Africa.

ISOTOPE DATA

24 carbonates (12 calcites and 12 dolomites) have been analyzed
for their stable isotopic composition (Fig 1). Dolomite around the
cavities has a 813C=+1% (PDB) and d180=23.2% (SMOW); these values are
heavier than the regional Devonian limestone: values for 813Cc=+0.5% and
5180=21.8% suggest that the first dolomitization phase was due to 180-
rich solutions, probably representing evaporated seawater. Nonplanar
and saddle dolomite show similar isotopic signatures: from +1 to -2%
in 813C and from 22 to 23% in 8%80. as the dolomitization took place at
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125°C, the 8180 of water in equilibrium with the dolomite had a value
of about +4.7% (fractionation equation of Land, 1983). Hydrothermal
calcite shows almost constant 813C~0% but variable 8180 (20 to 18%) which
is compatible with a precipitation from a fluid of constant composition
and at an increasing temperature from 125 to 150°C. 8180 of quartz is
around 21%; at 150°C 8180 of water in equilibriumwith the quartz is 4.9%.
8343 of chalcopyrites ranges from -1% (mean of 2 values) to +10.5
(CDT) (mean of 2 values). 8348 of barite is 15.3% (mean of 10 analyses).
2 -

813cs.
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Fig. 1.- Carbon and oxygen isotopic composition of carbonates.
Devonian limestones (1);regional dolomites (2}:;saddle dolomite (3);
hydrothermal calcite (4); calcite speleothems(5); late calcite (6).

DISCUSSION AND CONCLUSIONS

The fluid inclusion and isotope data allow us to determine the
composition of the hydrothermal solution(s) from which the mineraliza-
tion at Coll de Pal formed. The age of formation of the karst system
is not known. The first dolomitization phase developed around the
karstic cavities and along joints and fractures and was probably due
to the interaction with evaporated 180-rich marine waters. Banded
dolomitic sedimentation (speleothems) formed at the bottom of some
cavities during this process. A rise in the temperature, probably due
to an influx of hot waters into the system, induced the recrystallization
of the former dolomite to nonplanar dolomite and the precipitation of
the saddle dolomite. This process took place around 125°C, resulting
in the cavities being surrounded by a cm-thick dark brown dolomite
followed by the saddle dolomite. An apparently simultaneous process was
the precipitation of minor amounts of pyrite and chalcopyrite. The
relationship between saddle dolomite and sulfide precipitation can be
linked through a reaction as:

2Ca?++2804+Mg2++2CH6>CaMg (CO3) 2+Ca2*+2H0+2H,S
which involves the reduction of sulfate by organic matter, represented
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here by methane. This reaction produces H3S which can combine with metals
(Fe, Cu...) to give the sulfides. The small amount of saddle dolomite
and sulfides indicates that reduction of sulfate was not a quantita-
tively important process. This is supported by the lack of carbonate
dissolution accompanying the sulfide precipitation. The coexistence of
quartz with calcite and the presence of muscovite in gquartz fluid
inclusions constraining the pH from 5.5 to 6.5 at 150°C supports the
idea of minor pH changes due to sulfide precipitation. Sulfate reduction
took place between the T recorded by the saddle dolomite (125°C) and
the quartz (150°Cj). The coexisting light and heavy &3¢S values of
chalcopyrite could be indicative of reduction of sulfate molecules in
locally closed systems. The reduction of sulfate did not affect the
overall 8345 of the dissolved sulfate as the sulfur isotopic composition
of barite is constant in all the samples.

The model assumes that the karst system was saturated with S04-
rich water. The most probable candidate for this type of solution is
seawater. In fact, the 834S of barite is similar to the isotopic sulfate
values recorded in Triassic evaporites in NE Spain by Utrilla (1992).
The inflow of a hot, Ba-bearing brine could have caused the
precipitation.

The oxygen isotopic composition of water in equilibriumwith saddle
dolomite and quartz is around 4.5%. This light value seems to indicate
a non magmatic origin for the hot fluids. The chemical composition of
these fluids (polysaline CaCls-rich brines with minor amounts of KC1)
and saturated with muscovite together with its oxygen isotopic
composition point to an evolved meteoric water or connate water that
interacted with basement. The genetic model is similar to that proposed
for the Ba-sulfide bearing veins in the Catalonian Coastal Ranges.
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ABSTRACT Lead isotope evidence shows that the major stratabound Pb-Zn ore deposits
in the Lower Cambrian carbonates of SW Sardinia (Iglesiente) were derived from mixed crustal
sources, clearly identified as the continental basements of SW Sardinia and the Eastern Pyrenees. A
comparison between the lead isotope compositions of the Iglesiente Pb-Zn sulfides and those of
representative country rocks supports the long-held assumption of a Mississippi-Valley type origin
for these deposits, but involving a major remobilization of pre-existing Cambrian ores during the
Early Ordovician "Sardic tectonic phase”.

Most Cambrian-hosted Pb-Zn orebodies in the Iglesiente area are
considered to be stratabound déposits formed according to a Mississippi Valley
type model, through Cambrian sedimentary-diagenetic processes (Boni and
Koeppel 1985). Some Pb-Zn orebodies, previously ascribed to supergene processes
in relation to Ordovician and Permo-Triassic erosion surfaces, are now shown to
result -from late- to post-Hercynian hydrothermal activity (Boni et al 1992).
Furthermore, in the vicinity of late-Hercynian intrusions, lead isotope data on
galenas (Boni and Koeppel 1985, Ludwig et al 1989) have revealed local
remobilization of pre-existing Pb-Zn ores with mixing of Lower Paleozoic and
Carboniferous leads. Lead of the Cambrian stratabound deposits was believed to
derive from a single homogeneous source, in agreement with the observed
homogeneity of lead isotope compositions. The anomalous 207Pb/204Pb ratios
and old model ages of the Sardinian Pb-Zn ores suggested a crustal, but U-
depleted Precambrian source (Boni and Koeppel 1985). These particularities were
also explained by a two-stage Pb-evolution model involving a single-age igneous
source of maximum Cambrian age, virtually absent in SW Sardinia, but
considered to be similar, even if slightly older, to known occurrences of
Cambrian orthogneisses and "porphyroids” in the French Massif Central (Ludwig
et al 1989). The assumption of a MVT origin for the Iglesiente Pb-Zn deposits
tended nevertheless to be unsatisfactory, since inconsistent with the observed
narrow range of lead isotope compositions and with the poor radiogenic values
which characterize the oldest Cambrian-stratabound deposits from SW Sardinia.

In order to provide new isotopic constraints on the genesis of these
deposits and since all the lead isotope studies carriéd out up today only took into
account the analysis of galenas, even though sphalerite is generally by far the
most abundant ore mineral, systematic lead isotope analyses were performed on
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a variety of sulfides (sphalerite, pyrite, galena) selected from the main mining
districts of the Iglesiente province. Further, so as to determine the origin(s) of the

lead, representative country rocks were also analyzed for lead isotopes. At first
sight, a minimum Cambrian age can be inferred for these deposits since, plotted

on a Pb isotope diagram, as many as 50 data points define a tight domain close to
the 600 Ma secondary isochron of the Stacey-Kramers model. Systematic analyses
of the sulfides however show a peculiar, almost vertical trend, leading to high
207pb /204Pb ratios, especially for the sulfides of the stratigraphically higher
deposits located within the Ceroide limestones ; the scatter in 207Pb/204Pb ratios
is particularly well recorded in the successive generations of sulfides (Fig D).
Moreover, for each mine, and even for each given sample in a studied mine,
significant heterogeneities are seen between the Cambrian host rocis and the
associated sphalerites and galenas. Most of the analyzed galenas from Ceroide
limestone-hosted deposits are significantly 207Pb-enriched with respect to the
other associated sulfides and preferentially belong to the latest stages of ore
deposition. Variations in the 207pp /204Pb ratios are systematically and distinctly
higher than those in the 206Pb/204Pb ratios. Such trends cannot be accounted for
by a simple radioactive decay model following possible lead remobilization, since
the time interval necessary to produce the 207Pb/204Pb variations is about 10
times greater than that required for the 206Pb/204Pb variations. Consequently, '
the most appropriate mechanism to explain such small-scale but noticeable
inhomogeneities would be the contribution of extraneous lead in the immediate
vicinity of the orebodies. The observed trends suggest the existence of an
heterogeneous crustal source for the metals and, more precisely, the
involvement of a significantly older (probably late Precambrian) crustal
component responsible for the observed elevated 207Pb/204Pb ratios in the
higher ore deposits. At least two crustal sources, with distinct u values, may be
regarded as lead sources for Pb-Zn Iglesiente ores (Fig 2). One source, with a p
value of 9.95 can be clearly identified as the Iglesiente continental basement,
according to three sets of data : K-feldspars from the Nebida sandstones (Early
Cambrian detrital sequence), sulfides from the stratigraphically lower deposits
(Laminated Dolomite member) and K-feldspars from several Iglesiente Variscan
granites. The second source, characterized by a higher p value of about 10.10
could account, through mixing, for the significant 207Pb enrichment displayed by
sulfides from the stratigraphically higher deposits (Ceroide limestones). A
comparison between lead isotope compositions in granitic K-feldspars from SW
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Sardinia and the Eastern Pyrenees (Michard-Vitrac et al 1981) indicates that this
second source could correspond to the pre-Variscan basement of the Eastern
Pyrenees. This analogy between the Eastern Pyrenees and the Iglesiente both areas
seems quite reasonable since formed part of a single crustal segment in pre-

Oligocene times. Finally, Cambrian limestones, sampled in subsurface conditions
and far from any mineralized zone, exhibit an interesting lead isotopic

composition. This composition, corrected for in situ U decay, suggests that an
isotopic heterogeneity exists between the Cambrian host rocks and the associated
sulfides and that remobilization of the sulfides occurred at least 60 Ma after the
sediment deposition, i.e circa 480 Ma, in Early Ordovician times, assuming an age
of 540 Ma for the sediment deposition. Thus the observed heterogeneities
between various sulfides and related host rocks in a given mine could result
from the remobilization of lead and its reconcentration with the addition of a
more radiogenic component.

In conclusion, these latest lead isotope analyses suggest that the Pb-Zn ore
deposits of the Iglesiente area may not be early diagenetic deposits of Cambrian
age, emplaced through purely sedimentary processes, but Mississippi-Valley-type
deposits related to a regional hydrothermal system in Early Ordovician times
(Sardic phase) and characterized, unlike North American MVT deposits, by a
relatively short time interval between sediment deposition and Pb-Zn ore .
formation. This peculiarity results in an apparent homogeneous pattern for the
lead isotope compositions, in contrast with the widely ranging radiogenic
character of North American MVT leads, owing to the long interval (at least 140
to 180 Ma) between sediment deposition and lead remobilization. The Early
Ordovician event, evoked for the emplacement of infra-economic
mineralization at the mid-Ordovician unconformity (Boni et al 1991) in
Iglesiente-Sulcis, would not have been restricted to this specific stratigraphic stage
but would have operated on a large scale in the overall Lower Cambrian
sequence. Although a minor tectonic event, poorly documented and diversely
interpreted owing to the superimposition of Hercynian structures, the Sardic
phase may have played a significant metallogenic role. This episode may have
induced the circulation of hydrothermal fluids likely to reconcentrate pre-
existing Cambrian ores, in an extensional tectonic setting characterized by the
break-up of the Cambrian carbonate platform into northerly-trending horsts and
grabens (Laurent and Arthaud 1993). The analyses have alsc been used to propose
a mixed crustal source model for the Pb-Zn Iglesiente ores, involving the
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Sardinian continental basement and an old crustal component recognized as the

pre-Variscan basement of the Eastern Pyrenees.
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Figure 1 - Variations of 206Pb/204Pb and 207Pb/204Pb ratios
between host-rocks, sphalerites and galenas in each studied mine
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THE TELLURIDES OF THE ROMANIAN NEOGENE ORE DEPOSITS

Cioflica, G.; Jude, R.; Lupulescu, M.; Simon, Gr. & Damian, Gh.
Dept. of Mineralogy, University of Bucharest, Bucharest, Romania

The mineralogical investigation of the tellurides of ore deposits
related to Neogene volcanic and subvolcanic structures in Romania
pointed out as follow: new compositional data about altaite,
coloradoite, hessite, Xrennerite, sylvanite, nagvagite; an unnamed
SbTe, has been identifved as well as two nagvagite phases which are
different in Te, Sb and Au, Ag contents.

The Tertiary subduction in the Carpathian regions gave rise to
various volcanic and subvolcanic structures,especially
andesites.These structures constitute the Volcanic Zone of the East
Carpathian and the Volcanic Zone of the Metaliferi Mts. and contain
hydrothermal ore deposits of Au-Ag.,Au-Ag-Te ,Cu, base-metal type
with subordinate amounts of Hg, solfatarian S and hydrometasomatic
Fe ores. The mineralisations constitute veins, breccia pipes,
stockworks, impregnation and metasomatic dirregular Dbodies in
carbonatic rocks. Among these, the porphvrv-copper mineralisations
{Cu-Mo or Cu-Au) are known only in the Volcanic Zone of the
Metaliferi Mts.(fig.1); here they are centred on subvolcanic bodies

of andesitic -~ microdioritic composition. In the upper part of
these structures, Au-Ag or Pb-Zn vein svstems are usually found.
Occurences of tellurides, are known especially at Sacarimb,

Stanija, Baia de Aries, Caraci, Barza, Bucium, Fata Baii, Magura-
Hondol and fTecherau in the Volcanic Zone of the Metaliferi
Mts.(Helke,1933; Giusca,1935,1937; Ghitulescu and Socolescu;1541};
other occurences have been identifved at Baita in Gutai Mts.
{Butucescu et.al.,1963) and at Cobasel and Izvorul Rosu in Rodna
Mts.,in the Northern part of the Volcanic Zone of the Carpathians
(Constantiniuc et al. 1988; Jude et al..1991).
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Figl. Gelogical sketch of the Metaliferi Mts. with the neogen
volcanics and related ore deposits.

73




At Sacarimb, a classic gold - telluride ore deposit,
mineralisations occur as veins 1located in a volcanic structure
built up of guartz-andesites of Sarmatian age. About 230 veins,
very rich in mineral species, have been known. More than 100
minerals have been identifved here, the more important being the

tellurides. Until now 14 tellurides have been found here:
tellurium, tellurite,; frohbergite, muthmanite, calaverite,
krennerite, altaite, nagvagite, svlvanite, petzite, hessite,

coloradoite, <stuetzite and tellurantimony. The tellurides have a
random distribution in the four vein groups: Magdalena vein group
which contains especially nagyagite and altaite with common

sulphides; Longin and Antelongin vein group consisted of
krennerite, svlvanite and gold together with common sulphides;
Nepomuc vein group for which petzite and hessite are
characteristic; Erzbau vein - groupr includes especially common

sulphides and minor amounts of nagvagite.

At Stanija occur the telluride-bearing gold veins located in a
volcanic structure built up of andesites of Sarmatian age in the
Ungurelu Hill or in Cretaceus sedimentary formation in the
Fericelii Hill. The vein complex in Fericelii Hill is related to an
andesitic subvolcanic body seated at depth. Among the tellurides
identifyved here we may note: svlvanite, calaverite, hessite,
petzite, altaite, tetradvmite, stuetzite, coloradoite and
tellurium; an unnamed SbTe, must be added.

At Baia de Aries. the telluride mineralisations as veins are well
differentiated in space, together with Au~Ag and Pb-ZIn veins,
breccia pipes and metasomatic irregular bodies being related to
volcanic and subvolcanic andesitic structures of Sarmatian age.
Here are mentioned: altaite, nagvagite, sylvanite and hessite.The
tellurides veins cross the Au-Ag veins, proving their subsequent
emplacement.

At Caraci, in a volcanic structure built up of andesite of
sarmatian age, there are Au-~Ag veins in which the tellurides such
as: nagvagite, svlvanite and hessite, are locally developed.

At Fata Baii some tellurides, such as: tellurium, tellurite and
nagvagite, have been mentioned and at Bradisor mine, in Barza
volcanic structures, there are gold veins with local concentrations
of telluride minerals (altaite, svlvanite, petzite and tellurium).
In Arama copper vein from Bucium, and less at Botes, a telluride
seguence has been identifved (altaite, sylvanite, petzite and
hessite) in the same occurence with native gold and various copper
sulphides and sulphosalts. At Magura-Hondol tellurides (calaverite,
svlvanite, petzite, altaite and tellurantimony) have been described
onlyv recently (Simon & TIoan,1993 unpubl.data )} and occur as
veinlets into a gold and base-metal ore depeosit. At Techerau only
native tellurium has been mentioned till now.

At Baita, in Gutai Mts, have been mentioned veinlets with
tellurides (hessite, petzite, svlvanite and altaite) in the same
occurence with native gold and common sulphides. Also, at Cobasel
and Izvoru Rosu in Rodna Mts has been described a sequence of
tellurides (altaite, sylvanite, nagvagite and hessite) associated
with native gold and common sulphides in breccia pipes and veins;
here the mineralisations are related to lati-andesites.
Mineralogical features. The reflectance [R%) and chemical
composition data for altaite, coloradoite, hessite, krennerite,
sylvanite and nagyagite, to which an unnamed SbTe, is added, are
listed in Table 1 and 2.
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Table 1
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13.

14.

Table 2
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These data are similar with those from mineralogical literature;
only for nagyagite some contrasting data have been found. 1In
polished sections examinated by us, constantly two nagyagite phases
have been identifyed which are different in optical and chemical
features. These are: Nagyagite I - is earlier, and it has a very
clear plate habit, a greyish white colour with a slightly c¢reamy
tint.It's anisotropy is weak in brownish to bluish colours and the
chemical analysis constantly show higher values of Au. and Ag and
lower values of Te and Sb when compared with nagyagite II ;
Nagyagite II - occurs usually as rims which substitute the earlier
nagyagite I. It has a greyish white colour with a slightly greenish
tint, the polishing hardness is 1lower than nagyagite I. The
anisotropy is distinct and it's chemical analysis constantly
exhibits higher values of Te and sb and lower values of Au and Ag
when compared with nagyvagite I. The identification and
characteristics of these phases, confirm partly the Giusca's (1937)
observations involving the unhomogenity of nagyagite.

Conclusions: The following conclusions might be pointed out: the
telluride minerals occur as gold-telluride ore deposits
(i.g.Sacarimb) or as telluride-bearing gold-silver and less base-
metal ore deposits; new compositional data about altaite,
coloradoite, hessite, krennerite, sylvanite and nagyagite are here
presented in agreement with those from mineralogical literature;
also an unnamed SbTe, has been described; two nagyagite phase
different in optical and compositional characteristics have been
identifyed.

References:

Butucescu,N., Bonea,N., Bodnarencu,A., Stoicescu,Gh., Stoicescu,E.
1963. Mineralizatia cu telururi auro-argentifere din zacamin-
tul Baita ~ Nistru (Baia Mare). Rev.Min.,14, 5.

Cioflica,G., Damian,Gh., Jude,R., Lupulescu,M. 1992.A new telluride
mineral from Stanija area, Met_aliferi Mts. Rom.J.Mineralogy,
75, p.65-68.

Ghitulescu,T.P. & Socolescu,M. 1941. Etude geologique et miniere
des Monts Metalliferes. An.Inst.Geol. al Romaniei, XXI,p.181-
284,

Giusca,D. 1935, Note preliminaire sur la genese du gisement aurifer
de Sacarimb. Bul.Lab.de Mineralogie, Universsite de Bucharest

Giusca,D. 1936, Le chimisme de la nagyagite. Bul. Soc. Rom.Geol.,V.
III,p 118-284,.

Helke,A. 1933. Beitrage zur Kenntnis der Golderzgange am Ungarberge
und am Fericel (Stanija) in Siebenburgischen Erzgebirge
Romanien. Min.Petr.Mitt. 44, p.265-324.

Jude,R., Jude,Lidia , Popescu,Rodica , Lupulescu,M. 1990. The
Cobasel andesitic stock (Rodna Mts.) - petrological and meta-~
llogenetical features. Anal.Universitatii Bucuresti 39,p.3-12

Popescu,Gh. & Constantinescu,E. 1992. First occurence of the colo-
radoite in Romania. Rev.Roum.Geologie, t.36,p.33-34.

Popescu,Gh. & Simon,Gr. 1992. New tellurides from Sacarimb (Nagyag)
Metaliferi Mts. Rom.J.Mineralogy,75 ,Supplem.1l.

Ramdohr,P. & Udubasa,Gh. 1973. Frohbergit - Vorkommen in den Gold-
erzlagerstadten von Sacarimb und Fata Baiil (Rumanien).Mineral
Deposita {(Berl.) 8, p.1795~182.

76




Current Research in Geology Applied to Ore Deposits.Fenoll Hach~Ali, Torres—Ruiz & Gervilla(eds)(1993).1SBN 84-338-1772-8

PLIOCENE TO QUATERNARY VOLCANIC-RELATED (HOT-SPRING) EPITHERMAL
Mn-(Co)-Fe DEPOSITS: THE CALATRAVA VOLCANIC FIELD (SPAIN)

Crespo Zamorano, A. (1); Lunar, R. (2); Oyarzun, R. (2) & Doblas, M. (3)

(1) Empresa Nacional ADARO, Ciudad Real, Spain
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s/n, 28040 Madrid, Spain

(3) Museo Nacional de Ciencias Naturales, CSIC, Madrid, Spain

ABSTRACT: The Calatrava Volcanic Field (CVF) hosts a series of Mn-(Co)-Fe
deposits displaying different morphologies: spring aprons, veins (proximal
facies), disseminations, wad and pisolitic beds (distal facies). The deposits
formed in relation to epithermal hydrothermal systems driven by the Pliocene
volcanic activity. In terms of the high-Co values and Mn-oxide mineralogy
(todorokite, lithiophorite, birnessite, cryptomelane) the deposits can be regarded
as ‘rare’ as none of these features is common in environments such as the one of
the CVF.

GEOLOGY
The Calatrava Volcanic Field (CVF) (Fig. 1) developed within an area
characterized by an Hercynian basement (quartzites, limestones, slates;

Ordovician-Silurian) covered by upper Miocene to Quaternary fluvial and lacustrine
sediments. The sediments were deposited within fault bounded basins that formed
as the result of extensional tectonics (Lopez Ruiz et al., 1993). Rlkaline
volcanism began in late Miocene time (8.7-6.4 Ma) with the extrusion of
leucitites. Most of the volcanic activity concentrated in Pliocene-Quaternary time
(4.7-1.6 Ma) with emissions of olivine leucitites, olivine nephelinites, and
alkali olivine Dbasalts. Volcanism and sedimentary processes developed
contemporaneously within the extensional basins (Ldpez Ruiz et al., 1993).
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Fig. 1. Location map (see inlet) and local geology of the CVF. The NW volcanic
trend is depicted by the areas shown in black (alkaline volcanics). After Crespo
Zamorano (1992).Vertical lines: Hercynian basement
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Pyroclasts and lavas were ejected from more than 240 emission centers within
a subcircular-shaped area where a dominant NW-SE volcanic trend can be recognized
(Lopez Ruiz et al., 1993). As shown by mining/exploration works in the CVF,
volcanism was clearly related to extensional faults, which also acted as preferred
conduits for the migration of hydrothermal fluids leading to the formation of Mn-
(Co) and Fe deposits (Crespo Zamorano, 1992; Lépez Ruiz et al., 1993). Ceothermal
activity is still active within the area as shown by the existence of the so-
called "hervideros" (boiling spots).

THE Mn-(Co)~Fe MINERALIZATION

The CVF Mn-(Co)~-Fe deposits were discontinuously mined from 1880 to 1963.
A renewed economic interest in the area came in the last years as a result of the
findings of high Co~(Ni) values (up to 2.08 % Co) in the Mn oxides.

The mineralized bodies display a series of different morphologies that can
be grouped into five types: disseminations, wad beds, pisolitic beds, crusts and
veins. Gradual transitions have been found between some them. The morphological
differences have no chemical expression in terms of Mn, Fe, Co or Ni.

Ore mineralogy was studied by optical microscopy, XRD, infrared
spectroscopy, and EMP. The following Mn and Fe oxides were identified:
cryptomelane, todorokite, birnessite, lithiophorite, goethite, and hematite. The
Mn oxides are cobalt-rich with values of up to 2.08 % Co (range: 0.02-2.08 %).

a) Proximal Facies

Proximal facies (crusts) developed in close proximity to fault-controlled
hydrothermal vents (the so-called "hervideros") that formed along the margins of
the different basins (Fig. 2). The higher levels are of Quaternary age and Fe-
rich. The Mn-(Co)-Fe spring aprons laterally overlap volcaniclastic and
sedimentary facies and display average thicknesses of 0.7 m extending for no more
than a hund-ad of meters. Average grades (62 crusts) give the following values:
7.50 % Mn, 10.95 % PFe, 0.15 % Co, and 0.02 % Ni. The evolution of of the
hydrothermal systems led to early Mn—~(Co) oxide mineralization that was followed
in time by deposition of Fe oxides.
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Fig. 2. A) the so-called "hervideros", vertical lines: Fe, black: Mn. B) a fault
controlled spring apron.
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b) Distal Facies »

These are typical stratabound deposits of clear sedimentary affinities.
Grades are generally low (average: 3.4 % Mn). Three sub-types of distal facies are
recognized: disseminations, wad beds and pisolitic beds.

The disseminations are the most common morphology and can be regarded as
stratabound deposits. Mn deposition occurred as a combination of detrital,
chemical and biochemical processes. The Mn source were the hydrothermal vents,
from where solutions were expelled flowing down the slopes or directly spilled
onto the sediments and later deposited as sedimentary facies.

The wad beds constitute around 16 % of the distal facies. The beds are
formed by an earthy variety of wad, and typically display lensoid morphologies.
The mineralized bodies can extend for several hundred of meters, with an average
thickness of 0.7 m. Average grades indicate values 5.85 % Mn, 4.96 % Fe,

0.13 % Co, and 0.01 % Ni.

The pisolitic beds are not abundant, constituting less than 4 % of the
distal facies. The beds are formed by pisolitic Mn oxides within a clay/sandy
matrix. Average thickness of these bodies is 0.96 m, and grades are 3.21 % Mn,
8.47 % Fe, 0.07 % Co, and 0.02 % Ni.

SOME CONSIDERATIONS REGARDING THE GENESIS OF THE CVF Mn-(Co)-Fe DEPOSITS

B volcanogenic corigin for the CVF Mn—(Co)-Fe deposits seems clear: 1) The
deposits formed in close proximity to the volcanic facies, 2) volcanism, Mn-(Co)-
Fe mineralization, and sedimentation developed within a generalized extensional
episode, and 3) at a global scale the whole CVF seems to have formed within a
rfailed rift’ tectonic scenario.

Up to here the CVF Mn~(Co)~Fe deposits seem rather ‘normal’ i.e. a clear
link to volcanism and extensional conditions has been established. However, the
high contents in cobalt (up to 2.08 % Co) make the CVF Mn-(Co)~Fe deposits rather
‘unique’. The only examples of high-~Co Mn-oxides are those of the present-day
manganiferous nodules formed in seamounts and active ridges (1.15 % Co and 0.40
% Co respectively; Glasby, 1977). Furthermore, only hydrogenous ferromanganese
deposits are clearly Co-rich (as compared to the submarine hydrothermal deposits).

This is in open contradiction with the geological framework of the CVF Mn-
(Co)-Fe deposits as they formed within shallow continental, volcanic, lacustrine-
fluvial basins.

Perhaps the answer must not be searched in the geologic-tectonic framework
but in the mineralogy of the CVF Mn-(Co)~-Fe deposits. Of the four Mn-oxides found
in the CVF, two have tunnel structure (todorokite and cryptomelane) and two have
a layered structure (lithiophorite and birnessite). The tunnel structure
todorokites can admit Co?* in the M2~-type octahedral sites (Roy, 1992). On the
other hand, layered structures (e.g. lithiophorite) can adsorb and display high
contents of Co (e.g. 2.8 % CoO in lithiophorite; Roy, 1981).

Since the alkaline volcanics of the CVF are neither enriched nor depleted
in cobalt, the problem should not be addressed in terms of the source but on the
‘ability’ of some minerals to scavenge cobalt from solutions. Both the tunnel and
layered structure minerals (todorokite-cryptomelane, lithiophorite~birnessite
respectively) have this potential ability to scavenge cobalt. In fact, EMP
analyses performed on cryptomelane and lithiophorite samples from the CVF give
values of up to 1.14 % Co and 8.11 % Co respectively.

This is what could be termed the ‘mineralogical approach’ to the problem.
However, even if this approach apparently explains the Co-rich Mn-oxide facies,
a major problem still remain to be solved. None of these minerals can be regarded
as ‘common’ within environments such as the one of the CVF (hot-springs). In fact,
only birnessite and cryptomelane have been observed in such environments
(Nicholson, 1992). Nevertheless, Nicholson (1992) only give them the status of
‘known’ (by contrast to the ‘common’ status of other minerals). The CVF Mn-oxides
are ‘common’ in environments such as weathering deposits in arid climates
(birnessite, cryptomelane), soil profiles including swamp and bog deposits
(birnessite, 'lithiophorite), weathering of mineralized sequences (cryptomelane)
or seawater nodules (todorokite) (Nicholson, 1992).

Since the CVF Mn-(Co)~Fe deposits have clear—cut indicators of a hot-spring
source, their origin is rare and therefore quite ‘unique’ in terms of the high-Co
values and Mn-oxide mineralogy. Until a plausible explanation for the presence of
these oxides can be given, the following ideas on the CVF Mn~-(Co)~Fe deposits
metallogenesis can be advanced:

1) The deposits formed within a volcanisedimentary environment during Pliocene-
Quaternary time, within lacustrine-~fluvial extensional basins.
2) Transport mechanism for the metals were epithermal hydrothermal solutions of
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high-fO, that precipitated their metal load as manganiferous sinters (proximal
facies, spring aprons).

3) Part of the manganese (and cobalt) migrated towards the inner parts of the
basins forming stratabound deposits (distal facies).
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Abstract: Three skarns from a small area in the northern contact of the Maladeta batolith (Central
Pyrenees, Spain) have been studied in order to determine the physic-chemical parameters of
formation and to point out the differences existing between one Au-bearing and two barren skams.
The three skarns show very similar evolution paths for fO,, between the NNO and the QFM buffers,
and fS,, ranging between 10 to 10""° bar. Neither fluid salinities nor pH differences account for the
distinct mineralogy observed. Physic-chemical characters, although necessary for a complete
understanding of the geochemical systems, do not explain the observed differences among the
deposits studied. Therefore, the mineralogical variations observed could be the result of the
interaction by distinct fluid sources and may be proved with the aid of accurate stable and/or
radiogenic isotope studies.

Introduction: Field surveys along the north contact of the Maladeta batholith have revealed the
existence of more than thirty W-bearing skarns and at least one As-Au-bearing hedenbergite skarn
with sizes ranging from meters to tens of meters. Among them, three well exposed and
mineralogically distinct skarns have been selected in order to constrain and compare their
physic-chemical conditions of formation: an As-Au bearing, sulfide-rich and boron-silicate absent
skarn (Sarraera) and two barren, sulfide-poor and boron-silicate mineralized skarns (Arties and
Escunyau). All three are supposed to be coeval and they are located in a restricted mapping area
of less than 2 km length along the northern contact of the pluton.

The observed differences may be explained by two hypotheses: 1) variation in the physic-
chemical parameters of the mineralization and 2) fluid differences related to their source,
composition and relative amount of fluid circulating through the skams.

Geological setting: The Maladeta batholith is a late Hercynian igneous complex (277+7 ma, Rb-Sr
isochron, A=1.44x10"! year’; Michard-Vitrac et al., 1980) mainly composed of granodioritic rocks
and subordinate gabronorites and two-mica granites situated in the central segment of the Pyrenean
Axial Zone (Aran and Benasque Valleys, Spain). This complex intruded Paleozoic rocks ranging
from Cambro-Ordovician to Carboniferous age although most of the rocks outcropping along north
and south flanks are Devonian limestones and marls. A thermal contact aureole of more than 300
m width overprinted the effects of the low grade regional metamorphism of this area (Greenschist
facies). Tectonics of the area are related with the complex history common to the whole Pyrenees:
an Hercynian polyphase folding and E-W thrusting events (both pre-intrusive) and Alpine age E-W
thrusting that gave rise to the physiographically distinctive Pyrenean Range. Magma emplacement
studies have been undertaken by Delgado et al. (1993) who estimated 2.5+0.5 kbar and 625425 °C
as maximum P-T conditions for rocks within the innermost zone of the contact aureole, according
to several independent exchange geothermometers and the univariant assemblage
hercynite+corundums-sillimanite+almandine.

Skarn description: The studied skarns belong to the W-bearing calcic-reduced hedenbergitic skarns
of Einaudi et al. (1981) that are widespread throughout the Pyrenees. Tungsten mineralization is
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irregular in the studied skarns and, in general, contents are low. Mineralization may be divided into
two major stages for all the skarns, the first stage being characterized by the development of a thick
monomineralic hedenbergitic zone (up to 45 m), sometimes overprinting a previous metasomatic
column of wollastonite, vesuvianite, diopside and a grossularitic garnet of less than 10-15 cm. This
first stage is roughly the same for the three studied skarns. The second stage accounts for much of
the differences observed in the skarns. In the Au-mineralized skarn of Sarraera, the 2nd stage is
characterized by the development of a complex retrograde assemblage made up of ferroactinolite,
ilvaite, quartz, calcite, stilpnomelane, chlorite, magnetite, scheelite and sulfides (arsenopyrite,
pyrrhotite, chalcopyrite, pyrite, bismuthinite and joseite) as major components together with other
metals (I0llingite, gold, bismuth). From the sequence point of view, ilvaite is previous to
ferroactinolite, stilpnomelane and chlorite. Calcite and quartz are distributed throughout the second
stage. Metals start with 16llingite and end with an arsenopyrite-pyrite assemblage. The second stage
in the skarn of Escunyau is characterized by the development of minute amounts of ilvaite plus
magnetite retrograding the pyroxenes and a zone of grossularitic garnet followed by an assemblage
of epidote, quartz, calcite, axinite, actinolite, stilpnomelane and chlorite. Sulfide mineralization is
very poor and is restricted to small masses of pyrite crossed by late pyrrhotite, magnetite and small
crystals of sulfo-arsenides of Co and/or Ni. Arties skarn is rather simple compared with the other
two. Second stage begins with the filling of geodic cavities and veins by idiomorphic crystals of
quartz, axinite, epidote and calcite (stilpnomelane), followed by a ferroactinolite, stilpnomelane,
calcite and sulfides assemblage along joints that crosscut hedenbergite crystals. Ilvaite and magnetite
are also present in small amounts. Sulfides are basically pyrrhotite with small quantities of
chalcopyrite and arsenopyrite.

Physic-chemical characterization: Accurate mineralogical and phase equilibria studies have been
carried out to see what are the differences, if any, between each mineralization. These studies
include temperature, fO,, fS, fluid composition determinations. Ilvaite, ferroactinolite and other
mineral phases belonging to the Ca-Fe-Si-H-O system stability fields have been constrained in order
to achieve a better understanding of the natural systems.

Oxygen fugacity: The oxidation state of the metasomatic fluid is reflected in the skarns’ mineral
paragenesis. A tight control of fO, has been established for the skarn of Sarraera. Hedenbergite and
andradite limit the initial fO, below the QFM oxygen buffer or between QFM and NNO during 1st
stage mineralization. The ilvaite stability field and the sequence of the retrograde reactions suggest

Fig. 1: T-fO, diagram (referred to HM buffer).
A)  Hedenbergite+andradite +magnetite;  B)
Andradite+magnetite;  C)  Hedenbergite+
magnetite; D) Ilvaite+quartz+calcite; - E)

= Magnetite+quartz+calcite; F) Ferroactinolite+
magnetite; G) Siderite.

Alog 10, (HM)

Temperature (°C)

that fO, evolution in this skarn followed a constant redox path, between NNO and QFM for a
temperature interval from 625 °C to 300 °C. Small graphite plates associated with the latest sulfides
may indicate a small rise in fO, (over NNO) or a decrease in fluid Xq,. No additional controls are
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supplied by the mineralogy of Arties and Escunyau skarns although a similar path may be inferred
from their semblance (Fig. 1).

Sulfur fugacity: The existence of two generations of arsenopyrite in the Sarraera skarn as well as
the composition and mineral association for them both impose important constraints on the S, of
the system. The first arsenopyrite generation consists of As-rich crystals (35-36 at.% As) with
common inclusions of 16llingite, pyrrhotite and native bismuth. The second generation (31-32 at.%
As) is associated with pyrite, native bismuth and bismutinite and it has been studied in detail by
Delgado and Soler (1992). Arsenopyrite composition agrees with the expected paragenetic pyrrhotite
composition (Delgado et al., 1993) and ilvaite in equilibrium with pyrrhotite and magnetite. The
evolution of the Sarraera mineralization shows constant fS, values of about 10 to 10 bar between
500 and 300 °C (Fig. 2). fS, in the Arties skarn is determined by the presence of a unique
. generation of arsenopyrite (33.5-34.5 at.% As), and the composition of pyrrhotite and the
ilvaite+magnetite+pyrrhotite stability field overlapping an area around 107 bar. The Escunyau skarn
shows a noticeable decrease in S, due to the drop from pyrite field to that of pyrrhotite. If we trust
the pyrrhotite composition and the ilvaite+magnetite+pyrrhotite stability field, S, is slightly lower
than the two preceding cases (10™° bar), although this value could be much higher at the beginning
of the sulfidation stage (2nd stage).

i 1 T v 1
-3k Sauw
~

oY,
ra aV“-Sa.

Fig. 2: T-fS, diagram for the
Sarraera skarn. Black dotied
areas are the compositional
range of the arsenopyrites
analyzed. Shadowed area is
the compositional range of
pyrrhotites from this skarn.
Both areas superpose on the
ilvaite+pyrrhotite+magnetite
stability field (dark area).
Numbers 0.94 10 0.99 are Np
in pyrrhotite. Numbers 30 to
37 are atomic As % in
arsenopyrite.

Log 1S,

PT=PF=3 kbar
Xco,=001

! i )
1.6 14 12

[1000/T) K
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Temperature: The starting temperature for all three skarns is not clearly established. It seems
reasonable to believe that the maximum temperature has to be equal or close to that observed in the
innermost zone of the contact thermal aureole. The beginning of the 2nd stage retrogradation may
be associated with the growing of ilvaite which is more or less abundant in all the skarns. The
maximum thermal stability of this mineral at Pz=3 kbar is 525 °C. Ferrcactinolite maximum stability
is about 475 °C for the same fluid pressure and its destruction at lower temperatures to give a
siderite+quartz+calcite assemblage depends strongly on fluid X, Sulfides give some more
restriction on temperatures. In the Sarraera skarn, 1st arsenopyrite generation seems to have grown
between 400 and 500 °C, whilst 2nd generation is around 275-325 °C. In Arties, arsenopyrite
crystallization seems to have ccured at about 450 °C and in Escunyau a temperature slightly over
400 °C may be inferred from pyrrhotite composition and the ilvaite+magnetite+pyrrhotite stability
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field. In the last case, pyrite crystals precede pyrrhotite and other sulfides so a temperature in excess
of 400 °C may be assumed. Topological stability relations among the different paragenetic minerals
depend on fluid composition (fy,0) and, consequently, temperatures may suffer displacements.
Fluid composition: According to Ohmoto and Kernck (1977), volatle fluid speciation may be
estimated if we know fO, and £S, for a given temperature gap. With the adequate Gibbs free energy
data and gas fugacity coefficients it is possible to calculate fluid speciation. For fO, between NNO
and QFM and fS, around 10®-10? bar, which are consistent with all three skarns, the most important
fluid species is H,O with CO, being the most important carbon-bearing species and H,S
(predominant sulfur species).

An acidic pH is constrained by the presence of muscovite+quartz+K-feldspar as a common
assemblage in the three skamns. No accurate numerical value may be given due to the absence of
data on a, in the fluid. However, a similar pH value may be assumed for three mineralizations.

Fluid inclusion studies are seriously hampered by the intense tectonization of the skams. CO,
phases have not been observed in any fluid inclusion from any skarn. Fluid appears as an
hypersaline brine, NaCl sometimes oversaturated at room temperature. Freezing temperatures and
maximum eutectic measurements point to a polysaline sysiem dominated by NaCl-H,O although the
presence of additional components (CaCl,, KClL,..) may not be disregarded. Salinities of primary and
pseudosecondary inclusions are around 22-26% in Arties and Escunyau, and 28-34% in Sarraera (all
in wt.% eq. NaCl). Secondary inclusions have about 12-14 wt.% eq. NaCl. A pattern of variable
homogenization temperatures and constant salinities suggest recrystallization phenomena.

Conclusions: Physic-chemical characterization of three distinct-mineralized skarns suggests that all
three deposits formed in 2 very similar environment (fO,, {S,, Pr, temperature interval and salinity).
No reason has been found to attribute the mineralogical differences among Sarraera, Arties and
Escunyau skarns to changes in these intensive variables. This conclusion rules out the hypothesis
of a different physic-chemical environment as being responsible for gold mineralization in the
Sarraera skarn and its absence in Arties and Escunyau skarns.

Differences are therefore the result of changes in fluid source, composition (As, Au, B,...)
and/or the fluid’s availability during skarn formation also related with system permeability. To test
this hypothesis further work, mainly stable and/or radiogenic isotope geochemistry, is required.
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ORGANIC MATTER AND Zn-Pb-(Ba) MINERALIZATION AT TﬁE LES MALINES
MINE (GARD, FRANCE): A REASSESSMENT.

Disnar, J.R. (1) & Orgeval, J.I. (2)
(1) URA 724, bat. Géosciences, Université d'Orléans, B.P. 6759, 45067 Orléans Cedex 2, France
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ABSTRACT: The Triassic marls and the Georgian basement both contain too low
amounts of autochtonous organic matter - too low and to highly mature,
respectively - to have produced the oil and bitumens frequently found in
fissures and voids. The association of the bitumens with barite-rich ores
precipitated by hot hydrothermal fluids (i) indicate that they have very lilely
been brought in by these solutions and (ii) their alteration as a result of
water washing, "chromatographic™ segregation and thermal cracking. Increasing
amounts of these bitumens, from W to E in the mine, may indicate that they
originated from SE basin formations.

INTRODUCTION

Les Malines, the largest french MVT deposit (1Mt 2Zn+Pb), has
been the object of continuous studies for decades (Disnar and
Defoix, 1991). However, no detailed investigation of the associated
organic materials has been undertaken since the pioneering work of
Connan and Orgeval (1977). The present paper reports on new organic
geochemical data which benefit from the use of new technologies
(Rock-Eval pyrolysis and GC-MS) and also from recent information
brought by other approaches (e.g. fluid inclusions studies; Ramboz
and Charef, 1988).

SAMPLING AND METHODS

This study delt with 19 samples taken in different mine works
and representative of the various types of ores encountered in the
Cambrian basement and in the Triassic as well as of the barren
host-rocks (see Table).

Organic geochemical 1investigations included: ©Leco C, S
determination, Rock-Eval pyrolysis, bitumen extraction and
fractionation, Gas Chromatography and GC-Mass Spectrometry (GC-MS)
of the saturated and aromatic hydrocarbons.

Major and trace elements were determined by ICP-spectrometry and
atomic absorption.

RESULTS AND DISCUSSION

Two Triassic marls samples taken from the Ratonneau works
revealed TOC values of 0.42 and 0.70 %, respectively. Identical
Tmax and OPI wvalues of 430°C and 0.22, respectively, attest their

low maturity (onset of the oil-window). Unimodal n-alkane
distributions dominated by the n-Cl7 reveal the exclusively marine
origin of the organic matter. The presence: (i) of a complete

series of Cl15+ n-alkanes and (ii) of the isoprenoids pristane and
phytane in proportions relative to the n-alkanes that is compatible
with the maturity the samples (Pr+ Ph/nC17+nC18 = 0.55 and 0.37),
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Mine area Sample In Pb Ba ™C 5 DESCRIPTION

RATONNEAU R 163 <0.10 <0.10 <0.10
R 164 <0.10 <0.10 <0.10
R 165 <0.10 <0.10 <0.,10
R 166 0.15 <0.10 <0.10

18 0.08 DOLOMITE, IN DECIMETER-THICK BEDS (GEORGIAN).

42 2.15 BLACK DOLOMITE MARL BEDS (TRIASSIC) IN CONTACT WITH THE GEORGIAN BASEMENT.

70 3.87 IDEM

35 16.80 BRECCIA WITH CLASTS OF GEORGIAN GREY DOLOMITE AKD BARITE CRYSTALS IN THE
CEMENT : AUREOLE OF THE OREBODY.

o o o a

VIEILLE VM 168 0.11 <0.10 0.15
MINE VM 163 5.60 1.10 <0.10
VM 170 $.25 3.30 21.30

VH 171 11.70 1.30 S§7.60

.11  0.65 GREEKISH TO BLACK DOLOMITIC MARL (TR{ASSKC) : HANGING WALL OF THE MINERALIZATION.
26 7.45 GREY DOLOMITIC MARL (TRIASSIC) AS FILL IN THE GEORGIAN BASEMENRT.

22 20.65 FILL {TRIASSIC) IN A DETACHED PART OF THE GEORGIAX BASEMENT.

09 15.30 KARST OREBODY {ASTERIX DEPOSIT) WITH SPHALERITE, GALENA AND BARITE,

o o o o

ESPERANCE E 172 <0.10 <0.10 48.40
E 173A <0.10 <0.10 0.22
E 173B 6.30 1.05 16.00
E 174 9.10 3.55 8.50

20 24.40 TECTONIC BRECCIA WITH CLASTS OF GEORGIAN BASEMENT CEMENTED BY BARITE AND GALENA.

15 1.43 GREY~BLACK DOLOMITIC MARL {TRIASSIC) : HANGING WALL OF THE MINERALIZATION.

.17  5.40 INTERBEDDED GREY DOLOMITE AND BLACK MARL (TRIASSIC).

20 8.35 TECTONIC BRECCIA WITH CLASTS OF GREY GEORGIAN BASEMENT : CEMENT OF SPHALERITE, GALENA,
BARITE, PLUS BITUMENS.

P

$ONDARDIER M 175 5.1%5 0.20 <0.10
M 176 39,00 0.85 <0.10
M 177 0.15 <0.10 <0.10
M 178 <0.10 <0.10 0.12
M 179 12.20 1.00 <0.10
M 180 32.00 5.60 <0.10

.d. 3,00 CONGLOMERATE WITH CLASTS OF GREY AND PINK GEORGIAN BASEMENT ; SPHALERITE CEMENT.
05 20.35 RECONCENTRATION OF SPHALERITE ALONG A FAULT IN THE CONGLOMERATE (cf. M 175).

a3 0.09 GREY~-BLACK DOLOMITIC INTERBEDS (TRYASSIC) : HANGING WALL OF THE MINERALIZATION.
16  0.09 RED MARL {TRIASSIC).

48 16.65 BLACK DOLOMITIC BASEMENT (GEORGIAN) : FINELY DISSEMINATED SPHALERITE.

a. 19.00 GREY-BLACK DOLOMITIC BASEMENT (GEORGIAN) : FINELY DISSEMIRATED SPHALERITE

2 0o o © o p

ISANGUINEDE S 185 5.25 0.40 <0.10 0.46 7.20 SPHALERITE, BOURNONITE, GALENA MINERALIZATION IN THE BLACK DOLOMITIC BASY. (GEORGIAN).

n.d. = not detected : n.2a. = not analyzed

Table 1 : Location and assay values of the studied samples.

testify that they have not undergone any alteration, namely by
water washing or by biodegradation. As a consequence of the algal
origin of the organic matter and of its low maturity, the very low
IH values given by these two samples (130 and 80 mg hydrocarbons.
g-1 TOC, respectively) can be taken as an indication about a severe
degradation of the primary organic inputs during sedimentation
and/or subsequent early diagenesis. This interpretation is
supported by GC-MS data revealing the presence of only very low

amounts of steranes - inherited from eukaryotes - in these two
samples. GC-MS analysis also revealed the presence of notable
amounts of hopanes - derived from prokaryotes -~ the presence of

which testify to an intense bacterial activity during early
diagenesis.

Another sample of Triassic marls originating from the Vieille
Mine works revealed much lower TOC (0.11 %) and HI values (22 mg
hydrocarbons. g-1 TOC) than in the two previous ones, and also a
slightly higher maturity (Tmax 436°C). Its saturated hydrocarbon
distribution differs from the two previous ones by a mode in n-C21
and a marked odd over even predominance of the C20+ n-alkanes.
These features: (1) indicate a notable terrestrial plant
contribution to the primary organic inputs and (ii) confirm the
maturity assessment given by Tmax. The rapid decrease of the C21-
n-alkanes with decreasing molecular weight, the wvery low
proportions of the isoprenoids and the relative importance of the
hump of the UCM (Unresolved Complex Mixture), indicate a loss of
hydrocarbons attributable to water washing.

Four samples of black dolomites of the Georgian basement
revealed TOC contents which never reach 0.5 %. Tmax wvalues
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approaching or higher than 500°C confirm the high maturity awaited
for these metamorphosed sediments. One of these samples produced
anomalously high amounts of CHC1l3 extractable organic material
(1030 ppm) very vrich in hydrocarbons (39 %saturated, 9 %
aromatics). The gas chromatogram of the saturated hydrocarbons
shows: (i) a very large bell-shaped hump of UCM; (ii) notable of
amounts of low-molecular weight n-alkanes dominated by the n-C17
and the n-C18; (iii) rather high amounts of the isoprenoids
pristane and phytane (Pr+Ph/nCl7+nC1i8 = 0.54). These unusual
characteristics can interpreted as the result of a molecular
"chromatographic"” segregation that occurred in the course of oil
migration.

Al)l of the other samples which contain notable amounts of OM,
originated from barite~rich orebodies hosted by the Cambrian
basement (Vielle Mine and Esperance). All these samples contain
allochtonous bitumens accumulated in fissures and/or voids. GC
analysis of the saturated hydrocarbons mainly revealed a large hump
of UCM with wvariable amounts of n-alkanes. The variations of the
amounts- of the n-alkanes and of their distribution can be
interpreted as resulting from water washing, "chromatographic"”
segregation and thermal cracking provoked by the hot waters which
brought the bitumens (~300°C; Ramboz and Charef, 1988).
Consequently, the latter compounds are called "pyrobitumens" in the
following discussion.

GENERAL DISCUSSION AND CONCLUSIONS

Consistently with previous work (Gauthier et al., 1988), the
results of the present study indicate that autochtonous organic
matter is not very abundant in the environment of the Les Malines
mine. TOC values seldom exceed 0.5 % in the Triassic dolomitic
marls. Comparable or even higher amounts of organic matter - which
may exceptionnaly reach 2.7 % TOC (Gauthier et al., 1988)- have
been found in the dolomitic Georgian basement. TOC values greater
than 1 % appear most frequently due to allochtonous o0il and/or
bitumens (Connan and Orgeval, 1977; Gauthier et al., 1988; this
study) and are very little meaningfull because of the inhomogeneous
repartition of this material, usually accumulated in fissures and
voids.

Autochtonous organic matter is - as expected - very mature in
the metamorphosed basement, but only slightly mature in the
Triassic marls (onset of the oil window). Except a low mature oil
impregnating the o0ld basement in the Montdardier works, the
allochtonous material is represented by pyrobitumens associated
with barite precipitated by hydrothermal fluids (Ramboz and Charef,
1988) . Despite the extent of the hydrothermal alteration undergone
by the pyrobitumens, they produced Tmax values in the same range
than those given by the Triassic marls and thus consistent with
maturation caused by burial diagenesis. This observation indicates
that o0il and bitumen migration and emplacement, certainly occurred
early during the deposition history of the sedimentary cover.
Because of low organic matter contents, low maturity and the
absence of any mark of alteration of the associated hydrocarbons,
the Triassic marls, sole formations to have some 0il potential in
the mine area, can hardly be regarded as the source of the bitumens
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as hypothesized in previous work (Connan and Orgeval, 1977).
Another argument in favor of a non local origin of these compounds
is their relative abundance in the basement - in association with
mineralization - and especially in mine areas where the Triassic is
thin and even locally absent (i.e. Vielle Mine). The mineralizing
character of the oil-bearing brines is highly suggested by the
general association between migrated oil and/or bitumens and ore,
both accumulated in paleo-reservoirs and drains (conglomerates,
breccias, faults and fractures). Increasing amounts of bitumens
from E to W suggest that these products could have originated from
sedimentary formations of the SE Languedoc basin. More data would
be necessary to verify this hypothesis.

The part that organic materials could have played in the
mineralizing events remains conjectural. However, the involvement
of n-alkanes biodegradation in the ore deposition hypothesized in
previous work (Connan and Orgeval, 1977) must be rejected for the
following reasons: (i) the alteration of the n-alkane signatures of
allochtonous bitumens can be attributed to the wvarious physico-
chemical processes mentionned here above, rather than to bacterial
activity; (ii) because of low TOC contents and low maturity, the
Triassic marls could have only produced very low amounts of n-
alkanes; (iii) the n-alkanes were obviously produced as a result of
burial diagenesis, and thus necessarily long time after ore
deposition.
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PETROGENESIS OF CORDIERITE-ANTHOPHYLLITE ROCKS, TUNABERG, SWEDEN

Dobbe, R.
. Inst. of Earth Sciences, Free University, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands

ABSTRACT: High amphibolite-facies cordierite-anthophyllite rocks occur in discordant
alteration zones in the wall-rocks of stratiform iron ores at Tunaberg, Sweden. One
association of altered rocks is derived from an acid volcanic protolith and shows gradations
from cordierite-bearing acid metavolcanics to quartz-cordierite-anthophyllite-biotite schists.
Anocther association of altered rocks is derived from a basic rock protolith and consists of
quartz-free, highly aluminous cordierite-anthophyllite/gedrite(+plagioclase) rocks occurring in
an inner zone of strongest alteration and grading into successively less altered, more outward
zones of plagioclase-anthophyllite rock, plagioclase-hornblende-cummingtonite rock and
plagioclase-hornblende amphibolite, respectively. The observed mineral assemblages in the
latter association of altered rocks indicate progressive loss of SiO,, CaO and Na,O during
alteration and progressive decrease of Ca-contents from the inner alteration zone towards the
outermost zone of virtually unaltered amphibolite. Residual enrichment in the immobile
components Al,O,, TiO,, FeO and MgO caused the formation in the alteration zones of
metamorphic mineral assemblages with cordierite and anthophyllite/gedrite, and locally
corundum and hdgbomite.

Fig. 1.(A) Sketch of alteration zones
with inner zone of cordierite-antho-
phyllite rock, intermediate zone of
plagioclase-anthophyllite rock and
outer zone of plagioclase-hornblen-
de-cummingtonite rock; zone boun-
daries and boundary with plagio-
clase-hornbiende(-biotite) amphibol-
ite are gradual. (B) projection from
the Si-apex onto the plane Ca-Al-
(Fe+Mg) illustrating chemographic
and phase relations of the rocks

........ e =S
R R SRR
%

B HBLPLAGCE) AMPHIEOLITE shown in Figure 1A; Striped areas
MoK K indicate composition limits of miner-
R ANTH-PUAG ROCK al phases; light, intermediate and
B3 SRRPLE LOCATION © o dark dotted fields correspond to

mineral assemblages of rocks from
the outer, intermediate and inner
B zone in Figure 1A, respectively;
cross-hatched field indicate compo-
sitions between plagioclase (PLAG)-
hornblende (HBL)-cummingtonite
{CUMM) amphibolites and cordierite
(CRD)-anthophyliite/ gedrite (ANTH)
rocks, the latter locally with corun-

CRD T C: eM3 qum (CRN) and hégbomite (HOG).
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1 INTRODUCTION AND GECLOGICAL SETTING

In the Baltic shield Mg-rich schists are commonly associated with massive Fe-Cu-Zn-Pb
sulphide and Fe-oxide ores. in the western part of the Early Proterozoic (1.9-1.8 Ga)
Bergslagen metallogenetic province Mg-alteration occurs in extensive zones of greenschist
facies Mg-chiorite-quartz-sericite (Baker & De Groot, 1983) and amphibolite facies cordierite-
bearing (Tragardh, 1988) schists that often show discordant relationships to exhalative-
sedimentary iron ores and their host rocks of predominantly felsic volcanics; the strong Mg-
enrichment and Fe(-Mn)-depletion in these schists are ascribed to processes related to felsic
rock-seawater interaction in a sub-seafloor hydrothermal system. In the high amphibolite-
facies metamorphosed Tunaberg area, SE Bergslagen, Sweden, a thin volcanic succession
is underlain by a thick sequence of metasediments. A 200 m thick lower mineralized horizon
in the metasediments shows intercalations of acid metatuffites associated with exhalative-
sedimentary Fe-oxide ores, Mn-silicate ores (eulysites) and Mg-Fe-rich alteration zones. This
paper describes one such Mg-Fe-rich alteration zone in the Tunaberg area, where a zone of
cordierite-anthophyllite/gedrite and plagioclase-anthophyllite-cummingtonite rocks is found
sandwiched between a layer of quartz-plagioclase-biotite metavolcanite and a layer of
plagiociase-hornblende(-bictite) amphibolite (Fig. 1A).

2 PETROGRAPHY AND MINERAL CHEMISTRY

The Mg-Fe-rich alteration zones at Tunaberg show semi-conformable relationships to
magnetite-hornblende skarns. The altered rocks show strong mineralogical and chemical
variation. Figure 1 shows an alteration zone with the following quartz-free rock types: outer
zone of plagioclase-hornblende-cummingtonite rock; intermediate zone of plagioclase-
anthophyliite rock; inner zone of cordierite-anthophyllite/gedrite-biotite rock, locally with some
plagioclase. The fine- to medium-grained rocks show a strong lineation due to alignment of
1-2 mm long amphibole crystals. On rock exposures in the inner zone, protruding nodules of
coarse-grained cordierite-anthophyliite/gedrite(-biotite) rock form characteristic cigar-like
bodies in a matrix of anastomising schlieren showing abundant anthophyliite and biotite.
Composition limits of mineral phases are shown in Figure 1B. Anthophylliite in plagioclase-
hornblende-cummingtonite and plagioclase-anthophyliite rocks of the outer and intermediate
zones shows lower Na, Al and Fe/(Fe + Mg) compared to anthophyllite-gedrite in cordierite-
anthophyllite/gedrite rocks from the inner zone. Anthophyllite-gedrite shows positive correlation
of A(IV)} and Na, Al(V}) and Na, Al and Fe/(Fe+Mg), and Na and Fe/(Fe+Mg).

