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IN SITU ALTERATION OF PLATINUM-GROUP MINERALS AT LOW TEMPERATURE:
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ABSTRACT

Chromitite samples from the Vourinos ophiolite complex, in northwestern Greece, are found to contain platinum-group
minerals (PGM) derived from the in sifu alteration of primary (magmatic) PGM at low temperature. Primary laurite and ruthenian
pentlandite located adjacent to cracks in partially serpentinized chromitite are replaced along their rim by metailic Ru and
awaruite. Laurite in serpentine displays a rim depleted in S, Ir, and Os, and enriched in Fe and Ni. Several PGE alloys enriched
inIr, Pt, and Pd (Ir — Rh — Fe — Ni — Cu, Ni — Fe — Pt, Cu — Pt — Pd), and an unknown Ru — Os — Ir — Fe compound, were discovered
in strongly weathered chromitite from Agriatses, usually associated with chlorite, ferrian chromite, and abundant limonite.
Experimental monitoring of the fluorescence effect due to chromite in the analysis of various PGM leads to the inference that the
Ru — Os — Ir — Fe compound contains oxygen. It was not possible to establish if the mineral is an intergrowth of Ru-rich alloy
with Fe-hydroxide (goethite or limonite) or a true PGE oxide. On the basis of the restricted occurrence of these PGM to weathered
chromitite, as well as paragenetic and compositional considerations, the secondary assemblage seems to have formed at low
temperatutes by in situ desulfurization of a PGM sulfide precursor, during serpentinization, followed by oxidation of the
desulfurized PGM, under conditions of weathering.
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SOMMAIRE

Des échantillons de chromitite provenant du complexe ophiolitique de Vourinos, dans le secteur nord-ouest de la Gréce,
contiennent des minéraux du groupe du platine (MGP) dérivés par I’altération in sifu 2 faible température de minéraux primaires
(magmatiques). La laurite et la pentlandite ruthénifere se trouvant le long de fissures dans la chromitite partiellement serpentinisée
sont remplacées 2 leur bordure par le Ru natif et I'awarnite. La laurite piégée dans Ia serpentine a une bordure appauvric en S,
Ir, et Os, et enrichie en Fe et Ni. Plusieurs alliages des &léments du groupe du platine enrichis en Ir, Pt, et Pd (Ir - Rh —~ Fe - Ni
— Cu, Ni — Fe — Pt, Cu — Pt — Pd), et un composé 2 Ru — Os — Ir — Fe méconnu ont été découverts dans des échantillons de
chromitite fortement météorisés d’ Agriatses, généralement en association avec chlorite, chromite enrichie en Fe3*, et limonite
abondante. Un controle expérimental de I’effet de fluorescence df 2 la chromite dans I’analysis des particules de MGP nous fait
penser que le composé & Ru — Os — Ir — Fe contient de I’oxygéne. Par contre, il n°a pas été possible d’établir si le minéral est en
fait une intercroissance d’un alliage riche en Ru et d’hydroxyde de fer (goethite ou limonite), ou bien vraiment un oxyde de Ru.
D’apres la distribution de ces MGP limitée aux échantillons de chromitite météorisés, ainsi que les considérations de paragendse
et de composition, I’assemblage de minéraux secondaires se serait formé a faible température, par perte de soufre i sifu d’un
minéral primaire précurseur, au cours de la serpentinisation, suivie d’une oxydation du minéral néoformé dans un milieu de
météorisation active.

(Traduit par la Rédaction)

Mots-clés: minéraux du groupe du platine, altération, chromitite serpentinisée, chromitite météorisée, Vourinos, Grece.

INTRODUCTION

It is commonly held that platinum-group minerals
(PGM) associated with chromitites are magmatic in
origin, They generally consist of alloys, sulfides and
sulfarsenides that are believed to have crystallized
before and during the precipitation of chromite. Parage-
netic and textural relationships among different phases
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are generally consistent with magmatic conditions
involving the increase of sulfur fugacity with decreas-
ing temperature (Stockman & Hlava 1984), leading, in
some case, to the appearance of an immiscible sulfide
liquid in the chromite-forming system. On the other hand,
there is now convincing evidence that primary PGM
may become unstable during postmagmatic, supergene
evolution of the ultramafic host (Bowles 1986, 1987,
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Bowles et al. 1994). Several recent studies have confirmed
that PGM can be in some way modified or altered as a
result of the mobility of the platinum-group elements
(PGE) at a relatively low temperature. Inversion of the
S(S,) magmatic trend can take place during serpentini-
zation, and formation of native PGE instead of sulfides is
generally favored. Stockman & Hlava (1984) argued that
Ru-rich alloys in chromitites of southwestern Oregon may
have originated by desulfurization of primary laurite
during serpentinization, the process involving addition
of Fe — Ni to the reduced PGM. Formation of native PGE
and alloys as a result of low-temperature secondary altera-
tion was subsequently reported from a number of PGM-
mineralized chromitites (Prichard & Tarkian 1988,
McElduff & Stumpfl 1990, Nilsson 1990, Kieser 1994,
Prichard et al. 1994). In particular, the alteration of laurite
to form native Ru at low temperature was conclusively
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demonstrated in chromitites of Ronda, Spain (Torres-Ruiz
et al. 1996).

As part of a comparative study of chromite-related
PGE mineralization in upper-mantle orogenic massifs,
an overview of PGM mineralization in the Vourinos
chromitites was undertaken. The results of the previous
investigations were generally confirmed; they show the
existence of primary Ru — Os — Ir PGM (laurite, irarsite,
Os —Ir alloys) as inclusions in fresh chromite (Augé 1985,
1988, Legendre & Augé 1986, Augé & Johan 1988). A
distinctive paragenetic assemblage of PGM in apparent
disequilibrium with magmatic conditions was also dis-
covered. The assemblage suggests an origin at low tem-
perature, by in situ desulfurization of pre-existing PGM
sulfides. In this paper, we describe the mineralogy, textural
relations and composition of these PGM and their associated
minerals, and discuss genetic aspects of the mineralization.
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Fic. 1. Geological sketch-map of the Vourinos ophiolite complex, showing location of the
chromite mines and chromitite occurrences examined in the present work.
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TABLE 1. MINERALOGY AND FREQUENCY OF PGM GRAINS
IN THE SAMPLES INVESTIGATED

Sample Locality Source Ore type Degree of PGM No. of
serpentinization grains

VS 1 Kissavos In place Massive Strong Laurite 2
VS 2 Kissavos Dump Massive Strong Laurite 1
Vs3 Kissavos In place Leopard Strong Laurite 2
VS§5 Agriatses Dump Massive Strong Laurite 2
Irarsite 1
Secondary PGM 16

Vs 6 Agriatses Dump Massive Strong Laurite 1
Secondary PGM 4

Vs i1 Voidolakkos Dump Leopard Weak Laurite {
VS 12 Voidolakkos Dump Massive Weak Os-Ir-Ru alloy 1
Ruthenian pentlandite 1

