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Abstract—We present results of analysis of the morphology and chemical composition of platinum-group minerals from chromite—
platinum orebodies of zoned clinopyroxenite—dunite massifs in the Middle Urals (Nizhnii Tagil, Svetlyi Bor, Veresovyi Bor, and Kame-
nushenskii). Study of more than 500 grains has given an insight into the sequence of formation of platinum-group minerals in chromitites
of the studied massifs. Three assemblages of platinum-group minerals have been revealed: magmatic (Os—Ir—Ru intermetallic compounds,
isoferroplatinum, ferroplatinum, sulfides of the isomorphous series erlichmanite—laurite and kashinite—bowieite, and thiospinels of the
series cuproiridsite—cuprorhodsite—malanite); postmagmatic (with a predominance of tulameenite, tetraferroplatinum, and ferronickelplati-
num, resulted from serpentinization of dunites); and latest secondary (minerals with a predominance of PGE sulfides, arsenides, sulfoanti-

monides, sulfoarsenides, plumbides, and amalgams).

Keywords: platinum-group minerals, chromite—platinum mineralization, clinopyroxenite—dunite massifs: Nizhnii Tagil, Svetlyi Bor, Veresovyi Bor, and
Kamenushenskii, isoferroplatinum, irarsite, potarite, xingzhongite, PGE sulfides

INTRODUCTION

Zoned clinopyroxenite—dunite massifs, also called mas-
sifs of the Ural-Alaskan type, enclose giant (in terms of re-
serves) platinum placers. At the beginning of the commercial
exploitation of these placers, platinum-group mineralization
was not seriously investigated. Active research began only in
the late 19th century, after the discovery of the first primary
deposits of platinum in 1891 (Lokerman, 1982; Mosin,
2002), and its results were headlined (Karpinsky, 1893; Zait-
sev, 1898; Duparc and Tikhonowich, 1920).

More than 500 tons of platinum-group metals were mined
from platinum placers in the Ural region throughout their
mining history (Mosin, 2002), which significantly exceeds
the production of platinum from similar placers in Russia
and in the world. Placers in zoned clinopyroxenite—dunite
massifs are known in the Koryak—Kamchatka region (Tol-
stykh et al., 2005; Sidorov et al., 2012, 2019; Kutyrev et al.,
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2018) Santiago River, Ecuador (Weiser and Schmidt-Tho-
me, 1993), Durance River, France (Johan et al., 1990), Tula-
meen River, British Columbia (Nixon et al., 1990), and Ma-
nampotsy area, Madagascar (Legendre and Auge, 1992).
There are no analogues of the Ural primary deposits with
chromite—platinum mineralization in the world. In Russia,
primary platinum-group mineralization was found and com-
prehensively studied only in dunites of the Gal’moenan
massif in Koryakia (Sidorov et al., 2012).

Primary chromite—platinum mineralization in zoned
clinopyroxenite—dunite massifs is an object of not only re-
search but also geological prospecting and mining (Kashin
et al., 1956). The geologic structure of these massifs, the
forms of chromitite occurrence within them, the mineral
composition of these rocks, and the distribution and compo-
sition of platinum-group minerals are described elsewhere
(Vysotskii, 1913; Karpinsky, 1926; Zavaritskii, 1928; Be-
tekhtin, 1935; Lazarenkov et al., 1992; Ivanov, 1997; Auge
et al., 2005; Volchenko et al., 2007; Kozlov et al., 2011;
Anikina et al., 2014; Malitch et al., 2015). Analysis of avai-
lable research works concerned with platinum-group miner-
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alization of clinopyroxenite—dunite massifs in the Middle
Urals shows that the Nizhnii Tagil massif has been most
comprehensively studied. The recent geological exploration
initiated by Yu.M. Telegin (Telegin et al., 2009; Tolstykh et
al., 2011) has provided detailed information about the plati-
num-group mineral assemblages of the Svetlyi Bor and Ka-
menushenskii massifs.