3 PHASE RELATIONS

The quartz-absent mineral assemblages from the described alteration zones are shown
projected from the Si-apex onto the plane Ca-Al-(Fe+Mg) of Figure 1B. The strong influence
of bulk CaO-contents on the composition of plagioclase coexisting with different (Fe,Mg)-
silicates is illustrated in Figure 1B. The intensely altered rocks of the inner zone show low Ca-
contents (Fig. 2A) characterized by the mineral assemblage of cordierite + Na,Al-rich
anthophyllite/gedrite = plagioclase {An,g). Increasing Ca-content towards the outer alteration
zones moves the bulk compasition into the fields of the assemblages plagioclase (An,g) +
Na,Al-poor anthophyllite = cummingtonite, plagioclase (An,,) + hornblende + cummingtonite
= Na,Al-poor anthophyliite, and plagioclase (An,,) + hornblende, respectively.
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4 ROCK CHEMISTRY

Mafic rock protoliths of cordierite-anthophyilite rocks have been suggestec by e.g. Vallance
(1967), Treolar & Putnis (1882), Schneiderman & Tracy (1991). On the other hand, acid
volcanic protoliths of cordierite-anthophyliite rocks in W. Bergslagen have been suggested by
e.g. Wolter & Seifert (1984) and Tragardh (1988). Tragérdh (1988) noticed that cordierite-
anthophyliite-bearing wall-rocks close to iron ores show strong Fe-Mg-enrichment (with low
MgO/FeO,,) and depletion in Si and alkalis. At Tunaberg the wall rocks of the iron ores show
chemical and mineralogical graduations from quartz-plagioclase-biotite acid metavolcanics to
cordierite-anthophyllite-bearing acid metavolcanics, and to quartz-cordierite-anthophyllite-
biotite schists, suggesting a derivation of cordierite-anthophyllite rocks from acid metavolcan-
ics (Dobbe, in prep.). However, in this study & case is described of cordierite-anthophyllite
rocks representing altered plagioclase-hornblende amphibolite. Evidence is provided by 1) the
silica-undersaturated, highly aluminous nature of the altered rocks, occurring adjacent to
amphibolite (Fig. 1A), 2) the gradation of chemical and mineralogical composition of rocks
from inner to outer aiteration zone, 3) the immobile behaviour of AL, O,, TiO,; Zr, Hf, arid Nb
(see below), and 4) the presence in the alteration zones of Cr-V-bearing magnetite and other
characteristic oxide minerals of basic rocks and their cordierite-orthoamphibole-bearing altered
derivatives (Bernier, 1890). The Al,O;-Ca0 diagram (Fig. 2A) clearly shows that in the
Tunaberg area there are quartz-cordierite-anthophyliite-schists derived from acid rocks, and
quartz-undersaturated highly aluminous cordierite-anthophyllite-schists derived from badsic
rocks. Figure 2B shows an isocon diagram (Grant, 1986) based on the averages of 6
analyses of weakly altered outer zone plagioclase-hornblende-cummingtonite rocks and 6
analyses of pervasively altered inner zone cordierite-anthophyllite rocks. The plagioclase-
hornblende(-bictite) amphibolites and their incipient alteration products of plagioclase-horn-
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Fig. 2.(A) Al,04-CaO plots of cordierite-anthophyllite and associated rocks from the Tunaberg
area; the diagram clearly shows two alteration trends: (1) from acid metavolcanics (¢) and
quartz-biotite schists (O) to quartz-cordierite-anthophyllite-biotite schists (x), and 2) from
plagioclase-hornblende(xcummingtonite) rocks (+) to plagioclase-anthophyllite rocks (a), and
to cordierite-anthophyllite/gedrite rocks (v). (B) Isocon diagram (Grant, 1986) showing outer
zone hornblende-plagioclase(=cummingtonite) amphibolites versus inner zone cordierite-
anthophvylliite rocks. Oxides are plotted in weight percent, elements in ppm. Isocon line
assumes constant alumina; elements with ~10 percent gain plot on 1.1 line, elements with ~10

percent losses plot on 0.9 line.
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blende-cummingtonite rocks show similar major, minor and REE element chemistry, except
for lower K, Rb, Sr, and Ba in the slightly altered rocks. immabile components, defining a
best-fit isocon showing a linear array through the origin (Fig. 2B), are Al,O;, FeO,,, MgO,
TiO,, Zr, Hf, Nb, Pb, Th and Cr. On the basis of constant Al the slope of the alumina isocon
is 1.23 (Fig. 2B), this corresponds to a mass decrease of 19 percent and, including density
in the calculations, a volume decrease of 22 percent. Assuming constant Al mobile
components lost during alteration are SiO,, CaO, Na,O0, MnO, Sr, Sc Ni and Y, mobile
components gained are P,05, K,0, Rb, Ba, Cs, Cu and Ga. Comparison of the normalized
REE patterns of cordierite-anthophyllite/gedrite rocks and plagioclase-hornblende-cumming-
tonite rocks shows that of the REE Eu has behaved as relatively mobile element lost during
alteration.

5 CONCLUSIONS

- Mg-Fe-enriched alteration zones occur in discordant zones in the high amphibolite-facies
metamorphosed wall-rocks of stratiform iron ores in the Tunaberg area.

- Quartz-free, highly aluminous cordierite-anthophyllite/gedrite(-plagioclase) rocks represent
altered equivalents of plagioclase-hornblende amphibolites; intermediate alteration is
represented by plagioclase-hornblende-cummingtonite and plagioclase-anthophyllite rocks.

- Alteration is attended by loss of SiO,, CaO and Na,O, resulting in progressively lower Ca-
content and Ca-poor mineral parageneses towards the inner zone of strongest alteration.

- Residual enrichment in the immobile components Al,O,4, TiO,, FeO and MgO resulted in
assemblages with cordierite and anthophyllite, and other aluminium-rich minerals such as
corundum and hégbomite.

- Cordierite-anthophyllite rocks in the Tunaberg area show two chemically distinct alteration
trends indicating their derivation from an acid volcanic protolith in one case, and from a
basic rock protolith in the other case.
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Abstract

The recent development of studies on mineral occurrences related with Tertiary
volecanics in Sardinia led to the discovery of an interesting cerussite - barite
indication in clastic sediments of Upper Oligocene-Lower Miocene age. The cha-
racteristics of these occurrences indicate the calec-alkaline volcanics, affected
by epithermal alteration and mineralization, as the source of the metals as well
as oxidizing early diagenetic conditions for the deposition environment.

Foreword

The ore occurrences hosted in Tertiary terrains in Sardinia have been carefully
investigated only for a few years. In particular, epithermal and porphyry-type
bodies have been discovered ( Pretti, 1988; Garbarino et al., 1991). The only
occurrences of supergenic origin already known up to now were of Mn oxides and
Cu carbonates, but the relative literature is very scarce (Millosevich, 1906).
The studies in progress on the epithermal system of Monti Ferru (central-western
Sardinia) recently led to the discovery of Ba-Pb bearing clastic beds, which are
the subject of the present communication.

Geological framework of the area

At the end of the important phase of calc-alkaline volcanism related with the
eastward drift of Sardinia in Oligocene-Miocene times, an epithermal activity
developed, which produced important alteration phenomena, including pervasive
potassic alteration, and mineralization, particularly of base metals. At the end
of all these phenomena, a sedimentary series of Upper Oligocene-Miocene age was
deposited during a transgressive phase. The basal, clastic beds of this series
commonly include clasts deriving from the erosion of the above said volcanie
rocks. The rest of the series, which does not exceed a few hundreds of metres,
iz mostly formed by marls and limestones of platform environment.

In the investigated area all these terms outcrop, with the calc-alkaline
volcanics on the eastern side and the sedimentary series between the volcanics
and the sea westwards. The basal clastic beds outcrop in the valley of Rio
Pischinappiu thanks to the combined effects of the erosion of the stream and of
the offset of a local fault. Of the two outcrops, the northern is very small,
while the southern has an extension of some 20 hectares and displays a good
section in correspondence of the fault.

The local clastic series

The cited series has been carefully studied and sampled. Its total thickness is
of some 40 m and has been subdivided into 12 beds on the basis of the macrosco-
pic characteristics. It starts with reworked pyroclastics, and then passes on
to sandstones-microconglomerates. Coarse conglomerates appear in the upper part.
The last two beds lie unconformably on the rest of the series.

The beds below the unconformity show a very low maturity and are mostly formed
of K-feldspar and quartz, deriving from the epithermally K-altered calc-alkaline
volcanics and the quartz veins of Monti PFerru. The wmain component of their
cement is authigenic K-feldspar. Their porosity is fairly high (about 15-202)
and soluble chlorides of K, Na, Mg and Ca are still present in the pores.
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The beds above the unconformity are much more mature, with predominantly rounded
quartz.clasts and cement made of Fe-hydroxides.

The mineralization

The analysis of the samples showed anomalous contents in a few elements, parti-
cularly Pb and Ba. The latter occurs as barite and the former mostly as cerus-
site. With the exception of the first bed (a), the metal content of the lower
beds (b-c) is comparatively low, even though anomalous in Pb (around 200-400
ppm). Starting from bed (d), Pb sharply increases and rapidly reaches values of
tens of percent in bed (e) (Fig.l), then normally keeps high values (thousands
of ppm) up to the top of the series.

Ba is also low in the lower beds (a-d) then increases to thousands of ppm im the
upper beds, with particularly rich levels mostly in the upper parts of some
beds- e.g. bed (f)- where barite occurs as crystals and small lences (Fig.l). Zn
reaches high values (more than 1%) only in the lower level, then decreases to
normal geochemical contents. Cu is also commonly present in normal geochemical
values, with the exception of bed (e), where it reaches hundreds of ppm
(Fig.1).

Discussion

In synthesis, the above exposition shows that in a clastic series of Upper
Oligocene-Lower Miocene age, derived from calc-alkaline volcanics affected by
epithermal alteration and mineralization, a supergenic mineralization including
barite and cerussite formed, particularly high Pb values in level (e), which has
a thickness of 0.6-1 m.

The fact that epithermal ore bodies, known in a locality in the wvicinity of the
studied outcrops, mostly contain Zn-Pb, with minor Cu, is the best explanation
for the origin of the Pb. The conditions favourable to the enrichment of this
metal appear related to the climatic condition at deposition time, which were
similar to the present conditions, i.e. warm and semiarid (Biondi & Filigheddu,
1988). These would be the conditions favourable for bisiallitization, which
leads to a preferable, residual Pb concentration (Samama, 1973).

This is also confirmed by the appearance of the sediments below the unconformi-
ty, whose reddening is clearly superficial, related to the present weathering.
The origin of Ba would alsoc be related with the altered volcanic rocks, whose K-
feldspar content is high enough to ensure a good supply of this element. The Pb
occurrence as cerussite is clearly primary. Since the scarce Fe also occurs as
hematite, and sulphides such as galena, pyrite and covellite occur in absolutely
negligible quantity, all suggest an environment characterized by oxidizing
conditions and elevated pH (Fig.2) (Garrels & Christ, 1965). The oxidizing
environment could indicate both synsedimentary deposition and eodiagenetic,
near-surface formation. The first possibility cannot represent the main deposi-
tion mechanism at least for bed (e), where about 35% cerussite 1s present. In
turn, the near-surface, early condition of diagenesis of the beds are confirmed
by the comparatively high porosity of all the beds and by the predominating
authigenic K-feldspar as cement (Pettijohn et al., 1973). The abundance of the
latter mineral, together with the presence of soluble K in the pores, clearly
indicate abudance of this element in the waters, thus an alkaline environment.
It is likely that the solutions which carried the Pb initially were of a lower
pH, mostly by sulphuric ion (after oxidation of the epithermal sulphides), but
it was gradually eliminated by barite precipitation. The possibly formed Pb
sulphates (anglesite and lanarkite) are much more soluble than cerussite and
barite; thus they may have been displaced by them.

The high concentration of cerussite in bed (e) indicates that this bed formed
the main "trap" for the percolating Pb.This means that:

- along bed (e) the C species were comparatively abundant in the waters: this
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may be explained in several manners, some of which imply that this bed represen-
ted a permeability barrier;

- bed (e) contained substances that were easily soluble, in order to give place
to the final minerals, which are mostly authigenic cerussite and K-feldspar.
Both conditions could be satisfied if this bed were formed mainly of volcanic
glass, related with the final volcanic episodes, which are known to occur near
the base of the Miocene sedimentary series.
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ABSTRACT: Pyrites from the Tertiary and Pre-Mesozoic suifide deposits of the
Kirki-Leptokaria-Essimi area were analyzed for their Cr, Co, Ni, As, V, Nb, Mo,
Sn and W contents. The trace elements composition shows the lack of any dis-
crimination between the Tertiary and the Pre-Mesozoic sulfide deposits. The
Co/Ni ratio values varying within the range 0.72-4.38 and the way of their dis-
tribution might indicate that the Oligocene magmatic activity, which was respon-
sible for the formation of the hydrothermal Tertiary sulfide deposits, has
chemically affected and/or remobilized the sedimentary Priabonian and vol-
canogenic Pre-Mesozoic ones.

INTRODUCTION

The trace element contents of pyrite have been used to distinguish various
ore forming environments (e.g., Mookherjee & Philip 1979, Xuexin 1984). A pre-
vious work (Filippidis 1992) concentrated on some trace elements in pyrites from
the Tertiary suifide deposits of the Kirki-Essimi basin, Thrace, Greece. The
main purpose of this study is to compare some trace element contents of the
pyrites between the Tertiary and Pre-Mesozoic sulfide deposits of the Kirki-
Leptokaria-Essimi area, Thrace, Greece. Questions concerning the probable varia-
tions in the trace element contents of pyrites within an ore deposit are not in
the scope of this study.

GEOLOGICAL SETTING
The analyzed pyrites were c¢ollected from four Tertiary and three Pre-
Mesozoic sulfide deposits (Fig. 1) hosted within the Tertiary volcanosedimentary

Aegean Sea

Rhodope massif

:\i\\*') Profitis Elias Paleozoic or older
®ps | E5Circum Rhodope belt]

Ps A Agios Philippos ESSIMI & o Mesozoic
P1OMi | E]Sedimentary series
Lutetian

DVolcanosedimentary
series, Priabonian

Plutonic rocks
B0l igocene

@Rhyolitic-

%3 %s %o’ % Ces e e e s AKM e s e e s . . rhyodacitic dykes
Figure 1. Simplified geological map of the Kirki-Leptokaria—Essimi area
(Katirtzoglou 1986) and sample location. P1: Priabonian deposit. P2-P4:

Oligocene-Miocene deposits. P5-P7: Pre-Mesozoic deposits. Sample position: Drill
cores (P1, P2, P4, P5), galleries (P3, P7), shafts (P6).
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Table 1. The main features of the investigated sulfide deposits

Sample No.

Locality Main features of the sulfide deposits

P1 sedimentary, stratiform, massive. Py(80%), Ga(5%) & Sph(5%).
M Host rock: metapelite-sandstone (Priabonian).

P2 hydrothermal, disseminated, veinliet - infillings. Py(90%),

Mili Ga(5%) & Sph(5%). Host rock: andesitic porphyry (Priabonian).

P3 hydrothermal, massive, vein type. Py(35%), Cpy(35%), Sph(20%)

Profitis Elias |& Ga(10%). Host rock: metasedimentary (Priabonian).

P4 hydrothermal, massive, vein type. Py(100%). Host rock: metase-
Agios Philippos|dimentary (Priabonian).

P5 reformed post-volcanogenic, stratiform, massive. Cpy(50%),
Profitis Elias |Py(40%), Ga+Sph+Po(10%). Host rock: chlorite schist (Paleo-
zoic or older)

P6 reformed post-volcanogenic, stratiform, massive to dissemina-

Rachi ted. Py(50%) & Cpy(50%). Host rock: amphibolite (Paleozoic
or older).

P7 reformed post-volicanogenic, stratiform, massive. Cpy(90%) &

Eptadendro Py(10%) Host rock: amphibolite (Paleozoic or older).

Cpy=Chaicopyrite, Ga=Galena, Po=Pyrrhotite, Py=Pyrite, Sph=Sphalerite

Table 2. Pyrite composition (in ppm) from the investigated sulfide deposits

Sampie No. P1x P2x P3% P4x P5% P6x PTx
VvV (2)%x% 13 5 <2 3 <2 <2 <2
cr (2) 65 25 10 5 64 12 662
Co (2) 275 103 160 274 408 263 1801
Ni (2) 382 127 100 105 243 60 2047
As(10) 380 315 - 750 220 970 30 241
Nb(10) <10 <10 <10 <10 <10 <10 <10
Mo(10) 20 <10 <10 <10 <10 <10 <10
sn(10) <10 <10 <10 <10 <10 <10 <10
W (10) <10 <10 <10 <10 <10 <19 <10
Co/Ni 0.72 0.81 1.60 2.61 1.68 4.38 0.88

*)Average of 3 analyses. *%)Detection limit. P1-P4=Tertiary, P5-P7=Pre-Mesozoic

formation and the Rhodope metamorphic basement of the Kirki-Leptokaria-Essimi
area. Up to 1970, there was an intense mining activity for some of these sulfide
deposits. The Rhodope metamorphic basement (Paleozoic or older) is overlain by
the Circum Rhodope belt (Mesozoic), represented in the study area by the Makri
and Drimou Melia units. The Rhodope metamorphic basement, the Circum Rhodope
belt and the Tertijary sedimentary formations are intruded by Oligocene plutonic
rocks and crosscut by rhyolitic-rhyodacitic dykes (Katirtzoglou 1986).
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Figure 2. Ni~Co relationships of pyrites from Tertiary & Pre-Mesozoic sulfide
deposits in the Kirki-Leptokaria-Essimi area. Pi=sedimentary (Priabonian), P2~
P4=hydrothermal (0ligocene-Miocene) and P5-P7=reformed post-volcanogenic (Pre~
Mesozoic) deposits.

MATERIALS AND METHODS

Fifteen ore samples (=1 kg each) were collected from drill hole cores, gal-
leries and shafts. Each ore samplie was examined in reflected 1ight microscope.
Point counting (three polished sections) was used to estimate the proportions
of the predominant ore minerals. The main features of the sulfide deposits are
given in Table 1. Details for the Agios Philippos polymetallic ore mineraliza-
tion are given by Vavelidis et al. (1989). The ore material was gently frag-
mented for several times and pyrite was separated under a stereomicroscope.
XRD analyses revealed only pyrite to be present in the separates. The trace
element analyses of the pyrites (Table 2), were performed by Inductively Coupled
Plasma (ICP). An estimation of the purity of the separates was made by determin-
ing elements such as Si, Ca, Mg, Cu, Zn, Pb for each sample. These elements in-
dicate the magnitude of contamination by the gangue minerals as well as by the
chalcopyrite, sphalerite and galena in cases of very small incliusions present in
the pyrite. Hence, six out of the fifteen analyses were excluded due to high
contamination.
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RESULTS AND DISCUSSION

The correlation of the analyzed trace elements in pairs (Co-Cr, Ni-Cr, Cr-
As, Co-As, Ni-As, Ni-Co) showed that no one discrimination exists between the
Tertiary and Pre-Mesozoic suifide deposits. The Co/Ni ratio values in pyrites
were widely used to discriminate between ore forming environments of sulfide
deposits (e.g., Bralia et al. 1979, Mookherjee & Philip 1979, Raiswell & Plant
1980, Duchesne et al. 1983, Xuexin 1984). However, a wide dispersion exists even
in the same-ore type.(e.g.; 0.01-1.0 for sedimentary and 3.5-50 for volcanogenic
pyrites). Reviewing the literature, the Co/Ni ratio values can be broadly sum-
marized as following: the sedimentary pyrites show a Co/Ni ratio approximately
<0.5-0.8, while the volcanogenic ones approximately >5. Between these values
pyrites from different ore types (e.g., reformed, metamorphosed, skarn-
hydrothermal and hydrothermal) can be placed.

The pyrite from the sedimentary Priabonian sulfide deposit shows a Co/Ni
ratio value of 0.72, the hydrothermal 0ligocene-Miocene deposits show a ratio of
0.81-2.61 and the reformed post-volcanogenic Pre-Mesozoic ones of 0.88-4,38.
These Co/Ni ratio values lying between 0.72 and 4.38 are plotted in the 0.5 to 5
field of Fig. 2. That is, there is an inclination of the Co/Ni ratio values
from the sedimentary (P1) and volcanogenic (P5-P7) pyrites towards the inner
field.

The Oligocene to Miocene magmatism was the latest endogenic episode in the
area. The very close vicinity of the magmatic rocks to the older sedimentary and
post-volcanogenic sulfide deposits indicates that the 0ligocene magmatism could
thermally act on the deeper parts of these deposits and more or less change
their textural features. Besides, the released magmatic fluids may have chemi-
cally affected the pre—-existing mineralizations in the area.

Considering the Co/Ni ratio values of the examined pyrites and the absence
of any discrimination between the different sulfide deposits, 1t can be con-
cluded that most probably the latest QOligocene magmatic activity,- ~which -was
responsible for the formation of the hydrothermal sulfide deposits, chemically
affected and/or remobilized the stratiform Priabonian and Pre-Mesozoic ones.
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PARAGENETIC AND FLUID INCLUSION STUDIES OF POLYMETALLIC
MINERALIZATION IN THE PALAEOZOIC RIF NORTH TETOUAN, MOROCCO)

Fkihech, A. & Fenoll Hach-Ali, P.
Dept. de Mineralogia y Petrologia, Universidad de Granada, Granada, Spain

Abstract: Mineral deposits in the region between Sebta and Tetouan
are dominantly hydrothermal veins rich in Co-Ni-As-(Au) and Cu-Pb-Zn-
Sb-Ag. The deposits occur in a NE-SW zone parallel to the thrust
contact between the Ghomarides and Sebtides tectonostratigraphic
units of the internal Rif. Mineralogical and microthermometric
studies suggest a deep origin for the metals, probably related to
ultramafic rocks and migmatites at the base of the Sebtides. The
metals were transported to higher levels in the crust by fluids that
ranged in temperature from as high as 4002C down to 1209C and
deposited the minerals through a paragenetic sequence of five stages.

Introduction and geological setting

Metallic mineralization in the Sebta-Tetouan region (N. Morocco)
consists predominantly of hydrothermal deposits, mainly vein type,
with complex parageneses; some are rich in Co-Ni-As-(Au) and others
in Pb-Zn and/or Cu-Sb-Ag.

From a structural point of view (Fig.l), the region 1is

4

Fig.1: Geology and location of ore deposits in the Sebtides and Ghomarides tectonostratigraphic umits, North Tetouan,
Morocco.Sebtides: (1) Monte Hacho gneiss and serpentinite; (2) Beni-Mzala unit~ schist (Permian), quartzite (Scythian),
marble and dolomite (Anisian?); (3) Bouquette d'Anjera unit— schist (Permien), sandstone (Scythian), massive dolomite
(Anisian); (4) Tizgarine unit~ greywacke schist (Permien), quartzite (Scythian), massive calcareous dolomite (Anisian).
Ghomarides: Akaili unit— (5) greywacke schist (Silurian), (6) highly deformed limestone (Devonian), (7) flysch
(Carboniferous), (8) sandstone and conglomerate (Permo~-Triassic); Koudiat-Tizian unit- (9) pelitic greywacke flysch
(Devono-Carboniferous), (10) sandstone and conglomerate (Permo-Triassic); (11) Beni~Hozmar unit- “flysch”
(Devono-Carboniferous), sandstone and conglomerate (Permo~Triassic). Ore deposits: T) Hriyech; II) Ain-Jir; II) Ain-
Gharnog and Kurb-Fl-Hudoud; IV) Haidra; V) Beni-Mzala district.
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characterized by the superposition of two large tectonostratigraphic
units, known (from lower to upper) as the Sebtides and Ghomarides,
of Devono-Carboniferous to Anisian and Silurian to Permo-Triassic
age, respectively. The Sebtides consist of a metapelitic sequence
showing a decrease in metamorphic grade from the muscovite-biotite-
kyanite or staurolite-andalusite schists and gquartzites of the
lower, or Beni-Mzala, unit to the phyllites of the upper, or
Tizgarine, unit. The Ghomarides are comprised of three superposed
thrust sheets known, from lower to upper, as the Akaili, Koudiat-
Tizian and Beni-~Hozmar units. These consist of various alternating
sequences of limestones, sandstones and shales or phyllites of very
low metamorphic grade (Chalouan,i%86; Ouzzani,1986). The thrusting
of the Ghomarides over the Sebtides took place during the Oligo-
Miocene, and the thrust surfaces may also have acted as faults in a
complex regional extension regime &after the Burdigalian (Garcia-
Duefias et al., 1990). The Alpine metamorphism that affected the
contact between the Sebtides and Ghomarides has been dated at 22 Ma
by K/Ar methods (Ouazani, 1986).

The mineral deposits are mainly located in a zone close to, and
parallel with, the thrust contact between the Ghomarides and the
Sebtides, in a NE~SW direction. The region has also been affected by
later E~W faults.The majority of the deposits (Ain-Gharnoq, Kurb-El
Hudoud, Haidra, and Beni-Mzala) occur in rocks of Devonian or
Carboniferous age within the Akaili unit of the Ghomarides. However,
the Hriyech deposit is located in a structurally lower position, in
phyllites of the Tizgarine unit of the Sebtides, and the Ain-Jir
prospect is a special case in that it occurs in rocks representing
a much high structural position, the Devonian XKoudiat-Tizian unit of
the Ghomarides.

Mineralogy and fluid inclusions

On the basis of the mineral a&assemblages and mineral
compositions, 5 types of mineral deposits can be recognized:

Type-1 : Cu-Sb-As-Co-Ni (Hriyech deposit).

: Cu~-Pb-Zn-As~Ni-(Co) (Ain-Jir prospect).

Type-I1I1: Cu-Pb-Zn (Ain-Gharnoq and Kurb-El Hudoud
deposits).
Pb-Zn-Cu~Sb-~Ag (Haidra deposits).
Sb~As-(Au) (Beni-Mzala deposits, Fnidek district).

3
3
¢
<

From mineralogical and textural studies of the different mineral
associations, a generalized paragenetic sequence for the deposits has
been established (Fig.2) for these deposits. The first stage is
characterized by the presence of pyrite and minor chalcopyrite in all
5 types of deposits, accompanied by.gersdorffite and cobaltite in
types I and II and by Au-bearing arsenopyrite in type V. The second
stage is represented by chalcopyrite, sphalerite and galena in types
11, II11 and IV, and by bornite in type II only. During the third
stage, silver-poor tetrahedrite was deposited in types I and II, and
bournonite and ullmannite in type I. Silver-rich sulphosalts (Ag-
tetrahedrite, freibergite and pyrargyrite) characterize the fourth
stage, but are found only in deposits of type IV. The final stage of
mineralization is represented exclusively by the presence of stibnite
in type V deposits.

Preliminary investigations have been made of chlorites
associated with mineralization of types I and III. Temperatures
calculated from microprobe analyse of chlorite associated with quartz
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and pyrite, according to the 6-component solid solution model of
Walshe (1986), range from 200° to 400°C for both types of deposits.
More detailed studies are in progress.

DEPOSIT MINERAL STAGE 1 | STAGE 2 | STAGE 3 | STAGE 4 | STAGE §
TYPES ASSOCIATION

All types Pyrite ————
Chalcopyrite -

Cobaltite - me——
Gersdorffite

Au-Arsenopyrite :
Chalcopyrite t —
Sphalerite -
Galena —
Bornite - —

v
=B =]

bt
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234

D
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Tetrahedrite egp——

Bournonite P W
Ulimannite

Boulangerite
Ag-Tetrahedrite anaarmueay
Freibergite —
Pyrargyrite — So—

<2227

Stibnite . P ———

Figure 2: Paragenetic sequence of mineral deposition for .dcposit types (scc text)

Fluid inclusion studies of quartz, calcite and fluorite
demonstrate two intervals of homogenisation temperatures (viz. 120°-
140°C and 230°-250°C) for 4 types of deposits. Where data were
obtained on 2 minerals from the same deposit (Table 1), these
temperature ranges were observed in both minerals. A third

Table 1. Fluid inclusion data (* indicates smaller number of mcasuremeﬁts)

Deposit {type)| Minerals | wt% NacCl equiv. TC
120 - 140
HRIYECH U] quartz 2-8 230 - 250
370 - 380 *
quartz 110 -130
AIN GHARNOQ (i) + 4-85
calcite 220 - 240
quartz 120 - 140
HAIDRA {v) + 6-14
fluorite 210-230*
120 - 140
BENI MEZALA '\ quartz 14-23 240 - 250
330 - 350

temperature interval (300°- 400°C) was detected only in the Beni-Mzala
(type V) and Hriyech (type 1) deposits. The fluid inclusions show a
large range in salinity, from 2-8 wt% NaCl equivalent in the Hriyech
deposit (type I), 4-8.5 wt% in the Ain-Gharnoqg deposit (type 11I),
and 6-14 wt% in the Haidra deposits (type IV), to 14-23 wt% in the
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Beni-Mzala deposits (type V). Fluid inclusions suitable for
microthermometric measurements were not found in the samples from the
Ain-Jir prospect (type II).

Conclusions

The presence of mineralization rich in Co-Ni-As-(Au) as well as
assemblages of Cu-Pb-Zn-Sb-Ag minerals, in some cases in the same
deposits, suggests a deep origin for the metals, possibly related to
ultramafic rocks and migmatites located at the base of the Sebtides.
The thrust surface between the Ghomarides and Sebtides
tectonstratigraphic units may have played a role in deep circulation
of the fluids, as well as their subsequent migration to higher
levels, especially during the post-Burdigalian extensional tectonic
phase.

During their migration towards the surface, the fluids may have
undergone temporal and spatial evolution, as can be seen from the
fluids inclusion data:

(1) Although not yet complete, the fluid inclusion study
suggests a variation in temperature of formation between the
different stages of mineralization (Table 1l; Fig.2). The high
temperature interval (300°-400°C) may correspond to stage 1 of the
paragenetic sequence, the second interval (230°-250°C) to stages 2 and
3, and the low temperature interval (120°-140°C) to stages 4 and 5.

The preliminary temperature data for chlorite associated with
the mineralization in deposits of types I and II1I are in agreement
with this interpretation of the fluid inclusion data, in that a
temperature range of 200°-400°C is indicated for stages 1 to 3 of the
paragenesis (see Fig.2).

(2) The large variation in salinity of the fluids between
deposits (Table 1), with values ranging from 2-8 wt% NaCl equivalent
for the Hriyech deposit (type I) to 14-23 wt%¥ for the Beni-Mzala
deposit (type V) (Table 1), also reflects a temporal and spatial
evolution.
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Abstract. The emerald deposits of Colombia are related to huge hydrothermal
fluid infiltration vein networks which develop an intense sodium and carbonate
metasomatic halo within the enclosing black shales. Leaching of major (K,Al,
8i,Ti,Mg,P), trace (Ba,Be,Cr,Rb, Sc,U,V,B,C) and REE elements from black shales
is accompanied by their partial redistribution as in-filling vein-system
minerals. Oxygen isotope geochemistry of the hydrothermal carbonates and quartz
indicates a strong enrichment in 5180 of the waters in equilibrium with the
mineralization (+10 <§180 H20< +18%o), wHich correspond to metamorphic or basinal
formation waters. The proposed model of emerald genesis involves a local
sedimentary origin for beryllium and a metamorphic origin for the fluids.

INTRODUCTION

The emerald mineralization of Colombia consists of carbonate-pyrite
breccia, veins, veinlets and pockets which are hosted by Lower Cretaceous black
shales (BS). The ore formation 1is complex and involves a multiple stage
process by the way of moderate temperature (300°%) fluid transfers through the
sedimentary pile at 32-38 Ma (Cheilletz et al., 1993) without magmatic
manifestation. The origin of the mineralizing fluids and the source of
beryllium has been long time debated. A strong convergence appears concerning
the removal of beryllium from the hosting~BS (Beus, 1979; Kozlowski et al.,
1988; Giuliani et al., 1990a; Ottaway and Wicks, 1991) but not yet proved.

The purpose of this paper is to add new geological and geochemical
constraints to the emerald-forming process, particularly concerning the
behaviour of major, trace and rare earth elements (REE) during fluid-rock
interactions and to discuss the probable origin of the hydrothermal fluids
through O-isotope geochemistry of gangue minerals as quartz and carbonates.

GEOLOGICAL SETTING

The Colombian emerald deposits are located within two narrow belts of the
eastern Cordillera Lower Cretaceous sedimentary formations. The eastern belt
includes the mining districts of Gachald and Chivor, and the western belt, the
districts of Coscuez, Muzo and La Palma-Yacopi. The mineralization is hosted by
breccias, shear faults and tension gashes with hydrofracturing (Giuliani et
al., 1990b) acting as a major process of the fracture-system development. The
hydrothermal £luid circulation is accompanied by an intense fluid-rock
interaction and metasomatic alterations of the enclosing BS (Baker, 1975; Beus,
1979; Giuliani et al., 1990b) consisting in carbonatization, albitization and
pyritisation halos developed around the emerald-bearing carbonate vein network.
The carbonate and pyrite infilling of the vein system has been divided into
three successive stages: (I) white fibrous calcite with cubic pyrite, albite
and green micas, (II) rhomboedral-white to grey calcite or dolomite with cubic
or dodecaedric pyrite, albite and quartz, (III) REE-dolomite, pyritohedral or
dodocaedral pyrite, quartz, fluorite, parisite (in Muzo district). Stage III
represents the main productive emerald period.

NEW GEOCHEMICAIL DATA

Microscopic and X-Ray diffraction studies reveal that the BS around the
mineralized zones have undergone strong carbonatization and albitization. The
albitized BS (Ab BS) are composed mainly by albite (45 to 92% of the rock),
micas (up to 20%), quartz (up to 19%) and pyrite (up to 10%). The calcitized BS
(Ab-Ca BS) are composed by calcite and/or dolomite (5 to 55%), albite (25 to 45
%), quartz (5 to 48%) and pyrite (up to 10%). The spatial relationships between
Ab BS {albitites) and Ab-Ca BS is wunknown, however, the stage of
carbonatization appears evidently well developed around the carbonated breccia
and vein systems.
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Representative rock-types of several deposits from the different mining
districts were chemically analyzed Dby ICP spectrography at the CRPG
(Vandoeuvre). The diagram Al/3-K versus Al/3-Na (Fig.la) underlines the
albitization and carbonatization trends of the BS. Breccia lies on the albite-
carbonate joint confirming that albite is still precipitating with carbonates
during the main ore-forming process. A geochemical major and trace elements
profile realized through the mining gallery from El1 Toro (Gachalad district,
Fig.2) shows that albitization is well developed in the immediate outer zone
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(G4) of an emerald-free calcite vein (G6). In G4 zone, the increase in Na is
acompanied by decreases of K, Al, Ti, Si, Mg and P from the BS (density BS=
2.45; ds Na-Ca BS= 2.44); G5 shows an increase of Ca and Mg relatively to G4.
Comparison of trace elements distribution in the BS and within G4 and G5 zones
(Fig 2), evidences an intense leaching of almost all trace elements from the BS
with huge depletion in Ba,Be,Cr,Rb,$¢c,U,V,B,Th and organic carbon. These
observations can be generalized to the other emerald deposits (Giuliani et al.,
1990a) with particular emphasis of the progressive leaching of Be at the same
time as the BS metasomatic albitization (Fig.lb).

The REE behaviour during the fluid-rock interactions and the development
of the metasomatic alteration halos has been particularly emphasized. The shape
of the REE patterns of the Ab-Ca and Ab BS looks like those of BS. However,
they are depleted in light REE (LREE), especially Ce and Nd. The REE patterns
of the vein-filling minerals show (Fig.3): (1) calcite from stage II is LREE

1000000 T
100000 +
=% Parisile
10000 +
—0-—— fluorite
1000 T e Calcite I

100 + ———O— Emerald

—* " dolomite

Mineral/Chondrites

— 2 BS Figure 3. REE patterns of vein-
filling minerals associated to the
stage III of a emerald-bearing

+ + + carbdnate vein from Quipama mine
5 8 2 g @4 8 & @ £ 3 (Cincho workings, Muzo District).

depleted relative to the BS. This behaviour is typical of calcite and dolomite
from stages I and II of the whole deposits. It indicates that the solutions
must have been initially LREE depleted, considering that fractionation of REE
between calcite and brine is low (Graf, 1988); (2) the parisite deposition in
the coeval association of parisite, fluorite, dolomite and emerald (stage III),
provokes the depletion of YREE and LREE in the fluid. In consequence, emerald
and fluorite have the same Eu anomaly as parisite (Eu/Eu*= 0.30) but are both
LREE depleted. Besides, fluorite is HREE enriched meanwhile emerald shows
exactly the opposite pattern. Dolomite and emerald present, excepted for the Eu
anomaly (Eu/Eu*dolomite~ 0-.65) and their total REE concentrations, the same
pattern, especially concerning the LREE.

1804165 1SOTOPIC GEOCHEMISTRY
Oxygen isotope studies of quartz and carbonates associated with emerald
from Cincho, Coscuez, Yacopi, Tequendama and Chivor mines were realized at the

CRPG (Giuliani et al., 1992). The data show a strong enrichment in 18g (Fig.4) .
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The 8180 from the different types of carbonates varies over a range of 2.2%. for
the all of the samples and appears more variable for quartz (4%e). The waters in

equilibrium with the mineralization are generally enriched in 180 (+10% < 8180

< +18%.) for a temperature of formation estimated at 300°C. The calculated 8180
HoO for the different deposits yield values of metamorphic waters or basinal

formation waters. In contrast, the 5180 HoO are higher than the values measured

in such waters (T<150°C) and imply that the 5180 is controlled by the low-
temperature sedimentary origin of the metasediments. Following these results,
the origin of the fluids can be considered as metamorphic.

CONCLUSIONS

The emerald deposits of Colombia are characterized by a strong fluid-rock
interaction process leading to sodium and carbonate metasomatism of enclosing
BS which conversely are leached in major, trace and REE elements, redeposited
as in-filling vein minerals. The depletion in Al,Si,Be,Cr and V particularly
evidences a wall-rock BS source for these elements recovered within the
crystallochemical structure of emerald in the vein system. Therefore, a model
based on a local sedimentary origin for Be can be proposed for the genesis of
emerald. The origin of the hydrothermal fluids responsible of cationic
transfers has been approached by oxygen isotopic measurements. The calculated

8180 H,0 for carbonates and quartz indicate values of metamorphic or basinal
formation waters. Considering the 300°C temperature of emerald formation, these

fluids are considered to be of metamorphic origin with high 5180 values being
controlled by the low temperature sedimentary origin of the metasediments.
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MINERALOGY AND GEOCHEMISTRY OF THE KERCH OOLITIC IRON ORES

Golubovskaya, E.V.
Geological Inst., Russian Academy of Sciences, Moscow, Russia

Abstract. Essentially new characteristics have been proposed for the
silicates of the iron ores of the Kerch deposits. The chief mineral
phase is thrioctachedral Fel*-smectite, which get transformation by
the contact with air oxygen to dioctachedral smectite.Geochemical
specification of principal components has been defined.

The mineralogy and genesis of Kerch iron ores have been studied
for many years by different scientists. However, no commonly
accepted theory on the origin and mineral composition of these ores
has emerged. Recently, the Geological Institute of the Academy of
Sciences of Russia developed a new approach of the study of natural
entities, geomineralogy, which is based on a comprehensive
investigation of natural objects. It includes a description of the
general "geological situation” 1in terms of geologic formations and
facies, as a background for describing the material composition of
rocks, the paragenetic mineral associations, and fine structural and
crystallochemical investigations of the main minerals, whose
indicator characteristics may reflect the rock formation and
alteration history and geochemistry. 1In the present study this
methodology is applied to iron ore deposits.

The Kerch 1iron ore deposits 1in the eastern part of Kerch
Peninsula are an element of the extensive Niogene (Kimmerian) Azov-
Black Sea 1iron ore province. Tectonically, the basin 1is connected
with the Indol-Kuban trough, formed during the Neogene along the
perimeter of the meganticlinorium of the Greater Caucasus and the
Crimean Mountains, and along the Kerch-Taman subsidence region
separating these two Alpaine structures. Ore horizons confin to the
Middle Pliocene-Kimmerian.Kerch ore deposits are associated with
large brachysynclinal folds and concentrate most of the commercial
reserves of the basin. These are ore bodies occurring
subhorizontally with dip angles of 1-3°, 1less often 5-7°. Three
types of ore are distinguished by tradition - tobacco, brown, and
caviar -~ each with a different morphology, chemistry, and
mineralogy. Tobacco ores occur at the base of ore horizon. They are
found disconformably on sand-clay coguina of a Pontian age, or
conformally on Lower Kimmerian clays 1in central most subside parts
of troughs at depths of 30-50 m. The contacts of tobacco ores with
underlying rocks are sharp. Brown ores rim margins of troughs as
strips and cover tobacco ores in isolated locations. They vary 1in
thickness from 3 to 25 m. Caviar ores are found on the sides of
troughs as lenses at the top of the ore bed. Toward the central
parts of troughs they wedge out and are succeeded by brown
varieties. The thickness cf these ores is 5-12 m. The oolitic iron
ores 1in Neogene Kerch deposits have been apprcocached 1in the
integrated studies. New facies have been established for all types
of ores. Tobaccc cres were Tformed 1in silt depressions in which
different components accumulated mechanically (in idron reducing
conditions ): from oolites and exotic inclusions to the colloid
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silico-ferruginous mass (at present the cement of ares). All above
cited components got 1into depressions by various means. The brown
ores are a polyfacies complex. The main role 1is played by the
deposits of high~energy environments, submarine barriers and bars,
in which oolitic sands were accumulated, and subfacies of
ferruginous beachrocks formed at the interface of the subaquatic and
subaerial environments, under the influence of ferruginous solution
on the organic sandy clays accumulation. The caviare ores, on the
whole, are the deposits of nearshore sandy fields, at times and in
places flooded by water. The regression evolution of the Kerch iron
ores basin has been shown to refilect the change of facies from

marginal (silt depression) to nearshore to subaerial. These
modifications of facies are reflected by the definite position of
various genetic types of ores 1in this row. The original

sedimentological model was suggested for the Kerch deposits. The
indicator minerals were determined and mineral associations
systematized for the main facies-genetic tvypes of ores. The tobacco
ores have the following series of characteristic minerals:Fel2t-Fe3+-

allophane, trioctahedral Felt-smectite, anapaite, vivianite,
olygonite, and pyrite. The brown ores: dioctahedral smectite
{nontronite and Fe-Al-beidellite), berthierine, Fe3+—a11ophane,

hydrogoethite, oxides of manganese, siderite and alsoc the group of
phosphates: mitridatite, picite, kerchenite, bosphorite. The caviare
ores: dioctahedral smectites (nontronite, Fe~-Al-beidellite),
hydrogoethite, oxides of manganese (bernessite, todorokite,
vernadite) in the cement and clastics of ores, and rhodochrosite.
New characteristics have been proposed for the silicates of the
tobacco ores of these deposits. We disagree with the wide spread
view-point about the main role of chlorite minerals in the Kerch
ores. The chief mineral phase is the trioctahedral Fe-smectite,
which was altered by its contact with air oxygen to the dioctahedral
smectite.

We should note that F92+—containing trioctahedral smectite has
been discovered 1in sedimentary diron ore deposites for the first
time. It exists due to the presence of organic matter, which creates
a reductive environment and functions as a sort of buffer,shielding
Fe2t from oxidation. The existence of this smectite in tobacco ore
was established by applying, for the first time, specimen
conservation in argon during field sampling. Argon creates an inert
medium and prevents the rock from oxidation. The nature of the
organic matter, the forms in which it is found, and the causes of
the reductive setting {for Fe2+} in fossil condition are subjects
for future study, but it is possible that these factors {as well as
the presence of organics in the interlayer space of smectites} are
associated with the influx of hydrocarbon gases, since the ijron ore
deposits are situated in an area of o0il1 and gas shows and mud
volcanos.

Differential analysis has been performed indicating the chemical
minor elements distribution 1in different facies types. Geochemical

specification of principal components has been defined. In all the

above types, phosphorus, arsenic, lead and zinc have been shown to
directly correlate with iron, and cobalt - with manganese.

The matrix in all ores types shown an average contents of all
elements which is approaching the clarke value.Tobacco ores for-ming
in silt basins show higher phosphorus, arsenic, lead and co-balt
contents; caviare and brown ores accumulating 1in the nearshore
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contain more nickel, manganese and rare earth elements (yttrium,
ytterbium).

A1l types of ore oolites enriched by phosphorus, arsenic, lead,

zinc, molybdenum and poor 1in vanadium, chromium and nickel. The
clarkes of concentrations of titanium and gallium are always less
than 1; their average value is 0,4. However, the oolites present in
brown and caviare ores are generally enriched by manganese and iron,
while 1in fragments of clay-ferruginous rocks of these ores are
enriched by vanadium, titanium and gallium.
Hence, the geochemical characteristics may reflect the facies-genetic
environments through the contents and specific distribution of minor
elements. Substantial differences existing in geochemical
specialization of brown and caviare ores dc not allow us to agree
with the wide spread concept of their formation and to treat them as
the products of tobacco ores alteration to accompany their
oxijdation.

Tsipursky,S.I1.& Golubovskaya, E.V. 19838. Smectites of the tobacco
ores of the Kerch deposits. Litologiya i Polezn. iskop.,
2:58-73.
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ABSTRACT: The Zn-Pb (Cu, Fe, Sb, Hg and F) mineralization in the SE part of the Picos de
Europa consists of epigenetic carbonate~hosted deposits formed from moderate temperature
hydrothermal fluids. The occurrence of the deposits is controlled by an association with faults
and dolostones. Stable isotope data suggest that the mineralizing fluids were derived from
formation waters of the sediments of the Pisuerga—Carrién region and that the sulphur was of
crustal origin. In the Permian, possibly during an extension tectonic phase, these fluids migrated
through late—~Hercynian fractures to deposit the mineralization in the Picos de Europa region.

GEOLOGICAL SETTING

The Cantabrian Zone, described by Lotze (1945), has been subdivided into 5 structural regions by
Julivert (1971). The mineral deposits included in this study are located in the Picos de Europa
region, near the overthrust boundary with the Pisuerga—Carrion region. The stratigraphic
sequence consists of several units made up mainly of Carboniferous limestones. These units were
repeatedly thrust faulted, so that the region has an overall imbricated structure. Another
important tectonic feature is the late—Hercynian subvertical fault system which strikes N105-
120E and gave rise to the block tectonics in the area. A process of dolomitization, affecting large
volumes of rock of the lower structural units and smaller volumes of upper units, preceded the
formation of the Zn-Pb deposits (Gémez-Fernandez, 1992).

MINERALIZATION

Zn-Pb (Cu, Fe, Sb, Hg and F) mineralization in the SE part of the Picos de Europa is represented
by a large number of mines and smaller occurrences, the most important being the Aliva and
Andara mines. These are relatively small carbonate-hosted deposits (the Aliva mine produced
600,000 tons of ore at an average grade of 13% Zn and 2% Pb) showing many similarities to
those of the Mississippi Valley and the Irish types. The mineralized bodies are located close to
late—Hercynian faults, generally on the southern side of the principal faults that affect both the
Caliza de Montafia and the Picos de Europa Formations. The geometry of the mineralized bodies
is controlled by the presence not only of fractures but also of dolostones.

Two types of mineralization have been observed in most of the deposits. Type I mineralization
consists of granular sphalerite, galena, dolomite and calcite, with minor amounts of chalcopyrite,
tetrahedrite and pyrite. This mineralization has granular, laminated and botryoidal textures. Type
I mineralization is characterized by yellow sphalerite, with galena and calcite and minor amounts
of dolomite, pyrite and quartz. Large crystals of type II sphalerite and galena are quite common.
Associated with this type of mineralization is fluorite that was deposited at a later stage. The
mineralization of both types is accompanied by graphitic matter, as well as sericite,
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microcrystalline quartz and carbonate minerals that were formed as a result of hydrothermal
alteration of the host carbonate rocks.

Type Ii mineralization post—dated type I and the two types essentially represent the two principal
depositional phases shown in Figure 1. Following these two phases, late stage dolomite, calcite,
galena, pyrite and fluorite were deposited, and subsequently hydrozincite, azurite, malachite,
chalcocite, aurichalcite, cinnabar and Fe oxides were formed by supergene alteration.
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Figure 1. General paragenesis of the deposits.

GEOCHEMISTRY
Fluid Inclusions

A study has been made of fluid inclusions in minerals from Aliva (sphalerite I, dolomite I,
sphalerite II, calcite II and fluorite) and Andara (sphalerite II). Microthermometric measurements
and X-ray microanalysis of frozen inclusions show that the trapped fluids belong to the HyO-
NaCl system, with low concentrations of other salts in solution. The inclusions show the
following phase changes: Tn= -50° to -75°C, Te= ~45° to -55°C, Tm ice= —-4° to -21.3°C, and
Th= 80° to 175°C. Taking into account field evidence and the mean value for the mineralizing
solution (Th= 150°C and salinity = 15 wt.% eq. NaCl), the minimum temperature corrections due
to hydrostatic and lithostatic pressures would be between 20° and 50°C, respectively. Hence, a
minimum temperature of formation of between 170° and 200°C is indicated for the sulphide and
carbonate minerals of the two types of mineralization in the Aliva deposit, whereas the fluorite
would have precipitated at lower temperatures (Th range between 80° and 145°C).
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Rare Earth Elements

Analyses of rare earth elements in carbonates of the Aliva mine show that both the carbonate
rocks hosting the mineralization and the gangue carbonate minerals within the mineralization
have similar Yb/La and Yb/Ca ratios, and plot within or near the field for hydrothermal
carbonates in the diagram of Parekh and Moller (1977).

Stable Isotopes

d13Cppp values of the host carbonates of the Aliva mine vary from 2.7 to 5.5 per mil and
8180gpow values vary from 13.9 to 22.6 per mil. These 8180 values are considerably lower than
those expected for sedimentary carbonate rocks of Carboniferous age (Veizer and Hoefs, 1976).

Carbon and oxygen isotope analyses have also been made of gangue carbonates, as well as
sulphur isotope analyses of sulphides from several deposits. The gangue carbonates have
813Cppp values between 1.0 and 2.9 per mil and §180gy ow values between 11.5 and 16.2 per
mil. 834S values of sphalerite and galena range from -9.3 to 12.9 to per mil for type I and from
~4.8 t0 4.2 for type II. For each deposit sampled, the mean 834S values of type II sphalerite and
galena are lighter than those of type L

DISCUSSION

By consideration of the geochemical data together with information provided by the paragenesis,
the formation conditions of mineralization in the Aliva mine can be deduced. Taking the mean
temperature for deposition for both types of mineralization as 170°C, a relatively low pH for the
fluid (approximately 4.3 +1) is indicated by the presence of sericite as a wallrock alteration
product associated with both types. The iron contents of sphalerite indicate little variation in
oxygen fugacity during deposition of each type (log fO; approximately —47 to —46).

Under these conditions the variation in sulphur isotope composition between the two generations
of mineralization cannot be explained on the basis of a fluid with constant 834S undergoing
changes in oxidation state and/or pH. On the contrary, it is apparent that 534Sﬂuid was very
different during the two mineralization phases, whereas fO) and pH conditions were relatively
constant. According to the fractionation data of Ohmoto and Rye (1979), 834Sg,q for the Aliva
deposit would have been approximately 12 per mil during deposition of type I mineralization and
approximately —0.5 per mil during deposition of type Il mineralization.

The field and isotopic evidence points to a crustal origin of the mineralizing fluids, there being no
evidence of involvement of magmatic fluids. The oxygen and carbon isotope data are in
accordance with the fluids having been derived from formation waters of the sediments of the
Pisuerga—Carrién region. It is probable that during the Permian, coinciding with the development
of extension tectonics, these fluids migrated to the Picos de Europa region, ascending by way of
fractures that had originated at the end of the Hercynian orogeny. During their migration to,
and/or at, the site of deposition the fluids could have become enriched in isotopicaily light
sulphur as a result of contact with biogenic sulphur (in the form of pyrite or H,S) in organic
limestone. The lower mean 834S value of type II mineralization, compared to type I, could be a
consequence of greater interaction between the type II fluid and the host rocks.
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The 813C and 8180 data of the host carbonates demonstrate that the wallrocks underwent isotope
exchange, apparently during hydrothermal activity related to ore deposition. This is further
supported by the fact that the Aliva deposit host carbonates have Yb/La and Yb/Ca relations
similar to those expected for hydrothermal carbonates. In Aliva, the isotopic alteration is evident
not only in the proximity of the mineralization but also over a relatively large area.
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ABSTRACT: Podiform chromitite deposits displaying a wide variety of both formational and post-formational
textures occur within the southern serpentinite belts of southeastern Australia. In the past, these textures have
been ascribed to primary magmatism and/or secondary tectonism. However, the formational textures within these
deposits are here ascribed to the metasomatic replacement of olivine (in the dunitic host rock ) by chromite. The
post-formational textures reflect fracturing under high fluid pressures during substantially later serpentinisation

INTRODUCTION

The origin of podiform chromitite in alpine-type ultramafic bodies is still disputed (e.g.
Lago er al. 1982, Johan 1986). The textures are ambiguous with many of the same textures
being interpreted in terms of primary magmatism (Leblanc 1980) and secondary tectonism
(Gates 1991). In the present paper, we describe and genetically interpret chromitite textures
from podiform chromitite deposits from the southern serpentinite belts of NSW,
southeastern Australia.

The serpentinite belts are sub-vertical, alpine-type ultramafic bodies lying within an early
to middle Palaeozoic fold belt - the Lachlan Fold Belt (LFB) - and outcropping over a total
linear distance of 230km. The belts are individually up to 1.2km in width and S6km in length
(Franklin ef al. 1992). The longest belt is known as the Coolac Serpentinite Belt (CSB). The
ultramafic belts are composed of variably serpentinised, metamorphosed and deformed
peridotite. Structural features include gross lithological and meso-scale mineral layering,
fibre-vein foliations and S-C dominated shear zone fabrics.

THE CHROMITITE DEPOSITS

Textural analysis is mainly based on the well-exposed Mount Lightning Adit (MLA) and
Quilter’s Open-Cut (QOC) deposits (both within the CSB). The MLA chromitite has a thin
(0.5 to 2m), essentially unfoliated, dunitic halo which is enclosed within a zone
(approximately Sm thick) of schistose harzburgite. At the QOC deposit the podiform .
chromitite bodies are enclosed within a zone of schistose dunitic serpentinite which is
approximately 4m thick. The serpentinite contains diffuse-margined cores of partially
serpentinised, altered, massive pseudoporphyritic harzburgite. Both bodies are tabulate and
dip shallowly (20° NW) whereas the enclosing harzburgite body is vertical to steeply dipping
(60 WSW) and its internal primary layering (defined by varying proportions of olivine and
orthopyroxene) dips 60° ENE (Graham et al. 1991a).

Fracture-fill minerals within the chromitites consist of lizardite, chrysotile, talc, magnesite,
ferritchromit, awaruite, nickel sulphides, chromian clinochlore and within the MLA deposit,
uvarovite garnet (Graham & Colchester in preparation).

TEXTURAL STUDIES

The chromitites display a wide variety of formational and post-formational textures. The
relative degrees of development of both textural groupings varies from the margin (where
dissemninated chromitite occurs) to the core of the bodies (where massive polycrystalline
chromitite occurs). It also varies as a function of the size of the bodies, this particularly
impacting on the intensity of post-formational fracturing. These spatial distributions have
bearing on the interpretation of the textures.

Meso-scale observations
(a) MLA deposit i
The following progression from margin to core is observed: disseminated chromitite

(containing up to 20% chromite), nodular chromitite (containing between 20 and 60%

chromite) and massive polycrystalline chromitite (containing more than 60% chromite).
Disseminated chromitite consists of cuspate or lobate anhedral chromite grains (<1mm to

10mm in size), with rare clots (up to Smm in diameter) comprising aggregates of smaller

chromite grains within a matrix of alumian lizardite and chrysotile 2M. Some of the chromite
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grains have hollow cores. Other forms of dissemination include trains of elongate chromite
grains which define planar and linear preferred orientations, and layering defined by
chromite-poor and chromite-rich bands of variable grainsize.

Nodular chromitite consists of hollow, angular to sub-rounded, equant to elongate
ellipsoidal chromite grains within a matrix of serpentine. The nodules range in size from less
than 1mm in diameter to 7mm but the average grainsize is some 3-4mm. The nodules are
evenly and closely spaced (usually less than 2mm).

Massive polycrystalline chromitite consists of highly fractured, subrounded chromite
nodules ranging in diameter from 1mm to 7mm. The nodules are closely packed with less
than 5% internodular space infilled with serpentine.

Post-formational features range from discrete fractures to intense brecciation. The amount
of dilation is very small (from 0.5mm down to resolution limits) and they lack significant
shear components.

(b) QOC deposit

Whereas formational features are well preserved in the MLA deposit, the QOC deposit is
dominated by post-formational deformation textures. This is ascribed to the QOC chromitite
forming small, easily disrupted lenses within sheared (S-C fabric foliation) dunite.

Formational textures which are preserved include "vein-like" bodies (up to 400mm in
length and 100mm in width, but with highly variable widths over short distances) comprising
aggregates of highly fractured and brecciated angular chromite grains up to 2mm in
diameter.

The dominant formational texture within this deposit was probably massive polycrystalline
chromitite and the dominant post-formational effect has been to turn this into a compact,
cohesive crush microbreccia (Sibson 1977) consisting of highly angular, equant, fractured.
chromite grains up to 1lmm in diameter. The contact between this massive chromitite and the
host rock carries slickenlines.

Micro-scale observations -
(a) MLA deposit

Formational textures comprise poor to well-developed chromite-olivine pseudo net texture
progressing into poor to well-developed massive polycrystalline chromitite. This reflects the
increasing chromite/olivine ratio from disseminated chromitite to massive polycrystalline
chromitite at meso-scale.

