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Summary

Drill cores from the newly discovered Baronskoe-Kluevsky Pd–Au deposit (Volkovsky
massif, Central Urals) have been investigated by reflected-light and electron
microscopy, and the ore minerals were analyzed by electron microprobe. The most
abundant Platinum-group mineral (PGM) is vysotskite, ideally PdS, characterized by
an unusual Pt,Ni-poor composition. Palladium also occurs in kotulskite (PdTe),
stillwaterite (Pd8As3), and unknown Pd–As–Te compounds with vincentite-type
Pd3(As,Te), stillwaterite-type Pd8(As,Te)3, and Pd7(As,Te)2 stoichiometries. The main
carrier of Au is Pd-rich electrum, approaching the composition Au75Ag15Pd10, with
minor Fe, Cu, Ni and Pt. The precious minerals are closely associated with minute blebs
of chalcopyriteþmagnetite disseminated throughout serpentinized olivine-apatite host
rock. Paragenetic relationships among the ore minerals define a succession of crystal-
lization events in the order: 1) Cu–Pd sulfidesþ electrum, 2) replacement by Pd–Te–As
and late Pd–As PGM, 3) final replacement by magnetite. The paragenesis is tentatively
related with cooling of a fluid phase in the late- to post-magmatic stage.

Introduction

The discovery of ‘‘new types’’ and ‘‘unconventional’’ Platinum-group elements
(PGE) mineralization in the so-called ‘‘Platinum-bearing Belt’’ of the Urals has
been emphasized in the recent literature (Volchenko and Koroteev, 1998; Anderson



and Martineau, 2002). Some deposits, defined as the Kachkanar-type and
Volkovsky-type (Volchenko et al., 1975; Murzin et al., 1988; Volchenko and
Koroteev, 1998), are characterized by a Au–Ag–Pd–(Pt) assemblage and occur
in gabbroic rocks, bearing spatial, but not necessarily genetic, relationships with
the Ural-Alaskan type complexes, characterized by the dunite-hosted chromite-Pt
ores. Among these deposits, the Pd–Au mineralization associated with Cu-sulfide
ores in the lower layered section of the Volkovsky gabbro massif is the most
unusual. There, drilling has located two potentially economic ore bodies at the
localities of Baranskoe and Kluevsky. Preliminary geochemical data indicate that
the ore contains 6.4–15.7 g=t Pd, 0.5–7 g=t Au, and less than 0.4 g=t Pt (Zoloev
et al., 2001; Anderson and Martineau, 2002). The Pd–Au mineralization was
initially interpreted as to be magmatic in origin. However, the observation that
high-grade ore is locally associated with shear zones, led to an alternative model
involving the action of hydrothermal fluids (Anderson and Martineau, 2002, and
references therein).

This work reports the results of a detailed mineralogical investigation of se-
lected mineralized samples from the Baranskoe-Kluevsky deposit. The reflected-
light and electron microscope study of polished sections, as well as the electron
microprobe quantitative analysis of the ore minerals, has revealed a complex
Pd–Au mineralogy. The texture of the ore minerals has been studied in detail with
BSE electron microscopy in order to understand their order of crystallization and
paragenetic relationships.