Vs 13 Voidolakkos Dump Schlieren Weak Laurite i
Secondary PGM 1

VS 14 Koursumia Dump Massive Strong Laurite 2
VS 15 Actoraches In place Schlieren Medium Laurite 1
VS 16 Aetoraches In place Schlieren Strong Laurite 1
VS 18 Xerolivado Stock pile Schlieren Medium Os-Ir-Ru alloy 1
Cupro-iridsite 1

Vs 19 Xerolivado Stock pile Schlieren Medium Laurite 1
VCR 2 Xerolivado Stock pile Schiieren Medium Laurite 1

GEOLOGICAL SETTING
AND THE MATERIAL INVESTIGATED

The Vourinos ophiolite complex (Fig. 1) extends
over about 400 km? in northwestern Greece. Although
tectonically disrupted and affected by serpentinization,
the complex constitutes an almost complete ophiolite
suite of early to middle Jurassic age. More than 700 occur-
rences of chromitite ore, including some of the largest
producing chromium mines in the country, are found in
the complex, mostly in the mantle tectonite unit. Size,
morphology, and textures typical of ophiolitic chromi-
tite, disseminated, schlieren, leopard, and massive ore,
have been described (Economou et al. 1986, Roberts
et al. 1988).

During this investigation, a total of 20 chromitite
samples were collected in place or from stockpiles and
dumps in mining operations at Kissavos, Agriatses,
Voidolakkos, Koursoumia, Aetoraches, Xerolivado,
and Tsouka (Fig. 1). The samples containing PGM are
listed in Table 1. The samples are representatives of
different types of ore and exhibit partial (<10%) to
almost complete serpentinization. In the less-altered
samples from Voidolakkos, Aetoraches, and Xerolivado,
pseudomorphic serpentine develops on olivine relics,
and serpentine veins are rare. In the most intensely
serpentinized samples (Kissavos, Agriatses), relics of
olivine are absent, and serpentine displays a felted texture,
with abundant cross-cutting veins (of serpentine). The
samples from Agriatses were collected in the old mine

dump, and exhibit evidence of long exposure to weath-
ering, resulting in clay-rich and ferruginous crusts.

The chromite locally shows pull-apart textures and
brecciation, and invariably is transformed into Mg—-Al-
poor and Cr-Fe*-rich “ferritchromit” (hereafter re-
ferred to as ferrian chromite) along the rim and cracks,
whereas the core of grains is usually free of such altera-
tion. Primary inclusions in fresh chromite consist of
Ni—Fe—Cu sulfides (pentlandite, pyrrhotite, chalcopy-
rite, bornite), silicates (olivine, pyroxenes), and the
PGM (Table 1), Serpentine and chromian chlinoclore
constitute the most common filling of cracks and fissures
in the chromite, usually associated with the ferrian
chromite alteration and, in some cases, accompanied by
Cr-rich magnetite. The secondary opaque-mineral
assemblage also comprises pentlandite, millerite, heazle-
woodite, Ni-Fe alloys (awaruite) and native copper
occurring in the ferrian chromite alteration zones or in
the silicate matrix to the chromite. Abundant limonite
developed along cracks as minute botryoidal aggregates
in the weathered samples of Agriatses. Several PGM
were discovered as part of the secondary paragenesis
(Table 1).

EXPERIMENTAL
Methods of investigation

Two polished sections were prepared from each
sample of chromitite and examined by reflected-light
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microscopy at 250-800X magnification, which allowed
the detection of more than 50 grains of PGM. Observa-
tion of optical properties was limited to the estimate of
color, anisotropy, and reflectance, the latter by com-
parison with associated PGM and base-metal sulfides.
The PGM grains were investigated in sifu by scanning
electron microscopy (SEM) and electron-microprobe
analysis. Back-scattered electron (BSE) images were
obtained at the University of Parma using a JEOL
instrument operated at 15 kV and 20 nA. Electron-mi-
croprobe analyses were carried out at the University of
Modena using an ARL-SEMQ instrument operated at an
accelerating voltage in the range 25-15 kV and a beam
current in the range 20-10 nA, with a beam diameter of
about 1 pm. Pure metals and natural chromite were the
standards for PGE and Cr, respectively, whereas counts
of S, As, and the base metals (Fe, Ni, Co, and Cu) were
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calibrated with synthetic NiAs, FeS,, CoAsS, and
CuFeS,. The following X-ray lines were used: Ko for S,
Cr, Fe, Cu, Co and Ni, Lot for Ir, Ru, Rh, Pt, Pd and As, and
Mo for Os. Automatic corrections were made to take
care of the interferences Ru — Rh, Ir — Cu, and Rh - Pd.

Electron-microprobe analytical problems

It is well known from the literature that electron-
microprobe analysis of PGM poses a serious challenge
owing to the small size of grains, usually close to the
limits for quantitative determination, and because of
the common presence of pores or small-scale inter-
growths with other phases. The main problems involved
are: i) low analytical totals, and ii) spurious fluores-
cence from direct or secondary excitation of the adjacent
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Fi6. 2. A and B. Monitoring of the matrix-fluorescence effect on the total (after correction for chromite) and the apparent Cr
content of PGM as function of grain size. The size of 5 [im appears to be a critical limit, under which matrix effects become
dramatic because of direct excitation of the surroundings. Open circles: grains of laurite and Os ~ Ir alloy included in chromite
(the two grains between 5 and 10 pm having 0 wt% Cr are included in silicate); filled circles: grains of oxygen-bearing Ru
= Os —Ir — Fe compound. C and D. Variation of oxygen content as function of chromium and grain size in chromite-hosted
laurite (open circles) and oxygen-bearing Ru —~ Os — Ir — Fe compound (filled circles). The high content of oxygen in the
compound is unrelated to grain size in grains larger than about 7 pm.
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phases, which can be efficiently minimized by the
choice of appropriate analytical conditions (accelerating
potential, beam current and diameter, takeoff angle of the
instrument). In the present case, the analyzed PGM vary
in size from 1 to 25 um, and are mostly enclosed in
chromite. The effects of these features were experimen-
tally monitored by plotting the variation in analytical
total and Cr content as function of grain size for various
types of PGM (Figs. 2A, B). Size was measured in
surface sections of grains, which does not take into
account the third dimension, whereas totals and Cr
contents refer to the grain core; we assumed that in this
zone, the analytical results were as close to ideal as
possible. Substantial Cr was found in all the analytical
results, except for PGM grains included in silicate
(laurite and Os — Ir alloy), as a result of fluorescence
from the chromite matrix. The Cr amount dramatically
increases for size values smaller than 5 um, suggesting
that direct excitation of the chromite probably occurred.
The analytical results were therefore recalculated by
subtracting all Cr and proportional amounts of Fe accord-
ing to Cr/Fe in the host chromite. A diameter of 5 um
appears to be a critical limit (with the instrumental
conditions adopted) even to the total amount of ele-
ments after Cr subtraction, which rapidly drops down to
50% as a consequence of the drastic reduction of the
PGM volume excited by the electron beam.

