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ABSTRACT

Euhedral macrocrystals of Pt–Fe alloy from the Kondyor PGE placer, Khabarovskiy Kray, eastern Siberia, Russia, have a
relatively constant composition of Pt2.4–2.6Fe, tin and antimony contents up to 0.3 wt.%, and an unusually low content of all PGE
except Pt. The millimetric crystals contain inclusions of fluorapatite, titanite, phlogopite, magnetite, ilmenite and iron–copper
sulfides. The macrocrystals have a complex gold-rich rim, with four groups of gold alloy: tetra-auricupride (the most abundant
gold-bearing phase), Au–Ag (98–54 wt.% Au), Au–Ag–Cu–Pd and Au–Pd–Cu alloys. The inner part of the reaction rim hosts a
variety of PGE minerals, such as stannides, antimonides and tellurobismuthides of Pd and Pt. Stannides occur as copper-bearing
(taimyrite–tatyanaite series) and copper-free compounds (atokite–rustenburgite series). The main antimony mineral is Sn-bearing
mertieite-II. Tellurobismuthides are represented by Te-rich sobolevskite and an intermediate member of the moncheite–insizwaite
solid-solution series. The reaction rim also hosts several unknown phases, such as Pd7Bi3, Pd3Bi, Bi2O3•3H2O, and a
phosphocarbonate of thorium. The coarse crystals occur in eluvial and alluvial placers within the Kondyor massif, a zoned
clinopyroxenite–dunite intrusion of Paleozoic or Mesozoic age. The inclusion assemblage suggests that the macrocrystals of Pt–
Fe alloy are associated with late apatite – magnetite – phlogopite clinopyroxenite bodies, and possibly formed in a late–magmatic
pegmatitic environment. The Pt–Fe alloy crystals have undergone hydrothermal overprint by NaCl-rich solutions bearing gold –
silver – palladium – copper, which produced a wide variety of intermetallic compounds as well as Pd-bearing intermetallic
phases. The aqueous solutions also had a minor but characteristic bismuth – tin – antimony – tellurium component.

Keywords: ferroan platinum, taimyrite, tatyanaite, atokite, rustenburgite, sobolevskite, moncheite–insizwaite, tetra-auricupride,
Alaskan-type pluton, Kondyor, Aldan Shield, Russia.

SOMMAIRE

Les macrocristaux idiomorphes d’alliage Pt–Fe, prélevés de placers à éléments du groupe du platine (EGP) de Kondyor,
Khabarovskiy Kray, Sibérie orientale, en Russie, font preuve d’une composition relativement constante, Pt2.4–2.6Fe, de teneurs en
étain et en antimoine atteignant 0.3% (poids), et d’un niveau anormalement faible des EGP autres que le Pt. Les cristaux
millimétriques renferment des inclusions de fluorapatite, titanite, phlogopite, magnétite, ilménite et de sulfures de Fe–Cu. Les
macrocristaux sont entourés d’un liseré complexe riche en or, contenant quatre groupes de compositions d’alliages d’or: tétra-
auricupride (l’espèce aurifère la plus répandue), Au–Ag (98–54 % Au, poids), Au–Ag–Cu–Pd et Au–Pd–Cu. La partie interne de
cette bordure de réaction renferme une variété de minéraux d’EGP, par exemble des stannures, antimoniures et tellurobismuthures
de Pd et de Pt. Les stannures se présentent soit combinés avec le cuivre (série taimyrite–tatyanaïte) ou non (série atokite–
rustenburgite). Le porteur principal d’antimoine est la mertieïte-II stannifère. Les tellurobismuthures sont représentés par la
sobolevskite riche en Te et un membre intermédiaire de la série monchéite–insizwaïte. La bordure de réaction contient en plus des
phases méconnues, telles Pd7Bi3, Pd3Bi, Bi2O3•3H2O, et un phosphocarbonate de thorium. Les macrocristaux ont été trouvés
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dans les placers éluvionnaires et alluvionnaires développés dans le massif de Kondyor, intrusion zonée à clinopyroxénite et
dunite, d’âge paléozoïque ou mésozoïque. Selon l’assemblage d’inclusions, les macrocristaux d’alliage Pt–Fe sont associés avec
des venues tardives de clinopyroxénite à apatite – magnétite – phlogopite, et se seraient formés dans un milieu tardimagmatique
pegmatitique. Ces gros cristaux ont subi les effets d’une recristallisation hydrothermale en présence d’une saumure porteuse d’or,
argent, palladium et cuivre, ce qui a produit une grande variété de composés intermétalliques, y inclus des phases intermétalliques
porteuses de Pd. Les solutions aqueuses portaient aussi en quantités moindres bismuth, étain, antomoine et tellurium.

