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ABSTRACT

We have studied the platinum-group minerals (PGM) recovered from the Pustaya River placer deposit, situated within the
Koryak–Kamchatka platinum-bearing belt of Alaskan-type intrusions in eastern Russia. The specific features of the geochemistry
of the PGM of this placer deposit characterize the ore-forming system in the Alaskan-type source, which was partly eroded. The
PGM concentrate (160 grains) consists of platinum nuggets, except for two grains, an iridium nugget and Pd-bearing gold (15.18%
Pd). The platinum nuggets are represented by native platinum, isoferroplatinum and Pt–Fe alloy with an elevated concentration
of Pd (up to 9.52 wt.%). Some nuggets are surrounded by rims of PtCu, Pt3Cu, or PtS composition. Osmium, cooperite, vysotskite,
platarsite, hollingworthite, irarsite, sperrylite, keithconnite, stibiopalladinite, rhodarsenide, vasilite, rhodian pyrrhotite and un-
named phases Pd2Te, (Pt,Pd)3S2, (Pt,Pd,Fe,Cu)3S, and (Cu,Fe,Pd,Pt,Rh)9S8 occur as inclusions in the platinum nuggets. The ore-
forming system is characterized by a depletion in Os, Ir, and Ru, and enrichment in Pd and Cu at the late-magmatic stage and Cu
at the hydrothermal-metasomatic stage. Enrichment of the melt in Pd produced Pd-rich Pt–Fe alloys. Residual portions of the melt
enriched in S, Pd and Cu filled gas vacuoles in platinum nuggets, in which the further crystallization of multi-phase parageneses
[vysotskite, vasilite, (Pt,Pd)3S2, (Pt,Pd,Fe,Cu)3S, (Cu,Fe,Pd,Pt,Rh,Ru)9S8, bornite and chalcopyrite] occurred. Further hydrother-
mal-metasomatic transformations led to the appearance of hongshiite and cooperite rims on platinum.

Keywords: platinum-group minerals, placer deposits, Pt–Fe–Pd alloys, PGM inclusions, Alaskan-type intrusions, Koryak–
Kamchatka belt, Russia.

SOMMAIRE

Nous avons étudié les minéraux du groupe du platine dans un concentré alluvionnaire du gisement en placer de la rivière
Pustaya, qui traverse la ceinture Koryak–Kamchatka de complexes platinifères de type Alaska, dans la partie orientale de la
Russie. Les caractéristiques géochimiques des minéraux du groupe du platine témoignent des attributs de la minéralisation associée
à une socle contenant des complexes ignés de type Alaska, maintenant en partie érodés. Le concentré contient 158 pépites de
platine, une pépite d’iridium et une autre d’or palladifère (15.18% Pd). Les pépites de platine contiennent platine natif,
isoferroplatine et un alliage Pt–Fe ayant une concentration élevée de Pd (jusqu’à 9.52%, poids). Certaines pépites montrent une
bordure de PtCu, Pt3Cu, ou PtS. Osmium, cooperite, vysotskite, platarsite, hollingworthite, irarsite, sperrylite, keithconnite,
stibiopalladinite, rhodarsenide, vasilite, pyrrhotite rhodifère et les phases sans nom Pd2Te, (Pt,Pd)3S2, (Pt,Pd,Fe,Cu)3S, et
(Cu,Fe,Pd,Pt,Rh)9S8 sont incluses dans les pépites de platine. A la source, la minéralisation mène à de faibles teneurs en Os, Ir,
et Ru, et un enrichissement en Pd et Cu à un stade tardi-magmatique, et en Cu au stade hydrothermal-métasomatique.
L’enrichissement du magma en Pd explique la formation de l’alliage Pt–Fe palladifère. Des portions résiduelles du magma
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enrichi en S, Pd et Cu piégées dans les vacuoles des pépites de platine ont donné une paragenèse multi-phasée [vysotskite,
vasilite, (Pt,Pd)3S2, (Pt,Pd,Fe,Cu)3S, (Cu,Fe,Pd,Pt,Rh,Ru)9S8, bornite et chalcopyrite]. Les transformations hydrothermales-
métasomatiques ont produit des liserés de hongshiite et de cooperite sur le platine.

(Traduit par la Rédaction)

Mots-clés: minéraux du groupe du platine, gisements alluvionnaires (en placers), alliage Pt–Fe–Pd, inclusions, intrusion de type
Alaska, ceinture Koryak–Kamchatka, Russie.

INTRODUCTION

Concentrically zoned clinopyroxenite–dunite mas-
sifs of the Uralian or Alaskan type commonly are a
source of rich platinum-bearing placers. We have stud-
ied the PGM from placers of the Pustaya River basin,
the source of which are slightly eroded Uralian or Alas-
kan-type massifs. These massifs are part of the extensive
Pt-bearing Koryak–Kamchatka belt. The dependence of
platinum mineralization on the level of erosion has been
discussed by many investigators, but the information
reported in many cases is contradictory. Shashkin &
Botova (1989) claimed that there is a tendency for the Ir
and Os contents of the Pt–Fe alloy to increase with in-
creasing proportion of wehrlite and clinopyroxenite in
the massif, i.e., with decreasing level of erosion. Ac-

cording to Nekrasov et al. (1991), isoferroplatinum in
the upper horizons of the massifs is enriched in Pd and
Os, and depleted in Ir and Fe. Our data allow us not
only to provide additional information on the Uralian–
Alaskan type of PGM occurrences in a poorly studied
region, but also to characterize the paragenesis of plati-
num-group minerals from the placers associated with
slightly eroded gabbro – clinopyroxenite – dunite mas-
sifs.

