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ABSTRACT

An Alpine-type mafic—ultramafic complex and several Alaskan—Ural type (AUT) plutons are exposed in the Aluchin horst,
Chukotka, Russian Far East. Platinum-group element (PGE) mineralization is observed in placer deposits associated with the
occurrence of a local stratigraphic unit (Volga) of Late Jurassic sediments. The platinum-group minerals (PGM) in these placer
deposits consist mainly of native platinum and grains of Pt—Fe alloy, with Fe contents ranging from 0.3 to 36.15 at.% and, rarely,
iridium, cooperite and sperrylite. Minerals present as inclusions in the grains of Pt-Fe alloy are: bowieite, cooperite, kashinite,
erlichmanite, hollingworthite, irarsite, cuprorhodsite, laurite, Ir oxide (or hydroxide), osmium, prassoite, guanglinite, thodarsenide,
magnetite, plagioclase, silicate glass inclusions and unnamed PGE phases. Some PGM inclusions occur in assemblages of two or
three phases indicative of a high-temperature origin for these nuggets. The data on PGM and other mineral inclusions in the grains
of Pt-Fe alloy as well as their distribution and occurrence suggest that the primary source for the majority of PGM placer grains
studied are AUT mafic—ultramafic complexes.

Keywords: platinum-group minerals, electron-microprobe analysis, Alaskan—Ural type complex, nuggets, placers, Chukotka,
Russia.

SOMMAIRE

Le horst d’ Aluchin, a Chukotka, dans la partie orientale de la Russie, expose un complexe mafique—ultramafique de type alpin
et plusieurs plutons de type Alaska—Oural. La minéralisation en éléments du groupe du platine est associée 4 I’érosion d’une
formation conglomératique (Volga), d’Age jurassique tardif. Parmi les minéraux du groupe du platine dans ces placers, on trouve
surtout le platine natif et des grains d’un alliage Pt-Fe, dont la teneur en Fe va de 0.3 4 36.15% (pourcentage atomique) et, plus
rarement, iridium, cooperite et sperrylite. On trouve en inclusions dans ces grains de I’alliage Pt—Fe: bowieite, cooperite, kashinite,
erlichmanite, hollingworthite, irarsite, cuprorhodsite, laurite, oxyde (ou hydroxyde) d’iridium, osmium, prassoite, guanglinite,
rhodarsenide, magnétite, plagioclase, inclusions de verre silicaté et d’autres phases contenant des éléments du groupe du platine,
mais encore sans nom. Certaines des inclusions se présentent en assemblages de deux ou trois phases, ce qui concorde avec une
origine de ces pépites 2 température élevée. D apres les données sur ces minéraux et autres inclusions dans les grains d’alliage,
de méme que leur distribution et leur mode de gisement, la source primaire de la majorité des grains des alluvions serait les
complexes mafiques—ultramafiques de type Alaska-Oural.

(Traduit par la Rédaction)

Mots-clés: minéraux du groupe du platine, analyse  la microsonde électronique, complexe de type Alaska—Oural, pépites, placers,
Chukotka. Russie.
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INTRODUCTION

The first report on platinum-group minerals (PGM)
in the Baimka River area, Aluchin horst, Chukotka,
Russian Far East was made in 1964 by V.D. Klimov
(unpubl. data) after regional geological mapping and
evaluation of lode and placer gold deposits in the vicin-
ity of the Aluchin horst. Since that time, exploration
programs have led to discovery of numerous PGM oc-
currences in alluvial deposits of the Baimka River,
Omchak Creek and their tributaries. In 1981, V.S.
Varzin & A.G. Mochalov (unpubl. data) studied gold
concentrates obtained from the Priisk Anyuisky State
Mining Company and reported that the PGM in the
Baimka placers are mainly present in grains of Pt—Fe
alloy.

In order to determine the possible sources of PGM
discovered in Baimka River, Omchak Creek and tribu-
taries, detailed electron-microprobe studies (n = 265) of
79 grains have been carried out at the N-E Complex
Research Institute of the Russian Academy of Sciences
(74 grains studied) and at CANMET, Ottawa, Canada
(five grains studied). A complete list of the analytical
results is given in Gornostayev (1994). Detailed SEM
studies have also been done at the Brockhouse Institute
of Materials Research, McMaster University, Canada,
the National Mining University of Ukraine and the In-
stitute of Electron Optics, University of Oulu, Finland.

The results of our work at McMaster and CANMET
have been reported at the Seventh International Plati-
num Symposium, Moscow (Gornostayev et al. 1994)
and were briefly reviewed by Cabri et al. (1996). In this
paper, we present the first detailed description of plati-
num-group element (PGE) mineralization in the Aluchin
horst region utilizing all the data available.

GEOLOGICAL SETTING AND LOCATIONS
OF THE SAMPLES

The Baimka and Omchak gold-PGM placers
(Gornostayev 1993) are located in the Aluchin horst,
located about 180 km southwest of Bilibino, Chukotka,
Russian Far East (Fig. 1). This region was one of the
most important producers of placer gold in Chukotka
up to 1991. The Aluchin horst includes (Fig. 1)
ophiolitic rocks of Permian (or Triassic) age, various
sedimentary and volcanic terranes of Jurassic and Cre-
taceous age, Mesozoic gabbro—clinopyroxenite plutons,
and various hypabyssal intrusive bodies surrounded by
hornfels (Dovgal 1964, Gorodinskii et al. 1982,
Lychagin 1985, Sumnin & Okrugin 1989). Ophiolitic
rocks make up the mafic and ultramafic rocks of the
Aluchin complex and include three separate north- to
northwest-trending bodies of some 100 km in length,
which are controlled by a regional system of faults. The
largest body (~250 km?) extends for about 40 km along
strike. The complex consists mainly of harzburgite, sub-
ordinate dunite and pyroxenite. Dunite and harzburgite
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commonly include segregations of disseminated and,
rarely, podiform and massive chromitites, which are
most abundant in the Southern body (Aksenova et al.
1970). The cumulate part of the Aluchin complex forms
an irregularly shaped body containing a layered se-
quence of wehrlite, dunite, gabbro, pyroxenite and
lIherzolite (Lychagin 1985).