(Traduit par la Rédaction)

Mots-clés: platine ferreux, taimyrite, tatyanaïte, atokite, rustenburgite, sobolevskite, monchéite–insizwaïte, tétra-auricupride,
pluton de type Alaska, Kondyor, bouclier d’Aldan, Russie.

Maiskiy region of Khabarovskiy Kray), eastern Siberia
(Fig. 1). The deposit is genetically related to the zoned
ultramafic–alkaline Kondyor intrusion, of Uralian–
Alaskan type. The concentrically zoned perfectly circu-
lar massif, 6 km across, has a dunitic core and external
rings of pyroxenite, peridotite and diorite (Fig. 2). Apa-
tite – magnetite – biotite clinopyroxenite with veins of
Ti-bearing magnetite is located in the southwestern part
of the massif (Sushkin 1995). Dunites and host rocks
are penetrated by veins and veinlets of Mesozoic alka-
line rocks, accompanied by contact-related and metaso-
matic transformations (Emelynenko et al. 1989).

INTRODUCTION

The Kondyor PGE placer deposit currently has a
production of about 5 t PGE/year, second in Russia to
the Noril’sk Ni–PGE district, with about 100 t PGE/
year. The main PGM in the Kondyor deposit is Pt–Fe
alloy of xenomorphic shape and of primitive cubic cell
type (Nekrasov et al. 1994), which in the classification
scheme of Cabri & Feather (1975) is isoferroplatinum.
However, the Kondyor placer is also known for spec-
tacular euhedral Pt–Fe alloy crystals, which can reach
up to several cm across (Sushkin 1995, Cabri &
Laflamme 1997). These coarse crystals have a face-cen-
tered cubic cell and consist of ferroan platinum
(Nekrasov et al. 1994, Cabri & Laflamme 1997). In the
following, we will use the general term of Pt–Fe alloy
for both variants.

Coarse-grained Pt–Fe alloy crystals are known only
from the Kondyor deposit, and have attracted much at-
tention from mineral collectors (Fehr et al. 1995,
Gebhard & Schlüter 1996, Weiss et al. 2002) and scien-
tists alike (Mochalov 1994, Sushkin 1995, Nekrasov et
al. 1994, 1997, 1999, Cabri & Laflamme 1997).

An intriguing feature of the macrocrystals of Pt–Fe
alloy, i.e., crystals whose diameter exceeds 1.0 mm, in
line with the definition of macrocrystalline rock tex-
tures: Jackson (1997, p. 382), is their unusually low
content of the minor PGE elements (Nekrasov et al.
1994). An ion-microprobe reconnaissance study by
Cabri et al. (1998) revealed Re and Os concentrations
below the limits of detection in one large crystal (<<1
ppm Os).

Another feature of the Kondyor deposit is the large
spectrum of mineral inclusions and alteration-induced
minerals associated with the large crystals of Pt–Fe al-
loy. We describe here the mineral-inclusion and min-
eral-reaction assemblage of some macrocrystals, taken
from the original collection of the Far East Geological
Institute (FEGI), Vladivostok, Russia, and report some
compositional data.

GEOLOGICAL SETTING

The Kondyor PGE placer deposit is located in the
southern part of the Precambrian Aldan Shield (Ajano– FIG. 1. Location map of the Kondyor deposit.
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The Kondyor massif intrudes Archean and Protero-
zoic metasedimentary rocks of the Siberian Platform.
The age of the intrusion is not well constrained. Parallel
studies by Malitch & Thalhammer (2002) and by
Pushkarev et al. (2002) defined the osmium isotope
composition of inclusions of Os–Ir alloy in xenomorphic

Pt–Fe alloy and found a 187Os/188Os ratio of 0.1250 ±
0.002 (n = 5), which gives a mantle model age of 330 ±
30 Ma. Biotite from cross-cutting dikes yielded an 40Ar/
39Ar age of 120 ± 1 Ma (data by G.K. Czamanske, given
in Cabri et al. 1998). Pushkarev et al. (2002) found K–
Ar ages of biotite of 132 ± 8 Ma and 115 ± 6 Ma for

FIG. 2. Geological map of the Kondyor deposit (modified from Sushkin 1995). Note the
occurrence of coarse crystals of Pt–Fe alloy in the outcrop area of the magnetite – apa-
tite – phlogopite clinopyroxenite.
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ultramafic and gabbro units, respectively, and a discor-
dant Rb–Sr age of 123 ± 2 Ma for pyroxenite and 93 ±
47 Ma for gabbro pegmatite, respectively.