Olivine inclusions (ranging in size from 100 microns to 0.1mm) in the chromite are ovoid in
shape, well-rounded and usually contain tiny (<2 microns) inclusions of nickel sulphides.
Both single and multiple ovoid-shaped serpentine pseudomorphs of olivine (of a similar size
to the olivine inclusions) occur within the chromitites.

Post-formational textures comprise fracturing and replacement relationships. Fracturing is
systematic and consists of an orthogonal pair; one striking parallel to the long axis of the
orebody. The fractures have large aspect ratios (> 1000) in that they have lengths greater
than 10mm and widths less than 0.00lmm. Cataclasis is apparent where the fractures
intersect. In the breccia and along the main fractures, pre-fracture grain boundaries can be
matched across the fractures. This is consistent with no rotation of fragments and negligible
shear components.

In elongate chromite grains, one fracture of the orthogonal pair parallels the elongation
direction. Also, trails ofg fine-grained, euhedral magnetite grains parallel the elongation
direction. Ferritchromit replaces primary chromite along the fractures which are commonly
filled by chrysotile, talc, magnesite and secondary nickel sulphides which themselves replace
earlier-formed secondary phases such as chrysotile (in fact, the long axes of the nickel
sulph)ide grains is normal to the chrysotile vein fibres which are perpendicular to the vein
walls).

(b) QOC deposit

The dominant micro-textures within the QOC deposit are of post-formational origin. The
chromitites can be described as crush microbreccias with fragments ranging in size from
1mm down to sub-micron size. The angular chromite fragments have preserved their relative
positions (consistent with dilation without significant rotation). Fracture-related replacement
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of chromite by ferritchromit is common and the main fracture-fill mineralogy consists of
chrysotile, ferritchromit, magnetite and awaruite.

DISCUSSION AND INTERPRETATIONS
Formational features

Mesoscale disseminated chromitite exhibits poorly developed chromite-olivine pseudo net
texture at microscale. It occupies the marginal portions of the deposits, similar to the GRZH
deposit, New Caledonia, where massive chromitite becomes more disseminated towards the
footwall (Johan 1986). The microtexture could be primary magmatic with concurrent
crystallisation of olivine and chromite. It is alternatively consistent with progressive
replacement of olivine by chromite. Johan (1986), advocated the replacement model and
despite the difficulty of transporting chromite in solution (Graham er al. 1991b), we support
this model, since it best fits the meso and microscale textural observations.

This in turn raises the question of the origin of the olivine (the dunitic host). We again
support metasomatic conversion of harzburgite to dunite (Johan er al. 1983) based on the
presence of diffuse margined harzburgitic residuals (or cores) within the dunite. Leblanc &
Ceuleneer (1992), also indicated a replacement model within the Oman ophiolite where they
suggested that the dunitic host rock of a chromitite dyke was in the solid state before the
chromite-forming fluid flowed through it.

Gates (1991), suggested that linear trails of chromite fragments within the chromite
deposits of the State-Line serpentinite resulted from secondary shear processes. However,
there is no evidence of shearing (such as rotation of fragmented chromite grains) within the
lineated disseminated chromitite of the MLA deposit. These linear trails occur within
"normal” - disseminated chromitite. The MLA texture therefore remains a complex
formational feature of uncertain genesis .

Golding (1975) proposed that the clots of chromite grains within disseminated chromitite
were former polyhedra which were disaggregated by secondary tectonism. There is no
evidence of preferred orientation of the clots or of the surrounding disseminated chromite,
such as would support secondary tectonism. Nor is there any obvious foliation in the
chrysotile-lizardite matrix. The texture in isolation could be primary magmatic, but we would
explain it as a replacement heterogeneity to preserve consistency with the concept of
metasomatic olivine pseudomorphed by chromite.

Olivine inclusions in chromite, hollow cores of chromite , chromite-olivine pseudo net
textures and massive polycrystalline textures are all interpreted in terms of partial to
complete replacement of metasomatic olivine by chromiite.

The diffuse margined chromitite veins are interpreted as having formed from chromite-rich
fluids migrating along fractures within the outer margins of the solid dunite, and
metasomatically replacing the dunite along the fracture walls. Previous explanations have
included dykes of crystal mush, magmatic replacement dykes or inhomogenous magmatic
concentrations. We prefer the metasomatic replacement model above as it best describes the
geometry and textures of the veins but concede that the relationship is still somewhat
ambiguous.

Post-formational textures

Secondary tectonic processes have affected both of the deposits to some degree with the
smallest chromitite pods being the most affected. This is simply because the smaller bodies
will experience a greater stress (as they have smaller surface areas and stress is force/area).
Also, the capacity to transmit stress through a body tends to decrease from the margin to the
core.

Within the MLA deposit, two distinct fracture orientations occur. These two sets of
fractures must have formed concurrently because they are both dilatant, show no offset
effects, have cataclasis at interstices and have the same continuous fracture-fill minerals and
ferritchromit alteration. Minor ductile deformation as evidenced by elongate chromite grains
may belong to the same deformation event as one set of the fractures parallel the elongation
direction of these grains while the other set is perpendicular to it, with both sets of fractures
cutting through the grains. The fine grained magnetite trails that parallel the elongation
direction of these chromite grains may also have formed during this single deformation event
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or soon after it, by the invasion of hydrothermal fluids along the fractures causing partial
dissolution of the chromite and precipitating out chromitiferous magnetite.

The fracturing and brecciation are due to hydraulic fracturing with only minor dilation and
gith little s{}ear displacement. This requires that the fracturing occurred in a regime where

f -S3 >

Secondary tectonism mainly comprises brittle failure concurrent with high fluid pressures
and most probably equates with serpentinisation with fibrous serpentine minerals in the
fracture-fill and fibre axes tracking the extensional opening.

CONCLUSIONS

The chromitite deposits of the CSB and WSB display a wide variety of textures. The
formational textures form an inadequate basis for reaching definitive conclusions regarding
chromitite genesis. However, evidence for the metasomatic origin of the dunite is strong, and
this mitigates against the chromitite being primary magmatic. The chromitite formational
textures have therefore been interpreted in terms of a metasomatic replacement model. This
model is consistent with both meso- and micro-textural observations and best explains the
grading of massive into disseminated chromitite. The most obvious deficiency of the model
lies in the chemistry of chromium; we do not know of any fluid that will transport it over the
distances that would be required, although Johan (1986) believes that it must be a reducing
fluid at a temperature lower than 1050°C.

In applying this model to other podiform chromitite deposits the essential factors are: %1;
the amount of replacement of olivine by chromite from the chromite-forming fluid, and (2
the duration of the ore-forming system. Any change in either of these two factors will result
in a change in the zonation and geometry of the chromitite pods as well as in the formational
textures.
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ABSTRACT: Data on the whole rock composition and Sr isotopic signa-
tures of host rock, ore and water samples from the Schlaining stibnite
deposit (Penninic unit, Eastern Alps) indicate a hydrothermal origin
of the Sb mineralization, related to fluids convecting through faults
of Tertiary age (<19 Ma). The Sb could have been either mobilized by
ascending metamorphic fluids from older Sb mineralizations of Kreuzeck
or Rabant type within equivalents of the Penninic "Untere Schiefer-
hiille", or leached from tectonically overlying Lower Austroalpine unit
and subsequently circulated into greater depth by descending waters.

1) INTRODUCTION

The Schlaining stibnite deposit is known for its high grade ore which
is exceptionally poor in As, Hg and W. It is hosted by Mesozoic
metasedimentary rocks of the Penninic unit, which is exposed in the
tectonic window of Rechnitz (Burgenland, Austria). The origin of this
type of Sb mineralization has been highly controversial. Hiessleitner
(1952) and more recently Belocky et al (1991) compared the Schlaining
deposit with those in SE-Europe and suggested a genetic relationship
with the Miocene andesitic volcanism along the eastern margin of the
Alps. In contrast, Nawaratne (198%) has proposed a synsedimentary
origin. The aim of this study is to set some geochemical, particularly
Sr isotopic, constraints on the possible genetic models for the
Schlaining deposit.

2) GEOLOGICAL SETTING AND MINERALOGY

The Sb mineralization occurs within 60-80 m thick Lower Cretaceous to
Upper Jurassic calcareous micaschists, with ophiolitic greenschists in
the hangingwall and phyllites in the footwall. The host rocks are
overprinted by greenschist facies metamorphism. Locally, relics of an
earlier high pressure metamorphic event can also be found. Particular-
ly in the eastern part of the Schlaining mine, the ore follows mainly
along five parallel, sub-vertical NW-SE trending faults. Elsewhere it
can also occur as stratiform layers. The stibnite is deformed in a
brittle style and thus clearly postdates the Tertiary late Alpine
orogenic event.

Three stages of mineralization can be distinguished (Lehnert-Thiel,
1967): (i) firstly formation of arsenopyrite and gangue dguartz,
followed by (ii) stibnite with very small amounts of arsenopyrite,
pyrite and gangue quartz, and lastly (iii) cinnabarite and gangue
carbonate. The alteration haloes around the ore bodies are up_,to 10 cm
wide and characterized by the dissolution of calcite and the precipi-
tation of small quartz crystals. Fluid inclusion data from Belocky et
al (1991) indicate that the Sb precipitated from an agqueous solution
of low salinity at temperatures between 210 and 280°C at pressures
below 1 kbar. Some vapour rich inclusions indicate boiling of the
solution.

121



3) WHOLE ROCK COMPOSITION

Whole rock analyses of the hangingwall greenschists, alteration zone
and the unaltered calcareous micaschists were carried out. The green-
schists show the geochemical characteristics of N-type MORB and are,
therefore, a highly unlikely source of the Sb. The alteration zones
within the calcareous micaschists are enriched in Si0O, and depleted in
Ca0 relative to their unaltered equivalents (Fig. 1). This indicates
that only calcite was replaced by gquartz during alteration while the
other constituents, i.e. the micas, remained stable.
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Fig. 1: Normalized element data for the investigated samples
from the mining area. For normalizing values an average
of calcareous micaschists from Koller (1985) are used.
Sample legend: SLA-9-1 and SLA-9-2 calcareous mica-
schists; SLA-7B sligthly altered calcareous micaschist;
SLA-6 and SLA~9-3 highly altered calcareous mica-
schists.

4) STRONTIUM ISOTOPES

The 875r/80sr isotopic ratios of the greenschists (Fig. 2) are similar
to those determined for equivalent rocks from the Tauern window (Hdck
& Scharbert, 1988). The values of unaltered calcareous micaschists
vary between 0.707 to 0.711. The lower ratios around 0.707 are in good
agreement with contemporaneous Upper Jurassic to Lower Cretaceous
seawater. The higher ratios are explained by the exchange of Sr
between calcite and mica during metamorphism. Calcite from the basal
parts of the mineralized faults, believed to represent the isotopic
composition of the mineralizing fluids, yielded.87Sr/868r ratios around
0.7125. These values are best explained by the interaction of meta-
morphic/hydrothermal fluids with the mica-rich sediments in the
surroundings.
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Fig. 2: Sr isotope relations of investigated
samples from the stibnite mine Schlaining.

6) CONCLUSIONS

The Schlaining stibnite deposit was formed at temperatures between
210-280°C (Belocky et al., 1991) after the peak of the Tertiary
metamorphic event. Cooling below 380°C after the peak of metamorphism
happened between 19~22 Ma according to K/Ar ages of the micas (Koller,
1985) .

Our data do not support a sedimentary Cretaceous ore formation, nor do
they support any genetic link between the Sb mineralization and the
Miocene andesitic volcanism in the wider region. The latter conclusion
is confirmed by geophysical data which do not evidence the presence of
any deep seated magmatic body in the Schlaining area (Schwendt, 1990).
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In contrast, the results obtained in this study indicate that the
Schlaining stibnite deposit was formed by hydrothermal convecting
fluids circulating along postorogenic faults. Two genetic models are
considered most likely: (i) Mobilization of a Sb mineralization of
Kreuzeck or Rabant type, hosted in equivalents of the "Untere
Schieferhiille" of the Tauern window, by ascending metamorphic fluids
from deeper crustal levels during the waning stage of the late Alpine
metamorphism. (ii) Convecting meteoric waters that have first des-
cended into the Penninic unit after having scavenged Rb-bearing but
also Sb-bearing crustal rocks from the overlying Lower Austroalpine
unit, might have precipitated stibnite subsequent to cooling during
their upwards path through calcareous schists of the Penninic unit.
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MINERAL AND METAL ZONING OF THE LA PAZ DISTRICT, SAN LUIS POTOSI,
MEXICO
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ABSTRACT: At La Paz two distinct zones of mineralization occur.
In the western block a typical skarn mineralization is developed,
consisting o©f CuzAu associated to pyrite, arsenopyrite and
pyrrhotite. Both endoskarn and exoskarn provide evidences of
mineral zoning sequences. The eastern zone of the district is
characterized by a Ag-Pb-Zn vein-type mineralization, showing
vertical and horizontal metal zoning.

The La Paz district is located west of the city of Matehuala, in
the State of San Luis Potosi, about 600 km north of Mexico City
(fig.l). The district lies on the east flank of the Sierra del
Fraile anteciine.

sLal

Fig.l. Location of La Paz with respect to Mexico City

The polymetallic skarn-vein deposits occur in a carbonate-
dominant sedimentary sequence of Late <Cretaceous. Ore related
high level stocks of Oligocene age (35.7%#1.0 m.y.; Tuta et al.,
1988) range in composition from gqguartzdiorite to granodiorite,
and tonalite porphyries.

Structural controls were of major importance in localizing
mineralization. The Dolores- fault, which has formed later as the
mineralization, divides the district in two zones, each of them
showing very distinct mineralogical features (fig.2).

In the uplift Dolores-Cobriza block an endoskarn-exoskarn couplet
is developed. The endoskarns are characterized by a mineral
zoning toward limestone: (1) guartz + plagioclase + biotite +
hornblende, (2) plagioclase + diopside + sphene, (3) diopside +
plagioclase # calcic garnet + calcite. The diagnostic assemblage
is plagioclase + diopside, which 1is typical of most W skarn and
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some Cu skarns (Einaudi & Burt, 1982) indicating relatively
reducing conditions. Exoskarns most commonly alsoc display a
zoning sequence, consisting of: (1) calcic garnet + pyroxene +
calcite, (2) calcite + wollastonite ¢+ garnet +* pyroxene, (3)
calcite + wollastonite + idocrase * pyroxene = garnet. These
assemblages, which are characterized by the predominance of
anhydrous calc-silicates, represent the initial high-temperature
event of the skarn formation. Subseguently a retrograde
metasomatic episode took place; the early skarn minerals were
replaced by low-temperature assemblages consisting of dominantly
hydrous silicates (epidote, tremolite/actinolite, <clorite) and
accessory calcite with ore minerals. The mineralization of Cu #
Au, associated to pyrite, arsenopyrite and pyrrhotite is
generally restricted to the exoskarn. The earliest of the
sulfides in the Dolores-Cobriza area, appears to be somewhat
younger than the early calc-silicates of the exoskarn, e.g.,
grandite and diopside. On the basis of mineral paragenesis and
experimental data (Barton & Skinner, 1979; Gamble, 1982) the
upper temperature of deposition of earliest pyrite was of
somewhere near 490° C or higher; earliest chalcopyrite was
probably deposited at a temperature of at 1least 350° ¢, but
possibly at 400° C or more. These data agree with our results
from microthermometric studies. Primary fluid inclusions in early
ore-stage quartz have homogenization temperatures of about 350° C
and just over 450° C (fig.4A). All salinities reported from these
inclusions have typically high values ranging from 28 to 40 equiv
wt percent NaCl. Both the presence of vapor-rich inclusions and
the varying ligquid to vapor ratios in most of the samples suggest
that trapping under boiling conditions occurred.
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Fig.2. Blockdiagram of La Paz (modified after Garcia Gutierrez,
1967) showing the metal zoning of the mining district
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Unlike the skarn mineralization of the Dolores block, in the
eastern structural zone of the district comprising the mines of
San Agustin, El Pilar and San Acacio (fig.2), a Pb-Zn-Ag- vein
type mineralization occurs. Metal distribution shows vertical and
horizontal zonation trends. Directions of fluid movement of the
mineralizing solutions were determined by combination of the data
of field observations (ore mineral zoning), Ag/Pb, Ag/Zn and
Zn/Pb assay metal ratios and fluid inclusion temperature
zonation. Ore-bearing solutions flowed from the deeper portions
in the west to the shallower levels in the weast, with a
remarkable lateral component. An example of metal zoning is
depicted in Figure 3 showing the BAg/2n assay metal ratio
variation in a longitudinal section of the Hidalgo Vein, which is
one of the main veins of the El Pilar mine.

Ag/Zn

< 0.008 /e

0 008~C 012/

= 0.012%

DFF

Fig.3. Longitudinal section of the Hidalgo Vein with the contours
of variation of Ag/Zn assay metal ratio values
(DFF = directions of £fluid flow)

Fluid inclusion studies were carried ocut on ore-bearing guartz,
calcite and fluorite. The results indicate that homogenization
temperatures and salinities changed successively from west to
east. In comparison with the west zone the El Pilar-San Agustin
zone (fig.2) shows a decrease in both homogenization temperatures
and salinities to 300° ¢ and 20 eguiv wt percent NaCl. This
temperature is consistent with the sulfur isotope thermometric
data of Castro (1990) who found that main-stage sphalerite and
galena from El Pilar were deposited at temperatures ranging
between 300° and 350° C. The lowest values are reported from San
Acacio. Homogenization temperatures are below 340° C with maxima
near 270° C (fig.4B), and salinities range from 5 to 20 egquiv wt
percent. Significantly, at San Acacio the Ag concentrations are
the highest of the district. Mineralization consists of
dominantly silver-bearing sulfosalts associated to galena, and
with calcite as the main gangue mineral.
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Fig.4. Summary of fluid inclusion homogenization data from ore-
bearing quartz, calcite and fluorite
(&, Dolores mine; B, San Acacio mine)
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Abstract

Isotopic studies of Pb and Sr on hydrothermal veins and possible source rocks
in addition to U/Pb- and Rb/Sr-ratios as well as Rb/Sr age determinations by
mixing lines showed that the veins were formed in the early Jurassic and are
not connected with the intrusion of the Variscan, nearby Brocken granite.
Their Pb and Sr was derived from the Paleozoic pile and not from the basement,
the granite or nearby Bunter sandstone.

Introduction

The Harz Mts. are an isolated, uplifted block of the Rhenohercynian massif
consisting mainly of Carboniferous and Devonian greywackes, sandstones,
slates and diabases in a very low grade, almost unmetamorphic state. The
Brocken granite intruded 295 Ma ago. (Schoell, 1970, Eclogae Geol.Helv.63,229).
Close to the northern boundary fault near Goslar the famous Devonian
(Eifelian, 380Ma), syngenetic Rammelsberg deposit was mined for more than
1000 years for Pb, Ag, Cu and Zn. A great number of small, medium and large
hydrothermal veins - often subparallel to the boundary fault - are mineralized
with Pb, Zn and quartz and/or calcite as gafeld, StraRberg-Neudorf and the
district of St.Andreasberg. Until about 10 years ago all these veins were
considered as contemporaneous with the granite which was also taken as the
source of the metals or at least as the heat engine which induced the
circulation of the fluids. In this contribution we present evidence favouring a
Jurassic age of the mineralization and an origin of Pb and Sr in the Paleozoic
pile of sediments without any plutonic influence.

Pb-[sotopes

Two main groups of ore leads may be distinguished in the Harz Mts.: the lead of
the 380Ma old Rammelsberg and the lead of the hydrothermal veins.

Both are typical crustal leads. With only five exceptions out of 41 sampled
occurrences {116 samples) all veins have the same lead with very little
variation regardless of geographic position, depth, size of deposit, mineral
assemblage, generation of mineral or temperature of formation. This
remarkable uniformity is taken as indicating that the lead was either extracted
from a very homogeneous and large source or that a hydrothermal process of
regional scale homogenized the lead. This homogeneity also suggests that the
various veins have about the same age.

Sr-Isotopes

It is remarkable that the Sr of the two largest deposits - Bad Grund and
Lautenthal - is identical ( 0.713) and almost homogeneous, whereas the Sr of
the smaller mineralizations differs from vein to vein and varies considerably
within the same vein or district. The latter observation may indicate the
influence of the different country rocks (mixing of Sr), whereas the
homogeneous Sr in the large systems overwhelmed the Sr of local origin.
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Source of the metals

In order to find the source of Sr and Pb it is necessary to compare the isotopic
composition of these elements in the deposit with that in the presumptive
'source rocks at the time of deposition. In order to do this, one must measure the
isotopic compositions in the veins, in the source rock and also their Rb/Sr and
U/Pb-ratios as well as the age cf mineralization. In Bad Grund this age is 183 Ma
(see below). Recalculating the Pb and Sr of the Brocken granite, the Ecker

gneiss (basement) and the Bunter sandstone from outside the Harz Mts. to this
age excludes these rocks as sources of the metals. On the other hand, the
isotopic composition of the Paleozoic sedimentary rocks is compatible with the
hypothesis, that the Sr of the large deposits and the Pb were mobilized from the
same formation which hosts the veins.

Hydrothermally altered greywackes from the Bad Grund deposit contain
inherited 2M- and newly formed 1M-illite. Grain size fractions which contain
both varieties in varying proportions yield no good Rb/Sr- isochrons. If,
however, the usual isochron model of interpretation is replaced by a two
‘component mixing model, the points for the grain size fractions of two altered,
former greywackes align well along two mixing lines in diagrams (1/ 863r) vs.
(87sr/86sr) recalculated to 182+/-12 and 184+/-10 Ma This mixing model
‘accounts well for incomplete isotopic exchange during the hydrothermal
event. The age of 183Ma is common for hydrothermal events in Europe and
indicates that the time just before the final opening of the Atlantic Ocean was a
time of major metallogenetic activity.

Summary

In all probability the Pb-Zn vein deposits in the Harz Mts. were formed during
the early Jurassic without plutonic activity. They derived their metals from the
Paleozoic sedimentary pile which hosts them. They are, therefore, intra-
formational.
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ABSTRACT: The Almaden mercury mineralizations are related to an alkaline suite
of volcanic and subvolcanic rocks. BAll these are affected by an alteration
process, characterized by the seudomorphic remplacement of the igneous minerales
by: chlorite, talec, carbonates (ankerite, magnesite or siderite and calcite) and
silica. In this paper, we try to sistematizate on a statistical basis this mine-
ralogy, and to find a regional pattern of distribution of the minerals.

Almaden mercury mining district is the largest in the World, having
produced one third of the total historic production of this metal. The main mines
are Almaden, El Entredicho, and Las Cuevas.

The mineralizations in the District belong to several types, and have been
clasified in several ways: SAUPE (1973), HERNANDEZ (1985), BORRERO & HIGUERAS
(1990), ORTEGA & HERNANDEZ (1992), SAUPE (1990). All the types have in common the
relationship with a magmatic suite of alkaline affinity (SAINZ DE BARANDA &
LUNAR, 1989; HIGUERAS & MONTERRUBIO, 1992), which comprises basaltic pyroclastic
rocks, basaltic-to-rhyolitic lavas, dolerites, and ultramafic xenoliths in the
basaltic lavas, of different typologies. Figures 1 and 2 show the Nb/Y-Zr/TioO,
diagram (WINCHESTER & FLOYD, 1977), and the REE chondrite normalizated
spiderdiagram for these rocks.
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Fig. 1.- Log (Zr/Ti0,) - Log (Nb/Y) for basic rocks Fig. 2.- Chondrite-normalized REE spectra for basic
of the Almadén syncline. Circles: basalts. Squares: rocks in the Almadén syncline, Symbols as in fig. 1.
doterites.

Some of the basaltic lavas contain late-magmatic biotite or amphibole
(brown hornblende?), suggesting a lamprophyre affinity (HIGUERAS & MUNHA, in
prep.).

All the rocks in the area have suffered an alteration process, with
important diferences in degree of evolution (HIGUERAS & ACOSTA, 1992). This
process produces the seudomorphic reemplacement of the igneous minerals by
carbonates (ankerite, calcite, magnesite and siderite), chlorite, silica,
muscovite and talc. The textural characteristics of these minerals are the
following:

Ankerite appears replacing all the igneous minerals, in all the
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lithotypes, beenig specially common in basalts. Is also a common mineral in the
filling of veinlets and vesicules.

Magnesite is only present in ultramafic =xenoliths, and in one
basaltic sample coming from El Entredicho mine. In both cases it is associated
with ankerite in the reemplacement of olivine.

Siderite is present in the same rock types as magnesite, but they are
incompatible minerals. So, for the semicuantitative study, they are considered
together.

Calcite is as common as ankerite, and often appair together, as
seudomorphic reeplacements, and veinlets and vesicules infillings.

Chlorite (clinocloro), like ankerite and calcite, is present in most
rocks, in the same textural positions.

Silica is, in general, of micro- or cryptocristaline size. It is
present in all the rock types, and in all the textural positions.

Muscovite is only present in the pyroclastic basic rocks, and it
shows a characteristic green colour.

Talc is not a very common seudomorph of olivine, in the least
alterated basalts. .

A semicuantitative study of this mineralogy, on the basis of X Ray
Diffractometry, has let an approach to the numerical characterization of the
mineral secuences in the alteration process, and the setting of the main mineral
asgociations. This has been made by Factor Analysis with Varimax rotarion, taking
the semicuantitative abundances of the minerals in the mafic rocks (basalts and
dolerites) as variables. The result are two rotated factors (RF), with the
variables weigths graphically shown in Figure 3, and the factor scores for the
samples shown in Figure 4.
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Figure 3.- Plot of first two factor Weights. Figure 4.- Plot of first two factor scores.

Figure 3 displays the rotated factor loadings for the variables. It is
clear an agrupation of them in three fields:

Field 1 clusters igneous pyroxene, talc and biotite, with high
positive values for RF 2, and next-to-zero values for RF 1.

Field 2 clusters igneous plagioclase, silica, calcite, amphibole,
chlorite and muscovite, with next-to-zero values for both RF.

Field 3 clusters the carbonates ankerite and magnesite (+ siderite),
with high negative values for RF 1, and low negative values for RF 2.
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Figure 4 shows the scores for the samples. They fall in three quadrants of
the diagram: I, with positive RF 1 and 2, II, with positive RF 1 and negative RF
2, and III, with negative RF 1 and 2.

The interpretation of these data, supported by the petrographic studies,
indicates that the samples in quadrant I are the least alterated, characterized
by the persistence of pyroxene, the presence of talc on olivine seudomorphs, and
biotite; samples in quadrant II display an intermediate degree of alteration,
with plagioclase as the only relictic igneous mineral, and chlorite, calcite,
silica, amphibole and muscovite as alteration products; and the samples in
guadrant III are characterized by the total destruction of the igneous
paragenesis, with magnesite or siderite, and/or ankerite as the main, sometimes
the only, alteration products.

To study the regional distribution of the alteration, we have used the RF
1 and 2 scores for the samples to build the maps in figures 5 and 6.
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Figure 5.- Sketch map for the Rotated Factor 1 in the Almadén syncline. Irregular line: Criadero quartzite.
Symbols for the samples, as in figures 1 and 2. Border: Lambert coordenates.

Figure 5 shows the map for RFl. The lowest values (i.e., the highest Fe-Mg
carbonate contens) are clearly related with the main mines of the district:
Almadén, Las Cuevas (both related by a NE-SW corridor of low values), El
Entredicho, and Nueva and Vieja Concepcidén (Almadenejos). Another minimum is
located north of Almadén, in an area with soils geochemistry mercury anomalys.

Figure 6 is the RF2 map. The Almadén syncline is divided by the values of
this factor in three areas: Western half, with negative values; northeastern
area, with high positive values, and El Entredicho area (SW corner), again with
negative values.

on this basis, it can be stated a spatial relationship between the
alteration and the mineralization on a regional scale. Studies on curse put
forward also this relationship on a small-scale basis.

All this data support the generalization of the interpretation proposed by
BORRERO & HIGUERAS (1991) for a mineralization in volcanic rocks (Corchuelo
area): the alteration process is, in some way, related with the mercury
mineralizations, and even can be used as a prospection guide to new mercury
mineralizations in the district.
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Figure 6.- Sketch map for the Rotated Factor 2. All symbols as in figure 5.
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ORIGIN OF THE CIERCO Pb-Zn VEIN SYSTEM (CENTRAL PYRENEES, SPAIN):
EVIDENCE FROM STABLE ISOTOPES, Sr ISOTOPES AND FLUID INCLUSIONS
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ABSTRACT: The Cierco Pb-Zn vein system formed during Mesozoic time along
a basin-margin fault =zone. Mineral deposition took place at the
interface between a shallow solution that carried marine sulfate and
a brine that had scavenged base metals and Ba from Hercynian cristalline
rocks at depth.

INTRODUCTION

The Cierco Pb-Zn deposits are about 10 km south of the Hercynian
Maladeta Massif in the Central Pyrenees of Spain. The deposits comprise
north- and east-trending veins contained within Devonian metasedimentary
rocks, Permian-Triassic redbeds, and a granodiorite dike swarm termed
the Bono Complex. The Bono granodiorite closely resembles and is
probably related to the main Maladeta granodiorite. The Cierco district
produced Pb and Zn until mining activity ceased in 1981.

The prevailing hypothesis on the origin of the Cierco deposits is
that they were formed by hydrothermal activity that accompanied the
emplacement of the Bono granodiorite in early Permian time (Castroviejo
& Moreno, 1983). The basis for this hypothesis is the proximity of the
deposits to the Bono Complex, and the orientation of the veins parallel
and perpendicular to the margin of the Maladeta Massif, as if the
original fractures were developed in the stress regime established by
emplacement of the magma. Unfortunately, much of the genetic
information that was contained in ore and host rock textures has been
obscured by faulting and cataclasis that accompanied the Alpine Orogeny
in Tertiary time.

In this study, we used stable isotope, strontium isotope, and fluid
inclusion data to constrain both the source of the hydrothermal
solutions that formed the deposits, and the source of the metals. We
present a new genetic model for the deposits that may also apply to othern
similar deposits elsewhere in the central Pyrenees.

GEOLOGY AND MINERALOGY

The two most important veins, Solana and Rey, are a few centimeters
to 3 mwide and are steeply-dipping. Sulfide mineralization is present
for a strike length of 1-1.5km and extends to a depth of 300 m below
the surface. The most common sulfides are galena and sphalerite (both
dark- and honey-colored varieties); pyrite and chalcopyrite are less
abundant. Trace amounts of bournonite, tetrahedrite, ullmanite,
millerite, arsenopyrite, niccolite, magnetite, native silver, and lead

135




sulfosalts have also been observed (Castroviejo & Moreno, 1983) . Gangue
minerals are calcite, dolomite, quartz and barite. Barite is present
only in the upper levels of the veins, whereas calcite is present at
depth. The paragenesis is difficult to decipher because the ores have
been sheared and brecciated by Alpine faulting. It is clear, however,
that a period of galenat+sphalerite+quartz precipitation preceeded
calcite deposition. The minerals filled open spaces.

FLUID INCLUSION DATA

Fluid inclusions are <50 ym in size and are sparse, presumably due
to the annealing effect of Alpine cataclasis. The inclusions contain
both 1liquid and vapor phases. Homogenization temperatures for
inclusions in sphalerite are 140-190°C (mean=170°C; n=40), and for
inclusions in quartz are 140-180°C (mean=160°C; n=20). A few inclusions
were found in calcite; they homogenized at 130-190°C. Eutectic
temperatures for the inclusions as low as -40°C indicate that CaCl, may
be present. Freezing measurements indicate that the fluids are brines
with 23%3 equiv wt$% NaCl.

ISOTOPE DATA

The sulfur isotopic compositions of sphalerite and galena span very
small ranges and are indistinguishable in the two veins. The mean values
are -0.8%+0.6 permil (CDT) for sphalerite (n=24) and 4.3%0.9 permil for
galena (n=25). The 3.5 permil difference between these two values
corresponds to a sulfide deposition temperature of about 170°C. Pyrite
averages -0.8 permil (n=2).

Sulfur isotopic compositions of barite are 13-21 permil (n=9) and
oxygen isotopic compositions of the same samples are 10-15 permil
(SMOW) . Oxygen isotopic composition of quartz are 17-19 permil (SMOW)
(n=3) and of calcite are 14-18% (SMOW) (n=20). Carbon isotopic
composition of the same calcites are -5 to -1 permil (PDB).

Strontium isotope analyses were carried out on samples of barite
and calcite. The %7Sr/®Sr values range from 0.71006 to 0.71229.

DISCUSSION AND CONCLUSIONS

The isotope and fluid inclusion data can be used to determine the
composition of the hydrothermal solution(s) from which the Cierco ores
precipitated. The fact that the 834S values of sphalerite and galena are
(1) near zero, and (2) fairly uniform suggests that the 8345 value of
HyS in the solution was itself near =zero. This composition 1is
characteristic of sulfur contained in magmas or magmatic rocks. The
oxygen isotopic compositions of quartz are heavier than those typical
of precipitates frommagmatic £luids or from solutions that equilibrated
with igneous rocks at high temperatures. The quartz compositions
indicate that the &80 value of H;0 was 2-4 permil, which is several
permil lighter than normal magmatic fluids and which suggests that the
hydrothermal solution either (1) was a magmatic fluid that had undergone
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retrograde oxygen exchange with rocks or (2) contained a meteoric water
or seawater component. The strontium isotope data are incompatible with
a simple magmatic origin for the ores. Cierco barites and calcites were
less radiogenic at the time of magma emplacement than the Maladeta rocks
(Michard-Vitrac et al., 1980). At least part of the strontium may have
been derived from a less radiogenic reservoir. Candidates for this
reservolr are sedimentary rocks, seawater, or connate waters.

The sulfur isotope fractionation observed between sulfides and
barite is much smaller than the equilibrium fractionation at the
inferred temperatures of ore formation. The barite 8345 values resemble
those of sulfates in Triassic marine evaporites that outcrop in northern
Spain (Utrilla et al., 1992) and also extend to heavier values. The same
is true of barite 880 values (Fig 1). A plausible source for the Cierco
sulfate is either Triassic evaporites or connate waters contained in
Triassic sediments. The barites having larger 634S and 8180 values may
have incorporated a small amount of sulfate produced by equilibrium
oxidation of dissolved HzS (Fig 1).

The location of the barite in the upper levels of the veins may
be explained by the mixing of a downward-moving sulfate-rich solution
and an upward-moving barium-rich solution. Barite precipitation
occurred at the interface between the two solutions. A mixing model of
this type is also consistent with the strontium isotope data. The
strontium isotopic compositions of Cierco barite and calcite are
intermediate between the compositions of Maladeta plutonic rocks in
Triassic time and the composi-
tion of Permian-Triassic seawa-
ter-connate water (Fig. 2)

The 813C and 8180 values of
vein calcites record the waning
stages of the hydrothermal sys-
tem and the slowing of upward
hydrothermal flow. Calcite near
. the intersections of veins has
ot the heaviest compositions in
both carbon and oxygen reflect-
ing the descent of surficial
waters along zones of high per-
meability. Temperatures prob-
ably decreased at this stage. The
few fluid inclusion preserved in
calcite indicate temperatures
are slightly 1lower than for
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sphalerite and quartz.

We propose that ore deposi-
tion took place in Mesozoic time
(probably Triassic) along a fault
system of Hercynian age, reacti-



vated during a
I Permo-Triassic Ocean water period of exten-
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tonism. Mineral
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barium~rich brine that had scavenged sulfur and base metals from
Hercynian crystalline rocks at depth. The brine was heated by an ambient,
steep geothermal gradient that accompanied Mesozoic rifting. Our
conclusions emphasize the importance of Mesozoic extension and basin
development for Pb-Zn metallogenesis in the Pyrenees and, in combination
with other studies (e.g. Cardellach et al., 1990; Canals et al., 1992),
document an ore-forming process that may have operated over wide areas
of southern Europe in Mesozoic time.
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LEACHATE LEAD ISOTOPE STUDIES OF POTENTIAL SOURCES OF THE SOUTH
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ABSTRACT: Fluoritic MVT deposits occur in the the south Pennine
Orefield in northern England. The source of the lead in the
orefield has been investigated by lead isotopic studies of acid
leachates from potential source rocks. HCl leachates of Viséan-
Namurian shales from the basin just north of the orefield have the
most appropriate Pb isotopic compositions. Leachates from the other
rocks examined do not appear to be suitable sources of lead. HC1
leachates of one 0ld Red sandstone and one Namurian sandstone have
identical Pb isotopic values to the galenas, suggesting they have
been mineralised by similar ore fluids. The results confirm the
basin dewatering model of Plant and Jones (1989)

INTRODUCTION

The S Pennine Orefield comprises epigenetic vein, void infill and
replacement Pb-Zn-Ba~F ores hosted in Viséan platform carbonates.
The orefield has been classified as a fluoritic subtype of
Mississippi Valley type ore deposits (Dunham, 1983).

Whole rock Pb isotopic studies (Jones et al, 1991) and a range of
other evidence (summarised in Dunham, 1983; Halliday et al, 1990;
Plant and Jones, 1989; Jones et al, 1991) suggest that
Carboniferous basins were an important source of the
mineralisation. The whole rock Pb data may not, however, be
representative of the Pb available for leaching by mineralising
fluids. Pb isotopic results from leaching experiments on a range of
potential Pb source rocks are, therefore, reported here.

A two stage leaching process was carried out. Between 0.2 and 0.3 g
of rock powder was shaken with 10 ml of 6 M HCl1 over a few days.
The sample was centrifuged, the liquid decanted, and the lead
separated from the leachate using a micro-anion exchange column in
a hydrobromic acid medium. The residue was washed with milliQ water
and then treated with 8M HNO;. After centrifuging, the lead was
separated as before and the residue washed. The clean residue was
dissolved in HF/HNO; and the lead again separated.

Thirteen potential source rocks were examined, comprising
Carboniferous (Viséan-Namurian) shales, Lower Palaeozoic
argillites, 0ld Red (Devonian-Courceyan) and Namurian sandstones
(Fig. 1).

RESULTS

Data for the different rock types are plotted as Fig. 2. Galena
results from the south Pennines (Jones et al, 1991) are also shown.
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Fig. 1 Location of samples around the S Pennine Orefield

The source rock data have been corrected to allow for the ingrowth
of lead since extraction into ore fluids. A figure of 250 Ma BP was
used for this correction. This lies within the age range between
the host rock age (¢335 Ma; Harland et al, 1989) and the youngest
dates for the Pennine mineralisation based on Rb/Sr fluid inclusion
ages and K/Ar and Ar/Ar altered wall rock dates (data summarised in
Plant and Jones, 1989, Table 3.1). At the scale of the plots,
altering this figure in the range 200-300 Ma has little effect on
the uranogenic (297pb/204pp v 206pp/204ph) diagram and a negligible
effect on the thorogenic (208pb/204pp v 206pp/204ph) diagram.

The choice of p (238U/204pp) and U/Th also affects the correction of
the potential source rock data. The values used were based on the
mean whole rock figures for each set of rocks and may not be valid
for the leachates. The ratios in the whole rocks are fairly uniform
for the Carboniferous and Lower Palaeozoic shales, but much more
variable for the sandstones. Dixon et al (1990) found that most Pb
in Lower Palaeozoic greywackes from Ireland was extracted using
cold HCl. Assuming that much of the U would also be in easily

leachable sites then p for the whole rocks may at least be a
reasonable estimate for the HCl leach. U/Th is more difficult to
evaluate because of the strong chemical contrast between U and Th.
The U, Th and Pb contents of the different leachates and the
residues are currently being investigated.

Results for the Carboniferous shales show that the corrected HCl
leachate data for the Alport samples plot very close to the early
galena values. There is a decline in 207Pb/204Ph from the oldest to
the youngest sample (227 to 230). A similar decline 1s seen in the
nitric acid leachates and was observed in the whole rock data
(Jones et al, 1991). The HNOj3 leachates do not match as well to the
galena data. The Duffield samples do not map as closely onto the
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galena results - one HCl and one HNOj; leachate plot very close, the
others do not. As the majority of the galena values are for samples
from the north of the orefield, particularly from Dirtlow Rake, a
local source of lead from the nearby Edale Basin is suggested. The
trend towards lower 207pb/204pb with time, for both the
Carboniferous shales and the galenas, indicates the possibility of
the lead source becoming younger through time - consistent with
progressive dewatering of higher stratigraphic units.

Only one HNO3 leachate from the Lower Palaeoczoic shales plots close
to the galenas on the uranogenic diagram, whilst none of this
sample group match on the thorogenic diagram, having much too high
208pp/204pb ratios.Hence these basement rocks do not seem, on
present evidence, to be a credible source of Pb. This in contrast
to the mineralisation in central Ireland, where the Lower
Palaeozoic rocks are the most likely source (see for example, Dixon
et al, 1990).

The 0ld Red sandstones mostly show lower 206ph/204pb than the galena
and, therefore cannot be corrected to the galena compositions. An
exception is the HCl leachate for SS-6 which has the same Pb
signature as the galenas. One of the HCl leachates for the Namurian
sandstones (SS-14) also plots within the galena field. The data
suggest that the sandstones may contain traces of mineralisation
comparable to that of the orefield, implying that mineralising
fluids have passed through these rocks. This possibility is
currently being investigated. The sandstones do not however, appear
to have been significant Pb sources.
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ROLE OF RADIATION DEFECT IN MINERALS IN PROSPECTING FOR MINERAL
DEPOSITS

Komov, LL.
Inst. of Geochemistry & Physics of Minerals of Ukranian Ac. Sci. 34, Palladin Pr., Kiev, 252142, Ukraine

ABSTRACT: Radiation mineralogy is a branch of mineralogy dealing
with the problem of formation of minerals under the action of na-
tural and artificial radiation.The investigation include:1.studies
of minerals peculiarities arising around mineralization;2.effects

_of radiation in minerals. . _
Radiation mineralogy offers considerakle opportunity to search

for a variety of mineral deposits viz. (3) sorting of quartz veins
by ore content; (b) new methods of detecting concealed original ore
bodies by color zonallty; (c¢) determination of radicactive ore accu-
mulations by the defects 1n surrounding minerals.

It is Known that various deposits (rock crvstal, gold, tungsten
and tin) are spatially and genetically connected with quartz veins.
Ionizing irradiation technique allows to sort quartz veins and sur-
rounding blocKs and to 1solate ore-bearing varieties from the entire
mass of quartz.

Two stages of forming productive mineralization are recognized
for gold-kearing derosits and rock crystal manifestations. At  the
first stage quartz veins rroper are develored from highly siliceous
{silica-surersaturated) solutions in conditions of an abrupt equali-
zation ¢of thermodynamic potentials within a relatively short period
of time. At the second stage ore bodies are formed

In the second case the mineralization 18 related with the acti-
vity of special surerposed silica-undersaturated solutions enriched
with sodium, chlorine and lithium. The veln quartz from ore-kearing
zones that was subJected to various changes under the action of su-

rerrosed processes essentially differs from the non—oré—bearlng qu-
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artz. The non-ore-bearing quartz acquires a uniform smoky color un-
der irradiation. The productive varieties show a sharp non-unlform
variegated spotty and striated, usually smoKky-citrine color.

Zones of metasomatic reworking accompanlied by the development
of a citrine color against a smoRy bacKground are pronounced in qu-
artz. The superposition of rock crystal formation processes 1S reco-
rded in the veins by the presence of solution cavities arranged
along the cracks or quartz shatter zones, small quartz crystals be-
ing sometimes formed in the enclosing rocks.

Efficiency in investigations improves with a combined applica-
tion of y-irradiation and physical methods such as electron paramag-
netic resonance (EPR) and thermoluminescence

Gold- and tungsten-bearing quartz formations can be separated
within the area of rotential ore regions by the EPR spectra studies
and y-irradiation of quartz. This problem plays a special role 1in
estimating gold ore deposits relative to gold evacuation from quartz
ore bodies in the hypergenesis zone which distorts the estimation of
their productivity. Obgerved in gold-bearing gquartz veins is a high
intensity of aluminum centers assocliated with the development of qu-
artz formations under a higher activity of alkalis (sodium) 1in mine-
ral-forming solutions. In these conditions Al3+ was concentrated in
quartz substituting for 814+, the deficient charege being simultaneo-
usly compensated by sodium,. .. In spite of O -Al centers concentra-
tion variation., observed in quartz is a distinct straight correlati-
on between the gold and aluminum contents. The gold from hvdrother-
mal solutions together with alkaline elements could be captured as a
univalent cation Au+ into structural channels of quartz,.

The gold content derendence of the IR absorption .spectra inten-

144




sity responsible for the concentration of OH grours and water has
been determined by arplving the IR srectiroscopy method for aquartz
studies. The water content grows as follows: non-gold-bearing quartz
< slightly gold-bearing quartz < highly productive quartz. The above
derendences c¢an be used as appraising criteria for gold mineraliza-
tion.

Under redeposition and migration of gold 1n hypergene 2zones,
when traditional methods of analysis are i1neffective, the determina-
tion of G -Al centers concentration 1n guartz can be used for predi-
ctive evaluation of the deposits. The latter 1s of primary importan-
ce for analyvzing drill cores of prospecting horeholes whéen single
intersections of vein bodies characterized by a pronounced random
gold distribution are seen.

Generally, gold-bearing quartz structures are marked bv a hig-
her 1intensity of O -Al centes as compared with guartz from other fo-
rmations which permits t¢o arply thls feature as a prospecting crite-
rion in distinguishing gold-bearing gquartz 1in areas combining
gold-ore and coprer-melvybdenum mineralization,

Near-surface g¢ld deposits are associated with gquartz veins
characterized by a diversity of morphological types, brecclia textu-
res, a wide interval of formation temperatures and sprotty colorins.
The spotty varieties of guartz recorded at 1rradiation as well as
EPR data on Al-centers concentration in specimens of various genesis
can serve as indicators of: (a) an additional information on condi-
tions of quartz veins formation and of ore content thereof; (b) eva-
luation of veln quartz in an effort to disagegregate certain grades
of quartz for production of transparent radiation-resistant aquartz

glass. This veln 4quartz 1s characterized by a lack of coloring under
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irradiation (qualitative visual evaluation) and small concentrations
of paramagnetic aluminum centers (semi-qualitative data).

The EPR method can be applied for an identification of radiati-
on defects as rare-metal deposits are searched for. In naturally-ir-
radiated quartz of one of the regions the concentration of radiation
defects in mineralization zones is 5 to {0 times higher than the ba-
cKeround value.

By irradiation data clearly specified is the zonality of ob-
Jects, the prosrects for persistence of the mineralization at depth.
The estimated assessment of erosive shear depth can be conducted
therewith.

A smoKy color has been found to change for the smokKy-cinrine
and citrine one in homogeneous substratum rocks in the vertical di-
rection while localizing veins (enclosing rocks - quartzites). These
regularities can be utilized to determine the level of vein bodies

erosive shear.
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SIGNIFICANCE OF SULPHUR VALENCES IN METAL TRANSPORT AND
PRECIPITATION OF MASSIVE SULPHIDES

Kucha, H.
University of Mining & Metallurgy, 30-059 Krakow, Mickiewicza 30, Poland

ABSTRACT.Compounds with mixed and intermediate sulfur valences
form ubiquitous solid inclusions in banded ZnS and FeSZ.Banded
sulfides grow from solutions carrying sulfur with mixed valences
and euhedral sulfides precipitate from solutions having only SZ'.
Direct intergrowths of native gold and Pd-arsenides with Fe-Pb-
thiosulphates indicate a possible transport of noble metals by this
sulfur ligand.

A role of sulfur in genesis of ore deposits is considered in very
simplistic way.A popular notion says that only two sulfur valences
occur in nature (-2) and (+6).Such a simplified approach is a re-
sult of difficulties in reliable determination of sulfur valence
in microarea of ore samples.,

Recent study of sulfur species diisolved in hot springs in
New Zealand (Webster, 1987) indicates that more sulfur is present
as thiosulphate complex than as sulfide or sulphate.Ubiquitous re-
lics of compounds with mixed and intermediate sulfur valences were
found in carbonate hosted Zn-Pb deposits in Ireland (Kucha, 1988).
They appear during bacterial as well as during abiotic sulphate
reduction.Similar phenomena are observed in Kupferschiefer (Kucha,
1990), where thiosulphates and minerals formed by their break-down
and replacement appear in connection with banded sulfides and bac=-
terial relics.In the last case bacterium wall is mineralized with
pyrite and the inner part as well as matter cementing colony is
composed of Ni-Co-As-Fe thiosulphates having an increased content
of Ag and Pb,This phenomenon may document a step-wise reduction of
sulfur by bacteria.Thiosulphates are also observed in carbonate-
hosted Zn-Pb deposits in Belgium and Poland (Kucha & Viaene, 1993).
The discussed presence of compounds with mixed and intermediate
‘sulfur valences may explain a contradiction concerning formation
of many major massive sulfide deposits at temperature range of
100 - 200°C (Roedder, 1976).At this temperature range neither bac-
terial nor abiotic reduction of sulphate to sulfide occurs at a
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sufficient rate (Barnes, 1979; Ohmoto & Lasaga, 1582),To solve
this problem and to obtain the observed sulfur isotopic signature
of metal sulfides, a mechanism involving thiosulphates in solu-
tion with intermolecular exchange of S isotopes was proposed
(Ohmoto & Lasaga, 1982).The ubiquitous presence of compounds with
mixed and intermediate sulfur valences in the discussed deposits
suggests a gragual su%fur reduction, in which each step of such

T to 57

gquired for a direct reduction of sulphate to sulfide,Therefore

reduction of S consumes only a fraction of energy re-
such abiotic reduction can take place efficiently at temperatures
below 200°C,The step-wise sulfur reduction can be also responsi-
ble for isotopic fractionation of sulfur in sulfides precipitated
this way,
The occurrence of intermediate sulfur valences may explain why
some of the common minerals like sphalerite, pyrite and galena
appear in binary mode -~ as euhedral crystals or as finely banded
crusts overgrowing cavity walls as well as euhedral cr..stals (Ku~
cha & Viaene, 1993).I1t is suggested that euhedral crystals are
growing from the solutions where main dissolved sulfur has valence
-2 .Banded massive sulfides grow from the solutions where dissolved
sulfur has mixed valences,In the last case ligands with mixed and
intermediate valences may cause speciacion of Zn, Pb, Fe as well
as trace clements being precipitated according to solubility in-
dex of given metal with given sulfur valence preveiling in the
fluid.This way thick, monomineral crusts of banded sphalerite or
pyrite etc. may be precipitated.Ubiquitous althogh usually small
solid inclusions with intermediate and mixed sulfur valences pre-
served inside banded sulfides are replaced by the enclosing sulfi-
de.Since these inclusions have finely banded structure the ban-
ding in ZnS, Fe32 or PbS may be inherited also from a banded pre-
cursor composed of bands of thiosulphates, sulfites, sulfoxylanes
etc (Kucha & Stumpfl, 1992; Kucha & Viaene, 1993).Sphalerite for-
med by replacement of such banded precursors has an increased con-
tent of chracteristic trace elements inheriter from the precursor
phase: Ni, As, Pb, Tl and Ag (Kucha & Stumpfl, 1992; Kucha & Viae-
ne, 1993).

Thiosulphates of heavy metals are weakly soluble or insolub~
le in water-eg., Pb, Ba etc (Valensi et al,, 1963).However,
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thiosulphates of Ag and Au (Mann, 1984) and Pt as well as Pd are
soluble in water (Plimer & Williams, 1987).Threrefore this sulfur
ligand can efficiently transport noble metalsat lower temperatures
below 300-250°C as suggested by thermal stability of some of metal
thiosulphates (Kucha & Viaene, 1993).Direct intergrowths of gold
with thiosulphate occur in Comet mine,NSW, Australia, and P4 thio-
sulphate is present in Kupferschiefer intergrown with small specs
of native gold.

Sulfur occurs in 7 major valence stages: -2 in monosulfides
(ZnS), =1 in disulfides (FeS ), O in native sulfur, +2 in sulfoxy-
lanes (CoSO ), +3 in subsulfites (CoS OA)’ +4 in sulfites (PbSO3
Paar et al., 1984) and pyrosulfites (M 2 5, Latimer, 1952),
and +6 in sulphates (CaSOa etc.).Sulfur valences intermediate be=
tween -1 and O are observed in polysulfides (Valensi et al., 1963),
Sulfur also readily forms compounds with mixed valences such as
thiosulphates having sulfur -2 and +6 (PbSZOB’ Kucha, 1988).Also
polythionates, M2+S 06, where x=2 to 6 have mixed sulfur valences,
with average valence changing from +5 to +1.67 (Valensi et al.,
1963).

Sulfur valence can be determined in the microarea of poli-
shed samples by electron microprobe because the SK and SKB emis-
sion wavelength is valence dependent (XKucha et al., 1989) .The SK
wavelength difference between the sulfide 52 and sulphate S s
found by microprobe to be 1,43 eV,The wavelength difference bet-
ween the sulfide and sulphate for the SKB line was measured by
microprobe to be 1.78 eV (Kycha et al,, 1989).The resolution of
PET microprobe spectrometer of about 0.1eV is sufficient for rela-
tively accurate determination of sulfur valences in polished sec=-
tions,

The SKB line reveals valence-related satellites on both sides of
the sulfite KB peak, and only one on the low engrgy side of the
sulphate KB peak.Thiosulphate shows a similar S related satel-
lite but half as intense as in sulphate (Kucha et al., 1989).

A fine scan of the SK peak top of thiosulphate reveals a double
SKB peak resolved by mlcroprobe spectrometer and related to the
presence of the sulfidic and sulphatic sulfuer.
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W-POLYMETALLIC SULPHIDE VEINS (SPANISH CENTRAL SYSTEM): DATA FROM
FLUID INCLUSIONS AND MINERAL GEOTHERMOMETERS
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ABSTRACT:This paper presents a multidisciplinary study, including
detailed paragenetic reconstruction of the vein filling and host
rock alterations, as well as P-T estimations using fluid inclu-
sion and mineral geothermometers, of two representative W-polyme~
tallic sulphide veins. The data document P-T-X evolution and the
relationships between the sulphides and the early W stage.

The central domain of the Spanish Central System contains
several Wit(Sn,Mo) and Cu-Pb-Zn hydrothermal vein deposits. They
present frequently multistage ore deposition which is characteri-
zed by the successive crystallization of W#(Sn,Mo) minerals and
then Cu-Pb~Zn sulphides (Vindel, 1980; Quilez et al, 1990; Caba-
llero et al., 1992). Very little is known on the condition of
the sulphide deposition and their relationships with the early
stage. Two representative veins, Cabeza Mediana and Collado, have
been selected to depict the relationships between the different
stages of fluid migration.

Fluid inclusion have been studied by microthermometry and
Raman spectroscopy. Mineral geothermometry has been carried out
on phengite and chlorite using crystal chemical data obtained by
electron microprobe analysis.

1.~ Ore and alteration stages

The Wx(Sn)-polymetallic sulphide deposit from Cabeza Mediana
is a vein type hosted by peraluminous leucogranites along N150°
and subvertical fractures. W veins (wolframite~bearing quartz
veins with minor amounts of sulphides) and S veins (sulphide-
bearing quartz veins) are recognized. The Collado sulphides-
quartz veins are W-free and formed along N-S extensional strike
faults within monzogranites. Host rocks have been affected by the
hydrothermal process in the vicinity of the lodes. Three diffe-
rent ore stages have been distinguished:

(1) During an early stage strong K-mica (phengite I) alteration
affects the granite wall rock greisen , restricted to a narrow
zone adjacent to the veins. The vein mineral assemblage is milky
quartz (QI)- phengite (PhI) + wolframite.

(2) A late crystallization of phengite (PhII) is associated with
saccharoidal quartz (QII) and minor amounts of scheelite and
fluorite.

(3) Chlorite-sulphide (pyrrhotite, sphalerite, chalcopyrite and
galena) occur as late infillings of the early veins or veinlets
1) and 2).

2.= P-T reconstruction . .
Fluid inclusions in W-polymetallic sulphide veins result from
successive trapping which corresponds to repeated stages of

151



quartz microfissuring. The same types of fluid inclusions are
recognized in W and S veins:

- COZ—HZ-NaCl—rlch vapours (Vc-w) are scarce and present only in
QI, as primary inclusions. They are characterlzed by a moderate
density (0.5 to 0.7) and Th from 290° to 370°C (mode: 330°C
(v)).

- CHy-H,0-NaCl-rich liquid inclusions (L,_p) seem to be primary -
in QII and occur along healed fractures in QI. They dlsplay
lower densities (0.25 to 0.70) and Th between 240° and 390°C
(mode: 290°C(L)).

-  Ly-c are (COy)- CH4-H,0-NaCl-rich liquid inclusions, displa
ying 1ntermed1ate in ZCH, contents and density (0.35 to 0.65)
between Vc—w and Ly-m-, CO2 was detected only by Raman microprobe
and Th are in the 290°-400°C range. Comp051t10nal observation by
Raman spectroscopy indicates a progressive increase of the
CH4/CO, ratio from Vo_, to Ly -m fluid inclusions.

- Ly1 and Ly, are aqueous inclusions and they occur along
secondary healed fracture planes in QI and QII and postdate the
other inclusion types. ILy,; fluids are characterized by moderate
salinities (3 to 9 wt%eg.NaCl) and Th (130° - 290°C). Ly,
display low salinities (0.3 - 2.5 wt%eq.NaCl) and temperatures
(Th= 90-210°C).