THE GEOLOGICAL CONTEXT

The area under study occurs within the Koryak–
Kamchatka platinum-bearing belt, which has been rec-
ognized in the last decade only. It is located in the
northwestern part of Circum-Pacific belt (Fig. 1) and is

FIG. 1. Simplified geological map of the Pustaya River area in the Kamchatka Peninsula.
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a zone of intensive exploitation of platinum placers
(Sidorov 1995, Zaitsev et al. 1998, Kozin et al. 1999).
The chemical composition of the rocks and the profile
of mineralization in the Koryak–Kamchatka Pt-bearing
belt are comparable to those in the classic belts of con-
centrically zoned massifs in the Urals and southeastern
Alaska, but this belt is rather poorly studied (Kurtyev et
al. 1991). It extends about 1000 km from the central
part of the Kamchatka Peninsula to the eastern part of
the Koryak Highland, and consists of discrete outcrops
of gabbro – pyroxenite – dunite massifs (Sidorov et al.
1997). In a modern structural model, the massifs are
considered bodies exposed in the frontal zones of large
regional overthrusts onto Upper Cretaceous and Paleo-
gene volcanogenic deposits (Batanova & Astrakhantsev
1994).

The structure of the massifs follows the classic
scheme: at its periphery, a dunite core grades into
clinopyroxenite, which then is surrounded by a gabbro
shell (Kutyev et al. 1991). Such a zonation may be ab-
sent, however, depending on the evolution of the mas-
sifs, tectonic conditions of the occurrence, and degree
of erosion. Slightly eroded massifs exist near the
Pustaya River basin, emplaced in Upper Cretaceous
volcanosedimentary deposits. The proportion of dunite
and peridotite in the massifs is here negligible. The pre-
dominant rocks are magnetite-bearing pyroxenites,
which have elevated contents of platinum-group ele-
ments, mainly palladium (to 1 ppm). Platinum-group
minerals (PGM) were obtained from heavy-mineral con-
centrates taken from alluvial deposits in tributary
streams of the Pustaya River, which drain areas of out-
crops of massifs of the same type. We have studied the
mineral composition of 160 grains of PGM separated
from such heavy-mineral concentrates.

PLATINUM-GROUP MINERALS FROM THE PLACERS

OF THE PUSTAYA RIVER

In the alluvium of the Pustaya River, the PGM con-
sist mostly (99.5%) of platinum nuggets in the form of
flattened rounded grains up to 2 mm in size and occa-
sionally of irregular shape or with crystallographically
indexable faces. Nonrounded, hackly grains are scarce.
These grains are coated by chlorite and hydroxides of
Fe and Mn. Inclusions in the nuggets consist of clino-
pyroxene, biotite, and chlorite. The platinum nuggets
were studied in reflected light in polished sections.
Some of them are surrounded by a gray rim and filled
with inclusions localized along cracks and rims of
grains. The majority of inclusions are filled by round
droplet-like gas cavities. Among platinum nuggets, only
one grain of iridium about 0.8 mm in size was found.

The composition of the PGM was determined with a
Camebax-Micro electron microprobe, using the RMA-
92 program (L.N. Pospelova and V.M. Chubarov, ana-
lysts). The acceleration voltage was 20 kV, the beam
current, 20–30 �A, with a counting time of 10 seconds

for each analytical line. We used Pt, Ir, Os, Pd, Rh, Ru,
Au metals, CuFeS2 (for Cu, Fe, S), InAs (for As), PbTe
(for Te) and CuSbS2 (for Sb) as standards. The follow-
ing X-ray lines were used: L� for Pt, Ir, Pd, Rh, Ru, Au,
As, Sb, and Te, K� for S, Fe, and Cu, and M� for Os.
The interference of lines was corrected for with the help
of the data file of experimental calculated coefficients
(Lavrent’ev & Usova 1994).