Alluvial PGM placers developed inside the intrusion
in areas with a basin morphology, along the northern
valley of the Kondyor River and its tributaries (Sushkin
1995). The main metal resources are concentrated in
flood-plain placers with 1–1.5 m, and up to 7 m in thick-
ness (Malitch 1999). Exploitation of the placers began
in 1984 by the Amur mining company. About 40% of
the total resource of around 60 t PGE have been mined
so far; the average ore grade is 1.6 g PGE/m3, decreas-
ing from 4 g/cm3 in drainages within the intrusive body
to 0.5 g/m3 at its downstream extremity, over a total
length of about 50 km (Yakubchuk & Edwards 2002).

Platinum–iron alloy is characteristic of the Kondyor
placer. Iridium–osmium alloy and gold are present as
minor components. The largest nugget found at
Kondyor weighs 3521 g. The Kondyor deposit belongs
to the iridium–platinum type (Mochalov et al. 1991),
with about 85% Pt, 1.7% Ir, 0.7% Os, 0.5% Pd, 0.4%
Rh, 0.1% Ru, and other elements, including Au, amount-
ing to 9% (Yakubchuk & Edwards 2002).

OCCURRENCE OF PT–FE ALLOY MACROCRYSTALS

A remarkable and very unusual mineralogical fea-
ture of the Kondyor deposit is the presence of coarse
idiomorphic crystals of Pt–Fe alloy up to 1.5 cm in size.
The area of confluence of the Anomal’nyi and Trezubets

FIG. 3. Examples of coarse crystals of Pt–Fe alloy from the Kondyor placer. Scale bar is 1 mm. The yellowish tint is from gold-
rich mineral assemblages.
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creeks and the western bank of the Kondyor River be-
tween Pryamoi and Korotysh creeks are characterized
by the occurrence of such idiomorphic crystals of Pt–Fe
alloy (Fig. 2) (Sushkin 1995). The same area around
Anomal’nyi Creek also shows enrichment in gold. In
general, the gold content in heavy-mineral concentrates
from Kondyor is about 1 wt.%, but heavy-mineral con-
centrates from the Anomal’nyi and Trezubets creeks
have around 3–5 wt.% Au (Nekrasov et al. 1999).

The coarse crystals from Kondyor are hexahedral in
shape. Penetration twins and intergrowth aggregates of
two and more crystals are common, especially among
the larger crystals (Fig. 3). The crystals commonly dis-
play a gold-rich reaction rim.

ANALYTICAL METHODS

Quantitative electron-microprobe analyses with both
wavelength-dispersion and energy-dispersion X-ray
spectrometry (EDS) were done with a CAMECA SX100
electron microprobe at the Institute of Mineralogy and
Mineral Resources of the Technical University of
Clausthal (Germany). The PGM were analyzed at 20

kV, with a beam current of 20 nA and a beam 1 �m
across. The counting time varied from 10 to 30 s. The
concentration of nineteen elements was determined us-
ing the following standards: FeS2, PbTe, SnO2, InAs and
pure osmium, bismuth, ruthenium, rhodium, palladium,
silver, antimony, gold, platinum, iridium, nickel, cobalt,
iron and copper. The K� X-ray 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 PdL� line
was used instead of the PdL� line for the measurement
of silver-bearing minerals in order to avoid the overlap
of PdL� and AgL� peaks.

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 for Sn, 0.09 for Te,
0.05 for As, 0.06 for S, and 0.11 for O.

Oxides and silicates were analyzed for twelve ele-
ments using the following standards: kaersutite, Cr2O3
(synthetic), TiO2, sphalerite, Fe2O3 (synthetic), rhodo-
nite, forsterite (San Carlos), albite. The SiK�, KK�,
CaK�, CrK�, TiK�, SK�, FeK�, MnK�, ZnK�, NaK�,

FIG. 4. Photomicrograph (oil immersion) of fine-grained intergrowth aggregate of bornite and tatyanaite–taimyrite in Pt–Fe
alloy, with flame-like rim of tatyanaite–taimyrite grading outward into tetra-auricupride and overgrown by Au–Ag alloy.
Sample I.
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MgK�, and AlK� lines were used. The K� line of oxy-
gen and the YAG synthetic compound have been used
as a standard for oxygen in the analysis of a bismuth
oxide phase.