Qualitative determination of oxygen content

Figure 2A shows that the Ru — Os — Ir — Fe com-
pounds systematically bave analytical totals in the
range 75-85 wt%, in spite of the relatively large size of
the grains (>10 pm) and lack of porosity. This feature
was ascribed to the presence of an undetected light
element in the phases investigated. Oxygen was then
sought in a separate run at 10 kV and 40 nA, using the
Ko, line, a RAP analyzer crystal, and a flow-counter
detector. The grains were analyzed for chromium at the
same time, in order to evaluate the influence of fluores-
cence from the chromite, Analyses were calibrated with
pure Cr,O; as reference material, with 30- and 5-s
counting times for peak and background, yielding an
average peak-to-background ratio for oxygen of about
35, and a detection limit of 0.38 wt%. The detection
limit climbs to about 1.2 wt% on average in the inves-
tigated PGM owing to the increased absorption-coefficient
of the matrix. A strong fluorescence effect from the
chromite host was recorded in the analysis for oxygen.
Repeated analyses of a 15-um grain of laurite gave
0.66 wt% Cr and only 2.6 wt% O, whereas increasing
amounts of oxygen, up to 30 wt%, were detected in
grains of laurite ranging from 7 to 2.5 um across, being
positively correlated with Cr as a function of decreasing
grain-size (Figs. 2C, D). The oxygen content of the
Ru - Os — Ir — Fe compounds also correlates with both
Cr content and grain size, suggesting a strong matrix-
effect. Nevertheless, O concentrations are apparently
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very high, even in grains larger than 10 pim; these
results are ascribed to the presence of the element as a
constituent of the grains, although the determination
has only qualitative significance.

THE PRIMARY ASSEMBLAGE OF PGM

The first studies of PGM in chromite deposits of the
Vourinos complex (Augé 1985, 1988, Legendre &
Augé 1986, Augé & Johan 1988) revealed assemblages
dominated by alloys, sulfides, and minor sulfarsenides
in the ternary system Ru — Os — Ir, accompanied by a
(Ru,Rh)-bearing base-metal sulfide. The minerals were
found included in fresh chromite (Fig. 3A) and were
interpreted as crystals formed in the early magmatic
stage and mechanically trapped in the spinel at a high
temperature. On the basis of morphological relation-
ships, including epitaxic growth among coexisting alloys
and sulfides and theoretical predictions based on rela-
tive stabilities of the PGM, those authors were able to
recognize that alloys formed before sulfides, and thus
deduced that the minerals crystallized under conditions
of continuously increasing fS,) and decreasing T. In
the course of the present investigation, laurite, irarsite,
and hexagonal Os — Ir alloy were encountered as pri-
mary magmatic inclusions in chromite; these have mor-
phological and compositional characters in agreement
with the results of previous studies. Representative results
of analyses of these PGM are presented in Table 2. In
addition, the same PGM are also located in the silicate
matrix of the chromitite samples, included in olivine or
serpentine. The inclusion of the PGM in olivine pro-
vides conclusive evidence that they were not exsolved
from the chromite at a subsolidus temperature, as sug-
gested for other occurrences (Gijbels efal. 1974,
Naldrett & Cabri 1976, Cousins & Vermaak 1976), but
instead crystallized at a high temperature from the
magma. The fact that some of these PGM were found also
in contact with secondary phases such as ferrian chro-
mite, chromian chlorite, and serpentine only means that
they could survive the low-temperature alteration of the
host. As an example, the PGM aggregate entirely sur-
rounded by serpentine (Fig. 3B) consists of OsgslrgsRug 15
and an Ir sulfide with a cupro-iridsite-type stoichiometry
(Feg.48Cug 3sNip 16)z0.90(Ir 131Rh0.41080.25Pt0,05)22.0154, but
having Fe > Cu (Table 2, anal. VS18a-1-1 and
VS18a—1-4). The alloy is similar in composition and habit
to the primary Os — Ir inclusions in chromite (Augé
1985, 1988), consistent with a magmatic origin. The
association with cupro-iridsite can be interpreted as a case
of epitaxic growth of the sulfide over the pre-existing
alloy, in agreement with the relative stabilities of the
two phases under increasing f(S;) and decreasing T at
the magmatic stage. Clearly, the grain is not in equilib-
rium with the enclosing serpentine-rich matrix, and was
apparently preserved from alteration.
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THE ASSEMBLAGE OF SECONDARY PGM

The PGM of this group may coexist with primary
PGM at the scale of a polished section, but are typically

located in the altered zones of chromite crystals, close
to fractures, or within the serpentine matrix. They never
are found encased in unfractured, fresh chromite. In some
cases, they are observed to replace primary magmatic




SERPENTINIZED AND WEATHERED CHROMITITE, VOURINOS COMPLEX, GREECE

TABLE 2. REPRESENTATIVE COMPOSITIONS OF PRIMARY PGM
FROM THE VOURINOS CHROMITITES

Wit% Cr Fe Fe* Ni Cu Os Ir Ru Rh Pt Pd S Tot*

Laurite  Fig.

VS§l1 414 1.21 0.03 0.15 0.0011.84 7.63 45.04 0.89 0.00 0.34 34.65 100.57
VSla-l 3-A 1.82 0.55 0.01 0.11 000 841 621 4575 2.01 0.04 0.06 36.08 98.68
VS3a-2 162 0.42 0.00 0,18 0.00 2.85 1.95 5682 0.74 0,00 0.88 35.62 99.04
VS3a6  3-C 1.58 0.55 0.10 0.19 0.05 280 1.86 55.52 0.70 027 0.72 3646 98.67

VS6a-2 3.07 1.42 030 0.09 0.042134 841 36.84 0.07 0.00 0.42 32.98 100.49
VSilal 0.00 0.29 029 0.06 0.05 0.78 1.59 56.74 147 0.00 0.57 37.45 99.00
vS§i3a-l-1 3-E 193 0.50 0,00 0.00 0.00 0.03 0.33 $934 2.11 0.11 0.84 36,37 99.13
VSlda-1 1,97 0.56 0.02 0.05 0.00 656 3.51 52.78 0.00 0.00 0.61 3721 100.74
VS15-4 1.95 0.65 0.00 0.09 0.00 823 8.61 4601 021 0.00 0.42 3620 99.77
VCR2-1 431 2.34 096 1.64 3.412425 528 32.44 0.00 0.00 0.30 32.37 100.66
Ruthenian pentlandite

VS12-1 3-D 3.0117.4416.5526.16 0.00 3.94 3.44 1692 0.00 0.09 0.12 27.03 94.25
Cupro-iridsite

VSig8a-1-4 3-B 0.00 3.90 3.90 132 3.18 7.01363 20.00 6.05 132 0.00 18.55 77.65
Os-Ir alloy

