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ABSTRACT

The platinum-group minerals (PGM) and chromite composition of the Zolotaya River gold placer, in the Russian Far East,
indicate a genetic relationship to poorly exposed Late Permian dunite – hornblendite – gabbro intrusions of Uralian–Alaskan
type. Ninety percent of the PGM grains studied consist of Pt–Fe alloy, typically with a rhodium content in the 1–2 wt.% range.
Pt-bearing Os–Ir–Ru alloy occurs in three variants: (1) heterogeneous grains with an exsolution texture, (2) intergrowths of Os–
Ir alloy with Pt–Fe alloy, and (3) homogeneous grains. Minerals of the erlichmanite–laurite series are relatively rare. Their
composition varies from pure laurite through Os-bearing laurite to erlichmanite. Cooperite occurs in multiphase inclusions (in
association with cuprorhodsite and chalcopyrite) in Pt–Fe alloy, and as a secondary rim (occasionally intergrown with platarsite
and sperrylite) around Pt–Fe grains. Heterogeneous aggregates of Pt–Fe and Ru–Pt–Ir alloy have inclusions of arsenides of
rhodium, iridium and ruthenium (cherepanovite, iridarsenite, ruthenarsenite) and a sulfarsenide-rich rim (irarsite).

Keywords: Pt–Fe alloy, platinum-group minerals, Uralian–Alaskan-type complex, gold-bearing placers, platinum-group elements,
Primorye, Russia.

SOMMAIRE

D’après les minéraux du groupe du platine (MGP) et la composition du spinelle chromifère présents dans les placers aurifères
de la rivière Zolotaya, dans la partie extrême orientale de la Russie, il y aurait un lien génétique avec des massifs intrusifs
permiens tardifs à piètre affleurement de dunite – hornblendite – gabbro du type Ourale–Alaska. Quatre-vingt dix pour cent des
grains de MGP que nous avons étudié sont un alliage Pt–Fe, typiquement avec une teneur en rhodium de 1–2% (poids). Un alliage
Os–Ir–Ru platinifère y figure en trois variantes: (1) grains hétérogènes ayant une texture d’exsolution, (2) intercroissances d’un
alliage Os–Ir avec l’alliage Pt–Fe, et (3) grains homogènes. Les minéraux de la série erlichmanite–laurite semblent relativement
rares. Leur composition varie de laurite pure, passant par laurite osmifère, jusqu’à erlichmanite. La cooperite se présente en
inclusions multiphasées (en association avec cuprorhodsite et chalcopyrite) dans l’alliage Pt–Fe, et en liseré secondaire en bordure
(ici et là en intercroissance avec platarsite et sperrylite) autour des grains de l’alliage Pt–Fe. Des aggrégats hétérogènes des
alliages Pt–Fe et Ru–Pt–Ir contiennent des inclusions d’arséniures de rhodium, iridium et ruthénium (cherepanovite, iridarsenite,
ruthenarsenite) et une bordure riche en sulfarséniure (irarsite).

(Traduit par la Rédaction)

Mots-clés: alliage Pt–Fe, minéraux du groupe du platine, complexe de type Ourale–Alaska, placers aurifères, éléments du groupe
du platine, Primorye, Russie.
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The hornblendite suite of the dunite – hornblendite
– gabbro complex has a composition similar to peridot-
ites and hornblende-rich pyroxenites of the zoned ultra-
basic intrusions of southwestern Alaska (Taylor &
Noble 1969, Himmelberg & Loney 1995). A minor
amount of hornblendite also is present in some concen-
trically zoned massifs of the Uralian Platinum Belt
(Ivanov 1997). All massifs mentioned above have simi-
lar petrochemical and mineralogical characteristics, al-
though the proportion of hornblende-bearing ultrabasic
rocks in individual intrusive complexes is highly vari-
able.

The Permian black shale hosts a number of quartz
veins with pyrite – arsenopyrite – gold; they formed in
connection with the felsic intrusions, and are considered
to be the source of the alluvial gold placers (Shcheka et
al. 1991). The alluvial gold from the Zolotaya River
consists of dominantly (1) low-silver Au–Ag alloy with
<8 wt.% Ag, and (2) high-silver Au–Ag alloy with up
to 25 wt.% Ag. Occasionally, a complex Au–Ag–Hg–
Pd alloy occurs, with up to 8 wt.% Pd and 4 wt.% Hg.
The palladium component in this variant is considered
to be related to remobilization from dunitic rocks dur-
ing the widespread felsic magmatism (Molchanov et al.
2001).

ANALYTICAL METHODS

Both quantitative electron-microprobe analysis with
wavelength-dispersion spectrometers (WDS) and en-
ergy-dispersion X-ray spectrometry (EDS) were done
with a CAMECA SX100 electron microprobe at the
Institute of Mineralogy and Mineral Resources of Tech-
nical University of Clausthal (Germany). The PGM
were analyzed with a voltage of 20 kV and a beam cur-
rent of 20 nA, with a beam 1 �m in diameter. The dura-
tion of the analyses varied from 10 to 30 s. Nineteen
elements were determined using the following stan-
dards: FeS2, PbTe, SnO2, InAs and pure osmium, bis-
muth, ruthenium, rhodium, palladium, silver, antimony,
gold, platinum, iridium, nickel, cobalt, iron and copper.
The X-ray K� lines were used for Ni, Co, Fe; L� for
Ru, Rh, Sn, Sb, Te, Au, Pt, Ir, Cu; L�1 for Pd and Ag,
and M� for Os, Pb, Bi. The following detection-limits
were obtained (in wt.%): 0.15 for Os, 0.15 for Ir, 0.16
for Ru, 0.12 for Rh, 0.24 for Pd, 0.27 for Pt, 0.27 for
Au, 0.32 for Ag, 0.23 for Pb, 0.04 for Fe, 0.02 for Ni,
0.09 for Cu, 0.03 for Co, 0.18 for Bi, 0.08 for Sb, 0.08
Sn, 0.09 for Te, 0.05 for As, and 0.06 for S.