Proton-induced X-ray emission (PIXE) analysis was
done at the Heidelberg nuclear microprobe (Traxel et
al. 1995) using incident protons at energies of 2.2 MeV
and beam currents from 20 pA up to 300 pA. Calibra-
tion was done with pure elements and was checked with
a number of international glass standards (Wallianos et
al. 1997, Jochum et al. 2000). For data reduction, we
used the GUPIX software (Maxwell et al. 1989, 1995).

SAMPLE DESCRIPTION AND ANALYTICAL RESULTS

Over the last two decades, the Far East Geological
Institute has been actively participating in an investiga-
tion of the geology, geochemistry and mineralogy of the
Kondyor deposit. A large amount of representative rocks
and minerals of the Kondyor placer has been collected
under the leadership of I.Ya. Nekrasov, formerly the di-
rector of the institute, in collaboration with researchers
B.L. Zalishchak and V.P. Molchanov. The samples stud-
ied belong to that collection. We have chosen four allu-
vial euhedral crystals of Pt–Fe alloy about 2–4 mm
across. They come from the Anomal’nyi Creek area
(Fig. 2). The attributes of the crystals were first docu-
mented by scanning electron microcopy; polished
sections were then prepared, and studied by ore micros-
copy and electron-microprobe analysis. In addition, a
large number of xenomorphic Pt–Fe grains from a
composite heavy-mineral concentrate were studied to
compare their composition to that of the euhedral macro-
crystals.

Sample I

Sample I is an irregular cube of 4.3 � 3.1 mm size.
The crystal consists of Pt–Fe alloy with a composition
of Pt2.5Fe (Table 1). Copper, nickel and tin occur as
minor elements. No other platinum-group elements be-
sides Pt are detectable by electron-microprobe analysis.
With reconnaissance proton-microprobe analysis, we
detected zinc, germanium and antimony in the 100–
1,000 ppm range (Table 2). The crystal contains 154
ppm palladium, 99 ppm rhodium, and 22 ppm ruthe-
nium.

The crystal contains several inclusions of chromian
titanian magnetite, up to 0.9 mm in size, with up to 8
wt.% TiO2 and 3 wt.% CrO2 (Table 3). The magnetite is
altered along fractures to a titanite-like phase with a high
chlorine content (2.2–7.9 wt.% Cl). The chlorine-rich
rim is surrounded by perovskite (Table 4) and chlorite
(Table 5). Chlorite is represented both by clinochlore
and chamosite. A 10-�m inclusion of fluorapatite was
found inside a clinochlore rim (Table 4). Phlogopite is
present as an inclusion inside of a grain of magnetite,
surrounded by clinochlore.

The Pt–Fe alloy crystal is rimmed by a complex and
irregular gold-rich zone (locally up to 0.4 mm wide)
with high contents of gold, copper, platinum, palladium,
bismuth and tin. The main mineral phase in the inner
part of the gold-rich rim is Pd–Pt-bearing tetra-
auricupride [(Au,Pt,Pd)Cu] (Table 6). The outer part of
the rim is formed by Au–Ag alloy of Au0.47Ag0.52Cu0.01
composition as well as by small aggregates of very pure
native gold in the outermost rim (Fig. 4, Table 6).

There are flame-like composite aggregates of
tatyanaite [(Pt,Pd,Cu)3Sn] – taimyrite [(Pd,Pt,Cu)3Sn]
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solid solution (Table 7) within the tetra-auricupride (Fig.
4). Tatyanaite also grades outward into taimyrite or oc-
curs as an inclusion in taimyrite (Figs. 5a, b). There are
rare inclusions of rustenburgite [(Pt,Pd)3Sn] intergrown
with taimyrite–tatyanaite aggregates (Figs. 5c, Table 7).

Chalcopyrite and bornite relics are present both
along the boundary between Pt–Fe alloy and the gold-
bearing rim, and inside the gold rim (Fig. 4, Table 8). A
complex Pd–Bi mineral assemblage occurs locally at the
interface between Pt–Fe alloy and tetra-auricupride
(Fig. 6). This assemblage consists of sobolevskite

[PdBi] and a heterogeneous Pd–Bi-bearing aggregate
(Table 9). Interstices are filled by bismuth oxide hydrate
[Bi2O3•3H2O] (Table 9).