The attention to the genesis of platinum-group mineral-
ization was focused already at the early stages of study of
the platinum content in clinopyroxenite—dunite massifs of
the Urals. Early studies (Vysotskii, 1913; Duparc and Tik-
honowitch, 1920; Karpinsky, 1926; Zavaritskii, 1928;
Betekhtin, 1935; Kashin et al., 1956), performed along with
the development of primary deposits (Gospodskaya Shakh-
ta, Krutoi Log 4-00, and Syrkov Log), were based on repre-
sentative rock material but did not lead to a consensus on the
above problem. Later research (Malakhov and Malakhova,
1970; Lazarenkov et al., 1992; Ivanov, 1997; Zoloev et al.,
2001; Auge et al., 2005; Pushkarev et al., 2007; Volchenko
et al., 2007; Anikina et al., 2014; Tessalina et al., 2015), af-
ter the completion of the development of these deposits, was
performed on the lesser number of representative samples of
platinum-bearing rocks but provided an extensive analytical
database. Nevertheless, a substantiated genetic concept that
would be recognized by most of the researchers of these ore-
bearing objects was not elaborated.

Taking into account the earlier obtained data on platinum-
group minerals from zoned clinopyroxenite—dunite massifs,
we analyzed and summarized data of genetic observations
and a significant amount of material on the morphology of
individual minerals and their aggregates. It is these ontoge-
netic observations that formed the basis of the genetic model
of the evolution of chromite—platinum mineralization in
zoned clinopyroxenite—dunite massifs of the Middle Urals.

In 2013-2017, we collected platinum-group minerals
from chromitites of the least studied Svetlyi Bor, Veresovyi
Bor, and Kamenushenskii clinopyroxenite—dunite massifs.
This collection, along with the mineral samples from the
Nizhnii Tagil massif, served as the basis for research. To
confirm the results of study of bedrocks, we comprehensive-
ly examined platinum-group minerals from placers of the
above massifs. The obtained data give an insight into the
specific features of platinum-group mineralization in the
eroded zones of the massifs and thus permit substantiation
of the evolution of platinum-group mineralization using a
more representative material. This material most fully char-
acterizing the platinum-group mineralization of clinopyrox-
enite—dunite massifs of the Middle Urals, together with the
use of the methods of genetic mineralogy and mineral onto-
genesis, permits a deep analysis of the formation and subse-
quent transformation of platinum-group minerals in chro-
mite—platinum ore systems.

SAMPLES AND METHODS

Cr-spinel segregations and chromitites were sampled
from ore lumps in dunite bodies of the Nizhnii Tagil, Svetlyi

Bor, Veresovyi Bor, and Kamenushenskii massifs during
the field works in 2013-2017 (Fig. 1). To study as more
platinum-group minerals as possible, we took 27 bulk sam-
ples of chromitites (60—65 kg), crushed them to the <1 mm
fraction, and enriched them using a KR-400 centrifugal con-
centrator. Samples of chromitites most enriched in platinum-
group minerals were taken for a subsequent preparation of
thin and polished sections (a total of 513). To determine the
specific features of platinum-group mineralization in the
eroded parts of chromite—platinum ore zones, we sampled
chromitites from eluvial-deluvial and deluvial placers (more
than 89 samples).

Grains and aggregates of platinum-group minerals were
studied with optical binocular and scanning electron micro-
scopes. Then, artificial polished sections of the grains were
prepared, which, along with the polished thin sections of Cr-
spinel segregations and chromitites, were examined with
scanning electron microscopes (CamScan MX2500, Karpin-
sky Russian Geological Research Institute, St. Petersburg,
analyst A.V. Antonov; Tescan VEGA-II XMU and CamScan
MV2300, Institute of Experimental Mineralogy, Chernogo-
lovka, analyst D.A. Varlamov; Tescan VEGA, Mining Uni-
versity, St. Petersburg, analyst Yu.L. Kretser). The chemical
composition of platinum-group minerals was determined by
X-ray probe microanalysis, using energy-dispersive micro-
probes (Link Pentafet, Oxford Instruments, and Si (Li), Kar-
pinsky Russian Geological Research Institute, St. Petersburg,
analyst A.V. Antonov; INCA Energy 450 and INCA Energy
350, Institute of Experimental Mineralogy, Chernogolovka,
analyst D.A. Varlamov) and wave-dispersive microprobes
(Camebax SX 50, Moscow State University, analyst D.A.
Khanin). About 1440 analyses were carried out for ~500
grains of platinum-group minerals sampled at more than 80
points. All minerals were analyzed for six platinum-group
metals, Fe, Co, Ni, and Cu, and sulfides were additionally
analyzed for S, As, Sb, Te, Pb, Bi, and Hg.