Sample Phengitel PhengiteIl Chlorite

FeO 1.96 1.41 2.21 2.15 2.27 30.14 30.63 30.75 39.28
Na,0  0.42 0.48 0.41 0.38 0.41 --- 0.04 ---  0.07
K,0  10.06 10.54 10.51 9.80 9.65 0.05 --- 0.03 0.03
sfo, 46.43 47.31 46.48 48.20 48.49 25.48 26.19 25.97 23.71
Mno ---  0.05 0.14 0.10 0.08 0.84 0.59 0.57 1.54
cao -—— === 0.05 =--- —-——=  --=  0.01 --- ---

Nio --— —== -——  0.01 0.10 --- 0.04 --—- --—-

Al,0; 36.23 35.88 35.08 35.53 34.54 21.29 21.29 21.25 21.54
Ti0,~ 0.06 0.28 ---  0.09 0.09 0.06 0.06 .-—- 0.0l
Cryd3 ===  -—- === 0.05 --=  0.06 =-== -== ==

Mgl 0.57 ©0.84 0.77 0.80 1.15 10.39 7.84 9.51 2.27

Total 95.72 96.80 95.65 97.11 97.18 88.34 86.69 88.16 88.45

si 3.07 3.09 3.09 3.13 3.16 2.74 2.86 2.80 2.70
a1lv 0.93 0.91 0.91 0.87 0.84 1.26 1.13 1.20 1.30
a1Vl 1.89 1.86 1.85 1.85 1.79 1.44 1.61 1.49 1.59
Fet2 0.10 0.07 0.12 ©0.12 0.12 2.71 2.80 2.77 3.73
Mg 0.05 0.08 0.08 0.08 0.11 1.66 1.28 1.53 0.38
Mn 0.00 0.01 0.01 0.01 0.01 0.08 0.05 0.05 0.14
oct 2.04 2.02 2.06 2.06 2.03 5.89 5.74 5.84 5.84
ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Na 0.05 0.06 0.05 0.05 0.05 0.00 0.01 0.00 0.01
K 0.85 0.88 0.89 0.81 0.79 0.01 -0.00 0.00 0.02

Table 1.- Representative microprobe analyses (wt%) and structu-
ral formulae (half formulae) of phengite I, phengite II and
chlorite from Cabeza Mediana and Collado
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Mineral geothermometry has been carried out on phengites
samples (phl and phII) from Cabeza Mediana and Collado, and on
chlorites (ch) from Collado. Table 1 shows the results of
selected microprobe analyses.

The structural formulae, calculated on the basis of 11 oxy-
gens, display Siyy=3.09 for phengite I and between 3.13 and 3.16

2,000 —F-Par .
Si=3.17 Si=3.09
g Stage |
W-veins
1.500
1.000 -
500 - /)
Laté’ Stage ||
stage /o
0 1 Q’ Stage i sulphides
150 200 250 300 350 400 450 500 550 600 650
T°C
Fig 1.~ P-T reconstruction of conditons prevailing for the W-
pclymetallic sulghlde Representative isochores: (¢:Ly_n
“iVooywi Oily- o ®:Ly,) and data from mineral geothermo-
meters.

for phengite II. COmblnlng Vg-w isochores with P-T curve
calculate from Velde (1965) is shown that deposition of wolfra-
mite-QI, synchronous with phI, probably occurred around. 500%£50°C
and 150%+25 Mpa. In the same way, 300°%#50°C and 25i5Mpa for the
second stage are derived from phengite II geothermometry and L .,
and L, _, data (fig.l).

The structural formula of chlorites have been calculated on
the basis of 14 oxigens (half formula). On basis of the classifi-
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cation of chlorites (Fe/Fe+Mg vs. Si) proposed by Foster (1962),
all of the samples from Collado fall in the field characterized
by brunsvigite.

Using the Cathelineau and Nieva’s (1985) chlorite geother
mometer, 280%20°C is the estimated temperature for the chlorite-
sulphide stage.

Conclusions

The P-T-X evolution of the studied veins involves a drop in
pressure and temperature from the W to the sulphide stage during
specific deformation events. Dilution and cooling characterize
the whole evolution of the system in relation with a change in
the fluid pressure regime from lithostactic to hydrostatic pres
sure. A drop in PCO, and density correspond to the transition

between type V.., and ILy,_p fluid and to the later sulphide-chlo
rite stage"
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UNUSUAL NUKUNDAMITE OCCURRENCE IN AN IRON DEPOSIT FROM ROMANIA
AND ITS METALLOGENETIC IMPLICATIONS

Lupulescu, M. (1); Watson, EB. (2) & Wark, D. (2)
(1) Dept. of Mineralogy. University of Bucharest, N. Balcescu 1, 70111 Bucharest, Romania
(2) RP.L Dept. of Geology, Troy., N.Y, USA.

ABSTRACT. A nukundamite like mineral have been identified in an
iron bdccurrence and it belongs to a sulfides-bearing hydrothermal
association.The relations between the regionally metamorphosed

paragenese and the hydrothermal one show the appearance of nu-
kundamite leads to the breakdown of magnetite and the hematite

formation.

The iron occurrences of Boutari (Poiana Rusca Mts.,Romania) are
hosted by mesometamorphic rocks which appear on a small area in
the southern part of the massif.The iron ore is lense-like and is loca-
ted in an up-lifted tectonic block.

The mineralogical composition of the ore and the physiographic
relations between minerals show two different genetic mineral para-
geneses:

(A) The magnetite-bearing iron oxides paragenesis which is regional-
ly metamorphosed in almandine-amphibolite facies. The magnetite
is partially oxidized to hematite in some ore bodies.

(B) The sulfide-bearing paragenese which is made up of pyrite,pyrr-
hotite,chalcopyrite,bornite,covellite and sphalerite. This is a hydrot-
hermal mineral association and it superposes the magnetite-bearing
paragenese in some ore bodies.

In the last association we have identified the rare mineral nukun-
damite which has been previous described only in copper deposits.

Mineralogical features
In the iron occurrences of Boutari,the nukundamite appears fil-
ling narrow veins which penetrate the magnetite grains or between
them. It is associated and substitutes the bornite and the chalcopy-
rite.

The nukundamite grains have very small size, orange color,
strong bireflectance and anisotropism in pale-green to grey.

The chemical composition made by electron microprobe analysis
(Jeol 733 Superprobe) in the Rensselaer Polytechnic Institute, Troy,
S.U.A., shows the following values (wt%): Cu-56.34; Fe-11.83; S
31.68; Bi-0.08; Au-0.15; Ag-0.01, which corresponds to the
Cusag Feja9 Secalculated formula for 6 sulfur atoms.
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The quantitative reflectance measurements show the folowing av-
rage values for 1000 measurements: (488 nm)-21.739;(553 nm)-
25.134; (590 nm)-28.206; (650 nm)-28.071, using the magnetite as
standard.

We have used monoreflecting values due to the very small size of
the nukundamite grains. For the same reason we have used 10g and
25g loads for the microhardness identification. The aquired values
are 88.2 kg/mm2 for the former and 254 kg/mm? for the later load.

Mineralogenetic _implications

The relations between the two mineral paragenesis and between
the mineral components of the sulfides-bearing association show
the nukundamite-bornite-chalcopyrite represents thermodinamic-
ally stable association and when the nukundamite is present the
pyrite and the pyrrhotite disappear.

The experimental studies of Sugaki et al. (1975) showed the nuk-
undamite --chalcopyrite tie line is stable up to 3509 C and this is not
compatible with the former accepted bornite-pyrite tie line. The
pyrite-bornite assemblage is more common than the nukundamite-
chalcopyrite assemblage in nature and this fact indicates at temper-
atures lesser than 3000 C the phase-relations must change in the
Cu-Fe-S system. The nukundamite hydrothermal synthesis (Sugaki
et al., 1981) confirms the appearence of the nukundamite-chal-
copyrite association in the 2500-4500C temperature range and this
is in good agreement with Rosemboom & Kullerud (1958) data
which found the Cuss Fe Sgs composition is stable up to 5100C.

According to the thermodynamic data of Vaughan &Craig (1978)
and Barton &Skinner (1979) the appearance of nukundamite takes
place by bornite breakdown as in the following reaction:

Cus Fe S440.5 Cu S+S,---Cuss Fe Sgs (1)

This reaction is possibly in a 2270-482¢ C temperature range in
good agreement with the presented experimental data.

The fact that nukundamite and covellite are rare minerals in
hypogene ore is due to the low sulphur pressure (Yund &Kullerud,
1966) and not to the thermal phases instability. The covellite nuc-
leation takes place at low temperature and this means at temper-
ature over 2270-250° C when a suitable sulphur pressure is reached
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the bornite breaksdown and due to the reaction (1)the nukundamite
is generated and it is more abundent with higher temperature.

We have mentioned at the begining about the magnetite to hema-
tite transition. We can connect this reaction with the moment of the
sulfides-bearing hydrothermal phase. We have talked earlier that
nukundamite appears in a temperature range as 2500-4500C and this
is in good agreement with the 200°-6000C temperature range given
for hematite (Ramdohr,1969). Then, we can consider there is an in-
compatibility between the magnetite stability and the sulfide-bearing
hydrothermal phase which determines the oxidation of magnetite to
hematite.

The magnetite can coexist with chalcopyrite-pyrite-pyrrhotite
mineral association and it becomes instable when the pyrrhotite is
substituted by pyrite-bornite-chalcopyrite and specially when idaite-
nukundamite like minerals appear.

We can corroborate the abundence of hematite with the pyrrho-
tite breakdown and the presence of nukundamite in the light of the
cited experimental data and the field and microscopical observat-
iones.

If the genetic connection of the magnetite-bearing formation is
accepted being related to a regionally metamorphic dalslandian
event the magmatic connection of the sulfide-bearing hydrothermal
association is not known.

In the nearby areas there are some Upper-Cretaceous-Paleogene
magmatites which have copper and minor base-metal related miner-
alisations such as Tincova or Rusca Montana occurrences. This leads
us to the consideration that some deeper magmatites intruded in the
crystalline schists are the source for the hydrothermal solutions
which generated the sulfides paragenesis in which nukundamite
appears.
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ABSTRACT: This paper examines the potential use of the variation of the c,
parameter of graphite with temperature for geothermometric estimations, in two
Spanish deposits formed at low- and high-temperature conditions. At low-grade
metamorphic conditions, the c, parameter of graphite is affected by other factors
besides the temperature, so graphite geothermometry (based on c,} can only be used
in such rocks for qualitative estimations. For temperatures above 500°C, when the
fully ordered graphite appears, there is a close correlation between the tempera-
ture estimations based on the structural ordering of graphite and from mineral-
exchange geothermometry and, so, graphite thermometry can be a useful tool.

Introduction

The aim of the present paper is to test, geologically, the reliability of
the XRD-derived c, parameter as a geothermometer, specifically, to test the
temperature~c, calibration of Shengelia et al. (1979). Since there are no
comparative studies dealing with the differences between graphite geothermometry
and other geothermometers based on element partitioning between mineral phases,
we present here two case studies emphasizing these comparisons. In order to test
the temperature range of applicability of this graphite geothermometer, the study
focused on graphites formed in contrasting temperature environments (i.e., underx
low- and high-temperature conditions). Although the geothermometer developed by
Shengelia et al. (1979) is based, exclusively, on the progressive graphitization
of carbonaceous material during regional metamorphism, this study intends to test
the applicability of the geothermometer to graphites originating under two
different genetic conditions (i.e., both to metamorphosed organic matter and
"fluid-deposited" graphite).

For these purposes we have selected a graphite-rich horizon of Silurian
slates located south of El Muyo (Segovia province, Central Spain) in the eastern
part of the Spanish Central Range and a group of high-temperature graphite-
bearing dikes located in the margins of the Ronda ultramafic Complex (Malaga
province, Southern Spain).

Analytical procedures

Chemical compositions of minerals involved in geothermometric calculations
based on exchange equilibria were obtained using a JEOL JXA-50A electron
microprobe. Chlorite compositions were calculated by X-ray diffraction methods
and the results were verified by electron probe.

Graphite parameters were calculated by means of X-ray diffraction (XRD).
Graphite was removed from the host rock by acid treatment in an HF and H,SO,
solution heated at 70°C. Graphite concentrates obtained in this way were washed
thoroughly to remove free acid and then purified by flotation in distilled water.
Samples were scanned from low to high angles, usually five times (but at least
twice), wusing silicon powder as an internal standard. At these analytical
conditions, the interplanar spacing (dy,) was determined and the ¢, parameter
calculated.

Mineralogy

a) Black shales

The study focused on a graphite-rich horizon (20 m thick) in the Early
Silurian slates of the eastern part of the Spanish Central Range. On the basis
of mineral associations, two different lithologies have been distinguished in the
studied materials (Barrenechea et al., 1992): siliceous slates and carbonaceous
slates. The former are composed of gquartz, plagioclase, phengite and trioctahe-
dral Fe-rich chlorite. The carbonaceous slates are composed of gquartz, plagiocla-
se, graphitised carbonaceous matter, illite, pyrite and apatite nodules. In both
lithologies, graphite and chlorite are mutually exclusive. Graphite appears as
very thin flakes interlaminated with quartz and micas defining the foliation in
the slates.
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Following the classification of Landis (1971), three graphite types (d,,,
d, and d,;), characterized by different values of dgy,, symmetry and intensity of
the (002) reflection, can be recognized in the studied samples. The most
crystalline graphites were sampled in the levels of tight folding within the
horizon. The results of the TEM study suggest that any quantitative interpreta-
tion of the XRD data is hindered because of sample inhomogeneity.

b) High-temperature dikes

The graphite-bearing acidic dikes studied are restricted to the serpentini-
zed marginal zones of the ultramafic massifs of the Serrania de Ronda (Southern
Spain). The dikes were formed by anatexis of the underlying sediments and
graphite is thought to be deposited from CO,- and CH,~rich fluids generated during
the partial melting of the carbonaceous sediments (Lugue et al., 1987).

The mineral associations in the dikes permit the distinction between those
dikes that contain the original mineralogy (untransformed dikes) from those in
which this original assemblage has been partially or totally modified by late
hydrothermal processes (transformed dikes). In both cases, the dikes are
characterized by a high graphite content (up to 15% in weight).

Untransformed dikes consist of cordierite, gquartz, garnet, biotite,
graphite and ilmenite. Graphite is found as platy =xenomorphous aggregates
randomly distributed in the rock; these graphite flakes, in places, have been
mechanically introduced in microfissures forming in nest-like aggregates.
Graphite flakes range up to 250 uym in size, and textural relations indicate that
it was formed almost synchronously with the other minerals. For the purposes of
this study, only mineral compositions from untransformed dikes have been
considered because, during hydrothermal alteration, the chemical compositions of
minerals were changed and they did not attain equilibria (Luque et al., 1987).
Diffraction patterns of graphite found in both transformed and untransformed
dikes present all the reflections of this mineral {(with sharp 004, 101, 100, and
"103 peaks), indicating a high degree of structural ordering. TEM images showed
an ordered arrangement of carbon layers in these graphites.

Geothermometry

a) Black shales

The substitution of Si for Al in the tetrahedral sites of chlorites is
dependent upon the temperature of formation, and it is sensitive enough to be
used as a geothermometer, as pointed out by Cathelineau & Nieva (1985) and
Cathelineau (1988). These estimations have been used to determine the temperature
of formation of the siliceous slates, which ranges from 300 *20°C to 390 #220°C
(Table 1). On the basis of the observed mineral assemblages and illite crystalli-
nity, the temperature range obtained by the first method seems to be more
reasonable (Barrenechea et al., 1992).

The graphite c, parameter in the carbonaceous slates is guite variable due
to different degrees of structural ordering. These variations in such a thin
horizon would indicate that temperature was not the only factor that influenced
graphite crystallinity. The ¢, parameter for the most crystalline graphites (d,)
indicates a temperature of about 310°C (*15°C), by reference to the temperature-c,
calibration of Shengelia et al. (1979). This value is close to that obtained from
chlorite AlY™ content by means of the equation proposed by Cathelineau & Nieva
(1985).

b) High-temperature dikes

The temperature of formation of graphite-bearing dikes has been determined
using Fe-Mg partitioning between the coexisting mineral pairs garnet-biotite and
cordierite~garnet. The estimated temperatures range from 765°C to 830°C (Table
1).

Differences between dg, reflection of graphite in transformed and
untransformed dikes are negligible. Based on the c, data of graphite from both
types of dikes the estimated temperature of formation is 825 #£15°C. This
temperature, obviously, represent the thermal conditions attained before the
hydrothermal alteration.
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TABLE 1: Temperature estimations for the Silurian black shales and for the high~
temperature dikes by means of different geothermometers. 4 (T,-T,,) indicates the
difference in temperature calculated using the given geothermometer and using
graphite geothermometry.

Geothermometer Temperature A (T,-Ty)
Chlorite 300 +20°C + 10°C
(Cathelineau & Nieva, 1985)
Chlorite
Black shales (Cathelineau, 1988) 390 £20°C + 90°C
Graphite
(Shengelia et al., 1979) 310 215°C ---
Biotite-garnet 765-805°C (P=0 kb) - 40°C
(Indares & Martignole, 1985) 800-830°C (P=5 kb) - 10°C
Biotite-garnet 790 £15°C - 35°C
(Ferry & Spear, 1978)
‘Biotite-garnet 775°C - 50°C
High-Temperature (Saxena, 1969)
L] - e e i
Garnet-cordierite 785 +20°C - 40°C
(Bhattacharya et al., 1988)
‘Garnet-cordierite 625-775°C - 190 to - 50°C
Graphite 825 £15°C -

(Shengelia et al., 1979)

" After Dickey & Obata (1974)

Discussion

In order to center the discussion we can summarize our observations in two
points:

1) At low grade metamorphic conditions (chlorite zone), different graphite
types, classified according to lattice perfection, have been recognized in a thin
horizon.

2) At high temperature, only fully ordered graphite appears. Its structural
ordering is not dependent on other factors, such as late hydrothermal alteration,
confirming that graphitization is an irreversible process.

We have pointed out that, in the Silurian black shales, only the most
crystalline graphitised matter gives a temperature estimate close to that
calculated on the basis of Al™ content in chlorite, a temperature compatible with
other geological and mineralogical criteria. This fact suggests that although
temperature is the major factor controlling graphite crystallinity, it is not the
only important one. Among the different influences on graphite structural
ordering, the most prominent are: 1) the pressure, 2) the role of lithology and,
3) the nature of the original carbonaceous matter. The available data on graphite
crystallinity in the studied black shales suggest that some combination of the
above mentioned factors operated (shear stresses being the most important}).
Therefore, graphite geothermometry can only be successfully used for qualititati-
ve aims rather than for a quantitative temperature estimation at temperatures
below 500°C.

A different aspect of graphite geothermometry is represented by the high-
temperature dikes associated with the ultramafic rocks of southern Spain. The
crystallinity of graphite in the dikes appears to be unaffected by factors other
than temperature. The difference in temperature estimations by graphite
geothermometry and by exchange geothermometry ranges from 10°C to 40°C, a
deviation explainable on the basis of the accuracy of both methods. Therefore,
we can contend that, at temperatures above 500°C (i.e., from the appearance of
ordered graphite), the lattice parameter ¢, of fluid-deposited graphite seems to
be influenced only by temperature and the roles of other factors would be
meaningless, and graphite geothermometry accurate.
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On the other hand, it is neccesary to address that graphite geothermometry
at temperatures above 500°C is useful on both heat-treated organic matter
(metamorphosed carbonaceous material) and fluid-deposited graphite. The first
cage 1is illustrated through the study of Shengelia et al. (1979) in which
graphite geothermometry is verified by garnet-biotite geothermometry in graphitic
schists. The applicability on fluid-deposited graphite is documented through the
papers of Katz (1987) on graphite veins from Sri Lanka (which originated at
granulite facies conditions, T=750°C, from a CO,-rich fluid), Luque et al. (1992)
on graphite veins generated from magmatic (mainly mantle-derived) melts, and the
graphite~bearing dikes studied in this work.

Conclusions

The two case studies presented in this paper show that the relationship
between the degree of structural ordering of graphite (represented by the c,
parameter) and its temperature of formation is a potential method to evaluate the
temperatures reached by the rocks in which it appears. Although graphite
geothermometry at low-grade metamorphic conditions has some restrictions relative
to the influence of other factors on the graphite c, parameter (mainly the effects
of pressure, original composition of the carbonaceous matter, and litholegy), it
can be used for qualitative estimations, especially if one relies on data from
the most-ordered graphites found in a particular lithology. At temperatures above
500°C it is not influenced by such factors and it can be a useful tool in
determining peak temperatures.

Graphite geothermometry at high temperature is useful on both metamorphosed
organic matter and fluid-deposited graphite, and it is independent of retrometa-
morphic or pressure effects, factors that clearly influence the exchange
equilibria. In addition, graphite geothermometry can be successfully used in
those cases in which no other thermometric indicators exist, such as some
epigenetic graphite deposits (i.e., graphite veins), where good agreement with
temperatures deduced from geological or field evidence is found.
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ABSTRACT: Granitic dykes derived from migmatitic hostrocks intruded a Dy-related fracture system in a 1.89 Ga
peridotite bearing Ni-Cu-Fe sulphides. Alteration zones formed during metasomatic exchange between the dykes
and sulphide-bearing peridotite. Gresens' equation is used to document the exchange relative to now-serpentinized
peridotite, and provides a basis for evaluating the partially-masked metasomatism which included remobilization of
suiphides. Remobilization has not affected grade at stope-scale.

1. INTRODUCTION

The Vammala mine is located in southwestern Finland, 175 km northwest of Helsinki. The
Ni-Cu sulphide ore is hosted by the Stormi layered ultramafic body which has a sill-like form
within migmatitic gneisses and a 1.89 Ga U-Pb age. This age typifies a group of synorogenic
Svecokarelian mafic-ultramafic intrusions (Hakli et al. 1979); but although commonly classified

s "bodies emplaced during orogenesis”, the precise affinities of the intrusions and their
magmatic nickel deposits are contentious.

Predominantly net-textured or matrix ore occupies the lowermost of the three layers
comprising the ultramafite. Typical ore grades are 0.5-1.0% Cu, 1-2% Ni and 5-10% S;
subeconomic mineralization contains < 1% Cu + Ni.

The ultramafite and orebodies are cut by a series of dykes which range from "gabbroic"
(plagioclase, aphanitic serpentine and phlogopite) to "granitic" (plagioclase, potassium feldspar,
biotite and quartz) in composition (Hékli et al. 1979). The dykes are parallelled by near
monominerallic alteration zones comprising (from unaltered peridotite to the dyke) talc,
actinolite, anthophyllite, chlorite (Papunen 1985).

We examine the nature of the alteration assemblages in the ultramafite adjacent to the
feldspar-rich dykes. An attempt is made to evaluate element mobility, to effect mass-balance
determinations, and to assess volume changes associated with the alteration. The influence of the
alteration processes on the Vammala Ni-Cu ore is assessed.

2. PERTINENT GEOLOGY
2.1 Hostrocks and ore

The paragneisses hosting the ultramafite are migmatitic biotite-plagioclase-quartz gneisses
with garnet, cordierite and sillimanite. Mineralogical assemblages are consistent with
metamorphic conditions of the upper amphibolite/lower granulite facies (Peltoricn 1990). Four
periods of deformation are inferred. D, - D, produced the migmatitic layering, but the latter was
not retrogressed by D,, which also produced migmatitic leucosome. Thus, peak or near-peak
metamorphism accompanied D;-D,. The east-trending upright F, folds control the regional
distribution of the metased:memmy rocks (Kilpeldinen & Rastas 1992)

The lowermost layer of the Stormi ultramafite hosts the main economic concentrations of
sulphide. It ranges from lherzolitic peridotite to dunite in composition and has a well-preserved
cumulate texture, despite each olivine grain being substantially serpentinized. Monoclinic
pyrrhotite-pentlandite-chalcopyrite + cubanite + mackinawite + vallerite constitutes the ore-
forming assemblage. The sulphides are an integral part of the primary igneous texture. Dykes
affecting the silicate phases must inevitably influence the sulphide species.

2.2 Fracture system

The fracture system which controls the orientation of dykes and alteration assemblages,
resolves into a conjugate set of fractures, of high dihedral angle, bracketing a N-S fracture set.
The system is consistent with the proposed (Kilpeldinen & Rastas 1991) north-south direction of
contraction during D;. "T" and "X" relationships of dykes in the stope only require a dilational
opening mode. Obhque extension is sufficient to explain most minor fault displacements. The
few more substantial displacements are ascribed to reactivation either during D, or subsequent to
serpentinization.
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2.3 Alteration assemblages and dykes

The principal lithological characteristics of the alteration assemblages and dykes are
summarized in Table 1. Although four zones separate the "parent” rock from the dyke, zone 1 is
uncommon and zone 2 is not always present. The zones are typically symmetrical about the
dyke with respect to both sequence and thickness. Uncommon cases of thickness-asymmetry are
related to diffusion rates being higher above than below less steeply inclined dykes. There is no
simple correlation between dyke-thickness and the thickness of the alteration zones. For
example, 1.5cm of alteration abut a 5cm dyke, 3cm abut a lcm dyke, and 0.5cm abut a fracture
where no feldspar exists.

Mineralogical changes involve conversion of olivine and pyroxene/amphibole to varying
proportions of amphibole, phlogopite and chlorite. In the “"parent” rock, residual cores of
clinopyroxene remain within poikiloblastic tremolitic hornblende, in turn overgrown with rims of
magnesio-cummingtonite at the interface with now-serpentinized olivine. In zones 1 and 2,
olivine converts to fine grained talc, phlogopite and interleaved chlorite, and all the amphibole
recrystallizes to nematoblastic magnesio-cummingtonite. Apart from sparse amounts of stubby
phlogopite and interleaved chlorite, zone 3 comprises fibrous magnesio-cummingtonite with a
highly preferred orientation normal to the zone-boundary. Zone 4 comprises coarse euhedral
phlogopite and interleaved chiorite with minor stubby magnesio-cummingtonite.

The dykes comprise plagioclase (Na,0/CaO = 2 to 5), magnesio-homnblende to magnesio-
cummingtonite, minor phlogopite and interleaved chlorite, coarse apatite, and variable amounts
of quartz and K-feldspar.

3. ALTERATION CHEMISTRY
3.1 Analytical data and evaluation methods

Wholerock analyses were obtained for the serpentinized "parent” rock, the discrete zones of
alteration excluding the thin poorly developed zone 1, and the more equigranular dykes. It is
likely that serpentinization occurred substantially later, and under conditions of lower
temperature and pressure, than those producing the dykes of partial melt and the cummingtonite-
phlogopite alteration assemblages.

The metasomatic changes have been evaluated: (a) in relation to the percentage-change in
concentration of each element analysed; (b) by normalization against a presumed immobile
component (Al,O,); and (c) by the application of Gresens' (1967) equation. The latter states that:

Xn (%) =fv (gB / gA) CnB - CnA

A— B
where X, is the weight of component n, expressed as a percentage of the weight of rock A, added
to or removed from rock A in order to form rock B; f, is the volume factor obtamed by dividing

the volume of B by that of A; g, and g, are the respective specific gravities; and C,f and C,A are
the respective concentrations otp nin B and A.

3.2 Results

The percentage-changes in concentration of selected components involved in the assumed
constant-volume alteration of the "parent” rock to zones 2, 3 and 4, exhibit three main trends;
progressive enrichment (K O, Rb,0, AlL,O,, P,0O, and TiO,); progressive depletion (Cr, 0,4, V,0,,
LOI and MgO); and combmanons of ennchmem and deplcuon (Cu, MnO, Si0Q,, FeO, Co, S and
Ni). The least variable components are Si0,, FeO and MgO, whereas Al, O and TiO, show
substantial enrichment, and Rb,0, K,0 and P 6 show extreme enrichment.

The Al,O,-normalised data show that whereas K20 Rb,0 and P,O; are relatively enriched, all
other components are relatively depleted. The behaviour of Al O, is most closely approximated
by TiO,, K,O and Rb,0.

The Grcsens equanon for an assumed constant volume (f, = 0) shows that over the 10
metasomatic changes investigated there is a net enrichment (excludmg volatiles) of 23.4 kg per
1000 kg (2.3 wt %) of assumed source rocks. This involved mean additions of SiO,, AL O, and
K20(36 3.4 and 1.3 wt %), mean losses of FeO, MgO, Ca0, Cu, Niand S (0.2, 3.0, 05 O% 0.3
and 1.9 wt %) and negligible changes in TiO,, P,0O, and Co.
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Table 1. Hand-specimen characteristics of the "parent" rock, alteration assemblages and

feldspar-rich median zones.

Material Thickness  Colour Mineralogy and texture Sulphide distribution
(cm)
"Parent” dark grey serpentinized olivine sub- disseminated or net-textured
rock to black, hedra (2.5mm) in a matrix po, pe and cp; primary
other than of oikocrystic pyroxene- distribution.
for sulphides. amphibole and/or Fe-Ni-Cu
sulphides; an igneous,
commonly cumulate texture,
with a planar lamination
(Jackson 1967) in places.
Zone 12 0°-0.5 pale yellow- iddingsite products after disseminated and net textures
green to olivine - "iddingsite" become blurred.
green-brown enrichment is accompanied
by blurring of the primary
(igneous) texture.
Zone 2 0-2.5 pale grey sheaf-like patches (up to ragged patches due to invasion
Smm) of prismatic by amphibole sheaves.
amphibole; interlocking
patches are disoriented;
all primary texture lost.
Zone 3 0.2-1.5 very pale grey  fibrous-looking prismatic planar and wedge-shapped
with green amphibole showing a highly screens between prismatic
-brown tints. preferred orientation amphiboles.
normal to the zone
boundaries.
Zone 4 0.2-1.5 dark green- chlorite, brown-black mica sparse to irregular concentrations
grey-black and minor amphibole; varies between the silicate phases.
from disoriented to a planar
preferred orientation sub-
parallel to the zone
boundaries.
Feldspar-  0-100° ranges from a from equigranular medium most variable; may lack
richmed-  (usually vniform pale to  grained feldspar (1-2mm), sulphides, or contain discrete
ianzone  <20) medium blue- to coarse feldspar (up to splashes in the matrix, or form
grey, to grey 3cm) and brown mica a central zone of abundant,
patches(up to (up to 1.5cm) in a finer commonly durchbewegt
3cm)inadark  grained (< 3mm), commonly  (Marshall and Gilligan, 1989)
green-black serpentinized and foliated sulphide.
matrix matrix of chlorite,

brown mica and amphibole,
+ quartz; where the matrix
is foliated, the pegmatitic
feldspar is porphyroclastic.

a4 Numbered from the "parent rock” to the median zone.

b Zero implies that the zone is not always developed.

€ Most uncertain due to extremely intermittent core recovery.
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Best-fit volume factors were determined from composition-volume diagrams (Gresens 1967
fig. 3) for each of the 10 changes. They range between 0.85 and 1.2, but yield a mean of 0.97; an
overall volume decrease of 3%. By applying these factors, best-fit gains and losses were
obtained. This yielded a net loss (excluding volatiles) of 24.6 kg per 1000 kg (2.5 wt %) of
assumed source rocks. It involved mean gains of SiO,, AL,O;, K,0 and P,0O, (0.9, 3.2, 1.0 and
0.1 wt %), mean losses of FeO, MgO, Ca0O, Ni and S (0.7, 3.9, 0.6, 0.42 and 2.1 wt %), and
negligible changes in TiO,, Cu and Co.

For both constant-volume and best-fit volume factors, there is a net loss of volatiles (loss on
ignition) of about 5 wt %. This is consistent with the presence of serpentinized olivine in the
"parent" rock.

4. DISCUSSION AND CONCLUSIONS

Because serpentinization most probably post-dated the alteration zones, it follows that the
latter derived from peridotite rather than serpentinised peridotite. The present alteration
chemistry and "parent” rock therefore reflect: (a) alteration of peridotite to amphibole-phlogopite
assemblages; and (b) alteration of peridotite to serpentinised peridotite (the "parent” rock).
Nevertheless, the magmatic texture in the "parent" is perfectly preserved, the sulphide droplets
have maintained their form, and only the olivine is serpentinized. We therefore suggest that, at
constant volume, sufficient MgO and SiO, were removed from the rock to substantially lower the
specific gravity, but that the relative concentrations of the other components (except LOI) were
unaffected. Our interpretation of the transitions from peridotite to the alteration zones is that the
majority of gains and losses would follow those of the transitions from serpentinised peridotite
("parent” rock) to the alteration zones, and that f, would be zero to slightly positive rather than
negative. Exceptions are that the SiO,-gain would be less, the MgO-loss more and the LOI-loss
very much less.

Following-on from the interpretation, although small gains in SiO, and P,0O; could reflect
reconcentration of components in the peridotite, massive gains in ALO,, K,O and, most
probably, BaO and Rb,O require metasomatic enrichment. Similarly, reconcentration could
explain small losses, but massive losses of MgO and CaO require metasomatic depletion.
Phlogopite, Mg-rich amphibole and coarse apatite in the dykes, loss of quartz and K-feldspar
from the dykes, and alteration zones mainly comprising amphibole and phlogopite, are
mineralogical evidence of the metasomatic exchange.

Ni, Cu, Fe and S are mass-loss components. However, the loss is not progressive; they are
redistributed but retained in zones 1 to 3, whereas major losses are incurred from zone 4. The
existence of irregularly distributed Ni-Cu-Fe sulphide masses within the dykes are in keeping
with external remobilization during the metasomatic exchange. However, at stope-scale,
remobilization has neither enriched nor depleted the ore.

We conclude that the dykes were formed when granitic melt intruded the ultramafite under
high amphibolite-facies conditions. Prior to crystallization, the alteration zoncs formed during
metasomatic exchange. Remobilization of Ni-Cu-Fe sulphides was part of this exchange.
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THE EVOLUTION OF COPPER MINERALIZATION IN THE OKIEP DISTRICT, SOUTH
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Abstract: The Okiep copper mineralization evoived in three distinct stages. During a magmatic
stage the copper ore formed by immiscibility of sulphide from a basic, mantle-derived magma.
Sulphide saturation was controled by assimilation of siliceous crustal material. Subsequent
granulite facies metamorphism caused extensive oxidation of the ores and devolatilization of
SO, which resulted in the conversion of pyrrhotite and chalcopyrite into magnetite and bornite.
Remobilization of sulphides occurred during a late hydrothermal stage.

Introduction and Geological Setting: The Okiep District constitutes a major source of copper
in South Africa. Sulphide mineralization was first reported here in 1685, but systematic mining
commenced in 1850 only. During the more than 100 years of commercial exploitation, up to
15 mines produced ca. 2 million tons of Cu metal from 100 million tons of ore. Individual ore
bodies range in size from 200000 tons to almost 40 million tons. The Okiep District is situated
in the Proterozoic Namaqualand Metamorphic Complex, in the north-western Cape Province
of South Africa (Fig. 1). The gneissic terrane has undergone granulite facies metamorphism
and polyphase deformation and the inferred P-T conditions are 6 kbar and 2 800°C (Clifford
et al, 1975). The dominant regional-scale deformation style is sub-horizontal, with large
recumbent folds and flat-lying foliation.
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Figure 1: Simplified geological map of the Okiep Copper District
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Copper mineralization is contained in the ca. 1100 Ma old Koperberg Suite, which occurs as
a swarm of east-west trending dykes and pipe-like bodies, covering an arez of 60 km by 50 km.
These bodies intrude granite gneiss country rocks along discontinous zones characterized by
steeply dipping foliations and associated folding. The intrusives range from old -quartz
andesinites, through diorite and norite, to younger hypersthenite and glimmerite. The more
mafic rock types have the most potential for containing copper mineralization.

The general perception is that the copper ore formed by immiscibility of sulphide liquid from
a basic magma. All studies into the genesis of the mineralization, therefore, invariably have
also addressed questions related to the origin of the host rocks. More recently, Cawthorn and
Meyer (1993) and Boer et al. (1993), however, questioned the magmatic model. They found
that the Okiep ores display many features which are atypical for magmatic sulphides, that the
style of mineralization is unique, and that the deposits cannot be simply classified in terms of
well-known ore-deposit types. .

In this paper we present new mineralogical, geochemical and stable isotope data which allows
a reconstruction of the magmatic and metamorphic evolution of the Koperberg Suite and the
associated copper ore.

Petrography and Mineral Chemistry: The mineralogy of the Koperberg Suite is dominated by
>— variations in modal proportions of plagioclase,
orthopyroxene and biotite. Accessory ‘minerals
include apatite, K-feldspar, zircon, quartz,
anhydrite, various sulphides and Fe-Ti oxides.
Amphibole and clinopyroxene are rare, while
olivine is conspicous by its absence..Orthopyroxene

i T T ! i T

CARROLL & RUTHERFORD (1987)

£ compositions vary between En,; and Eng, and
g 10 lagiocl from Ang, to Ang. I

S plagioclase ranges from An,, to Ang. In contrast
e to many layered mafic intrusions, orthopyroxene
§ and plagioclase compositions are not correlated
] 12 which may be attributed to either contamination of
g the Koperberg magma by crustal material or
1

equilibration under variable fO, conditions.
Oxygen fugacities obtained from orthopyroxene
oxybarometry are in excess of that of the NNO
buffer and, in the case of Carolusberg, fall within
the stability field of anhydrite (Fig. 2).

Magnetite is the dominant ore mineral in the
o leucocratic rocks while sulphides predominate in

Figure 2: Estimation of oxygen fugacities the more mafic rock types. The latter may occur

for the East Okiep and Carolusberg ore interstitial between silicates, along cleavage planes
bodies in biotite, in granoblastic-textured rocks with

polygonal and straight boundaries against
orthopyroxene and oxides and as massive ore. Some ore bodies also show a late-stage, low-
temperature hydrothermal alteration of silicates and remobilization of sulphides (e.g. Hoits
mine). Sulphide parageneses exhibit distinct differences between the various ore bodies. A Fe-
and S-rich assemblage comprising chalcopyrite, pyrrhotite and minor pentlandite occurs at East

14

{ 1
800 900 1000
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Okiep (Fig. 1) while the majority of the remaining ore bodies are characterized by an
intermediate assemblage consisting of chalcopyrite and bornite. The Carolusberg West ore
body (Fig. 1), however, contains a Fe- and S-poor paragenesis involving mainly bornite as well
as chalcocite. Iron-titanium oxides are also characterized by three distinct assemblages
signifying varying degrees of oxidation. Magnetite with ilmenite oxyexsolution lamellae occurs
at East Okiep, magnetite together with discrete granular ilmenite forms part of the
intermediate assemblage, and Ti-free magnetite together with discrete grains of titanohematite-
ilmenite intergrowths make up the oxide assemblage at Carolusberg West.

Whole-rock analyses of the copper ores display high Fe,0,/TiO,, Cu/Ni and Cu/S ratios, and
low S/Se-ratios. The oxidized Carolusberg ore is characterized by a mean Cu/S ratio of 2.7
and a S/Se ratio of 1000 while the non-oxidized East Okiep ore has Cu/S and S/Se ratios
typical for magmatic sulphides, i.e. 0.8 and 20000, respectively.

Stable Isotopes: Whole-rock 0 /%O ratios for the Koperberg Suite rocks vary between 5.9 and

¢ 4  83%o and are controlled by the

o modal mineralogy. Granite gneiss

country rocks have normal whole-

rock 80 values for granitic rocks

Metamorphic Overprint - Deing in the range 7.7-8.2%o. The

order of decreasing ®O-enrichment

in the main host rock minerals is

/ Grusto! Contomination andesine (6.2-9.6%o), hypersthene

(6.2-7.4%o), phlogopite (5.1-5.7%0) and

oot magma ' magnetite (2.4-5.2%0). Accessory

phases give ¥0/'0O ratios of 6.5-

7.1%e for zircon and 5.5-6.6%o for

apatite. The 8%0 andesine and

hypersthene data indicate

significant enrichment relative to

mantle-derived rocks (Fig.3). This

enrichment resulted from

0 LN R e —— 1  contamination of the magmas with

crustal rocks. Mixing calculations

based on a two-end-member model

show that an O increase of the

Koperberg Suite by 1.7%o requires ca

40% contamination by crustal material with a 80 value of 10%o. The A®O andesine-

hypersthene values display a wide range from -0.1 to +2.2%e.. This is indicative of open-system,

disequilibrium behavier and it is suggested that in addition to crustal contamination further

modification took place due to subsolidus exchange with an isotopically heavy fluid of

metamorphic origin.

Sulphur isotope ratios in sulphides are light relative to mantle values. The 8*S values for
chalcopyrite vary from -1.5 to -3.8%s, for bornite from -1.9 to -4.1%eo, and for pyrrhotite from

-1.9 to -2.5%o. Reversed chalcopyrite-bornite fractionation and the lack of temperature

concordancy indicate open system, disequilibrium behaviour. However, in bulk samples 3*S

8180 Plaglociase (%°)

18,
8 OOHhopyroxene (7“)

Figure 3: Plot of 6"°0,,, versus 6'°0,,,
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values decrease
- systematically with
increasing Cu/S ratios of
the ore (Fig. 4). This trend
£OK may be diagnostic for an
* oxidation process which
resulted in the
devolatilization of a SO,-
rich vapour phase.

SPK
.

-2k

Average 5°4s (%)

Summary and Conclusions:
The sulphide mineralogy
of most of the Okiep ores
B 25 20 75 70 os is dominated by bornite,
Cu/S whereas immiscible
magmatic sulphide ores
contain pyrrhotite and
chalcopyrite. Hence, it is difficult to envisage a primary magmatic origin for the Okiep
sulphides. Geochemical and mineralogical evidence demonstrates that the ores have undergone
an extensive oxidative event coupled with SO, devolatilization in which pyrrhotite and
chalcopyrite were converted to Ti-free magnetite and bornite. The devolatilization event was
also responcible for the high Cu/S and low S/Se ratios in the Carolusberg ore. It is envisaged
that the Koperberg Suite originated from mantle-derived basaltic magmas which were
enmplaced over a protracted period of time into a region undergoing deformation and
granulite facies metamorphismm. Oxidation probably occurred as a result of the metamophic
overprint. The original magma was further modified by assimilation of crustal material. The
degree and localization of contamination with silica-rich rocks presumably controled the
degree and localization of sulphide saturation. The present interpretation of the evolution of
the Okiep copper ores recognizess three distinct stages. A primary magmatic event (e.g. East
Okiep); this was almost completely obliterated during a second stage of high temperature
oxidative metamorphism (i.e. Carolusberg), and final period of low-temperature hydrothermal
remobilization (i.e. Hoits).

Figure 4: Plot of 6%S versus Cu/S ratios for the major ore bodies
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ABSTRACT

The Aguilas and Sierra Almagrera-Herrerias mineral districts
are located in the highly mineralized interior domain of the Betic
Cordillera in southeastern Spain. Deposits in the Aguilas area are
dominantly Fe-Pb-Zn veins, while those in the Sierra Almagrera-
Herrerias area are Cu-Pb-Zn-Ba-Fe veins. Mineral assemblages
present in both groups of deposits exhibit complex paragenetic
sequences, with significant differences between the two groups.
The Aguilas group is characterized by a high temperature (4002-
4509C) assemblage in the early stage of mineral deposition,
whereas the late stage minerals are present only in the Sierra
Almagrera-Herrerias deposits. The regional distribution of mineral
assemblages, representing various stages of the paragenesis, shows
a geographic distribution that suggests a regional zoning of
deposits within each group.

1 INTRODUCTION

The base metal and
precious metal deposits of
south-eastern Spain. were
major sources of Pb, Zn and
Ag during the 19th century
and up to the middle of the
20th century. Some mining
districts are still in E
operation (although at
greatly reduced levels)
after more than 2000 years
of continuous production
(Arribas et al., 1991). The
metallogenetic importance
of the region is de-
monstrated by the presence
of more than 3000 known

S

occurrences of minerali- ,‘
zation between Cabo de sarranco dal Jaroso }
Gata, Almeria and Carta- e
gena, Murcia. This contri- Herrerias f*
bution is concerned with Y]
the paragenesis and com- |

»

positional variations of
deposits in the central
part of the region, in Figure 1. Geological map: 1 Nevado-Filabride Complex.
particular those in the 2 Alpujarride Complex. 3 Volcanic rocks. 4 Neogene
vicinity of Aguilas (Sierra sediments. 5 Outcroos.

171




del Aguildén, Ermita de la Cuesta de Gos and Reina del Cielo) and
Sierra Almagrera-Herrerias (El1 Jaroso, El1 Arteal and Herrerias)
(Fig. 1).

These consist of base metal vein deposits spatially related
to volcanism in the region. In addition to these deposits other
occurrences o0f mineralization, of lesser. economic significance,
include pyrite disseminations and Fe-Mn oxide veins (with relic
sulphide minerals) in volcanic host rocks

2 GEOLOGICAL SETTING AND ORE DEPOSITS

The host rocks of the deposits under investigation belong to
the interior domain of the Betic Cordillera, which resulted from
the collision of Africa with Europe during the Cainozoic. This
domain is characterized by a nappe structure comprised of a series
of superposed tectonostratigraphic units of Palaeozoic and
Mesozoic metasediments referred to as (from bottom to top) the
Nevado-Filébride, Alpujéarride and Malaguide complexes.
Subsequently, Neogene sediments were deposited in intermontane
basins. )

The majority of the deposits in the Aguilas and Sierra
Almagrera-Herrerias areas are hosted by rocks of the Loma de Bas
unit of the Alpujarride complex or the Cantal unit of the Nevado-
Fildbride complex (Alvarez, 1987). The former consists of
graphitic mica and quartz-mica schists and the latter of
quartzites and mica schists with staurolite, garnet, kyanite and
sillimanite. An exception is the Herrerias mine, where the host
rock is hydrothermally altered marl of Tortonian age (Alvado,
1986).

Post-collision Neogene volcanism produced the Almeria-
Cartagena volcanic belt that, from south +to north, shows a
variation from calc-alkaline to high-potassium calc-alkaline to
shoshonitic and to ultrapotassic composition, along with a trend
in age from 18 to 2 Ma. In the Aguilas area the volcanic rocks
mainly belong +to the shoshonite series (Castroviejo, 1991),
although some outcrops occur of hydrothermally altered
microtonalites with relic phenocrysts of sanidine, indicating a
correlation with the. high potassium calc-alkaline series. Volcanic
rocks in the Sierra Almagrera-Herrerias area are present as
dacitic and rhyodacitic domes, of the shoshonitic series, related
to the N-S Palomares fault. These rocks consist of explosive
breccias rich in sanadine and biotite phenocrysts.

Although none of the economically important deposits in the
Aguilas and Sierra Almagrera-Herrerias area is hosted by volcanic
rocks (cf. Rodalquilar, Cunningham et al., 1990; Mazarron,
Espinosa et al., 1974), there is a close spatial relationship
between the distribution of the volcanism and mineralization, and
volcanic rocks were encountered in some of the mine workings.

3 MINERAL ASSEMBLAGES AND TEXTURES

The main geological, mineralogical and textural features of
the deposits included in this study are -summarized in Table 1.
From textural studies two generalized paragenetic sequences have
been established, one for the deposits in the Aguilas area and
the other for deposits in the Sierra Almagrera-Herrerias area. As
shown in Table 1, the veins are polymetallic deposits of Fe-Pb-
Zn-Cu-Ba-Ag, with minor amounts of Ni-Bi-As. However, two groups
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of deposits can be distinguished, with significant differences in
mineralogy, chemistry and textures.

Table 1. Mineral assemblages and textural features of Aguilas— Sierra Almagrera areas.

LOCALITY  MAJOR MINOR HOST MORPHO-  MAJOR MINOR GANGUE MAIN TEXTURAL FEATURES
EIEMENTS ELEMENTS ROCKS LOGY ORE ORE MINERALS
MINERALS MINERALS
SIERRADEL Zn-Pb-Fe- As-Ag Alpujarride  veins, sp. g0, py o, apy, cbn,  qQz <p discase; sp stars in ¢p; lameliar
AGUILON Cu Complex  pscudo— agpnt twinning in cp
stockworks
ERMITA Fe-Pb-Zo Bi-As Alpujarride  veins py.mc, ga, cp,apy.bi qtz, (bar) mc-py fameliae; me intergrowths /
CUESTA DE Complex sp. po inclusions in py; porous patches in py
GOS (after me?); spstars incp
REINADEL  Fe-As-Zn Cu-Pb~Bi Nevado-  veins py.mc, cp.gn, po.bi gz, bar lamellar py-mc with eubedral outlines,’
CIELO Filabride 81,5p,po some ap overgrowths; “birds-eye”
Complex textures of py-mc (after po) withia py
crystals
ELJAROSO  Cu-Fe-Pb-  Ni-Bi-Ag Alpujarride  veins, cp.ga.pysuc  sp,thd, bou,  bar,sid, gtz colloform & botryoidal py-moc;
Zn~Ba Complex  dissemina- bi, ger colloform sp; compositional zoring of
tions apy
ELARTEAL Cu-Fe-Pb- Ag-Bi Alpujaride  veins PY. G0, sp, thd, bou,  bar,sid, gtz colloform & botryoidal py-mc;
Zn-Ba Complex veen bi, ger colloform sp; dendritic gn; fibrous &
radia) barite; compositional z200ing of
apy and thd; framboidal py;
melnikovite-type py
HERRERIAS Bz Pb-Zn~Ag  Neogene  stratiform, bar,Fe-Mn  gn,sp bar comb textured bar; deadritic gn;
scdiments  veins ox. colloform sp.

Abbreviations: apy: arsenopyrite; agpnt: argentopentlandite; bi: bismuthinite & native bismuth; bou: bournonite; cbn: cubanite;
¢p: chalcopyrite;ger: gersdorffite;gn: galena;mc: marcasite; po: pyrrhotite; py: pyrite; sp: sphalerite; thd: tetrahedrite; veen: vee—-
nite; bar: barite; gtz: quartz;sid: siderite.

The Aguilas group consists of Fe-Pb-Zn deposits, the main ore
minerals being pyrite, marcasite, sphalerite, and galena with
guartz as the major gangue mineral. The mineral assemblage and
textures of this group indicate high temperatures of formation
(400Q-450QC, Morales & Fenoll, 1992) for the first stage of the
paragenetic sequence (see below).

In the Sierra Almagrera-Herrerias area the deposits are
characterized by Cu-Pb-Zn-Ba-Fe. The major ore minerals are
chalcopyrite, galena, pyrite, marcasite, and veenite, with barite
as the major gangue mineral. Textures observed in this group of
deposits are characteristic of open space deposition at relatively
low temperatures.

Differences are also observed in the paragenetic sequences
for the +two groups of deposits (Fig. 2). The first stage
(argentopentlandite, cubanite, sphalerite, and chalcopyrite) is
seen only in the Aguilas deposits and most minerals of the final
stage (galena, veenite, bournonite, tetrahedrite) are present only
in the Sierra Almagrera-Herrerias deposits. Minerals of the
intermediate stages are found in both groups of deposits. In
addition to the changes in mineral assemblages with time, some
trends are also observed in mineral chemistry. For example,
sphalerite was deposited throughout almost the entire paragenetic
sequence and shows a gradual decrease in Fe content from about 10
wt. % in the initial stage to virtually O wt. % in the final
stage.

4 CONCLUSIONS

Although four stages of mineral deposition can be recognized,
textural features and trends in mineral chemistry (e.g. of
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Figure 2. Paragenetic sequences for: (A) Aguilas area. (B) Sierra Almagrera area
sphalerite) indicate that the sequence of crystallization was more
or less continuous.

The mineral assemblages corresponding to each stage, although
more common in certain deposits, can alsc be present in others.
This suggests a continuity of deposition that resulted in a
zonation on a regional scale within each group. Accordingly, in
the Aguilas group, mineral assemblages of the high témperature
paragenetic stage are mainly found in the Sierra del Aguildn
deposits, but rarely in the deposits of Ermita de la Cuesta de
Gos and not at all in Reina del Cielo. Within the Sierra
Almagrera-Herrerias group, the deposits of El Jaroso and El Arteal
are characterized by intermediate and final stages of the
paragenesis and those of Herrerias by the final stage only. This
deposit differs from other veins described above, as the Ag, Pb,
and Zn are associated with barite wveins within a sequence of Fe-Mn
oxides- that appear to represent exhalites deposited in Tortonian
marls.
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CYMRITE IN THE STRATIFORM BARITE DEPOSITS OF ZAMORA PROVINCE
(CENTRAL WEST SPAIN)

Moro Benito, M.C. (1); Cembranos Pérez, M.L. (1) & Pérez del Villar Guillen, L. (2)
(1) Dept. Geologia. Facultad de Ciencias. Universidad de Salamanca. 37008 Salamanca, Spain
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ABSTRACT: During the research carried out on the Late Silurian
-Early Devonian stratiform barite deposits of the Zamora province,
cymrite (BaAl2Si208.H20) has been detected in the metamorphic
siliceous and carbonate baritic rocks. The aim of this work is to
report the mineralogical and chemical characteristics of this
hydrated Ba-feldspar.

INTRODUCTION: Anhidrous and hydrated barium-feldspars, celsian,
hyalophane and cymrite, associated with sedimentary and metamorphic
rocks and metamorphosed barite deposits have been studied by
several authors. Among them, Bjorlykke and Griffin (1973) reported
hyalophane from Lower Devonian barium-rich shales in the Oslo
region. Cymrite and celsian have been identified in manganese-rich
metamorphic rocks from Andros island (Greece) by Reinecke (1982).
Coats et al. (1980 and 1990), and Fortey and Beddoe-Stephens (1982)
described celsian, hyalophane and cymrite in quartz-celsian rocks
from the mineralized zone of the Aberfeldy stratabound barium zinc
deposits (Scotland). Jakobsen (1990) described and discussed the
genetic significance of an hydrous Ba-silicate similar to cymrite
but with 4 molecules of H20 present in unmetamorphosed black
organic-rich cherts, together with hyalophane and barite, in
central North Greenland. Russell (1988) suggested that authigenic
Ba-feldspars or their hydrated precursors may precipitate from
aluminosilicate gels in conditions of variable pH but where the
activity of water is low.

GEQLOGY AND METALLOGENIC CHARACTERISTICS OF THE BARITE
DEPOSITS.

The barite deposits studied (Ambiciosa, Mary Carmen and Astur
mines) are located in the central-western zone of the Zamora
province. All of them are hosted by the thick Late Silurian-Early
Devonian volcano-sedimentary sequence of the Alcafiices Synform
(Iberian Massif). These materials were affected by four different
Hercynian deformation phases and a low-grade dynamothermal
metamorphic event, characterized by a low-medium pressure {(New
Hampshire type) and a temperature of about 3509C (Antona,1989).

The barite deposits have been studied from different points of
view by Moro (1980), Moro and Arribas (1980), Poole et al. (1990),
Moro and Arribas (1989), Hernédndez et al. (1991), Perez del Vvillar
et al (1992) and Moro et al.(1992). Following the above mentioned
authors, these barite deposits could have formed in restricted and
partially anoxic marine basins, developed in a continental margin,
by interaction between the barium-rich solutions, furnished to the
basin through exhalative hydrothermal vents, and the S042- ions from
seawater. Later, the diagenetic and above all the metamorphic
events produced the texto-estructural features observed at present
in the different types of barite distinguised.
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SAMPLES AND RESULTS: The samples studied come from the barite-
bearing siliceous, schistose and carbonate beds located above and
below of the stratiphorm massive barite of the 2mbiciosa, Mary
Carmen and Astur mines. (Fig 1)

The barite-cymrite-bearing samples have been studied by
polarizing and scanning electron microscopy, using a DSM-940 Zeiss
equipment coupled to energy dispersive spectrometry. Backscattered
electron images as well as Si, Al and Ba mapping have been taken.
The X-ray diffraction patterns, DTA and TG diagrams and IR spectrum
have been obtained from on a concentrate of cymrite obtained by
electromagnetic and densymetric separation methods.

SCHISTS AND QUARTZITES LEVELS
LIDITES

LIDITES AND VOLCANIC ASIIES
CHERT AND VOLCANIC ASHES

AMPELLITES AND PIROCLASTIC ROCKS

MASSIVE AND NODULAR BARITE

BARITE - BEARING QUARTZITIC AND
DOLOMITIC LEVELS.

ImmA i # SAMPLES
A - MINERALIZED BED
5. " u
C.-
Fig 1l.- Stratigraphic sequences of the Ambiciosa(l), Mary Carmen

(2) and Astur{3) mines.

The chemical composition of cymrite has been determined using
a CAMEBAX SX-50 electron microprobe at the analytical service of
the University of Oviedo. Seexteen crystals of cymrite of samples
from the three mines studied have been anlayzed.

All the samples are characterized by a compact and finely
laminated structure, with very fine grain size. The diagenetic
and/or metamorphic lenticles, nodules, rosettes and crystals of
barite up to 3 cm in size and scattered in the rock matrix, can be
observed. The laminated structures of samples, due to variations in
the mineralogical composition and carbonaceous matter content, is
frequently affected by slumping structures.(Fig 2a). The matrix of
samples has a low oriented microcrystalline texture and it is
mainly formed by sericite subeuhedral to euhedral crystals of
cymrite, barite, Mg-calcite and quartz. The carbonaceous matter
{(vitrinite) and sulfides mainly pyrite, are accessory mnminerals and
they are concentrated in very fine laminae. :
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Backscattered electron images and Si, Al and Ba mapping show
the distribution of cymrite,in the rock matrix, as well as the
euhedral-subeuhedral habit of the crystals. (Fig 3).

The X-ray diffraction patterns, ATD and TG diagrams as well as
de IR spectrum have corroborated the existence of cymrite in the
hostrocks of the barite deposits studied.

Table 1 shows the chemical composition and structural formulae
of the cymrites analyzed.

Table 1.- Electron microprobe analyses of cymrite.