Geological background

The Volkovsky complex is located in the southern part of the Ural Platinum Belt
(UPB), between the Main Uralian and Serov-Mauk faults, about 45 km N of the
Nizny Tagil Uralian-Alaskan type dunite–clinopyroxenite intrusion (Fig. 1). The
complex pertains to the Tagil-Barancha gabbro–diorite–syenite complex (Ivanov,
1997), and is in contact with volcanic and sedimentary rocks of the Tagil Island-
Arc Zone, to the east, and with metabasaltic hornfels (‘‘kytlyimite’’), to the west
(Fig. 2). The Volkovsky complex consists of gabbro and minor ultramafic rocks
intruded by diorites and syenites. The ultramafic rocks occur in two NW–SE
elongated bodies (Baranskoe and Kluevsky) in the southern part of the massif.
They consist of olivine-rich rock (in Russian literature called olivinite), wehrlite,
clinopyroxenite, plagioclase clinopyroxenite and olivine gabbro that frequently
contain substantial amounts of Ti-rich magnetite, amphibole, apatite, with acces-
sory phlogopite and disseminated sulfides (mainly pyrite, chalcopyrite and bornite)
up to 0.5% by volume. The field relations are not well exposed, and were estab-
lished mainly from drilling and trenching carried out during exploration. Structural
observations indicate poor stratigraphic correlation among the bore holes. The
various rocks define an irregular succession of lenses and discontinuous layers
trending about NW–SE and dipping 60�–70� NE, although the dip-angle can
vary widely as a result of tectonic displacement. Effects of tectonic overprint
are widespread, thereby the rocks were locally brecciated and saussuritized
with strong serpentine–talc–tremolite, chlorite–titanite and epidote–carbonate–
scapolite alteration.
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The Pd–Au mineralization occurs inside the ultramafic suite. Initial exploration
by soil geochemistry revealed Pd–Au anomalies extending over an area about 10
meters wide and 900 meters long (Potter, 2002). A subsequent soil geochemistry
survey indicated that the anomaly is even more extended at Kluevsky covering an
area of 100�1300 m (Anderson and Martineau, 2002). Drilling has intersected the
mineralization in a zone of transition from layered olivinite, wehrlite and olivine–
clinopyroxenite to olivine-free, plagioclase-bearing clinopyroxenite, grading into
gabbros upward. The ore bodies occur predominantly in olivine-rich rocks (mainly
apatite–olivinite) and, to a minor extent, in plagioclase pyroxenite (Anderson and
Martineau, 2002).

Fig. 1. A Location of the ‘‘Ural Platinum Belt’’ in the Ural orogen, and B geological
setting of the Volkovksy gabbro complex in relation to the major Ural-Alaskan-type com-
plexes of the Ural Platinum Belt; 1¼Uktus, 2¼Revda, 3¼Tagil, 4¼Tagil-Barancha,
5¼Arbat, 6¼Kachkanar, 7¼Pavda, 8¼Kytlym, 9¼Knyaspin, 10¼Kumba, 11¼
Denezhk, 12¼ Pomursk, 13¼Chistop (modified after Yefimov et al., 1993)
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Description of the investigated samples

The polished sections examined in this study were obtained from drill cores in the
Kluevsky ore body. Drilling to a depth of 100 meters revealed a transition from an
upper part consisting of olivine-free, plagioclase-rich pyroxenite layers, with minor
gabbro and plagioclasite, to a lower part of dominant olivine-bearing rocks, mainly
olivine–pyroxenite and wehrlite with minor olivinite and apatite-rich plagioclase
olivinite (Fig. 3). With a few exceptions, all rocks contain hornblende and Ti-rich
magnetite. Sulfides are more abundant in the lower ultramafic rocks having up to
0.25 wt% S, that is mainly accounted for by disseminated pyrite and chalcopyrite.
The Pd and Au anomalies have been observed at several stratigraphic intervals
along the cross section; they show no obvious correlation with the distribution
of sulfides. The highest Pd concentrations occur in olivine-rich rocks (olivine
pyroxenite, wehrlite and olivinite), and in particular in one 30 cm-thick hori-
zon of serpentinized olivinite, containing over 10 ppm Pd, 130–314 ppm Cu, and
0.02–0.04 wt% S. This mineralized rock consists of 8–10 modal% apatite, along
with 7–10% saussuritized plagioclase, accessory phlogopite, amphibole, and sec-
ondary chlorite. Several tens of PGM grains were encountered in the examined
samples. They typically occur associated with interstitial patches (50 to 300 mm) of
chalcopyrite, disseminated unevenly in the host rock, where plagioclase and phlog-
opite are less abundant. Chalcopyrite is accompanied by minor bornite, carrollite