Oxides and silicates were analyzed for twelve ele-
ments using the following standards and spectral lines:
kaersutite, Cr2O3 (synthetic), rutile, sphalerite, Fe2O3
(synthetic), rhodonite, forsterite, albite. The SiK�, KK�,
CaK�, CrK�, TiK�, SK�, FeK�, MnK�, ZnK�, NaK�,
MgK�, and AlK� lines were used. For the data reduc-
tion, we employed the approach of Pouchou & Pichoir
(1984).

INTRODUCTION

Platinum-group minerals (PGM) in southwestern
Primorye, in the Russian Far-East (Fig. 1), were discov-
ered at the end of the 19th century during gold placer
mining on the territory of the Sof’e–Alexeevskoe Cos-
sacks. Over the interval 1900–1912, exploration for gold
was carried out at four fields: Zolotaya and Baykal river
(former Dzhunikha) valleys and their northern tributar-
ies (Annert 1928). In 1931, S.G. Vaulin, mining engi-
neer with the “Dal’zoloto” company, evaluated the
platinum potential. He confirmed the presence of small
amounts of PGM in the gold placers (up to 3 mg PGE/
m3) and noted the occasional occurrence of nuggets with
a weight of more than 50 mg. Only about sixty years
later, the composition and secondary transformation of
the PGM from the Fadeevka placer were studied by re-
searchers from the Far East Geological Institute in
Vladivostok (Shcheka et al. 1991).

In the present study, we give a description of the
primary and secondary PGM mineralization, on the ba-
sis of sample material from a heavy-mineral concentrate
taken from the Zolotaya River. Grains of chromian
spinel were analyzed from the Zolotaya and Fadeevka
River placers.

GEOLOGICAL SETTING

The Zolotaya and Fadeevka rivers are located in the
Pogranichnaya gold belt, which is part of the southern
Laoelin–Grodekov fold belt, Primorye (Figs. 1, 2). The
fold belt strikes N–S and stretches along the China–
Russia border, southwest of Lake Khanka. This area
represents an island-arc terrane that accreted to the west
of the Sino-Korean platform during the Late Paleozoic
(Khanchuk et al. 1996). The stratigraphic sequence of
the study area consists of an Early Paleozoic basement
of muscovite–chlorite schist overlain by Permian black
shale. Late Permian folding and thrusting were accom-
panied by basic to ultrabasic magmatism, followed by
extensive granitic magmatism. Shallow gabbroic sills
and stocks and granitic rocks with dominantly albitized
granophyric granites (granodiorite–granite complex) are
comagmatic with metabasaltic volcanism (spilite–
keratophyre series). A differentiated dunite – horn-
blendite – gabbro complex, associated with magmatic
copper–nickel sulfide mineralization, intrudes the Per-
mian black shale. Cortlandite and hornblendite (with
orthopyroxene) rich in high-aluminum hornblende (re-
placing orthopyroxene and clinopyroxene) are the most
common rock-units. This complex is concentrically
zoned and is regarded as of Uralian–Alaskan-type
(Shcheka et al. 1990). A large part of it was intruded by
Late Permian granites and now occurs as xenoliths and
large blocks (roof pendants) within the granitic rocks.
Larger occurrences are in the upper Baykal valley and
in the upper reaches of the Kamenuska River west of
Veranda Mountain (Fig. 2).
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FIG. 1. Location map of the PGE-bearing gold placers of Zolotaya and Fadeevka in
Primorye, Russian Far East. Map simplified after Shcheka et al. (2001).

SOURCE OF THE PGM

In an earlier study of the PGM and associated min-
erals from the Fadeevka River placer, Shcheka et al.
(1991) suggested that the PGM mineralization is related
to the dunite – hornblendite – gabbro complex. Since
then, black shale was found that also could be a source
of the platinum-group elements. The chemical compo-

sition of chromian spinel is often used for both the petro-
genetic characterization of basic-ultrabasic igneous
complexes and their related mineralization (e.g., Barnes
& Roeder 2001). We studied the chromian spinel from
the Fadeevka and Zolotaya placers both as inclusions in
PGM and in individual grains of chromian spinel in
heavy-mineral concentrates, and compared it to
chromian spinel from the Late Permian dunite –



586 THE CANADIAN MINERALOGIST

FIG. 2. Geological sketch-map of the
study area.
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hornblendite – gabbro complex within the same area.
All three sample groups studied have a similar compo-
sition, suggesting a common source (Table 1). The
chromian spinel has a high content of chromium, a low
content of titanium, and a low oxidation state. The plot
of Fe3+/(Cr3+ + Fe3+ + Al3+) versus Cr3+/(Cr3+ + Fe3+ +
Al3+) for chromian spinel from the Zolotaya and
Fadeevka areas shows a compositional field similar to
Uralian–Alaskan-type occurrences and different from
the ophiolitic trend (Fig. 3).