Sample II

The sample is an irregular cube of 2 � 3 mm with a
matrix composition of Pt2.6Fe (Table 1). It has inclu-
sions of titanite, manganoan ilmenite, chalcopyrite–
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bornite intergrowth aggregates and fluorapatite (Tables
3, 4, 8). A gold-rich rim zone 50 to 130 �m wide con-
sists of tetra-auricupride [(Au,Pt,Pd)Cu] together with

FIG. 5. Back-scattered electron images showing: a) tatyanaite
grading outward into taimyrite within tetra-auricupride; b)
tatyanaite inclusion in taimyrite; c) inclusions of
rustenburgite intergrown with taimyrite–tatyanaite aggre-
gates. Sample I.
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Pt-rich taimyrite [(Pd,Pt,Cu)3Sn], commonly intergrown
with atokite [(Pd,Pt)3Sn] (Fig. 7). The latter occasion-
ally forms aggregates with mertieite-II [Pd8Sb3] and
telluroan sobolevskite [(Pd,Pt)(Bi,Te)] (Tables 9 and 10;
Fig. 8a).

The tetra-auricupride has a constant palladium con-
tent of 1.4 wt.%. The platinum content varies from 6.9
up to 12.4 wt.%. A complex Au–Ag–Cu alloy with the
composition of Au0.50Ag0.36Cu0.12Pd0.01Pt0.01 occurs as
inclusions in the tetra-auricupride rim (Table 11). The
outer part of the rim is formed by Au–Ag alloy of com-
position Au0.51–0.37Ag0.48–0.63Cu0.01 and is overgrown by
pure gold [Au0.97Ag0.03] (Table 6). The gold-bearing rim
has inclusions of anhedral quartz intergrown with al-
bite, andesine and orthoclase as well as aegirine-augite,
smectite and chamosite aggregates (Table 5).

Sample III

The sample is an irregular cube of Pt–Fe alloy
[Pt2.6Fe] of 4.5 � 3 mm size (Fig. 9). The crystal is
affected by leaching and pervasive alteration to
chamosite along crystallographic planes (001). Thin
laminae of Pt–Fe alloy show contorted microdeform-
ation (?) or dissolution fabrics. Chalcopyrite inclusions
are intergrown with bornite and chalcocite. The outer
part of the crystal has rounded inclusions of fractured
mertieite-II, up to 0.1 mm across (Fig. 10).

The narrow gold-bearing rim, with average thickness
of around 80 �m, consists of a complex Au–Ag–Cu
alloy with minor palladium. The rim composition is

heterogeneous and changes from native gold [Au0.98
Ag0.02] through Au–Ag alloy [Au0.49Ag0.51] to very fine-
grained intergrowth aggregates of bulk composition
Au0.66–0.68Ag0.07–0.10Cu0.18–0.21Pd0.04–0.06 to Au0.69
Ag0.13Cu0.15Pd0.03. Minor inclusions of tetra-auricupride
[Au0.44Cu0.50Pd0.05Pt0.01] and atokite [(Pd,Pt)3Sn] are
present in the reaction rim.

Silicate inclusions in the gold-rich rim consist of
aegirine, quartz, chamosite, clinochlore, smectite, and
serpentine (Table 5).

Sample IV

The sample is a regular cube of Pt–Fe alloy [Pt2.4Fe]
with a crystal face of 3 mm (Fig. 11) and is character-
ized by a variety of sulfide inclusions. Chalcopyrite and
bornite inclusions are dominant; one single inclusion
(~120 �m large) of Co-bearing pentlandite was found.
Several inclusions (up to 330 � 200 �m) of fluorapa-
tite occur within the Pt–Fe matrix (Fig. 11, Table 4).
Inside the fluorapatite, small (≤5 �m) rounded inclu-
sions of an unknown Th phosphocarbonate [(Ca0.422
Th0.504Si0.074)((PO4)0.248(CO3)1.697Cl0.055)2] and plum-
boan aragonite or tarnowitzite (?) [(Ca0.848Pb0.124Si0.028)
CO3] are present.

The heterogeneous gold-bearing rim is dominated by
tetra-auricupride with 1.10 to 1.55 wt.% Pd and 2.67 to
10.92 wt.% Pt. Within the tetra-auricupride, there are
thin aggregates (exsolution lamellae?) of Au–Ag–Cu
alloy [Au0.48Ag0.33Cu0.19]. The outer part of the rim con-
sists of Au–Ag alloy with a composition [Ag0.67 Au0.33].