VS12a-1 11.23 327 0.00 0.05 0.00 30322242 S.67 0.58 0.00 023 0.08 6835

VS§18a-1-1 3-B 000 0.49 0.49 0.02 0.0049.1839.93 8.07 0.00 0.00 0.14 0.09 97.92
Atomic percent (calculated from corrected data)
Laurite

VSi-1 0.04 015 0.00 3.7 242 2712 0.53 0.00 0.19 65.76

VSla-1 0.01 0.12 0.00 2.64 193 27.00 1.16 0.01 0.04 67.10
V§3a-2 0.00 0,18 0.00 0.87 0.59 32.75 0.42 0.00 0.48 64.71
V83a-6 0.10 0.18 0.04 0.85 0.56 31.73 0.39 0.08 0.39 65.67
V86a-2 0.35 0.10 0.04 7.19 2.80 2335 0.04 0.00 025 65.88
VSlia-1 030 0.06 0.05 023 047 31.74 0.81 0.00 0.30 66.04
V813a-1-1 0.00 0.00 6.00 0.01 0.10 3351 L17 0.03 0.45 64.74
VSlde-1 0.02 0.05 0.00 1.98 1.05 29.97 0.00 0.00 0.33 66.60
V§i5-4 0.00 0.09 0.00 258 2.67 27.10 0.12 0.00 0.24 67.21
VCR2-1 1.9 1.76 338 803 1.73 2022 0.00 0.00 0.18 63.61
Ruthenian pentlandite

v812-1 16.5324.86 0.00 1.15 1.00 934 0.00 0.03 0.06 47.03
Cupro-iridsite

VSiga-1-4 690 222 495 3.6418.67 0.00 581 067 0.00 57.14
Os-Ir alloy

VS12a-1 0.00 0.20 0.0052.93 29.86 1436 1.45 0.00 0.55 0.65
VSi18a-1-1 1.55 0.06 0.00 4625 37.15 1427 0.00 0.00 0.24 047

Fe*: Amount of Fe corrested for the chromite matrix effect. Tot%: total of corrected data.

Fic. 3. BSE images of unaltered and partially desulfurized,
primary PGM. A. Laurite (anal. VS1a-1, Table 2) associ-
ated with silicate (probably pargasite), included in unfrac-
tured fresh chromite from Kissavos. B. Os — Ir alloy (anal.
VS18a-1-1, Table 2), with epitaxic overgrowth of Fe-rich
cupro-iridsite (anal. VS18a—1-4, Table 2) included in ser-
pentine (Xerolivado). C. Composite grain, from Kissavos,
of laurite (anal. VS3a—6, Table 2) and pentlandite partially
replaced with metallic Ru and awaruite (aw). D. Compos-
ite grain of normal pentlandite and ruthenian pentlandite
(anal. VS12-1, Table 2) replaced with awaruite (aw) and
metallic Ru (Voidolakkos). E. Primary laurite (anal.
VS13a-1-1, Table 2) associated with Ir — Rh — Fe — Cu —
Ni (anal. VS13a-1-5, Table 4), from Voidolakkos, inter-
grown with chlorite (black). F. Corroded grain of laurite
associated with irarsite (I) in serpentine (Agriatses).
Laurite is replaced along the rim by S-poor Ru — Os — Ir
sulfide. Numbers refer to entries in Table 3 (anal.
VS2a-1-1 to VS2a—1-4), the data being illustrated as
profiles in Figure 4.
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or even secondary PGM along the external boundary;
in others, they are found as independent grains having
no replacement relation with primary PGE phases. In
this instance, their secondary nature was established
indirectly, on the basis of distinctive features such as
extremely variable morphology, irregularly zoned inter-
pal texture, rugged surface, intimate intergrowth with
products of low-temperature alteration, such as chlorite,
ferrian chromite, limonite, and chemical compositions
characterized by low to absent S, and a high content of
Fe, Ni, and Cu. Some of these grains may be classified
as PGE-bearing alloys, although others were found to
systematically contain oxygen in amounts not attribut-
able to the matrix effect.

Replacement associations:
evidence for desulfurization of PGM

These associations were found in partially serpenti-
nized samples collected in situ and from dumps at all of
the localities investigated. They are characterized by
decrease or disappearance of sulfur in the replacing
phases, indicating desulfurization reactions. Significant
examples are described below.

One grain of primary laurite (Table 2, anal. V§32-6)
associated with pentlandite is located in chromite close
to a large fracture filled with serpentine (Fig. 3C). The
laurite is corroded along its rim, and is replaced by the
following metallic phases, reflecting desulfurization:
1) a highly reflective Ru-rich alloy, and ii) a less highly
reflective Fe — Ni alloy (awaruite?), which also replaces
the adjacent pentlandite. Minor concentrations of S in
the altered rim are ascribed to fluorescence from the
sulfide. One grain of pentlandite from Voidolakkos is
located at the intersection of fractures, in the altered
portion of a chromite crystal, where its transformation
into ferrian chromite is apparent (Fig. 3D). Results of the
electron-microprobe analysis (Table 2, anal. VS12-1)
confirm the pentlandite-type stoichiometry, but show a
relatively high content of Ru (Nis3Fe; g1Ruy s90s02If0.17)z0
Sgl, suggesting ruthenian pentlandite (Genkin et al
1976). The grain is rimmed almost continuously with
metallic Ru. Laths of Ru-free pentlandite are attached
to the external border, and appear to be partially replaced
by Ni — Fe alloy, possibly awaruite. Further evidence
for desulfurization is given by a single grain of laurite
included in serpentine irregularly replaced by a S-poor
Ru — Os —Ir sulfide (Fig. 3F). A small crystal of irarsite
in contact with the sulfide exhibits a polygonal shape
and a homogeneous surface, suggesting that it did not
suffer alteration. A series of four spot-analyses across
the PGM sulfide (Fig. 4) shows that the sulfur/metal
ratio decreases from 2 in the laurite to 0.75 and 0.53 in the
rim sulfide (Table 3, anal. VS2a—1-2 and V§82a-1-3).
The proportion of Ru, Os and Ir, and the Fe content,
also are modified; there is an increase in Ru/Ir and also,
to a lesser extent, Ru/Os; at the same time, there is a
significant increase in Fe, along with a minor increase



618

in Ni and Co. One grain (Fig. 5B) displays a core zone
characterized by a Ru:Os:Ir proportion similar to that in
laurite, but with a sulfur/metal ratio of about 0.5-0.3
(Table 3, anal. VS5-1-1 and VS5-1-2), possibly rep-
resenting partially desulfurized laurite. The rim in con-
tact with ferrian chromite gave sulfur/metal values as low
as 0.18-0.07 (Table 3, anal. V§5-1-3 and VS5-1-4),
indicating progressive loss of sulfur, and corresponding
increase of Fe, Ni, and even Pt. The above data suggest
that laurite may undergo almost complete desulfurization,
probably during serpentinization. The process involves
formation of low-S Ru — Os - Ir sulfides which, in turn,
seem to be unstable with continning alteration. Progres-
sive loss of S was apparently counterbalanced by intro-
duction of Fe and Ni. The PGE underwent some

THE CANADIAN MINERALOGIST

remobilization: Ir was removed during the first step of
desulfurization, and some Pt had to be added to the
system in the last stage, if we accept that the grain in
Figure 5B is desulfurized laurite.