The composition of an olivine inclusion (Fo91)
within a PGM grain is similar to olivine in dunite and
further confirms the connection of PGM mineralization
from the Zolotaya River to the dunite – hornblendite –
gabbro intrusions.

ASSOCIATIONS OF PLATINUM-GROUP MINERALS

About 40 grains of PGM from the Zolotaya gold
placer have been studied by electron-microprobe analy-
sis. Ninety percent of the grains consist of a Pt–Fe al-
loy; the remaining grains consist of Os–Ir–Ru–Pt alloy.
Other PGM occur as inclusions within or a rim on the
main alloy phases. The grain size of the PGM seldom
exceeds 2 mm (maximum is 4.4 mm across) and nor-
mally varies from 0.2 up to 1.4 mm. The grain shape is
isometric or tabular, commonly irregular and angular.
Usually, the PGM are poorly rounded, with euhedral
outlines preserved, which indicates relatively little trans-
port. Occasionally, the PGM are intergrown with sili-
cates, such as forsterite, quartz, chamosite, white mica,
and clay minerals.

Pt–Fe alloy

The Pt content in the Pt–Fe alloy varies from 80.0
up to 91.8 wt.% (Table 2, Fig. 4). The most common
minor elements are rhodium (from 0.55 to 2.51 wt.%)
and palladium (from 0.26 to 1.07 wt.%). Some grains
are rich in iridium (up to 7.14 wt.%). Copper ranges
from 0.26 to 1.12 wt.%, and was found in all grains
analyzed.

Os–Ir–Ru–Pt alloy

The grains of Os–Ir–Ru–Pt alloy have an extremely
heterogeneous texture and consist of up to four differ-
ent mineral phases, reflecting various stages of
exsolution of the primary solid-solution (Table 3,
Fig. 5). Sample ZL22 was found to be the most interest-
ing because it allowed us to define the composition of
the primary grains and to correlate it with the composi-
tion of its products of exsolution. The grain matrix con-
sists of a micrographic intergrowth of iridium-rich Pt-Fe
alloy (Pt2.47Ir0.17Rh0.05Pd0.01Ru0.01)�2.71(Fe0.95Cu0.04
Ni0.01)�1.00 and an alloy phase of composition Ir0.52Ru0.18
Pt0.16Cu0.06Rh0.05Pd0.02Os0.02 (Fig. 6a). Numerous inclu-
sions of cherepanovite (RhAs) and iridarsenite (IrAs2)
are located in the matrix. The grain has a homogeneous
rim of Pt0.46Ir0.25Fe0.18Ru0.08Rh0.01Os0.01Cu0.01,with
graphic inclusions of cherepanovite characterized by a
high Ru content (up to 20 wt.%), in association with
irarsite (Ir,Rh,Pt)AsS (Fig. 6b). We analyzed the matrix
of the micrographic grain with a defocused beam
(50 �m) in order to obtain its bulk composition. The
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composition, Pt0.49Ir0.23Fe0.17Ru0.07Rh0.02Os0.01Pd0.01, is
nearly identical to that of the rim, suggesting a variable
degree of exsolution from a homogeneous primary
phase for both rim and core.

Other samples consist of aggregates of (i) zonal
intergrowths of iridium, Ir0.40Ru0.22Os0.20Pt0.11Rh0.04

Fe0.02, with two variants of rutheniridosmine, Ir0.39Ru0.30
Os0.28Rh0.02Pt0.01 and Os0.42Ir0.30Ru0.23Pt0.02Rh0.02, and
iridium-bearing Pt–Fe alloy (Pt2.10Ir0.16Rh0.09Ru0.01)�2.36
(Fe0.89Ni0.07Cu0.04)�1.00 (sample ZL–1/6), (ii) iridium
Ir0.41Os0.28Pt0.11Rh0.09Ru0.07Pd0.03 with numerous spot-
ted inclusions of Ir- and Rh-rich Pt–Fe alloy (Pt2.66Rh0.15

FIG. 3. Plot of Fe3+/(Cr3+ + Fe3+ + Al3+) versus Cr3+/(Cr3+ + Fe3+ + Al3+) for chromian
spinel from the Zolotaya and Fadeevka areas. Evolution trends of chromian spinel in
the Nizhni Tagil, Fifield (FIF), Goodnews Bay and Papua New Guinea (PNG) Uralian–
Alaskan-type complexes, as well as for ophiolitic chromitites, according to Johan
(2002).

FIG. 4. Composition of Pt–Fe alloy from the Zolotaya River placer (at.%).
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Ir0.10Pd0.05)�2.95(Fe0.94Cu0.04Ni0.02)�1.00, and ribbon-like
osmium Os0.57Ir0.30Ru0.08Rh0.03 (Fig. 6c, sample ZL2),
and (iii) Ir-rich Pt–Fe alloy (Pt2.57Ir0.12Rh0.10)�2.79
(Fe0.96Cu0.04)�1.00 with subhedral inclusions of iridium
Ir0.57Os0.26Pt0.08Rh0.06Ru0.02 (Fig. 6d, sample ZL14).
Only one homogeneous grain of iridium was found, with
the composition of Ir0.56Os0.32Ru0.06Pt0.05Rh0.01. In
addition to these mineral associations, there are inter-

growths of Pt–Fe alloy with plates of osmium Os0.71
Ir0.26Rh0.02Pt0.01, and submicrometric inclusions of na-
tive osmium Os0.96Pt0.04 in Pt–Fe alloy.