The gabbro—clinopyroxenite plutons are considered
to belong to the early intrusive sequence of the
Yegdegkychsky complex, of Late Jurassic age
(Berlimble & Gorodinskii 1978, Volchkov ef al. 1982,
Kaminskii 1987, 1989). These plutons occur as round-
ish bodies, some displaying concentric patterns of zo-
nation, and are composed of gabbro and clinopyroxenite
(Gomostayev 1994). They are cut by monzonite and
syenite of the late intrusive sequence of the
Yegdegkychsky complex. The Ti- and Fe-rich varieties
of clinopyroxenites of the Yegdegkychsky complex
contain Pt (0.001-0.48 ppm), Pd (0.003-0.35 ppm) and

Fic. 1. Map illustrating the geology of the Aluchin Horst and
location of the Baimka and Omchak gold—PGM placers. 1:
Permian Group, 2: dunite, harzburgite, 3: basaltic sheeted
dyke complex, 4: Mesozoic Group, 5: Alaskan—Ural type
intrusions (gabbro, clinopyroxenite of the Yegdegkychsky
complex), 6: syenite, syenodiorite, 7: Volga (Late Jurassic)
sediments, 8: faults, 9: gold—PGM placers. Modified after
Gornostayev (1994).
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Rh (0.003-0.1 ppm); as we noted earlier (Gornostayev
1993, 1994, 1998, Barkov er al. 1998), these plutons
are considered to belong to the Alaskan or Ural type.
Ultramafic plutons mainly composed of dunite,
wehrlite, clinopyroxenite and melanocratic gabbro and
commonly displaying concentric patterns of zonation
are known in western literature as Alaskan-type mas-
sifs (e.g., Cabri 1981, Nixon et al. 1990). However, in
Russia, ultramafic massifs of similar composition and
metallogenic specialization are known as Ural type (e.g.,
Tolstykh & Krivenko 1997) or Alaskan-Ural type
(Malich & Augé 1998). Here we use the term Alaskan—
Ural type (AUT) for description and reference to this
type of ultramafic complex.

Of particular interest are basal conglomerates and
gravels in the sedimentary rocks of Triassic to Creta-
ceous age. The conglomerates within a local strati-
graphic unit (Volga) of Late Jurassic sediments have a
thickness of about 30 m and contain numerous remnants
of rocks of the early intrusive sequence of the
Yegdegkychsky complex (Gulevich 1974, Gomostayev
1994).
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No PGM have been observed to date in samples of
mafic and ultramafic rocks in the Baimka area. All cur-
rently known PGM from the area are placer grains lo-
cated in the alluvial sediments (Fig. 1) related to the
disintegration of conglomerates of the Volga unit. These
Late Jurassic conglomerates are considered to have pre-
viously concentrated PGM grains, and in this sense are
regarded as intermediate collectors for PGM in the re-
gion (Gornostayev 1994, Gornostayev et al. 1994).

The other mineralized zones in the Baimka and
nearby areas are very diverse and seem in most cases to
be related to the late intrusive sequence of the
Yegdegkychsky complex. They include porphyry cop-
per and Au—Ag-bearing polysulfide ores in quartz-bear-
ing monzonite and related hypabyssal rocks, and
(quartz)-Mo-Cu—(Au) mineralization in altered monzo-
nite (Berlimble & Gorodinskii 1978, Kaminskii 1987,
Volchkov et al. 1982). The polysulfide ores are, in some
cases, enriched in Rh and other PGE (V.G. Kaminskii,
unpubl. data). In addition, they are considered the source
of the gold placers (Kaminskii 1987) and associated rare
minerals (Barkov et al. 1998).

FiG. 2. Morphology of the PGM nuggets from Baimka. (a) Rounded grains. (b) Anhedral grains with bays and cavities. (c)
Flake-like grains. (d) Shells of clastic minerals on nugget surfaces.
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ANALYTICAL TECHNIQUES

The PGM grains were first examined with a stereo
microscope, and a selection of 79 grains was mounted
in resin for reflected-light investigations and electron-
microprobe analysis (wavelength-dispersion spectrom-
etry). The analyses were carried out with a JEOL 733
electron microprobe at CANMET, Ottawa using tech-
niques similar to those described by Nixon et al. (1990),
and with a Cameca Camebax electron microprobe at the
N-E Complex Research Institute, Russian Academy of
Sciences, Russia following techniques described by
Dmitrenko et al. (1987).

MoORPHOLOGY OF THE NUGGETS

The PGM grains inspected measure between 5-7 and
0.1-1 mm across, with the majority around 1 mm across.
The shape of the nuggets varies considerably (Fig. 2).
The majority occur as anhedral (Fig. 2b), flake-like
(Fig. 2c) and oblate, well-rounded (Fig. 2a) grains.
Some are coated by a thin shell of clastic minerals
(Fig. 2d), showing the influence of lithification of the
early host sediments. Other grains are knobby, with
many rounded bays and cavities. A notable feature of
Pt—Fe alloy grains in the Baimka area is the range in
size, shape and degree of abrasion of grains coexisting
within the placers, a feature that may reflect a long his-
tory of placer-forming processes.
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PLATINUM-GROUP MINERALS

A Pt-Fe alloy is the main PGM, encountered as dis-
crete grains and nuggets. The grains of Pt—Fe alloy host
a variety of inclusions, including PGM, PGE-bearing
arsenides and sulfides, and silicate glass and oxide min-
erals. Rarely, other discrete placer grains were observed,
including iridium, cooperite and sperrylite.