Mary Carmen Astur Ambiciosa
(n=10) (n=3) (n=3)

X < X < X Sy
$i02 30,974 1,253 33,164 0,981 32,827 1,681
Al503 20,740 0,556 22,467 2,044 22,321 1,936
MgO 0,045 0,133 0,035 0,606 0,0187 0,032
cao 0,039 0,030 0,024 0,021 0,02 0,035
Bao 37,725 0,0917 38,956 1,039 38,994 0,752
Nax0 - 0,072 0,012 0,162 0,096 0,081 0,033
K20 0,492 0,194 0,391 0,127 0,276 0,065

Total 91,090 1,591 96,290 3,335 95,966 0,316

STRUCTURAL FORMULA, BASED ON 8 OXYGENS

Si 2,175 0,033 2,179 0,056 2,176 0,115
Al 1,718 0,027 1,737 0,087 1,744 0,149
Mg 0,005 0,014 0,003 0,006 0,002 0,003
Ca 0,003 0,002 0,002 0,002 0,001 0,002
Ba 1,040 0,038 1,004 0,041 1,013 0,018
Na 0,010 0,002 0,020 0,011 0,011 0,004
K 0,044 0,018 0,033 0,012 0,023 ~ 0,006

Fig 2.- Macroscopic aspect of the samples from the barite-cymrite-
bearing siliceous and schistose rocks (a). Microscopic aspect of

the euhedral to subeuhedral cymrite crystals (b).
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Fig 3.- (a) Backscattered electron image of cymrite. (b, ¢ and 4d):
Ba, Si and Al mapping of the same image.
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MASS BALANCE, ELEMENT MOBILITY AND REACTION PATH IN MESOTHERMAL
GOLD DEPOSITS: AN EXAMPLE FROM FLAMBEAU LAKE, ONTARIO

Mountain, B.W. & Williams-Jones, A.E.
Fluid-Rock Interaction Lab., Dept. of Earth and Planetary Sciences, McGill University, Montreal, Quebec,
Canada

ABSTRACT: Gold-bearing, quartz-ankerite-albite veins associated with carbonatized, albitized and desilicated
wallrock occur at Flambeau Lake, Ontario. A mass balance study indicates that SiO,, ALO,, Fe,0, MgO and
K,O were removed from the wall rock and CaO, CO,, S and Na,O were added. Zr, Ti, LREE remained immobile
during alteration. The behaviour of Li, V and Mo suggests that the fluid/rock ratio decreased away from the vein.
It is proposed that the introduction of a quartz-undersaturated, CO,-rich fluid into fractures caused
carbonatization of chiorite and dissolution of quartz in the wallrock which provided new pathways which
increased access of the infiltrating fluid to the rock and promoted reactions that led to preferential concentration
of gold in felsic and intermediate quartz-rich rocks.relative to the less reactive quartz-poor mafic volcanics.

Introduction

Most studies of wallrock alteration provide petrographic descriptions of the altered
rocks, estimate the masses of components added to or lost from the rock, and interpret the
physicochemical conditions that were active during the process. Rarely, however, are
attempts made to actually determine the reaction path (e.g. Brimhall, 1979; Bohike, 1989),
i.e., reconstruct the spatial and temporal distribution of changes that occur in a rock during
progressive interaction with a hydrothermal fluid. In this paper we report on an attempt to
establish such a reaction path for a mesothermal gold deposit at Flambeau Lake, Ontario,
based on a detailed analysis of bulk chemical and mineral compositions in the alteration halo
of a single vein. The study showed that: 1) reaction progressed through spatially separate but
temporally coincident steps of quartz dissolution, carbonatization, and albitization; 2) quartz
dissolution provided the driving force for reaction by creating the pathways necessary to
permit the infiltration of fresh aliquots of fluid; and 3) reaction terminated when changes in
intensive parameters led to quartz saturation.

Geological Setting

Gold mineralization, in the Flambeau l.ake area, is hosted by networks of extension
veins in the Archean, greenschist facies, mafic to felsic Lower Wabigoon volcanics (Blackburn
and Janes, 1983). Mineralized veins contain ankerite-albite adjacent to their margins and have
cores of quartz. The textures of the albite crystals indicate that open-space filling dominated
the ankerite-albite stage, which was followed by infilling of quartz. Intense wall rock alteration
accompanied formation of veins which contain albite-ankerite while those which are composed
only of quartz show little wallrock alteration. There is also evidence of blockage of fluid
infiltration by pre-existing, quartz-only veins.

Alteration Mineralogy and Chemistry

In order to investigate the mass transfers which occurred during alteration, a single
alteration halo developed in guartz diorite adjacent to a quartz-ankerite-albite vein was
sectioned into 13 samples (about 12 g each). A least squared regression method, using
sample major element composition and mineral compositions was used to calculate the
abundance of the constituent minerals. Figure 1a shows the important characteristics of the
alteration halo. In the chlorite zone (Chl), no distinct mineralogical changes are recognized.
The zone is characterized by microveinlets of chlorite and associated disseminated pyrite.
Significant mineralogical changes become apparent in the transitional zone (Trans), where
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a progressive increase in ankerite and albite accompanied a gradual loss of chiorite. In the
ankerite-albite zone (Ank-Alb), chlorite was completely removed. This is associated with a
gradual increase and decrease, respectively, in the contents of albite and quartz. Immediately
adjacent to the vein (the albite zone; Alb) there is a sharp rise in albite content and sharp
decreases in ankerite and sericite content.
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Figure 1. a. Calculated mineral abundances (weight %), plotted versus decreasing distance from vein, across
the quartz diorite alteration halo. The grey scale at the top shows the position of each alteration zone. b.
Concentration plot of Zr versus selected major element oxides and trace elements. The dotted lines are not
regressions but simply lines which go from the origin through the precursor (Sample 13 for Nb, Li, Al,O, and
TiO,; Sampie 9 for La and Lu). Solid lines connect adjacent samples. Numbered arrows indicate the position
of selected samples. The inset diagram shows the expected trend when two elements are immobile during mass
loss or gain as well as the trend. when plotted against an immobile element, for an element which is lost during
alteration (e.g. Li).

Mass Balance and Element Mobility

In order to obtain a reliable estimate of the chemical exchanges that have occurred
between fluid and rock during alteration, it is necessary to determine how mass loss or gain
has contributed to composition changes. Following the method of Maclean and Kranidiotis
{1986), a diagram of Zr versus selected elements was constructed to test for immobility (Fig.
1b). Linear trends with approximately constant slope are evident between La-Zr, TiO,-Zr and
Nb-Zr (up to Sample 2). Similar trends were observed between Zr-U, Zr-Th and Zr-LREE. t
was concluded that Zr, U, Th, TiO,, LREE and, to some extent, Nb remained immobile during
alteration. However, it is evident that Al,O, did not remain immobile. Mass factors, used to
correct for mass changes during alteration, were calculated using the ratio Zr, .uered/Z ateree-
Mass transfers for selected major and trace elements are plotted against distance from the
vein in Figure 2. In the chiorite zone there appears to have been little noticeable change and,
except for perhaps Na,O and V, all displayed elements show flat profiles. In the remaining
alteration zones, major and minor elements exhibit two types of behaviours: 1) mass transfer
profiles with gradual positive or negative slopes, such as those of SiO,, ALO,, S, Li, Mo, Pb
and V (up to the Ank-Alb zone); 2) mass transfér profiles with distinct discontinuities such as
those of Fe,0,, MgO, CaO, CO, and V (after the Trans zone). Of particular note are the mass
transfer profiles for SiO, and Al,O,, which both show a 40% mass loss, K,0, which shows
littte change up to the Ank-Alb zone and then a drop to a 80% loss, and Li, which shows a
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gradual decline to a 98% loss adjacent to the vein wall.
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Figure 2. Mass transfer profiles, calculated assuming constant Zr, for selected major element oxides and trace
elements, across the quartz diorite alteration halo. Scales on the left side of each plot show mass changes in
absolute units (g/100 g precursor for SiC, to S and gftonne precursor for Li to U). Those on the right side show
percentage change from the precursor. The gray scales at the top show the position of each alteration zone.
Dotted lines show the boundaries of each alteration zone.

Discussion

Textural relationships in the veins, the large amounts of SiO, removed from the host
and the presence of quartz-only veins with no significant associated alteration all point to a
source fluid which was initially undersaturated with quartz, remained undersaturated during
the main part of the intense alteration, and eventually evolved to precipitate quartz. Although
quartz in the quartz-ankerite-albite veins appears to have been deposited late, the blockage
of fluid infiltration and thus alteration by pre-existing quartz-only veins, shows that the process
was cyclical. Each cycle was characterized by the initiation of fracturing and the influx of
pressured hydrothermal fluid (Sibson et al., 1988). Concurrent with this influx of fluid there
was desilication, carbonatization and albitization in the alteration zones and the precipitation
of ankerite and albite along the fracture margins. The dissolution of large amounts of quarz
created extensive pathways into the wallrock. This ensured more widespread reaction than
would have been the case if the fluid was saturated with respect to quartz on entry into the
felsic or intermediate horizon. Fluid pressure eventually declined, resulting in the partial
closure of the veins and the deposition of quartz (Fig. 3a). The onset of quartz deposition in
the wallrock and the fractures terminated alteration. A single iteration of this process created
veins which are lined with ankerite-albite and filled with quartz.

The shape of mass transfer profiles allows an interpretation of the sequence of events
which occurred during alteration. Gradually increasing or decreasing mass changes (e.g. Li)
suggest a progressive increase of fluid/rock ratio (F/R) towards the vein. Trends which show
sharp discontinuities indicate reactions which went to completion before the maximum F/R
ratio was reached. The two reactions which best exemplify these twoend members are the
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Figure 3. a. Schematic diagram showing the proposed sequence of events during one mineralizing cycle. 1. influx
of pressurized, quartz-undersaturated fluid which promoted vein propagation and opening. l1. single-pass flow
of this fluid through the fractures concurrent with vein propagation. lll. pressure decrease causing vein collapse,
quartz deposition and termination of alteration. b. Schematic diagram showing the relative positions of the fluid
and rock in chemical potential space and the path of the rock as fluid/rock ratio (F/R) increased.

carbonatization of chlorite and the dissolution of quartz. The hydrothermal fluid entered the
fracture undersaturated with respect to quartz but contained a high CO, component. It can
be inferred, therefore, that the uSiO, of the fluid was lower, and the uCO, higher, than that
of the rock. At low F/R, the lower uCO, of the rock required that carbonatization was the
dominant reaction because only small amounts of quartz needed to dissolve to maintain the
fluid at-quartz saturation, and therefore the uSiO, of the rock was not significantly affected.
As F/R increased, carbonatization went to completion while pSiO, of the rock was still
unaffected. Further increases in F/R ratio caused continued desilication of the walirock but
no further carbonatization could have occurred.
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MULTI-STAGE GEOCHEMICAL SIGNATURES FROM THE VEIN SYSTEM OF THE
SAINT SALVY Zn DEPOSITS, SW FRANCE: FLUID INCLUSION AND STABLE
ISOTOPE EVIDENCE

Munoz, M.; Boyce, A.J; Fallick, P.; Courjault-Radé, P. & Tollon, F.

CN.RS. URA n* 67, Toulouse, France and S.U.RR.C. Isotope Geology Unit, Glasgow, Scotland
Abstract: Fluid inclusion and stable isotope investigation
carried out on the Saint-Salvy 2Zn deposit give evidence of a
succession of different fluids related to late Variscan and
post-Variscan tectonic events. Fluids vary from metamorphic to
basin-derived brines composition. The economic mineralisation
was formed during an early Mesozoic tensional event.

Sphalerite-dominated mineralization of the Saint Salvy
deposit is situated to the south of the late Variscan Sidobre
batholith, and adjacent to the Mesozoic~Cenozoic Aquitain
Basin. It occurs within an E-W vein system that cross-cuts
Cambrian black shales of the Paleozoic basement.

The current metallogenic hypothesis is that the economic
Zn mineralization is Late Variscan in age, formed as the
product of convective fluid circulation along the sheared
southern margin of the cooling Sidobre batholith (Beziat, 1973
; Foglierini et al., 1980 ; Cassard et al., 1988). It has been
that the ore might have been derived from remobilization of a
primary Cambrian stratiform Zn mineralization (Barbanson, 1979
; Barbanson et Tollon, 1979 ; Foglierini et al., 1980 ; Kim,
1985).

A detailed fluid inclusion (Munoz et al., 1986) and stable
isotope survey reveals a succession (Eg to E4) of late and post-
Variscan hydrothermal mineralizing fluids. Fluids from the main
mineralizing episode are pretty low in temperature and look like
meteoric fluids derived from the Aquitain Basin =~ rather than
granite-equilibrated fluids; §34s analysis are consistent with S
being leached from the Cambrian succession.

Succession of mineralizing episodes
Episode Ep corresponds to stratiform-schistoform

mineralization composed of sphalerite (2-3 wt.% Fe) and pyrite,
hosted in Cambrian black shales.

E, corresponds to a skarn formation synchronous with the
emplacement of the late orogenic batholith. The paragenesis
observed within the skarn comprises garnet, pyroxene, quartz,
and scarce sulphides (iron-rich sphalerite, up to 14 wt.%, and
subordinate pyrite and pyrrhotite).

E, coincides with a brittle extensional shear zone event,
dominated by quartz veins with scarce sulfide (automorphic
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arsenopyrite crystal patches associated with subordinate pyrite,
cosalite and rare xenomorphic iron-rich, up to 10 wt% Fe,
sphalerite).

E; and E4 are related to tensional tectonics.

E5 Episode is characterised by barren chalcedonic quartz veins
and breccia cements.

E, coincides with deposition of the economic Zn
mineralization. A dense network of fractures and cockade breccia
were formed with siderite, alternating and with massive Fe-poor
sphalerite (2-3 wt$% Fe) with minor galena. Centimetric euhedral
clear quartz crystals fill druses and occupy the centre of some
fractures .

Fluid inclusions and stable isotopes data

Eg sphalerite and pyrite §34s range from 4.7% to 9.4% ; Eq
sphalerite and galena §34s range from 1.8% to 8.8% ; These data
suggest a possible derivation of the economic stage sulfur from
Cambrian mineralization.

E, calculated 6180 fluid and directly measured fluid
inclusion 6D plot within the magmatic/metamorphic fluid field

(average values: +7.6% , -61%) (see figure). Taking into account
the composition H;0-CO,-(NaCl) and the temperature (Ty=295-
375°C), this could reflect derivation from late Variscan

metamorphic fluids rather than from the Sidobre granite system.

E3 fluid isotopic data plot close to the meteoric water
line (average 6180 and 6D values: -9.7% and -64% ). The high
salinity ( 25 wt.%¥ NaCl eq.), the presence of CaCl, and Ilow
temperatures (monophase H20 inclusions) of these fluids, suggest
~that the fluid may have leached solutes from the adjacent
Aquitain Basin, probably at the end of the early Mesozoic syn-
rift phase (early Hettangian).

The E4 Zn-bearing fluids are H20-NaCl-CaCl2 (22-25 wt.%
NaCl eq.) brines with homogenization temperatures ranging
between 80 and 140°C (mean 110°C). Calculated fluid 6180 ranges
from -4.0% to +6.0% and directly measured fluid inclusions 6D
ranges from ~-92% to =-111% . These data enhance the
interpretation that these fluids were derived from the Aquitain
Basin. The low 6D of these fluids suggest that "organic" fluids
(H derived directly-or indirectly from organic matter) may have
been involved. However, carbon from E4 siderite has §13c from
+2.6% to +4.4% , which is not a typical organic signature. We
consider that carbon, as with sulphur of this stage, may have
been derived from marine sediments in the basement. During the
post-rift phase, the first major tectonic/thermal event is
recorded at the Lias/Dogger transition (c. 180Ma) in the whole
French Massif Central and nearby Aquitain Basin (). The
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subsequent high geothermal gradient would allow warming of
infiltrated basinal~derived brines, increasing their ability to
leach zinc.

This study emphasizes 1) the major role played by the
repeated exploitation of the fault system by hydrothermal
fluids associated with tectonic events in SW France from late
Variscan to early Mesozoic: late Variscan extensional shear
zone event, reactivated during the early Mesozoic tensional
phases - linked to the very beginning of the Atlantic opening
-~ at the Triassic/Hettangian and Lias/Dogger transitions. The
latter phase appears to be responsible for the deposition of
the economic Zn mineralisation, 1ii) the role played by the
late Triassic -~ early Hettangian evaporitic reservoir of the
Aquitain Basin with respect to the second largest zZn deposit
formation in France.
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“Ar/*Ar GEOCHRONOLOGY OF GOLD MINERALIZATION AND ARCHAEAN
TECTONICS IN THE YILGARN BLOCK, WESTERN AUSTRALIA

Napier, RW.
Dept. of Earth Sciences, The University of Leeds, Leeds LS2 9JT, UK

ABSTRACT: Potassic alteration minerals associated with Archaean
high temperature lode-gold mineralization in granitoid-greenstone
terrains of the Yilgarn block of Western Australia have been dated
by the 40ar/3%ar method. The palaeotemperatures measured from a
suite of minerals including hornblende and biotite in this method
range from >500°C to <300°C. However, minerals dated yield
identical ages within a small error (ca.2585%2Ma). This suggests
either that ore-bearing fluids were emplaced into significantly
cooler rocks, or that cooling following mineralization was
extremely rapid.

INTRODUCTION

The Yilgarn block of Western Australia is an Archaean granitoid-
greenstone terrain with dimensions of approximately 800km X 800km.
Subsequent to their deposition at ca.2900Ma-2700Ma (eg. McNaughton
et al., 1990), greenstone belts of the Yilgarn block underwent a
complex deformation history involving magmatism, metamorphism,
mineralization and subsequent dyke emplacement. Despite the well-
documented geological characteristics of Archaean lode-gold
deposits (eg. Groves et al., 1990), models for their genesis remain
uncertain. Little emphasis has been placed on the timing of gold
mineralization and relative uplift (exhumation) rates, even though
an absolute time framework would be of considerable genetic
significance. Gold is mono-isotopic and the precise determination
of the age of associated sulphide ores has met with limited success
because of the open system process responsible for concentrating
epigenetic metals. The age of mineralization 1is generally
determined by analysis of silicate minerals which occur in
association with the sulphides, and are assumed to be cogenetic.
However, the wvariation in closure temperatures of cogenetic
silicates implies that some minerals may record post-mineralization
cooling ages rather than true mineralization ages (eg. Clark,
1987). This phenomenon may be used to the geologist's advantage, as
cooling rates of metamorphic terrains tend to be a reflection of
their exhumation rates, which in turn are pivotal to constraining
models for their genesis.

REGIONAL SAMPLING

The Coolgardie and Southern Cross regions in the central Yilgarn
block of Western Australia contain amphibolite facies metabasites
(which normally host hydrothermal gold mineralization) displaying
assemblages containing suites of potassic minerals which should be
eminently suitable for 40Ar/3%ar thermochronology. Stable mineral
phases at amphibolite grade (including hornblende and Dbiotite)
occur in the alteration selvedges of gold bearing veins. Because of
a marked contrast in the closure temperature (Tc) of Ar during
cooling with respect to these minerals (hornblende ca.500°C,
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biotite ca.300°C (McDougall & Harrison, 1988)), a cooling rate
related to exhumation may be estimated by dating pure separates of
hornblende and biotite from a single sample. It should also be
possible to isolate this main hydrothermal event from younger
thermal perturbations by dating minerals from outside the
alteration halo and precluding those areas which record younger
events.

Granitoids from high crustal levels hosting gold mineralization in
the Eastern Goldfields region of the Yilgarn Block occasionally
contain mafic minerals including hornblende and biotite that are
suitable for 40ar/3%ar geochronology in a similar fashion to the
amphibolite facies to examine cooling relationships of igneous
bodies to metamorphic terrains.

GOLD MINERALIZATION

A range of <cooling ages has been obtained and analysed.
Hydrothermal minerals yield average 40ar/39%r ages of ca.2585Ma,
with highest precision errors of *2Ma. Hornblende and biotite pairs
from single samples yield identical mineralization ages within a
relatively small error implying cooling rates of >>100°C/Ma; for
example, at the Bayleys and Kings Cross mines in Coolgardie:

Sample: Bayleys.l.Ore hornblende 40ar/3%ar age 2585+4Ma
biotite 40ar/3%r age 2586+4Ma
Sample: Kings.Cross.Ore hornblende 40ar/39ar age 2583%3Ma
biotite 40ar/3%r age 2587+2Ma

These data may be explained by one of two possible models;

(i) ore-bearing fluids were emplaced in a transient thermal pulse
into a significantly cooler environment, or

{(ii) exhumation following mineralization was extremely rapid with

only rarely recorded modern analogues (eg. Hill et al., 1992).
The almost ubiquitous correlation of regional metamorphic facies
with gold depositional conditions (although mineralization is

generally demonstrably post-peak of metamorphism) at all exposed
crustal levels in the Yilgarn block strongly favours of model (ii),
and syn-metamorphic gold mineralization at high temperatures is
favoured by other workers in amphibolite facies deposits (Bloem et
al., this volume; Knight et al., this volume). However, rapid
exhumation of deeper crustal levels 1is extremely rare by modern
standards, and similar 40Ar/3%r studies in mines close to Kings
Cross and Bayleys indicate significantly younger ages of
mineralization (<2500Ma) but with comparably rapid cooling rates.
The deposition of lode—-gold mineralization 70Ma to 100Ma after peak
regional metamorphic temperatures were attained has been recorded
in the Abitibi Greenstone Belt of Canada (Hanes et al., 1992).
Thus, the timing of mineralization relative to peak metamorphism
remains highly controversial in amphibolite facies terrains in the
absence of detailed geochronology of regional metamorphism.

REGIONAL METAMORPHISM
Regionally metamorphosed hornblendes from the Coolgardie region

yield average 40pr/3%r ages of ca.2650Ma, suggesting a post-peak
metamorphism cooling rate of >5°C/Ma using regional metamorphic
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data compiled by McNaughton et al., 1990. Disparities between the
ages recorded by metamorphic amphiboles and hydrothermally altered
amphiboles may be due to differences in closure temperatures of the
hornblendes (although compositional variation is subtle), or may be
explained by model (i).

Regionally metamorphosed hornblendes from the Southern Cross region
yield average 40ar/3%r ages of ca.2000Ma, suggesting either excess
40ar in the hydrothermal system, or a hornblende phase that is
poorly retentive with respect to 40ar (ie. has a low Tc). Rb/Sr
ages derived from hydrothermal hornblende-plagioclase isochrons
confirm a 2585Ma hydrothermal cooling age and rule out excess 40y
effects. Furthermore, laser 40Ar/39%Ar studies on a metamorphic

biotite in a mafic amphibolite imply a higher 40ar Tc for some
regionally metamorphosed biotites than for regionally metamorphosed
amphiboles. This indicates that submicroscopic scale exsolution
observed in regional amphiboles drastically reduce their Tc by in
excess of 200°C (Harrison & Fitzgerald, 1986).

GRANITOIDS

Unmineralized samples from a number of mineralized granitoids in
the greenschist facies of the Eastern Goldfields region of the
Yilgarn block have been analysed by the 40ar/3%r method. Age
spectra display plateau ages at ca.2580Ma. The difference in ages
between hornblende and biotite pairs is within experimental error
of the two analyses. Biotite ages, however, are predominantly
younger by 10-20Ma. Initial crystallization has been measured at
ca.2660Ma, contemporaneous with regional metamorphism (McNaughton &
Cassidy, 1990; Cassidy, 199%2). This cooling history implies heat
loss by unroofing rather than simple conductive loss into cooler
country rocks (Harrison & Clarke, 1979). Mineralization hosted by
Eastern goldfields granitoids studied is thought to occur at
ca.350-425°C (Lawlers deposit, Cassidy 1992), a temperature range
bracketed by the closure temperatures of hornblende and biotite;
therefore mineralization must have occurred at ca.2580Ma if it was
part of the same tectonothermal event.

CONCLUSIONS

Tectonism and gold mineralization in the Coolgardie, Southern Cross
and Eastern Goldfields regions of Western Australia are influenced
by significant tectonothermal activity at ca.2580Ma to 2590Ma. The
spatial diversity the regions, yet good geochronological
correlation between them, implies a significant Yilgarn-scale
event. Timing relationships determined in this work and others (eg.
Clark 1987) indicate that gold mineralization may not have occurred
as a single event, but may have been deposited in pulses from
2635Ma to <2500Ma. Mineralization at ca.2585Ma may be implicitly
associated with contemporaneous rapid exhumation. It is concluded
that if the rapid cooling associated with mineralisation is not due
to transient thermal pulses within cooler lithologies, then the
cooling path followed by granitoid bodies within greenstone belts,
and possibly by higher temperature metamorphic terrains, represents
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isothermal decompression (slow cooling above ca.500°C) followed by
unroofing and rapid cooling below 500°C.
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TYPOMORPHISM AND GENESIS OF NATIVE GOLD OF HYPERGENESIS ZONE OF
KAZAKHSTAN AND THE ENISEI RIDGE GOLD DEPOSITS

Nesterenko, G.V.(1); Voroticov, B.A(1); Kulikov, A A.(2) & Zhmodik, S.M.(1)
(1) Inst. of Geology SB AS Novosibirisk, Russia
(2) Inst. of Geology SB AS, Ulan-Ude, Russia

The results of the study of the typomorphic specific features and conditions of the native gold formation of
the zone of gold deposits hupergenesis of Kazakhstan (Maikain, Kosmuren, Vasilkovskii, Suvenirand Alpus) and
to a lesser extent of other regions of the Asian Part of the former USSR, are presented. A more detailed
mineralogical-geochemical study is done in the first two deposits as well as in Olympiadinskoye deposit of the
Yenisei ridge, and the whole section of hypergenesis zone is tested. The typomorphic specific features and the
conditions of the formation of the basic varieties of hypergene gold are characterized in shorts. The geological
situation and the specific features of the structure of studies deposits are elucidated in the preceding works
(Nesterenko, 1991; Nesterenko et al.,1983).

The hypergenesis zones of Maikain (Fig.1) and Kosmurun deposits
are much similar. They have their maximum depth of 65- and 40 m
over continuous sulfide bodies characterized by low (first ppm)
gold content occurring mainly in the form of invisible
submicroscopic impurities. A thin horizon of pyrite sypuchka (fine-
grained sand) is developed on the zones bottom. Available is the
essential (5-10 multiple) secondary enrichment by noble metals with
their maximum concentration in the lower parts of the zones where
some enlargement of native zone is observed though the share of the
visible gravitationally enriching metal is low and ranges from
percentage parts to 4-13%. Among invisible gold forms there are
sorbed and other easily mobile agents able to dissolve by distilled
water.

Olympiadinskoye vein-impregnation gold sulfide deposit is
situated in the area of development of metamorphosed carbonate~
sand-shale rocks of Upper Riphean. Sulfide mineralization (2-7%) is
laid on quarts-muscovite-carbonate and other metasomatites. Gold is
mainly microscopical. Linear gold bearing crusts of weathering
(crust ores) are widely developed in the deposit. Their thickness
equals to 100 m but in separate wells it is 300-400 m. The crusts
of weathering are built by sand-aleurite-clay porous rocks, the
pelite component in which has a kaolinite-hydroshale composition,
and the psammite-aleurite components - a guartz ore. The share of
free "extracted" native gold in "crust" test ranges from 0,2 to
15,4% and that is more than in primary one.

Among visible particles of native gold from the studied zones
of hypergenesis, relict endpgenic and new-formed hupergenic gold
occurs. The content and character of the former mainly due to
primary mineralization, though its homogenic transformation is
observed: silver leaching and sometimes that of other impurities
and development of fineness phases and rims (Fig.2). The relations
between the genetic types of native gold are not stable and change
to predominating hypergene ones during the transition from 1low
sulfide gold mineralization to mainly sulfide one and from cold
humid to hot semiarid climate. Three main varieties differing from
one another in the peculiarities of composition and structure as
well as the way of formation, are observed in hypergene native gold
particles.
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The first mostly spread variety is pure it occurs along the
whole section of the oxidation =zones (Fig 1) and crusts of
weathering. The forms of its manifestation vary. The forms of free
growth predominate: crystals, chains, brunches, films, sponge -
druse like forms as well as those of looped colloform rounded and
drop-~like forms (Fig.3).

Besides, the forms of the creation of cavities and cracks
formed due to removing water filled later with are established.
Sometimes native gold forms edges on endogenous relict precious
metal. Small visible, microscopical and submicrosckopic particles
predominate in the native gold of this variety, but large nuggets
occur gold purity of the characterized variety is very high: from
1000-995 to 980, and more seldom it is lower (Fig.l). Accordingly,
the content of the basic impurity-silver ranges from "“not
discovered" to 1-2%, more seldom-more. This gold is formed to out
mind, (Nesterenko et al., 1985) from gold-containing Sflution as
the fEesult of decay of halogen complexes, mainly, Au~ chloride
(aul -AuCl™, complex is formed only at oxidation-reduction
potential of more then 1000mv not occurring in natural waters). The
most possible reducing agents of gold are: Mn?*t - subzones of
limonite in alkaline medium, Fe?" - subzones of jarosites in acid
waters and H,S under acid reducing hydrogen sulfide conditions.
Under these conditions Silver does not reduce but may precipitate
from solutions in the form of poorly soluble halogenides. It may be
supposed that, during the process of evolution of solutions and
"gold" precipitations, they may come through colloidal (gel) stage,
owing to which sponge-looped forms of native gold sometimes have
microlayered structure (Fig.4,5).

The similar gold morphology can appear due to selective silver
dissolution and diffusion (Fig.6,7). Porous, sponge-looped gold is
formed during the experiments with the melting of sulfide
concentrate with native gold put into it. Melting is carried out
with pirosulphatic potassium at 600°C during 2 hours. Small gold
particles are altered upon the whole (Fig.6) and in bigger ones the
unaltered central part and porous gold in the peripheral part of
the nuggets. Besides, gold purity alters in one nugget from the
center to the edge from 770 to 900 ®/oo and in the other from 680
to 830 %/oo. The structure of altered gold is similar to that of
porous sponge gold of hypergenesis zone of gold deposits (Fig.7).
Besides, the microlayered gold particles texture is not revealed.
The mechanism of the silver removal from gold is not gquite clear.
The formation of microporous in gold may be related either to the
presence of silver in the form of an independent phase (and this
contradicts the information on the alteration of elementary cell
parameters depending on the silver concentration) or is due to the
diffusion silver redistribution in gold with altering physical-
chemical parameters of the system.

The second hypergene variety 1is represented by silver
containing gold with inhomogeneous composition (Fig.8). Purity of
separate phases in such gold of Maikain deposit is within the
ranges of 850-995 units. Here it occurs at the depth of about 60 m
in the 1lower oxidation =zone in the horizon of gquartz-barite
sypuchka with native sulphur (Fig. 1). The nuggets are rather
large, of placer size, of lump long form, often in petrovskaite
AuAgS({Se) cover. The close relation of this gold to the above
sulfide allows to suppose that sulphur-containing complexes, amgng
which thiosulphate complexes gold and silver of (Au,Ag)(5203)2'
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Fig.2 Two phase nugget: of low
fineness endogenous relict (white) and
pure pypergenic altered (grey. Yuzhny
Bessapan deposit  (Uzbekistan).
Mounted polished section, magn.

Fig. 3 New-formed hypergene nuggets: crystals and a "branch" of crystals, magn 440; 240.

Maikain and Kosmurun deposits
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Fig. 5 Hypergene pure nuggets with
looped ("brain-like")  structure.
Yuzhny Bessapan deposit. Mounted
polished section, magn. 660

R '

Fig.6 (a,b) Gold extracted from beresite (test 12-6-1): a-by gravitational method, magn. 360;
b-d- by sulphide concentrate melting method with K.,5,0,. Magn. 300;270;1000.
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- & - : ,
Fig. 7 Gold extracted by melting. Mounted”polished section, magn. 800. The outer edge has a
a sponge-porous structure and is of a golden—yellow colour; the center is homogeneous of
white—yellow colour.

Fig. 8 Heterogeneous hypergene nugget (white and grey) in petrovskaite cover (dark grey).
Maikain "C". Mounted polished section, mgn. 400.

type are the most likely, participate in its formation. It is from

these solutions that the artificial petrovskaite analogue was

synthesized. The thiosulphate complexes are very stable but they

exist in a narrow range of pH and Eh values and accordingly in a

relatively thin layer, transitional between "sulfide" and "sulfate-

sulfide" subzones.

The third hypergene variety of native gold, the so-called
mustard gold, is formed due to oxidation and decay of gold bearing
minerals proper: tellurides of gold, aurostibnites and likely gold
silver sulphides: Jjutenboogardtite, petrovskaite and penjenite.
Mustard gold is usually represented by fine grained dusty
nicroporous forms, often of a yellow-brown color. The Purity of the
studied samples is close to 1000. According to S.V.Jablokova’s data
similar gold from Kuranakh deposit (Jakutiya) has not constant
purity due to mottled distribution of silver. Mustard gold though
being of a rather large size, is not resistant to the mechanical
effect and easily turns to dust due to its microporous structure.

In conclusion it is noted that the processes of homogenic
formation of native gold are largely revealed under specific
conditions. The basic and most spread forms of gold migration in
the waters of hypergenesis zone of gold mineralization is its
chloride complex, and the most spread variety - very pure native
gold, often building crustals, branches and also looped-sponge
forms.
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OPHIOLITIC CHROMITITES FROM NAN-UTTARADIT, NORTHERN THAILAND:
A RESULT OF BONINITIC-TYPE MELT AND PERIDOTITE INTERACTION

Orberger, B.; Girardeau, J.; Mercier, J.C.C.; Lorand, J.P. & Pitragool, S.
Lab. de Pétrologie Physique. Université Paris 7, Inst. de Physique du Globe de Paris, 2-Place Jussieu
F-75251 Paris Cedex 05, France

Abstract NU ultramafics are subdivided into 1) peridotites and orthopyroxenites hosting chromitite
lenses and layers, and 2) clinopyroxenites bearing chromitite xenoliths. The peridotites originated
through partial melting and melt/rock interactions in a subduction zone environment. Chromitite
lenses and clinopyroxenites are successive segregates from source melts with boninitic signatures,
generated under low fO; from a depleted mantle and Ca-enriched during uprise through dissolution of
wall-rock clinopyroxene. Chromitite layers crystallized from multiple tholeiitic injections. Chromitite
xenoliths are but re-equilibrated and plastically deformed fragments of the other types.

Introduction

Chromitites in ophiolites usually envelopped in dunite, occur either as pods in the upper part
of the depleted mantle sequence and as layers and bands in the zone forming transition from the upper
mantle to the lower oceanic crust. Tholeiitic island-arc magmas are considered as the source for their
constitutive Cr-spinels; among the different possibilities for spinel accumulation, the process of
multiple magma injections into magma conduits is now usually suggested (e.g. Lago et al., 1982).

The chromitites of the Nan-Uttaradit ophiolite also occur in the mantle sequence and transition
zone, but are generally associated with orthopyroxenite. The mantle sequence is heterogeneous and
comprises peridotites and orthopyroxenites forming intermingled bodies. However, some chromitite
is also hosted in intrusive clinopyroxenites. Chromitites in the orthopyroxenites are extremely Cr-
rich, with the highest concentrations ever observed in ophiolites. Based on field observations,
petrography and geochemistry of whole rocks and minerals, a coherent model for the evolution of
this peculiar ophiolite is proposed

Geological and tectonic setting

The Nan-Uttaradit (NU) ophiolite represents a 150 km NE-SW trending suture zone
separating the Shan Thai craton to the west and the Indosinian chinese craton to the East.
(Panjasawatwong, 1991 and papers therein; Fig. 1a). The time of the continent-continent collision is
uncertain and ranges from pre-Late Permian to Late Triassic (op. cit.). Plate tectonic models differ
from author to author including westward subduction beneath the Shan thai craton, eastward
subduction under the Indochina craton, or, finally, a pair of subduction zones dipping one to the east,
the other to the west (Cooper et al. 1989 and papers therein).

No continuous exposure of the complete sequence exists in the entire belt because of extensive
faulting and thrusting during obduction. Mafic and ultramafic rocks appear as tectonized slices within
sediments of variable ages, Permo-Triassic in the westemn part, Siluro-Devonian in the southeastern
one and Jurassic in the East and north-Eastern ones (Baum et al. 1970). Chromitite occurrences were
found all over the belt (Fig. 1b).

Petrography

The ultramafic rocks can be subdivided into two groups (Fig. 1¢): 1) rock types including all
peridotites and associated orthopyroxenite (group-A) and 2) the orthers pyroxenites comprising
clinopyroxenites and websterites forming layers and a large sheet (group-B). These two groups
show either tectonic or magmatic contact relationship. Group-A peridotites and orthopyroxenites are
strongly serpentinized. Primary minerals, such as olivine and orthopyroxene, show no preferred
crystal shape orientation. In some samples, large crystals of orthopyroxene or clinopyroxene are
poikilitically intergrown with olivine. These orthopyroxenes contain inclusions of olivine,
plagioclase and spinels. Clinopyroxene and orthopyroxene crystallization points to re-equilibration
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related to circulation of magmas. The group-B pyroxenites may be fresh or amphibolitized. Fresh
pyroxenites display magmatic textures with indication of high temperature deformation.
Amphibolitization yielded tremolite and chlorite.

The chromitites (Fig. 1c) can be subdivided into three major types: lenses (type I), layers and
bands (type II) 3), xenoliths (type III). Types I and II occur in group-A peridotites and
orthopyroxenites, but are essentially found in association with orthopyroxenite, only minor
occurrences being embedded in dunite. Lenses are of small to intermediate size (max. 20 m long and
10m wide); sometimes they suffered deformation during shearing. Multiple layers and bands (up to
30 cm thick) are hosted in orthopyroxenite and have been exploited in the northern and central parts
of the belt (Fig. 1c). There, chromitite grades into disseminated chromitite; in places nodular type
chromite also occurs. Type III chromitites are found in group-B pyroxenite: contrastingly, they
represent sharp secant contacts to the host foliated pyroxenite, clearly not related to deformation. The
largest bodies of metric scale look like similar fragments, but are folded parallel to the foliation and

lineation. These observations strongly suggest that type III chromitites were deformed at high
temperatures within the host pyroxenite.
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Fig. 1: a) Geotectonic setting of the Nan-Uttaradit ophiolite in south-east Asia b) location of the major
chromitite deposits c) schematic cross-section through the ophiolite sequence.
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Geochemistry of ultramafic rocks

Peridotites and pyroxenites have been analysed for major and minor oxides and a number of
trace elements to obtain informations on the parental magma composition and indications on the
geotectonic setting for the formation of the ophiolite. Their composition has been compared to
reference peridotites and pyroxenites from the Lanzo and the Pyrenean massifs as well as the Leka
ophiolite (Bodinier, 1988; Bodinier er al. 1988; Furnes et al. 1992).

Group-A peridotites: MgO-contents vary from 32.75 to 47.19 and in general decrease with
increasing Al,Os, following the general trend for the reference peridotites. MgO-poor samples falling
outside;thevare located close to shear zones or are clinopyroxene-bearing dunites. No correlation is
observed between CaO, TiO; and Al;03. CaO is strongly depleted in most of the peridotites (<< 0.6
wt. %), irrespective of Al,Os which ranges from 0.56 to 3.13 wt.%. Some peridotites in the
northern part plot at the high melting degree apex. TiO; contents generally do not exceed 0.03 wt. %.
Thus some NU peridotites experienced a high degree of melting as indicated by low Al;O3, CaO,
TiO; and NayO and high MgO contents which are comparable to those from the most depleted
peridotites from the Lanzo and Pyrenean massifs. On the other hand, these depleted NU peridotites
significantly differ from the Leka-peridotites in having lower MgO, CaO and MnO. The least AL,O3-
depleted NU peridotites display uncorrelated and low TiO;, NayO contents and are virtually CaO
free, a feature not observed in any of the reference peridotites.

The trace elements V and Sc increase with increasing Al,O3 while Co decreases with the
latter. The scatter is however much larger than for the reference peridotites. Transition elements
(TE) normalised to SC1, a reference "primitive mantle" sample (Jagoutz er al. 1979), and presented
in spider-diagrams, show a strong negative Ti-anomaly compared to the Lanzo and Pyrenean
peridotites. The TE-patterns differ according to the modal compositions and are not as homogeneous
as those for the Leka peridotite which represent a residuum of partial melting.

Group-B pyroxenites are rich in CaO (average: 17.13 wt.% ) and MgO (average: 21.25
wt.%) and poor in AlO3 (average: 2.69 wt.%;). TiO; and Al,Os are positively correlated. Two
types of pyroxenites may be distinguished, one with a high and constant Mg# (89 to 90) and high
CaOQ/TiO; ratios (181-252), the other with a lower Mg# and lower CaO/TiO; ratios (43-126).
Compared to the reference pyroxenites, the NU-pyroxenites are significantly lower in Al,Os.
Transition element-patterns and Ti/V-and Ti/Sc-ratios reflect boninitic rather than island-arc or mid-
ocean ridge basalt compositions.

Mineral Chemistry

Olivines have forsterite and NiO-contents which vary according to the mass ratio of spinel and
olivine and to the extent of subsolidus re-equilibration between silicate and oxide phases during high
plastic deformation: Fo and NiO increase from values of Fogj, NiO: 0.13 wt.% in CaO-rich dunites,
through intermediate values of Fogg, NiO 0.43 wt.% in lherzolite, harzburgite and dunites, to the
highest values of Fogg, NiO: 0.76 wt.% from olivine inclusions in chromitite.

Clinopyroxenes in group-B pyroxenites are diopsides and reflect the bulk-rock composition,
which varies as a function of the distance to the xenolithic chromitite. Clinopyroxenes, away from
chromitites have an average composition of Eng3.77 Wo049 23 Fs13.43 while those close to chromitite
are poorer in Fe. Mg-numbers are higher close to chromitites (0.91-0.94 against 0.84 to0 0.88) due to
subsolidus re-equilibration. Clinopyroxenes away from the xenolithic chromitites are also low in
AlyO3 as well as in CrpyO3 (0.32-4.61 and 0.06-0.11 wt.%, respectively). Close to the chromitites,
more variable Cr contents are observed (0.04-0.37 wt.%) and reflect the complex exchange reaction
between Cr and Al (Mercier, 1976).

Chromite composition differs according to the three chromitite types. Cr-spinels from type I
in chromitite lenses show boninitic Cr- and Mg-numbers (0.9 and 0.7, respectively) and are very Cr-
rich (58-68 wt.%). Cr-spinels from type II chromitite layers and bands have Cr# and Mg# similar to
those for stratiform intrusions. Cr-spinels from type III xenolithic chromitites have variable Cr#
(0.35 to 0.80), but an almost constant Mg# (0.5). They are richer in TiO, (0.3-0.8)wt.%) and in
Fe3+ than type I and II chromites.
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Concluding remarks

Petrographical and geochemical data for the NU-ultramafic rocks and associated chromitites
show that they do represent the lower part of an ophiolite formed in an arc/subduction zone-
environment. The group-A peridotites and orthopyroxenites characterize an upper mantle which has
been very depleted and would result from an interaction with percolating magmas. Lens-shaped Cr-
rich chromitites (type I) segregated as the early monomineralic endmember from a magma with
boninitic signatures which, during its uprise, evolved through clinopyroxene dissolution, and
segregated clinopyroxenites. Upwards-transported chromitite fragments later underwent subsolidus
re-equilibration.
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TRANSPORT OF URANIUM BY SEDIMENTARY BRINES AT TEMPERATURES
BETWEEN 80° AND 200°C

Pagel, M.
Centre de Recherches sur la Géologie des Matiéres Premiéres Minérales et Energétiques dnd GS
CNRS-CREGU —BP 23, 54501 Vandoeuvre les Nancy, France

ABSTRACT : Fluid inclusion studies in gangue minerals from unconformity-type
deposits in Saskatchewan (Canada) and North Territory (Australia) and from
tectonolithologic-type deposits in France (Lodeve), Niger (Akouta) and Gabon (Oklo)
have shown that uranium was transported by brines at temperatures in the range 80 -
200°C. From oxygen and hydrogen isotope data, it is demonstrated that these brines
have a sedimentary origin. Chloride and carbonate are probably the main anions
capable to form stable complexes with dissolved U(VI).

Recent studies on fluid inclusions and stable isotopes in several uranium
deposits have shown that brines are involved in the transport of uranium. This is
especially the case for tectonolithologic and unconformity-type deposits. The
tectonolithologic-type deposit is controlled by the tectonics (the mineralization is
associated with a fracture zone) and the lithology (the mineralization is located in an
organic-rich formation). The unconformity-type deposit is spatially associated with a
major unconformity between a Lower Proterozoic metamorphic and granitic basement
and a Middle Proterozoic unmetamorphosed sandstone cover. However, small
deposits related to a post-Hercynian unconformity are also known in Aveyron, France
(George et al, 1986).

This paper reviews the fluid inclusions data obtained on the tectonolithologic-
type deposits, the Akouta deposit (Forbes, 1987), the Lodéve deposits (Bonifas, 1992)),
the Oklo deposit (Gauthier-Lafaye, 1986) and data on unconformity-type deposits
(Pagel and Jaffrezic, 1975, Ypma and Fuzikawa, 1980, George et al., 1986). The most
difficult task in studying fluid inclusions in uranium deposits is to find gangue
minerals paragenetically associated with pitchblende deposition. If it is now evident
that brines are responsible for the transportation of uranium, it remains difficult to
prove the deposition mechanism in detail but the main factor is related to the change
in oxygen fugacity.

The main characteristics of the mineralizing fluid (salinity, temperature, origin)
are presented and a comparison is made with the basinal brines at the origin of the Pb-
Zn MVT deposits in order to put more constraints on the formation of metals deposits
in sedimentary basins.

Salinity

In the Lodeve deposits, the temperature of last melting of ice is between -20 and -
28°C indicating the presence of divalent cations in the brine.

In the Akouta deposit, the pre-ore dolomite has a salinity of 14-18% eq. weight
NaCl, the ore stage sphalerite 8-22% and the post-ore dolomite and sphalerite from 22
to 24% eq. weight NaClL
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In the Oklo deposit, the melting temperatures for fluid inclusions in dolomite,
barite and calcite associated with uranium mineralization are between -16 and -38°C,
indicating the presence of divalent cations in the brine.

In the unconformity-type deposits, the fluid inclusions contain a brine saturated
with NaCl at room temperature or are near saturation. Pagel and Jaffrezic (1977) have
analysed the ionic composition of the mineralizing brine (Ca/Na at.= 0.17 to 0.34,
Ca/Mg at. = 1.3 to 3.1 and CI/Br at. = 55). In the Brousse-Brogieés deposit, the melting
temperature is between -10 and -39°C.

All these data show that Na-Ca-Cl brines are especially observed as a
mineralization fluid for the transportation of uranium.

Temperature

In the Lodéve deposits, the homogenization temperatures (Th) of sphalerite and
dolomite are about 90-100 and 110°C respectively.

In the Akouta deposit, the pre-ore dolomite has Th ranging from 105 to 120°C,
the ore stage sphalerite from 85 to 175°C and the post-ore dolomite and sphalerite
between 105 and 120°C.

In the Oklo deposit, the syntectonic fluid phase responsible for the
mineralisation yielded average homogenisation temperatures between 105 and 120°C
(dolomite, barite and calcite).

In the Precambrian unconformity-type uranium deposits from Saskatchewan
and Australia, the temperature is variable between 150 and 200°C in general. In the
Nabarlek and Jabiluka deposits in Australia, the temperatures recorded by Ypma and
Fuzikawa (1980) range between 110 and 160°C. In the Brousse-Broquiés deposit, the Th
ranges from 80 to 130°C in quartz and is 100+10°C in carbonates.

Source

In the Lodéve deposits, the range of 9180 data on dolomite crystals sampled in
two uranium deposits (Mas Laveyre and Mares 4-5) is narrow and is between +18 and
+20%o. The two calculated 9180 for the brine at temperatures derived on the same
crystals by fluid inclusions is +1.8 and +4.1%0SMOW. The 913C varies from 0 to -3.3
%o PDB. These values are best explained by brine equilibrated with the Cambrian
dolomitic formation. No organic signature appears despite an important amount of
organic matter in the Autunian.

In the Akouta deposit, the brine related to the ore stage dolomite is characterized
by calculated 9180 between - 3 and +13%SMOW and 913C about -21%cPDB. The brine
has an oxygen isotopic composition compatible with a sedimentary formation water
and the carbon isotopes originate from the organic matter.

In Saskatchewan, it was demonstrated that the oxygen and hydrogen isotopic
composition of the mineralizing fluid is comparable with that of the brine equilibrated
with the diagenetic illite in the Athabasca sandstone (0D = -65 to -35%0SMOW and 9180
= +2 to +8%oSMOW).
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Nature of the uranium complexes

From presently known thermodynamic data, it is generally assumed that
uranyl-carbonates predominate in near-neutral and -alcaline conditions whereas
uranyl- chlorides (UO2Cl+, UO2C1,°) are stable at acid pH. However, Nguyen et al.
(1991) have recently shown that chloride mixed complexes of the type
(UOz)m(OH)nClp(Zm*n*P) could play a major role in uranium transportation in near
neutral and neutral solution. This dilemna could neot be solved with the available
thermodynamic data.

Oxydized versus reduced brines in sedimentary basins

The chemical and temperature data obtained on fluid inclusions from the
considered uranium deposits are quite comparable to the data obtained on Pb-Zn
Mississipi Valley-type deposits. It should be noted that no hydrocarbon inclusions are
present in gangue minerals directly associated with pitchblende whereas they are often
described in MVT deposits.

The mineralogy and geochemistry of the ores are very different. In the Pb-Zn
deposits, there is no uranium associated with the mineralization. On the contrary, in
tectonolithologic- type uranium deposits, Zn and Pb- are present in significant amounts
in the ore.

These two types of association could be explained considering the fO2-pH of the
mineralizing solution :

(1) - In oxydized near neutral conditions, Pb-and Zn are transported in fluids
with sulfate and uranium as uranyl-carbonates (Langmuir, 1978) or as mixed complex
such as mixed chloride of general formula (UOz)m(OH)nCIP(Zm-Wp) (Nguyen -Trung
et al., 1991). If the mixed chloride complexes are the dominant species, uranium could
be transported by the same Pb-Zn mineralizing solution. If carbonate is the ligand of
uranium, the U transport would be possible depending of the carbonate content of the
solution.

(2) - In reduced acid conditions, Pb and Zn are transported as chlorides whereas
uranium occuring at the tetravalent state is not soluble.

Conclusions

(1) The mineralizing fluids in tectonolithologic- and unconformity-types uranium
deposits are higly saline and are Ca-Na-Cl brines.

(2) The temperatures of deposition, derived from homogenization temperatures of
fluid inclusions, range from 80 to 200°C.

(3) Uranium could be transported as uranyl-carbonate or mixed chloride complexes,
however the thermodynamic data are not sufficient to decide.

(4) The difference in fO2-pH could explain the presence of Pb-Zn in U deposits and the
absence of U in Pb-Zn deposits considering mixed chloride complexes as the major
ligands. If uranyl-carbonate is the dominant uranium-bearing complex, the carbonate
content will also be a key factor.
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FLUID-MINERAL INTERACTIONS AND THE ORIGIN OF THE TRIMOUNS TALC AND
CHLORITE DEPOSIT (PYRENEES, FRANCE)

Parseval, Ph. de (1); Moine, B. (1); Fortune, J.P. (1) & Ferret, J. (2)
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ABSTRACT. The Trimouns talc and chlorite deposit originated from the
intense hydrothermal alteration of dolostones into talc and
micaschists or pegmatites into Mg-chlorite. The LREE were largely
leached through the alteration. Highly saline fluids £ CO; were
trapped at T ~ 320° C and P ~ 2.5 kb. Our data suggest that the CO;-
bearing and quartz undersaturated fluids at the origin of chlorite
ore were produced by reaction of primary Dbrines with dolomite.

With an annual production surpassing 300,000 metric tons,
Trimouns in the French Pyrénées is one of the largest talc and
chlorite deposits in the world.

PETROGRAPHY AND GEOCHEMISTRY

The deposit occurs in a zone of intense shearing between the
Saint-Barthelemy gneissic dome and the overthrusted cover rocks
consisting of epimetamorphic schists underlain by a thick dolomitic
formation (HD) (Fig. 1). Talc and chlorite were produced by
hydrothermal alteration of these rocks. A late Hercynian age was
assumed for the deposit from structural evidences (Fortuné et
al.,1980). However, a Pyrenean age (100.6' * 1.1 m.y.) has been
obtained by 40Ar/3%Ar dating of hydrothermal phlogopite (Maluski and
Monié, 1992, unpub. data) :

The present paper is based on the detailed mineralogical and
chemical investigation by de Parseval (1992) which greatly improved
the former studies (Fortuné et al., 1980 ; Moine et al., 1982 and
1989). Two main types of ores were formed, depending on the
composition of the primary rocks. Talc-dominant (tremolite-free) ores
originated from dolostones which implies an addition of Si and the
leaching of Ca and CO;. Chlorite(clinochlore)-dominant ores result
from the alteration of micaschists and pegmatites through two
intermediate metasomatic zones composed of quartz-muscovite-chlorite
+ phlogopite and quartz-chlorite % phlogopite, respectively. The
chemical data indicate a large addition of Mg, the almost complete
leaching of Na, K and Ca, the partial leaching of SiO; and the
relatively immobile behavior of Al, Fe, Ti and P. In these ores, Ti
is present as neogenic titanite or rutile and P is contained in
fluor-apatite.

The REE were dramatically 1leached in the course of the
alteration of dolostones (Maestracci, 1987). Compared with the
micaschists and pegmatites, the chlorite ores are strongly depleted
in LREE while HREE are nearly inert because of the stability of

zircon (Maestracci, 1987 ; de Parseval, 1992). However, the
intermediate phlopopite-bearing zones show a systematic REE-
enrichment (Fig. 2a and 2b). This behavior seems to be mainly

governed by the stability of allanite. Neogenic Mg-rich allanite is
present in the phlogopite zone from pegmatites. In the micaschists,
primary Fe-rich allanite is the main REE-bearing mineral and it
remains stable (maybe altered into the Mg-rich variety) in the
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phlogopite zones. In the HD, geodic crystallisation of Mg-allanite
and other REE minerals is frequent.

FLUID INCLUSIONS

No fluid was trapped in the talc ore. Fluid inclusions were
studied in (1) neogenic apatite from the chlorite ore, (2)
recrystallized quartz pods in the quartz-chlorite zone adjacent to
the chlorite ore and (3) allanite crystals in the HD.

211 the fluids are brines where CaCl; (+MgCl:) often predominates
over NaCl. Type A inclusions are characteristic of apatite. Their
salinity is about 20 wt% eg. NaCl and they contain around 5 mol$% CO
and small daughter crystals of Mg-rich calcite (Raman determination).
Type B inclusions predominate in the quartz pods and are abundant in
allanite. They are CO;-free, halite-bearing brines with a salt content
of 30-35 wt%. Allanite also contains fluid inclusions of type A,
however with several unidentified (except for calcite) daughter
minerals and with a gas phase composed of CH, instead of COs.

Fig. 3 exhibits isochores for the different fluids. All the
isochores plot along the same P-T trend which suggests they were
trapped under similar physical conditions. The CO;-bearing inclusions
were trapped at pressure > 1.5-2 kb. We assume P = 2.5 kb for T =
320° C as likely trapping conditions. The similarity between the P-T-
X features of the fluids in allanite and in the deposit suggests that
the same hydrothermal solutions leached REE from the primary rocks
and then deposited them in the HD.

FLUID-MINERAL REACTIONS

As said, we have no direct evidence of the nature of the fluid
at the origin of the alteration of dolomite into talc. However, some
of its features can be inferred from thermochemical calculation. Fig.
4 displays an activity phase diagram for the system Si0;-Ca0O-MgO-H»0-
CO, at T = 350°C and P = 2kb . The limits of saturation with respect
with carbonates were calculated for fluids A (20 wt% NaCl; Xco; =.05)
and B (30 wt¥% NaCl; Xcp, arbitrarily fixed at 0.0033), respectively,
for fugacity coefficients of CO; in the brines deduced from Bowers and
Helgeson (1983). The infiltrating solution (I) must plot in the talc
field and its composition must vary along a line of slope nearly
unity in the course of i1ts equilibration with dolomite (II).
Evidently, this cannot be obtained from type A (COz-bearing) fluid but
only from a nearly COx-free fluid as type B. The high salinity is
another important factor to produce only talc. For the same CO;
content but a lower salinity, the fugacity ccefficient of CO; would be
lower and the dolomite saturation limit would cross the talc-
tremolite limit so that the latter mineral would crystallize too.

The speciation of the infiltrating solution was calculated
taking into account the data on fluid inclusions (}YCl; Y¥Na/YCa;
YCO,), activity ratios from Fig.4 (I) and activity coefficients
deduced from Helgeson et al.(l1981). The appropriate system of
heterogeneous equations was solved via the Newton-Raphson method.
Then an algorithm of mass transfer evaluation for irreversible
reactions involving minerals and aqueous solutions (Helgeson et al.,
1970) was used to calculate the composition of the solution in
equilibrium with talc and dolomite (II, Fig. 4). A water/rock ratio
of about 1000 can be caculated for the overall alteration of
dolomite. The following bulk mass balance equation was deduced :

dolomite + 1.7181i0334 *+ 0.26Mgeor = 0.42talc + Cager * 2CO02¢0t
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This relation implies a decrease by about 11% of the volume of the
minerals. Such a moderate decrease is not incompatible with the
preservation of the structures of the dolostones in the talc rocks.

DISCUSSION AND CONCLUSION

The above results broadly support the model proposed by Moine et
al (1989) in order to explain the general connection between chlorite
and talc ore. An initial fluid (here fluid B) would reacts with
dolomite, thus becoming enriched in CO, and highly undersaturated with
respect to quartz (here fluid A) before reacting with silicoaluminous
rocks to produce chlorite. However, the large contrast in the CO;
content of fluid A and B (about 3 moles) cannot be explained by a
simple mass transfer model. The possibility of accumulation of CO;
through repeated reaction with dolomite has to be considered as well
as addition of CO; from an external source. A high salinity of the
fluids with a high Ca({+Mg) /Na ratio is characteristic of this type of
talc deposits and probably explains the lack of tremolite. If a
Pyrenean age of the deposit was definitely proved, such compositions
might well result from reaction with Triassic evaporites.
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Black shales can be a source of metals, sulphur and carbon or
appropriate host environment for industrial ore deposits. Sulphur and toxic
heavy metal rich facies can however, cause a serious enviromental harm.
Proterozoic black shales from the Bohemian Massif are given as an example.

INTRODUCTION

The Bohemian Massif has a long history of mining and is well known
for its Variscan gold, uranium and base-metal deposits. Proterozoic black
shales played an important role in the metallogeny of the Bohemian Massif.
Pyritic black shales were intensively worked at many locations from the
16th through 19th centuries for the production of sulphuric acid. Black
shales also served as sources of sulphur, metals and carbon or as an
appropriate host rock for epigenetic ores (Kfibek, 1990).

However, metal-rich black shales can cause, by the release of acids,
toxic metals and radioactive gas, serious environmental harm as already
reported from Canada (Reichenbach 1992, Zentilli et al., 1992), Finland
(Loukola-Ruskeeniemi 1990), U.S.A. (Harrel et al. 1991) and other areas of
the world.