Fig. 2. Geological sketch map of the Volkovksy complex and location of the Pd–Au
Baronskoe-Kluevskoy deposits
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Cu(Co,Ni)2S4, and native copper. Pyrite was not observed. The sulfide blebs are
systematically rimmed or almost completely replaced by pseudomorphic magne-
tite, leaving only a few small relics of chalcopyrite, PGM and gold immersed in the
Fe-oxide mass. This magnetite is Ti-free and also occurs as filling in fissures and
cracks with the silicate matrix. Therefore it differs from the interstitial grains of
Ti-rich magnetite disseminated in the gabbro-pyroxenite rocks of the Volkovsky
complex.

Analytical notes

The PGM and Au minerals were located on polished sections using reflected-light
microscopy at 250–800� magnification. They were investigated in-situ using elec-
tron microscopy and microprobe techniques. Back scattered electron (BSE) images
were obtained at the Inter-Department Instrumental Center (CIGS) of the Univer-
sity of Modena, using a Philips XL40 electronic microscope operated at 15–20 kV
and 20 nA. The electron microprobe analyses were performed at the Department of
Earth Sciences, University of Modena, using an ARL-SEMQ instrument equipped
with both EDS and WDS analyzers and operated at 20–27 kV accelerating voltage

Fig. 3. Location of the investigated samples in the stratigraphy of the Kluevsky bore hole,
and variation of relevant geochemical parameters (redrawn from the Year Book 2003 of the
Institute of Geology and Geochemistry, Ural-branch of the Russian Academy of Sciences)
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and 10–20 nA beam current, with a beam diameter of about 1 mm. Counting times
of 20 and 5 seconds were used for peak and backgrounds, respectively. The X-ray
K� lines were used for S, Fe, Ni, and Cu; L� lines for Rh, Pt, Pd, Ag, As, Te, and
Sb and the M� line for Au. Pure metals were used as standards for Pt and Rh, and
synthetic Au70Ag30, PdTe, Sb3S2, NiAs, FeS2 and CuFeS2 for Au, Ag, Pd, Te, Sb,
Ni, Fe, Cu, S, and As. Correction for the interferences Ru–Rh, and Rh–Pd, and
detection limit calculation for PGE were automatically performed with the updated
version 3.63, January 1996, of the PROBE software (Donovan and Rivers, 1990).
The average detection limits (wt%) for the analyzed elements were: Au¼ 0.35,
Ag¼ 0.09, Pd¼ 0.52, Pt¼ 0.30, Rh¼ 0.08, Fe¼ 0.05, Ni¼ 0.05, Cu¼ 0.07, Te¼
0.06, S¼ 0.03, As¼ 0.16 and Sb¼ 0.50.

The palladium and gold minerals

The Pd and Au minerals are usually associated with chalcopyrite–magnetite blebs
in extremely variable proportions, showing a prevalence of the precious minerals in
some cases. The precious mineral assemblage mainly consists of vysotskite accom-
panied by kotulskite, stillwaterite, a group of unknown Pd–As–Te minerals and
electrum. One small grain (<2 mm) of Pt-bearing Cu sulfide, associated with chal-
copyrite, was encountered, but could be analyzed only qualitatively because its
small size. The optical and electronic properties, as well as morphology and tex-
tural relations of the PGM and Au are illustrated in Figs. 4 to 6, while the results of
the electron microprobe analyses are listed in Tables 1 to 3, and shown in Figs. 7
and 8.

