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ABSTRACT

The Lower Llandoverian metasedimentary series of the Prades Mountains, in southwestern Catalonia, Spain, consists of
interbedded massive feldspar beds, composed of almost pure anorthite, with chert, phosphate beds, sulfide-rich black shale,
massive sulfides and minor calc-silicate beds. The sulfides mainly consist of pyrrhotite with minor chalcopyrite. The
metasedimentary rocksareanomalously V- and Cr-rich and contain disseminated mineral s bearing precious metals, e.g., sperrylite
and palladian |6llingite. On the basis of the geological setting of ore formation and the textural relationships among the minerals,
a sedex model is proposed for the primary origin of these deposits and occurrences. However, textural patterns and mineral
compositions were modified during several episodes. Firstly, Hercynian deformation and associated regional low-grade meta-
morphism produced cleavage and small-scale veining in the primary associations. Later, contact metamorphism related to Late
Hercynian intrusions annealed the mineral associations. A sulfidation stage of mineralization caused replacement of Pd-bearing
16llingite by arsenopyrite. During this process, the arsenopyrite structure was unable to accommodate such high Pd contents and,
consequently, Pd was precipitated as PdAs, and scarce small grains of native Pd, disseminated along the 16llingite — arsenopyrite
contact, in association with argentian gold, and tellurides and selenides of Au, Ag, Bi and Pb.
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SOMMAIRE

Les roches métasédimentaires du Llandoverien inférieur des Montagnes de Prades, dans le sud-ouest de la Catalogne, en
Espagne, contiennent des alternances de couches a anorthite, de chert, de phosphates, de schiste noir a sulfures (surtout avec de
lapyrrhotite et delachalcopyrite), des sulfuresmassifs et des cal c-silicates. Cesroches sont enrichiesen V et Cr, et ellesmontrent
aussi des disséminations de minéraux a métaux précieux, par exemple sperrylite et 6llingite palladifere. Le contexte
géodynamique et les relations parmi les minéraux suggérent un modele primaire de formation du type sedex, mais les composi-
tions minérales et les textures ont été trés fortement modifiées par les processus postérieurs. La déformation hercynienne et le
métamorphisme régional a faible degré ont produit un clivage et des remobilisations locales en veinules ds minerais. Le
métamorphisme de contact lié ala mise en place de roches granitiques tardi-hercyniennes a causé une recristal lisation des asso-
ciationsminérales. Laldllingite palladifére a été replacée par I arsénopyrite. Pendant ce processus, le Pd rejeté de la structure de
laléllingite precipita sous forme de palladium natif ou de PdAs, prés del’interface entre les deux minéraux, en association avec
I"or argentiféere, des séléniures et des tellurures d'or, d'argent, de plomb et de bismuth.

Mots-clés: 16llingite, palladium, sperrylite, or, tellurures, séléniures, sedex, schiste noir, métamorphisme, Catalogne, Espagne.
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INTRODUCTION

The Hercynian series of the Catalonian Coastal
Ranges, northeastern Spain, contain several sedex-type
deposits (Ayora et al. 1990). Similar deposits also oc-
cur in the Hercynian terranes of the Pyrenees and the
Iberian Massif, and in the Montagne Noire district of
southern France. Most of the reported occurrences oc-
cur in Carboniferous and Cambrian—Ordovician series,
but the Silurian series also contains severa deposits at
its base. In the Prades Mountains, near the Poblet mon-
astery, at the southern part of Catal onian Coastal Ranges
(Fig. 1), severa sedex deposits hosted by Llandoverian
black shale are known. In these deposits, Pd and Pt min-
erals related to a V-Cr anomaly have been found
(Melgargjo 1992, Melgarejo et al. 1994). Preliminary
analyses of the ore by the lead fire-assay method gave
0.45 ppm Pd, 0.25 ppm Pt, 0.12 ppm Au and 6 ppm Ag.

The occurrence of PGE anomalies in sedimentary
rocks has been recently reported in several deposits
(Hulbert et al. 1992, Coveney et al. 1992, PaSava 1993);
however, descriptions of the PGE-bearing minerals in
these occurrences are sparse. Our aiminthisreportisto
describe the mineral phases that concentrate these ele-
ments in the sedex deposits of the Prades Mountains. A
description of the accompanying minerals, in particular
the V—Cr oxides and V-, Cr-rich silicates, is found in
Canet et al. (2003).

GEOLOGICAL SETTING

A detailed description of the geology of the areacan
be found in Canet et al. (2003). The Prades Mountains
area, located in the southern part of the Catalonian
Coastal Ranges (Fig. 1), consists of a Hercynian base-
ment unconformably covered by Mesozoic—Cenozoic
series. The Hercynian basement is made up of Lower
Paleozoic, Silurian and Devonian metasedimentary
rocks, unconformably overlain by Carboniferous series.