The main PGM inclusions in the rim zone are repre-
sented by taimyrite–tatyanaite solid solution (Table 7)
intergrown with minerals of the moncheite–insizwaite
solid solution (Fig. 8b, Table 9).

The rim zone also hosts inclusions of aegirine,
chamosite and goethite.

DISCUSSION

There is a distinct difference between small
xenomorphic and coarse idiomorphic Pt–Fe alloy crys-
tals of the Kondyor massif, both in terms of chemical
composition and mineral inclusions. Xenomorphic Pt–
Fe alloy grains contain micro-inclusions of Ir, Ru, Os
and Pt solid solutions rimmed by erlichmanite–laurite
and irarsite–hollingworthite (Nekrasov et al. 1999). The
main oxide inclusion in matrix Pt–Fe alloy is chromite.
The characteristic chemical and mineralogical features
of the coarse crystals are different, as noted here.

Very low abundances of PGE impurities

The PGE concentrations other than platinum are very
low. Our reconnaissance proton-microprobe data indi-
cate around 150 ppm Pd, 100 ppm Rh, and 20 ppm Ru.
Osmium and iridium are below the analytical detection
limit of the electron microprobe, i.e., <1500 ppm. The



610 THE CANADIAN MINERALOGIST

FIG. 6. Photomicrograph (oil immersion) of the complex Pd–Bi mineral assemblage at the
interface between ferroplatinum and tetra-auricupride. Sample I.

FIG. 7. Photomicrograph (oil immersion) of atokite and taimyrite intergrowth inside tetra-
auricupride reaction rim on Pt–Fe alloy. Outlined section shows atokite relics within
taimyrite. Sample II.



Pt–Fe ALLOY MACROCRYSTALS, KONDYOR PGE PLACER DEPOSIT, RUSSIA 611

FIG. 8. Back-scattered electron images, showing a) intergrowth of atokite, mertieite-II [Pd8Sb3] and telluroan sobolevskite
[(Pd,Pt)(Bi,Te)] within tetra-auricupride rim (sample II) and b) intergrowth of taimyrite–tatyanaite with moncheite–insizwaite.
Sample IV.

FIG. 9. Photomicrograph (oil immersion) of coarse crystal of Pt–Fe alloy with microdeformation (?) or dissolution-induced
fabrics along crystallographic planes. Sample III.
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earlier ion-microprobe study by Cabri et al. (1998) gave
<<1 ppm Os.

A compilation of about 1700 compositional data on
Pt–Fe alloy from about 30 occurrences worldwide
shows that only 55 samples have Os values below the
detection limit of electron-microprobe analysis (Cabri
et al. 1996). However, such samples are invariably en-
riched in Ir, Rh, Pd and Cu. We evaluated the dataset
from Cabri et al. (1996) with a log-normal probability
graph technique, which allows limited extrapolation be-
low detection limits. The geometric means and one stan-
dard deviation range are: 0.45 wt.% Os (0.3–1.0), 1.0
wt.% Ir (0.3–3.0), 0.07 wt.% Ru (0.02–0.2), 1.1 wt.%
Rh (0.4–1.7) and 0.65 wt.% Pd (0.2–1.2). The composi-
tion of the coarse Pt–Fe alloy crystals in terms of trace
elements is at least one order of magnitude lower than
from all other Pt–Fe alloy occurrences (Fig. 12). We also
evaluated the dataset for the xenomorphic Pt–Fe alloy
from Kondyor (n = 56) in log-normal probability graphs.
The geometric means and one standard deviation ranges

are: ∼0.1 wt.% Os (<0.1–0.2), 1.2 wt.% Ir (0.1–4.5; bi-
modal), <<0.1 wt.% Ru, 0.6 wt.% Rh (0.45–1.2), 0.18
wt.% Pd (<0.1–0.5). These data indicate that the
xenomorphic Pt–Fe alloy is relatively poor in PGE if
compared to the world average, but still at least one or-
der of magnitude richer than the macrocrystals.