Vysotskite

Vysotskite is the most abundant Pd-mineral encountered in the Baranskoe-
Kluevsky samples. Under the reflected-light microscope, vysotskite shows weak
to distinct anisotropy. It appears creamy white or bluish white in color depending
on the minerals in contact, chalcopyrite and magnetite (Fig. 4A, B) or Pd–As–Te
PGM’s (Fig. 4C). In agreement with the observations by Criddle and Stanley
(1985), reflectance of vysotskite in the Baranskoe-Kluevsky samples appears
slightly higher than that of chalcopyrite, but is remarkably lower than that of the
other Pd–PGM. In BSE images, vysotskite has intermediate electronic reflectance
between chalcopyrite and the associated Pd–As–Te PGM’s (Fig. 4C-1). Vysotskite
usually occurs at the core of the blebs surrounded by chalcopyrite (Fig. 4A, B),
which is almost completely replaced by magnetite in the most advanced altered
samples (Fig. 5A–C). The grain contacts between the two phases are generally
smooth and rounded, although reciprocal inclusions chalcopyrite–vysotskite or
more complex graphic intergrowths have also been observed (Fig. 6A–C). Vysots-
kite may contain small inclusions of kotulskite and electrum, that are likely to be
exsolution products (Figs. 4C, 5B, C). Vysotskite is replaced along the grain
boundaries by stillwaterite and the other Pd–As–Te PGM’s (Figs. 4C, 5D).

Electron microprobe analyses (Table 1) show minor content of Ni (0.07–
3.95 wt%), Ag (<1.1 wt%), and Pt (<1.0 wt%) with only two grains having Pt con-
tents of up to 4.76 and 14.93 wt%, respectively. Minor amounts of Fe (<1.35 wt%)
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and Cu (<0.45 wt%) were detected in some grains. The plot of vysotskite composi-
tions in the Pd–Pt–Ni ternary diagram (Fig. 7) indicates very limited solid solution
of vysotskite with braggite and millerite. This appears to be a distinctive feature of

Fig. 4. Reflected light and BSE images showing textural relations and comparison of
optical and electronic properties of Pd–PGM from Kluevsky. A, B Different types of
vysotskite–chalcopyrite textural association. Note the minute magnetite veins in the silicate
matrix. C, C-1 Vysotskite, chalcopyrite replaced by Pd8(Te,As)3 that is replaced in its
turn by stillwaterite. D, D-1 Vincentite–kotulskite association at the margin of a chalco-
pyrite bleb almost totally replaced by magnetite. Vs vysotskite, Chp chalcopyrite, Mgt mag-
netite, Stw stillwaterite, Pd8(Te,As)3 Te-rich stillwaterite (?), Au Electrum, Kt kotulskite,
Pd3(Te,As) Te-rich vincentite (?), Sil silicate matrix
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the Baranskoe-Kluevsky samples compared with vysotskite from other localities
worldwide. In particular it differs from the vysotskite of Noril’sk, where it was
reported for the first time (Genkin and Zvyagintsev, 1962), and vysotskite docu-
mented in other PGE deposits such as Bushveld (Verryn and Merkle, 1994),
Stillwater (Cabri and Laflamme, 1974; Cabri et al., 1978; Todd et al., 1982;
Volborth et al., 1986), Lac des Isles (Cabri and Laflamme, 1974), Monchetundra
(Grokhovkaya et al., 2002), Penikat (Halkoaho, 1989; Barkov et al., 2002) and
Sierra Leone (Bowles, 2000).

Kotulskite

Kotulskite was recognized under the optical microscope because of its white color,
distinct anisotropy, and high reflectance (Fig. 4D). In BSE images it is very similar
to the other Pd PGM’s (Fig. 4D-1) and therefore it cannot be identified in BSE
images. Kotulskite generally occurs as relatively large patches (�15�20 mm) inti-
mately intergrown with the unknown Pd3(As,Te) phase, the texture suggesting