(Pt–Fe–Cu–Pd) alloys

More than 150 nuggets were analyzed. Results of the
microprobe analyses (Table 1) showed the following
compositions of minerals and solid solutions: (Pt,Fe),
Pt3Fe, (Pt,Pd,Fe), (Pt,Fe,Cu), Pt3Cu, and PtCu. On the
basis of Pt:Fe ratio and the classification of Cabri &
Feather (1975), three varieties are distinguished: native
platinum, which is predominant, isoferroplatinum and
Pt–Fe alloy (Figs. 2a, b). Native platinum carries up to
12.26 wt.% total of Pd, Rh, Ir, Ru, and Os; isoferro-
platinum carries up to 2.20 wt.% of these elements,
whereas Pt–Fe alloy contains mere traces (Fig. 2b).
Some analyses show significant concentrations of Pd
(up to 9.52 wt.%, or 14 at.%; Fig. 3), in some cases
exceeding the Fe content in the platinum alloy. Minor
concentrations of Os, Ir, Ru and Rh (up to ca. 1.5 wt.%
each) are invariably present (Table 1). Platinum with
such a high Pd content was earlier found in the placers
of northern Burma (Hagen et al. 1990), Saskatchewan
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River, Canada (Cabri et al. 1996), in the Krasnogorsk
massif, Chukotka, Russia (Dmitrenko 1994) and in the
Burguli River placer, Russia (Tolstykh et al. 1996). As
for copper, it is also present in the majority of Pt–Fe
alloys, but no more than 1.5–2 wt.%. There is also a Pt–
Cu alloy that occupies the marginal part of some Pt–Fe
nuggets. Optically, the Pt–Cu rim does not differ from
the Pt–Fe matrix, but it was detected by scanning elec-
tron microscopy (SEM) with energy-dispersion analy-
ses, and shows a sharp boundary between the phases.
Among the grains of Pt–Cu alloy, there are composi-
tions similar both to hongshiite (PtCu) and the synthetic
phase (Pt3Cu), and to compositions intermediate be-
tween Fe-bearing platinum and hongshiite in the sys-
tem Fe (+Ni) – Pt (+Pd,Rh,Ir,Os,Ru) – Cu (Fig. 2a).
Hongshiite is the most widespread mineral among Pt–
Cu series of solid solutions. It was found as a rim around
platinum in the placers of the Uralian (Alaskan) type
and as meta-inclusions inside platinum nuggets from
ophiolite placers (Tolstykh et al. 1996, 1997). Platinum–
copper alloys compositionally similar to Pt3Cu were
earlier described in the placers of eastern Madagascar
(Legendre & Augé 1992). Compositions richer in Cu
were found in the Durance River placers, in France
(Johan et al. 1990), Tulameen, British Columbia (Nixon
et al. 1990), and in the Lukkulaisvaara massif, Russia
(Barkov et al. 1992).

Au–Pd–Cu alloys

The platinum concentrate contains only one grain of
palladium-bearing gold, 120–150 �m in size, with an
anisotropic and homogeneous structure. The composi-

tion was obtained by wavelength-dispersion (WDS)
electron-microprobe analysis at the University of Oulu,
Finland. It contains (wt.%): Au 83.07, Cu 3.30 and Pd
15.18, which corresponds to the formula Au0.69Pd0.23
Cu0.08. Palladium-bearing gold occurs sparsely in sul-
fide-poor horizons of stratiform intrusions. In the
Pansky massif of the Kola Peninsula, for example, the
concentration of Pd  in gold reaches 6.2 wt.%, and there
are also smaller amounts of Ag (Krivenko et al. 1991).
Gold–palladium alloy, together with gold–platinum and
gold–copper alloys, are also specific of the upper hori-
zons of alkaline-ultrabasic massifs (e.g., Konder) and
magnetite–phlogopite-bearing clinopyroxenitic bodies.
In these environments, gold–palladium alloy attains

FIG. 2. Composition of PGE alloys from placer of the Pustaya River in terms of the Fe – [Pt + (Pd,Rh,Os,Ir,Ru)] – Cu (A) and
of the (Fe + Cu) – Pt – (Pd,Rh,Os,Ir,Ru) diagrams (B). 1 Pt–Fe, 2 Pt–Cu, 3 Os–Ir, and 4 Pt–Fe–Cu alloys.

FIG. 3. Plot of Pt (wt.%) versus Pd in the Pt–Fe–Cu–Pd com-
pounds from the Pustaya River placer.

A B
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10.27 wt.% Pd, and Cu is present as well (Nekrasov et
al. 1994).

Os–Ir alloy

Euhedral crystals of osmium of hexagonal shape
(Fig. 4a) up 30 �m in diameter occur as inclusions in
platinum. Occasionally, the crystals are hollow, and
ring-shaped in section (Fig. 4b). Compositions in terms
of the system Os–Ir–Ru form an osmium trend, with
iridium concentrations no more than 20 at. %. A typical
feature of native osmium from the alluvium of the
Pustaya River is the low concentration of Ru (<1.39
wt.%) and elevated concentration of Pt, which reaches
10 wt.% in the system Os–Ir–Pt (Table 1, Fig. 5). Os-
mium with such a high Pt content is rare. It was found
in the platinum placers of Colombia Choco and
Chindwin River areas, Burma (Cabri et al. 1996) and
Santiago River, Ecuador (Weiser & Schmidt-Thomé
1993). Native iridium occurs as a large grain of irregu-
lar shape with an inclusion of laurite. It contains no Ru
at all, but has about 20 at.% Os and 4 at.% Pt (Fig. 5).

Cooperite–vysotskite

Cooperite, PtS, is one of the most abundant minerals
described here. It covers some Pt–Fe nuggets with a thin
rim, continuous or discontinuous; such a rim is in gen-
eral typical of placers related to the massifs of Uralian
(Alaskan) type (Tolstykh et al. 1996). The cooperite in
such rims may contain minor Pd (1.77 wt.%) and is S-
deficient compared with the ideal formula, whereas
cooperite from inclusions in Pt–Fe alloy has elevated
concentrations of Pd (7.21 wt.%) (Table 2). In both
cases, no Ni was detected. The content of Pd and Ni in
cooperite was discussed by Johan et al. (1989):
cooperite related to Alaskan-type complexes contains
no nickel compared to cooperite associated with base-
metal sulfides in stratiform intrusions. This type of
nickel-free cooperite with Pd content up to 7.9 wt.% was
also found at the Gusevogorsk deposit in the Urals.