The results of the complex study of the Proterozoic black shales at
selected localities (Hromnice near Pilsen and Kamenec near Radnice) from
the Barrandian Upper Proterozoic, are summarized in the following text with
the aim to display both their economic geological significance and
potential environmental danger.

GEOLOGICAL SETTING

The Barrandian Upper Proterozoic belongs to the Moldanubicum of the
Central European Variscan Belt and is composed of a complex of
eugeosynclinal aleuropelitic and greywacke sediments and abundant products
of submarine basic volcanism (Fig. 1). The Proterozoic exhibits a simple
structure with interchanging anticlinorial and synclinorial belts trending
NE-SW (Holubec, 1966). The formation of isolated and semi-isolated basins,
resulting from volcanic and tectonic activities, with limited water
circulation, played an important role in the deposition of black shales.

NORMAL AND METAL-RICH BLACK SHALES
Generally, two types of black shales can be distinguished based on
geological position and geochemical characteristics (PaSava 1990).

NORMAL BLACK SHALES form, together with greywackes, thick flyshoid
sequences (Fig. 1). They are poor in metals and sulphur (Table 1) with
concentrations very close to normal black shale in sense of Vine and

Tourtelot (1970).
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Fig. 1. Geology and location of the Proterozoic black shales in the
Bohemian Massif.
1 - Granitoids, 2 - Gneiss and migmatites of Moldanubicum, 3 - Mafic rocks,
4 - Mafites of the divergent-margin type, 5 - Proterozoic spilite group
with metal-rich black shales and tholeitic volcanites, 6 - Lower Paleozoic
volcanites, 7 - Proterozoic flyschoid series (normal black shale and
greywacke, 8 - Lower Paleozoic sedimentary series, 9 - Metal-rich black
shales (l-Kamenec n. Radnice, KA-S5 borehole; 2-Hromnice n. Pilsen, HRM-3
borehole)

METAL-RICH BLACK SHALES

Geological position - semi-isolated and isolated basins
- close association with basic volcanogenic
rocks
Lithology - black metaaleurites with a laminated

structure (irregular alternating of dark
layers rich in Corg and framboidal pyrite,
with lighter layers composed predominantly of
a volcanogenic admixtures is typical)

Geochemistry - typical high metal and sulphur contents (Tab.
1
Mineralogy - the most frequent sulphide is framboidal

pyrite (Ni>Co) predominantly bound to Corg™
rich layers

- sphalerite, chalcopyrite, millerite,
pentlandite, molybdenite, galena, unnamed Mo-
selenide and Mo-telluride occur in younger
quartz and quartz-carbonate veinlets in close
association with recrystallized pyrite
(Co>Ni)

- REE phosphates, rutile, uraninite,
berthierite, clausthalite, gold and otavite
(Cd carbonate), known as accessories

Organic Geochemistry - Rock Eval pyrolysis and laser Ramman spectra

confirm high maturity of organic matter, at
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the stage prior to well-crystallized graphite
Sulphur Isotopes - wide range of 334s values (-31% - -2%) in
sulphides reflects bacterial reduction of the
Upper Proterozoic marine sulphate
Carbon isotopes - 33¢ values of organic matter (-36% - -30% )
verify that autotrophic sulphur bacteria is
the dominant organic material

TABLE 1. DISTRIBUTION OF SELECTED TRACE AND MAJOR ELEMENTS IN THE
PROTEROZOIC NORMAL AND METAL-RICH BLACK SHALES FROM HROMNICE
(HRM) AND KAMENEC (KA) LOCALITIES (data from Kovalovd and
Litochleb, 1992; Pafava, 1990 and Zimmerhakl, 1982).

Drill hole HRM-1 [KA-1 HRM-3 KA-5 Average black shale
n=33 n=21 n=17 n=11 Vine & Tourtelot

Rock type NBS NBS MBS MBS (1970)

Element X X X Kmax. X Kmax.

Zn (ppm) 383 65 243 14170 960 1200 < 300

Cu 93 30 590 1180 . 299 398 70

Ni 88 32 600 1200 429 607 50

Mo 33 4 153 272 87 127 10

Pb 25 15 25 72 20 36 20

As 56 8 148 597 143 375 n.d.

Co 12 8 21 46 28 44 10

Cr 156 n.d. 317 1230 393 673 65

\Y 570 82 1109 2020 804 1991 100

Corg (wt.%) 0.68 n.d. 3.5 2.3
1.61 n.d. 7.7 4.8

Fe ot 4.15 n.d. 8.27

n = number of samples; x = arithmetic mean; Xpax., = Maximum value; n.d. =

not determined;
NBS = normal black shale; MBS = metal-rich black shale

Lead Isotopes - no correlation between the presence of
radiogenic lead (a%Pb/aMPb ranges from
19.898 to 21.735) and the distance from
Variscan plutons suggest that metal-rich
black shales were most likely enriched by
uranium during the Cadomian tectonomagmatic
processes (Pafava & Amov, subm.)

Fluid Inclusions - low salinity (3-7 wt.% NaCl) water inclusions
in calcite, from carbonate veinlets, with
temperatures of homogenization (Th = 115 -
225°C) suggest diagenetic or late
hydrothermal origin at the Kamenec locality

- HZO-CO2 inclusions (10-50 mole % of COZ; dCO2
- 0.605-0.807 g/cm®) in quartz from quartz-
sulphidic veinlets and H,0-type inclusions in
quartz and calcite (salinity up to 9 wt.$%
NaCl eq., Th = 100-280°C) suggest that they
were probably trapped during the Cadomian
metamorphic processes (Dobe$ and PaZ%ava, 1992)
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ORIGIN OF METAL-RICH BLACK SHALES
I. Primary Metal Enrichment
- deposition of black shales in (semi-) isolated basins under the
important role of submarine volcanism (mixturing of oxidation
and reduction layers)
- volcanogenic-hydrothermal exhalation as the source of metals
- entrapment of metals by abundant organic matter (organometallic
complexes, framboidal pyrite)
II. Diagenesis
- disintegration of unstable organometallic bonds and origin of
sulphides
- formation of younger quartz, carbonate and quartz-carbonate
veinlets (e.g. Kamenec locality)
- mobilization and recrystallization of sulphides
IIT. Metamorphism (T = up to 300°C, P = up to 220 MPa)
- formation of younger quartz, carbonate, and quartz-carbonate
veinlets with mobilization and recrystallization of sulphides
(e.g. Hromnice locality)
CONCLUSIONS
Sulphur- and toxic metal - rich black shales, widely outcropping in
many locations of the central and western Bohemia often near populated
areas [e.g. Plzefi (Pilsen)], represent not only the important source
rock for Variscan epigenetic ore deposits but also a potential serious harm
for humans and other living forms. Therefore, any help and support as well
as an involvement of health, agricultural and other experts are needed for
a proper evaluation of their environmental impact.
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ABSTRACT:

The mechanism and the timing of base metal accumulation in the
Permian Kupferschiefer of the Central European Zechstein basin
has been discussed controversially in the past. Thereby, the
possible role of organic matter in metal accumulation processes
was considered primary with respect to a carbon source for
sulfate reducing microorganisms.

The data presented here were obtained from Kupferschiefer pro-
files of Konrad mine in the North-Sudetic syncline of Southwest
Poland. Several geochemical methods such as analyses of extract-
able organic matter by gas chromatography - mass spectrometry,
analyses of solid organic matter by Rock-Eval and stable isotope
measurements (C) were carried out. The results provide conclusive
evidence for a participation of organic matter (hydrogen donor)
in an abiological reduction of sulphate as supply of hydrogen
sulphide. Concomitant maturation studies indicate an effective
temperature of approximately 100°C in the present case.

SAMPLE PROVENANCE

20 samples from three Kupferschiefer profiles taken from Konrad
mine in Southwest Poland have been analyzed in the present study.
Figure 1 shows the geographical position of Konrad mine located
at the northernmost edge of the North-Sudetic Syncline along a
fault zone that separates it from the Fore-Sudetic Block. Due to
the deposition of Rupferschiefer near to the former Zechstein sea

Fore - Sudetic
Monocline 1

POLAND

E Corbonates of
Lower Werra
553 Morty series

55 Dotomitic limestone

~

North -Sudetic
Syncline

™ D) Fore - Sudetic
et \ Block

SUDETES \\\\

50km

] Rote Fdule

Figure 1: Geographical position of Konrad mine and a represen-
tative lithological profile (no. 1) of the 1.4 m thick Kupfer-
schiefer section and the adjacent rocks (adopted from Pittmann et
al., 1991).
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shoreline the lithology of Kupferschiefer is dominated by marly
series as indicated by relatively low organic carbon contents
(<2%). Nevertheless, for simplicity the term Kupferschiefer is
used further on. The three analyzed profiles have in common the
appearance of the Rote Fiule zone directly at the bottom of the
marls. Due to the deposition near the shoreline of Zechstein sea,
the sedimentary conditions in the particular area of Konrad mine
might have been less anoxic in comparison to most other areas of
Kupferschiefer deposition.

RESULTS

In Figure 2 the results obtained from metal analyses and from
organic geochemical investigations including Rock-Eval analyses
carried out on profile no. 1 are shown.

The base metal contents are characterized by a strong copper
predominance. Along the total profile, lead and zinc do not
exceed amounts of more than 100 ppm each. Instead, the amount of
copper rised to values of up to 4.19% in the marly series. The
distribution profile of silver varies almost parallel with the
copper profile. In the bottom part of the marls, near to the Rote
Fdule, the concentration of both metals is very low. An explana-
tion for this can bee seen in the high oxidizing potential of the
Rote Fdule. Precipitation of copper and silver is inhibited
under the Eh conditions of this zone. More distant from the Rote
Fiule accumulation of copper and silver was possible in a less
oxidizing environment.

Extract analysis and determination of the relative intensities of
individual compounds have shown that the composition of the
extracts varies significantly along the profile (Plittmann et al.,
1988). The most remarkable observations are the depletion of
saturated hydrocarbons in the bottom part of the section and the
relative decrease of alkylated aromatic hydrocarbons in relation
to the unsubstituted counterparts as measured by the ratio of
phenanthrene versus the sum of methylphenanthrenes (Ph/ZMePh).
The ratio increases drastically in and near to the Rote F&ule
(Fig. 2). Therefore, the ratio was used as a parameter for the
measurement of the degree of oxidation of the organic matter
(Plittmann et al., 1988). The highest degree of oxidation of
organic matter in the bottom part of the section corresponds with
low amounts of copper. Here, hydrogen equivalents were obviously
used up without being able to drop the Eh to a level required for
copper precipitation.

The redox conditions can be assumed to be governed by the
availability of hydrogen equivalents contributed by organic
matter present in the marly shale. An appropriate method for the
study of the capacity of organic matter in redox processes is the
determination of the hydrogen index (HI) by use of Rock-Eval
analysis. This index is measured as mg hydrocarbons/g organic
carbon (mg HC/g Corg). Figure 2 shows that the HI increases
drastically from the bottom to the top of the marly shale. This
means that the amount of hydrogen linked to organic carbon
diminished together with an increase of the oxidizing potential
governed by the Rote Fdule. This is opposite to the trend
observed in Kupferschiefer profiles from the Lower Rhine basin,
where the hydrogen index increases from the top to the bottom of
the shale due to increasing anoxity (unpubl. results). The loss
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of hydrogen is not accompanied by a simultaneous incorporation of
oxygen into the organic matter. This is evidenced by the oxygen
index (OI = mg CO,/g Corg) determined in the same sample set
(Fig. 2). The OI remains almost constant within the analyzed
section. An explanation for this can be seen in an oxidation of
part of the organic carbon and its transformation to CO5. In
order to proof this assumption the isotopic composition of the
organic matter has been investigated.

Cu Ag Ph/ MePh hydrogen index oxygen index
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Figure 2: Variation of the copper content (%), the silver content
(ppm), the hydrogen index (HI measured as mg HC/g Corg) and the
ratio of phenanthrene/sum of methylphenanthrenes (Ph/3MePh) in
the seven samples of profile no. 1 from Kupferschiefer and
adjacent rocks (Konrad mine).

STABLE ISOTOPE ANALYSES

The samples from the Kupferschiefer profiles were additionally
investigated with respect to carbon isotopic composition of both,
extractable organic matter and the kerogen not soluble in organic
solvents. Results obtained from profiles no. 2 and 3 are shown in
Figure 3. The §13C values obtained from the kerogen as well as of
the extractable organic matter (bitumen) are significantly higher
(~3%) in the bottom part compared to the upper part of each
profile. A similar variance was also observed in base metal
mineralized Kupferschiefer profils from the Richelsdorf Hills,
Germany (Bechtel & Puttmann, 1991) and in one non-mineralized
profile from the Lower Rhine Basin which was associated with the
occurrence of red-coloured rocks in the underlying Zechstein
conglomerate (Bechtel & PUttmann, 1992). Such a strong variation
of the isotopic composition of organic carbon in a 1.4 m thick
profile cannot be explained by a simultaneous facies variation,
because the investigation of Kupferschiefer profiles in areas not
influenced by the oxidizing potential of Rotliegend formation
waters revealed only a small effect of a facies change during
Kupferschiefer deposition on the §l3c-values of the organic
matter. For this reason, the observed trends (Fig. 3) have to be
discussed either in connection with the influence of oxidizing
fluids or as a result of significantly higher thermal maturity
affecting the Kupferschiefer primarily in the bottom part. The
latter possibility can be neglected, because a substantial
temperature decrease within a section of 1.4 m thickness is
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unlikely. Therefore, the observed shift of organic matter towards
heavier carbon isotopes with approximation to the Rote Faule was
induced most likely by oxidation of the inherent organic matter.
This results in a shift of the carbon isotopic composition
similar to the one observed by increasing maturation because
oxidation affects preferentially the lighter aliphatic material.
This explanation coincides with the results obtained from Rock-
Eval analysis indicating a major loss of hydrogen equivalents
from organic matter preferentially in the bottom section.

Cal Cal

\\ \\Profile 2

Profile 3

S S
t t
- r
a a
t t
i T1 1 Ti
g

g
- r
a a
p \\ °
h - Kerogen « Kerogen
Y « Bitumen . Y -« Bitumen

St S1

-28 -26 -24 -22 -28  -26 -2¢ -22 -20

613c (pDB) 513c (pDB)

Figure 3: Variation of the §13Cc-values determined in the kerogen
and the extractable organic matter (bitumen) in samples from two
Kupferschiefer profiles and adjacent rocks from Konrad mine.

Cal = Carbonates of Lower Werra, Tl = Kupferschiefer and S1 =
Zechstein conglomerate.
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ABSTRACT

The vein mineralizations of Cerro Negro district, in the orogene known as
Famatina System, are related to tertiary chalcoalkaline rocks of strong
subvolcanic character and intermediate to acid nature.

They are constituted by a complex paragenesis of 2Zn, Pb, Ag and Cu
sulphides of meso-epithermal type, with subordinate As—-Co-Ni-Bi minerals and
Cd, Ga and Ge traces.

These igneous rocks are affected by a complex hydrothermal alteration with
phases between 3202C and 1502C, temperatures in agreement with the estimated
values for the hydrothermal phases of mineralized veins.

REGIONAL AND LOCAL GEOLOGY
According to De Alba (1979), the Famatina System (fig.l) is constituted of:
- a great marine ordovician sedimentary sequence affected by a low-grade
metamorphism (Negro Peinado Formation).
- Intrusions of devonian granitoids (Nufiorco Formation).
~ Discordant superposition of carboniferous and permian continental sediments

(Patquia Formation)

- Dykes and stocks of subvolcanic and occasionaly volcanic rocks (Mogote

Formation), which cuts across the whole.

Most outcrops in Cerro Negro district are constltuted of.limolites, shales
and sandstones of Negro Peinado Formation. They show a low grade regional
and contact metamorphism and N-S subvertical schistosity.

Frequent dykes and stocks of subvolcanic rocks of intermediate to acid
nature cutting the sedimentary series, anyway scarce acid volcanic rocks, are
present in the area. They belong to Mogote Formation of miocene-pliocene age
(andean tectonic).

An hydrothermalism related to these magmatic phases originates mineralized
veins, and produces alteration as much in igneous rocks as in the enclosing
sedimentary rocks (Rios Gomez, 1988/91).

SUBVOLCANIC ROCKS
a) General characteristics

They show a clear structural control in post-subductive extensive regime
of the andean orogenian cycle (Schalamuk et al., 1950).

The stocks and dykes from the district follow the main structural
lineaments of the area. They range from microdiorite to gquartzdiorite and
granitic porphyry, with strong subvolcanic nature. The porphyric texture with
chalcosodic plagioclase feldspar crystals inside microgranular ground-mass of
quartz, plagioclase feldspar and potassic feldspar, is dominant. In spite
of alterations, primary textures and minerals can be recognized. Chemical
analises (Table I) show that rocks range from intermediate to acid nature, and
they can be considered as typical rocks of chalcoalkaline series with high k- .
content (Baker, 1984).

The presence of porphyric textures occasionaly accompanied of granophiric
textures and data of major elements, suggests moderate pressures and
relatively shallow emplacements. .

b) Hydrothermal alterations

At the moment is not possible to indicate a detailed =zonation of
alterations, provided the grade of superposition and complexity they have.
Six alteration types have been identified:

- Chloritic alteration
It is represented by the association chlorite (essential) t+. epidote %
ilmenite + sphene * carbonate, and limited to the subvolcanic rocks. It is
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particularly visible in the eastern sector of the district.
Chlorite appears as replacing of ferromagnesian minerals or as filling of
miarclitic cavities and small fractures.
According to petrographic characteristics, two well diferenciated chlorite
types can be distinguished; and the use of chlorite geothermometer
(Cathelineau, 1988) shows a first deposition stage between 3502C and 3002C
(320¢C), represented by chlorites with high Al, Fe and Mg contents, and a
late stage in the range of 1502C, represented by a typical vermicular
chlorite with normal Al, Fe and Mg contents.

- Sericitic alteration
It preferably appears bording the silicified zones closed to veins and it
is characterized by sericite # white mica {(muscovite) % guartz 1 pyrite %
rutile.
This alteration which is particularly characteristic of the enclosing rocks,
affects igneous rocks too.

- Potassic alteration
This is an early alteration essentialy defined by biotite (neoformation) %
potassic feldspar + quartz, which shows a poor development limited to
subvolcanic rocks.

- 8ilicification
This alteration is present in the whole of the sector, and it accompanies
the another before mentioned. At least, it presents two episodes:
1) Silicification of enclosing rocks by massive replacement and fracture
filling after a fracturation stage. It is very strong in some sectors of the
area.
2) A second silicification phase which can be subdivided in several fracture
filling stages, affecting both subvolcanic rocks and mineralized veins. In
this phase, quartz is frequently accompanied by carbonates and sulphides.

- Argillitic alteration
The subvolcanic rocks show argillitic alteration by an increasing
transformation of potassic and plagioclase feldspars towards the dyke
borders, where the friability of the rocks increases.

- Albitisation
This is restricted to porphyries and appears as patches by replacement of
plagioclase feldspars.

MINERALIZATION

More than twenty subvertical beaded vein mineralizations of WNW-ESE and
NNW-SSE predominant trends are known in the district (Rios et al., 1992).
Texture are from banded and colloform to brecciated. The veins range from 0.5
to 3 m.thickness and the average run is 200 m. These mineralizations could
correspond with the external phase of Nevados del Famatina Cu-Mo porphyry
(fig.1l).

The polymetallic mineralizations of the district show a pulsating genesis
with. gradual decreasing of temperature and mineral associations from
mesothermal to epithermal. Main minerals of the paragenesis are: arsenopyrite,
pyrite, pyrrhotite, magnetite, titanomagnetite, sphalerite, chalcopyrite,
marcasite, bornite, galena, tetrahedrite; minor quantities of argentiferous
minerals (argentite, argirodite, native silver), Ag-~sulfosalts (proustite,
pyrargyrite, miargyrite, freibergite) and Fe-Co-Ni sulfoarsenides (chloantite,
rammelsbergite and safflorite) are present. Small particles of native gold and
electrum occasionaly appear. In addition to the dominant Fe and Mn carbonates
(siderite and rhodocrosite) and gquartz, calcite and baryte are present as
gangue minerals.

In the altered subvolcanic rocks a paragenesis constituted by magnetite,
arsenopyrite, pyrrhotite, pyrite, marcasite, chalcopyrite, sphalerite and
occasional small particles of native gold and electrum, is superposed.

In mineralized veins, fluid inclusion .studies in quartz and
crystallochemical studies .of arsenopyrite in equilibrium with pyrite give ore-
forming fluids temperature from 3502C to 2502C.
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TABLE I: CHEMICAL ANALYSES OF SUBVOLCANIC ROCKS
SAMPLE M1 M2 M3 M 4 M5
sio2 % 56.96 66.89 68.11 76.68 77.36
Tio2 % 1.59 0.44 0.51 0.17 0.16
Al203 % 14.96 15.37 15.18 12.64 12.60
Fe203 % 11.24 5.53 5.25 1.48 1.40
MgO % 2.39 1.63 1.45 0.20 0.22
MnoO % 0.49 0.28 0.19 0.01 0.04
cao % 3.64 1.63 2.19 0.21 0.56
Naz0o % 3.77 2.60 2.57 1.98 1.90
K20 % 0.98 3.72 2.82 5.99 5.20
P205 % 0.54 0.09 0.09 0.04 0.02
LOI % 4.08 2.09 2.37 0.97 1.38
TOTAL % 100.65 100.26 100.73 100.37 100.84
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CONCLUSIONS

Cerro Negro mineralizations are related to tertiary subvolcanic rocks
affected by an hydrothermal alteration which shows several phases between
3202C and 1502C deduced from chlorite geotermometer data.

These phases and temperatures can be correlated to those correspondant to
mineralized veins originated in a structuraly controlled open system. In
mineralized veins, crystallochemical and fluid inclusion studies show phases
comprised between 350°C and 1502C, and they are in agreement with data from
chlorite of altered igneous rocks.
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THE TAGANANA ALKALINE INTRUSIONS (TENERIFE, CANARY ISLANDS): FIRST
DATA ON THEIR ORE MINERALS

Rodriguez-Losada, J.A. (1); Martinez-Frias, J. (2) & Hemandez~Pacheco, A.(3)
(1) Dept. de Geologia, Universidad de La Laguna, Islas Canarias, Spain

(2) IAGM (CSIC-Universidad de Granada), Granada, Spain

(3) Dept. de Petrologia y Geoquimica, Universidad Complutense, Madrid, Spain

ABSTRACT: Two types of intrusive rocks occur in the Taganana area
(NE Tenerife): nepheline syenites and alkali gabbros. Their
petrology and geochemistry were established, with special attention
to the characteristics of the ore mineral assemblage. This study
suggests: 1) the existence of separation processes between oxides
and sulphides during magmatic crystallization, and 2) temperatures
of 640° to 700°C, and £f0, values within the range 10°%-°-107".

INTRODUCTION

The intrusive rocks of Taganana (NE Tenerife) occur, on the surface,
as a small outcrop of about 2,500 m?. It is located at 16°01'12''W
and 28°34'26''N, close to Taganana, the most important village in
the area. Its stratigraphic position corresponds to the bottom part
of the Taganana Basal Unit, which is called "Arco de Taganana"
because of 1its arc-like morphology (Carracedo, 1979; Bravo &
Hernadndez Pacheco, 1980). Garcia Talavera (1976) established a local
stratigraphic sequence within which this outcrop is the oldest unit
in the island. The author called it "Serie Basal" (of Miocene age),
and placed it below the "0ld Basaltic Series" from Fuster et al
(1968). In this sense, the K/Ar dating carried out by Ancochea et
al (1990) gives ages of 5.7 m.y.b.p for these rocks.

The present work offers new data about the petrological
characterization and geochemistry of these alkaline intrusions.
Attention has.-specially devoted to the study of the ore minerals and
their textures, stressing both the equilibrium thermodynamic
conditions and the fO, values.

THE TAGANANA ALKALINE INTRUSIONS: ORE MINERAL CHARACTERISTICS

As previously defined, two main types of intrusive rocks occur in
the study area: nepheline syenites and alkali gabbros. In both
cases, a dyke swarm cut these intrusions. Dykes are mainly of
basaltic composition although salic dykes are also visible. They
include syenites and alkali pyroxenite fragments and have been
affected by brecciation and alteration processes.

Alkali feldspar and minor nepheline, apatite, sphene, chlorites,
zeolites and augite (partially transformed into hornblende), are the
main minerals which form part of the syenites. The alkali gabbros
are mostly constituted by idiomorphic and subidiomorphic plagioclase
(about 65% to 79% of the whole rock) and augite (about 20%);
hornblende occurs as a consequence of the augite transformation, and
minor biotite, apatite and sphene are also present.

Geochemical analysis of both types of rocks (syenites and alkali
gabbros) (Table 1) show a moderate undersaturation and peralkaline
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Table 1: Analyses of nepheline syenites (1-3) and alkali
gabbros (4-6)

1 2 3 4 5 6
SiQ, 55.60 55.75 55.85 52.10 52.05 52.10
Al,0, 19.50 19.60 18.55 18.75 18.90
Fe,0, 1.10 1.08 1.06 3.80 3.85 18.80
Fel 1.35 1.45 1.40 2.85 2.80 3.90
MgO 1.15 1.25 1.10 2.10 2.15 2.80
Ca0O 3.40 3.55 3.50 6.10 6.05 2.15
Na,0 6.45 6.40 6.40 5.95 5.90 5.85
K,0 4.45 4.35 4.30 2.90 2.95 5.90
MnoO 0.22 0.22 0.22 0.16 0.16 3.00
TiO, 0.90 0.94 0.96 1.95 1.95 0.16
P,0; 0.22 0.1 0.20 0.66 0.66 1.85
H,0+ 2.25 1.95 2.26 1.27 1.18 0.64
H,O- 1.15 1.10 1.13 0.82 0.97 0.94
Other 1.95 2.11 1.83 0.91 1.15 1.02
1.20
TOTAL 99.69 93.94 99.76 100.32 100.72 100.51

character. Relatively high alumina contents must be interpreted as
a later alteration effect.

In broad terms, the textural and compositional characteristics of
the ore minerals are similar in both types of rocks. These minerals
constitute a simple assemblage of magnetite, ilmenite, maghemite,
pyrite, and pyrrhotite.

In the nepheline syenites, magnetite and ilmenite occur as
subidiomorphic to allotriomorphic crystals (up to 500 um), which are
included so in the vitreous matrix as in the phenocrystals. There
are also some crystals of maghemite resulting from the oxidation of
the magnetite. Small crystals of pyrite (50-200 um) are frequent in
the matrix, although the presence of small drop-like inclusions of
pyrite (< 50 um) into the magnetite crystals could be interpreted
as unmixing phenomena between oxides and sulphides. Pyrrhotite is
very scarce, appearing as small tabular crystals (< 100 pm) within
the matrix.

In the alkali gabbros, sulphides are more abundant, and magnetite,
pyrite and pyrrhotite reach bigger sizes than in the syenites. From
a textural point of view, two types of pyrite have been identified:
1) idiomorphous crystals, with clean surfaces and well developed
faces, and 2) irregular crystals, with porous surfaces. Oxidation
processes affecting to the magnetite, with the subsequent formation
of maghemite, are also more evident. Microprobe analyses of
magnetites and ilmenites are given in Table 2.
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From the chemical composition of both coexisting oxide phases it has
estimated, using the curves of Buddington and Lindsley (1964), that
these alkaline intrusions crystallized at temperatures between 640°
and 700°C and under oxygen fugacities of around 10°'%° and 10 atm.

This study suggests that these metallic phases appear to have formed
during magmatic crystallization process. This interpretation
contrasts with the hydrothermal origin which has been proposed to
explain the genesis of other compositionally similar assemblages in
the Canary islands (e.g. syenites from La Gomera) (Rodriguez Losada
et al, 1990).

1 2 3 4 5 6
FeO 84.85 85.98 85.37 45.15 80.93 45.62
TiO, 4.41 4.89 5.80 48.20 9.40 48 .31
Cr,0, 0.00 0.02 0.00 0.03 0.03 0.02
Al.0, 0.40 0.23 0.83 0.05 1.23 0.04
Mno 3.29 2.34 1.18 3.45 1.21 3.14
MgO 0.03 0.04 0.11 0.96 0.17 0.69
zZno 0.44 0.17 0.17 0.04 0.23 0.08
Si0, 0.16 0.03 0.02 0.01 0.04 0.02
cao 0.02 0.02 0.01 0.00 0.00 0.02
NiO 0.02 0.05 0.00 0.00 0.00 0.00
Ag,0 0.01 0.00 0.01 0.00 0.00 0.04
Co0 0.12 0.10 0.12 0.01 0.07 0.06
AS,0, 0.05 0.00 0.18 0.02 0.00 0.00
TOTAL 93.80 93.87 93.80 97.92 93.31 98.04
Recalculated analyses (after Carmichael, 1967)

FeO 31.42 32.93 34.76 38.11 37.72 38.96
Fe,0, 59.38 58.96 56.23 7.82 48.00 7.40
TOTAL 99.75 99.77 99.44 98.70 98.11 98.78
SUVS 12.77 14.17 16.84 .- -~
%R,0, 7.61 | 27.540 7.20
T°C 640 710
logfo, -18.50 -17.00

Table 2: Microprobe analyses of magnetites and ilmenites in the
Taganana alkaline intrusions (1 and 2: nepheline syenite. 3-6:
alkali gabbros). (CAMECA SX50 electron microprobe. Beam Energy: 20
Kv. Beam current: 25 nA. Beam ©@: 7 um. Time of analysis: 100 s).
Standard collection of the "Servicios Técnicos, Universidad de
Granada) .
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ABSTRACT: Uranium and molybdenum mineralization occurs in the
Permian volcano-sedimentary formations. It is mostly stratiform
and related to acid volcanism. Ore elements were accumalated by
reduction and adsorbtion processes from 270%30 to 240+30 Ma. Due
to their remobilization and concentration higher grade ores were
formed during the Alpine orogeny from 13020 to 100+20 Ma.

INTRODUCTION

The end of the Hercynian orogeny was accompanied by graben tecto-
nics, continental volcanism and mineralizing processes at the
southern edge of the Eurasian plate (Tischler and Finlow-Bates
1980). Many uranium deposits in the Alps show spatial relation to
the Permian acid volcanism or they are found directly in the vol-
canites (Mittempergher 1972, Haditsch and Mostler 1982, Burkhard
et al. 1985, Cadel et al. 1987, Pagel 1990). Uranium and molybde~
num mineralization in the Permian continental volcano-sedimenta-
ry formations may also be observed in the Western Carpathians
(Fig. 1) in Novoveskd Huta (Rojkovi¢ et al. 1993), Jahodna (Roj~
kovié and Mihal 1991), Kalnica and Selec (Rojkovié¢ 1980). Volca-
nism is represented by rhyolites accompanied by dacites, andesi-
tes and volcanoclastics (Fig. 2). Continental sediments are domi-~
nant but they are replaced by lagoonal lithofacies in the upper-
most part of the Permian.
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Fig. 1. Uranium and molybdenum deposits (1) and occurrences (2)
in the Permian formations (3) of the Western Carpathians.
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URANIUM AND MOLYBDENUM ORES

Uranium and molybdenum mineralization is spatially related to
volcanic rocks 1in two ore-bearing horizons near Novoveska Huta
(Fig. 2). The upper horizon in sandstones and conglomerates of
volcanoclastic character overlies rhyolites and their tuffs. The
lower one 1is bound to breccias in the upper part of the
volcano-sedimentary complex with intermediate volcanism. The mi-
neralized horizon is 4 km long, from 200 to 600 m wide and up to
80 m thick. Ore lenses range in thickness from several metres to
tens of metres. Their extension varies from tens to tens of thou~
sands' of square metres. They are mostly concordant to the wall
rocks but planes concordant to the Alpine cleavage are also lo-
cally mineralized. The mineralized rocks underwent intensive si-
licification, sericitization, carbonatization, pyritization and
they are accompanied by increased contents of apatite and tourma-
line. The dominant ore minerals are uraninite and molybdenite ac~
companied by U-Ti oxides and pyrite. The homogenization tempera-
tures of fluid inclusions in carbonates accompanying mineraliza-~
tion is from 110 to 120°C (Rojkovic¢ et al. 1993) . The high grade
mineralization represented by uraninite, coffinite, molybdenite
accompanied by pyrite, chalcopyrite, dguartz, Fe-dolomite and
other minerals also occurs in veins and near the faults cutting
the mineralized horizons (Fig. 3). The homogenization temperatu-~
res of fluid inclusions in carbonates and quartz of the veins
ranges from 95 to 190°C.
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Fig. 2. Lithostratigraphic sche-
me of the Permian in Novoveska
Huta and Jahodnd (I) and Kalnica
and Selec (II) adapted according
to Novotny and Mihal (1987 - I)
and Novotny and Mihal (in Stim-
mel et al. 1984 - II). 1 - mine-
ralization, 2 - dacites and an-
desites, 3 - rhyolites, 4 - vol-
canoclastics, 5 - gypsum, anhyd-
rites, 6 - conglomerates, 7
- sandstones, 8 - shales, 9 -
carbonate concretions.
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The contents of U (16 ppm),Mo (4 ppm), Cu (84 ppm) and Y (28
ppm) are from two to eight times higher in non-mineralized rhyo-
lites and their tuffs than 1in sedimentary rocks. Fission track
reprints show that uranium occurs mostly in the matrix of rhyoli-
tes and their tuffs. Due to their devitrification and alteration
uranium was mobilized and concentrated in sericite and in Ti oxi-
des. Uranium is bound mostly in Ti oxides in dacites and andesi-
tes.

U and Mo in ores are accompanied by Cu, Pb, Co and Y. Content
of U and Mo 1in high grade ores exceeds 0.1 wt. %. The rocks are
poor in organic matter (mostly below 0.2 wt. %). The isotopic
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composition of §34s varies from -32.7 to +2.7 and &3¢ from
-27.1 to -0.5 %,. A larger variability in the stratiform ores
suggests mixing of meteoric solutions with fluids of volcanic
origin and their complex history. U/Pb isotope dating gave two
age groups of uranium mineralization (Kolektiv 1984): 240+30 Ma
for low grade stratiform ore and 13020 Ma for high grade ore
near faults.

Uranium and molybdenum mineralization in Jahodnd also occurs
in two horizons of the same volcano-sedimentary formation as in
Novoveska Huta. The upper horizon is in acid volcanoclastics and
the lower one is near the contact between andesites and sandsto-
nes. High grade ores are bound to crossing of ore bodies by tran-
sversal reverse faults. Ore mineralization is represented by ura-
ninite, brannerite, molybdenite and pyrite (Fig. 4). Rocks with
uranium and molybdenum mineralization are cut by veis of
Fe-dolomite with guartz and chalcopyrite.

There are several less significant occurrences of uranium and
molybdenum mineralization associated with volcanites and pyro-
clastics in the Permian formations. Poor uranium and molybdenum
mineralization occurs in rhyolites and their tuffs, as well as in
dacites and andesites in the same lithostratigraphic position as
in Novoveska Huta. U-Ti oxides (uranium-bearing leucoxene) are
accompanied by molybdenite, pyrite, chalcopyrite, tennantite, ar-
senopyrite and xenotime. The supergene zone 1is characterized by
torbernite accompanied by iron hydroxides.

The stratiform uranium mineralization occurs in the PovazZsky
Inovec Mts. in the ore field from Kalnica to Selec. It is located
in rhyolite tuffs and in conglomerates and sandstones with volca-
noclastic material. Uranium mineralization is absent in the pe-
ripheral evolution of the formation, where the products of volca-
nism are only rudimentary {(Stimmel et al. 1984). Ore lenses are
mostly from 100 to 150 m long and from 2 to 15 m thick. Uraninite
accompanied by pyrite and locally by molybdenite is the main ore
mineral in both horizons. The uranium.-and molybdenum ore is sig-
nificantly enriched (U>0.1 wt. % and Mo>0.1 wt.%) in the zones of
faulting, cuting ore-bearing horizons. This ore is accompanied by
younger sulphides of copper. The ores with high uranium content
display ages of 100x20 Ma, whereas the lower grade Permian ores
show an age of 270% 30 Ma (Stimmel et al. 1984).

Fig. 3. Colloform uraninite Fig. 4. Scales of molybdenite
(white) rimmed by molybdenite (grey) accompanied by branneri-
{grey). SEM-BEI te (white). SEM-BEI
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CONCLUSIONS :

The Permian acid volcanites and their tuffs with increased con-
tents of uranium and accompanying elements are potential
source-rocks for ore mineralization. The distribution of uranium
in the studied non-mineralized and mineralized rocks indicate its
mobilization in agquiferous horizons and accumulation by reduction
and adsorbtion processes due to mixing of oxic meteoric solutions
with solutions derived from reducing hot springs. Uranium was
also ‘accumulated.'by  adsorbtion.of Ti oxides and Fe hydroxides.
The original stratiform concentrations were formed during the
Permian. The Alpine orogeny formed structures for circulation of
hydrothermal fluids from preconcentrations in low-grade ores into
structurally prepared places where high-grade ores were formed
during the Creataceous.
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ABSTRACT: Different types of fluorite deposits (replacement,
fracture filling and disseminated) with different ages have been
studied in the Vvale do Ribeira District. They have a complex history
including recrystallisation at the contact with granitoid intrusions
and remobilization by later hydrothermal fluid circulation as well
as karstification. Preliminary Sr-isotopic data reveal crustal and
mantelic sources and suggest a polyphase hydrothermal history with
late imprint of the 87sr/86Sr ratio in strata-bound fluorites.

Introduction: Previous studies in the area (Ronchi et al.,
submitted) deal with geological and mining data, £luid inclusions
studies, REE patterns and Sm-Nd isotopes in fluorite. They have
shown the existence of at least three different types of fluorite
deposits in the vale do Ribeira District. Fluorine and REE of these
deposits are supposed to derive mainly from crustal sources,
specially in the strata-bound and fracture filling deposits. However
mantle contributions due to ‘“carbonatite-related" hydrothermal
fluids, are possible. In this note additional conclusions from Sr-
isotopic ratio determinations in fluorite are reported.

E River

S Transcurrent fault

i

'CQrm Azul

Figure 1- Location of the deposits. Faults: 1-Morro Agudo, 2-Ribeira
Lineament 3-Lancinha, 4-Cérro Azul. See text for abbreviations
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Geology of fluorite deposits : Six fluorite deposits occurs in a
roughly linear geographic trend in the Vale do Ribeira region, they
are controlled by the great transcurrent fault known as the Ribeira
Lineament and the Cérro Azul fault, both with N&60-70E directions
(Fig. 1). Three of them are strata-bound, two others are associated
to carbonatites and the latter is a fracture-filling deposit. These
deposits have been characterized (Ronchi et al, submitted) by their
morphology: contact relations with enclosing rocks; mineralogy; ore
textures and structures; geochemical data (REE, Sm-Nd and fluid
inclusions in fluorite).

The strata-bound Proterozoic deposits (Volta Grande, VG, 1.1MT, 35-
40% CaFy; Sete Barras, SB, 2.5MT, 50-60% CaF, and Mato Dentro, MD
1.5MT 40-50% CaFp) were formed after replacement of calc-dolomitic
marble (green-schist faciesg) and karstic collapse breccias or other
internal sediments. The deposition of primary fluorite occurred
after the culmination of the regional metamorphism, which included a
phase of ductile deformation of marbles, and before the granitoids
intrusions dated at around 500-650 Ma, (Brasiliano orogeny, Hasuil et
al, 1984). In the contact with the granitoids the primary
microcrystalline or stratoid ore are locally associated to
macrocrystalline “recrystallized" ore. Late hydrothermal fluid
circulations added to the ore successive generations of quartz,
calcite, adularia (VG,MD) and barite (VG,MP). Important late
karstification reworking are observed.

Mato Preto, MP (2.65MT 60% CaFy) and Barra do Itapirapud, BI (non-
economic), two Cretaceous carbonatite-associated deposits, are
respectively the largest and the smallest occurrences known in the
region. Both display carbonatite replacement by massive ore and
disseminated fluorite. At Barra do Itapirapud bodies of strata-bound
Proterozoic fluorite occur near two carbonatitic plugs containing
only disseminated uneconomic fluorite. Mato Preto is the unique
economic fluorite deposit associated to carbonatites in Brazil, this
mineral being always rare or absent in other Brazilian carbonatites
(Mariano, 1989).

The last type, Braz, BR, 0.2M7 20% CaFy, 1s a non-economic
Proterozoic occurrence, characterized by minor replacement strata-
bound microcrystalline ore with a commoner remobilized ore filling
centimeter-scale fractures and displaying a fluorite + tourmaline +
muscovite paragenesis.

Description of the analyzed fluorite samples: The 87sr/86gr
ratios were determined in 13 fluorite ore samples chosen according
to their different cextural characteristics (Tab. 1). The
microcrystalline and stratoid ores from the three strata-bound
deposits have essentially the same mineralogy with some differences
as the presence of adularia and yellowish dissolution residues (iron
oxide/hydroxide?) in VG. Oxidized pyrite and black carbon-like
dissolution residues are present in MD and SB. Macrocrystalline ore
is made of pure fluorite.

Volta Grande : Two typical microcrystalline ores, respectively a
stratified (VG87) and a homogeneous ore (VG38) were selected, both
with the same mineralogical composition i.e. essentially fluorite
and quartz with minor white mica, adularia and unidentified
vellowish phases. In spite of their similarity they were collected
in different ore bodies and Sm-Nd data suggest different sources for
REE trapped by these samples.
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Mato Dentro : Sample MD3 is made of two parts: A) microcrystalline
ore made of impure fluorite, B) macrocrystalline pure fluorite.
Samples MD17 and 41 are microcrystalline ores similar to MD3A, but
MD41 contains non-replaced carbonate residues of marble.

Sete Barras : Sample SB34 also display two analyzed parts A)
macrocrystalline pure fluorite and B) impure microcrystalline
fluorite. SB66 is a stratified microcrystalline ore with a similar
composition.

Braz : both samples (BR2 and BR5) are veinlets containing fluorite +
tourmaline + muscovite with BR2 having a finer texture than BR5.
Mato Preto : MP sample is composed of fluorite with opagues and REE-
rich phases. We analyzed A)the bulk ore and B)isolated colorless
fluorite.

Table 1- Geochemical data and sample characteristics. *no available
data; Fl=fluorite, Qz=quartz, Ad=Adularia, Ca=carbonate, Mus=s
muscovite, Py=Pyrite, R=dissolution residua, Tl=tourmaline, REE=rare
earth rich-minerals. Errors quoted are lo.

Sample|87Sr/86Sr Error La/Sm  Ore type Paragenesis

VG 87 0.71051 +0.00012 3.5 | Stratoid Fil+Qz>>Ad+Mu+R

VG 38 0.71081 +0.00015 4.9 | Microcrystalline | FIl+ Qz>>Ad+Mu+R

MD 3B 0.71516 +0.00010 2.4 [Macrocrystalline | Pure Fi

MD 41 0.715634 +0.00013 5.5 |Microcrystalline | Fl+ Qz>>Ca+Mu+ Py + R

MD 17 0.71558 +0.00007 4.9 |Microcrystalline | FI+ Qz>>Mu+ Py +R

MD 3A 0.71560 +0.00015 2.8 |Microcrystalline | Fl+ Qz>>Mu+ Py +R

SB 34B] 0.72463 +0.00009 2.6 | Microcrystalline | FI+ Qz>>Mu + Py + R

SB 34A| 0.72645 +0.00027 | 3.4 [Macrocrystalline | Pure FI

0.00010 2.9 | Stratoid Fl+Qz>>Mu+Py+R

SB 66 0.72803 +

BR 2 0.72728 +0.00008 * Fracture filling Fl + Tl + Mu
BR 5 0.77357 +0.00007 3.0 | Fracture filling FI + Tt + Mu
MP A 0.70544 +0.00018 7.4 Colorless FI + REE + R
MP B 0.78394 +0.00007 4.4 |Colorless Pure FI

Strontium-isotopic composition of the fluorite ores: Fluorite
crystals were dissolved in HF and HCl and Sr was separated from the
solution using conventional ion-exchange technigues at the Institute
of Geosciences, University of Brasilia. Isotopic analyses were
carried out using a Varian-Mat TH-5 mass spectrometer at the
University of Sd@o Paulo. When applied to minerals with very low
Rb/Sr ratios, such as fluorite, Sr-isotopic studies may be used to
characterize the sources of elements. In this respect, Kesler et al
(1981) demonstrated a mixed source (limestone and volcanics) for
replacement fluorites of Cohahuila, Mexico. Recent investigations of
Jurassic vein fluorites from Santa Catarina, Brazil (Tassinari &
Flores, 1992) indicated highly radiogenic Sr in hydrothermal f£luids
with higher ratio (0.7292 to 0.7402) than in the host altered
granite (0.7215). Coupled studies of associated barite and fluorite
may reveal similar or different ratios (Demaiffe & Dejonghe, 1991)
which give some hints to the genetical relations between both
phases. An interpretation of the results collected in table 1 leads
to the following points: 1)Bulk sample MPA has a typical mantle
signature, as usual for carbonatite (Faure, 1986) while MPB (pure
fluorite) reveals a considerable contamination by radiogenic Sr.
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2)The Sr-isotopic ratios are characteristic of each strata-bound
deposit, with values more or less contaminated by radiogenic Sr. On
the opposite, very variable data were obtained at Braz and Mato
Preto. 3)In the strata-bound deposits, Sr-isotopic ratios are higher
than 0.70906+0.00003, the inferred isotopic composition of marine

water at the Phanerozoic (Faure, 1986). 4) In the strata-bound
deposits REE patterns as illustrated by the La/Sm ratios, display
variations within each deposit (Fig. 2), even if they are limited

between associated microcrystalline and macrocrystalline fluorites
from the same sample. 5)Previous studies (Ronchi et al., submitted)
suggest, for strata-bound fluorites, significant exchanges of REE
with Nd losses related to late hydrothermal circulations. A definite
interpretation of Sr-isotopic results, would reguire additional
results for host rocks at a regional scale. Presently our preferred
hypothesis to explain the constant 878r/86sr ratios in each strata-
bound deposit, whatever the ore texture, is a late imprint of this
signature, possibly 1in relation with post-granitoid hydrothermal
circulations.

0,80
1 g2 Mato Dentro
. 0,78 4 © ¢ Sete Barras
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Figure 2 - 87gr/865r versus La/Sm plot.
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ABSTRACT: Primary Cu-Au-Mo mineralization at the Boddington Gold
Mine 1is hosted in hydrothermally-altered Archaean intermediate
intrusions and volcanic rocks with calcalkaline affinity. The
intrusions form composite stocks, consisting of distinct generations
of equigranular and porphyritic diorite and quartz diorite, and a
strong spatial association exists between the distribution of
mineralized veins, potassic alteration assemblages (hydrothermal
biotite + qguartz), and dioritic intrusions. Microthermometric data
indicate that the ore fluids are best approximated in composition by
the H, 0-CaCl,; ~-NaCl system, with maximum salinities estimated at 21-
25wt% CaCl, and 10-15wt% NaCl. The Boddington deposit is an Archaean
example of a gold-rich porphyry-ore system which formed under lower
£0, and higher £S; conditions than in Phanerozoic analogues.

INTRODUCTION

The Boddington Gold Mine is situated approximately 120km SE of
Perth, Western Australia, within the Saddleback greenstone belt, a
NW-trending belt of Archaean metavolcanic and metasedimentary rocks
within the Western Gneiss Terrain of the Yilgarn Block. The major
ore resource within this deposit is laterite-hosted (reserves were
60Mt @ 1.6g Au/tonne at the commencement of mining in August, 1987).
Diamond drilling has identified discrete bodies of economic and
subeconomic porphyry-style Cu-Au-Mo mineralization within the late-
Archaean (ca 2700Ma), hydrothermally-altered intermediate intrusions
and volcanic/volcaniclastic rocks underlying the laterite orebody.
This mineralization style contrasts significantly to the lode-gold
deposits elsewhere in the Yilgarn Block.

HOST ROCKS TO MINERALIZATION

Primary mineralization at the Boddington Gold Mine is hosted within
the andesitic volcanic/volcaniclastic rocks and cogenetic dioritic
intrusions of the Wells Formation in the northern Saddleback
greenstone belt (Fig. 1). The mineralized intrusions form complex
composite stocks consisting of distinct generations of equigranular
and porphyritic diorite and quartz diorite. The main central
dioritic stock occupies an area of some 0.2km2 and consists
dominantly of an early stage, medium grained (2-3mm), equigranular
diorite with minor porphyritic diorite. Later~stage, strongly-
porphyritic quartz diorite occurs in metre-scale dykes, and consists
of andesine plagioclase phenocrysts (up to 5mm) hosted within a fine
grained (0.lmm) plagioclase-rich groundmass. Porphyritic diorite and
quartz diorite are the dominant intermediate intrusions within
peripheral bedrock prospects. Porphyritic and aphanitic andesite,
dacite, and andesitic to dacitic volcaniclastic rocks constitute the
host rocks. Whole-rock geochemical data indicate that unaltered
regional equivalents of the intermediate igneous rocks within the
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Figure 1. Geological setting of the Boddington Gold Mine.

minesite are comparable in composition to andesites and diorites in
modern calcalkaline rock suites (Roth & Anderson, submitted).

HYDROTHERMAL ALTERATION

Pervasive potassic alteration assemblages, defined by hydrothermal
biotite and quartz, are spatially and temporally related to dioritic
intrusions. Hydrothermal biotite occurs in distinct groundmass-.
hosted aggregates containing fine grained (0.1lmm), light brown to
khaki green biotite flakes. Hydrothermal quartz is dominantly vein-
and veinlet-hosted. Quartz-sericiteipyrite occur in late stage zones
of moderate to high strain deformation. Detailed descriptions of all
alteration assemblages are presented in Roth & Anderson (submitted).

MINERALIZATION

The important gold*copper-bearing vein assemblages include quartz-
sulphide, gquartz-epidote-sulphide, and actinolite-sulphide veins.
Chalcopyrite, pyrrhotite, and pyrite are the dominant sulphide
‘phases. Accessory opaque phases include cubanite, molybdenite,
scheelite, sphalerite, galena, arsenopyrite, Dbismuthinite, native
Au, native Bi, and Bi- and Ag-tellurides.

Quartz-sulphide veins adjacent to the central dioritic stock
locally contain the highest abundances of chalcopyrite and cubanite
within the deposit. Massive chalcopyrite aggregates within these
veins commonly contain cubanite exsolution lamellae, and the
associated whole-rock Cu concentrations and Cu:Au ratios may exceed
lwt% and 5000:1, respectively. Quartz-epidote-sulphide veins post-
date the formation of quartzisulphide veins, and are associated with
moderate whole-rock Au concentrations (mostly 1-2ppm) and a wide
range in Cu:Au ratios (300:1 to 7300:1). Actinolite-sulphide veins
post-date both quartzisulphide and quartz-epidote-sulphide veins.
Actinolite veins with biotite-epidote selvedges consistently contain
high Au-Cu concentrations (whole-rock values 5-10ppm, up to 60ppm,
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Au; 0.1-0.2wt% Cu), and are associated with relatively low Cu:Au
ratios (<450:1). In contrast, actinolite veins with quartz-albite
selvedges are poorly-mineralized and characterized by high whole-
rock Cu:Au ratios (up to 12800:1).

Gold mineralization in a peripheral bedrock prospect (Pit G) is
hosted in subvertical and foliation-subparallel quartz veins which
are locally laminated and contain the highest abundances of native
Au within the deposit. Galena and sphalerite are common accessory
phases. Whole-rock Cu:RAu ratios are 20:1 for these guartz veins.

FLUID INCLUSION DATA

Moderate— and high-salinity aqueous inclusions are the dominant
primary and pseudosecondary fluid inclusion types. Microthermometric
data indicate that the composition of the ore fluid is best
approximated by the H,0-CaCl,-NaCl system, although the actual fluid
composition is complex and probably contains other divalent- and
monovalent-cation chlorides (e.g., MgCl, and LiCl). Spatial and
temporal relationships are evident on a deposit scale in both the
total and relative salt contents of the ore fluid.

Low temperature data indicate that the maximum salinities for
three-phase fluid inclusions (liquid+vapour+halite) in early-stage
blue quartzisulphide veins are 21-25wt% CaCl, and 10-15wt% NaCl, with
the highest salinity calculated for an individual inclusion being
23wt% CaCl, and 1l4wt% NaCl (i.e., a total salt content of 37wt%). In
contrast, fluid inclusions from native Au-bearing quartz veins
within the Pit G prospect are dominantly two-phase (liquid+vapour),
and contain the lowest CaCl, content (maximum salinities are
estimated at 4-10wt% CaCl, and 2-7wt% NaCl) and the lowest total
salinity of all mineralized vein assemblages within the deposit. No
evidence for phase separation has been preserved in any vein type.

Homogenization temperatures for fluid inclusions in early-stage
quartz-sulphide and quartz-~epidote-sulphide veins dominantly range
between 280°C and 340°C. In contrast, homogenization temperatures
for inclusions within the Pit G guartz veins are slightly lower
(dominantly range from 210°C to 300°C). Three-phase fluid inclusions
in actinolite-~sulphide veins are characterized by the highest
homogenization temperatures (350°C to 440°C) of all inclusion types.

The Boddington ore fluids are closely allied in morphology and
total salinity to early-stage ore fluids in Phanerozoic porphyry-
copper systems (review by Roedder, 1984). However, the H,0-CaCl,-NaCl
composition contrasts significantly with that of the Hy0-NaCl-KCl ore
fluids commonly documented in the Phanerozoic porphyry-ore systems.

SULPHUR ISOTOPE DATA

8345 values for sulphides from the Boddington deposit are tightly
constrained to the range +1.0% to +2.7% CDT (median value of +1.9%;
one standard deviation equals 0.5%) . Since hydrothermal sulphide 83S
is primarily controlled by the sulphur isotope composition and S042~
/H,S ratio of the mineralizing fluid (Ohmoto and Rye, 1979), &34Sfluid
values can be calculated and range between +1.0% and +3.0%. The
limited range in fluid &3S wvalues indicates a uniformity in the
sulphur source, whereas the absolute values indicate sulphur
derivation from a either a magmatic source or by dissolution of
primary magmatic sulphides. The spatial and temporal relationship of
mineralized vein assemblages to dioritic stocks in the Boddington
deposit indicates a probable magmatic origin for the sulphides.
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IMPLICATIONS OF REDUCED FLUIDS IN ARCHAEAN PORPHYRY SYSTEMS
Equilibrium mineral assemblages and sulphur isotopic data indicate
that sulphides in the Boddington deposit were precipitated from
hydrothermal fluids with a redox state below that of the S042°/H,S
boundary: i.e., the deposit formed under conditions of higher fS, and
lower f0; than in Phanerozoic porphyry-ore systems (see review by
Titley and Beane, 1981). Mineralogical evidence for the lower fO,
conditions includes the absence of magnetite and/or sulphates from
wallrock alteration assemblages, the abundance of pyrrhotite in vein-
assemblages, and the absence of haematite as a trapped mineral phase
in fluid inclusions.

Integrated petrological and geochemical studies (e.g., Candela,
1989) have shown that the f£fS, and f0O, conditions during intrusion
emplacement may partially control the development of porphyry-Cu-
style mineralization. The more reduced nature of the Boddington
hydrothermal system, if typical of Archaean examples, could
therefore explain why Archaean porphyry-ore systems are consistently
of lower ore grade and tonnage than their Phanerozoic analogues.

CONCLUSIONS

The calcalkaline affinity of the host rocks to mineralization,
mineralogy of wallrock alteration assemblages, fluid inclusion data,
and Au-rich nature of the primary Cu-Au-Mo mineralization all
indicate that the Boddington deposit has affinities with Phanerozoic
porphyry-ore systems associated with dioritic intrusions. Broadly
similar genetic models are envisaged, although the high salinity ore
fluids at Boddington were rich in CaCl, and NaCl rather than NaCl and
KC1l for modern analogues, and were also relatively reduced. This
mineralization style contrasts to the lode-gold deposits from which
the bulk of gold production in the Yilgarn Block has been derived.
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MINERALOGICAL AND GEOCHEMICAL PECULIARITIES OF NATIVE GOLD IN
WEATHERING CRUST OF DIORITE PORPHYRY (CENTRAL KAZAKHSTAN)

Sherbov, B.L.; Strakhovenko, V.D.; Malikov Yu.l. & Zhmodik, S.M.
Inst. of Geology SB AS, Novosibirsk, Russia

Abstract: The distribution,the composition and the morphology of native Au and associated elements in Mesozoic-Cenozoic weathering
crust of the diorite porphyry of Pervomaisky district (lgcnlra%yl(azakhslan) were investigated by means of atomic absorption, neutron-
activated beta-autoragiograhy, microprobe analysis and scanning electron microscopy. Zones of the secondary Au enrichment (up to 6 g/t
Au) proceeded due to a weathering. Three types of Au: relic, transformed and newly formed can be distinguished in weathering crust
according to several features: a morphology of deposits, gold minerals, composition and trace elements. Relation between Au types
distinguished in weathering profile varies significantiy with two latter predominating, Based on a calculation of the Au-balance in
granu%omclric fractions, it was found that significant amount of Au in weathering products exist in light-moving forms. There are no
mineral forms of Au in fractions I mkm.

Weathering crust of area type with a thickness up to 40m (80m
in liner zones) is typical of Central Kazakhstan. Weathering crusts
were formed in a wide range of age: from late Triassic to Paleogene-
Oligocene. According to chemical composition and physical properties
of rocks, three zones can be distinguished in weathering profiles:
initial rocks, disintegration zone and clay structure eluvial.
Extent, thickness and composition of weathering crusts are
determinate by the type of initial rocks and their structure and
tectonic positions. Exogenic minerals are present by kaolinite with
middle degree of order, mica politype 1M, goethite, hydrogoethite,
hematite, hydromica and montmorillonite. Volume weight of rocks }n a
profile ranges from 3.1 g/cm3 (diorite porphyry) to 1.65 g/cm” in
upper layers of clay eluvial. As this process takes place, rocks
retain structural features of initial rocks.