In the Prades Mountains, the outcropping Paleozoic
seriesbeginswith an interbedding of quartzite and black
shale (Upper Ordovician — Lower Llandoverian).
Above, a Lower Llandoverian ore-bearing unit, up to
30 m thick, comprises a complex interbedding of chert,
phosphate beds, anorthite-rich beds, cal c-silicates, mas-
sive sulfide beds and sulfide-rich shale (Melgarejo
1992). Upper Llandoverian and Wenlockian sedimen-
tary rocks consist of pyrite-rich black shale (Ashauer &
Teichmuller 1935).

The Devonian series consists of black shale and
quartzite of Eifelian— Famennian age (Melgarejo 1992).
The Carboniferous series starts with Tournaisian chert
beds (“lidites’). These cherts are followed by a thick
sequence, up to 2 km, of a detrital seriesranging in age
from Visean to Lower Westphalian.

The Hercynian Orogeny deformed all the above-
mentioned rocks, and a regional metamorphism was
mainly developed under low-grade conditions, in the
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epizone. The deformation phases produced folds with
NW-SE axes and an axial plane dipping toward the
northeast. The axial cleavage usualy is poorly devel-
oped. Thrust structures were produced in the flanks of
folds.

Late Hercynian granitic rocks, Permian in age, in-
truded all the above series, and produced contact-
metamorphic aureoles up to 500 m wide (Melgarejo
1992, Serra & Enrique 1989). Several generations of
porphyritic dikes cut these intrusions and the metamor-
phic rocks.

In addition, two types of mineralized quartz veins
occur in the vicinity of theleucogranites: a) sulfide-rich
quartz veins, with molybdenite, galena, chal copyrite and
sphalerite, accompanied by tellurides of Bi and Ag, and
b) quartz veins with scheelite and minor ferberite
(Melgargjo & Ayora 1984).

A 200-m-thick Triassic megaseguence unconform-
ably overlies the Paleozoic rocks. Alpine faults consti-
tute the boundary between the Prades M ountains M assif
and the Cenozoic sediments of the Ebro and Prelitoral
basins (Fig. 1). Many of these faults contain Ba—FPb—
Zn—Cu-Ni—Co-Ag veins. For example, the Atrevida
veinismorethan 4 kmin length, 200 m in depth and up
to 8 minwidth. The vein filling consists of baritein the
uppermost parts and quartz in the deepest levels. The
ore minerals consist mainly of galena and sphalerite,
although Bi minerals (native bismuth, bismuthinite, Bi
tellurides) and Ni—Co arsenides, sulfoarsenides and sul-
fides (rammelsbergite, skutterudite, gersdorffite, miller-
ite, linnagite) may locally be dominant. These ores are
also accompanied by silver minerals, e.g., acanthite,
hessite, pearceite — polybasite, proustite and native sil-
ver (Melgarejo & Ayora 19853, b, Canals et al. 1992).

STRUCTURE OF THE SULFIDE-RICH UNITS
FROM THE LOWER SILURIAN SERIES

Many ore-bearing Llandoverian showings have been
discovered in the Prades Mountains, and most of them
acted as loci of detachment along Hercynian thrusts.
Therefore, the ore-bearing units crop out as thin belts
approximately parallel to the direction of the folds and
thrusts of the first tectonic phase, N130°. The most im-
portant ore-bearing outcrops in terms of extent, thick-
ness, and mineral contents, are found at Roca de Ponent,
Coma Foscaand Sant Miquel (Fig. 1). The outcropping
Lower Llandoverian series were affected by thermal
metamorphism to various grades.

Fic. 1. Distribution of Silurian stratiform occurrences in the
Catalonian Coastal Ranges, and geological map of the
northern part of the Prades Mountains. Simplified after
Melgarejo (1992).
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The stratigraphy of the ore-bearing interval can be
described as an interstratification of roughly mono-
mineralic beds, from millimeters to severa decimeters
in individual thickness. These are anorthite-rich beds,
phosphate beds, sulfide-rich shales, massive sulfide
beds, and scarce calc-silicate layers. A detailed descrip-
tion of all these unitsisfound in Canet et al. (2003).

Ore minerals mainly occur disseminated within the
above-mentioned metasedimentary units. In al cases,
pyrrhotite is the most common ore mineral, whereas
chalcopyrite is less abundant. In addition, many other
ore minerals occur in minor amounts, including miner-
als containing precious elements. V—Cr oxides, rutile
and ilmenite are common as disseminations in the sul-
fide-rich shales, whereas V- and Cr-bearing silicates
occur mainly in the anorthite-rich beds (Canet et al.
2003). Uraninite is common as minuscule grainsin al
the beds.

Although most sulfides occur disseminated within
the above-described rocks, they can form massive beds
and lenses up to 20 cm thick. Pyrrhotite, sphalerite and
chalcopyrite are the main components of these lenses.
Galenaisvery rare, and minor amounts of scheelite are
present. The massive sulfides are especialy abundant
in Sant Miquel and Coma Fosca.