Pt—Fe alloy

Electron-microprobe studies (Table 1) have estab-
lished that the concentration of Fe (i.e., Fe + Ni + Cu) in
these alloys (Gomostayev et al. 1994) ranges from 0.3
up to 36.15 at.%, and that the distribution of Fe is ap-
proximately bimodal (Fig. 3), with most samples fall-
ing in compositional fields with 16-20 (65.9% of grains
studied) and 24-28 at.% Fe (9.8% of grains studied).
These data suggest that the grains of Pt—Fe alloy in the
Baimka area are represented by native platinum and a
phase close in composition to isoferroplatinum. The
average composition of grains with 16-20 at.% of Fe is
given by the formula (Pt;¢sRhg j0lro.08Pdo.030s0.01
Rug 1)s3 20(Feg.65C0.0sNig.01)s0.71-

The compositions of Pt-Fe alloy from Baimka indi-
cate a PGE source enriched in Cu and Rh (Table 1).
Copper and Rh enrichment was suggested by Johan et
al. (1990, and references therein) as a feature typical of
PGE mineralization related to AUT intrusive com-

TABLE 1. ELECTRON-MICROPROBE DATA ON SELECTED NUGGETS OF ALLOY FROM BAIMKA, RUSSIAN FAR EAST
Nugget Pt Ir Os Ru Rh Pd Cu Ni Fe Toml Pt Ir Os Ru Ri Pd Cu Ni Fe
Weight % Atomic %

L [GS1-24 [8818 000 0.14 001 061 0.13 1.66 000 675 9748 7448 000 0.12 002 098 020 430 000 19.92
2 |GS1-7-6 [83.14 427 000 007 224 043 337 007 616 99.75 66.66 3.47 0.00 0.11 340 063 829 0.19 17.25
3 |GS1-99 (8505 597 1.19 000 190 0.11 0.24 0.08 526 99.80 7361 524 106 000 3.12 0.17 0.64 0.23 1590
4 |GS2-12 [90.89 000 053 000 1.33 1.02 0.50 0.04 578 100.09 77.23 0.00 0.46 0.00 214 1.59 130 O.11 17.16
5 |0S2-22 (8525 6.10 045 0.13 1.64 050 035 0.15 538 99.95 7315 531 040 022 2.67 079 092 043 16.13
6 |Ki1* 8836 371 020 002 1.60 032 043 0.10 516 99.90 7451 3.17 0.17 003 2.56 049 1.11 275 15.20
7 |K2* 8359 139 0.1 006 0.64 025 606 0.05 686 9901 6448 109 009 009 0.94 035 1435 0.13 18.49
8 |KS-core* (8863 4.07 029 0.09 1.27 0.18 0.45 0.09 497 10004 77.07 359 026 0.15 2.09 029 1.20 026 15.10
9 |KS-im* [93.60 417 0.00 0.03 1.37 0.18 0.11 000 000 99.46 9254 4,18 0.00 006 257 033 033 000 0.00
10 [K7* 8433 587 084 007 1.90 075 0.55 0.19 563 100.13 7132 504 073 0.11 305 116 143 0.53 16.63
11 |11 88.10 0.85 024 000 078 112 0,55 000 741 99.057322 0.72 020 000 123 171 140 0.00 21.5
12 (-2 9020 1.74 069 0.16 1.53 0.58 042 0.11 485 10028 7805 153 061 027 251 092 112 032 1466
13 [XII-1  |80.70 1030 0.06 0.00 185 0.44 0.47 0.10 466 98.58 71.05 920 005 000 309 071 127 029 1433
14 (X6 |91.10 047 1.10 0.00 0.87 0.78 032 0.13 415 9892 81.57 043 101 000 148 128 088 039 12.98
15 [XMI-8 8560 558 000 000 167 042 0.52 0.08 461 9848 7565 501 000 0.00 2.80 068 141 024 14.23
16 [XIV-8 8220 231 008 010 426 1.15 0.55 0.19 814 9898 6536 1.86 0.07 0.15 642 168 1.34 0.50 2261
17 [GS1-3-1 |90.85 030 034 011 1.28 0.53 033 0.07 481 98628028 027 031 019 214 086 0.90 0.21 1485
18 |GS1-3-6 |8574 3.90 039 005 2.15 0.53 049 008 552 98857372 3.40 034 008 3.50 084 129 023 16.58
19 |0-16 819 72.50 1830 0.77 0.25 023 0.00 0.08 036 100.68 7.84 70.45 17.97 142 045 041 000 026 1.20
20 [XO-15 | 137 60.70 36.50 2.02 0.00 0.00 0.00 0.11 0.17 100.87 1.30 5852 35.56 371 0.00 0.00 0.00 035 0.56
21 |XIV-10 [ 970 52.30 31.10 3.55 2.51 0.00 0.00 0.07 025 99.48 9.03 49.43 29.70 638 4.43 000 000 022 0.82

* K1 (n=8), K2 (n=7), K5-core (n=3), K5-rim (n=3), K7 (n=7). Pt-Fe alloy (1 - 18), osmium (19 - 21).
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Fig.4. Plot of chemical composition of Os—Ir—Ru alloys and
laurite—erlichmanite. (1) Inclusions of iridium in Pt-Fe al-
loy from Baimka. (2) Single placer grains of osmium from
Baimka. (3) Inclusions of osmium and iridium in Pt-Fe
alloy from Fifield, Australia (Slansky et al. 1991). (4) In-
clusions of laurite in Pt-Fe alloy from Baimka (Table 3,
anal. 10, 15). (5) Inclusions of laurite in Pt-Fe alloy from
Fifield, Australia (n = 3, Slansky et al. 1991). (6) Inclusion
of erlichmanite in Pt—Fe alloy from Baimka (Table 3, anal.
9). (7) Inclusions of laurite in chromite from the Oman
ophiolite (n =11, Augé 1986). (8) Laurite from chromitites
of Othrys, Greece (n = 13, Garuti ef al. 1999).

plexes. However, recent data on PGM associated with
the Veluce ophiolite complex in Yugoslavia (Krsti¢ &
Tarkian 1997) have revealed that the level of Cu en-
countered is not atypical of Pt-Fe alloy from ophiolitic
complexes.
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Iridium

Three discrete grains of iridium were found (Fig. 4).
The composition of two of them (Table 1, anal. 20, 21)
is close to the immisibility field for Os—Ir—Ru alloys.
Their compositions correspond to (IrgsgOsg 36Rug 04
Pto,01) and (Irg 490s0.30Pto.09RUg g6Rho,04). The composi-
tion of a third grain (Table 1, anal. 19) is different from
these: (Irp 700s0.18Pto.08R0,01)-

Placer grains of cooperite and sperrylite

Placer grains of cooperite and sperrylite have been
found by V.S. Varzin & A.G. Mochalov, (unpubl. data)
during investigations of gold concentrates obtained from
the Priisk Anyuysky State Mining Company.