Secondary Pt-, Pd-, Ir-, Rh-bearing alloys
and arsenides

Several PGM, containing Pt, Pd, Ir, and Rh as major
elements, were encountered in the secondary assem-
blage of partially to totally altered samples of chromi-
tite from Voidolakkos, Kissavos, and Agriatses.

Figure 3E shows an idiomorphic grain of unaltered
laurite (Table 2, anal. VS13a-1-1) overgrown by a
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FIG. 4. Compositional variations in partially desulfurized laurite, obtained from the four points analyzed (anal. VS2a~1-1 to
VS2a-1-4, Table 3) in the PGM grain in Figure 3F. Total PGE and the sum Fe + Ni + Co are expressed in atom%, whereas
the sulfur/metal ratio has been multiplied ten times. The rim phase is depleted in S, Os, and Ir with respect to the laurite core
because of desulfurization and loss of PGE during the serpentinization.
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speck of Ni — Fe sulfide, less than 1 um across, rimmed
by Ru, and a large grain of a PGM having an approxi-
mately polygonal boundary and consisting of a com-
plex intergrowth of at least two phases: Ir — Rh — Fe —
Cu - Ni alloy (Table 4, anal. VS13a—1-5), and silicate.
Another grain of this type (Table 5, anal. VS5-5-1) is
shown in Figure 6F, associated with the Ru — Os — Ir —
Fe compound (Table 4, anal. VS5-5-6). In both cases, only
apparent bulk-compositions were obtained by electron-
microprobe analysis, which were characterized by
strong matrix-effects and very low totals. A qualitative
energy-dispersion (EDS) analysis shows that the sili-
cate consists of Si, Al, and Mg in similar proportion as
in the chlorite filling the cracks in the chromite. A rela-
tively high amount of As (6.17%) was detected in the
grain of Figure 6F. We believe, therefore, that the inter-
growth might have formed at a relatively low temperature
by reduction of an original Ir — Rh chalcogenide (irar-
site?), with introduction of chlorite and possibly also Fe
—Cu - Ni.

The grain of partially desulfurized laurite in Fig-
ure 5B is in contact with an intergrowth consisting of
Cu — Pt — Pd and Ni — Fe — Pt (Table 4, anal. VS5-1-10,
VS§5--1-7), chlorite and ferrian chromite encased within
a polygonal cavity that probably was formerly occupied
by an unknown PGM. Optically, both minerals are
characterized by high reflectance and isotropy. Oxygen
was detected in the analysis of Cu — Pt — Pd and Ni -
Fe — Pt. It was, however, clearly due to secondary
fluorescence from the associated O-bearing phases, the
low totals of the electron-microprobe analyses being
due to the small grain-size (<5 pm). Compositions are
not consistent with common Pt — Fe alloys known from
the literature (Bowles 1990), but exhibit prevalence of
the base metals over the PGE, suggesting PGE-rich
awaruite and copper. On the basis of their mode of

619

occurrence, these alloys are interpreted as having
formed by secondary deposition of PGE. An origin by
in situ reduction of specific Pt — Pd sulfides is unlikely
on account of the absence of such minerals in the
primary PGM assemblage of the Vourinos chromitites
(Augé 1985, 1988, Legendre & Augé 1986, Augé &
Johan 1988, and this work).

Another (Ir, Pt)-bearing Ni — Fe alloy, possibly PGE-
rich awaruite (Table 4, anal. VS5a-3-1 and VS5a-3-4),
occurs as colloform, botryoidal particles associated
with an unknown (Rh,Ni) arsenide (Fig. 5D) in brecci-
ated altered chromite cemented by chlorite and limonite.
The (Rh,Ni) arsenide (Table 4, anal. VS5a-3-3) corre-
sponds to the general formula (Rh,Ir,Pt,Pd)NiAs, which
may possibly be referred to as the thodian analogue of
majakite (ideally PANiAs). It is difficult to establish the
origin (primary or secondary) of this phase. It might be
a relic of an original interstitial PGE arsenide involved
in the low-temperature alteration of the silicate matrix
of the chromitite. However, small specks of the same
mineral associated with the Pt-rich alloy were observed
disseminated in cracks cross-cutting the chromite brec-
cia, suggesting formation by deposition of the PGE at
low temperature.

The oxygen-bearing Ru — Os — Ir — Fe compounds

These PGM were found exclusively in two samples
of weathered chromitite from the mine dump of Agriatses,
a locality not investigated in previous studies. BSE
images of the grains are shown in Figures 5A, C, 6A to
F, whereas representative electron-microprobe analyti-
cal data are listed in Table 5. A number of grains (21)
were encountered, but most of them were not readily
recognized during initial examination of polished sec-
tions because of their relatively low reflectance. They

TABLE 3. REPRESENTATIVE COMPOSITIONS OF PARTIALLY DESULFURIZED LAURITE
FROM THE VOURINOS CHROMITITES

Wi% Fig, Cr Fe Fe* Co Ni Cu Os Ir Ru Rh Pt Pd S  Tot*
VS82g-1-1 3-F 0.53 456 4.56 008 053 000 1347 915 4360 016 032 049 16.03 8839
VS2a-1-2 3-F 046 052 052 001 022 000 1257 971 3925 022 047 038 3491 9826
Vv82a-1-3  3-F 045 052 052 000 019 000 1266 1016 39.13 0.50 038 046 3552 9952
VS2s-14 3-F 047 7.05 705 011 128 0.00 1336 885 4513 135 000 044 1261 90.18
vss-1-1 5B 128 512 433 217 1187 075 1695 754 3184 051 0.88 137 12,04 9025
V§s-1-2 5B 236 974 828 310 1052 078 1406 690 3515 029 252 219 1065 9444
vs8s-1-3 5B 126 394 3.6 064 900 044 1582 827 3503 018 050 210 379 7893
V§s-1-44 5B 193 12,39 1120 1.18 1564 0.56 1035 548 2425 023 14.28 155 190 8662
Atomic percent (calculated from corrected data)

VS2a-1-1 711 012 079 000 6.16 414 3752 013 014 0.40 4348
VS2a-1-2 0.58 001 023 000 409 313 2405 013 0I5 022 6741
VS2a-1-3 0.57 000 020 000 406 323 2363 030 012 027 67.62
VS2a-1-4 1124 017 194 000 625 410 3976 117 000 037 35.01
V§5-1-1 663 3.14 1728 101 762 335 2694 042 039 110 3212
V8§5-1-2 12.17 432 1470 100 607 294 2854 023 106 1.69 2727
V§s-1-3 671 129 1820 082 987 510 4113 020 030 234 1403
VS5-1-4 2072 207 2752 090 S.62 295 2479 023 756 1.50 6.13