The initial rocks of Au-bearing weathering crust are present by
propylitizated a diorite porphyry with contents from 3.2 to 61 mg/t.
Using autoradiogrraphy we found that characteristic feature of Au-
distribution is its spatial correlation with sulfides and firstly
with pyrite. Gold can: a) be situated in microcracks of pyrite; b)
form the intergrowths; c) enrich by disperse deposits some parts of
pyrite or; d) surround cataclastic crystals in as isometric
formation. Variations in the composition of native Au is mainly
determined by the relationship between Au and Ag. The composition of
native gold changes within (82.6-91.6)% for Au and (8.3-17.2)% for
Ag in 95% of measurements (n=16). The frequency of Hg in gold is 50%
at the contents close to the boundary limit of microprobe analysis
sensibility. In none of gold pieces from initial rocks Bi was found
(Figd4?) .

Conversions from analytical data to absolute masses (mg/cm3) and
calculation element’s concentration coefficients indicate dynamics
of their behavior during the weathering crust formation. According
to degree of element’s mobility an eluvial pofile can be split into
three groups: accumulated, stable and mobile. The first group
includes Cu,Ti,Cs; the secondary group: Al, Si, Li, Rb, Pb, V, Mo,
Be, Ba, Au and the third group: Na, Mg, Ca, Sr, Co, Ni, Zn, Ag.
Referring Au to the group of stable elements testifies only that the
alteration of its concentrations in zones of weathering crust is
small relatively initially rocks.

Nonuniform Au-distribution in a profile provides enough reason
for its significant geochemical activity which is manifested in the
redistribution and the formation of high concentrations in some
layers of weathering crust (Fig.3). Generally these layers are
enriched by iron hydroxide and oxide. The distribution of silver
unlike Au tends to have removal in to upper parts of profile. The
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correlation analysis confirms the each of significant relationship
between Au and main (as well as secondary) elements exclusive of Mo
and V.

The obtained results allow us to draw a conclusion about
complicated behavior and variety of shapes of Au eristence in a
weathering crust. Different events (mechanisms) can be recognized in
native gold formation and its concentration in a weathering crust.
1. The native Au of initial rocks can be inherited without its
essential change. 2. The idiomorfic octahedral crystals and their
twins can be produced in fluids of hypergenesis zones. Idiomorphic
crystals need for their growth enough free space. This 1is
appropriate to upper layers of the weathering crust. 3. Co-
precipitation of Au with iron hydroxide(oxide) results in formation
of thin loop-like undergrowths. The existence of layers with high
Au-contents in a weathering profile indicates on the possibility of
this process. Gold in these layers is concentrated in the colloform
worn the new formations (50 m) of goethite-hematite composition. The
formation of such specimens can occur at places, where physical-
chemical conditions change abruptly and precipitation Au and Fe goes
on simultaneously. 4. The change of native gold of initial rocks is
accounted for by leaching silver and other impurities from &u
composition. Honeycombs, loop-like gold’s structures indicates on
such possibility. A similar structure of Au was obtained in
experiments of the pyroleaching drawing Au out of the ore.An pieces
with 2zone structure (initially uniform) has emerged from the
alloying of gold bearing ore with pyrosulfate Na and translating all
minerals (but Au) into hydrophilic water soluble. The composition ‘of
central parts in these Au pieces corresponds to initial ore, whereas
the silver is removed from the boundary parts where a formation of
porous, loop-like, honeycombs structures occurs. The mechanism of
removing silver from Au is unclear. Evidently, in this case a
diffusive redistribution of silver in solid phase should be
suggested. The occurrence of similar structures 1is possible either
if silver exist in Au as an own phase, or as a result of removing
silver after its diffusive redistrubition in Au under changes of -
physical~chemical conditions in hypergenis’s process. 5. Sorbtion
forms of Au occur in clay minerals and in iron hydroxides. The share
of such Au increases abruptly in weathering layers with small
contents of gold and decreases in ore’s layers where the native Au
exist. The existence of Au in the sorbtion form was shown in
experimental and natural systems. 6. Of special interest is mobile,
light extracting by water fluids gold. When acted upon by NH,OH
water solution (pH=7-8) and chlorous acid (pH=4) to the material of
the weathering crust the guantity of such gold can be 50% or more in
the weathering crust under study. The nature of light-moving Au
needs further investigations. Gold located in unstable minerals, or
in the submicron size can easily go over into light-moving form(fig.4).
¢ < e # b RN % DA -

. a - a ., b o ¥ J
Fig.1.Spatial distribution of Au in the propylitize
diorite porphyry. Gold concentrates in pyrite a) sample
b) autoradiograhy records. Au distribution (black dots)
and sulfur (in pyrite)-grey dotts.
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Fig.2 Histograms frequency and concentrations Ag (left)
and Bi in native gold from rocks of Pervomaisky district.
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APPARENT STABLE ISOTOPE HETEROGENEITIES IN CARBONATES DUE TO THE
EFFECT OF ORGANIC MATTER AND SULPHIDES: CASE STUD'Y ON THE SAN
VICENTE MVT ZINC-LEAD DEPOSIT, PERU

Spangenberg, J. (1); Sharp, Z.D. (2) & Fontboté, L. (1)
(1) Dept. de Minéralogie, Université de Genéve, 13, rue des Maraiches, CH-1211, Genéve 4, Switzerland
(2) Inst. de Minéralogie, Université de Lausanne, CH-1015 Lausanne, Switzerland

ABSTRACT: The presence of organic matter and sulfides can be responsible for apparent stable isotopic heterogeneities in
gangue minerals from carbonate-hosted base metal deposits. A combined sodium hypochlorite and silver phosphate
pretreatment (Charef and Sheppard, 1984) is in most cases necessary for the precise isotopic analysis of such carbonate
samples. This pretreatment allows the recognition of otherwise unnoticed slightly marked variations of the §'3C and %0
values, that can be relevant for monitoring ore-bearing fluid flow.

1 INTRODUCTION

Changes in stable isotope composition of host and gangue carbonates of MVT deposits are mainly
explained as an effect of changes in fluid composition, water/rock ratios, temperature, and a combination of
them as the result of basinal brine migration.

In the course of a geochemical investigation of the gangue carbonates of the San Vicente MVT Zn-Pb
deposit, Central Peru, we have observed within single hand specimens extreme isotopic variations, as large

as 6%o 013C and 4%o 8180, i.e., of the same order as those observed for the entire deposit. Ghazban et al.,
(1990) made a similar observation at the Nanisivik MVT Zn-Pb deposit of Canada, where large carbon and
oxygen isolope variations were measured within a single carbonate generation at a millimeter scale. Is
difficult to imagine that changes in the physicochemical conditions could be the primary factor accounting
for such extreme isotopic variations.

The present work shows that: 1) some of the variations of the measured 8!3C and 8!80 are apparent,
and due to interferences caused by the presence of sulfides and organic matter in the analyzed carbonates; 2)
a combined sodium hypochlorite (NaOCI) and silver phosphate (Ag3POy) pretreatment (Charef and
Sheppard, 1984) of the carbonate samples virtually overcomes this analytical problem; 3) the isotopic
variations at the centimeter to sub-millimeter scale, evaluated with a combination of conventional and in siru

laser methods, are very small (£ 0.1 to 0.4%o. 813C and 0.2 10 0.7%0 8180); 4) the pretreatment for organic
matter and sulfides allows us the recognition of potential existing slight isotopic variations in carbonate
gangue minerals, which otherwise might be overlooked.

2 SAMPLE MATERIAL AND ANALYTICAL PROCEDURES

An ore sample of the San Vicente mine showing a characteristic rhythmic banding, known as zebra rock or
diagenetic crystallization rhythmites (Fontboté and Gorzawski, 1990) was submitted to detailed stable
isotopic analyses (Fig. 1).The geology and genetic aspects of the San Vicente ore deposit are discussed in
Fontboté and Gorzawski (1990) and Moritz et al. (1993).The main ore minerals, sphalerite and galena, are
interbanded with white sparry dolomite and dark replacement dolomite.

Three distinct dolomite generations occur in the host rocks:

- early-stage dark grey replacement dolomite (generation I), is a fine- to medium- grained dolomite, with
abundant inclusions of organic matter and occasionally sulfides;

- white sparry dolomite (generation II) intimately associated with sulfides:

- late-stage void-filling milky white dolomite (generation II).

All the stable isotope analyses were performed at the University of Lausanne. Four different analytical
procedures have been compared: 1) the different carbonate generations were selectively sampled using a
micro drilling dental device and conventionally dissolved in phosphoric acid following standard CO2-
extraction techniques; 2) conventional CO,-extraction combined with the preoxidation of organic matter by
NaOCl-solution and trapping of the acid evolved gas in a vessel containing AgsPOy as proposed by Charef
and Sheppard (1984); 3) in situ laser microprobe CO,-extraction without treatment, following the
procedure of Sharp (1992) were use to study the isotopic zonation at sub-millimeter scale across a single 1
cm thick band of white sparry dolomite (Fig. 1); and 4) in situ laser extraction with Ag;POy treatment.

Tests performed on a laboratory standard dolomite slow that the AgzPQy4- or the combined

NaOCl+Ag3POy pretreatment do not significantly change the analytical precision of £0.05%. for 813C and
+0.1%o for 8130.
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Fig. 1. A. Representative hand specimen of zebra ore showing the sampled sites. B. Detail of the in situ
laser microsampled area. Individual bands (letters) and specific sample locations (numbers) correspond to
independent analyses.

3 RESULTS AND DISCUSSION

A comparison between the results of the conventional isotopic analyses with and without pretreatment
(Fig. 2 and Table 1) shows a dramatic difference. The use of the combined NaOCl+Ag3POy pretreatment
for the replacement dolomite and of the Ag3PQy trap for the sparry dolomite and late-stage filling dolomite
eliminates most of the heterogeneities found in the non-treated samples. Without pretreatment, the dark

replacement dolomite displays a strong variation of 813C (between 1.4 and 8.4%o) and 8!30 (between -8.4

and -6.3%o). The two most erratic 813C values (7.9%o and 8.4%o) are probably mainly due to the presence
of sulfur species as shown by the strong decrease of the values achieved with the Ag;POy-only treatment.
In these same two samples the oxygen isotope ratios are clearly lowered with the AgsPOy pre-treatment.

The use of the combined pretreatment decreases slightly but consistently the 813C values and has no clear

influence on the 880 values, suggesting that the main disturbing effects for the carbon isotopic ratios are
due to the presence of organic matier and sulfur species whereas the oxygen isotope ratios are disturbed
mainly by the presence of sulfides.

The sparry dolomite is virtually free of organic matter but bears variable amounts of sulfides.
Accordingly, important differences are already achieved with the AgzPO4-only treatment, with the help of

which, for instance, insiead of the erratically heavy 813C value of 18.7% a ratio of 0.7%o is obtained. The
results show that the treatment with NaOCl is not necessary for this dolomite generation.

The use of the above described pretreatment produces less important changes on the isotopic values of
the very clean void-filling dolomite, but eliminates the still significant dispersion (see Fig. 1 and 2).

Variations in the 813C and 6!80 values at a sub-millimeter scale were evaluated with the in situ laser
extraction technique. The range in the 3130 values for the dark replacement dolomite and light grey sparry
dolomite are small (-7.9 t0 -7.2%o). As expected, the 8130 values for the late-stage dolomite are 3% lighter
than the earlier dolomite generations. The 813C values for the sparry dolomite are in good agreement with

the conventional pretreated analyses, while the §13C values for the replacement dolomite are closer to the
unpretreated values. The late-stage filling dolomite is depleted in 13C relative to the conventional analyses.
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Fig. 2. Variations of 813C (A) and 8180 (B) values in replacement dolomite, sparry dolomite and late-stage
filling dolomite of a zebra ore hand specimen, using conventional acid extraction with and without
pretreatment. Distances are referred to the lower edge.

Table 1: Summary of the average 813C and §!80 values and 1o of the gangue dolomites analysed by
different procedures.

Dolomite generation Analytical procedure (n) 813C (%o) 8180 (%)
Dark replacement dolomite Conventional (6) 3834 -7.5 0.8)
NaOCl+AgaPO4 (9) 0.6 0.4 -8.4 (0.4)

AgiPO4 (3) 1.2(0.3) -8.5 (0.2)

In situ (3) 1.4 (0.1 -7.4 (0.1)

Light grey sparry dolomite Conventional (11) 2013 -1.2 (1.4
NaOCl+Ag3POy4 (9) 0.8 (0.2 -8.3(0.5)

Ag3P0O4 (22) 1.1(0.3) -8.3(0.4)

In situ (7) 1003 -7.5 (0.6)
Late-stage filling dolomite Conventional (3) 1.4 (0.3) -10.8 (0.7)

NaOCl+AgzP0O4 - -
AgsPO4 (4) 1L.1©.D -11.3 0.2)
In situ (3) 0.5 0.2 -10.7 (0.4)

The silver phosphate treatment could not be successfully applied to the in situ analyses, therefore the
results are not summarized in Table 1.

The following conclusions can be drawn regarding the in situ laser analyses of sulfides- and organic
matter-rich carbonates (Table 1): 1) In samples rich in organic matter (e.g. dark replacement dolomite) the
813C and 8180 values are equivalent to conventional analyses, but different from samples pretreated to
remove the disturbing effects of sulfur species and organic contaminants; 2) in samples rich only in sulfides

(e.g. light grey sparry dolomite) the §13C values are correct, but the 6180 values are elevated by ~1%o to
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those obtained with pretreatment; 3) the lower 813C values for the late-stage dolomite may reflect kinetic
fractionation effects common to all laser analyses (Sharp, 1992) or may be explained by a more precise
micro-sampling than can be obtained with conventional drilling. Furthermore, a simple AgsPOy trap was
tested. This procedure does not alleviate the problem of sulfur contamination.

4 CONCLUSIONS

1. Qur results show that apparent isotopic variations in the MVT gangue carbonates of San Vicente deposit
are mainly due to the influence of the analytical disturbing presence of sulfides in the carbonate sample, and
that the associated organic matter plays a minor role.

2. The combined sodium hypochlorite and silver phosphate pretreatment, proposed by Charef and
Sheppard (1984) is necessary for the accurate isotopic analysis of organic matter and sulfides bearing
carbonates, most gangue carbonates from sediment-hosted base metal deposits.

3. For the isotopic analyses of virtually organic matter free carbonates, i.e. white sparry and open space
filling dolomite from MVT deposits, the treatment with silver phosphate is sufficient.

4. Using this analytical methodology the total variation of the 813C and 8180 values of a defined carbonate
generation in a hand specimen can be lowered to the global analytical and sampling error, i.e., not larger
than 0.1 to 0.4%o.. Without this pretreatment an additional error in the range of +1 to +2%o, and
occasionally up to +10%o may be introduced.

5. There is an isotopic shift associated with the in situ laser technique. The 813C and 8180 values are
elevated relative to conventional pretreated samples by 0.5 10 1%e. The in situ method yields reproducible
results. These data indicate that there is no appreciable isotopic variations at the sub-millimeter scale within
any of the three carbonate generations.

6. The pretreatment methodology allows us to recognize subtle isotopic variations in the gangue carbonates
that can be relevant for tracing basinal fluid pathways, and that would otherwise go unnoticed without
pretreatment. For example in the samples studied in the present work, the variations of the stable isotope
compositions within and between bands of a defined carbonate generation are very small (30.1 to 0.4%o

813C and 0.2 10 0.7 %o 8'30), suggesting uniform chemical and physicochemical conditions during
precipitation of a given carbonate generation at least at a centimeter scale.

7. Stable isotopic results (8!3C and 8!18Q) of other carbonate-hosted base metal deposits should be
reviewed, taking in account the important disturbing influence of the almost ubiquitous presence of organic .
carbon and sulfides.
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ABSTRACT: The calculated gains and losses of chemical species during hydrothermal alteration of the
Calabona porphyry Cu deposit show that most of the major elements were essentially conserved during the
early potassic and propylitic stages. By contrast, late-stage alteration produced significant chemical changes
involving progressive leaching of Mg, Fe, Cu, Ca and Na with evolution from earlier sodic through phyliic
to late argillic. The lack of major bulk chemical changes during the potassic stage is consistent with
alteration by an orthomagmatic fluid not far from equilibrium with the rock. Fiuids of external origin are
considered to have been responsible for the development of the propylitic alteration; continued inflow of
these fluids toward the inner parts of the pluton, along a heating path, initiated late-stage alteration. The
strong leaching that accompanied this stage, is explained by combined effects of boiling and high fluid/rock
ratio.

INTRODUCTION

The Calabona porphyry Cu system is located in NW Sardinia (Italy) and probably
represents the best example of a porphyry-type system in the region. A previous study of
the deposit (Frezzotti et al., 1992), led to a generalized descriptive model of alteration-
mineralization zonation and to the recognition of high salinity-high temperature fluids of
probable magmatic origin. In this paper we report on a quantitative analysis of mass
transfer and progressive mineralogical alteration during the evolution of the hydrothermal
system.

GEOLOGY

The deposit is spatially and genetically associated with an Oligocene calc-alkaline
porphyritic stock of mainly dacitic composition. The stock was emplaced at shallow depth .
in mica schists and phyllites of the Paleozoic basement near the contact with overlying
Mesozoic sediments that contain thick lenses of gypsum. Most of the stock has been
affected by repeated episodes of hydrothermal alteration. However, some least altered
rocks have been identified and their composition lies on a magmatic trend delineated by
cogenetic volcanic rocks.

HYDROTHERMAL ALTERATION

On the basis of spatial and mineralogical relations, the hydrothermal alteration can be
divided into early and late stages. The earlier stage consists of pervasive potassic and
propylitic alteration which developed in the inner and peripheral zones of the intrusive
complex, respectively. The later stage is represented by successive phases of sodic,
phyllic and argillic alteration which largely overprinted the early alteration. Modal mineral
abundances for the various alteration zones are presented in Figure 1.

The least altered rocks consist of quartz, plagioclase, amphibole, magnetite, biotite and
minor K-feldspar; albite and chlorite are present as alteration products of K-feldspar and
biotite, respectively.

Albite, chlorite, calcite and epidote are dominant in the propylitic alteration zone.
Muscovite and kaolinite are included in the assemblage and increase significantly, together
with calcite and pyrite, from the inner to the outer parts of the zone. Spotty propylitic
assemblages, partially preserved from later alteration, has been recognized close to the
potassic core.

in the deeper parts of the potassic alteration zone, the dominant assemblage consists
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of quartz, plagioclase, biotite, K-feldspar, anhydrite, magnetite, and minor pyrite and
chalcopyrite. At higher levels, anhydrite and K-feldspar increase in abundance while
magnetite decreases sharply; here, pyrite, chalcopyrite and bornite comprise the main
hypogene mineralization.

A transitional zone separates the potassic and the superimposed late stages of
alteration. in this zone biotite is altered to sericite, plagioclase is altered to sericite and
albite, K-feldspar is almost absent, and anhydrite is abundant. Chalcopyrite and bornite are
absent, and pyrite is the only sulfide mineral.
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FIG. 1. An idealized section across the deposit showing the distribution of the major primary and secondary
minerals. Mineral abundances were calculated using a linear least square regression method relating whole-
rock chemical analyses to the products of the amount and composition of the constituent mineral phases
(Bohike, 1989).

During the late-stage sodic alteration, plagioclase and K-feldspar were almost completely
replaced by equivalent amounts of albite and sericite. These minerals, together with
quartz, represent up to 90% of the rock by volume, with the ratio of sericite/albite
gradually increasing from the sodic to the phyllic zone. Chlorite is sporadically observed
in the groundmass, but especially with the sodic alteration. Kaolinite and montmorilionite
are commonly associated with sericite and become dominant (up to 50 vol%) in the argillic
zone where Cu-sulfides like covellite and digenite occur together with pyrite.

MASS BALANCE CALCULATIONS

In order to reliably estimate the masses of chemical species added to or lost from the
rock during the different alteration stages, it is necessary to compare equivalent volumes
of rock. This was done using the isocon method of Grant (1986) and the volume factor
method of Gresens (1967). The precursor rocks to the potassic and propylitic alteration
zones were assumed to be represented by the composition of the least altered samples,
whereas the average composition of potassically altered samples was used to represent
the precursor to the sodic, phyllic and argillic alteration stages. Although Al, Ti, Zr, Th, Nb
and REE displayed varying degrees of mobility in the different alteration zones, we were
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able to identify at least two elements with immobile behaviour in each sample. Using these
immobile pairs, volume factors (F,) were graphically derived by the isocon technique, and
were found to be within 5% of those obtained with Gresens’ analytical approach.

The range of volume changes is generally restricted from -5% to + 10%. However, some
propylitic rocks show volume increases as high as 50%.

Normalized mineral abundances were computed for a representative set of altered
samples using these data and a regression method that related whole rock and mineral
compositions. This permitted reactions between altered and unaltered rocks, to be written,
and between early and late altered rocks that, when balanced, provide estimates of the
masses of components added from, or lost to the fluid phase during alteration. Calculated
gains and losses for the major elements are shown in Figure 2.
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FIG. 2. Gains and losses (g/100g precursor} in the different aiteration zones.

The propylitic zone shows distinct enrichment trends for Si, Al and K in passing from the
inner to the outer part of the zone, due to increasing sericite and kaolinite abundances. Ca
was leached in the inner propylitic zone and then redeposited, in similar amounts, in the
outer propylitic zone. This trend is paralleled by that of CO, and reflects the outward
increase in calcite abundance. There are only minor changes in the major elements in the
potassic zone, with the exceptions of Cu and S which were added to the rock in
significant amounts. Late-stage alteration of the potassic assemblage commenced with
depletions in Mg, Fe and Cu as a result of the replacement of biotite by muscovite and the
dissolution of Cu-sulfides. Sericite partially replaced plagioclase which accounts for the
increase in K in the rock. Ca liberated by plagioclase was fixed as anhydrite, and an
increase in Na indicates the onset of albitization. In the sodic alteration zone, silica
generally remained constant, whereas Na, K and Al show significant gains. This chemical
shift corresponded to extensive replacement of plagioclase by albite and muscovite, and
of biotite and/or chiorite by sericite. Anhydrite was removed and Ca was strongly leached
during sodic alteration, as it was during succeeding late alteration stages. Only K and Al
increased during the phyllic and argillic alteration stages, whereas there was extensive
leaching of all other elements.
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DISCUSSION

The small changes in the proportions of major elements and the very minor mass and
volume variations that characterize potassic alteration, are consistent with what might be
expected during the early, rock-dominated stage of hydrothermal activity involving
orthomagmatic fluid near equilibrium with the magmatic rocks. Furthermore, the
predominance of biotite rather than K-feldspar as the major potassic mineral is consistent
with a dacitic magma (Hollister, 1978).

Propylitic alteration in the outer parts of the intrusion is believed to have been caused
by a moderate salinity fluid. This fluid may have been derivated from meteoric/formational
water that acquired salinity by interacting with evaporites in the overlying sedimentary
rocks (Stefanini et al., in prep.). Reaction of the propylitic fluid with the intrusion did not
substantially change the chemistry of the rock, although it caused mineralogical re-
equilibration of the igneous minerals to a lower temperature assemblage.

It is possible that this same fluid, on entering the intrusion further, increased in
temperature and caused sodic alteration by exchanging Na* for K* and Ca?*, thereby
converting K-feldspar and plagioclase to albite. Heating of the hydrothermal fluid would
also have tended to make it undersaturated with respect to quartz, and therefore have
caused a loss of silica in the rock. The lack of evidence for this during sodic alteration, but
strong silica leaching during the succeeding phyllic-argillic stage, may reflect low and high
water/rock ratios, respectively. It is furthermore likely that Cu deposited during potassic
alteration was leached during the sodic and phyllic stages, and transported in solution as
a chloride complex.

Phyllic alteration was accompanied by boiling (Frezzotti et al., 1992}, especially at higher
levels in the system. This gave rise to a low pH vapour phase that probably caused the
pervasive leaching documented for all major elements except K and Al (which were fixed
as sericite). Boiling was also responsible for the extensive hydrofracturing and subsequent
sharp decreases in pressure and temperature which lowered silica solubility in the liquid
and precipitated quartz in fractures. Copper leached during sodic and phyllic alteration
probably deposited as covellite and digenite.

The strong enrichment in Ca, K, Si and Al in the outermost part of the propylitic
alteration zone contrasts strongly with the moderate metasomatic effects observed in the
inner propylitic zone. These trends are believed to reflect an overprint of phyllic-argillic
alteration which produced abundant sericite and clays from albite and plagioclase, and
which may have precipitated the previously leached calcium as calcite during cooling.
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REE FRACTIONATION AND FLUID INCLUSION STUDIES IN FLUORITES FROM
THE VALLE DE TENA (SPANISH CENTRAL PYRENEES).

Subias, I. & Femandez—-Nieto, C.
Dept. Cristalografia y Mineralogia, Universidad de Zaragoza, Zaragoza, Spain

Abstract: Results of the study of REE distribution and fluid inclusions indicate
that all the fluorites have a common geochemical fingerprint and that Teaching of
the granite by the ore—-forming fluids is the Tikely source of fluorine. On the
other hand, fractionation and Tb/Ca-Tb/La confirm an hidrothermal origin for all
fluorite deposits. Overall, it can be deduced a depositional sequence from the
LREE-bearing fluorite to the HREE-bearing ones, forming the former by
remobilization from the latter.

INTRODUCTION

The valle de Tena fluorite district is located in the north end of Huesca
province, Spain, ca 80 Km North of Huesca. This zone belongs to the Axial Pyrenean
Zone and its geclogy was essentially shaped during the Hercynian orogeny. The
stratigraphic sequence 1is composed of pelitic, psamitic and carbonatic rocks
belonging to Devonian, Carboniferous and Permian age. These rocks was folded and
metamorphosed under very low grade (anchizone)} conditions during Hercynian times.
The late Hercynian times were marked by the emplacement of plutonic bodies
producing a close haloc of contact metamorphism and by great E-W overthrust.

Two main types of fluorite occurrences have been identified in these area:
type 1: E-W vein deposits hosted by devonian 1imestones.

type 2: a) pockets, b) nodules, ¢} E-W veins related te highly silicified
carboniferous limestones which contain Li-donbassites.

Geochemical investigation of fluorite have been performed to determine the
origin of the ore~forming fluids.

REE DISTRIBUTION PATTERNS

The chondrite normalized distribution patterns of fluorites from regional
occurrences can be split into three groups (figure 1):

a) “normal” (M&ller, 1991) REE spectra showing a decrease from the LREE to
the HREE. These fluorite patterns represent the typical tremd for the REE in
hydrotermal solutions (Bilal & Langer, 1989) and are characteristic for the type
1 deposits (Subias & Fernandez-Nieto, 198¢1). These fluorites are marked by positive
Eu anomaly. These normalized curves are similar to those anes of the pyrenean
granitoids (Arranz, 1991}.

b) Some REE spectra of fluorites from either type 1 or type 2a show a
horizontal trend to La to Lu.

¢) "ligand-rich” (MGller, op. cit.) REE distributiom spectra produced by an
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enrichment in HREE. Type 2a, 2b and 2c¢ fluorite ores display these patterns.

Both b) and c) patterns show a Eg”a_rgd Ce negative anomalies.

1004 Gd:Lu ~ -4 Tb:Ca

100 5

2a,b,c @ @ ) %
22— 10
10 10
1 1 & 2¢
1,2a La:Yb 2a Th:La
La Tb Lu 1 0 100 102 °

Figure 1: REE distridbution patterns of fluorite. (i1, 2a, 2b and 2c, see text for explanation).

On the other hand, the La/Yb vs Gd/Lu diagram allows one to observe that for
a heavy lanthanoids content nearly invariable, a progressive impoverishment of the
Tight lanthanoids exists (figure). Taking into account that complex stability
increases from La to Lu {M61ler & Morteani, 1983), this trend suggest that
fluorites follow a depositional seguence, being the type 1 ores the first in be
deposited while the type 2c deposits are the last. Moreover, the similarity of
Gd/Lu ratio between all the ores described above seems to indicate that a common
geochemical fingerprint exists.

The mean values of Tb/Ca and Tb/La ratios of each one of the fluorite
deposits are plotted in the variation diagram of MGl1ler et al. (1976). A1l these
"values are located within the hydrothermal field. A1l of the lodes display a trend
paralliel to the x-axis {Tb/La ratios 1increase while Tb/Ca ratios are quite
homogeneous) what it can be interpreted as a remobilization trend.

FLUID INCLUSION STUDIES

A1l the fluorite samples contain two—phase fluid inclusions {liquid + vapour
bubble). No evidence of %Dl phases have been observed in the microthermometric
analysis.

Fluid inclusions are abundant 4in all fluorite deposits. Nevertheless, there
is a great number of fiuid inclusions related to fractures and/or cleavage planes
and, therefore these inclusions were assumed to be secundary. A smaller number of
fluid inclusions occur as isolated group, sometimes confined within growth zones
of fluorite crystals, and these inclusions were assumed to be prymary.

Inclusion shapes may vary from negative crystals to subspherical or irregular
and their dimensions range from 5 to 30 um, but most are in the range 10-15 um.

During heating runs a number of -inclusions were stretched. This phenomenon
is revelaed by a marked increase of the bubble size upon cooling down to room
temperature after homogenization. On the other hand, necking down is relatively
common.
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The fluid idnclusions from the type 1 fluorites ores show eutectic
temperatures, below -45°C, point out to the presence of several salts in solution.
Total salinities of 17.5 * 1.8 wtX¥ NaCl eq. are deduced from last ice melting
temperatures of —13.6 * 1.9°C. They have homogenezation temperatures at about 155.1
+ 21°C (figure 2)

The fluid 1inclusions occur in fluorites from the types 2a, 2b and 2c
mineralizations have slighty lower homogenization temperatures, between 157.3 to
133.8°C. Salinity is clearly lower and ranges between 7.3 to 7.9 wt% NaCl eq
(figure 2).
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Figure 2: Data from fluid inclusion fo:e;ch deposit from the Tena valley plotted in a
homogenization temperature (Th) vs density diagram (see text for sxplanation).

The minimum depth of mineral deposition have been deduced by using the Haas ‘s
(1971) abacus, obtaining a depth range from 100 m (type 1) to 20 m for 2c¢ fluorite
deposits.

DISCUSSION

The similarity of the REE patterns between pyrenean granitic rocks and the
fluorite in type 1 deposits, and the positive Eu anomaly of these fluorite ores,
suggest that leaching of the granite by the fluids in the hydrothermal system is
the 1ikely source of fluorine.

The REE normalized curves of the type 2 ores indicate low Ca“/F' ratios of
the fluid because of the enrichment of the HREE. This means that the origin of the
fluorite-forming fluid must be either from a F rich source or from mobilization of
a previous fluorite deposit.

On the other hand, fractionation and Tb/Ca-Tb/La ratios confirm an
hydrothermal origin for the fluorites in all sorts of the deposits from the valle
de Tena and they suggest that the fluorite from the type 1 propect was deposited

early and the fluorite in the type 2 deposits was deposited later from more evolved
fluids.

In short, geochemical investigations of fluorite leads one to deduce that
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type 1 fluorite deposits can be consider as a precursor for the type 2 ones which
may be formed by mobilization of the latter ones.
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Abstract: S, C and O isotopic data have been gathered from three from three ore
deposits from the Valle de Tena. Sulphur isotopic results are consistent with a
deep-seated source for the sulphur, and C and O isotopes measured in ore-stage
calcites indicate equilibrium with meteoric waters. The existence of a meteoric-
hydrothermal system leaching sulphur and metals from the igneous rocks is
suggested. .

INTRODUCTION

There are some ore deposits and occurrences located in the surroundings of
Panticosa granite (Central Pyrenees, Spain); the more important ones are Yenefrito
and Lanuza mines and the Tebarray veins. The aim of this paper is to characterize
the sulfur isotopic signature of the ore-forming fluids as derived from the study
of the stable isotope ratios measured in sulphides and calcites. The geological
setting of these deposits 1is dealt with by Subias and Fernandez-Nieto (this
volume).

Isotopic analyses were performed at the SGAIE of University of Salamanca.
employing standard techniques as described by Robinson & Kusakabe (1975), McCrea
(1950) and Craig (1957). Isotopic ratios were measured in two different SIRA-II
mass spectometers, one of them equipped with ?n I?OCARB device. Average precision
in our laboratory is #0.27 (& SWT) and 10.2(6'0,630). Results are reported in the
usual "delta” notation. :

YENEFRITO Pb—Zn DEPOSIT

Yenefrito ore replaces an E-W diabase dyke cutting Lower Devonian marls. The bulk
of the deposit consist of quartz which was latter mineralized by the sulphide
association, irregularly distributed 1into it. The ore minerals are galena,
sphalerite, pyrite, chalcopyrite, with minor pirrhotite and boulangerite.
Microthermometric studies reveal a mean homogenization temperature of 167°C and
salinity ranges between 5.4 to 17.6 %wi eq. NaCl.

LANUZA FLUORITE DEPOSIT

The Lanuza fluospar occurs as a vein within the Lower Devonian carbonates. The
mineralization at Lanuza ~onsists of chalcopyrite and pyrite, with later calcite
and fluorite which is benefited. Both calcite and sulphides are scarce and randomly
distributed near the wall rock (Subfas & Fernadndez-Nieto, 1991). On the other hand,
microthermometric studies on fluorite indicate a homogenization temperature of
140°C and salinity of 17.35 %wt eq. NaCl.

TEBARRAY F-Zn—Pb VEINS

The Tebarray veins are hosted by Upper Devonian marbles. The paragenetic
succession of the ore is made up of pyrite, sphalerite-1, galena-1, sphalerite-2,
galena-2, tetrahedrite and fluorite. The sulphides occur in the edge of the veins
while fluorite appears in the center. From the log (Ga/Ge) ratio on sphalerites,
it can be deduced that sphalerite~1 were formed at = 255°C, while sphalerite~2 were
deposited from a fluid at 275°C. Fluid inclusions data in fluorite indicate
homogenization temperatures of 160°C and salinity value of 16 %wt eqg. NaCl.
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RESULTS
Sulphur isotopes

Sulphur isotope results are reported in Table 1 and Fig. 1. 44 analysis of the
different paragenetic phases were obtained. In Fig. 2 the values corresponding to
the different paragenetic stages in the three deposits studied have beem plotted.

Samp | 8%43;5 | Min | Samp | 5%%sgr| Min | samp] %5y | Min | Samp | 5348y | Win
Fr1 -4.4 | an vz3 -2.1| py T52 4.6] spnt | Taas 6.5 sph2
FY1 ~1.3 | spn 52 -3.0( an T15 5.3| spht | Ts28 6.5 | sphi
YE1 -4.3 | an T13 1.0 sphz| Te7 5.5| ant | T21 5.8 | sph1
YE4 -3.8 | an T34 1.5 sph1 | Ts2 5.5/ sphz [ L10 7.0 | cpy
YE4 ~2.6 | an T24 2.2| spm1| T34 5.7| spn2 | Ts3 7.2 | sphi
YES -4.3 | on T 2.5] sph1 | M4 5.7| sph1 | Ta3 7.2 | sph2
¥21 ~3.1{ an 767 2.8| py T67 5.8 an1 | T3 7.2 | spht
21 -2.2 | py T4 3.6| sph1| T26 5.9 sph1 | T24 8.9 | gn1

Fr21 -0.3 | py T4 3.6| sph1| T33 6.1 on2 12 10.2 | opy
Frz1 | 0.4 | sph T64 4.2| py T16 8.1 an1 | T14B 1.4 | py
v23 -3.3 | an 64 4.4 sph1| T34 6.3| snz | Ti4 12.0 | py

513¢p0g 5180505 5180g,,0,,
L16 1.51 ~14.99 15.48| cta
L17 0.76 -15.41 15.03| cta
L28 1.62 -14.89 15.56| cta

Tabie 1: Stable isotope ratios from the different deposits studied. (Y, FY: Yenefrito; T, M:
Jebarray and L: Lanuza)

From Fig. 1 and Table 1 it follows that B“SCT values for the Yenefrito deposit
are lighter, ranging from -4.4 to 0.4 per mil, tLan those corresponding to Tebarray
that varie between 1 to 12 per mil. The two only results for chalcopyrite in the
Lanuza deposit are indistinguishable from those of Tebarray. In Fig. 2 the data
have been plotted separatediy for the different deposits and the different
paragenetic phases. At Yenefrito, values corresponding to pyrite and sphalerite are
undistinguishable, but the galenas are isotopically lighter. This is as expected
considering the equilibrium fractionations between galena and the other minerals.
At Tebarray two different mineralization stages have been identified by
petrographic means. The pyrite and the first-stage sphalerite and galena are
isotopically undistinguishable, and this prevents assuming equilibrium
crystallzation. Also, two very different pyrites can be identified on isotopic
grounds, that are not obviocus petrographically. With regard to second-stage
sphalerite and galena, both the petrographic and isotopic study indicate that they
resulted from the remobilization of the first stage phases. Too few data are
available from the Lanuza deposit, although as a first approach, the data make it
similar to Tebarray.

C and O isotopes i

Three calcites from the Lanuza deppsit were analyzed for C and O isotopes. a“cps
values range from 0.76 to 1.62 and 6”C§mu from 15.03 to 15.56 (table 1). Althoug
the ranges are very tiq t, C and O show a good correlation when plotted against
each other (fig. 4). & Copp %a1ues are consistent with derivation from regional
marine carbonates, but the 610 departs very markedly from normal marine values
in the area (Wickham & Taylor, %@80). However, there is no other obvious derivation
for the mineralized calcites, such that some sort of process must have modified the
original values,
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Fig. 1. Histogram of 6343(:01‘ values msasured in the Valle de Tena deposists.

Fig. 2: Histogram of as‘scm, values, ssparated by deposits and paragenstic stage (Y: Yenefrito, T:
Tebarray, L: Lanuza).

Fig. 3 (Jeft): 6'803‘m vs 6‘30‘,05 piot of ore-stage calcites from Lanuza.

Fig. 4 (right): Calculated 61M values of waters in equilibrium with average ore-stage calcites from
the Lanuza deposit. Discontinuous lines indicate ranges of fluid inclusion ization ¢ atures.

DISCUSSION

Overall, the sulphur data are indicative of a deep—seated (igneous?) derivation
of the sulphur, although the lack of regional sulphur data to compare with our
results prevent us from testing this possibility. However, the scarce data on
sulphur isotopic ratios in granitoids and related rocks (see for example Ohmoto,
1986; Recio et al., 1991) are grossly compatible with the values determined in this
study. The data reported in Recio et al. (1991) correspond to cordierite-bearing
granites from the C.I.M. that are not unlike some facies of the Panticosa granite
(Debon, 1975). Until further research provides additional data we will assume that
the 1igneous rocks were the ultimate source of the sulphur, since sedimentary
sulphates would have higher values and diagenetic sulphides would be Tighter.

Attempts to calculate isotopic temperatures yield geologically meaningless
values, and therefore it is concluded either that the pairs that on petrographic
grounds seemed cogenetic were not so, or that if they were equillibrium has been
modified by later processes. The grouping of the values in Fig. 1 points towards
a common deep-seated origin for the sulphur, but the disequilibrium between
minerals as evidenced by Fig. 2, indicates that conditions were changing during
mineralization. This is consistent with the paragenetic sequence as well.

The nearest approach to a genetic model that can be attempted with the limited
data set available would indicate the existence in the host-rocks of a hydrothermal
convection syste. If it was induced by the nearby plutonics or is much later than
them, remains to be solved. This hydrothermal system would leach sulphur and metals
from the intrusives, depositing them as it cooled in the country rocks. Variations
in the heat driving it, or in the availibilty and/or derivation of the water would
induce differences during the time the deposit took to form, causing the
differentiation of successive stages in the mineralization. Later batches partially
leached the phases earlier formed, causing disequilibration, dissolution and
reprecipitation alongside 1ikely new deposition of sulphides. The origin of the
water can only be speculated with the data available. Possible origins would be
meteoric waters, although to relate this system with the one proposed by Wickham
& Taylor (1990) poses some major problems. The movilization of metamorphic fluids
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is unlike given the generally low-grade metamorphism (Subias et al., 1990) of the
area. The possibility of a juvenile derivation of the water cannot be tested with
the data available, although the isotopic composition of the water in equilibrium
with the calcites at different temperatures, as represented in Fig. 4 could
extrapolated to magmatic values at higher temperatures. However, the combined use
of the C and O isotopes is more consistent with a meteoric derivation. The 5! C
values are consistent with the ore stage calcites being derived from the regiona %
carbonates, and the interaction between 1light-0 meteoric waters and heavy-0
carbonates could give the range of values observed at the temperatures inferred
from fluid inclusion studies (120~160°C).

Evidence for the activity of large convection systems of surficial origin
affecting the plutonics and their host has given by Wickham & Taylor (1985, 1987,
1990) based on stable isotope systematics. Their model could explain the isotopic
signature of the carbonates, but a more homogeneous, equilibrium sulphur isotope
signature would be expected. Also, higher fluid inclusion homogenization
temperatures would have been preserved. Until further data are available, the
hypothesis of meteoric-hydrothermal system leaching sulphur and metals from the
granites seems to us the most reasonable explanation for the origin of these
deposits, but the timing and driving force for such system remains to be explained.

Clearly, a thorough isotopic characterization of the plutonics and the hosts of
the mineralizations is required to test the above, and is currently under way.
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FLUID ROCK INTERACTION IN THE CARRO DEL DIABLO W-5n SKARN (SPANISH
CENTRAL SYSTEM) AS DEDUCED BY C-~O ISOTOPES

Tomos, F.
Inst. Tecnolégico Geominero de Esparia, Rios Rosas 23, 28003 Madrid, Spain

ABSTRACT: 50 and 3"C depletion during metasomatic replacement of marbles by
skarns in the Carro del Diablo skarn is interpretated here on the basis of
unidimensional fluid flow models. Mineralogical and isotopic -changes define the
existence of infiltration, geochemical and reaction fronts. Isotopic variations
in the marbles show that dispersion has played an important role in the genesis
of skarn. The isotopic signatures of the skarn seem to be related with isotopic
equilibration with the hydrothermal fluid; distillation effects look to be only
important in the case of 6°C.

1. Introduction.-

Metasomatic replacement of marbles by skarns is usually related with an
isotopic depletion in both &"0 and 8"C of carbonates. This feature has been
interpretated by several authors (e.g., Bowman et al., 1985; Soler, 1990) as due
to an adimensional infiltration process and, to a lesser extent, distillation
mechanisms. The first one only produces an isotopic equilibration of minerals with
the inflowing fluid while distillation is coupled with the progressive reaction
of silica and carbonates giving rise to an assemblage of calcsilicates. However,
these conventional models show several problems when they are applied to skarn
deposits. Distillation ss. is a process of isochemical metamorphism were fluids
and minerals are in isotopic equilibrium; this is not to case in skarns, where
silica and other reactants are supplied by a fluid in isotopic disequilibrium.
Also, adimensional infiltration models presume that isotopic changes are
associated with the successive filling of porosity of an unaltered rock with the
fluid; this mechanism seems to be against the metasomatic theory. Recently
developed unidimensional models (e.g., Blattner & Lassey, 1989) are in better
agreementwith metasomatic processes since they imply that successive batches of
fluid cross a set of rock cells that have been equilibrated with previous batches
of fluid.

2. General description and interpretation of the skarn.-

The skarn of El1 Carro del Diablo is a complex magnesic skarn located in the
contact between adamellites 279410 Ma (Casquet et al, in prep) and dolomitic
marbles of unknown age. An early laminar skarn consists of calcite + condrodite
+ fluoborite + diopside + phlogopite + spinel. It is cut by the vein skarn,
composed of up to decimetric crystals of diopside. Fluid inclusion studies,
carbonate geothermometry and paragenetic considerations show that this major and
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early stage took place at temperatures between 420 and 630°C at fluid pressures
close to 2 kbars. Fluids responsible of this alteration were low-salinity (4.5-6.4
wt¥ NaCI eqg.) H,0 rich (H,0=0.994) fluids. The early paragenesis are replaced by
later ones that carry most of the cassiterite and scheelite mineralization
(Casquet & Tornos, 1984).

Isotopic analysis have been performed on 4 samples of marbles away from the
skarn {( 1.2 km.), 7 samples of marbles close to the skarn, 3 samples of the
laminar skarn and one of a marble close to the vein skarn. Also, three whole rock
samples of the granite have been analyzed for 3"0. Geochemical studies show that
most of the isotopic signature is related to the early stage and isotopic
overprints due to late alteration are minox. A mean temperature of 575°C and an
XCO, = 0.001 were chosen for the isotopic modeling. A mean isotopic 60 signature
of the granite of + 9.0%0 (560 between + 7.4 and + 11.0%c)and a 6%,y of + 8.8%.
were used for further calculations. A 8'C,, value of -11%owas used on the basis

of signatures of similar hercynian granites (Sheppard, 1986).
3. The isotopic variation model for skarn alteration.-

Theoretically, isotopic zonation of skarns can be divided in three distinct
zones separated by metasomatic fronts (Fig.1):
a) The infiltration front with the isotopic signature of the fluid controlled by
the one of the rock (Blattner & lLassey, 1989); there is no evidence of alteration.
b) The geochemical front after which the isotopic composition of the rock is
controlled by the one of the fluid. Retardation of the geochemical front respect
the infiltration one is governed by the isotopic porosity.
c) The, so called here, reaction front that produce mineralogical changes and
were distillation can be a factor for isotopic depletion. Retardation of the
reaction front depends on the concentration of solutes in the fluid and kinetic

restrictions.

4. Isotopic alteration in the skarn.-

Marbles away from the skarn (5"%0=+21.4%cand 6°C=-2.6%owere chosen for calcu-
lations) are thought to be unaffected by the metasomatic alteration. Marbles
within the skarn outcrop are isotopically depleted and, thus, they must be
affected by the geochemical front. Its distribution does not fit the predicted
sharp signatures (Figs.1 to 3). This is interpreted by Blattner & Lassey (1989)
as due to a degradation of the isotopic front related with degree of equilibrium
and/or omnidirectional dispersion. At these temperatures and pressures, isotopic
exchange can be assumed instantaneous {(Frimmel, 1922} so this trend is interpreted
as due to lateral dispersion (Peclet number = 3 to 30). This degradation of the
geochemical front is consistent with the morphology of the skarn, developed in a
deep setting and without any major structural control. The reaction front affect
these rocks before they reach isotopic equilibrium with the advective fluid (Fig.2
and 3). Skarn samples can be interpretated as a product of both distillation and
inflltration. In Fig.2 and 3 distillation curves are constructed on the basis of
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Fig.2.- §*°0 variation respect to distance. The situa-

tion of the geochemical front is speculative.
equilibrium with the fluid

(6°C=-12.4%0) does not allow

to steady if the observed signature of the sample (§”C=-13.1%¢)is only controlled
by distillation or if the infiltration process counteract the distillation
depletion after it traverse its minimum values. This is in agreementwith the low
amount of carbon in the fluid (IZC=0.313%) that suggest that isotopic depletion due
to distillation can be significative in advanced processes.
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5. Conclusions.-

This study confirm that
skarn formation can be likely
interpretated on the basis of
unidimensional fluid flow

models and the existence of

5'3C.%. (PDB)
1

three  different isotopic =10
fronts, as has been modeled
earlier for non-reactive -13-
metasomatism {Blattner &
Lassey, 1989; Frimmel, 1992). _4J
50 depletion inside the '
skarn seem to be associated  Fjg.3.- §°C variation respect to distance.

with the isotopic equilibrium

with the infiltration fluid

more than with distillation

processes. In the case of 4°C, distillation can have an important influence in the

case of extreme ones.
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ABSTRACT: Numerical models predict that fluid mixing can be an important
mechanism in the genesis of veins with barite, fluorite and sulphides. Mixing
of supergene fluids of probable marine origin and ascending low-salinity ones
with minor amounts of metals leached out from the host granites, accounts for
the observed paragenesis in zoned fluorite-barite veins of the Sierra del
Guadarrama, Spanish Central System. Here, the fluorite-rich zone can be
explained by mixing of the ascending fluid with the supergene one in the
deeper, reduced and hot section of the system. Upwards and/or later, the
increased LSO,/LH,S ratio of the fluid leads to the developmént of the barite
zone. As found in nature, both zones are surrounded by two quartz-rich ones.
Significative amounts of sulphides are found all along the fluorite-barite
mixing zone. The relative location and proportion of the minerals depends on
the amount of mixing, chemical changes due to fluid mixing and temperature of

formation.

1. Introduction

Fluorite and barite-rich veins carrying significative amounts of Zn, Pb,
Cu and Ag are common in the Hercymian Belt. Many of them share some common
features such as the paragenesis, the presence of a vertical and lateral
zonation, low temperature (<300°C) and pressure (<500 bars) of formation and
a genesis related with the circulation of different types of water-rich
brines. In many of them the relationship with granitoids has been proven to
be spatial only , since the vein postdate by many Ma their time of emplace-
ment .

The purpose of this work is to model the conditions of ore deposition
in these type of veins. They are grounded on geological and geochemical
studies of veins found in the Spanish Central System (SCS) (Tornos et al.,
1991; Galindo et al., in press.).

2. Geological setting

In the central area of the SCS many lens-shaped veins with fluorite,
barite and some sulphides are found trending N60-70°E and N110-125°E. Most of
them are enclosed by Hercynian granitoids with-ages between 320 and 284 Ma.
Usually they display a gross vertical and lateral zonation with a deeper and
outer fluorite-rich zone and an upper and external barite one. These zones
pass downward and upward into quartz. Sulphides, mainly galena and sphalerite
with minor amounts of pyrite and chalcopyrite, are found in all the zones. The
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host granite is affected by a quartz-phengite-chlorite alteration. The ores
have been interpretated as resulting from the mixing of a hot (>300°C), low-
salinity (<0.6 molal) Na-K agueous fluids (XH,0>0.98) that rised along
fractures in the granites with a more saline (>2.8 molal) Ca-Mg-Na-K brine
(XH,0>0.99) of supergene origin; fluorite formed at temperatures between 150
and 270°C whilst homogenization temperatures of fluid inclusions in barite
range between 120 and 200°C (Tornos et al., 1991). Mixing of fluids is also
confirmed by the YSr/¥sr, ¢Nd and 8*S signatures of the hydrothermal minerals
(Galindo et al., in press.). Sulphur in sulphides, with 3*S close to 0%e,is
interpreted as related to the hydrothermal leaching of granites whilst barite
(58 between +15.5 and +15.8%c)has a seawater signature. These veins have been
dated by Sm/Nd at 145318 Ma. As has been pointed out by Galindo et al.
{op.ct.) and Rowan et al. (1993), the Late JurassiC seems tO represgsent an
important metallogenic epoch in Europe since it is a period of major tectonic
activity 1leading to abnormal heat flow and development of convective
hydrothermal cells.

3. Geochemical model

The formation of these veins has been modeled using the geochemical
codes SOLVEQ and CHILLER (Spycher & Reed, 1992) by simulation of the processes
of cooling and fluid mixing . The composition of the deep ascending fluid at
300°C has been based on fluid inclusion analysis (mfNa=0.19; mIZK=0.13; mZCa=-
0.26x10%) and the assumption that pH (~5.1), mrIAl, mEMg and mSiOhﬂ are
buffered by the enclosing altered granitoids consisting of quartz, K feldspar,
phengite and chlorite s.s. A close-to-equilibrium state after fluid mixing is
assumed. Original contents of metals and sulphur are kept at low values (200
ppm of Ba and F, 100 ppm of Cu, 2n and Pb and an mZS of 10?) to emphatize the
capability of the ore forming processes. The supergene fluid (25°C, pH=7) has
the composition of seawater recalculated to a fluid inclusions mECl of 2.91.
Total salinities of both fluids have been estimated from salinity-enthalpy
relationships in fluid mixing processes.

Different runs were performed changing fluid composition, type of
fractionation of the hydrothermal minerals and interaction/buffering with the
host rock. However, results were fairly constant. The most important
consequences are:

Results

- Simple cooling of the ascending fluid gives rise an acidification up to pH
values close to 3.3 at 100°C. The precipitation of sulphates is thus inhibited
and important amounts of fluorite can be laid down (>70%weight) at very low
temperatures only (60 to 25°C). Quartz with significative proportions of
sulphides (1-6%) becomes the main mineral of the vein between 150 and 60°C.
Thgge results are consistent with those of Rowan et al. (1993) in the sense

that formation of fluorite veins at high temperatures by simple cooling
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requires huge quantities of fluorine in the system (4.72 molal for a mECa of
0.45 at 200°C).

- Fluid mixing inhibits the extreme acidification of the system, and pH is
kept mildly acid to neutral (4.6 at 290°C to 6 at 100°C).

- The precipitation of sulphates is a process clearly related to the mixing
with an oxidized fluid. Barite is precipitated due to fluid mixing even from
extremely low (5 ppm) Ba-bearing ascending fluids.

- If the chemical composition of the supergene fluid doesn’t change down to
great depths, starting of fluid mixing at high temperatures (>200°C) leads to
the precipitation of anhydrite, quartz and barite. Here, the formation of
anhydrite inhibits the precipitation of fluorite even al high mIF.

- Veins with barite, guartz and sulphides can be formed by mixing of the
ascending and the oxidized supergene fluids at temperatures close to or below
180-200°C. At these conditions neither anhydrite nor fluorite are formed.

- Fluorite can only precipitate at high temperatures by the addition of Ca
from the supergene fluid (F comes in the ascending fluid). The critical factor
that leads to the precipitation of fluorite is that the supergene fluid be
previously impoverished in ISO,, by the extraction of sulphate due to
precipitation of barite in the higher portions of the system. Fluorite can
account for 90-99% of the mineral precipitate in the range 280 to 180°C.

- High supergene/ascending fluid mixing ratios lead to the precipitation of
quartz + sulphides.

- Fluid mixing seems to be a quite effective mechanism for precipitating base
metal sulphides. For concentrations in the deep fluid of 10 ppm ore grades of

up to 3-12% weight can be reached in selected zones of the system.

4. Discussion

The calculations above support the formerly established hypothesis that
fluid mixing played an important role in the genesis of fluorite-barite-base
metal veins. Mixing of slightly modified seawater with low-salinity fluids
involved in postmagmatic hydrothermal cells is a suitable mechanism for
forming these kind of veins; metals are derived by the hydrothermal leaching
of the enclosing granites, while sulphur is provided by the two fluids.
Precipitation of major quantities of fluorite and barite (>90%) can take place
from relatively low Ba-F concentrations in the fluid (200 ppm). Ore grades
similar to those reported in the veins are predicted even at very low
concentrations (10 ppm); however, increasing the metal content of the fluids
rises dramatically the amount of precipitated sulphides. -

The position of the ore zones in the vein, the vertical zonation and the
presence/absence of fluorite, barite and quartz is controled by variables such
as the maximum temperature of the beginning of £fluid mixing, grade of
interaction between the two fluids and vertical variations in the ESO, content

of the fluid. The relative depth and temperature reached by the supergene
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fluid, without chemical modifications, defines the location and composition
of the sulphate zone. In mixing processes at high temperatures, anhydrite is

the dominant sulphate, whilst under approximately 200°C, barite is the stable
one. The absence of anhydrite’in these veins is consistent with the low
capability of the supergene fluid to preserve the original chemistry at depth,

particularly the sulphate content. The calculations show that the supergene
fluid is progressively impoverished in SO, due to the precipitation of

sulphates, mainly barite, in the shallower portions of the mixing zone. Mixing'
of the sulphate-depleted supergene fluid and the unmodified ascending one in

the fracture below the barite zone, leads to the precipitation of fluorite due

to the dramatic increase of the mCa’ of the resulting system. Thus, the

complete zoning can be explained on the basis of simple cooling in the deepest

zones of the system leading to the precipitation of quartz i sulphides.

Purtherly mixing of the ascending fluid leads to the formation of fluorite in

the deeper part of the mixing zone, whilst barite dominates in the shallower

one; both can contain significative amounts of sulphides. Finally, theoretical

models predict alsc the formation of a new quartz i sulphides zone in the

uppermost part of the hydrothermal system.
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ABSTRACT: The carbonate-hosted mercury veins from the Espaddn mountains

formed as a consequence of an effervescence mechanism that caused the

unmixing of a COz-rich phase. This separation led to the precipitation

of xenotopic-c dolomite and a shift of 8¥3C and 880 of hydrothermal

carbonates to lighter values than those of the enclosing dolomites. The

effervescence produced an enrichment of Hg in the gaseous phase. The '
most important Hg deposits are related to this event.

INTRODUCTION

The Sierra de Espaddn area is located between the Castelldn and
Valencia Provinces (Eastern Spain). This area is a major anticlinal
structure made up of Mesozoic materials, mostly Triassic in age
(Buntsandstein, Muschelkalk and Keuper facies), constituting the
eastern outcrops of the Iberian Ranges. The Eslida-Artana-Betxi mercury
deposits are located near the axis of this anticline. They occur as small
veins (up to 10 cm thick) crosscutting the lower levels of the
Muschelkalk facies (black to grey dolomites).

MINERALOGY

The structure of the veins is simple. In the Betxi and Artana
deposits, a first generation of brown cloudy calcite (CCl) is overgrown
and partially corroded by clear euhedral centimetre-sized dolomite
crystals, characterized by a xenotopic-c texture, and by the high number
of primary fluid inclusions, especially around the CCl relicts. Together
with the xenotopic-¢ dolomite, minor amounts of qguartz are deposited
as euhedral crystals, with fluid inclusions similar to the dolomite
crystals. In one locality (Eslida), the veins, although crosscutting
the same enclosing rock, do not contain xenotopic-c dolomite crystals
and are only made up of calcite (CCl) and guartz in variable amounts.

The main ore mineral 1s cinnabar. It occurs as a micron-size red
powder, mixed with stibiconite, goethite and malachite, in pockets on
the dolomite or quartz crystals. In some quartz-dolomite veins is the
hypogene paragenesis, composed by a mercurian tetrahedrite (“schwatzite”)
and minor amounts of chalcopyrite and an unknown phase of Hg-Ag-Sb-S,
partially preserved. The mercurian tetrahedrite is always corroded by
a mixture of cuprite, powdered cinnabar, covellite, stibiconite and
malachite. A late generation of euhedral calcite (CC2) fills the
remaining open spaces.