INcLusIONS IN THE Pt—Fe ALLoy

Eighteen of 79 grains of Pt—Fe alloy studied contain
inclusions of other minerals or phases, among which are
the following: bowieite, cooperite, kashinite,
erlichmanite, hollingworthite, irarsite, cuprorhodsite,
laurite, Ir-oxide (or hydroxide), osmium, prassoite,
guanglinite, rhodarsenide, unnamed PGE phases, sili-
cate glass inclusions, magnetite and plagioclase. As can
be seen from Table 2, the majority of the grains are host
to one or two mineral species and, in rare cases, up to
five (nuggets K7 and II-1).

Bowieite—kashinite solid solution

Bowieite occurs in nuggets GS1-9-9 (Table 1, anal.
6) and K7. In nugget K7, it forms (1) anhedral crystals
(Table 3, anal. 27) approximately 35 X 115 um and (2)
a rounded component (Fig. 5d) about 12 X 25 pm
(Table 3, anal. 26) in three-phase inclusions along with
cooperite and cuprorhodsite. Compositions for these two
varieties of bowieite gave formulae of (Rhj7Irgss
Pdy 03Pto 02RU0.02050.01Nig.01)52.0153.00 and (Rhy 36lto 53
Pdy 04Pto.03R10.01080.01Nip,01)51.9953.02-

Kashinite constitutes six inclusions of 30 X 130,
30 X 40,20 X 20, 15 X 15,10 X 60, 15 X 130 pm in
nugget XIII-1 (Table 3, anal. 16) and occurs as a single
inclusion in nugget GS2-2-2 (Table 3, anal. 8). The
formula describing the composition of kashinite in nug-
get XIM-1 is (Irg 11 Rhg g3Rug 02Pto 02)x1.9853.02 (average
result of six analyses). It should be noted that minerals
of the bowieite—kashinite solid solution are considered
typical of AUT ultramafic complexes (Begizov et al.
1975, Desborough & Criddle 1984, Slansky et al. 1991).

Cooperite

Cooperite is very common in base-metal sulfide
(BMS) associations in stratiform intrusions (Brynard et
al. 1976, Cabri et al. 1978, Kingston & Dosuky 1982,
Mostert et al. 1982, Alapieti & Lahtinen 1986), and
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TABLE 2. LIST OF PGM AND OTHER MINERALS INCLUDED IN Pt-Fe ALLOY NUGGETS
FROM BAIMKA, RUSSIAN FAR EAST

GS1 GS2

X1t XIv GS1 GS7

(=]
—

2 g B
4 6 9 -

(&)
'
[ 8

2 5§ 7 1 2 1 6 8 8 3 3 1
-1 6 -1

Bowieite (Rh,Ir),S, ]
Cooperite PtS
Cuprorhodsite CuRh,S,
Erlichmanite OsS,
Guanglinite Pd,As
Hollingworthite RhAsS
Irarsite IrAsS

Ir oxide (or hydroxide)
Kashinite (Ir,Rh),S,
Laurite RuS,

Osmium (Os)

Prassoite Rh,;S,5
Rhodarsenide (Rh,Pd,Pt),As @
(PGE)g, (Cu,Fe)s Ao ®
P,(CLFe) °
(Cu,Rh,Pt,Fe,I)S [ ]
(Pt,Rh,Pd)S

Magnetite

Plagioclase

Silicate glass

The first sample listed is GS1-2-4, the second is GS1-7-6, and s0 on

rarely occurs in AUT complexes (Begizov et al. 1975,
1976, Zhdanov & Rudashevskii 1980, Nixon et al. 1990).

Cooperite inclusions have been found in four nug-
gets [GS2-1-2 (Table 3, anal. 7), XIII-8 (Table 3,
anal. 19), K1 (Table 3, anal. 21) and K7 (Table 3, anal.
28)], where they show different textural relationships
with the host and other coexisting minerals. In one case,
in nugget K7, the cooperite is found as a component of
a three-phase assemblage with bowieite and cupro-
rhodsite (Fig. 5d). The formula of the cooperite in this
nugget is (Pt 9gPdg.03Rhg01)51.0280.90. In nugget K1,
cooperite forms euhedral crystals (Fig. 5c¢) within drop-
let-like inclusions of cuprorhodsite. The formula calcu-
lated for these euhedral crystals (average result of four
analyses) is (Pty00Pdo01Fep01Rhg1)51.0250.98-

Cooperite included in nugget K1 contains 0.15-0.22
wt.% Fe, which is similar to the Fe content in cooperite
from the Tulameen River (Cabri & Laflamme 1981).
The cooperite associated with the BMS in stratiform
intrusions contains a significant amount of Ni, the
concentration of which is usually higher than 1 wt.%.
In contrast, Ni concentrations are characteristically low
in AUT complexes (Johan et al. 1989, and references
therein). The cooperite in grains of Pt-Fe alloy at
Baimka contains 0.01-0.11 wt.% Ni, which would sug-
gest an origin in an AUT complex.

Osmium

Osmium (Fig. 4) was observed in two inclusions in
nuggets XII-6 (Table 3, anal. 17, 18) and I1-1 (Table 3,

anal. 13), where it occurs as crystals between 20 X 250
and 70 X 120 pm in size.