Fig. 5. BSE images of Pd–PGM from Kluevsky. A Chalcopyrite bleb replaced by mag-
netite, with vysotskite (included) and Te-rich vincentite (?)þ stillwaterite at the rim;
B Enlarged field: kotulskiteþ electrum exsolution in vysotskite, porous stillwaterite
replacing Te-rich vincentite (?). C Electrum exsolution in vysotskite; Te-rich vincentite
(?) and stillwaterite at the rim of the bleb. D Vysotskite–chalcopyrite blebs with Te-rich
stillwaterite (?) replacing vysotskite. Labels as in Fig. 4
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co-crystallization of the two phases. However, it has also been observed as exsolu-
tion blebs and lamellae (<5 mm) within vysotskite grains (Fig. 5B). The latter
paragenesis also includes electrum suggesting that it formed by equilibration of
a homogeneous Pd–S–Te–Au phase. Electron microprobe analyses indicate that
the two kotulskite types have similar composition, corresponding to PdTe, with
slight deficiency in Te (Fig. 8).

Stillwaterite

Stillwaterite was not readily recognized by observation in reflected light because it
has optical properties (creamy-pinkish color, weak anisotropy and reflectance)

Fig. 6. BSE images of the graphic inter-
growth among vysotskite, chalcopyrite
and electrum. Labels as in Fig. 4
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very similar to those of the associated Pd–As–Te PGM (Fig. 4C). In BSE images
stillwaterite is only slightly less bright than the other Pd–As–Te minerals (Fig. 5B);
therefore the mineral could be only identified by qualitative EDS analysis. Still-
waterite generally forms irregular patches or discontinuous rims along the vysots-
kite or the Pd–As–Te minerals, indicating replacement relationships (Figs. 4C-1,
5B). Usually, it exhibits bad polishing, rugged surface and a distinct porosity that in
some cases is filled with an Fe oxide, probably magnetite. These paragenetic fea-
tures suggest that stillwaterite in the Baranskoe-Kluevsky samples may have
formed at relatively low temperature. Most compositions (Table 2) do not fit the
theoretical stoichiometry Pd8As3, but show slight cation deficiency (Fig. 8). Calcu-
lation of ten analyses on the basis of 11 a.p.f.u., results in the average formula
(Pd7.69Pt0.01Ag0.04Fe0.16Cu0.05)7.95(As3.02S0.02Te0.01)3.05. Thus, compared with com-
positions reported in the literature (Cabri et al., 1975; H€aanninen et al., 1986; Cabri,
2002), the stillwaterite from Baranskoe-Kluevsky is distinctly different because of
the lack of Sb and Bi, the very low Pt content, and the remarkable presence of Ag
and base metals.

Table 3. Representative microprobe analyses of electrum from Baronskoe-Kluevsky

Weight % Au Ag Pd Pt Fe Ni Cu Te S Totals

Au 1 82.53 8.27 6.02 0.19 0.51 0.06 1.89 0.02 0.42 99.90
Au 2 82.07 9.15 4.37 0.23 1.73 0.08 0.50 0.02 0.10 98.25
Au 3 81.79 8.35 6.79 0.31 0.18 0.04 0.63 0.04 0.07 98.18
Au 4 85.63 6.74 5.67 0.18 2.40 0.03 0.45 0.03 0.03 101.16
Au 5 85.42 6.50 5.42 1.15 0.63 0.18 0.29 0.05 0.12 99.76
Au 6 84.32 7.98 7.04 0.28 0.18 0.01 0.30 0.01 0.02 100.13
Au 7 84.27 8.47 6.92 0.02 0.06 0.01 0.23 0.00 0.00 99.97
Au 8 84.42 8.20 7.39 0.04 0.02 0.02 0.20 0.04 0.01 100.33
Au 9 85.81 9.51 4.91 0.31 0.70 0.06 0.55 0.03 0.03 101.90
Au 10 84.55 8.82 5.55 0.00 0.77 0.00 1.07 0.00 0.03 100.78
Au 11 82.24 10.36 4.55 0.03 0.71 0.25 0.75 0.02 0.11 99.03
Au 12 84.31 9.62 5.81 0.16 0.14 0.04 0.41 0.01 0.02 100.51