Enrichment in tin and antimony

The macrocrystals studied have a composition in the
range Pt2.4–2.6Fe, with 0.66 ± 0.15 wt.% Cu, 0.07 ± 0.02
wt.% Ni, 0.11 ± 0.11 wt.% Sb, and 0.19 ± 0.11 wt.% Sn
(arithmetic mean ± 1 standard deviation). The presence
of the trace elements Ge, Zn, Te, and Cs at the ppm to
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hundred ppm levels is indicated by proton-microprobe
analysis. Most remarkable are the high contents of Sb
and Sn, with around 2000 ppm Sn and up to 3600 ppm
Sb. These two elements are consistently below the de-
tection limit of the electron microprobe for xenomorphic
Pt–Fe alloy.

Absence of Ir-, Rh-, and Os-bearing minerals

Micro-inclusions of Ir, Ru, Os and Pt solid solutions
are typical of the xenomorphic Pt–Fe alloy (Nekrasov
et al. 1999), but completely absent from the coarse Pt–
Fe crystals. This mineralogical observation is reflected
in the very low PGE abundances in the Pt–Fe crystals.

Absence of chromite inclusions

Chromite inclusions are typical of the xenomorphic
Pt–Fe alloy and indicate a dunite affiliation (Nekrasov
et al. 1999). Such inclusions have not been seen in the
macrocrystals. Instead, fluorapatite was repeatedly ob-
served, together with chromian titanian magnetite,
titanite, manganoan ilmenite, and chalcopyrite–bornite
intergrowth aggregates. This mineral association is un-
usual for dunites, but characterizes pyroxenites and con-
tact zones between pyroxenites and dunites (Nekrasov
et al. 1994).

Fluorapatite inclusions

The apatite inclusions in the macrocrystals have 2–3
wt.% F and a chlorine content below the analytical de-
tection-limit (0.05 wt.% Cl), indicating a high F/Cl en-
vironment of crystal growth, typical of evolved magmas.
Fluorapatite was described as a cumulus phase from the
Stillwater and Bushveld layered mafic intrusions
(Boudreau et al. 1986). By contrast, Cl-rich apatite is
typical of interstitial and vein occurrences in both intru-
sions and characterizes a hydrothermal environment
(Boudreau et al. 1986). The complementary pattern of
distribution of chlorine and fluorine results from the
contrasting partitioning behavior of these two elements,
with strong preference of Cl for aqueous fluid phases,
whereas F partitions preferentially into the melt phase
(Holland 1972, Manning & Pichavant 1988). Thus, the
fluorapatite inclusions suggest the formation of the Pt–
Fe alloy crystals in a non-hydrothermal environment,
i.e., in a melt system.

Hydrothermal overprint by chlorine- and alkali-rich
bearing Au, Pd and base-metals-enriched fluids

The complex gold-rich rim mainly consists of four
varieties of gold alloy: tetra-auricupride, Au–Ag alloy,
Au–Ag–Pd–Cu alloy, Au–Pd–Cu alloy. Tetra–auri-
cupride is the main gold-bearing phase, characterized
by Pd (0.78–3.86 wt.%) and Pt (0.67–13.9 wt.%) con-
tents. Gold–silver alloy has a variable composition from

native gold (97 wt.% Au) up to Au–Ag alloy (47 wt.%
Au). A symplectitic intergrowth of Au–Ag–Cu–Pd al-
loys is typical.

Cupriferous gold is very rare in nature, and seems to
be associated with hydrothermal alteration or weather-
ing of mafic–ultramafic rocks (Knipe & Fleet 1997).
The formation of tetra-auricupride is accompanied by
hydrothermal alteration of titanian magnetite to a Cl-
rich titanite-like phase on fractures in titanian magne-
tite (Sample I), which suggests a chlorine-rich
environment. The precious- and base-metal assemblage
is intergrown with the hydrothermal assemblage of
quartz, albite, orthoclase, andesine, as well as aegirine-
augite, clinochlore, smectite and chamosite.