Hollingworthite and irarsite

Hollingworthite has been identified in nugget II-1
(Table 3, anal. 11) in association with erlichmanite and
guanglinite (Table 2). The composition of the holling-
worthite is (Rhg.selro.23Rug 15Pt0.11Pdo.030s0.02)31.10
Asgg5S1,04- Irarsite was observed in two inclusions in
nugget GS7-1-1 and occurs as grains 1-2 wm in size,
which could not be analyzed quantitatively.

Cuprorhodsite

Cuprorhodsite (Fig. 6), a thiospinel of the platinum-
group elements (Rudashevskii er al. 1985), has been
observed in the Baimka area as inclusions in three nug-
gets, GS1-2-4 (Table 3, anal. 1), K1 and K7. In nugget
K7 (Fig. 5d), this mineral occurs as (1) euhedral crys-
tals 25 pm across (Table 3, anal. 29) and (2) as an
anhedral crystal of 60 wm across (Table 3, anal. 30) in
a three-phase association with bowieite and cooperite.
The third variety (3) of cuprorhodsite, (Cug4oFe.41
Nig 05)s0.95(Rhy 57Ptg 20110 13Pdg.03RUp 02)32.0454.01 Ob-
served in nugget K1 (Table 3, anal. 22), is the droplet-
like inclusion (Fig. 5¢) that hosts cooperite, as described
above. This inclusion is considerably enriched in Rh and
Pt, with lower Ir in comparison with the other cupro-
rhodsite examined: (1) (CUO_54Nio_44Fe()I()3)21 Ol(Rhl 23
Irg 50Pto21Pdo.03080.01)51.9854.00. and (2) (Cug s54Nig 42
Fe 02)50.98(Rhy 241r0.51Pto 20Pd0.04050.01)32.0054.01-
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Inclusions in Pt-Fe alloy from Baimka. (a) Nugget K5, Zoned grain of Pt—Fe alloy (core, Pt3 14Feg 66) and native plati-

num (rim) filled with Ir-oxide (or hydroxide). (b) Nugget K5, rim area. Inclusions of Ir-oxide (or hydroxide). (c) Nugget K1.
Euhedral crystals of cooperite (PtS) in droplet-like inclusions of cuprorhodsite (CuRb,S4). (d) Nugget K7. Euhedral crystal of
cuprorhodsite (CuRh,S,) and complex inclusion of cooperite (PtS), cuprorhodsite (CuRh;S4) and bowieite (Rh,Ir),Ss. Scale

bars: 100 pm in Figures 5a, 5b and 5d; 10 pm in Figure 5c.

As can be seen from formulae (1) and (2), the com-
positions of the two types of cuprorhodsite hosted by
the same grain are very close. The similarity in compo-
sition may reflect very stable temperature conditions of
the formation of the grains. It should be noted that this
rare mineral has also been observed in clinopyroxenites
of the AUT Owendale complex, Australia (Johan et al.
1989) and placer deposits associated with the AUT in-
trusions of the Aldan Shield (Mochalov et al. 1992).
Cuprorhodsite also is found in the Finero Alpine-type
peridotite massif, Italy, but in this case it occurs as a
single-phase grain included in unfractured chromite
(Garuti er al. 1995).

Laurite and erlichmanite
Laurite—erlichmanite solid solution represents a min-

eral species widely known in various mafic—ultramafic
complexes (Augé 1986, 1988, Talkington & Lipin 1986,

Augé & Johan 1988, Nixon et al. 1990, Slansky et al.
1991, Tarkian et al. 1992, 1996). In the Baimka placers,
inclusions of laurite (Fig. 4) have been identified in
nuggets 1I-1 (Table 3, anal. 10) and II-2 (Table 3,
anal. 15). In nugget II-1, laurite occurs in association
with erlichmanite, hollingworthite and guanglinite
(Table 2). The composition of this inclusion is described
by the formula (Rug s540s0,35Rhp 04Ir.03Pt0.01)509752.02
(average result of seven analyses). The coexisting
erlichmanite is (Osg.s2Rug 36RN 051r0.05Pt0.02)31.0052.00
(Table 3, anal. 9). The single inclusion of laurite in nug-
get II-2 corresponds to (Rug 620s0.20Rhg 03110 03Pt0.01
Pdo01)5099S2.01- These data show that inclusions of
laurite from the Baimka area have a (Os/Ir),, ratio (4.51
to 12.14) remarkably in excess of the chondritic value
(0.586: Slansky et al. 1991) and high concentrations of
Rh (up to 3.86 wt.%). The latter compositional property
is assumed to be an intrinsic attribute of this mineral in
Alaskan-type complexes (Slansky et al. 1991).
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TABLE 3. ELECTRON-MICROPROBE DATA ON PGM* INCLUSIONS IN Pt-Fe ALLOY NUGGETS FROM BAIMKA