The reference profiles of series of characteristic X-ray
lines were recorded using the following standards for ele-
ments: PGE, pure platinum-group metals (L line); Cu, Cu,,;
Fe, Fe,.; Ni, Ni_; Co, CoAsS; S, FeSZsymh; As, InAs; Sb,
CuSbS,; Te, Pb, PbTe; and Bi, Bi, .. In X-ray probe micro-
analysis, the following standards were used: PGE, pure plat-
inum group metals; Cu, Sb, CuSbS,; Fe, S, FeS; Ni, NiS;
Co, As, CoAsS; Hg, HgTe; Pb, PbS; and Bi, Bi,S;.

Measurements with a Camebax SX50 X-ray electron mi-
croprobe were made at an accelerating voltage of 20 kV and
a current of 30 nA; the peaks of major elements were mea-
sured for 20 s, and the background, for 10 s from each side.
The contents of impurity elements were measured for 40 s at
the peaks and for 20 s at the background. The detection lim-
its are (wt.%): Os—0.08, Ir—0.1, Ru—0.05, Rh—0.05,
Pd—0.05, Pt—0.05, Fe—0.03, Ni—0.03, Cu—0.03,
S—0.05, As—0.05, Co—0.03, Pb—0.08, and Bi—0.1. The
contents were calculated with ZAF correction.

The phase composition of Pt-Fe minerals was confirmed
by X-ray diffraction analysis on the equipment of the “X-
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Fig. 1. Geological schemes of clinopyroxenite—dunite massifs of the Middle Urals, after Ivanov (1997), with major points of lump ore and bulk
sampling. Massifs: a, Nizhnii Tagil, b, Svetlyi Bor, ¢, Veresovyi Bor, d, Kamenushenskii. /, pyroxenites; 2, wehrlites; 3—3, dunites: 3, fine- and
medium-grained, 4, medium- and coarse-grained, 3, coarse-grained and pegmatoid; 6, alluvial and technogenic deposits; 7, faults; 8, hydrograph-
ic network; 9, surface contours; /0, points of sampling at placers; //, points of sampling of bedrocks.
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Ray Diffraction Methods of Research” Resource Center of
the Scientific Park of St. Petersburg State University. Quali-
tative X-ray phase analysis was performed by the Gandolfi
method on a Rigaku R-AXIS RAPID II single-crystal dif-
fractometer with a cylindrical detector (d = 127.4 mm; CoK|,
radiation), followed by the processing of the obtained X-ray
powder patterns by the OSC2XRD (Britvin et al., 2017) and
PDXL-2 (analyst A.A. Zolotarev, Jr.) software.