Vysotskite, ideally PdS, was found as isolated in-
clusions, no bigger than 10 �m in size, in platinum. The

braggite component attains 26 mol.%, and CuS,
14 mol.%. The copper content (7 at.%) distinguishes this
mineral from the vysotskite of sulfide ores of Stillwater,
Bushveld, and Norilsk, which typically contain Ni but
no Cu.

Sulfarsenides of the PGE

PGE sulfarsenides form anhedral inclusions within
grains of the Pt–Fe alloy (Fig. 4d) or occur as subhedral
crystals 10-20 �m in size, in rims on platinum grains
(Fig. 4e). Hollingworthite, RhAsS, occasionally con-
taining Pt and Ru, is predominant among sulfarsenides
(Table 3). We have also analyzed platarsite, PtAsS,
which contains 32 mol.% OsAsS. The osarsite compo-
nent is not common in platarsite from other occurrences
of platinum placers (Cabri et al. 1996). Irarsite, ideally
IrAsS, displays a strong deviation from stoichiometry.
If the apparent excess As is related to the presence of Pt
in irarsite, one can assume that the irarsite is a solid
solution toward sperrylite, PtAs2.

Sperrylite

Sperrylite, PtAs2, occurs as subhedral crystals in rims
on platinum grains and as fractured or brecciated segre-
gations inside platinum grains (Fig. 4f). The former is
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FIG. 4. Scanning electron microscope images of PGM intergrowths. A. Osmium inclusion (Os) in the Pt–Fe nugget. Sulfide
microparagenesis partly filling a gas vacuole (dark). B. Osmium inclusion (Os) in the Pt–Fe nugget. C. Pt–Fe nugget replaced
by cooperite (PtS). D. Euhedral osmium crystal (Os) and negative platarsite inclusions (PtAsS) in the Pt–Fe nugget. E.
Marginal crystals of hollingworthite (RhAsS) and Os inclusions in the Pt–Fe alloy. F. Inclusions of Rh-bearing sperrylite
(Pt,Rh)As2 in Pt–Fe nugget.
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stoichiometric, with minor amounts of Rh, Fe and S.
The latter reaches Rh 4.83, Ir 2.16, and S 1.56 (in wt.%).
We have also found Sb and Te in the sperrylite (Table
4). In reflected light at high magnification, the mineral
looks homogeneous. Rhodium-bearing sperrylite has
been encountered before at Witwatersrand (3.5 wt.%
Rh) (Feather 1976), in the Nomgon stratiform intrusion
in Mongolia (to 12 wt.% Rh: Izokh et al. 1992), in the
Krasnogorsk massif, Koryakiya, in Russia (to 12 wt.%
Rh: Dmitrenko 1994) and in the placer of Gornaya
Shoria, where the sperrylite contains 6.5 wt.% Rh
(Krivenko et al. 1994). In our case, the amount of Rh
and Ir is proportional to the amount of S and excess of
As. The same regularity is observed for sperrylite from
the Krasnogorsk massif (Dmitrenko 1994). One may
assume that sperrylite with an elevated concentration of
Rh is a solid solution toward hollingworthite (e.g., PtAs2
– RhAsS): note that these two minerals have the same
structure. The chemical formulas of sperrylite (Table 4,
nos. 2–4) indicate that it contains 14–17 mol.% of the
hollingworthite–irarsite component.

Phases of the Pd–Te system

Keithconnite, Pd3–xTe, and unnamed phase Pd2Te
were found as two-phase inclusions about 10 �m in size
in a round cavity in a platinum nugget. According to
Cabri et al. (1979), the stoichiometry of keithconnite
does vary (0.14 < x < 0.43). At Pustaya River,
keithconnite has a composition within the above-men-
tioned range, with x being equal to 0.32 (Table 5). It
contains 3.19 wt.% Pt and traces of Rh, Fe, and As.
Keithconnite with up to 1.73 wt.% Pt was described as
inclusions in platinum nuggets in a placer in eastern
Madagascar (Legendre & Augé 1992, Augé & Legendre
1992), as well as in the placers of Burma, at Chindwin
River (2.45 wt.% Pt) and Colombia Choco (2.41 wt.%
Pt: Cabri et al. 1996). The unnamed phase Pd2Te has a
stoichiometry similar to that of a synthetic compound

proposed in the system Pd–Te (El-Boragy & Schubert
1971). A natural compound, Pd2(Te,As), has been re-
ported by Daltry & Wilson (1997), though not the lo-
cality, and is similar to the phase under discussion.