FLUID INCLUSIONS
Primary fluid inclusions in xenotopic-c dolomite and in quartz
range in size between 1 and 20 um. At room temperature it is possible
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to distinguish three different types: (1) inclusions filled by a saline
agueous liquid, a non-condensable gas bubble (mainly COz) and a halite
crystal; (2) identical to type 1, but with a double CO, bubble (liquid
+ gas), and (3) liquid rich COz (£N>) fluid inclusions, with minor amounts
of water riming the fluid inclusion walls. Fluid inclusions of types
1 and 2 are found predominantly in the dolomite-guartz veins.

The microthermometric measurements carried out on type 1 and 2
inclusions show the eutectic temperatures (Te), indicating a solution
with calcium chloride (Te from -58 to -52°C). The high amount of CaCl,
in the solution is also confirmed by the metastability of the hydrohalite
(Tmp from +8 to +12°C). COz is detected by the melting of clathrate.
Halite dissolves between +200 and +230°C, whilst the homogeneization
temperatures by bubble shrinkage are between +210 and +240°C. Salinities
are very constant, ranging from 32 to 33.3 wt% NaCl eqg. calculated using
the Flincor program {Brown, 1989). These fluid inclusions were analyzed
by the Cryo-SEM-EDS method (Ayora y Fontarnau, 1990), confirming that
they belong to the system NaCl-CaCly-KCl, with Na:Ca:K ratios from
0.79:0.15:0.07 to 0.88:0.07:0.06. The homogenization temperature
versus salinity plot suggests a boiling system. Only a few inclusions

2807 TheTm of type 2 are found. These

“\‘ have the same salinity as
260 type 1, but decrepitate
:ijz“w above 180°C. The COy can
2401 ¢ Eslida %o £ill up to 30% of the

Halite volume of the fluid inclu-
’;Zi\;??g‘c) . sions. Homogenization tem-
2207 ° ° perature of this CO; to the

] ligquid phase ranges from
200+ 21.9 to 28.7°C. Just a few
type 3 primary fluid in-
180 . . . e clusions have been found.
180 200 220 240 260 280 The fluid inclusions
Homogenization Temp. (°C) in the quartz from the

&
!})6‘)

Fig.l.- Homogenization (Th) vs halite melting temperatures calcite(CCl) -quartz veins
(Tmp) plot for type 1 fluid inclusions. of Eslida, are mainly of

type 3, ranging from 1 to 20 pum in size. Raman microprobe analyses gave
compositions between 18.3 to 4.0 mol % of Nz and homogenization
temperatures around +25°C to the liquid phase. Isochores and densities
were calculated with the Flincor program. Type 1 inclusions are
sometimes found. Is significant that the nature and homogenization
temperatures of these COy inclusions are similar to type 2 inclusions
(double CO; bubble).

The presence in these veins of two inmiscible fluids trapped
simultanously may be used as a geobarometer (Guilhaumou et al, 1981).
The intersection of the isocores calculated for both systems, which have
very different slopes, allows to determine the pressure and to correct
the trapping temperature. The intersection of maximum and minimum
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isochores, calculated for the aquecus hypersaline and the CO2-N3 bearing
fluid inclusions, corrects the trapping temperature from 230 to 265-
275°C, and gives a pressure between 900 and 1050 bars.

STABLE ISOTOPES

C and O isoctopes have been analyzed in carbomates (dolomites and
calcites) from the Artana, Betxi and Eslida deposits. Results are shown
in Fig.l. The samples of the unmineralized limestones of Triassic
(Muschelkalk) age have a 083C=+0.3% and 8180=+25.2%; dolomitized
limestones araund the mineralized areas have §%3C=-1 to +2.7%, and
3180=+21 to +23.5%. The 880 composition is about 2% lighter than the
regional limestones, suggesting that the dolomitization took place as
a conseguence of a hydrothermal event.
Vein xenotopic-c dolo~

& —
i ; mite has &80 and 813C values
27 R S depleted in 80 and 13C rela-
03 R \ tive to the dolostones, with
1 Average Triassic values as low as 17.5% and -
T lime: s . .
stc u” compasation o0 5.1%.respectively. The 3¢
(PDE} | depletion can be explained
3 ‘ < ToTenite by a lLoss of about 30% of CO;
<3 - Dol ! CE¥re ST Ed 14 -
3 y lLim:;;c?\:e ; from the Imitial f£luid dur
| + Calcite 1 ing an event of efferves-
! + Calcite2 [ . .
] ‘ cence. The CO; loss is also
10 T T T T related to carbomate depo-
15 18 20 2z 24 26 28 30° sition, which can be repre-

8750 tsmom & sented by the following re-

Fig 3-— Carbon and oxygen 15etopic composition of thecarpenateaction =
from veins and enclosing rocks.
Mg** + Ca** + 4 HCO3™ = CaMg(CO3z)z + ZH20 +2C0;

The 80 depletion can be explaimed by reactions that produce COz
during post-boiling egquilibration of fluids and host rocks;, having a
strong fractionatiom effect on the 8180 of water (Lynch et al; 1990).
In this case, isotopic equilibrium between COp and Hz0 cam be assumed
(Bowers:, 1991). When the original fluid intersects the H0-CO;
miscibility gap (1000 bars, in this situation), & vapor phase of
compositiom corresponding to the vapor-rich limb of this miscibility
gap forms, and then the CO; gas becomes isotopically heavier than the
liquid water. As the effervescence progresses, the 3L8q of the remnant
fluid becomes lighter, as can be seen in the dolomite: &80 composition.
This is in contrast to boiling of pure water, where tite lighter isotope
partitions into the water vapor, and the liquid becomes progressively
heavier.

The CC1 and CC2 calcites have very similar 8180 values (from 23.1
to 24.1%) to the dolostones, but show more negative 33C values, ranging
from -3.7 to -%9.0 %. The 13C depletion suggests that these calcites
precipitated from organic matter-rich surficial waters that dissolved
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the preexisting dolostones.

CONCLUSIONS

The mineralizing fluids involved in the genesis of the veins belong
to the NaCl-CaCly-KC1l-H0-C0O2-Nj system. The presence of primary aqueous
and non-aqueous fluid inclusions in the same growth bands of a single
crystal and the same homogeneization temperature of the COz-bearing
inclusions suggest an effervescence mechanism that would trigger the
deposition of the ore and non ore minerals of the veins. This
effervescence could be related to a hydraulic fracturing event which
originated the opening of the veins. As can be seen in the Th/salinity
plot, boiling is very restricted, as there is not a significant salinity
increase and temperature decrease in the fluid that would be produced
produced by a high entalphy steam loss.

Stable isotopes of C and O of carbonates confirm the effervescence
of COz as the main process for the precipitation of the carbonate-hosted
mercury veins. 13C and 180 depletion in carbonates is explained by the
COz-bearing gas loss from the original fluid, which strongly
fractionates the heavier isotopes.

According to Krupp (1988), an efficient mechanism to transport and
concentrate mercury in hydrothermal systems is the evolution, from an
homogeneous fluid, of a gas-rich phase (steam, CO;, HS, etc), where
mercury can easilly be concentrated. The most important concentrations
of mercury in these carbonate-hosted deposits are located in the Eslida
veins, where no xenotopic-c¢ dolomite is found and fluid incluions are
predominantly of type 3 (COz-bearing inclusions) indicating that these
veins formed above the effervescence horizon, and suggesting
preconcentration of Hg in the COz-bearing phase.

ACKNOWLEDGMENTS: This work was supported by CICYT project PS88-0018
(Spanish Ministerio de Educacién y Ciencia) and a CIRIT 1990 grant
(Generalitat de Catalunya) to J.T..

REFERENCES

Ayora, C & Fontarnau, R. 1990, X-vay microanalysis of frozen fluid
inclusions.. Chem. Geol., 89, 135-148.

Bowers, T.S., 1991, The deposition of gold and other metals: Pressure-
induced fluid inmiscibility and associated stable isotope signa-
tures. Geochim. Cosmochim. Acta, vol. 55, 2417-2434.

Brown, P.E.,1989, FLINCOR: a microcomputer program for the reduction
and investigation of fluid inclusions data. Am. Min., Vol. 74, 1390~
1393.

Guilhaumou, N., Dhamelincourt, P., Touray, J.C., & Touret, J., 1981,
Etude des inclusions fluides du systéme N2-CO2 de dolomites et de
quartz -de Tunisie septentrionale. Données de la microcryoscopie et
de 1l’analyse & la microsonde & effet Raman. Geochim.Cosmochim. Acta,
vol. 45, 657-673

Lynch, J.V.G., Longstaffe, F.J. & Nesbitt, B.E., 1990, Stable isotope
and fluid inclusion indications of large -scale hydrothermal
paleoflow, boiling and fluid mixing in the keno Hill Ag-Pb-Zn
district, Yukon territory, Canada. Geochim. Cosmochim. Acta, 54,
1045-1059. )

268




Current Research in Geology Applied to Ore Deposits.Fenoll Hach-Ali, Torres-Ruiz & Gervilla(eds)(1993).ISBN 84-338-1772-8

ZINC-RICH CHROMITES FROM EARLY PROTEROZOIC CONGLOMERATES AT THE
TARKWA GOLD MINE, GHANA

Weiser, Th. & Hirdes, W.
Federal Inst. for Geosciences and Natural Resources (BGR), P.O. Box 51 01 53, D-3000 Hannover 51,
Germany

ABSTRACT: The early Proterozoic Tarkwaian Group of Ghana contains one of three
known early Precambrian quartz-pebble conglomerates which are being mined for
gold, the others being the Witwatersrand goldfields of South Africa and the
Serra de Jacobina goldfields of Brazil. The paragenesis of the ore minerals
mainly consists of hematite, magnetite, and gold. Very rare is chromite which
contains up to 19.4 wt.% Zn0, the highest value ever reported.

INTRODUCTION:

Zinc-bearing chromites were first described from Norway (Donath, 1930). Using
electron microprobe technique more and more world-wide occurrences of Zn-rich
chromites were discovered, mainly associated with sulphide mineralization.

The first observation of detrital Zn-rich chromites was made in the Witwatersrand
conglomerate (Schidlowski, 1970). During an investigation on the gold-bearing
conglomerates at Tarkwa gold mine, Ghana we found detrital chromites with con-
tents of ZnO reaching up to 19.4 wt.%, the highest value ever reported.

GEOLOGICAL SETTING:

The sediments of the Tarkwaian group consist of conglomerates, sandstones and
minor argillites metamorphosed to low grade. They are erosion products of Biri-
mian supracrustal rocks and their comagmatic belt-type granitoid plutons.

The gold-bearing conglomerates which contain the chromites are a part of the
Banket Series and occur in a 250 km long, NE-SW-trending strip of Tarkwaian
rocks within the Ashanti volcanic belt. The Banket Series consists of four major
conglomerate horizons, from which only two of them (Main Reef and West Reef)
carry consistently economic gold grades. The chromites discussed here originate
from heavy mineral foresets in juartzite between the Upper and Lower Band of the
Main Reef.

MINERALOGY:

Unlike the Witwatersrand and Serra de Jacobina gold deposits which carry as
major constituents heavy minerals which are stable under reducing, or at least
oxygen-deficient, atmospheric conditions (pyrite, uraninite), the ores at Tarkwa
comprise a gold-magnetite-hematite-(ilmenite) paragenesis which is largely com-
parable to the "black sand parageneses" encountered in present-day placers.
Other minerals observed at Tarkwa - some of which occur only very sporadically -
include zircon, rutile, quartz, carbonate, chlorite, tourmaline, garnet, chro-
mite, epidote, diamond, pyrite, pyrrhotite, chalcopyrite or bornite. This is
certainly a small number when compared to more than 80 ore minerals described
from the Witwatersrand ores.

The minerals may be grouped into three categories, i.e. allogenic minerals
(e.g. zircon, ilmenite), authigenic minerals (e.g. pyrite), and minerals which
are present both as allogenic and authigenic constituents (e.g. hematite, mag-
netite). .

Hematite is by far the most abundant opaque mineral in the Tarkwaian conglome-
" rates. Magnetite is relatively seldom. Chromite is very rare and could be de-
tected exclusively rimmed by magnetite.
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The subidiomorphic to xenomorphic gold particles are mostly smaller than 10 pm.
Microprobe analyses showed values of the fineness between 952 and 986 which are
characteristic for the transportation of the gold.

ANALYTICAL RESULTS:

In total nine chromite grains were analyzed. Under the ore microscope they are
all homogeneous, grey with a bluish tinge and strongly isotropic in oil immer-
sion. The reflectivity lies between 17.0 and 14.6% (440 - 700 nm). This is dis-
tinctly higher compared with Zn-free chromites from the Stillwater Complex
(Criddle & Stanley, 1986) and in good agreement with the observation on Zn-rich
rims around chromites from the Witwatersrand by Schidlowski (1970).

Microprobe analyses showed a great variation in the chemical composition of the
chromites in the six examined samples but also in a sample itself. On the other
side the single grains are always homogeneous as to be seen from the backscat-

tered electron images (Fig. 1a-c). The point analyses confirm this observation.

The Cr203 content lies between 37.2 and 60.5 wt.%, the content of Al203 between
2.7 and 16.2 wt.%, and the calculated Fe203 content differs between 3.6 and
16.7 wt.%. All analyzed chromites are free of magnesium. The most interesting
features is the unusual high amount of ZnO. The average value of all analyzed
grains is 13.3 wt.%. The maximum value of 19.4 wt.% in grain no. 6 (Table 1)

Is the highest Zn content in chromites {(greater than 35 wt.% Cr203) ever repor-
ted except the new mineral zincochromite. A similar content of zinc (19.1 wt.%
Zn0) show chromites from Sykesville, USA which are associated with sulphide mi-
neralization (Wylie et al., 1987). The calculated FeQ content lies between 15.7
and 24.3 wt.%. All analyses snow a nearly constant Mn0 value of 0.8 wt.%,
whereas V and Ti could be detected in traces only once. The general formula of
the Zn-rich chromites from Tarkwa corresponds to

(Feg 6a2M0.3671.00¢C" 1,457 0.337%0.22)2.00%

Due to this the following proportions of spinel endmembers can be calculated

16.5 mol.% ZnAl204
11.0 mol.% ZnFe204
8.5 mol.% ZnCr204
64.0 mol.% FeCr204

DISCUSSION and CONCLUSION:

The source of zinc in chromite has been a matter of debate for a long time.
Zinc-bearing chromites (>0.5 at.% Zn) from Alaska are explained as crystalli-
zation products from a sulphide melt seggregated from gabbroic magma (Czamanske

et al., 1976). For the high Zn content of the chromites from the Sykesville
district, USA metasomatism by Zn-rich fluids is assumed (Wylie et al., 1987).
Schidlowski (1970) supposed circulating Zn-bearing solutions to be the source

of the Zn-rich rims of the detrital chromites from the Witwatersrand conglomerate.

However it is not easy to understand that chromites with such high Zn contents

as discussed here are of original magmatic origin or the result of secondary pro-
cesses after deposition in tne conglomerate. As to the formation and origin of
the Zn-rich chromites in the Tarkwaian conglomerate there is no explanation at
the moment. Neither an ultramafic complex nor any sulphide mineralization in the
back country is known.
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FIGURE 1

Backscattered electron images (BEI) of oxides in the Tarkwaian conglomerate

a - Magnetite with rounded core of detrital chromite (dark). Magnetite is partly
replaced by hematite (grain no. 3)
scale bar: 100 um

b - Idiomorphic chromite (dark) rimmed by magnetite (grain no. 9)
scale bar: 50 um

¢ - Chromite (dark) myrmekitic-like replaced by magnetite (grain 7)
scale bar: 50 um
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TABLE 1. ELECTRON-MICROPROBE ANALYSES OF CHROMITE

grainno.”)  1(2)  204)  3(4) 43) 5(2) 6(2) 7(2) 8(5) 9(2)

weight per cent

Cr203 53.00 45.75 60.54 46.83 55.55 39.48 37.17 55.38 56.53
A1203 5.91 13.89 2.70 6.20 5.74  16.21  10.28 3.87 3.93
V203 - - - - - - 0.30 - -
Fe203 6.71 4.15 3.58 13.0t 5.69 7.82 16.72 6.85 5.40
FeO 21.93 19.52 21.98 18.32 24.34 15.73 15.89 19.99 20.32
Mg0 - - - - - - - - -
MnO 0.96 0.80 1.41 0.81 1.05 0.60 0.48 0.77 0.69
Zn0 10.36  14.44 9.78 14.66 8.32 19.42 18.09 12.61 12.27
Ti02 0.19 0.20 - 0.31 - - - - -
Total 99.06 98.75 99.99 100.14 100.69 99.26 98.93 99.47 99.14
atomic proportions
Cr 1.554 1.300 1.781 1.368 1.598 1.116 1.082 1.636 1.674
Al 0.259 0.588 0.119 0.270 0.246 0.683 0.446 0.171 0.174
v - - - - - - 0.009 - -
Fe3+ 0.187 0.122 0.100 0.362 0.156 0.201 0.463 0.193 0.152
Fez+ 0.680 0.587 0.624 0.566 0.744 0.470 0.491 0.627 0.638
Mg - - - - - - - - -
Mn 0.030 0.024 0.041 0.026 0.032 0.018 0.015 0.025 0.022
In 0.284 0.383 0.335 0.400 0.224 0.512 0.494 0.348 0.340
Ti 0.006 0.005 - 0.008 - - - - -
endmember proportions
gahnite 12.95 29.40 5.95 13.50 12.30 34.15 22.30 8.55 8.70
franklinite 9.35 5.60 5.00 18.10 7.80 10.05 23.60 9.65 7.60
zincochromite 6.10 © 3.30 22.55 8.40 2.30 7.00 - 3.50 16.60 17.70
chromite 71.60 61.70 66.50 60.00 77.60 48.80 50.60 65.20 66.00

g

*) number of analyses in parenthesis
for the calculation of the endmembers V was added to Fe3+ and Mn and Ti to Fe

REFERENCES:

Criddle, A.J. & Stanley, C.J. (eds.) 1985. The Quantiative Data File for Ore.
Brit. Mus. Nat. Hist., London

Czamanske, G.K., Himmelberg, G.R. & Goff, F.E. 1976. Zoned Cr,Fe-spinel from the
Perouse layered Gabbro, Fairweather Range, Alaska. Earth Planet. Sci.
Lett. 33:111-118

Donath, M. 1930. Geologisch-mineralogische Studien an serbischen Chromitlager-
stdtten.- Ph.D. thesis, Bergakademie Freiberg, Freiberg/Saxony

Schidlowski, M. 1970. Untersuchungen zur Metallogenese im sildwestlichen Witwa-
tersrand-Becken (QOranje-Freistaat-Goldfeld, Sudafrika). Beih. geol. Jb.
85

Wylie A.G6., Candela, P.A. & Burke, T.M. 1987. Compositional zoning in unusual
In-rich chromite from the Sykesville district of Maryland and its bea-
ring on the origin of "ferritchromit". Am. Mineral. 72:413-422

2+

272




Current Research in Geology Applied to Ore Deposits. Fenoll Hach~Al, Torres-Ruiz & Gervilla(eds)(1993).1SBN 84-338-1772-8

THE ALPINE Pb-Zn DEPOSITS OF THE DRAU RANGE (AUSTRIA/SLOVENIA):
PARAGENESIS AND SPHALERITE GEOCHEMISTRY

Zeeb, S.; Kuhlemann, J. & Bechstadt, T.
Geol.—Pal. Inst. Universitdt Heidelberg, Inf 234, D—6900 Heidelberg, Germany

ABSTRACT: The ore deposits in the Drau Range consist of sphalerite,
galena, iron sulfides, fluorite and barite. Two main mineralization
phases can be divided by the succession of deep burial carbonate
cements. Within the first phase a distinct succession of sphalerite
types can be distingished by optical methods. Their trace element
distribution is clearly related to cathodoluminescence and fluores-
cence characteristics.

The strata-bound Pb-Zn deposits of the Drau Range, including the
mines of Bleiberg and Mezica (Fig.l), are hosted by platform car-
bonates (e.g. Wetterstein Formation) of Ladinian/Carnian age,
sporadically also of Norian age.

AUSTRIA — N

0 20 km /[\

VILLACH KLAGENFURT
BLEIBERG A

ITALY RAIBL ‘/_,.‘..j - | S Sy l/’ .
- SLOVENIA V

I

Fig.l: Investigated area.

Concordant and discordant ore bodies are connected with palaeogeo-
graphic structures, e.g. areas containing a microkarst of Triassic
age, causing higher porosity. The sequence of carbonate cementation
within the sedimentary carbonbate rocks (ZEEH 1990) forms the frame-
work for the relative dating of the ore precipitation (Fig.2).

The near surface to shallow burial diagenesis from meteoric-vadose
to marine phreatic environments was terminated by a dolomitization
("replacement dolomite" sensu HENRICH & ZANKL 1986) and/or a recrys-
tallization by altered marine solutions. The carbonate cementation of
deep burial diagenesis includes two types of saddle dolomite ("clear”
and "cloudy" saddle dolomite) and three types of blocky calcite
("zoned", "corrosive" and "uniform" blocky calcite).

During near surface to shallow burial diagenesis barite, grey col-
oured anhydrite and pyrite framboides were formed. After recrystalli-
zation at the end of shallow burial diagenesis the ore formation
started with disseminated grains of so-called “small” sphalerite and
some coarse FeS, (pyrite, marcasite, melnikovite-pyrite).
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CARBONATE CEMENTATION | MINERALIZATION

CARBONATE CEMENTS OF NEAR SURFACE "grey” anhydrite.
AND SHALLOW BURIAL DIAGENESIS barite,
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Fig.2: Relative succession of ore mineralization within the
sequence of deep burial carbonate cements.

The following widespread distinct succession of sphalerite can be
characterized under cathodoluminescence (CL)} as follows: “schalen-
blende” -~ “light blue” - “red” - “dark blue” - dark yellow (“clear”) -
“brown”. The ore formation phases ended with the mineralization of
FeS,, galena, barite and fluorite. Another ore formation phase is
recognized after the precipitation of "clear® saddle dolo-mite and
comprises major amounts of FeS;, galena, some clear, yellow coloured
sphalerite, fluorite and finaly barite.

Only very small amounts of FeS,, galena, “yellow” sphalerite and
fluorite mineralized during the later carbonate cementation. Latest
diagenetic products like blue coloured anhydrite and celestine occur
after the formation of the latest *“uniform” blocky calcite. Fimally
oxidized ore minerals like smithsonite, hemimorphite, wulfenite,
cerussite and hydrozincite were formed under meteoric conditions.

A comparison of the sphalerite types, including the early formed
“small” disseminated type and the later formed “yellow” type, shows
geochemical characteristics closely related to the CL and fluores-
cence observations. The “small” type, schalenblende and the “brown”
type show dull CL and relative enrichment of Tl, As, Ge and partly Fe
(except “small” sphalerite depleted of Fe}. The elements Tl and Fe
are known for quenching CL effects (HMARSHALL 1988). “Light blue”
sphalerite 1is relatively depleted of Cu, Tl, Ge and Fe and is
slightly enriched with Ag. The reason for the bright CL is mot clear.
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The CL of “dark blue” sphalerite is closely related to the CL of
the “light blue” type. The “dark blue” type is depleted of all trace
elements. Since artificial pure ZnS shows blue CL with increasing
intensity due to increasing irregularities in the structure of the
crystal (GUMLICH & RIEHL 1971) it is suggested that the CIL of the
natural “dark blue” sphalerite is caused by the 2ZnS itself. According
to this assumption the bright CL of “light blue” sphalerite could be
caused by irregularities and the frequent submicroscopic inclusions.

The “red” sphalerite is strongly enriched with Cu and Ag. Since Cu
as the only trace element in artificial ZnS causes pri-marily green
CL (GUMLICH & RIEHL 1971) it is suggested that the combination of Cu
with Ga, which was not measured, causes the orange to red CL (see
MARSHALL 1988). A positive correlation of Cu and Ga can be assumed
according to PIMMINGER et al.(1985a). “Red” sphalerite can also be
found as a concentric zonation or a sector zonation within big
crystals of the “dark blue” type.

A comparison of the trace element content in some sphalerite types
with the Clarke value of the earth”s crust (Fig.3) shows an increas-
ing enrichment from Ag, Ge, Tl to As and a strong enrichment of Cd.
Cu is only enriched in type “red” but depleted in all other sphal-
erite types. Fe is generally depleted.

10000 4

1000 4
100 +

10 1

Clarke value

I
0.1
0.01 1

Cd As T1 Ge Ag Cu Fe
0.001-

Fig.3: Envelope of the sphalerite types “light blue”, “red”, “dark
blue” and “yellow” versus the Clarke value of earth”s crust
(offset of type “red” signed).

Relative changes of the trace element distribution in the sphal-
erite succession are characterized by high contents of Tl, As and Ge
at the beginning and in the end of the first and main mineralization
phase (Fig.4a). The positive correlation of these elements has been
shown by PIMMINGER et al.(1985a) for Bleiberg and is also indicated
in Fig.4a. The entire succession of “light blue”, “red” and *“dark
blue” sphalerite shows a depletion of these elements but partly an
enrichment of Ag and Cu followed by the “dark blue” type poor in all
trace elements (Fig.4b).

The last, “yellow” sphalerite appears in several phases within the
cement succession and is interpreted as a mobilization of older
sphalerites. The trace element distribution shows that Fe, Tl, As, Ge
and Cd cluster around the average content of all investigated samples
while Ag and Cu are extremely depleted.
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Fig.4a/4b: Relative abundance of the trace elements (4a) Fe, As,
Tl, and Ge as well as (4b) Cd, Cu and Ag in the
succession of sphalerite types of the Drau Range.

The abundance of the sphalerite types is very variable in regional
and local size. Trace element contents of sphalerites based on whole
rock analysis are strongly influenced by the dominating sphalerite
type. Sporadic occurrences of every sphalerite type can be observed
in most localities independently from the position of the orebody
within Ladinian to middle Carnian strata. The sphalerite succession
can better be explained by a single, rather than a multiple, pulsat-
ing formation process. The occurrence of “dark blue” sphalerite in
Norian strata indicates a late Norian to post~Norian mineralization
of the sphalerite and the following major part of the first ore
formation phase.
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POLYGENE OF GOLD ORE IN CARBONACEOUS SCHISTS OF OPHIOLITE BELTS.
KHOLBA DEPOSIT, EASTERN SAYAN, RUSSIA

Zhmodik, S.M.(1); Dobretsov, N.L.(1);Mironov, A.G.(2); Roshchektaev, P.A.(3);
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(3) Okinskaya Expedition, Mondy, Russia

Abstract: The spatial distribution, chemical and micro-component composition of gold ores of Kholba deposit have been studied using
jocal analysis methods (autoradiography, microprobe) together with spark source mass-spectrometry. According to the data of complex
study of Kholba deposit the gold mineralization has been established to be formed due to primary hydrothermal-sedimentary gold
enrichment of black shales and following metal redistribution in processes of metamorphism and rock deformation. the additional portion
of ore component has been brought or redistrinuted during granite melt interaction with ophiolite complex rocks and black shales.

Discovery of 1large gold ore deposit at Kholba is a bright
example of application of the theories about possibility of a
primary gold accumulation during the processes of volcanogenic and
hydrothermal-sedimentary depositiong and secondary redistribution
of gold. Prospecting of Kholba deposit of gquartz--vein type
resulted in discovery of thin quartz veins with irregular gold
distribution and low gold volume. Having supposed the
stratification nature of ore bodies and therefore having changed
the prospecting thinking we succeeded to reveal the extended
mineralized zones with rather stable content of ore component and
increasihg of gold volume 1in ores.

Kholba deposit located in the south eastern part of the East
Sayan within the Caledonids. Kholba ore field is composed with: 1)
Archean-Lower Proterozoic rocks of Gargan block basement complex;
2) Riphean-Vendian schist-carbonate complex of the basement’s
cover; 3) Upper Proterozoic ophiolitic rock association of tectonic
nappe; 4) Barungol volcano-plutonic complex of paleovolcanic
structure; 5) Lower-Middle Paleozoic intrusions of Sumsunur
plagiogranite complex; 6) Kholba fault zone.

The complicated polygenic and polychronous zoned metamorphic
rock complex formed due to combination of regional, contact and
dislocation metamorphism processes, was established within the ore
field.

The morphology of Kholba ore bodies is defined by the structure
of steep dislocated packages of Au-bearing sedimentary and
volcanic-sedimentary rocks and sulphide horizons and their related
zone of schistosity amd metasomatic alterations of Au-quartz ores.
Combination of these types gives a complicated distribution picture
of Au-ores and defines formation of the two main types of ore
bodies: 1) nmineralized zones and 2) vein-like ore bodies. Within
mineralized zones there are: la- Dbedded-banded ores with
interlayered sulphide mineralization; 1b- massive lense-like
pyrite, pyrite-polymetal and lense-like-banded metasomatic ores;
lc- veinlet-impregnated ores presented by beresites, sulphidized
quartz mylonites and Mu-Qu-Adb metasomatic rocks (so-called
listvenites).

The spatial distribution of gold in Kholba ores has been
studied by neutrone-activation beta-radiography method. Au may hav
the various modes of occurrence inside sulphide minerals, within
their fractures, over their surface or inside quartz and carbonate
but immediately close to sulphides.
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The banded Au-distribution in bedded-banded ores related to
schists, sulphidized 1limestones and siliceous rocks is most
typical. The banded structure is stipulated by both the rhythm
alternating of sulphide and silicate minerals in ores and regularly
oriented BAu-distribution inside homogenous sulphide aggregates
(Fig.1) Deformation of such ores and formation of different order
folds result in re-distribution of gold with corresponding
enrichment of saddle parts of folds and fractures parallel to axial
surfaces of folds. More homogenous Au-distribution is typical of
the massive pyrite and pyrite-polymetal ores related to metasomatic
re—-distribution of ore material. Moreover, the dependence of
granulometric Au composition on dimensions of sulphides composing
the ores of this structural-morphological type is clear. Veinlet-
impregnated <character of Au-distribution is established in
metasomatically altered beresitized, sulphidized rocks and rocks
with Qu-mineralization. In beresites the Au- enrichment of
peripherical parts of sulphide veinlets was fixed. Rather large
grains of native gold are usually related to the ends of gquartz-
sulphide microveinlets in beresites. The highest unregular Au-
distribution is noted in guartz veins.

At a whole, homogenous Au-distribution is established for
disperse pyrite, pyrrotine and polymetal ores. Unregularity was
caused by micro-gold occurrence within the marginal parts of opal-
like guartz, such phenomenon being fixed everywhere in disperse
ores with ovoids of opal-like guartz. Au-association with periphery
parts of rounded gquartz grains can be explained by the primary opal
enrichment in fine-disperse gold. Thermal affect,
dynamometamorphism and following recrystallization of siliceous
material have resulted in gold cleaning and moving away to the edge
parts of opal-like quartz ovoids. Such enrichment is fixed in ores
with sings of sulphide mass deformation and rotation of ovoids and
without them.

Despite the correlation between Au and As their occurrences in
ores do not always coincide. Arsenicum concentrates in the separate
zones of pyrite, but gold can be oserved both in As-bearing parts
of pyrite and outside them or on the boundary of zones. Correlation
revealed is explained by more common causes. They are predominantly
occurrence of Au and As and their connection with iron sulphides
and polymetals (first of all - pyrite). Basing on autoradigraphy
study the conclusion about Au-occurrence in ore deposits mainly in
nativ form under its high dispersity was made.

Combination of autoradiography and microprobe techniques
allowed evaluation of various chemical types of gold within
deposit. Histogram of native gold composition compiled using 2322
microprobe analyses of individual gold grains (Fig.2) fixes
concentrational range from 0.3-0.5 ro 99.6% of Au with the gap in
area of 5-16% Au. Histogram’s habit is polymodal with maximums

Cay=23-24%, 40-41%, 47-48%,, 54-55%, 93-95% and a series of
superimposed peaks <from 48 to 84%. Native gold composition
estimated in thin-sections (8-15 cm*) from the different mineral

types is highly variable: Ag-content ranges from 40 to 79% of Au.
The findings of native silver with 0.3-0.5% of Au in quartz
metasomatic vein and with 53~83% of Au (in gold grains) in
sphalerite-pyrite ores notes the extreme irregularity of gold.

Apart from the native form of gold and silver the following
minerals of these elements were established on deposit by means of
microprobe analyses: hessite, uytenbogaardite, akantite, argentite,
pyrargirite, stromeverite.
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The study of native gold chemical composition, known to be the
main typomerphic sign provided the dustinguishing of the six gold-
bearing mineral assemblages: carbonate, quartz-pyrite (100-84% Au);
carbonbate-quartz-pyrite with subordinate amount of minerals of
polymetals (84-70% Au); quartz-carbonate-pyrite-polymetal (70-58%
Au) ; carbonate-quartz-pyrite-pyrrotite-polymetal rarely with
tellurides (57-43% Au); pyrite~chalcopyrite-quartz-galena (44-38%
Au); quartz-carbonate-chalcopyrite~pyrite-galena (<42% Au). Silver
minerals are observed in latter three assemblages. The gquality
composition of minerals 1in associations distinguished do not
change, but their quantity interrelations do.

On the whole deposit the maximum abundances of gold were
established in pyrite and quartz. In other minerals (carbonate,
galena, chalcopyrite, sphalerite, pyrrotite) the gold £frequency
factor is lower. It confirms that the main amount of gold on
deposit could not be formed by gold-bearing solutions superimposing
on earlier existed sulphide mineralization.

The main peculiarity of native gold of Kholba deposit, revealed
due to mass-spectrometry study, 1s high irregularity of mnicro-
element composition of gold. So, sixty analysed gold grains were
not enough to describe the main tendencies and to reveal causgs of
such irregularity. Concentrations change: 6*10”% to 2550%10”% for
Cu, (0.5-0.8)*10"% to 601*10~ % for Sb, 26*10~% to 2790*10~% for Hg,
0.0 to (0.7-33.4)*10"% at.% for Pd. Content variations of othere
elements: Te, Fe, S, Cl, K, Ca, Ti, Cr, Ni, Pb, Bi p first of all
fix the mineral inclusions in native gold and, hence, conditions of
their formation (Fig.3).

The gold mineralization has been established to be formed due
to primary hydrothermal-sedimentary gold enrichment of carbonaceous
deposits and following later metal redistribution in processes of
metamorphism and rock deformation. The additional portion of ore
component has been brought while granite melt interacting with
ophiolite complex rocks and black shales. The signs of
hydrothermal- sedimentary nature of such mineralization are
following: l-spatial relation of ore mineralization to carbonaceous
deposits and ophiolites, as well as participation of wultramafic
rocks in ore process; 2-wide spread of banded and bedded types of
spatial ore distribution in ores; 3-occurrence of paradox mineral
associations: pyrrotite, uytenbogaardtite, marcasite, pyrite; 4-
isotopic composition of sulphide sulphur close to meteorite
content; S5-abundance of disperse sulphide ores with ovoids of
chalcedone-like quartz enriched in gold; 6-occurrence of silver
minerals: akantite, argentite pyrargirite, stromeyerite, hessite;
7-high dispersity of gold: from 1 up to 10 mkm comprise 90%; 8-
occurrence of low-standard gold and native silver.

The signs of polygene ore mineralization are following: 1-
interaction of fluid-saturated granitoids with gold bearing black
shale deposits and ophiolite complex rocks, with further formation
of hybrid rocks and metasomatic rocks of berezite-listvenite type;
2-ore mineralization relation to dynamic metamorphism zone; 3-
occurrence of minerals (sulphides) either with sings of a growth
under dynamic metamorphism or (and) with signs of current or
displacement of earlier existed sulphide materiel; 4-variety of
spatial gold distribution types in ores. Besides bedded and kanded
types there are veinlet-impregnated spotted and homogeneous types
of spatial gold distribution with gold enrichment of saddle parts
of ore folds, fractures being parallel to axis surfaces of folds

279




and veinlet salbands; 5-native gold relation to variocus minerals;

pyrite, quartz, carbonate, galena, sphalerite, pyrrotite,
chalcopyrite, seldom graphite; 6-variety of native gold
morphological types: drop-like, lens~like, sphere-shaped, angular,
lump-like and film types, crystals and others; extremely

heterogenic composition of native gold: from native silver and
custelite up to rather high-standard gold (99,6% of Au); 7-variety
of trace elements in the native gold: Cu, As, Hg, Te, Pd, C, U, Ni,
Cr etc.
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2 Massive and stratabound sulphide deposits
in volcanic and sedimentary sequences
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ORE MINERALOGY OF THE ZECHSTEIN COPPER DEPOSITS, POLAND

Banas, M. & Salamon, W.
University of Mining and Metallurgy, Al. Mickiewicza 30, 30-059 Krakoéw, Poland

16 elements form respective ore minerals, another 6 metals occur
as isomorphic substitutions or organometallic compounds. Textures
and structures of the ores, mineral parageneses, vertical and hori-
zontal distribution of ore minerals and elements and secondary alte~
rations of ore mineralization are discribed.

Cu, Fe, Pb, Zn, Co, Ni, Ag, Au, Pd, Mo, Bi, Hg, Ge, U, As and Se
form their respective minerals in copper ore deposits at the Fore-Su-
detic Monocline, Such elements as V, Cd, Re, Pt, Sn and Sb are pre-
sent as isomorphic substitutions or organometallic substances, Sul-
phides are the most common ore minerals. Sulphosalts and arsenides
and sulphoarsenides are less abundant. Native metals and amalgams,
however present in small quantities, are common minor constituents
in the deposit. Selenides, organometallic compounds, arsenates and
thiosulphates occur locally. Occasionally oxides and hydroxides are
found.

Most of sulphides are cupriferous. They are always main minerals
in the ore-zone of the Cu-bearing Permian of the Fore-Sudetic Mono-
cline, Some of the Cu~-sulphides are widely non-stoichiometric, parti-
cularly those of the bornite and chalcopyrite.

Galena and sphalerite are ubiquitous. They are present mainly in the
carbonate rocks of the upper sections of the ore-horizon, but can al-
so be found in Pb~ and Zn-bearing shales, ’

Silver minerals are economically very important, with stromeyeri-
te being the main mineral, Molibdenite and castaingite are also com-
mon, Sulphides of Ni, Co, Bi and Ge are less abundant.

In some parts of the deposit sulphosalts, namely tetrahedrite-ten-
nantite and enargite-luzonite, are found very often, The first two
usually carry Bi and Hg.

Arsenides and sulphoarsenides, common in the entire mineralized
area, are usually present in smaller amounts or only as traces. The
most common of the above mentioned are minerals of the cobaltite-ger-
sdorffite series., Palladium arsenides are observed only locally,
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Native metals are represented mainly by silver, electrum, plumbian
gold and Ag-Hg amalgams, Native silver is present in all of the mine-
ralized sections and is economically important in silver production.
Also gold is recoverd during silver refining,

Selenides of Pb, Hg, Cu and Bi occur in trace amounts,

A more recent research (H., Kucha) indicates the presence of Co-Ag-
As-Fe thiosulphates cementing framboidal pyrite and Cu~Fe thiosulpha-
tes intergrown with chalcopyrite., These compounds seems to be very
common in the deposit, however their physical and chemical properties
are poorly known,

Arsenides, mainly of Co and Ni, are rare. Also rare are chlorides,
The organic substance contains refractory metals Cu, Fe, V, Mo, Ni,
Hg as well as Pt, Pd and Au (H, Kucha, W. Salamon), Thucholite, rich
in uraninite inclusions, is common in middle sections of the ore-ho-
rizon. The thucholite contains organic compounds of Pt and Pd (H.Ku-
cha).

Oxides and hydroxides of Fe are observed mainly in these sections
of the ore~horizon, which are intersected by faults and strongly she-
ared,

A majority of ore minerals is present in microscopic sizes. Sul=
phides seen in hand specimens are epigenetic and form a subordinate
part of ore mineralization. Accumulations of ore minerals are poly-
crystalline, Ni-Co minerals have a strong tendency to occur as small
inclusions in Cu-sulphides.

Cu~sulphides form infillings and cements in sandstones. Finely-dis
persed impregnations, laminae of cloudy sulphides and sulphide stre-
aks are most common structures in black shales, Nests, lenses and
small veinlets are most typical sulphide structures in carbonates.

Sulphide minerals, exept of Ni, Co and sometimes Pb, Zn and U,
are xenomorphous, Metacolloidal textures associated with pyrite, pi-
tchblende and castaingite are rare, Replacements of rock-forming mi-
nerals by sulphides are common.,

There are 3 main types of mineralization at the Fore-Sudetic Mono-
cline: Cu~-Fe~S, Cu-S, Pb~Zn~Fe-S5, The Cu~As-~S type of ore mineraliza-
tion is less common.

Copper sulphides constitute a major portion of ore mineralization
- and are present in white sandstone, black shale and overlying calci-
tic-dolomite, The ore-horizon is discordant to stratigraphic bounda-
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ries, Fe-sulphides have similar vertical distribution as Cu-sulphides.
Pb and Zn occur in upper sections of the ore-horizon above Cu ores
and in Pb- and Zn-bearing shales, Silver minerals are typical of the
middle parts of the vertical profile. Co, Ni, Mo and Hg minerals are
found only in Cu-bearing shale, Bi, Au and Pd minerals are present

in the boundary dolomite and at the bottom part of the black shale,

In similar manner minerals of U and selenides of Pb, Hg and Bi occur,
In general, the occurrence of minerals of elements associated with
copper are restricted to black shale, locally present boundary dolomi-
te and the +topmost part of the white sandstone,

Stratiform Permian mineralization at the Fore-Sudetic Monocline is
characterized by a significant variability. The Cu-Fe-S mineraliza-
tion occurs in the SE part of the Mohocline, while the Cu~S type is
observed in its central part, but it encompasses patchy areas of bor-
nite-chalcopyrite mineralization. Often both types of Cu-sulphide mi-
neralization can enclose tracts of tennantite rich ore, The latter
extend up to several tens of meters appearing erratically through
the ore-field or following faults, The horizontally extensive Pb-Zn-
Fe=S areas are up to several hundred meters wide and occur mainly in
the NE part of the Monocline., Silver is present mainly in the SE are=-
a of the Monocline., Similar pattern is shown by Ni and Co, Hg as well
as Au, Pd, Bi, U and Mo.

Stratiform copper ores of the Fore~Sudetic Monocline show variable
but significant alterations, The main changes can be refered to dia=-
genesis and tectonics, Diagenesis brought about remobilization and
reconcentration of many elements, It caused evolution of organic
matter and disintegration of organometallic complexes, crystalliza-
tion and recrystallization of sedimentary minerals, transformation
of clay minerals, dissolution of some minerals and their precipita-
tion, infiltration of diagenetic fluids and their reactions with ore
minerals,

Subsequeht tectonic deformations and associated fine fracturing
were followed by formation of various veins and veinlets. No rock
alterations have been found around them, Mineral assemblages of so-
me of these veins are different from those present in the ore-zone,
eg., barite, temmantite, Ni-Co arsenides.

Recrystallization of carbonates created very common nest-like
sulphide fillings of intercrystalline spaces within the carbonates,
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Diagenetic differentiation of black shales forced sulphides to con-
centrate mainly in carbonate laminae. In the uppermost part of whi-
te sandstone, infiltration sulphides replace earlier cements as well
as locally terrigenous grains, The infiltration during diagenesis
caused also replacements among sulphides: framboidal pyrite was par-
tly replaced by other sulphides, polymetallic mineralization entered
thucholite, and many diagenetic and katagenetic mineral assemblages
were formed. Secondary alterations are expressed also by ubiguitous
covellinization of copper sulphides.
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METALLOGENESIS OF PARTS OF NORTH GONDWANA DURING THE CAMBRIAN
TO EARLY ORDOVICIAN

Boni, M. (1); Bechstadt, T. (2) & Russo, A. (2)
(1) Dipto. Scienze della Terra. Universita® di Napoli, Largo S. Marcelino 10, I-80138 Napoli, Italia
(2) Geolog. Paldontolog. Inst. Universitdt Heidelberg, INF 234, D—6900 Heidelberg, Germany

Abstract: The Cambrian carbonate to terrigenous ore-hosting sequences in Sar-
dinia, S France and N Spain show differences in the sedimentological evolution,
for instance the type of the carbonate platforms. Important similarities exist,
however, in respect to the tensional geodynamic setting as well as type and stra-
tigraphic position (mainly Lower Cambrian) of the stratabound mineralizations.
The Pb-isotope data of the galenas indicate a common origin (continental crust)
of the mineralizations considered.

The Cambrian is a well known metallogenetic period in North-Gondwanan
areas (Sardinia, Montagne Noire, N Spain), where stratabound ores oc-
cur in carbonate rocks of Early to early Middle Cambrian age. Strong
synsedimentary tensional tectonics, associated with deep reaching
faults, is very distinct. It is sometimes difficult to separate tecto-
nic and eustatic signals. An example is the interval at the Early/Mid-
dle Cambrian boundary, where a distinct (“eustatic”) sea level rise
is evident, in some areas masked by clear tensional effects. The
tectonic regime during the Early Cambrian can be related with an
intracratonic rifting situation and/or with early stages of a passive
margin setting. This can be deduced not only from the facies associa-
tions, but also from the types of ores (Sedex to MVT).

SW-Sardinia: The Cambrian sequence in Sardinia (Fig.la) follows dif-
ferent evolutionary stages (Bechstddt & Boni, 1989). These are from
base to top: Nebida Group: (1) Terrigenous-carbonate homoclinal ramp
(Matoppa Fm.); (2) Carbonate-terrigenous ramp or rimmed shelf, pro-
grading westwards and slowly aggrading to sea level (Punta Manna
Fm.). Gonnesa Group: (3) Isolated carbonate platform, aggraded to sea
level, rimmed by basinal areas in the west and east (Santa Barbara
Fm.), marked by slumps, debris flows and local megabreccias; (4)
Isolated, flooded platform (San Giovanni Fm.). Iglesias Group: (5)
Segmentation and complete drowning, due to an “eustatic” sea level
rise. This is indicated by the fossil-rich, calcareous shales to
nodular limestones of the Campo Pisano Fm. (Middle Cambrian). (6)
Deep water clastics (shales to sandstones) of the Cabitza Fm.(Middle
Cambrian to Early Ordovician).

The mineralizations show a distinct relation with the above mentioned
periods of platform instability. The ores consist of: (A) massive
sulfides (Zn>Pb) and barite occurring in the upper Punta Manna to
lower Santa Barbara Fms., in the transitional interval between stages
2 and 3. The mineral occurrences consist of mainly pyrite and
sphalerite, with minor amounts of galena. The ores are syngenetic or
early diagenetic (Sedex), as confirmed by field observations,
petrographic data and both Sr and S isotopic data. The ores could
have been deposited from solutions discharging to the sea through
structurally controlled feeder zones. (B) significant concentrations
of, sphalerite-galena, are contained in the upper parts of the San
Giovanni and Campo Pisano Fms. within micritic limestones. Brecciated
sediments of evolutionary stage 4, situated in marginal areas to the
platform, host late diagenetic to epigenetic ores (possible MVT).
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Montagne Noire: Cambro-Ordovician sediments occur on the northern and
the southern side (Fig. 1b). In the south, sedimentation starts with
a mainly terrigenous sequence (Orbiel Fm.)(Courjault-Radé and Gandin,
1988) containing limestones and, at its top, volcanic products. Tecto-
nic instabilities caused the change to a typical Early Cambrian carbo-
nate platform (La Clamoux Fm.), followed by carbonate-terrigenous
sedimentation. Again the platform was drowned at the passage from
Early to Middle Cambrian, as indicated by nodular fossiliferous lime-
stones, followed by deep water terrigenous sediments (Barroubio Fm.).
The ore-bearing horizons in the Lower Cambrian sequence never reach
the economic values of Sardinia. In the alternances of the Orbiel Fm.
disseminated pyrite with associated galena and sphalerite occur as
well as some lenses of massive sulphides. The latter are sometimes
associated with (possibly epigenetic) native gold and show spatial
association with basic volcanites. The transition between Orbiel and
La Clamoux Fms. is characterized by a 2Zn geochemical anomaly in the
limestones and by small PbS occurrences in the black shales.

Northern Spain: Here two areas are of main metallogenetic interest:
the Western Asturo-Leonesian (WALZ) and the Cantabrian zones. In the
WALZ, Cambrian sedimentation (Fig. lcl-1lc2) starts with a shallow ma-
.rine to continental terrigenous sequence containing carbonate interca-
lations in its lower part (Candana Group; Perez Estaun et al. 1990).
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The limestones of the Vegadeo Fm.follow, with a transitional interval
(Capas de Transito) at its base. The carbonate sequence is drowned
with the terrigenous Los Cabos Series (Middle Cambrian to Arenig).
The Vegadeo Fm.consists of two distinct facies belts: (a) In the we-
stern part of the WALZ, the lower Vegadeo Fm. is indicative of outer
parts of a tidal homoclinal ramp where terrigenous input was low. In
the upper Vegadeo Fm., this barrier prograded and the area shallowed.
The western WALZ then corresponded to inter-supratidal inner parts of
a carbonate platform. (b) In the central WALZ, the carbonates of al-
ready the lower Vegadeo Fm. are indicative of intertidal inner parts
of a ramp. The upper part of the Fm., due to a relative sea level
rise, consist of subtidal laminated dolomites, shallowing upward into
intertidal limestones. Fossiliferous limestones at the top of the
Vegadeco Fm.again indicate the Middle Cambrian drowning event. These
beds are equivalent to the Campo Pisano Fm. in Sardinia, the upper
part of the Lancara Fm in Cantabria (see below) and the lower part of
the Barroubio Fm. in Montagne Noire.

The most important Zn-Pb orebody in the WALZ, the now worked out
Rubiales deposit, related to.the Hercynian metallogenesis (Arias &
Tornos in press), occurred within the Lower Cambrian Transition Beds.
Two other mineralized levels are important, although of lower econo-
mic interest: A stratiform horizon is situated in the lower part of
the Vegadeo Fm.; the ore minerals consist of sphalerite, galena and
pyrite. In the second horizon, situated at the top of the Vegadeo
Fm., the ore minerals consist of galena, sphalerite, calcopyrite and
pyrite, disseminated in a silicified lithotype, replacing the Lower-
to Middle Cambrian carbonates. These mineralizations have been inter-
preted so far (Ribera et al., 1991) as ranging from synsedimentary or
early diagenetic (sedimentary-exhalative) to late diagenetic.

In the western parts of the Cantabrian zone a complete Cambrian
sequence (Fig. 1d) is present. It consists (from base to top) of:
Terrigenous clastics and dolomites of the Herreria Fm., deposited in
a deltaic environment (Perez Estaun et al. 1990), gradually pass into
the Lancara Fm. Mainly tidal carbonates of its lower part (Zamarrefio,
1975) are followed by nodular limestones. This is indicative of the
Middle Cambrian drowning. Deep water terrigenous clastics (Oville and
Barrios Fms., Middle Cambrian to Early Ordovician) follow.

Some small stratabound occurrences, consisting of sphalerite, galena
and barite, are present in the upper part of the Lancara Fm. (Luque
et al., 1990). Their stratigraphic position is the same as the ores
at the top of the Vegadeo Fm. in the Asturo-Leonesian Zzone.

Lead isotopic data: The Pb-isotopic ratios for the stratabound ores
in the Cambrian carbonates have been compared between Sardinia (Boni
and Koppel, 1985), Southern France (Brévart et al., 1982) and Spain
(Arias and Tornos, in press; and own data). The concentration fields
(Fig. 2), corresponding to low-radiogenic galenas, are almost perfec-~
tly overlapping in the three areas: This is indicative of the same
origin (continental crust) for Pb. For the Sardic and French strata-
bound ores an Early Paleozoic ore-emplacement is considered, whereas
some of the mineralizations of Northern Spain (among those Rubiales)
are thought to be Hercynian in age. The Sardic or the French “Hercy-
nian” galenas, however, show different concentration fields, indica-
ting an external contribution of Hercynian Pb. This can be ruled out
for the considered “Hercynian” deposits of Northern Spain, notwith-
standing metamorphism and later circulation of hydrothermal fluids.
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RAPID SILL-SEDIMENT COMPLEX FORMATION: THE CAUSE OF SUPER-GIANT
MINERALIZATION AT RIO TINTO?

Boulter, CA.
Dept. of Geology. The University, Southampton, UK S09 5NR

ABSTRACT: The volcanogenic sequence that hosts the Rio Tinto super-giant massive
sulphide is a sill-sediment complex with a very high sill to sediment ratio.
Ubiquitous evidence for magma wet-sediment interaction requires that the bulk
of the sills were intruded contemperaneously under an unconsolidated cover of
around 100m. Pronounced basin floor deformation resulted from thickness
variations in the compiex on the order of 400m which generated topography on a
similar scale. Because the intrusive sheets placed a 1lid over high temperature
hydrothermal circulation systems triggered by the intense magmatic pulse,
discharge would have been considerably focused on a limited number of sites.
Coincidence of these and troughs in the deforming sea floor created major
stratiform sheets.

The Rio Tinto volcanogenic massive sulphide is unusual in the VMS class because
the host sequence represents a very limited melt thickness. Despite this it is
the biggest deposit in the class and the Iberian Pyrite Belt is the largest
repository of messive sulphide in the worid. Rio Tinto is also unusual in the
extent of mRogm wet-sediment interaction that is evident in the mineralized
enviromment. Much of the stratigraphic unit known as the Volcano-Sedimentary
Complex that contains the deposits is a sill-sediment complex. The upper part
of the complex is either a single guartz perphyry sheet up to 600m thick or a
series of branching sheets sach on the hectometric scale. Rafts of sedimentary
rock within the acid porphyry show that it was emplaced as a series of
finger-like imtrusions. West of Rio Tinto the sense of asymmetry of these
sedimentary screens means that the acid sheet cuts up section and is regionally
slightly discordant. The lower part of the sill-complex is mainly dolerite
imtrusives with a very variable sill to sediment ratio ranging upwards from

5 to 1. In ore section the basic portion is virtually a single dolerite sill
300m thick that incluwdes very minor sedimentary screens.

Evidence for coeval magmatic imtrusion and sedimentation {(cf. Guaymas and other
sedimented ridges) is abundant in the form of interaction between fluidised
sediment and brecciated magma. About 70% of igneous/sedimentary contacts are
craracterised by peperites (Fig. 1) commonly only a few metres thick but, where
contact relations imvolve rafting of country rock, peperite zones extend for
many 10s of metres (e.g. Corta Atalaya). The majority of the peperites have the
classic form of in situ mixtures of brecciated magmatic rock with jig-saw fit
patterns and a sedimentary matrix. The slight regional discordance of the large
acid sheet and some local more abrupt steps across the country rock, brought acid
magma into contact with a variety of sediment types. Accordingly the peperite
style 1is controlled by the mature of the host; interaction was greatest where
magma injected mud and minimal against gravel. Globular peperite is very rare
but several porphyry-mud contacts are characterised by dispersal of igneous
fragments in the host sediment. Columnar cooling joints have been penetrated
for 10s .of metres but the extent of pepetration of slurried mud is much greater
in breccia dykes which are wp to 200m in length in acid sheets. More coherent
clastic dykes are rarely abundant but some form discordant sheeted intrusions
imto host igneowns imtrusions. Many of the sedimentary screens within the acid
sheets are semi—continmous and internmally are commonly cut by abundant
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sub-concordant magmatic intrusions. Sharp truncation of sedimentary layering
demonstrates replacement of fluidised sediment by magma. To fill the breccia
dykes, peperite breccias, and cooling joints, requires considerable volumes of
sediment and this leads to intrusion erosion of the muddy parts of the host rock.

Internal brecciation of the acid intrusions is widespread and the lateral change
from peperite to. a monomict porphyry breccia shows a genetic link. The monomict
breccia is an intrusive hydroclastic breccia and was probably formed by steam
generated in the peperite zone penetrating further into the intrusive than the
slurried sediment. Alteration is clearly associated with this process as the
macrix is typically strongly cleaved and chloritised relative to cores of little
affected porphyry. The resultant rock has been interpreted as pyroclastic
rather than hydroclastic in origin. Alteration along sill margins and around
sheeted sedimentary dyke swarms is also attributed to processes associated with
magma wet-sediment interaction. The chemical and mineralogical changes are
currently being investigated.

Because this widespread magma wet-sediment interaction took place in a
sill-sediment complex with very minor sediment, the large dolerite and QFP sills
must be very closely related in time. DSDP drilling in the Guaymas shows that
sills expel pore fluid from contact zones equivalent to sill thickness. A
progressive build up of the Rio Tinto complex would have dewatered the
sedimentary screens before the next intrusion preventing any further fluidisation
of sediment. Immediately before the main phase of intrusive activity,
distinctive acid intrusions outside the Rio Tinto area generated large volumes of
hydroclastic detritus when they became extrusive. This event involved a
microporphyritic QFP and a quartz poor, coarsely feldspar phyric, QFP. Very
high-level intrusions commonly break down their cover of wet-sediment and by this
means can form a major sediment source. This event produced a sedimentary
sequence dominated by gravel-grade volcaniclastic rocks in largely disorganised
beds between 10 and 30m in thickness (Fig. 2). These debris flow deposits mainly
contain highly angular fracture-bound clasts of porphyry (hydroclasts) with some
clasts of peperite, hydroclastic breccia, and silicified iron-rich mudrock. A
small percentage of clasts are highly irregularly shaped as a result of plastic
deformation suggesting they were transported whilst very hot.

There is considerable field evidence in the Rio Tinto district that acid and basic
magmas coexisted in the same magmatic plumbing system. The major acid and basic
sills that form more than 85% of the sill-sediment complex were emplaced
essentially synchronously. One locality in the Odiel River WNW of Rio Tinto
records back-veining of acid magma into basic along a QFP/dokerite contact
showing that both phases were emplaced before either solidified. Several
varieties of acid porphyry also coexisted as indicated by the mingling of these
magmas commonly seen on the margins of the main phase acid sills. The major acid
sills underlie the sequence of resedimented hydroclastic breccias east of Rio
Tinto but regional discordance gradually transfers this volcaniclastic package to
below the QFP sills. 1In the Odiel River dolerite intrudes these acid derived
breccias and demonstrates that the main pulse of acid plus basic magma post-dated
some acid magmatism. Such relations have been erroneously interpreted as cycles.

The combined field relations indicate an unusually high rate of magma supply to
the near surface especially in the pulse that created the bulk of the silils.
Cover thickness was probably less than 100m during the main intrusion event and
may ha