PLATINUM-GROUP MINERALS

The main specifics of platinum-group mineralization of
zoned clinopyroxenite—dunite massifs in the Middle Urals is
a predominance of Pt-Fe alloys among platinum-group
minerals (Lazarenkov et al., 1992; Ivanov, 1997). Accord-
ing to the proposed classification of Pt-Fe alloys (Cabri and
Feather, 1975), ferroplatinum (space group Fm3m, Fe =
20-50 at.%) cannot be distinguished from isoferroplatinum
(space group Pm3m, Fe = 25-35 at.%) only on the basis of
their chemical compositions. Using X-ray phase analysis
data, it was established that ferroplatinum with a bulk-cen-
tered cell (Fm3m) dominates over isoferroplatinum with a
primitive cell (Pm3m) among Pt—Fe minerals of chromitites
and placers of the Nizhnii Tagil massif (Fig. 2a, e), which
agrees with the results of previous studies (Malitch and
Thalhammer, 2002). Most of Pt-Fe minerals from chro-
mitites and placers of the Svetlyi Bor (Fig. 2b, f), Veresovyi
Bor (Fig. 2¢, g), and Kamenushenskii (Fig. 2d, /) massifs,
including those similar in composition to Pt,Fe, have a
primitive cell (Pm3m), which permits them to be referred to
as isoferroplatinum. The chemical composition of most of
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the studied isoferroplatinum grains from the Svetlyi Bor
massif is close to Pt,Fe. A specific feature of Pt—Fe minerals
from chromitites and placers of the Nizhnii Tagil massif is
the abundance of Pt-Fe alloy compositionally similar to Pt-
,Fe. According to X-ray phase analysis, the rocks of the
Veresovyi Bor massif contain only isoferroplatinum; in pri-
mary chromitites it has composition Pt;Fe, and in placers
associated with the massif, its composition varies from Pt,
Fe to Pt,Fe.

Minerals of the tetraferroplatinum group were found in
chromitites and placers of all the studied massifs, but they
are most widespread is the Nizhnii Tagil (Fig. 3a, e) and
Veresovyi Bor (Fig. 3¢, g) massifs. Minerals of intermediate
composition of the series tulameenite—ferronickelplatinum
are predominant in chromitites of the Nizhnii Tagil massif.
Tulameenite and tetraferroplatinum prevail in the Veresovyi
Bor massif; they form rims over isoferroplatinum grains. Es-
timating the contents of tulameenite, tetraferroplatinum, and
ferronickelplatinum in placers, we should note that they are
abundant only in eluvial, deluvial, and ravine placers. The
contents of these minerals regularly decrease with distance
from the primary source, which was established during the
study of PGE from the placers of the Nizhnii Tagil (Stepanov
et al., 2015) and Svetlyi Bor (Stepanov et al., 2019) massifs.

Minerals of the tetraferroplatinum group are seldom found
in chromitites and placers of the Svetlyi Bor (Fig. 3, f) and
Kamenushenskii (Fig. 3d, /) massifs, whereas dunites of the
Svetlyi Bor massif contain an almost complete isomorphic
series PtFe—Pt,CuFe (Tolstykh et al., 2011). Tulameenite and
tetraferroplatinum were found in this massif. Chromitites of
the Kamenushenskii massif contain minerals of intermediate
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Fig. 2. Composition diagrams for Pt-Fe alloys (at.%) from primary chromitites (a—d) and placers (e—h) of the Nizhnii Tagil (a, e), Svetlyi Bor (b,
/), Veresovyi Bor (¢, g), and Kamenushenskii (d, #) massifs. N, number of analyses, /, points corresponding to the ideal compositions of the

minerals.
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Fig. 3. Composition diagrams for tetraferroplatinum group minerals (at.%) from chromitites (a—d) and placers (e—4). For explanation, see Fig. 2.

composition of the isomorphic series tulameenite—tetraferro-
platinum, with a predominance of tulameenite.

In the PGE-Fe—(Ni + Cu) diagrams for platinum-group
minerals from chromitites and placers of the Nizhnii Tagil
massif (Fig. 3), one can see a distinct single composition
field between the compositions of tetraferroplatinum and
tulameenite. Within this field, there are analytical points
corresponding to ferronickelplatinum and tulameenite,
which is seen in the Fe—Cu—Ni plot (Fig. 4). The abundance
of ferronickelplatinum is a specific feature of the Nizhnii
Tagil massif, distinguishing it from the other Middle Urals
clinopyroxenite—dunite massifs with prevailing intermediate
minerals of the series tulameenite—tetraferroplatinum.