Stibiopalladinite, Pd5+xSb2–x

Stibiopalladinite has been found in one inclusion
only, in a platinum nugget about 15 �m across. Its com-
position corresponds to the formula (Pd,Pt)5+xSb2–x, in
which Pt accounts for 21.95 wt.% (19 mol.% Pt5Sb2)
(Table 5). Stibiopalladinite from the Jubdo placer, in
Ethiopia, contains 19 wt.% Pt (Evstigneeva et al. 1992),
which is similar to stibiopalladinite from the Burmese
placers at Chindwin River (up to 16.37 wt.% Pt) and
Colombia Choco (up to 10.5 wt.% Pt: Cabri et al. 1996).
Stibiopalladinite commonly occurs in sulfide ores (Cabri
& Laflamme 1981) and is related to ophiolite massifs
(Augé & Maurizot 1995). In both of those cases, the
proportion of platinum in stibiopalladinite amounts to
no more than a few percent. It is possible that the high
concentration of Pt in stibiopalladinite is a feature of
certain geological conditions related to the Alaskan-type
intrusions.

Rhodarsenide, (Rh,Pd)2As

A phase of stoichiometry PdRhAs, possibly pertain-
ing to rhodarsenide, was found as several inclusions of
5 to 20 �m in size within one nugget of platinum. The
inclusions have a roundish and elongate shape, grayish
cream color, and strong anisotropy. The composition of
three analyzed inclusions is homogeneous and corre-
sponds to the formula Pd1+xRhAs1–x, where 0.07 < x <
0.09. The grains show the persistent presence of Pt (up
to 5.90 wt.%) and Sb (up to 1.32 wt.%), whereas minor
concentrations of Cu and Fe are present (Table 6).
Rhodarsenide, as a mineral species, was discovered re-
cently (Tarkian et al. 1997) on the Vilyui River in cen-
tral Siberia, and it was assigned a formula (Rh,Pd)2As
on the basis of the predominance of Rh over Pd and
because of variable proportions of these elements. Be-
fore this, rhodarsenide was found as an unnamed phase

FIG. 5. Composition of osmium and iridium in the Pustaya
River suite in terms of the Os–Ru–Ir–Pt plot.
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in Fifield, Australia, as inclusions in isoferroplatinum,
and its composition was determined to be Pd5Rh5As4
(Johan et al. 1991). Inclusions of PdRhAs were also
recognized in isoferroplatinum of the Krasnogorsk mas-
sif in Koryakia (Dmitrenko et al. 1994). Moreover, in
the platinum placers on the Chukotka River,
Gornostayev et al. (1999) described the compound
(Rh,Pd,Pt)2As. The composition of all compounds is
reported in terms of the Pd–Rh–As diagram (Fig. 6).
Compared with rhodarsenide from Vilyui, the mineral
under study and all other occurrences exhibit equal pro-
portions of Pd and Rh and, in some cases, a partial re-
placement of platinum by palladium (up to 5.9 wt.% in
rhodarsenide from the Pustaya River and up to 20.7
wt.% in Chukotka). Rhodarsenide from an ophiolite
source, in contrast, contains Ir and Ru in substitution
for Rh (Agafonov et al. 1998).

Pt – Pd – base metal sulfides

The platinum nuggets are characterized by an abun-
dance of cavities, round, isometric, and drop-like in sec-
tion, some of which are filled with multiphase inclusions
of sulfide minerals. Unnamed sulfides of stoichiometry
Me3S2, Me3S, Me1–xS, Me9S8 (Me: PGE, Cu, Fe) have
been found in such multiphase inclusions inside round
and drop-like cavities in platinum nuggets, as inter-
growths with each other and with chalcopyrite and
bornite. One of the inclusions is a symplectitic inter-
growth of small inclusions of Pt and Pd sulfides in a
bornite matrix (Figs. 7a, b).

FIG. 6. Plot of composition of rhodarsenide, (Rh,Pd)2As,
from Srebrnica (Tarkian et al. 1997) and of PdRhAs from
the placer of Pustaya River, Fifield (Johan et al. 1991),
Koryakiya (Dmitrenko1994), Tuva (Agafonov et al. 1998)
and Chukotka (Gornostayev 1994).

FIG. 7. Back-scattered electron images taken with a scanning
electron microscope of the sulfide-dominant micropara-
genesis filling a gas vacuole. A. Exsolution texture of Pt–
Pd–S particles (light) and euhedral crystal of osmium in
chalcopyrite–bornite matrix (dark). B. Cooperite crystal
surrounded by Pd–Cu–Pt–S phase (vasilite?), vysotskite
and osmium laths (white) in chalcopyrite–bornite matrix
(dark).
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Euhedral crystals of (Pt,Pd)3S2, of grayish cream
color, are no bigger than 10 �m and weakly anisotro-
pic. The compositions of two crystals, included in two
nuggets, are rather homogeneous (Table 7, Nos. 1, 2).
Platinum predominates over palladium; Fe, Cu, and Rh
are present up to 3.34, 0.46, and 0.30 wt.%, respectively.
No similar synthetic compound is known in the system
Pt–Pd–S at 800 and 1000°C (Skinner et al. 1976, Cabri
et al. 1978). Perhaps it formed at a lower temperature
than 800°C. A similar phase, (Pt,Pd,Rh,Os, Au,Cu)3S2,
was found in eastern Madagascar (Legendre & Augé
1992), and (Pt,Cu,Rh,Pt)3S2 was reported in an inclu-
sion in platinum in the Durance River placer (Johan et
al. 1990).