On the basis of these observations, the refractory
PGM of the Zolotaya placer can be subdivided into three
groups: (1) heterogeneous Os–Ir–Ru–Pt grains (most
common) formed as a result of breakdown of the solid
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solution (Figs. 6a, c), (2) Pt–Fe alloy and Os–Ir alloy
intergrowths, and (3) homogeneous grains.

Cooperite, PtS, and cuprorhodsite, Cu(Rh,Ir)2S4

Cooperite from the Zolotaya placer occurs in two
different varieties. Primary cooperite intergrown with
cuprorhodsite and chalcopyrite forms roundish
multiphase inclusions in Pt–Fe alloy (Fig. 7). The in-
clusions are not more than 10–20 �m across. Cupro-
rhodsite from the multiphase inclusions contains up to
30.8 wt.% Pt, whereas the Ir content does not exceed
0.81% (Table 4). Chalcopyrite contains up to 5.12 wt.%
Pt and 1.13% Pd. Secondary cooperite forms a rim
around Pt–Fe grains (Fig. 8). The distinctive feature of
primary cooperite is its palladium content, up to 1.98
wt.%, whereas secondary cooperite commonly has a Pd
content below the detection limit and only rarely attains
0.66 wt.% (Table 4).

The width of the secondary rim of cooperite reaches
50 �m. One of the Pt–Fe grains studied is surrounded
by a complex rim, which consists of cooperite
intergrown with a Pb–Ir–Cu–Rh sulfide (Table 5,
Fig. 8a). The Pb content varies from 1.60 to 7.54 wt.%.
The Pb-bearing phase could be either xingzhongite,
(Ir,Pt)2(Cu,Pb)S4, or konderite, PbCu3Rh8S16.

In another sample, patchily intergrown aggregates
of cooperite with sperrylite form a several-�m-wide rim
on Pt–Fe alloy. Cooperite contains up to 3.02 wt.% Ir,
and both cooperite and sperrylite contain up to 1.30
wt.% Rh.

The erlichmanite–laurite solid-solution series

Members of the erlichmanite–laurite solid-solution
series, OsS2–RuS2, occur both in the form of idiomor-
phic inclusions (up to 15 �m across) in Pt–Fe alloy and
as an intergrowth with Os–Ir–Ru–Pt alloy (Fig. 9). Pure
laurite has been found as an intergrowth with a zoned
grain of rutheniridosmine. Erlichmanite, with up to 12.1
wt.% Ru (Table 6), occurs as an intergrowth with iri-
dium. Idiomorphic inclusions of Os-bearing laurite of
hexagonal habit (up to 20.2 wt.% Os) occur within Pt–
Fe alloy. The euhedral laurite is evidence of its primary
formation and subsequent entrapment by Pt–Fe alloy.

The cherepanovite–ruthenarsenite
solid-solution series

Minerals of the cherepanovite–ruthenarsenite solid-
solution series, RhAs–(Ru,Ni)As, form irregular inclu-

sions (up to 20 �m; Table 4) mainly close or within the
rim of heterogeneous grains with a lattice-like
intergrowth of Ir-bearing Pt–Fe and Ir–Ru–Pt alloy
(Fig. 6a). In some cases, cherepanovite occurs as an
intergrowth with iridarsenite (Ir,Ru,Rh,Pt)As2. In the
rim zone, cherepanovite has a high Ru content (up to
19.2 wt.%). This phase probably is an intermediate
member of the cherepanovite–ruthenarsenite solid-so-
lution series. Ru-rich cherepanovite forms a graphically
intergrown aggregates with irarsite (Ir,Rh,Pt,Ru)AsS.

FIG. 5. Composition of Os–Ir–Ru–Pt alloy a) in the Os – Ru
– (Ir + Pt + Fe + Rh) diagram, b) in the Ir – (Os + Ru) – (Pt
+ Fe) diagram (at.%). Shaded area corresponds to the mis-
cibility gap, according to Cabri & Feather (1975).
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PGE arsenides and sulfarsenides

As-bearing PGM are relatively rare. They are com-
monly represented by sperrylite and occur as rim phases
around grains of Pt–Fe alloy or fill cavities after leached
magmatic Os–Ir lamellae in Pt–Fe alloy. There are also
inclusions of iridarsenite and irarsite in association with
minerals of the cherepanovite–ruthenarsenite solid so-
lution (Table 4).

DISCUSSION AND CONCLUSIONS

The Zolotaya River placer contains primary (mag-
matic) and secondary PGM (Table 7). The primary min-
erals are Pt–Fe alloy, Os–Ir–Ru alloy, cooperite (in
multiphase inclusions), laurite, erlichmanite, cupro-
rhodsite, cherepanovite and iridarsenite. The secondary
minerals are distinguished by their occurrence in reac-
tion rims around grains of Pt–Fe alloy and are repre-
sented by cooperite, irarsite, platarsite and sperrylite.