Fe*: Amount of Fe corrected for the chromite matrix effect. Tot*: total of corrected data).
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Fie. 5. BSE images of secondary PGM from the weathered samples of chromitite from Agriatses, showing the effects of
low-temperature mobilization of the PGE. A. Zoned grain of oxygen-bearing Ru — Os — Ir — Fe associated with chlorite and
limonite (L) in crack. The altered portion of the grain (point 5) is depleted in Pt, Ir, Pd with respect to point 2 (anal. VS6-2-2
and V86-2-5, Table 5). B. Grains of partially desulfurized laurite displays rim depleted in S and enriched in Pt (anal.
V85-1-1 to VS5-1-4, Table 3). Ni — Fe — Pt and Cu — Pt — Pd alloys (anal. VS5-1-7 and VS5-1-10, Table 4) are intergrown
with chlorite (black) and ferrian chromite (f) within a cavity with a polygonal shape. C. Zoned grain of oxygen-bearing Ru
— Os — Ir — Fe, intergrown with abundant limonite (L), having Pt- and Pd-enriched areas (anal. VS5a-2~1 to VS5a-2-3,
Table 5). D. Botryoidal aggregate of Ir — Pt — Ni ~ Fe alloy (anal. VS5a-3-1 and VS5a-3-4, Table 4) associated with Rh
arsenide (anal. VS5a-3-3, Table 4) in ferrian chromite breccia cemented by chlorite and limonite (L).

aftracted our attention only under the electron micro-
scope owing to their brightness with respect to other
sulfides, and were proven to contain PGE by qualitative
EDS analysis. The grains range 2.5 to 23 um in diame-
ter and vary from distinctly polygonal to roundish to
extremely irregular. They may occur as single grains,
associated with chlorite, limonite, ferrian chromite, or
with other secondary PGM. They are noticeably less
reflectant than laurite, and vary in color from yellowish
white to pinkish grey. At high magnification (800X)
and oil immersion, the grains exhibit a typically patchy
extinction, that in the case of the grain in Figure 6D has

a characteristic hourglass zoning (not visible in the BSE
image). The internal texture of grains becomes con-
spicuous under partially crossed nicols; it varies from
mosaic-like to radial-fibrons, with strong anisotropy
that gives the effect of iridescence, similar to graphite. It
was impossible to establish by means of optical obser-
vation whether the grains consist of one or more phases.
Back-scattered electron images show rugged, spotted
surfaces (Figs. 6A, B), which would appear to be a
result of chemical heterogeneity, i.e., mixtures of two
phases with different average atomic number, rather
than porosity. The surface of some grains appeats as a
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TABLE 4. REPRESENTATIVE COMPOSITIONS OF Pt-, Ir-, Pd-, AND Rh-BEARING ALLOYS AND ARSENIDES
FROM THE VOURINOS CHROMITITES

Wit% Cr Fe Fe* Co Ni Cu Os Ir Ru Rh Pt Pd § As Tot*
Alloys  Fig.
VS$5-1-7 5-B 284 2005 17.94 118 2291 1.52 036 048 4.08 020 4427 0.60 002 0.00 93.56
V§5-1-10 5-B 653 1195 483 172 997 3745 033 004 2.17 037 2342 1076 0.02 0.00 91.08
VS§5a-3-1 5-D 554 1963 1626 1.64 3473 0.00 000 2243 004 898 1222 133 000 000 97.63
VS5a-3-4 5-D 504 1400 1094 0.8 2205 0.00 0.2 2852 000 1.00 1099 010 0.1 027 74.28
VS13a-1-5 3-E 1605 1197 741 000 142 197 302 3196 235 817 014 006 035 027 5712
Arsenides
V85-5-1 6-F 218 1898 17.36 007 1172 0.09 000 3419 054 827 088 078 004 6.17 8021
V§52.3-3 SD 1102 773 101 005 1993 000 003 1053 008 2536 733 330 0082789 9559
Atomic percent (calculated from corrected data)
All
VS?:‘;# 31.03 193 3770 231 018 024 350 0.9 2192 054 005 0.00
V§5-1-10 770 260 1512 5244 015 002 191 032 1068 900 0.07 0.00
VSS5a-3-1 2447 234 4971 000 000 981 003 733 526 105 000 000
VS§5a-3-4 2456 038 47.09 000 008 1860 000 122 706 012 043 045
V813a-1-5 27.16 000 495 635 325 3403 476 1624 014 012 226 073
Arsenides
V85-5-1 35.62 014 2288 0.16 000 2038 061 921 058 084 014 944
VS5a-3-3 1.64 008 3075 000 002 496 007 2233 341 281 0223372
Fe*: Fe corrected for the chromite matrix effect; Tot*: total of corrected data.

TABLE 5. REPRESENTATIVE COMPOSITIONS OF OXYGEN-BEARING Ru-Os-Ir-Fe COMPOUNDS

IN WEATHERED CHROMITITES OF AGRIATSES, VOURINOS

W% Fig. Cr Fe Fe* Co Ni Cu Os Ir Ru Rh Pt Pd S Tot*
V85-24 6-D 1.56 661 566 027 265 000 31.13 9.63 3295 041 009 043 006 83.28
V85-3-2 088 812 758 020 113 020 1924 11.80 3733 0.68 043 075 000 79.34
V8541 583 1346 990 008 179 000 3335 615 777 035 0.14 012 002 59.67
V85-5-6 6-F 295 1062 882 0.0 340 028 1889 1277 3276 0.57 3.03 065 000 8127
V§5-58-2 507 749 440 008 4.59 000 13.85 11.81 4003 0.69 052 0.19 000 76.16
VS§5-6-3 2,62 1921 17.61 0.06 151 000 2474 958 2221 0.50 023 040 0.03 76.87
V85-8-1 6-C 177 922 813 022 177 0.00 24.03 1243 31.86 0.69 0.02 037 000 79.52
V85-9-5 171 553 448 013 113 2029 1650 1007 2794 123 0.66 1.96 0.00 84.39
V8$5-10-1 425 1952 1693 017 151 000 610 800 3947 075 008 051 000 73.52
V85-11-1 10.18 830 2.09 0.4 016 1639 11.14 677 2530 0.60 002 026 0.00 62.87
V85-13-1 506 733 425 067 636 000 179 822 4609 051 0.14 050 009 68.62
VS85-13-5 418 1043 665 2.10 12.84 000 207 7.83 3771 020 021 0.6011.54 8175
V85a-1-1 6E 094 831 774 044 657 033 2156 13.84 2562 1.04 106 093 007 7920
V85a-1-4 6-E 147 960 7.00 031 948 123 1981 816 1874 0.16 1400 2.01 0.07 80.97
VS5a-2-1 5-C 250 11.53 1001 007 374 020 9.87 1823 16.08 0.11 27.99 1LI3 0.09 8752
V85a-2-2 5-C 1.81 1543 1433 000 079 040 11.87 1864 2722 0.38 0.64 336 0.00 77.63
VS5a-2-3 5-C 191 1146 1028 000 1.18 228 11.40 13.07 1655 0.00 3.37 19.85 0.00 77.98
V8622 5-A 227 1615 1536 0.16 1.18 000 1640 11.89 2863 033 3.68 046 0.02 78.11
VS§6-2-5 5-A 1,78 19.17 1854 008 0.89 0.00 1698 664 3225 039 015 024 000 76.16
Vséa-1-2 6-A 2.36 20.85 2002 000 082 000 1990 695 3059 040 0.00 020 0.00 78.88
VS6a-3-3 6-B 555 1699 1505 000 027 000 1117 553 3774 032 000 029 0.00 70.37
VS6a-4-2 2,18 1863 17.86 0.00 049 000 2141 7.13 3389 093 0.0 0.16 0.00 81.87
V86a-5-1 343 1933 1814 015 089 001 1661 11.80 2265 044 0.17 036 0.00 71.22
Fe®: Fe corrected for the chromite matrix effect; Tot®: total of corrected data.