The compounds (Pd,Cu,Pt)3S and (Pt,Pd,Fe,Cu)3S
form segregations of irregular shape, in some cases of
flame shape, intergrown with euhedral crystals of
(Pt,Pd)3S2 in a chalcopyrite or bornite matrix in the
microparageneses of a multiphase inclusion. In reflected
light, they are cream-gray and weakly anisotropic. In
one of the inclusion, the proportion of Pd strongly pre-
dominates over Pt, and the concentration of Cu is very
significant. In another case, Pt and Pd as well as Cu and
Fe are approximately in equal proportions (Table 7, Nos.
3, 4), but the Me/S value for both compounds is 1:3.
Such compounds are unknown in the system Pt–Pd–S,
but if they are considered in terms of the system Pd–
Cu–S, on the phase diagram constructed at 550oC
(Matkovic et al. 1976), then one of the compositions

falls in the stability field of Pd16S7, corresponding to
vasilite (Atanasov 1990) (Fig. 8). The breadth of this
field allows some deviation from the ratio 16:7. Because
of this possibility, many unnamed phases found earlier
fall into the stability field of vasilite Pd16S7 in spite of
their different stoichiometry, as is the case for (Pd,
Cu,Pt)3S from the Pustaya River, For example, the com-
positions (Pd,Cu,Fe)5S2 from the alluvium of the Ko
River in East Sayan, Pd4CuS2 from the Mrassu River in
Kuznetsk Alatau, (Pd,Pt)4CuS2 from the Burguli placer
in the Amur region (Tolstykh & Krivenko 1994), hav-
ing a stoichiometry 5:2 with some substitution involv-
ing Pt, Pd, Cu and Fe, as well as Pd7Cu2S4 from northern
Burma (Hagen et al. 1990) and Pd3CuS2 from Ecuador
(Cabri et al. 1996), all lie in the stability field of the
synthetic phase Pd16S7, corresponding to vasilite. The
second unnamed phase from the Pustaya River,
(Pt,Pd,Fe,Cu)3S, lies on the extension of this field into
the copper-rich part of the diagram (Fig. 8).

The phase (Cu,Fe,Pd,Pt,Rh,Ru)9S8 was found
intergrown with the above-described sulfides in
multiphase inclusions. It is violet-brown and strongly
anisotropic. Its composition corresponds to an interme-
diate solid-solution (Cu,Fe)1+xS, Iss, in the nickel-free
part of the synthetic system Fe–Cu–Ni–S, which, as
shown experimentally, is the main host of Pd (Pere-
goedova 1999). However, according to that author, this
Iss does not quench, and decomposes at 550°C into Pd-
enriched pentlandite, copper-bearing minerals, and in-
dependent Pd phases (vysotskite and vasilite). This is
what we observe texturally in the microparageneses.
Nevertheless, the phase under study is intermediate be-

FIG. 8. Composition of Pd–Pt–Cu sulfides from the placers
of the Pustaya River, the Ko, Mrassu, and Burguly rivers
(Tolstykh & Krivenko 1994), the northern Burma placers
(Hagen et al. 1990), and the Santiago River (Ecuador) and
Borneo (Malaysia) placers (Cabri et al. 1996), projected on
the phase diagram at 550°C (after Matkovic et al. 1976).
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tween the copper-bearing analogue of pentlandite and
kharaelakhite (Table 8). It is known that in common
pentlandite at 700°C the PGE/BM ratio is less than 0.13
at maximum dissolution of PGE (Makovicky et al.
1986). In kharaelakhite, this ratio is greater than 1
(Genkin et al. 1985). In our phase, the ratio PGE:BM is
0.37.

Rhodian pyrrhotite (Fe,Rh)1–xS is observed as single
blebs localized in isometric cavities of platinum grains.
Its Ru content is 11.94 wt.%, whereas Pt, Os, and Ru
are present in lesser amounts (Table 8). “Complex”
Me1–xS sulfides with the stoichiometry of pyrrhotite
seem widespread; for example, Rh-bearing pyrrhotite
with 29.38% Rh is found on the Ko River in East Sayan
(Tolstykh & Krivenko 1994). According to experimen-
tal studies (Makovicky et al. 1986), pyrrhotite dissolves
6.7 wt.% Rh at 500°C, and 44 wt.% at 900°C without
any transformations, according to X-ray-diffraction
data. According to Distler et al. (1977), “pyrrhotite”
contains 40 wt.% Rh at 760°C. If we suppose the crys-
tallization of rhodian pyrrhotite from a residual sulfide
melt, the Pustaya River material could have formed at a
temperature slightly above 500°C.