Pt–Fe alloy is the main PGM in the Zolotaya River
placer. The Fe content (including Ni and Cu) varies from
14 to 30 at.%, which is characteristic of native platinum
and ferroan platinum alloy (Cabri & Feather 1975). Its
average composition (n = 21) is: 87.84 ± 3.25 wt.% Pt
(73.35 ± 5.89 at.%), 6.88 ± 2.37 wt.% Fe (19.69 ± 5.72
at.%), 0.85 ± 0.73 wt.% Os, 0.09 ± 0.09 wt.% Ru, 1.58
± 0.65 wt.% Rh, 0.47 ± 0.31 wt.% Pd, 0.67 ± 1.42 wt.%
Ir, 0.13 wt.% ± 0.11 wt.% Ni, and 0.61 ± 0.21 wt.% Cu.
The main minor PGE present is rhodium. Pt–Fe alloy of
similar composition is typical of Uralian–Alaskan-type
deposits (Cabri et al. 1996).

Ir-bearing Pt–Fe alloy forms three different morpho-
logical types: (1) lattice-like intergrowths (exsolution
fabric) with Ir–Os–Ru–Pt alloy (Fig. 6a), (2) irregular
patchy inclusions in Ir–Os–Ru–Pt alloy (Fig. 6c), and
(3) a grain matrix with subhedral inclusions of iridium
(Fig. 6d).

FIG. 6. Back-scattered electron (BSE) images of different
exsolution-induced textures of Ir–Os–Ru–Pt alloy from
Zolotaya River. a. Micrographic intergrowth of Ir-rich Pt–
Fe alloy (white) with Ir–Ru–Pt alloy (grey), and
cherepanovite inclusions (dark grey). Sample ZL22. b. Rim
zone of Pt–Ir–Fe–Ru alloy (white) with symplectitic inclu-
sions of Ru-rich cherepanovite (black). Irarsite (dark grey)
occurs as a reaction rim and on fractures. Sample ZL22. c.
Patchy inclusions of Ir-rich Pt–Fe alloy (dark grey) in irid-
ium matrix (grey) and ribbon-like osmium (white). Sample
ZL2. D. Subhedral inclusions of iridium (white) in Ir-rich
Pt–Fe alloy (grey). Sample ZL14.
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FIG. 7. Cooperite inclusions in Pt–Fe alloy. Sample ZL–1/7.

FIG. 8. Secondary rim of cooperite (a) intergrown with Pb–Ir–Cu–Rh sulfide (xingzhongite or konderite) and of cooperite (b) on
Pt–Fe alloy.
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FIG. 9. Mineral composition of the laurite–erlichmanite solid-solution series (at.%).

The triangular diagram (Pt + Fe) – (Os + Ru) – (Ir +
Rh) of Slansky et al. (1991) allows an estimate of the
temperature of formation and was applied to the
Uralian–Alaskan-type intrusions at Fifield, Nizhni Tagil
and Durance River (Slansky et al. 1991), Inagli
(Tolstykh & Krivenko 1997), Salmon River (Tolstykh
et al. 2002), and Kondyor and Guli (Malitch &
Thalhammer 2002). The composition of multiphase
assemblages from the Zolotaya River is plotted in rela-
tion to temperature of formation (Fig. 10). Grain ZL22
shows the highest temperature, >850°C. Sample ZL2
shows step-like exsolution, with an Ir content corre-
sponding to 800°C. The formation of iridium and Ir-rich
Pt–Fe alloy (3.72 wt.% Ir) took place at a temperature
slightly below 750°C (sample ZL14). In sample ZL-1/
6, native osmium formed first, followed by phases rich
in Ir (at temperatures >850°C). The textural evidence of

the multiphase associations of minerals and the inter-
pretation of the compositional data with the help of the
diagram of Slansky et al. (1991) point to high-tempera-
ture formation of the Ir–Os–Ru–Pt alloy, similar to that
for the Inagli, Kondyor and the Alaskan intrusions.

Cooperite is the most common PGE sulfide mineral,
and occurs both as a primary inclusion phase enriched
in Pd, and as a secondary rim. The absence of nickel in
cooperite from the Zolotaya River placer is typical of
Uralian–Alaskan-type deposits.

Cuprorhodsite belongs to the group of PGE-bearing
thiospinels, i.e., cuprorhodsite – cuproiridsite – malanite
– ferrorhodsite solid solution. These minerals are most
abundant in Uralian–Alaskan-type deposits (Cabri et al.
1981, Rudashevsky et al. 1985a, Nekrasov et al.1994,
Augé et al. 2002, Garuti et al. 2002), but they occur
also in ophiolitic complexes (Corrivaux & Laflamme
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1990, Augé & Maurizot 1995, Garuti et al. 1999), Al-
pine-type complexes (Garuti et al. 1995), and in lay-
ered mafic-ultramafic intrusions (Barkov et al. 1997,
2000). The cuprorhodsite–cuproiridsite series shows
complete solid-solution, whereas pure malanite is not
described in the literature. The cuprorhodsite from the
Zolotaya placer is similar to occurrences in eastern
Madagascar, Burma, Borneo, Ecuador, India (Baula),
and Russia (Chukotka) (Fig. 11). In general, the Ir con-
tent of minerals of the cuprorhodsite–cuproiridsite solid-
solution series from these occurrences is very low.
Judging from the distribution of minerals at the differ-
ent localities, there is no visible correlation between type
of deposit and cuprorhodsite – cuproiridsite – malanite
mineral composition. Rather, a compositional control is
exerted by the saturation of the ore-forming system in a
mineral phase containing Rh, Ir, and Pt.