Atomic % Au Ag Pd Pt Fe Ni Cu Te S

Au 1 69.10 12.65 9.33 0.16 1.51 0.16 4.91 0.02 2.16
Au 2 70.97 14.45 7.00 0.21 5.29 0.22 1.33 0.03 0.52
Au 3 72.32 13.48 11.11 0.28 0.55 0.13 1.73 0.06 0.35
Au 4 72.10 10.36 8.84 0.15 7.11 0.09 1.17 0.04 0.14
Au 5 75.60 10.51 8.89 1.03 1.96 0.52 0.80 0.07 0.64
Au 6 74.01 12.78 11.44 0.24 0.56 0.03 0.81 0.02 0.12
Au 7 74.24 13.62 11.29 0.02 0.19 0.02 0.63 0.00 0.00
Au 8 74.07 13.13 12.00 0.03 0.07 0.04 0.55 0.05 0.06
Au 9 73.25 14.82 7.76 0.26 2.12 0.16 1.46 0.04 0.13
Au 10 72.19 13.75 8.76 0.00 2.32 0.00 2.84 0.00 0.14
Au 11 70.88 16.31 7.27 0.03 2.17 0.73 1.99 0.03 0.59
Au 12 73.42 15.31 9.36 0.14 0.43 0.13 1.10 0.01 0.11
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Fig. 7. Composition (at%) of vysotskite from Baranskoe-Kluevsky compared with those from
Bushveld (Verryn and Merkle, 1994), Stillwater (Cabri et al., 1978; Volborth et al., 1986),
Sierra Leone (Bowles, 2000), Monchetundra (Grokhovskaya et al., 2002), Noril’sk (Genkin
and Zvyagintsev, 1962), Lac des Isles (Cabri et al., 1978), and Penikat (Halkoaho, 1989)

Fig. 8. Pd–As–Te compositions (at%) of stillwaterite, kotulskite and unknown Pd–
arsenotellurides from Baranskoe-Kluevsky. The compounds Pd8(Te,As)3 and Pd3(Te,As)
are ascribed to Te-rich stillwaterite and vincentite, respectively
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The unknown Pd–As–Te minerals

These minerals are the second most abundant PGM species in the Baranskoe-
Kluevsky samples. They form grains of 10 to 50 mm, generally confined to the
external border of the sulfide blebs, replacing vystotskite and chalcopyrite (Figs. 4C,
C-1, 5A, C, D). In some cases, they are replaced by stillwaterite (Fig. 5B).
The arsenotellurides are characterized by very similar optical properties (creamy
white color, weak anisotropy and reflectance) and brightness in BSE images
(>vysotskite); therefore they could only be identified on the basis of qualitative
EDS analysis by the consistent presence of Pd, As and Te peaks in variable propor-
tions. The mineral chemical compositions (Table 2) plotted in the ternary diagram
Pd–As–Te (Fig. 8), define a trend of Pd–Te substitution between the end members
Pd7(As,Te)2 and Pd9(As,Te)4, with the As–Te ratio decreasing from 1.35 to 0.7.
These minerals possibly represent new mineral species, however, two groups of
compositions referable to the intermediate stoichiometries: Pd3(As,Te) and
Pd8(As,Te)3, with As–Te ratios close to 1.0, may be ascribed to the Te-rich vari-
eties of stillwaterite and vincentite, respectively.