Small pyrrhotite — chalcopyrite veins cross-cut the
sulfide-rich metasedimentary rocks. These first-genera-
tion veins are irregular in shape and distribution. They
have limited continuity and a thickness of less than 3
mm. They arerestricted to the sulfide-bearing units, thus
suggesting that they were remobilized during regional
metamorphism.

All the assemblages mentioned exhibit textures
indicating that they were affected by the Hercynian de-
formation and the Late Hercynian thermal meta-
morphism.

Finally, some undeformed late veins of pyrite cross-
cut al the above assemblages. In addition, late, unde-
formed and unmetamorphosed of pyrite replaces
pyrrhotite, and gives rise to a bird’ s-eye texture.

COoNDITIONS OF ANALYSIS

The minera associations have been studied in thin
and polished sections. Images obtained with a scanning
electron microscope (SEM) and qualitative analyses
were produced using a JEOL and a Cambridge
Stereoscan 120 electron microscopes at the Serveis
Cientifico-Técnics de la Universitat de Barcelona
(Spain). The samples were carefully examined in back-
scattered electron (BSE) mode, in order to determine
thedistribution of heavy elementsin mineral grains. The
mineralswere quantitatively analyzed with aJEOL elec-
tron microprobe (energy-dispersion mode) at Carleton
University, Ottawa, Canada, and in wavel ength-disper-
sion mode using a CAMECA SX-50 at the Serveis
Cientifico-Técnics of the University of Barcelona, and

THE CANADIAN MINERALOGIST

aCAMEBAX at the Musée d' Histoire Naturelle, Paris.
Conditions of analysis of the ore mineralswere: 25kV,
20 nA, beam diameter of 1 pm, and a counting time of
10 s. We used the following standards: nickel oxide
(NiKa), galena (PbLa), ZnS (Zn SKa), AgeTe (TelLa),
silver metal (AgLa), gold metal (AuLa), guangjuatite
(SeL), palladium metal (PdLa), platinum metal (PtLc),
cobalt metal (CoKa), gallium arsenide (AsLa), bismuth
metal (BiLc), indium antimonide (SbLa), and hematite
(FeKa).

MINERALS oF THE PLATINUM GROUP
AND AG—-AU: MobDES oF OCCURRENCE

All the platinum-group minerals (PGM) appear in
the sulfide-rich shale beds, and are linked to As; Pt is
found as sperrylite (PtAs,), and Pd mainly occursin the
|6llingite structure, or as a Pd arsenide. Other palladium
mineral s (native palladium, stibiopalladinite), argentian
gold, and Ag-Au—Pb tellurides and selenides (hessite,
petzite, clausthalite, ataite) typically occur related to the
contact between palladian 16llingite and arsenopyrite.
An idealized distribution of the precious-metal-bearing
minerals in these rocks is shown in Figure 2.

Soerrylite

Sperrylite, PtAs,, is the only Pt mineral found in
these deposits, and only in the Sant Miquel occurrence.
It isuncommon, and occurs disseminated in the sulfide-
rich shale horizons as small, round crystals (up to 10
wm in diameter). Sperrylite formed before the contact
metamorphism, as is indicated by the development of
triple-point annealing contacts with pyrrhotite grains
(Fig. 3). Thegrains of sperrylite are surrounded by later
veins of pyrite, but in contrast to 16llingite, they do not
display areaction rim of S-rich PGM. The mineral com-
position approaches that of theideal formula (Table 1).

Palladian |6llingite

Palladian l6llingite is the most common Pd-bearing
mineral inthe Sant Miquel occurrence. It occurs as small
grains (upto 100 wminsize) that, in all cases, are partly
replaced by Pd-free arsenopyrite (Fig. 4). Thisreplace-
ment is due to late sulfidation processes, and it takes
place at the same time as the replacement of pyrrhotite
by pyrite. X-ray mapping demonstrates that the palla-
dium is concentrated in the l6llingite crystals (Fig. 5).
The palladium contents are very variable from grain to
grain, as well as within each grain. The amount of Pd
ranges between 0 (the most common value) up to 3wt.%
(Table 1). Although there is no documentation related
to PGE contentsin [6llingite, Gervillaet al. (1991) have
experimentally demonstrated that other arsenides (for
example, Ni—Co arsenides reported in the Betic—Rifean
ultrabasic rocks in Spain and Morocco) may contain
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Fic. 2. ldealized sketch showing the distribution of precious metals and some associated mineral phases in the Prades Moun-

tains deposits. Po, pyrrhotite; BE, late generation of pyrite replacing pyrrhotite, with bird’s-eye texture. Symbols: Spl:
sphalerite, Cpy: chalcopyrite, Cl: clausthalite, Hes: hessite, Apy: arsenopyrite, PdAs;: palladium arsenide, Au: argentian
gold, Pd: native palladium, PdSh: stibiopalladinite, TeAu: petzite, TeBi: bismuth tellurides, Lol: 16llingite, Pd-Lol: palladian

16llingite, Gn: galena, Ac: acanthite, U: uraninite.

important amounts of Pd (up to 8.8 wt.%). Cabri et al.
(2002) aso reported the occurrence of traces of Pd in
[6llingite crystals.