vermicular intergrowth of different phases (Figs. 6C,
D, F), although X-ray maps showing the distribution of
elements could not reveal the nature of the intergrowths
because of their low resolution relative to the small size
of the aggregate of particles.
Electron-microprobe-derived compositions display
(Ru > Os > Ir) > (Fe > Ni > Co), with the ratio of the
PGE to the base metals in the range 3.6-1.07. Ru and
Fe are usually predominant, although composition
VS5-4-1 exhibits Os > Ru, and analyses VS5-13-5,
VS5-9-5 and VS5-11-1 reveal Ni > Fe or Cu > Fe.
Variable amounts of Rh, Pt and Pd were detected in
some grains. Three grains (Figs. SA, C, 6E) contain Pt-

and Pd-enriched zones (Table 5, anal. VS5a—2-1,
VS5a-2-3, VS5a-1-4, VS6-2-2), usually associated with
an increase in the concentration of Ni or Cu or both.
These areas do not differ substantially in optical char-
acter from the remainder of the grain, and would appear
to reflect compositional zoning. The presence of oxy-
gen was qualitatively ascertained in the largest grains,
but failure to obtain quantitative determinations prevents
any conclusive interpretation of the nature of these min-
erals. Nevertheless, following the arguments of Augé &
Legendre (1994), who described PGE oxides and hy-
droxides in placer deposits from New Caledonia, at
least two hypotheses can be envisaged to explain the
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FiG. 6. BSE images of oxygen-bearing Ru — Os — Ir — Fe compound associated with altered chromite and chlorite in the samples
of weathered chromitite of Agriatses. Grains from A to D refer to compositions VS6a—1-2, VS6a-3-3 and VS5-6-3,
VS85-2-4 (Table 5). E. Zoned grain of Ru ~ Os — Ir — Fe, showing enrichment in Pt and Pd at point 4 (anal. VS5a—1—-1 and
VS5a-1-4, Table 5). F. Ru — Os — Ir — Fe grain (anal. VS5-5-6, Table 5) associated with Ir — Rh — Fe — Cu — Ni alloy (anal.
VS85-5-1, Table 4) intergrown with chlorite (black) analogous to the grain in Fig. 3E.
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Fic. 7. A. Plot of the composition of the Ru — Os - Ir — Fe
oxygen-bearing compound in terms of O — PGE — (Fe + Ni
+ Cu), in atomic %, after recalculation of metals as ideal
oxides considering (PGE)O,, Fe,0;, NiO, and CuO. B.
Plot of the composition of laurite (filled circles) and oxy-
gen-bearing Ru — Os — Ir — Fe compound (open squares),
in terms of Ru — Os — I, in atomic %, with minor amounts
of Rh, Pt, and Pd added to Ir. Compositional fields of
previously reported terrestrial Os — Ir — Ru alloys (Harris
& Cabri 1991) are shown, as shaded areas, for comparison.
Some of the data points for the Ru — Os — Ir — Fe compound
overlap the field of primary laurite, and some display
enrichment in Ir + Rh + Pt + Pd, which is unusual for
natural laurite.

origin of oxygen in the PGM: 1) There is some evi-
dence that some of these grains actually consists of
submicroscopic associations of native PGE with Fe-hy-
droxides. This conclusion is supported by optical and
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SEM investigations, indicating that a number of these
minerals are visibly heterogeneous, and commonly in
contact with limonite. 2) Alternatively, the compounds
could be “true” oxides. The existence of PGE - O chemi-
cal bonding cannot be demonstrated in the absence of
structural data, although it should not be ruled out in
principle. Hypothetical compositions of the Ru — Os —
Ir — Fe compounds in the ternary diagram O — PGE -
(Fe + Ni + Cu) are presented in Figure 7A. They were
obtained by recalculation of all metals as ideal oxides,
considering a constant valence of 4+ for PGE, and the
oxides Fe,0;, NiO, and CuO. Recalculation yielded
totals between 96 and 104 wt% in grains larger than
5 um, the deviation from 100% possibly being due to
either the presence of OH or the presence of other
valence states of the PGE, between 2+ and 6+ in oxy-
gen-bearing compounds (Brookins 1987).

Some grains contain traces of sulfur, whereas others
display S-enriched zones (Table 5, anal. V§85-13-5) in
which the sulfur/metal value is as low as 0.47 and
approaches that of partially desulfurized laurite. This
observation suggests that the oxygen-bearing com-
pounds may have had sulfide precursors, and possibly
represent the last stage of laurite desulfurization, analo-
gous to the porous Ru — Fe alloy described by Stockman
& Hlava (1984). However, the Ru — Os — (Ir + Rh + Pt
+ Pd) diagram (Fig. 7B) shows two distinct groups of
compositions. One group plots close to the Ru — Os join,
is clearly distinct from previously reported terrestrial
alloys (Harris & Cabri 1991) because of a higher Ru
content, and overlaps the compositional field of the
Vourinos laurite, confirming a possible genetic relation.
The other group plots in the Ru-rich field of the terres-
trial alloys, and displays enrichment in Ir, having Ir > Os
in some cases. These compositions also have relatively
high Pt and Pd that is quite unusual for the Vourinos
laurite. Therefore, if laurite was the sulfide precursor of
this group of PGM also, enrichment in Ir, Pt and Pd must
have occurred at some stage during or after desulfuriza-
tion.