Nugget Pt Ir Os Ru Rh Pd Cu Ni Fe S As Total Pt Ir Os Ru Rh Pd Cu Ni Fe S As
Weight % Atomic %
1 GS1-244 3124 087 0.87 039 2590 0.07 12.64 0.09 0.57 2897 0.15 101.76 1039 0.29 0.30 0.2516.33 0.0412.90 0.10 0.6658.61 0.13
2 GS1-2-4 1159 147 015 009 966 0.18 4299 0.06 187 27.02 0.00 9508 3.46 045 0.05 0.05 546 0.103938 0.06 1.9549.05 0.00
3 GSI1-7-6 18.88 331 0.01 000 32142200 099 000 0.18 0002127 93878 1034 1.84 0.01 00033372209 1,66 0.00 034 0.0030.34
4 GS1-7-6 8132 562 043 017 139 021 795 006 171 001 017 99.04 6671 468 036 027 2.16 0322002 0.16 490 0.05 036
5 GS1-76 4573 723 000 0.00 1686 922 5.70 0.00 052 0.011043 9570 30.80 4.94 000 0.0021.5311.3811.79 000 122 0041829
6 GS1-99 1723354 008 0.59 3618 0.06 0.05 0.10 0.08 27.29 0.00 99.69 0.6312.49 003 0422517 004 006 0.12 0.1060.93 0.00
7 GS2-1-2 8298 000 000 0.10 035 327 001 002 000 1490 0.36 10199 4572 0.00 0.00 0.1} 037 330 0.02 0.04 0.004994 052
8 GS2-22 1295209 0.00 045 2058 010 0.11 0.01 0.13 24.52 003 9931 05321.64 0.00 0361597 0.08 0.14 0.01 0.1961.06 0.03
9 11 139 4.08449016.50 245 0.00 005 0.03 0.12 2900 000 9852 052 15617.3612.01 175 0.00 0.06 0.04 0.1666.53 0.00
10 T-1 0.87 3.1633.8027.30 2.01 000 0.03 0.09 0.09 3240 0.00 *99.75 030 1.0911.8317.98 1.30 0.00 0.063 010 0.1167.26 0.00
11 I-1 9.1217.70 153 5.96 23.60 1.35 0.04 0.05 0.11 13.5026,00 9896 3.83 7.55 0.66 4.8418.81 1.04 0.05 0.07 0.1634.5328.46
2 1m-1 1870 0.70 066 0.14 2.7658.60 0.16 0.08 021 0.001430 9631 10.89 041 039 0.16 3.0562.55 0.29 0.15 043 0.0021.68
13 11 392 4768990 066 071 0.00 0.19 0.00 0.00 000 000 100.14 3.76 4648852 122 129 000 0.56 0.00 0.00 0.00 0.00
14 1I-2 5040 0.57 0.00 0.13 17.5014.40 1.16 1.39 0.00 16.60 0.00 102.15 2291 026 0.00 0.1115.0812.00 1.62 2.10 0.0045.91 000
15 1I-2 082 29527403150 1.79 030 0.00 0.00 0.05 3220 000 9701 028 102 9602077 1.16 0.19 0.00 0.00 0.0666.92 0.00
16 Xm-1 0.865332 0.00 050 2145 0.00 0.00 0.00 0.00 2422 000 10035 0.3522.18 0.00 0401667 0.00 0.00 0,00 0006040 0.00
17 XI-6 187 9509120 0.10 032 0.00 000 0.04 0.07 000 0.00 103.10 176 9.0888.05 0.18 057 0.00 0.00 0.13 023 0.00 000
18 Xim-6 152 5.179410 030 041 000 000 0.04 0.09 000 0.00 101.63 145 49991.84 055 074 0.00 0.00 0.13 0.30 0.00 0.00
19 XIm-8 8620 0.00 0.00 0.00 0.00 040 0.00 0.06 0.03 14.20 0.00 100.89 49.65 0.00 0.00 0.00 0.00 042 0.00 0.11 0.0649.76 0.00
20 XIv-8 334 345 000 0.00 69.14 0.00 152 1.17 023 2048 0.00 99.33 123 129 000 0.004821 0.00 1.72 143 0304583 0.00
21 K1 84.08 0.00 000 0.00 026 039 000 005 019 13.60 0.00 98.57 49.79 0.00 0.00 0.00 0.29 042 0.00 0.10 0.3949.00 0.00
22 K1 1300 5.70 0.00 048 37.00 0.833 7.10 0.70 5.30 29.50 0.00 99.61 4.15 1.85 0.00 0302237 049 6.95 0.74 5.9157.25 0.00
23 K2 20.17 038 0.00 0.00 33631997 055 0.00 0.00 0002520 9990 10.72 0.20 0.00 0.0033.871945 0.90 0.00 0.00 0.0034.86
24 K5 1.8077.10 0.17 042 390 0.00 0.00 0.00 030 0.00 0.00 83.69 2.018745 0.19 091 826 0.00 0.00 0.00 1.17 0.00 0.00
25 K5 1.4076.50 0.00 059 400 007 000 0.00 037 000 0.00 8293 15787.06 0.00 1.28 850 014 0.00 0.00 1.45 0.00 0.00
26 K7 1.7029.10 0.37 0.33 3970 110 0.00 0.09 0,00 27.50 0.00 99.89 0.6110.66 0.14 0.2327.16 0.73 0.00 0.11 0.0060.37 0.00
27 K7 1.3033.90 047 0.44 3560 095 0.00 0.09 0.00 2620 0.00 98.95 0491294 0.18 0322537 0.65 0.00 0.11 0.0059.93 0.00
28 K7 84.00 0.00 0.00 000 022 120 000 0.11 0.00 1400 0.00 99.53 48.79 0.00 0.00 0.00 024 128 0.00 021 0.0049.47 0.00
29 K7 8.8020.70 0.58 0.08 27.50 0.70 7.40 5.60 0.31 27.90 0.00 99.57 297 7.09 0.20 0.0517.60 043 7.67 629 0.3757.32 0.00
30 K7 83021.10 0.54 008 2720 091 740 530 0.26 27.50 0,00 9859 284 7.33 0.19 0051765 0.57 7.77 6.03 0.3157.26 0.00
31 K7 1343 056 0.00 0.13 33.032527 032 0.14 0.00 0002587 9875 7.00 030 0.00 0.1332.6124.13 0.51 024 0.00 0.0035.08
* Bowicitc (6, 26, 27); Coopmte(7 19,21, 28); Cuprorhodsite (1, 22, 29, 30); Erlichmanite (9); G linite (12); Hollingworthite (11); Ir-oxide (24, 25); Kashinite (8,

16); Lavrite (10, 15), Osmium

Iridium oxide (or hydroxide)

An unidentified oxide or hydroxide of Ir (the pres-
ence of oxygen was confirmed by energy-dispersion
spectrometry) was found in nugget K5, which shows a
distinct zonal structure (Fig. 5a). The core of this grain
is Pt~Fe alloy (generally Pt; 44Feg 65) close in composi-
tion (Table 1, anal. 8) to isoferroplatinum, whereas the
rim zone of about 300 wm across consists of native plati-
num (Table 1, anal. 9) full of vermicular holes (Fig. 5b)
filled with Ir oxide (or hydroxide). The presence of a
major oxygen-rich phase leads to a deficit in the ana-
lytical total (Table 3, anal. 24, 25). This rare mineral is
a possible analogue of the phase (Ir,Os,Ru,Pt)O
(OH)*H,0 described by Mochalov et al. (1992).