Other Pd minerals

Native palladium and stibiopalladinite were found
only in one sample as small platelets lessthan 2 umin
diameter, rimming the contact between palladian
|6llingite and arsenopyrite. The size of these grains did
not allow quantitative chemical analyses. Moreover, a
Pd-As mineral phaselessthan 3 um in diameter occurs
as small grains at this contact. Electron-microprobe
analyses suggest acomposition closeto PdAs, (Table 1),
which could correspond to an unnamed Pd arsenide.

Argentian gold

Argentian gold appearsin the Sant Miquel and Roca
de Ponent occurrences, at the replacive contact between
|6llingite and arsenopyrite, or as small inclusions into
the arsenopyrite crystals (Fig. 6). It forms small irregu-
lar grains, up to 30 wm in size, with an average compo-
sition of AugsAgss (Table 1). A similar relationship
between gold grains and the |8llingite — arsenopyrite
contact has already been reported in Archean lode-gold
deposits (Neumayr et al. 1993).

Mercurian silver

Mercurian silver was found only in one case, at the
|6llingite — arsenopyrite replacive contact in the Sant
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TABLE 1. CHEMICAL COMPOSITION AND STRUCTURAL FORMULA OF PRECIOUS-METAL-BEARING MINERALS,
SILURIAN SEDEX DEPOSITS IN THE POBLET AREA, SOUTHWESTERN CATALONIA, SPAIN

Js-f8 Au  Hes Hes Pdds, Pdds, Spy Spy Spy Ptz Apy Lol Lol Lol Lol Lol Lol Lol Lol
OO0 06000666 6 0
Ag wt.% - 65.00 63.50 62.15 - - - - - 3840 - - - - - - - - -
Au . 2190 - - < e ..o 240 - - - o - - - o
Pd - - - - 39.40 38.10 - - 0.12 - 0.09 1.80 2.70 1.50 030 0.17 013 062 239
Pt - - - 026 - - 53.39 53.10 5259 - 001 - - - - 011 - 0.00 035
Te 21.20 0.20 36.20 37.15 0.50 0.60 - - - 3030 - 030 030 030 030 - - - -
Fe 0.10 6.00 - 0.12 230 330 2.63 256 2.89 4.10 32.92 2140 21.70 22.10 23.90 23.37 23.92 21.65 20.82
Bi 7626 210 - - - - - - - - - - - - - - - - -
Pb 030 - - - - - - - - - - - - - - - - - -
Ni - - - - 1.00 120 Q.10 9005 - - 0.14 410 370 370 330 338 3.22 389 351
Co - - - - 030 040 002 008 003 - 092 180 120 1.80 140 132 1.11 148 198
5 269 230 - 007 020 0.10 019 0.12 024 110 1939 040 040 080 160 128 143 1.81 0.55
As - 400 - - 54,20 55.80 42.62 42.76 4256 250 4638 69.90 70.30 69.30 69.20 70.04 69.88 70.80 71.12
Sb - - - - 090 120 - - - - - 030 030 030 030 - - - -
Total 100.55101.50 99.70 99.75 98.80100.70 98.94 98.67 98.43 98.80 99.84100.00100.60 99.80100.30 99.67 99.69100.25100.72
Ag apfu - 0629 2.075 1.964 - . - - 2998 - - . - .. .
Au - 0.116 - - - - - - - 0958 - - - - . . - . -
Pd - - - - 1.000 0.939 0.000 0.000 0.004 - 0.001 0.019 0,029 0.016 0.003 0.0062 0.001 0.006 0.025
Pt - - - 0.005 - - 0.952 0.948 0.937 - 0.000 - - - - 0.002 - - 0.007
Te 1.800 0.002 1.000 0.993 0.011 0.012 - - - 2000 - 0005 0.005 0.0050.005 - - - .
Fe 0.020 0.112 - 0.007 0.111 0.155 0.164 0.160 0.180 0.618 0.952 0.808 0.815 0.831 0.877 0,859 0.876 0.774 0.771
Bi 3.960 0.010 - - - - - - - - - - - - - - - - -
Pb 0.020 - - - - - - - - - - - - - - - - - -
Ni - - - - 0.046 0.054 0.006 0.003 0.000 0.000 0.004 0.147 6,132 0.132 0.115 0.118 0.112 0.132 0.124
Co - - == 0014 0.012 0.001 0.005 0.002 0.000 0.025 0.064 0.043 0.064 0.049 0.046 0.039 0.050 0.070
S 0.910 0.075 - 0.007 0.0617 0.008 0.020 0.013 0.026 0.289 0.977 0.026 0.026 0.052 0.102 0.082 0.091 0.112 0.035
As - 0.056 - - 1.953 1.954 1980 1.987 1.974 0.281 1.000 1.968 1.969 1.942 1.893 1.918 1.909 1.888 1.965
Sb - - - - 0.020 0.026 - - - - - 0.005 6.005 0.005 0.005 - - - -

Symbols: Js-£: joséite-B, Au: argentian gold, Hes: hessite, PdAs,: arsenic—palladium mineral, Spy: sperrylite, Ptz: petzite, Apy:

arsenopyrite, Lol: 16]lingite.