There is also evidence that the Ru — Os — Ir — Fe
compounds are unstable during low-temperature evolu-
tion of the host chromitite. The zoned grain located in
a crack in contact with ferrian chromite, chlorite and
limonite (Fig. 5A) consists of two parts separated by a
sharp boundary that clearly appears to be in physical
continuity with the left border of the crack. An electron-
microprobe analysis shows that Ir, Pt, Pd, and Ni are
depleted, whereas Ru and Fe are enriched in the portion
of the grain inside the crack (Table 5, anal. VS6-2-2
and VS6-2-5). The presence of abundant limonite in
this fissure and adjacent to the grain suggests that Fe
may have been added by reaction with a circulating
aqueous fluid, whereas grain zonation demonstrates
that these solutions were able to remove Ir, Pt, and Pd,
preferentially; these elements were redistributed in the
chromitite alteration-system, thus resulting in a relative
increase of the less mobile Ru and Os in the relict PGM.



624

CONCLUDING REMARKS

Examination of chromitite samples from the Vourinos
ophiolite complex has revealed that primary-magmatic
laurite and ruthenian pentlandite are replaced along
their rim by low-S Ru — Os ~ Ir sulfide or metallic Ru
and awaruite by desulfurization. In addition, a suite of
metallic PGE compounds previously unreported from
Vourinos has been discovered in the altered portions of
chromitite samples from Agriatses, being exemplified
by secondary Ru — Os — Ir — Fe compounds containing
oxygen as a major constituent, and Ir — Rh — Fe and Pt
— Cu — Ni alloys. These minerals are in apparent dis-
equilibrium with the conditions inferred for precipita-
tion of magmatic PGM at Vourinos, involving
progressive increase of f{S,) at decreasing T (Legendre
& Augé 1986). On the contrary, they are interpreted to
have formed in response to decrease of f(S,) during
postmagmatic evolution of the chromitite at relatively
low temperatures.

The Ru - Os — Ir — Fe oxygen-bearing compounds of
Vourinos are similar in composition to the porous Ru— Fe
alloy from ophiolitic chromitites of Oregon (Stockman
& Hlava 1984), but they differ in optical properties,
probably indicating a distinct mineral species. Never-
theless, we believe that, similarly to the Oregon alloy,
it represents the last stage of in situ desulfurization of
crystals of primary laurite under the influence of chemi-
cally active solutions. This is supported by detection of
S in some of the grains, indicating origin by reduction
of a sulfide precursor, and argues against direct deposi-
tion of these PGM from circulating solutions. Porosity
produced by reducing reactions, typical of the Oregon
alloy, was not observed in the samples described here.
External morphology and apparent lack of voids indi-
cate that there was no significant change in volume, and
the loss of S was presumably compensated by gains in
Fe, Ni, and Cu. Incorporation of oxygen, not reported
from the Oregon alloy, was qualitatively demonstrated
in some grains from Vourinos, although it was not
possible to establish the chemical bonding with PGE
and with Fe.

Paragenetic and compositional observations suggest
that the assemblage of secondary PGM was not formed
in a single step of alteration, but is the result of complex
reworking of the primary PGM involving important
variations of the physical and chemical parameters.
Serpentinization, which is easily visible in all of the
samples examined, has produced important modifica-
tions to the assemblage of opaque minerals in the
chromitites. Secondary sulfides (pentlandite, millerite,
heazlewoodite), alloys (awaruite, native copper), and
oxides (magnetite, ferrian chromite) were formed
during this event, reflecting the establishment of reduc-
ing conditions (relatively low Eh and pH) determined
by release of H, during hydration of olivine (Eckstrand
1975). At this stage, chromite was little affected, and
protected the included PGM from alteration. Only those
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grains in contact with fractures or within the silicate
matrix may undergo partial desulfurization along their
rim because of the marked drop of f£(S;). Precipitation
of abundant Fe hydroxides and formation of oxygen-
bearing PGM are confined to samples from Agriatses.
The Fe hydroxides (goethite, lepidocrocite, and limo-
nite) are not expected as product of serpentinization
(Filippidis 1982, 1985), but they are very common as
weathering products after iron-bearing minerals in vari-
ous types of gossans. Their crystallization must, there-
fore, postdate the main event of serpentinization. The
samples collected in old mine dumps have probably
been exposed to present-day weathering for a long time,
which involved increase of f(O,) and shifting of pH
toward basic values. Under these conditions, Fe-
hydroxides become stable, desulfurization proceeds by
oxidation of S to SO, ion in aqueous solution, and at the
same time reduced metals present in the PGM grains
can be oxidized. Theoretical Eh—pH diagrams (Brookins
1987) suggest that oxides of Ru and Os might coexist
with Fe(OH); in a relatively wide range of conditions,
supporting the possible existence of PGE — O bonding
in the Ru — Os — Ir — Fe compounds of Agriatses.

Several lines of evidence indicate movement of the
PGE during the formation of the secondary PGM
assemblage at low temperature: 1) laurite loses some Ir
and probably Os during early stages of desulfurization,
2) oxidized compounds of Ru — Os — Ir — Fe are
unstable, releasing Ir < Pd < Pt, 3) variable amounts of
Ir, Pt, and Pd were probably added to some desulfurized
grains, together with Fe, Ni, Cu, and O, and 4) anhedral
to colloform and botryoidal Ir-, Pt- and Pd-bearing
alloys probably formed by redeposition from aqueous
solutions. It seems clear that the PGE display differen-
tial mobility, approximately in the order Ru < Os <Rh
< Ir < Pd < Pt. This sequence is in broad agreement with
i) theoretical predictions on Eh—pH conditions of stabil-
ity of PGE species in aqueous systems (Westland 1981,
Wood ef al. 1992), and ii) the higher mobility of Pt and
Pd with respect to the other PGE observed in many
natural occurrences (Bowles 1986, Bowles ef al. 1994,
Prichard & Lord 1994). The absence of specific Pt- and
Pd-bearing PGM in the magmatic assemblage implies
that these metals were originally provided to the solu-
tions by alteration of primary laurite, irarsite and cupro-
iridsite containing Pt and Pd in trace amounts. Because
of their higher mobility in comparison with the rest of
the PGE, Pt and Pd were progressively and selectively
concentrated during advancing alteration, until the
precipitation of specific phases. The process should act
as a sort of chemical refining as a result of repeated
cycles of dissolution and redeposition at low tempera-
ture, in response to appropriate changes of Eh and pH
(Bowles 1987).

The extent of PGE mobilization is difficult to deter-
mine on the basis of mineralogical observations. It has
been suggested that Pt may be mobilized into soils over
distances of several tens of meters (Bowles 1987, Cook &
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Fletcher 1992, Cook et al. 1992, Prichard & Lord 1994).
However, we believe that in the example described
here, there probably was redistribution of the more
mobile metals (Ir, Pt, Pd) only at a small scale (centi-
metric). Furthermore, this evidence is limited to
strongly weathered samples, as the mutual relations of
PGE in normally serpentinized chromitites of the
Vourinos complex actually reflect magmatic processes
(Economou et al. 1986, Kostantopoulou & Economou-
Eliopoulos 1991).
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