Pd8(As,Te)3, possibly Te-rich stillwaterite

Repeated electron microprobe analyses of ten grains gave an almost constant com-
position corresponding to the average formula (Pd7.79Ag0.04Fe0.11Cu0.06 Ni0.01)8.00

(As1.52Te1.46S0.02)3.00, calculated on the basis of 11 a.p.f.u. The stoichiometry sug-
gests that this mineral is stillwaterite, in which one half of the As has been sub-
stituted by Te and by some S (Fig. 8), possibly as a result of solid solution with
telluropalladinite (Pd9Te4) or keithconnite (Pd3� xTe). The substitution of As by Te
has not been reported in stillwaterite from other localities, so far (Cabri et al., 1975).
One grain showed slight enrichment in Ag (up to 0.22 a.p.f.u.), and decrease of the
base metal content down to 0.03 a.p.f.u. (FeþCuþNi), suggesting limited solid
solution with the rare mineral telargpalite (Pd2.8Ag0.2)3Te (Kovalenker et al., 1974).

Pd3(As,Te), possibly Te-rich vincentite

Microprobe analyses obtained on a number of grains gave the average compo-
sition (Pd2.9Fe0.06Cu0.02)2.97(As0.54Te0.47)1.02 calculated on the basis of 4 a.p.f.u.
This composition recalls that of arsenotellurides reported from two placer depo-
sits in Ecuador and Madagascar, (Pd2.93Pt0.04Cu0.04)3.01(As0.51Te0.48)0.99 and
(Pd2.69Pt0.29Fe0.1Cu0.04)3.12(As0.34Te0.48S0.06)0.88. The mineral was ascribed alter-
natively to an intermediate species between the discredited guanglinite Pd3As
(Cabri, 1980) and keithconnite Pd3� xTe (Weiser and Schimdt-Thom�ee, 1993), or
to a Te-rich variety of vincentite (Aug�ee and Legendre, 1992). Vincentite from the
type locality in SE Borneo is monoclinic, characterized by a light brownish color,
weak anisotropy, and a composition expressed by the formula (Pd2.61Pt0.37)2.99

(As0.44Sb0.3Te0.27)1.01 (Stumpfl and Tarkian, 1974; Tarkian et al., 2002). The
unknown mineral from Kluevsky has optical properties similar to vincentite, and
therefore attribution to a Sb-free Te-rich variety of vincentite (Aug�ee and Legendre,
1992) is favored.
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Electrum

Electrum is the main mineral carrier of gold. It occurs as small inclusions
(<40 mm) in vysotskite, chalcopyrite (Figs. 4C, C-1, 5A, B, C) or in the secondary
magnetite, but it has never been observed inside the Pd–Te–As minerals. The
inclusions in vysotskite and chalcopyrite frequently have drop-like or vermicular
shape, suggesting an origin by subsolidus exsolution (Fig. 6A, B, C). The associa-
tion with magnetite does not reflect equilibrium conditions, since the oxide clearly
represents a late replacement of chalcopyrite. Repeated analyses of several
grains of electrum (Table 3) revealed relatively constant proportions of Au
(69.1–75.6 at%) and Ag (16.3–10.4 at%) with high contents of Pd (7.0–12.0 at%),
accompanied by minor amounts of Pt (0.25–1.03 at%) and base metals
(0.7–8.4 at% FeþCuþNi).

Interpretation of the paragenesis

The BSE study of the internal texture of the sulfide blebs indicates that the ore
mineral assemblage formed by a sequence of crystallization events. At least three
successive stages can be distinguished. The first stage was characterized by for-
mation of the vysotskite–chalcopyrite–kotulskite–electrum assemblage. Vysots-
kite and chalcopyrite crystallized together, and were closely followed by
exsolution of kotulskite from vysotskite and electrum from both vysotskite and
chalcopyrite. The whole assemblage indicates that the ore initially was in the
stability field of a sulfide phase predominantly composed of Cu–Pd–Au–Ag with
minor amounts of Pt and Te. The marginal position of the arsenotellurides and
kotulskite in the sulfide blebs suggests that the suite of Pd–As–Te–(Ag) minerals
crystallized in a subsequent step, replacing former vysotskite and, in some cases,
chalcopyrite. Sulfur, Au and Pt did not take part in this stage of ore formation,
whereas the system was dominated by Te and As. In the last step, Te activity
decreased and the system became enriched in As, leading to the formation of
stillwaterite that generally overgrows or replaces the arsenotellurides.