The electron-microprobe data are expressed in wt.% and converted to atoms per formula unit (apfi).

Miquel occurrence. It occursasfine platel etslessthan 1
pm in diameter. This size prevents quantitative chemi-
cal analyses.

Ag and Au tellurides

Petzite, AgsAuTe,, and hessite, Ag,Te, occur in as-
sociation with clausthalite (PbSe) and altaite (PbTe).
With the exception of hessite, which grains can reach
50 wm in size, the size of the above mineralsis always
smaller than 10 p.m (Fig. 6). Chemical dataaregivenin
Table 1. Precious metal tellurides occur in two positions:
forming individual grains sparsely distributed within the
silicate matrix, and related to the late sulfur-rich miner-
as (Fig. 6). They are randomly distributed as irregular
grains inside arsenopyrite, but they can also occur as
irregular grains at the border of pyrrhotite grains, aswell
as into sulfidation-induced veins composed of pyrite.

Acanthite

Acanthite, Ag,S, occurs as scarce, small irregular
grains (up to 20 pwm in diameter) disseminated in the

sulfide-rich shale horizons; it can also occurs at the con-
tact between pyrrhotite grains or in the pyrite veinlets.
In the Roca de Ponent deposit, acanthite has also been
found as a product of infilling of late veinlets that cut
thelast replacement of pyrite; thus, it is probably epige-
netic and related to the mineralization that gave the
Atrevida Ba—F—Pb—Ni—Co-Ag-As Alpine vein.

OTHER METALLIC MINERALS
Pyrrhotite

Pyrrhotite isthe most common ore mineral in al the
deposits and occurrences studied. Beds of more than
50% pyrrhotite, up to 1 cmthick, are very common. The
shape and size of pyrrhotite grains depend on the grade
of contact metamorphism. In deposits affected by lower
grades, pyrrhotite is fine grained, and grains are flat-
tened according to the regional schistosity; euhedral
hexagona platelets are common. In those deposits af-
fected by ahigher grade of metamorphism, pyrrhotiteis
usually coarse-grained and anhedral, and displays a
granoblastic texture with the associated silicates.
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Fic. 3. Sperrylite grain (spy) in sulfide-rich shale, associated with pyrrhotite (Po) and
late-generation pyrite (py). Note the quartz grains (qtz) as a component of the
metapelites. SEM, BSE image. Scale bar: 20 pm.

Fic. 4. Paladian 16llingite (Lol) replaced by arsenopyrite (Apy) in sulfide-rich shale.
Pyrrhatite (Po) has been almost completely replaced by late pyrite. SEM, BSE image.
Scale bar: 100 pm.
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Fic.5.  X-ray mapping of arsenopyrite— palladian [6llingite grains, showing agood correlation of Pd, Co and As. Brighter areas
in thefirst figure are 16llingite. Electron-microprobe data; scale bar: 10 pm.
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Fic. 6. Distribution of some precious metals in relation to the arsenopyrite — 16llingite
contact: Argentian gold (Au) close to the contact between 16llingite (Lol) and
arsenopyrite (Apy) and hessite (Hes) and petzite (Ptz) enclosed in arsenopyrite. The
association is surrounded by pyrrhotite (Po), almost completely replaced by late pyrite

(Py). SEM, BSE image. Scale bar: 20 pm.

In addition to disseminated grains and massive beds,
pyrrhotite usually is the dominant mineral infilling the
first-generation veinlets. These veins are irregular in
shape, and consist only of sulfides. Theseveinsare older
than the thermal metamorphism, asindicated by anneal-
ing textures of its sulfide grains. Most grains of pyrrho-
tite are affected by late sulfidation, leading to its
replacement by pyrite, typically with a bird’s-eye
texture.

Arsenopyrite

Arsenopyrite grains are relatively common in the
pelitic matrix. They form diamond-shaped subhedral to
euhedral crystals, usually smaller than 2 mm across,
produced by the replacement of [6llingite. In most cases,
the |8llingite crystals have been almost completely re-
placed, and only some irregular relics remain. Arse-
nopyrite crystals are very rich in inclusions of
precious-metal-bearing minerals.

Chalcopyrite

Chalcopyrite is the third ore minera in abundance
(after pyrrhotite and late pyrite), and occurs in al de-
posits asanhedral grainsup to 100 wmin diameter. Itis
usually found in the massive pyrrhotite beds, or in the

first-generation veinlets. Chalcopyrite crystals have
been affected by all episodes of deformation and meta-
morphism.