Many investigators examining the PGM in Uralian–
Alaskan-type deposits have given detailed descriptions
of multiphase inclusions. In general, the inclusions con-
sist of base-metal sulfides and (Pd,Pt,Rh) sulfides and
tellurides. Pt–Pd mineral assemblages are characteristic
of the PGM occurrences of the Durance River, France,
and Pustaya River, Kamchatka, Russia (Johan et al.
1990, Tolstykh et al. 2000). Rh–Pd mineral assemblages
are more common in the Santiago River, Ecuador
(Weiser & Schmidt-Thomé 1993). Rh-bearing minerals
are also most typical of multiphase inclusions from the
Zolotaya River placer.

Such multiphase inclusions were described also in
PGM from the ophiolitic complexes of northwestern
Salair, Russia (Tolstykh et al. 1999), Troodos, Cyprus
(McElduff & Stumpfl 1990), and Kraubath, Austria
(Malitch et al. 2001), as well as in the Alpine-type com-
plex of Ronda, southern Spain (Torres-Ruiz et al. 1996).
The most typical paragenesis of these complexes con-
sists of laurite + (Pt,Ir,Rh,Ni,Fe,Cu)-bearing sulfides
and base-metal sulfides (including millerite, NiS). The
study of multiphase inclusions leads to the assumption
that complex solid-solutions of Pt, Fe, Ir, Rh, Pd, Cu,
Ni, Au and S exist at high temperature (Johan et al.

1990). Tolstykh et al. (2000) suggested that these inclu-
sions form from vapor-saturated residual melt in a
closed-system situation in gas-rich miaroles.

Minerals of the erlichmanite–laurite solid-solution
series vary from pure laurite (in association with
ruthenarsenite), through Os-bearing laurite (in associa-
tion with Pt–Fe alloy) to erlichmanite (in association
with iridium). Rhodium is present up to 2.07 wt.%,
which is one distinguishing feature of Uralian-Alaskan-
type deposits (Johan et al. 1989).

Cherepanovite is a rare mineral. It was first described
in the deposits of the Koryaksko–Kamchatskiy Ultra-
basic Belt (Rudashevsky et al. 1985b). Cherepanovite
has also been found in New Zealand (Railton & Watters
1990), Tasmania, Australia (Botrill 1993), and the Po-
lar and Southern Urals of Russia (Garuti et al. 1999,
Britvin et al. 1999). Cherepanovite occurs in two vari-
eties in the Zolotaya River samples: (1) relatively poor
in Ru in core zones, and (2) richer in Ru in the rim zones.
The high Ru content of cherepanovite leads to the
infeence that there is a wide range of solid solution be-
tween cherepanovite and ruthenarsenite at high tempera-
ture.

All mineralogical and chemical observations point
to a connection of the Zolotaya and Fadeevka River
placers to the Late Permian dunite – hornblendite – gab-
bro intrusions of Uralian–Alaskan-type. The composi-
tion of the chromite from heavy-mineral concentrates
and from inclusions within PGM from the Zolotaya
placer is typical of Uralian–Alaskan-type intrusions, i.e.,
high chromium and iron content at relatively low
titanium content. The primary PGM are dominated by
Pt–Fe alloy (about 90%), and Os–Ir–Ru alloy is subor-
dinate. All other PGM occur as rim or inclusion phases
in the primary PGE alloys. Cooperite is impoverished
in Ni. Rhodium and Cu are invariably present as minor
elements of the Pt–Fe alloy, and the minerals of the
laurite–erlichmanite solid-solution series have an el-
evated Rh content. Other Rh-bearing minerals present
are cuprorhodsite and cherepanovite. The distinct
rhodium-enrichment signature is one of the main fea-
tures of Uralian–Alaskan type deposits.



596 THE CANADIAN MINERALOGIST

ACKNOWLEDGEMENTS

This work was supported by INTAS grant YSF 00–
73. The authors are very grateful to Alexander M.
Lennikov for fruitful discussions, Klaus Herrmann for
excellent technical support in connection with the elec-
tron-microprobe analyses, Ulf Hemmerling for help
with sample preparation and Fred Türck for computer
support. Critical reading by referees Daniel Ohnenstetter
and Giorgio Garuti, as well as by James E. Mungall and
Robert F. Martin, helped to improve the paper and is
very much appreciated.

REFERENCES

ANNERT, E.E. (1928): Natural Resources of the Far East. Akz.
o-vo “Knizchnoe delo”, Khabarovsk-Vladivostok, Russia
(in Russ.).

AUGÉ, T. & LEGENDRE, O. (1992): Alluvial platinum-group
minerals from alluvial deposits in eastern Madagascar.
Can. Mineral. 30, 983-1004.

________ & MAURIZOT, P. (1995): Stratiform and alluvial
platinum mineralization in the New Caledonia ophiolite
complex. Can. Mineral. 33, 1023-1045.

FIG. 10. Phase diagram of the Pt + (Fe,Cu) – Os + (Ru) – Ir + (Rh) system (Slansky et al.
1991).



ASSOCIATIONS OF PGM, ZOLOTAYA GOLD PLACER, RUSSIA 597

FIG. 11. Diagram showing the cuprorhodsite – cuproiridsite – malanite solid solution
(at.%). Data sources: Augé & Legendre (1992), Augé & Maurizot (1995), Augé et al.
(2002), Barkov et al. (2000), Cabri et al. (1996), Garuti et al. (1995, 1999, 2002),
Nekrasov et al. (1994), Tolstykh & Krivenko (1997).