The sequence of crystallizing phases reflects important chemical changes with
decreasing temperature in the ore forming system. From an initial stage character-
ized by relatively high S fugacity, the system became enriched in Te–As, and
finally evolved to a late As-dominated stage. The textures suggest that the early
crystallized Cu–Pd sulfides were not in equilibrium with the later Te–As rich fluid.
They reacted and were partly replaced by a new assemblage containing rare Pd
arsenotellurides. The occurrence of stillwaterite–magnetite intergrowths suggest
that the final As-dominated stage was closely followed by magnetite replacement.
In all the examined samples, magnetite has the textural characteristics of a sec-
ondary phase. Its formation is probably related with the serpentine–chlorite altera-
tion of the silicates, indicating substantial increase of water activity and the
establishment of oxidizing conditions typical of a sub-critical hydrothermal solu-
tion. It is difficult to establish if the crystallization of magnetite is a late distinct
episode unrelated to mineralization, or represents the final stage of the mineraliza-
tion. In any case, it does not appear to have affected the PGM–Au assemblage, but
only resulted the oxidation of the base metal sulfides.
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Concluding remarks

1) The results presented in this study confirm that the high AuþPd concentrations
in the drill cores at the level of several g=t are accounted for by a complex
assemblage of precious Au and Pd minerals associated with disseminated chal-
copyrite–magnetite blebs. The precious metal assemblage includes Pd-rich
electrum, vysotskite, kotulskite, the rare mineral stillwaterite, and a series of
unknown compounds in the Pd–As–Te ternary system, two of which are tenta-
tively attributable to the Te-rich varieties of stillwaterite and vincentite. Alter-
natively, these compounds may represent a group of new phases, having limited
solid solution between the two end members Pd9(As,Te)4 and Pd7(As,Te)2, at
As–Te ratios close to 1.0 in the Pd–As–Te ternary system (Fig. 7). Structural
investigation is needed to clarify this question.

2) The mineralogical data and paragenetic observations presented in this paper
indicate that the Kluevsky Pd–Au mineralization hosted in the serpentinized
apatite-rich olivinite did not form in a pure magmatic system. The Cu-rich
nature of the sulfide blebs is inconsistent with the composition of natural mag-
matic sulfide liquids that generally lies in the Fe-rich field of the Fe–Ni–Cu
ternary system. There is neither mineralogical nor geochemical evidence that
pyrrhotite and pentlandite ever existed in the blebs prior to magnetite replace-
ment. No relics or alteration products of these base metal sulfides have been
encountered and, notably, none of the analyzed ore minerals contains Ni in
appreciable concentrations. In particular, the Ni-poor composition of the
Baranskoe-Kluevsky vysotskite compared with vysotskite from major layered
intrusions suggests crystallization of the mineral at relatively low temperature
with respect to magmatic thermal conditions (Makovicky and Karup-Moller,
1995; Verryn and Merkle, 1994, 2000). Experimental studies indicate that the
absence of Ni and the enrichment in Cu, Pd and Au are distinctive features of
PGE deposits formed under high activity of fluids, compared with those formed
by sulfide liquid segregation in pure magmatic systems (Ballhaus et al., 1994).
Consistently, the Pd–Au deposits of the Volkovsky-type are believed to have
formed in the temperature range of 600–400 �C, in a geological environment
characterized by high fluid activity and oxygen fugacity (Volchenko and
Koroteev, 1998). The data presented in this paper apparently confirm this
hypothesis and indicate that the PGM assemblage formed by the action of
fluids in which the fugacity of S decreased and that of Te and As increased
with decreasing temperature. The origin of the mineralizing fluid phase in the
Volkovsky-type deposits (residual post-magmatic hydrous fluids or hydrother-
mal solutions from an external source) remains an open question.
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