Pyrite (and marcasite)

Sulfur-rich sulfidesarerarein these deposits. At least
three types of pyrite, all of them post-deformation, can
be observed in these deposits. The first was produced
by the replacement of pyrrhotite, and consists of poiki-
loblastic subhedral or anhedral crystals, up to 300 pm
in size. The second type of pyrite occursin veinlets, up
to 2 cm wide, along with galena, sphalerite and chal-
copyrite. The third type of pyrite formed as a late re-
placement of pyrrhotite, which leadsto the devel opment
of the bird’ s-eye texture. Pyrite is accompanied by bar-
ite and acanthite, and thereforeit could be related to the
Alpine hydrothermal processes that led to vein-type
barite mineralization in the area.

Shalerite

Anhedral grainsof sphaleriteupto 50 pminsizeare
scattered among the silicate matrix, and in the first-gen-
eration veinlets. Sphalerite grains display textural evi-
dence of equilibrium with pyrrhotite and, in general,
they do not contain chalcopyrite blebs. The sphaleriteis
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Fe-rich (up to 11 wt.% Fe), as expected by its associa-
tion with pyrrhotite, and has low contents of Mn
(1.6 wt.%) and Cd (0.4 wt.%).

Pb selenides and tellurides

Clausthalite, PbSe, is common in sulfide-rich shale
from all the deposits, and it isthe main Pb mineral in all
these outcrops, whereas altaite (PbTe) and galena are
very rare. Like hessite, these minerals occur at the bor-
der of pyrrhotite grains, asirregular inclusions (up to 20
wm) in arsenopyrite, in association with argentian gold
and with pyrite in late veinlets, thus suggesting a con-
nection with late sulfidation in the area.

Bi minerals

Bismuth tellurides, mainly joséite-B (BisTe:S) and
native bismuth, are very abundant asinclusionsin arse-
nopyrite from the Roca de Ponent occurrence, associ-
ated with argentian gold (Fig. 7). In this outcrop, the
arsenopyrite crystals can be seen with the naked eye and
are concentrated in discrete millimeter-thick beds.

Molybdenite and tungstenite
Molybdenite platelets (about 2 X 50 wm) are

sparsely distributed throughout all the sulfide-rich shale
horizons. Molybdenite occurs both in association with
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pyrrhotite in the pelitic matrix, or within the late veins
of pyrite. In the first case, molybdenite grains are ar-
ranged according the regionally developed slaty cleav-
age; in the second one, it forms radial aggregates or
single crystalsrandomly oriented. Tungstenite develops
athin syntactic rim on molybdenite (Fig. 8).

PARAGENETIC SEQUENCE

The sequence of crystallization of the sulfide oresin
the Silurian deposits from the Prades Mountains was
reported by Alfonso et al. (2002); Canet et al. (2003)
describe the sequence defined by the accompanying
minerals. A synthesis of all these data is shown in
Figure 9.

The textural patterns of the main disseminated sul-
fides (pyrrhotite, chalcopyrite and sphalerite) suggest a
syngenetic origin with the host Llandoverian meta-
sedimentary rocks. This assemblage of minerals was
clearly formed before deformation and thus is premeta-
morphic, as indicated by the development of cleavage
in the deposits located in the outermost part of the con-
tact-metamorphic aureole, and by the development of
annealing texturesin those located in theinnermost part
of the contact aureole. Textures typical of ore deposits
formed in submarine environments, such as framboids
and botryoids (Large 1983, Pesquera & Velasco 1993,
Valdés-Nodarse et al. 1993, Pérez & Melgarejo 1998),
are not preserved.

Fic. 7. Replacement contact between Pd-free [6llingite (Lol) and arsenopyrite (Apy), en-
riched in bismuth tellurides (TeBi). SEM, BSE image. Scale bar: 100 pm.
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Fic. 8. Molybdenite platelet (Mo) rimmed by tungstenite (Tgs), accompanied by titanite
(Ttn). SEM, BSE image. Scale bar: 20 pm.

On the other hand, in the case of several fine-grained
ore minerals, it isdifficult to establish the timing of for-
mation. Molybdenite, for example, iseuhedral and fine-
grained, and in no case seemsto replace other minerals.
Therefore, it can also be considered as syngenetic. Ei-
ther molybdenite or jordisite (amorphous Mo-sulfide)
occurs in many black-shale-hosted sedimentary-
exhalative deposits (Fan 1983, Coveney & Cheng 1991).
In addition, Pasava et al. (1996) reported the presence
of disseminations of molybdenitein the black shale units
of the Bohemian Massif, in association with framboidal
pyrite. These authors consider that the Mo was derived
from submarine hydrothermal-vol canogenic activity.