A wide range of platinum-group mineral inclusions is
identified in Fe-Pt minerals. In Pt-Fe alloys from chro-
mitites and placers of the Svetlyi Bor massif, impurities of
Ru-Os sulfides of the series laurite—erlichmanite (Fig. 5a,
d), Ir-Rh sulfides of the series kashinite (Ir,S;)-bowieite
(Rh,S;) (Fig. 5b, e), and Ir-Rh—Pt thiospinels of the series
cuproiridsite (Culr,S,)—cuprorhodsite (CuRh,S,)-malanite
(CuPt,S,) are predominant. Sulfides of Rh and Ir are found
only in Pt minerals from chromitites of the Svetlyi Bor,
Veresovyi Bor, and Kamenushenskii massifs. The Pt-Fe
minerals from all the studied massifs abound in Os—Ir—Ru
alloys (Fig. 5c, f). According to the nomenclature by Harris
and Cabri (1991), the studied Os—Ir—Ru alloys are osmium
and iridium. The Pt-Fe minerals of the Veresovyi Bor and
Kamenushenskii massifs contain numerous tabular osmium
inclusions. The Os—Ir-Ru alloys of the Nizhnii Tagil massif
are osmium with a high content of iridium or iridium with a

high content of osmium. The chromitites of the Svetlyi Bor
massif contain grains and aggregates of iridium; the latter
was also found as inclusions in Pt-Fe minerals, along with
osmium inclusions. A specific feature of the inclusions in
isoferroplatinum of the Kamenushenskii massif is the abun-
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Fig. 4. Cu—Ni—Fe composition diagrams for tetraferroplatinum group
minerals (at.%) from chromitites of the Nizhnii Tagil (/) and Veresovyi
Bor (2) massifs. Asterisks mark the points of the ideal compositions of
minerals.
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Fig. 5. Composition diagrams for mineral inclusions (at.%) in the Pt-Fe matrix from chromitites (a—c) and placers (d—f) of the massifs: /, Nizhnii
Tagil (n = 11/24); 2, Svetlyi Bor (n = 63/51), 3, Veresovyi Bor (n = 17/52), 4, Kamenushenskii (n» = 17/123), 5, immiscibility gap. n, number of

analyses (chromitites/placers).

dance of both hexagonal osmium plates and isometric iridi-
um segregations.

The latest platinum-group minerals are sulfides, sulfoan-
timonides, sulfoarsenides, plumbides, and tellurides. Irarsite
and hollingworthite are developed as secondary minerals
after primary Pt-Fe intermetallic compounds of the Nizhnii
Tagil and Kamenushenskii massifs. Ferhodsite occurs
among platinum-group minerals of the Nizhnii Tagil and
Veresovyi Bor massifs (Begizov and Zav’yalov, 2016). The
platinum-group mineral assemblage of the Veresovyi Bor
massif includes abundant secondary minerals, such as irar-
site, hollingworthite, potarite, plumbopalladinite, cooperite,

rhodplumsite, zvyagintsevite, unnamed telluride phases (Pb,
Bi) Rh,Te,, and an unnamed mineral Cd-Hg—Pd (Stepanov
et al., 2018).

MORPHOLOGICAL FEATURES OF GRAINS AND
AGGREGATES OF PLATINUM-GROUP MINERALS

We analyzed the forms and internal structure of plati-
num-group minerals from primary sources and placers lo-
cated not far from the massifs in which grains and aggre-
gates of platinum-group minerals were treated by natural
processes. As noted above, Pt—Fe minerals are predominant
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Fig. 6. Morphology of Pt—Fe minerals from chromitites of the Nizhnii Tagil (a, ¢), Veresovyi Bor (b, e, f, g), Svetlyi Bor (d), and Kamenushenskii
(h) massifs. Hereafter, Pt;Fe, mineral compositionally corresponding to isoferroplatinum; Pt, Fe, mineral compositionally corresponding to fer-

roplatinum; CrSpl, Cr-spinel, Srp, serpentine. SEM images (BSE mode).