DISCUSSION: CHEMICAL FEATURES

OF THE ORE-FORMING SYSTEM

Refractory elements, especially Ru, are of minor sig-
nificance in the assemblages of PGM in the Pustaya
placers. The PGM formed from a melt depleted in Os,
Ir, and Ru. Except for one grain of iridium, the PGM
concentrate consists of Pt-based alloys. Other PGM are
subordinate as inclusions and rims. The inclusions of
Os are tiny, and their composition lacks Ru. The miner-
als of the RuS2–OsS2 series, which commonly are men-
tioned in connection with Alaskan-type massifs (Cabri
et al. 1996, Evstigneeva et al. 1992, Tolstykh &
Krivenko 1997), are absent. In the PGE arsenides, the
proportion of Ru is negligible. The depletion of the ore-
generating system in iridium explains the absence of Pt–
Ir unmixing typical, for example, of Inagli (Tolstykh &
Krivenko 1997). The fractionation of a phase or phases
enriched in refractory elements probably takes place at
the early magmatic stage of ore segregation (Nekrasov
et al. 1994). The area of accumulation of such early-
formed Os–Ir–Ru minerals was not subject to erosion,
and was not the source of the Pustaya placer.

The ore-forming system is Pd-enriched; the concen-
tration of Pd in the alloys reaches 10 at.%. This fact
suggests that the Pt–Fe–Pd alloys formed from a re-
sidual Pd-enriched melt at the late magmatic stage near
the apical parts of the massifs. Nekrasov et al. (1994)
reported that palladium occurs mainly in the apical part
of a massif and in marginal facies; the palladium con-
centration in Pt–Fe alloys is, in this way, more typical
of weakly eroded massifs. This finding supports the
assumption that the Pustaya placer is related to the api-
cal part of such an intrusive body.

Copper is enriched at a late stage of crystallization,
and its enrichment does not correlate with that of Pd, as
is indicated by the presence of a Pt–Cu rim free of Pd.
The Pt–Fe matrix is enriched in Pd, which suggests that
matrix and rim formed at different times. The Pt–Cu
rims were formed as a result of a hydrothermal-metaso-
matic process, rather than from a change in conditions
of magmatic crystallization. The above-mentioned in-
dividual features of the ore-forming system differ from
those exhibited in the Durance (Johan et al. 1990) and
Konder (Nekrasov et al. 1994) examples, where the
level of Pd does correlate with Cu, and a Pt–Pd–Cu al-
loy does occur.

The role of the sulfur was more important than that
of arsenic at the hydrothermal-metasomatic stage. We
observed a reaction rim of cooperite only on platinum,
unlike the sperrylite–cooperite rims in the platinum
placers of Kuznetsk Alatau. Only the lamellae of os-
mium in platinum nuggets can be considered to be pri-
mary magmatic inclusions with confidence. Phases of
Os appearing in a combination of multiphase inclusions
formed late. Other inclusions, judging from their mor-
phology and relationship to platinum, formed after its
crystallization. In spite of the euhedral habit of the sper-
rylite and hollingworthite inclusions, their occurrence
in the rim of platinum grains and cracks indicates their
hydrothermal-metasomatic mode of formation.

The cavities, which are filled with multiphase inclu-
sions of sulfide minerals, are vacuoles, which, most
likely, are a result of gas bubbles. We suggest that the
ore-forming residual melt enriched in volatile compo-
nents (gas-saturated fluid) produced these multiphase
inclusions. Similarly, platinum in the Uralian deposits
was found to contain a great number of cavities, which
occupied 13% of the volume and reduced the density of
the PGM (Betekhtin 1935). The gas filling these vacu-
oles may have been released from metal-organic com-
plexes, which may thus have played a significant part in
the mobilization and transport of the PGE (Slobodskoy
1981). The abundance of gas vacuoles in platinum also
indicates that crystallization occurred in the apical part
of intrusive bodies.

Multiphase inclusions in these cavities are the most
interesting ones. They are the product of crystallization
of a residual melt and subsequent subsolidus transfor-
mations of early phases, which after crystallization of
the main metallic phases became enriched in Pd, Rh,
Cu, and S, and further evolved in closed systems in gas
vacuoles. These can be considered small natural auto-
claves. The phases filling the cavities in platinum nug-
gets from the Pustaya River are the products of
decomposition of high-temperature base-metal sulfide
solid-solutions: monosulfide Me1–xS (Mss), intermedi-
ate Me1+xS (Iss) and bornite (Bnss) solid-solutions, of
which Iss is the main concentrator of the light PGE
(Peregoedova & Ohnenstetter, in press). Micropara-
geneses of multiphase inclusions in Pt–Fe alloy com-
posed of vysotskite, palladian cooperite, vasilite, and
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other sulfides of Pt and Pd in a chalcopyrite–bornite
matrix occur rather commonly in other Alaskan-type
sources at Durance, France (Johan et al. 1990), in plac-
ers of Siberia (Tolstykh & Krivenko1994), in southern
Burma (Hagen et al. 1990), for example. The difference
is only in the degree of isomorphous substitution, and
the variable stoichiometry of sulfides from low-sulfide
(vasilite) to high-sulfide (malanite), depending on local
sulfur fugacity at the time of their crystallization.

The presence of two minerals, each of which are
solid solutions [irarsite with a sperrylite component
(IrAsS–PtAs2) and sperrylite with a hollingworthite
component (PtAs2–RhAsS)] suggests the existence of
an intermediate unstable high-temperature solid-solu-
tion, (Ir,Pt,Rh)(S,As)2. It could crystallize concurrently
with platinum, with further decomposition into sper-
rylite and irarsite of an early generation, differing from
late generations in the presence of components dissolved
in the primary solid-solution, and partial deviation from
stoichiometry. Similar observations were made earlier
in connection with ultrabasic rocks in ophiolite com-
plexes, where laurite was shown to contain the irarsite
component, (Ir,Ru,Os)(S,As)2 (Tolstykh et al. 1999).