Prassoite

The stoichiometry of prassoite is not known exactly
(Cabri & Laflamme 1981, Augé 1988, Garuti et al.
1995, Daltry & Wilson 1997, Mandarino 1999). Two
inclusions of this rare mineral have been observed in

(13, 17, 18); Prassoite (20); Rhodarsenide (3, 23, 31); (PGE)y, (CuFe)g 6Aso, (5). (Cu,Rh,PLFe,INS (2); (PLRb,PA)S (14); Pt,(Cu,Fe) (4).

nugget XIV-8 (Table 3, anal. 20). The inclusions are 50
pm and 40 X 100 pm and are associated with osmium
and laurite—erlichmanite. The average result of five
analyses calculated on the basis of 32 atoms (Cabri &
Laflamme 1981) corresponds to the formula (Rhis 43
Cug 55Nig 46Ir0.41Pto 39F€e0.10)517.345 14.66 OF, ideally,
Rhy7S1s.

(Pd,Pt)s3 13As0.87, probably guanglinite

A mineral having a low analytical total (Table 3,
anal. 12) and close to the stoichiometry of guanglinite
(Pd3As) or stillwaterite (PdgAss) has been observed in
nugget II-1 in association with erlichmanite, laurite,
hollingworthite and osmium. The formula, calculated on
the basis of four atoms, can be written as (Pd; 5oPtg.44
Rhy.12Feg 021r0.02050.02Cup 01)33.13A80.87. An occurrence
of guanglinite has been also noted in placer deposits
related to AUT complexes of the Aldan Shield
(Mochalov et al. 1992). In the alluvial deposit of the
Durance River, France, where dismembered AUT in-
trusions were also considered as a probable source of
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CuRh;S4

CUPRORHODSITE

* 6

CUPROIRIDSITE

CulrySy

CuPtZS4

Fig. 6. Plot of chemical composition of cuprorhodsite. (1)
Inclusions in grains of Pt—Fe alloy from Baimka. (2) Single
grain in clinopyroxenites of the Owendale intrusion, Aus-
tralia (Johan et al. 1989). (3) Inclusions in grains of Pt-Fe
alloy from the Durance River, France (Johan et al. 1990).
(4) Single-phase grain in unfractured chromite, Finero mas-
sif, Italy (Garuti et al. 1995).
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PGM (Johan et al. 1990), a phase with a composition
compatible with guanglinite was encountered as an
inclusion in Pt-Fe alloy. In contrast to guanglinite,
stillwaterite is known as a phase typical for BMS asso-
ciations in layered intrusions (e.g., Cabri et al. 1975,
Hinninen et al. 1986).

Rhodarsenide

We reported the occurrence of an unnamed mineral
close in composition to rhodarsenide in 1994
(Gornostayev et al. 1994). Recently, thodarsenide from
Srebrenica River, central Serbia, was approved as a new
mineral species (Tarkian ez al. 1997). Nuggets GS1-7—
6 (Table 3, anal. 3), K2 (Table 3, anal. 23) and K7 (Table
3, anal. 31) contain irregularly shaped inclusions (Fig. 7)
of variable sizes (from 4 X 22 to 15 X 20 pm) and
composition that corresponds closely to the ideal for-
mula (Rh,Pd,Pt),As.

Other PGE phases

Several PGE- and Cu-bearing arsenides and PGE
sulfides have been observed as minute (4-30 pm) in-
clusions within various nuggets of Pt—Fe alloy, includ-
ing GS1-7-6, II-2 and GS1-2-4. In nugget GS1-7-6,
in association with rhodarsenide, there are also inclu-
sions of other PGM whose composition (Table 3, anal.
5) corresponds to the formula (Pt; s4Rhy ogPdo.s7
Irg 25)33.44(Cug soFe)s0.65A50.01. In addition, an unusual
Pt—Cu-Fe alloy (Table 3, anal. 4) with a formula
(Pt2 67110.19R N0 09050,01Pdp.01R10.01)32.98(Cug s0Fe0.20

FiG. 7.

Inclusions of rhodarsenide, (Rh,Pd,Pt),As, in grains of Pt—Fe alloy from Baimka,
nugget K2. Scale bar: 10 pwm.
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Nigo1)s1.01, close to the stoichiometry of isoferro-
platinum, has also been identified in this nugget. In nug-
get [1-2, an inclusion of PGE sulfide (Table 3, anal. 14)
with a high concentration of Rh (17.5 wt.%), a ratio Me/
S close to 1, and a composition corresponding to
(Pto 46Rh 30Pdg 24Nig 04Cug 3I10.01)51.08S0.92 has been
identified. Finally, in nugget GS1-2-4, another Cu-rich
phase (Table 3, anal. 2) was found with Me/S near unity
and a formula corresponding to (Cug79Rhg 11Ptg o7
Feo.04110.01)51.0250,08. The host of this inclusion is a Pt—
Fe alloy containing 1.66 wt.% Cu (Table 1, anal. 1).

Inclusions of silicate glass and an oxide mineral

Besides various PGM, inclusions of silicate glass and
an oxide mineral were identified in some Pt-Fe alloy
nuggets. The silicate glass inclusions hosted by nuggets
K2, K5 and K7 are generally between 5 X 5 and 10 X
40 pm. Electron-microprobe analyses have established
Si0O, concentrations from 34.10 to 64.30 wt.% and con-
siderable variations in the proportion of Al,O3, MgO,
CaO, NayO and K,O (Table 4). The majority of the in-
clusions are characterized by low analytical totals, and
some of them are partly devitrified. Despite the diffi-
culties of precise interpretation of the compositions of
the glass inclusions, we suggest that they indicate a
range of basaltic to more felsic parent melts.