The secondary rim hosts a great variety of PGM
phases. They are mainly represented by Pd stannides,
antimonides and tellurobismuthides. Copper-bearing
and Cu-free Pd stannides occur as complex zonal ag-
gregates of tatyanaite rimmed by taimyrite and
intergrown with minerals of the atokite–rustenburgite
series. Genkin & Evstigneeva (1986) described a simi-
lar paragenesis at the Noril’sk complex, Russia, namely
the formation of stannopalladinite (Pd,Cu)3Sn2 after
rustenburgite (Pt,Pd)3Sn through atokite (Pd,Pt)3Sn. The
detailed study by Barkov et al. (2000) of the zoned
intergrowth of Pt–Pd–Cu compounds from the same
occurrence shows the following sequence of crystalli-
zation: atokite → rustenburgite → tatyanaite → Pt-rich
taimyrite → Pt-poor taimyrite, and inferred that this
process was controlled by a decrease in temperature and
increase in Cu activity. The observations on natural
samples are in agreement with the experimental work
of Evstigneeva & Nekrasov (1980), who studied the
hydrothermal Pd–Cu–Sn–Cl system at 300–400°C and
found that Pd–(Pt)–Cu stannides formed later than Cu-
free compounds. A similar situation applies to the reac-
tion assemblages studied from Kondyor. The gold-rich
rim of sample II has relics of the atokite–rustenburgite
series within minerals of the taimyrite–tatyanaite solid
solution (Fig. 7). Sample I shows the formation of
tatyanaite (Pt-rich compound) followed by later
taimyrite (Pd-rich compound) (Figs. 5a, b).

Antimonides, represented by mertieite-II, generally
occur as relatively large inclusions in the gold-bearing
rims. Occasionally, intergrowths with atokite and
telluroan sobolevskite developed along fractures
(Fig. 8a). Tellurobismuthides consist of telluroan
sobolevskite and an intermediate member of the
moncheite–insizwaite solid solution.

CONCLUSIONS

The above observations and interpretations allow us
to tentatively propose a genetic model for the formation
of the Pt–Fe alloy macrocrystals. One important geo-
logical constraint is the fact that these crystals are con-
fined to the outcrop area of apatite – magnetite –
phlogopite clinopyroxenite dikes within dunite in the
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Anomal’niy Creek and its secondary dispersion pattern
(Nekrasov et al. 1999). The inclusion assemblage of the
coarse Pt–Fe alloy crystals also suggests a petrogenetic
association with the late apatite – magnetite – phlogo-
pite clinopyroxenite bodies, but not with the dunite-
dominant main intrusion. The latter is in agreement with
the suggestion by Malitch & Thalhammer (2002) that

the unit-cell type of Pt3Fe minerals depends on the host
rock and that ferroan platinum is characteristic of
clinopyroxenite.

The large size of the crystals could be related to crys-
tal growth in a pegmatitic environment with a protracted
magmatic evolution, i.e., from residual liquids that even-
tually reached fluid saturation. The latter event possibly
promoted the formation of miaroles or interstitial space
in which coarse-grained idiomorphic PGM could form
at a relatively low temperature. A similar setting applies
to the Tweefontein area in South Africa, where large
euhedral crystals of sperrylite up to 1.85 cm across oc-
cur in granite pegmatite and on shear zones in ironstone
country-rocks of the Platreef (Wagner 1929). The coarse
sperrylite crystals were interpreted as being of late-stage
magmatic–hydrothermal origin (Cawthorn et al. 1998).

The cause of the extreme fractionation of platinum
from the other PGE in the coarse Pt–Fe alloy crystals is
a matter of speculation. The solubilities of Pt and Os, Ir
or Rh in a sulfur-free silicate melt are not dramatically
different (Borisov & Palme 1997, Borisov & Walker
2000, Ertel et al. 1999). However, experimental data on
the partition coefficient between metal and silicate melt
indicate that D (Pt) is 3–4 orders of magnitude higher
than D (Os) at 1300–1400°C (Borisov & Walker 2000).
This effect may be even larger at lower temperature and
could possibly produce the huge separation of platinum
from osmium (and the geochemically similar Ir, Ru,
Rh). The low Pd content could be explained by the much
higher solubility of Pd, compared to all other PGE, in
silicate melt, similar to the solubility of Au (Borisov &
Palme 1996). The Pd–Au component and base metals

FIG. 10. Inclusions of mertieite-II in matrix of Pt–Fe alloy. Sample III (oil immersion).

FIG. 11. Inclusions of fluorapatite in Pt–Fe alloy. Sample IV
(oil immersion).
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could then be expected to fractionate into the aqueous
fluid phase upon fluid saturation.

The coarse crystals of Pt–Fe alloy have undergone a
hydrothermal overprint by NaCl-rich solutions bearing
gold, silver, palladium and copper. This step produced
intermetallic aggregates of gold-bearing alloy (tetra-auri-
cupride) as well as Pd-bearing intermetallic compounds.
The aqueous solutions also held a minor but characteris-
tic bismuth – tin – antimony – tellurium component. The
spectrum of elements in this overprint and alteration stage
is typical of late magmatic–hydrothermal fluids.
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