598 THE CANADIAN MINERALOGIST

________, SALPETEUR, L., BAILLY, L., MUKHERJEE, M.M. &
PATRA, R.N. (2002): Magmatic and hydrothermal plati-
num-group minerals and base-metal sulfides in the Baula
complex, India. Can. Mineral. 40, 277-309.

BARKOV, A.Y., HALKOAHO, T.A.A., LAAJOKI, K.V.O.,
ALAPIETI, T.T. & PEURA, R.A. (1997): Ruthenian pyrite and
nickeloan malanite from the Imandra layered complex,
northwestern Russia. Can. Mineral. 35, 887-897.

________, MARTIN, R.F., HALKOAHO, T.A.A. & POIRIER, G.
(2000): The mechanism of charge compensation in Cu–Fe–
PGE thiospinels from the Penikat layered intrusion, Fin-
land. Am. Mineral. 85, 694-698.

BARNES, S.J. & ROEDER, P.L. (2001): The range of spinel com-
position in terrestrial mafic and ultramafic rocks. J. Petrol.
42, 2279-2302.

BOTTRILL, R.S. (1993): Update to the minerals of Tasmania. 2.
Sulphides and related minerals. J. Mineral. Soc. Tasmania
5.

BRITVIN, S.N., RUDASHEVSKY, N.S., BOGDANOVA, A.N. &
SHCHERBACHEV, D.K. (1999): Palladodymite (Pd,Rh)2As –
a new mineral from the River Miass (Ural) placer. Zap.
Vser. Mineral. Obshchest. 128(2), 39-42.

CABRI, L.J., CRIDDLE, A.J., LAFLAMME, J.H.G., BEARNE, G.S.
& HARRIS, D.C. (1981): Mineralogical study of complex
Pt–Fe nuggets from Ethiopia. Bull. Minéral. 104, 508-525.

________ & FEATHER, C.E. (1975): Platinum–iron alloys: a
nomenclature based on a study of natural and synthetic al-
loys. Can. Mineral. 13, 117-126.

________, HARRIS, D.C. & WEISER, T.W. (1996): Mineralogy
and distribution of platinum mineral (PGM) placer depos-
its of the world. Explor. Mining Geol. 5, 73-167.

CORRIVAUX, L. & LAFLAMME, J.H.G. (1990): Mineralogy of
platinum-group elements in chromitites in ophiolites at
Thetford Mines, Quebec. Can. Mineral. 28, 579-595.

GARUTI, G., GAZZOTTI, M. & TORRES-RUIZ, J. (1995): Iridium,
rhodium and platinum sulfides in chromitites from the
ultramafic massifs of Finero, Italy and Ojen, Spain. Can.
Mineral. 33, 509-520.

________, PUSHKAREV, E. & ZACCARINI, F. (2002): Composi-
tion and paragenesis of Pt alloys from chromitites of the
Uralian–Alaskan-type Kytlym and Uktus complexes, north-
ern and central Urals, Russia. Can. Mineral. 40, 357-376.

________, ZACCARINI, F., MOLOSHAG, V. & ALOMOV, V.
(1999): Platinum-group minerals as indicators of sulfur
fugacity in ophiolitic upper mantle: an example from
chromitites of the Ray–Iz ultramafic complex, polar Urals,
Russia. Can. Mineral. 37, 1099-1115.

HIMMELBERG, G.R. & LONEY, R.A. (1995): Characteristics and
petrogenesis of Alaskan-type ultramafic-mafic intrusions,
southeastern Alaska. U.S. Geol. Surv., Prof. Pap. 1564, 1-
47.

IVANOV, O.K. (1997): Concentrically Zoned Pyroxenite–
Dunite Massifs of Ural. Ural University, Ekaterinburg,
Russia (in Russ.).

JOHAN, Z. (2002): Alskan-type complexes and their platinum-
group element mineralization. In The Geology,
Geochemistry, Mineralogy and Mineral Beneficiation of
Platinum-Group Elements (L.J. Cabri, ed.). Can. Inst. Min-
ing, Metall. Petroleum, Spec. Vol. 54, 669-719.

________, OHNENSTETTER, M., FISHER, W. & AMOSSÉ, J.
(1990): Platinum-group minerals from the Durance River
alluvium, France. Mineral. Petrol. 42, 287-306.

________, ________, SLANSKY, E., BARRON, L.M. & SUPPEL,
D. (1989): Platinum mineralisation in Alaskan-type intru-
sive complexes near Fifield, New South Wales, Australia.
1. Platinum-group minerals in clinopyroxenites of the Kel-
vin Grove prospect, Owendale intrusion. Mineral. Petrol.
40, 289-309.

KHANCHUK, A.I., RATKIN, V.V., RYAZANTSEVA, M.D.,
GOLOZUBOV, V.V. & GOROKHOVA N.G. (1996): Geology
and Mineral Deposits of Primorskiy Krai (Territory).
Dalnauka, Vladivostok, Russia.

MALITCH, K.N., MELCHER, F. & MALLHAUS, H. (2001): Palla-
dium and gold mineralisation in podiform chromitite at
Kraubath, Austria. Mineral. Petrol. 73, 247-277.

________ & THALHAMMER, O.A.R. (2002): Pt–Fe nuggets de-
rived from clinopyroxenite–dunite massifs, Russia: a struc-
tural, compositional and osmium-isotope study. Can. Min-
eral. 40, 395-418.