Two nuggets (GS1-3-1 and GS1-3-6) contain
euhedral crystals of magnetite (Fig. 8), a common in-
clusion in PGM associated with AUT complexes (Nixon
et al. 1990). The occurrence of silicate glass and mag-
netite inclusions in the Baimka nuggets is a feature simi-

FiG. 8.

Magnetite (FeFe,0y4) inclusion in grain of Pt-Fe alloy
from Baimka. Nugget GS1-3-6.
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TABLE 4. ELECTRON-MICROPROBE DATA ON
SILICATE GLASS INCLUSIONS IN Pt-Fe ALLOY NUGGETS
FROM BAIMKA, RUSSIAN FAR EAST

Nugget Si0, TiO, ALO; FeO MnO MgO CaO Na,0 K,0 Total
K2 6430 03319.10 057 000 000 072 160 11.90 98.52
K2 4460 1403160 120 000 0.16 040 000 3.00 8236
K2 4390 0352690 410 000 190 100 000 170 84.85
K5 4400 0003500 250 0.00 0.53 053 000 0618317
K7 5640 0202270 048 0.00 000 570 490 1609198
K7 3410 210 1302680 1302480 390 043 0519524
K7 4350 0283840 160 000 000 0.12 000 0078397
The data are expressed in weight %

lar to nuggets in other regions (Johan et al. 1990, Nixon
et al. 1990), and suggests comparable genetic processes.

DiscussioN

The PGM nuggets of the Baimka area consist of Pt—
Fe alloy hosting inclusions of other PGM, PGM-bear-
ing arsenides and sulfides, magnetite, plagioclase and
silicate glass. They are characterized by considerable
variation in size, shape and degree of abrasion, and com-
monly are coated by a layer or shell of clastic minerals.
These properties, together with an intimate spatial asso-
ciation with the Volga conglomerate of Late Jurassic
age, support the hypothesis that the nuggets were a
detrital component of these conglomerates, i.e., the nug-
gets were previously concentrated in these conglomer-
ates prior to their dispersal in the Quaternary alluvial
sediments of the Baimka area. Hence, the nuggets have
probably been subject to a protracted history of placer-
forming processes.

The grains of Pt-Fe alloy show a bimodal distribu-
tion of compositions, with most grains ranging from 16
to 20 or 24 to 28 at.% (Fe + Cu + Ni). This composi-
tional variation, together with textural characteristics,
especially euhedral crystals of cooperite within droplet-
like or spherical inclusions of cuprorhodsite (Fig. Sc),
suggest a multistage origin for these nuggets. We sug-
gest that under high-temperature magmatic conditions,
two immiscible liquids were present in the system Pt—
Fe alloy — PGE sulfides. Platinum was distributed be-
tween both the sulfur-poor and sulfur-rich liquids, but
other PGE and Cu were preferentially partitioned into
the sulfur-rich phase. With cooling, the sulfur-poor lig-
uid crystallized as a Pt-Fe alloy, forming a matrix to
the Cu—Pt—Rh-rich sulfide liquid. This liquid finally
crystallized PtS and CuRh,S,4, probably at subsolidus
temperatures.

Whereas textural features of high-temperature ori-
gin are considered predominant, the very distinctive
vermicular texture seen in nugget K5 (Fig. 5a) may rep-
resent a feature due to relatively low-temperature alter-
ation. The unidentified oxygen-rich Ir phase, a possible
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analogue of a HyO-bearing Ir mineral described by
Mochalov er al. (1992), is present as a rim around the
Pt—Fe alloy. An origin during burial diagenesis or low-
grade metamorphism in a sedimentary host is a distinct
possibility. Hence, a protracted history of mineralogi-
cal modification in response to liquidus and subsolidus
temperatures in an igneous regime was probably fol-
lowed by further mineralogical adjustments in a sedi-
mentary environment at a much lower temperature.

A magmatic source for the Baimka nuggets in AUT
intrusions is favored by the assemblage of PGM and
especially their composition, as reflected in high levels
of Cu and Rh and low levels of Ni. This compositional
feature is characteristic of the Pt-rich Pt—Fe alloy com-
positions. It is also reflected in the presence of cupro-
rhodsite, magnetite and plagioclase in some samples, the
high Rh contents of the laurite (Slansky er al. 1991),
and the high concentration of Rh + Cu with a low level
of Ni in several PGE- and Cu-bearing PGE sulfides.
Further, the (Os/Ir),; of Baimka laurite exceeds the chon-
dritic value by as much as 20, favoring (Slansky ez al.
1991) an AUT source rather than an ophiolitic parent.
The high (Os/Ir), ratio in laurite at Baimka is an indica-
tor of low Ir content (close to 1 at.%) in comparison to
that (Fig. 4) from ophiolites of Oman (2.88 at. %, calcu-
lated from Augé, 1986) and Othrys, Greece (2.21 at. %,
calculated from Garuti ef al. 1999). In general, most of
these compositional features are best explained by
equilibration of high-temperature immiscible PGE-
bearing melts with strongly fractionated silicate mag-
mas as would be the case in the AUT source rocks. In
addition, both the presence of PGE-bearing AUT intru-
sions in the Baimka area and their preservation as clasts
in conglomerates of the Volga unit add support to the
suggestion that AUT rocks were the predominant source
of PGM-bearing alluvial sediments.

CONCLUSIONS

The main conclusions drawn from this study of
Baimka PGM-bearing alluvial sediments are:

1. Grains of Pt-Fe alloy of the Baimka area, along
with their inclusions of other PGM, arsenides, sulfides,
oxides and silicates, were derived from Alaskan—Ural-
type plutons.

2. The Pt-Fe alloy crystallized at magmatic tem-
peratures from a sulfur-poor liquid, whereas other PGE-
bearing phases crystallized from a sulfur-rich liquid.
Both liquids coexisted immiscibly.

3. The mineralogy of the Baimka nuggets reflects a
protracted history of cooling in an igneous environment,
followed by continued modification during burial as
components of detrital sediments.
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