Sperrylite displays the same textura patterns (an-
nealing triple points, rounded grain borders) as the as-
sociated sulfide minerals (chalcopyrite, pyrrhotite).
Therefore, we conclude that the Pt was present in the
sediment before the contact metamorphism. Further-
more, the syngenetic formation of pyrrhotiteindicatesa
low activity of sulfur inthe hydrothermal solutions, and
in those conditions, l6llingite formed instead of arse-
nopyrite (Scott 1983). This fact also suggests that the
PGE were present in the sedimentary unit before meta-
morphism took place.

Other minerals (galena, l6llingite, scheelite) are in-
cluded in poikiloblastic minerals and could have formed
early. In addition, the anoxic environment of the sedi-
mentary basin could favor the formation of tungstenite
(W*'S,), although small amounts of scheelite could also
be formed at this stage.

The general occurrence of cordierite and “chiasto-
litic” andalusite in the black shale unitsisindicative of
a medium-grade contact metamorphism. Cordierite is
mainly found in the Fe- and Mg-rich beds, whereas an-
dausiteispresent in themore Al-rich black shale. These
minerals commonly enclose sulfides.

The emplacement of dikes of porphyritic granite as-
sociated with Late Hercynian intrusions locally pro-
duced the remobilization of the earlier ores. In the Sant
Bernat ravine, south of the Poblet Monastery, these
dikes (usually barren) are enriched in sulfidesalong their
contacts. The mineralization occurs as pseudomorphs
of feldspars and mafic minerals, with similar mineral-
ogy to that of the stratiform deposits (galena, pyrrho-
tite, chalcopyrite, sphalerite, scheelite), but also
comprises some sulfur-rich minerals (pyrite, arsenopy-
rite). Therefore, the sulfidation process that led to re-
placement of I6llingite by arsenopyrite and the
remobilization of precious metals can be related to this
stage.

A very late hydrothermal episode was produced at
higher f(S;) (bird’s-eye texture in pyrite) and at more
oxidizing conditions (presence of baritein small cracks
inthebird s-eyetextures). Inthe bird’ s-eye cracks, other
minerals that are common in the Atrevida late vein, as
gaena and acanthite, can be recorded. Therefore, this
late stage of crystallization could be related to the cir-
culation of the same fluids asthose that formed the Ba—
F-Pb—Ni—-Co-Ag-As-bearing Atrevida vein.
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Discussion

The occurrence of PGE-enriched sedimentary rocks
has been reported in several environments, mostly di-
rectly related to black shales (Coveney et al. 1992, Fan
et al. 1992, Hulbert et al. 1992, PaSava 1993, Kucha et
al. 1993). Pd and Pt enrichments have a so been reported
from VMS deposits (i.e., Pan & Xie 1992). These en-
richments cause a considerable controversy over their
origin, mainly owing to the absence at present of con-
temporary models. A problem for interpretation of the
originisthe paucity of detailed descriptions of the PGE-
bearing minerals and their textures in these sedimen-
tary units. As an example, high concentrations of the
PGE have been documented in black shale of the Bohe-
mian Massif (PaSavaet al. 1996), but the carrier phases
have not been identified.

Some aspects of the deposits from the Prades M oun-
tains, however, point out that these, at least, are of sedi-

Regional Contact Late
metamorphism metamorphism hydrothermal

Sedimentary-
exhalative

Llandoverian  Westphalian  Permian Alpine

Armenite -_
Chlorite
Barite
K-Feldspar
Acanthite
Pyrite
Stibiopalladinite
Pd arsenide ?
Gold

Petzite

Native bismuth
Bismuth tellurides
Allanite-(Ce)
“Wolframite”
Hessite
Clausthalite
Arsenopyrite
Goldmanite
Chromite
Coulsonite
Cordierite
Andalusite
Hedenbergite
Biotite
Muscovite
Amphiboles
Xenotime-(Y)
Monazite-(Ce)
Titanite
Uraninite
Rutile
Ilmenite
Quartz
Sperrylite
Sphalerite
Galena
Scheelite
Lollingite
T'ungstenite
Molybdenite
Chalcopyrite