MCELDUFF, B. & STUMPFL, E.F. (1990): Platinum-group min-
erals from the Troodos ophiolite, Cyprus. Mineral. Petrol.
42, 211-232.

MOLCHANOV, V.P., LENNIKOV, A.M, OKTYABRSKY, R.A.,
ZALISHCHAK, B.L. & SAPIN, B.I. (1994): Petrology and
Platinum Mineralization of Alkaline-Ultramafic Ring Com-
plexes. Nauka, Moscow, Russia (in Russ.).

________, SAPIN, B.I. & KHOMICH, V.G. (2001): On types of
gold and platinum sources from the Fadeevka ore district,
Primorye. Genesis of Gold Deposits and Mining Methods
for Precious Metals (Blagoveshchensk), Abstr. (74-76; in
Russ.).

NEKRASOV, I.YA., LENNIKOV, A.M., OKTYABRSKY, R.A.,
ZALISHCHAK, B.L. & SAPIN, B.I. (1994): Petrology and
Platinum Mineralization of Alkaline-Ultramafic Ring Com-
plexes. Nauka, Moscow, Russia (in Russ.).

POUCHOU, J.L. & PICHOIR, F. (1984): Un nouveau modèle de
calcul pour la microanalyse quantitative par spectrométrie
de rayons X. I. Application à l’analyse d’échantillons
homogènes. La Recherche Aérospatiale 3, 167-192.

RAILTON, G.L. & WATTERS, W.A. (1990): Minerals of New
Zealand. New Zealand Geol. Surv., Bull. 104.



ASSOCIATIONS OF PGM, ZOLOTAYA GOLD PLACER, RUSSIA 599

RUDASHEVSKY, N.S., MEN’SHIKOV, YU.P., MOCHALOV, A.G.,
TRUBKIN, N.V., SHUMSKAYA, N.I. & ZHDANOV, V.V.
(1985a): Cuprorhodsite CuRh2S4 and cuproiridsite CuIr2S4
– new natural thiospinels of the platinum-group elements.
Zap. Vses. Mineral. Obshchest. 114(2), 187-195 (in Russ.).

________, MOCHALOV, A.G., TRUBKIN, N.V., SHUMSKAYA,
N.I., SHKUROVSKIY, V.I. & EVSTIGNEEVA, T.L. (1985b):
Cherepanovite RhAs – a new mineral. Zap. Vses. Mineral.
Obshchest. 114(4), 464-469 (in Russ.).

SHCHEKA, S.A., ISHIWATARI, A. & VRZHOSEK, A.A. (2001):
Geology and petrology of Cambrian Khanka ophiolite in
Primorye (Far East Russia) with notes on its manganese-
rich chromian spinel. Earth Science 55, 265-274.

________, VRZHOSEK A.A. & CHUBAROV, V.M. (1990):
Troctolite–cortlandite Ni-bearing formation of the Far East.
Geologia medno-nikelevykh mestorozhdeniy SSSR. Nauka,
Leningrad, Russia (247-255; in Russ.).

_______, _______, SAPIN, B.I. & KIRUKHINA, N.I. (1991):
Transformations of the PGM from the Primorye placers.
Mineral. Zh. 13(1), 31-40 (in Russ.).

SLANSKY, E., JOHAN, Z., OHNENSTETTER, M., BARRON, L.M. &
SUPPEL, D. (1991): Platinum mineralization in the Alaskan-
type intrusive complexes near Fifield, N.S.W., Australia.
2. Platinum-group minerals in placer deposits at Fifield.
Mineral. Petrol. 43, 161-180.

TAYLOR, H.P., JR. & NOBLE J.A. (1969): Origin of magnetite in
the zoned ultramafic complexes of southeastern Alaska. In
Magmatic Ore Deposits (H.D.B. Wilson, ed.). Econ. Geol.,
Monogr. 4, 209-230.

TOLSTYKH, N.D., FOLEY, J.Y., SIDOROV, E.G. & LAAJOKI,
K.V.O. (2002): Composition of the platinum-group miner-
als in the Salmon River placer deposit, Goodnews Bay,
Alaska. Can. Mineral. 40, 463-471.

________ & KRIVENKO, A.P. (1997): Platinum-group minerals
in the Inagli placer (Aldan shield). Russ. Geol. Geophys.
38, 765-774 (in Russ.).

________, LAPUKHOV, A.S., KRIVENKO, A.P. & LAZAREVA,
E.V. (1999): Minerals of platinum group elements from
gold placers of northeast Salair. Russ. Geol. Geophys. 40,
900-910 (in Russ.).

________, SIDOROV, E.G., LAAJOKI, K.V.O. KRIVENKO, A.P.
& PODLIPSKIY, M. (2000): The association of platinum-
group minerals in placers of the Pustaya river, Kamchatka,
Russia. Can. Mineral. 38, 1251-1264.

TORRES-RUIZ, J., GARUTI, G., GAZZOTTI, M., GERVILLA, F. &
FENOLL HACH-ALÍ, P. (1996): Platinum minerals in
chromitites from the Ojen lherzolite massif (Serrania de
Ronda, Betic Cordillera, southern Spain). Mineral. Petrol.
56, 25-50.

WEISER, T. & SCHMIDT-THOMÉ, M. (1993): Platinum-group
minerals from the Santiago River, Esmeraldas Province,
Ecuador. Can. Mineral. 31, 61-73.

Received January 25, 2003, revised manuscript accepted
July 18, 2003.