Solid solutions in minerals from different geologi-
cal settings usually reflect the specific features of the
source. Cooperite and vysotskite placers of the Pustaya
River, similar to cooperite of the Gusinogorsk massif in
the Urals (Begizov et al. 1975) and the placers of north-
ern Burma (Cabri et al. 1996), do not contain Ni, com-
pared to these minerals from stratiform intrusions (Cabri
et al. 1978). However, they do contain Cu, which is
considered one of the features specific to the Alaskan-
type massifs. The Pd minerals keithconnite, stibiopal-
ladinite, and rhodarsenide are characterized by Pt
substitution for Pd, which is typical of zoned ultrabasic
rocks and related placers (Cabri et al. 1996, Legendre
& Augé 1992, Gornostayev et al. 1999) rather than of
stratiform intrusions.

ELEMENTS OF THE GENETIC MODEL

On the basis of the relationship among mineral
phases and a comparison of mineral compositions with
results of experimental studies, a genetic model of the
ore-forming system can be developed to describe the
evolution of platinum mineralization in massifs in the
basin of the Pustaya River. From the metal-rich melt
undersaturated with S and depleted in refractory ele-
ments, the first phase to crystallize was osmium left over
in the melt after fractionation of the major portion of
refractory elements at the cumulate stage. The high con-
centration of Pt in native osmium (up to 10 at.%) sug-
gests that the temperature of crystallization was not less
that 850°C (Slansky et al. 1991). At the next stage, plati-
num separated in the form of an alloy with iron. The
last portions of melt, enriched in copper and saturated
in volatiles, migrated into the marginal facies, enrich-
ing them in palladium. Part of this residual melt was

localized in gas vacuoles with further crystallization, ac-
cording to the model of PGE behavior in a sulfide sys-
tem described by Peregoedova (1999). Vysotskite can
be expected to separate from such a Cu-enriched re-
sidual melt at a temperature below 840°C (Peregoedova
1999). The PtS component in Pustaya River vysotskite
attains 26 mol.%, but it is known that at 800°C, vysotskite
may dissolve no more than 24 mol.% PtS (Cabri et al.
1978). The Pustaya River vysotskite thus probably
formed at a temperature somewhat higher than 800°C.
Pd-bearing Iss and Bnss were produced on further cool-
ing, and subsolidus transformations at temperatures be-
tween 760° and 550°C led to vasilite and palladian
cooperite and vysotskite as products of exsolution
(Peregoedova 1999, Peregoedova & Ohnenstetter, in
press). Decomposition structures of this type are ob-
served in the microparageneses, except that instead of
Pd16S7 and (Pd,Ni)S, the S-undersaturated sulfide
(Pd,Cu,Pt)3S crystallizes. Sulfur fugacity, logf(S2), was
no more than 10-4 atm. Bornite solid-solution is the last
to decompose, with the formation of chalcopyrite and
bornite that fill the remaining space between other phases.

Finally, at the postmagmatic stage, the PGM assem-
blages were transformed under the influence of Cu- and
S-saturated fluids. It is at this point that the Pd-free rims
of PtCu, Pt3Cu, and cooperite formed.

The proposed model of the development of the ore
system certainly does not explain the wide variety of
natural parageneses related to zoned ultrabasic rocks of
the Alaskan type, but it does show the general sequence
of formation of the PGE minerals. One aspect of our
model, a consequence of the sequence of formation of
the PGM minerals, contradicts the proposal that
isoferroplatinum cristallizes later that the other PGM (cf.
Legendre & Augé 1992).

CONCLUSIONS

1. The placers of the Pustaya River occur within a
belt of zoned ultrabasic rocks of Uralian or Alaskan
type. In the drainage basin of the river, there are massifs
of clinopyroxenite–dunite showing a limited degree of
erosion and elevated concentration of Pd in magnetite
clinopyroxenites. These massifs are the source of the
platinum placers.

2. The PGM concentrate consists predominantly
(99.5%) of platinum grains with a considerable Pd con-
tent in the majority of them. The palladium concentra-
tion in grains of Pt–Fe alloy is typical of weakly eroded
massifs.

3. The grains of Os–Is–Ru alloy in this association,
included in grains of platinum, consist of native osmium.
The compositions define an osmium trend that contrasts
with the ruthenium trend characteristic of ultrabasic
rocks in ophiolitic complexes (Krivenko & Tolstykh
1994).

4. Cooperite from the Pustaya River suite does not
contain Ni, but it does contain Cu in solid solution. The
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Pd minerals keithconnite, stibiopalladinite and rhodar-
senide are characterized by Pt substitution for Pd, which
is typical of occurrences in zoned ultrabasic rocks of
the Alaskan-type massifs.

5. Considering the majority of features, the mineral
assemblage from the Pustaya River can best be com-
pared with the placers of northern Burma and Ecuador
and, to some extent, with those of the Durance, Fifield,
Jubdo localities and, in Russia, with Kuznetzk Alatau,
Koryakia, and Chukotka.
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