Pyrrhotite
Apatite
Anorthite

Fic. 9. Episodes and sequence of crystallization in the
stratiform mineralization of the Prades Mountains.
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mentary-exhalative origin: 1) The mineralization is
stratiform and is hosted by detrital sedimentary rocks.
The first stage of ore mineralization is syngenetic with
the sedimentary host-rocks. The mineralization displays
the same deformation and metamorphic disturbances as
the host sediments. 2) There are monomineralic strata
of “abnormal” metasediments: feldspars, chert, phos-
phate, and sulfides. This is a typical pattern of many
sedimentary-exhalative deposits in the Catalonian
Coastal Ranges: in Cambrian — Ordovician deposits
(Gimeno & Viladevall 1983, Ayora et al. 1990) or in
Carboniferous deposits (Melgarejo 1992, Ayora et al.
1990, Canet 2001). Similar meta-exhalites also occur in
Ordovician and Devonian stratiform deposits in the
Pyrenées (Bois et al. 1976), and in the Proterozoic se-
ries of Bohemia (Gabriel 1991). 3) Although the host
seguence of the mineralization contains black shale, the
content of organic matter inthe mineralized bedsislow.
4) Volcanic rocks are not present in the Silurian series
of the area. However, contemporaneous Silurian alkali
basaltic rocks have been reported by Carmona &
Viladevall (1983) at the eastern area of the Catalonian
Coastal Ranges. 5) An extensional geotectonic setting
in the area, active since the Silurian up to the Lower
Carboniferous, is suggested by an intraplate alkali vol-
canism in the Lower Silurian series (Carmona &
Viladevall 1983, Gil Ibarguchi et al. 1990) and in the
Lower Carboniferous (Melgarjo & Marti 1989), and
by the synsedimentary faulting that caused major
changes in thickness and lithology in the upper Paleo-
zoic series (Melgargjo 1992). All these characteristics
are comparable to those used by Pouit (1984) to define
sedex deposits and their geodynamic setting.

Moreover, in the southern parts of the Catalonian
Coastal Ranges, sedex deposits containing Mn—Pb—Zn—
Cu-Ag arewidespread throughout the Carboniferous se-
ries (Melgarejo 1992, Canet 2001). According to Pouit
(1984), the continuous development of sedex deposits
during along period of time is common. Sedimentary-
exhalative deposits are common throughout the Paleo-
zoic series in other parts of the Catalonian Coastal
Ranges (Ayora et al. 1990) and the Pyrenées (Pouit
1978, 1986, Ayora & Casas 1985). Although there are
no data about PGE in these deposits, the association
arsenopyrite — 16llingite — gold has been reported in
many of them (Oudin et al. 1988).

In some occurrences of black shale from the Czech
Republic, there are PGE anomalies associated with
phosphate and carbonate beds, as well as marked
anomalies of Ni, Se, Y, Ni and Bi (PaSava 1993). Other
associations of amore varied mineralogy can be found
in the Catalan Lower Silurian, and similar phosphate
mineralization has been reported in Silurian base-metal
deposits from the Iberian Massif (Moro et al. 1992).
Furthermore, phosphate precipitation takes place in
present-day submarine exhalative environments, aswas
verifiedin the PuntaMitacoastal vents, in Mexico (Prol-
Ledesma et al. 2002).
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The V—Cr—PGE association is not rare in exhalative
deposits. Chromian spinel and vanadoan amphiboles,
associated with Pd minerals, have been reported in
Nairne, Australia (Graham 1978). The association of
noble metals and V (as evidenced in the compositions
of muscovite, phlogopite, pumpellyite, garnet, epidote,
Sh-enriched vesuvianite and titanite) has also been re-
ported in the Hemlo deposit, Ontario, Canada (Pan &
Fleet 1992).

Theorigin of these depositsisstill controversial, and
the category “PGE in black shales’ may include depos-
itswith different origins. A hydrothermal origin, related
to vol canism, was proposed to explain the high contents
of base metals and PGE in black shales (Grauch et al.
1991, PasSava et al. 1993, 1996). PaSava (1993) sug-
gested that PGE anomalies develop because of
exhalative processes around volcanic centersin rift ar-
eas, with the participation of organic matter.

CONCLUSIONS

Textura relations among the ores and their accom-
panying minerals indicate that mineralization in the
Prades Mountains originated in Silurian times, and the
ore assembl ages were formed and modified during three
main events: Silurian, Permian and Alpine. The Silurian
episode produced a stratiform mineralization in a
euxinic basin, comprising an interbedding of V- and Cr-
rich beds, feldspar-rich beds, black shale, massive sul-
fidesand phosphates. Au, Ag and PGE mineralsformed
also at this stage. Pt concentrated in sperryliteand Pd in
|6llingite.

During the Permian, contact-metamorphism pro-
duced annealing of mineral associations, including the
PGE mineralization. Sulfidation of the mineral associa-
tion produced replacement of 16llingite by arsenopyrite.
During this process the arsenopyrite structure was un-
able to accommodate such high concentrations of Pd ;
this element was thus redistributed as new Pd-rich min-
erals aong the l6llingite — arsenopyrite contact.

The PGE-bearing stratiform mineralization actsasa
preconcentration for late metallogenetic events. There-
fore, the possibility that PGE can be removed from the
stratiform mineralizations to other associations of the
area (skarnsand low-temperature Alpine veins) must be
envisaged.

The reported characteristics show the similarity be-
tween the Prades Mountains deposits and many others
emplaced in similar geodynamic contexts throughout
the Hercynian massifs of western Europe. For instance,
many Silurian depositsin the Iberian Massif (e.g., Moro
et al. 1995), and others of Ordovician and Devonian age
inthe Pyrenées(e.g., Boiset al. 1976). Asaresult, these
data open an interesting possibility for exploration for
precious metalsin sedimentary series and low-tempera-
ture Ni—-Co-As veins in western Europe.
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