among all platinum-group minerals. Isoferroplatinum is
found as inclusions in Cr-spinel crystals and as individual
faceted crystals and complex granular masses “cementing”
Cr-spinel aggregates. Inclusions of Pt—Fe minerals in Cr-
spinel (Fig. 6a, b) are faceted mostly to a simple crystal
form, but the orientation of isoferroplatinum grains relative
to Cr-spinel crystals in some samples permits considering
these faceted inclusions to be a negative crystal (Fig. 6b) in
Cr-spinel. The inclusions are no larger than 100 pm. Crys-
tals of Pt—Fe minerals are extremely rare and measure, on
the average, 150-200 um. All the crystals are of cubic habit
(Fig. 6c¢, d, h), which distinguishes chromite—platinum min-

eralization from dunite one characterized by not only cubic
but also cuboctahedral mineral crystals (Tolstykh et al.,
2011). Seldom, in addition to the cube face {100}, the fac-
eted crystals of Pt-Fe minerals have rhombododecahedron
face {110} and octahedron face {111} (Fig. 6¢). There are
also occasional fluorite-type intergrowths of isoferroplati-
num (Fig. 6d). Most aggregates of Pt-Fe minerals vary in
size from 0.5 mm to 5-6 cm; the largest of them are typical
of the Nizhnii Tagil and Veresovyi Bor massifs (Zavaritskii,
1928; Betekhtin, 1935; Trushin et al., 2017). These aggrega-
tes “cement” individual Cr-spinel grains to form xenomor-
phic (to a first approximation) surfaces (Fig. 6f). A detailed
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Fig. 7. Internal structure of Pt—Fe mineral crystals from chromitites of the Nizhnii Tagil (a) and Veresovyi Bor (b) massifs. Hereafter, PtFe, tet-

raferroplatinum; Ir, Os, iridium. SEM images (BSE mode).

study of the contacts between Cr-spinel and isoferroplatinum
grains has revealed induction surfaces formed during their
co-growth (Fig. 6g). Betekhtin (1935) regarded cubic isofer-
roplatinum grains in Cr-spinel as metacrystals, but the com-
bination of growth habits with co-growth surfaces in their
faceting (Fig. 6A) indicates simultaneous crystallization of
Pt—Fe mineral and Cr-spinel.

Most of the individual grains of primary Pt-Fe alloys
have a homogeneous internal structure without a distinct
chemical zoning (Fig. 7a). Some grains have a structure
formed, probably, during the successive crystallization of
Pt-Fe alloy similar in composition to Pt,Fe and, then, of iso-
ferroplatinum (Fig. 7b).

Pt-Fe minerals from chromitites of the Middle Urals
clinopyroxenite—dunite massifs contain mostly inclusions of
Os—Ir—(Ru) alloys. In general, osmium is abundant in Pt-Fe
minerals from chromitites of the Veresovyi Bor and Kame-
nushenskii massifs, is scarce in isoferroplatinum of the Svet-
lyi Bor massif, and is extremely rare in Pt—Fe minerals of
the Nizhnii Tagil massif. Osmium occurs as euhedral crys-
tals of pinacoidal habit (Fig. 8a, b) of different sizes, but the
tabular crystals are seldom longer than 200 pum at the pinac-
oid face and are 10-15 um in thickness. There are occa-

sional inclusions of euhedral pinacoidal osmium crystals in
Cr-spinel intergrown with Pt—Fe minerals (Fig. 8c). Tabular
osmium crystals are often localized at the phase boundary
between Cr-spinel and ferroplatinum (Fig. 84) or are present
both in the Cr-spinel crystal and in the Pt-Fe matrix
(Fig. 8e). In general, the osmium grains are unzoned. How-
ever, the contents of Ir and other PGE vary significantly
within the tabular osmium crystals intergrown with granular
iridium aggregates (Table 1; Fig. 84). The morphology of
the osmium plates and their genetic relations with the other
minerals suggest that osmium was the first to crystallize.
Iridium inclusions are abundant in Pt-Fe minerals of the
Nizhnii Tagil, Svetlyi Bor, and Kamenushenskii massifs.
The inclusions in isoferroplatinum are of diverse morphol-
ogy. Iridium segregations overgrowing Cr-spinel (Fig. 9a)
or osmium plates (Figs. 84 and 9b), are rare. They contain
products of breakdown of Pt—Fe—Ir alloy, with fine isometric
isoferroplatinum grains (Ramdohr, 1969). These morpho-
logic features indicate that part of iridium grains formed af-
ter osmium before the crystallization of the bulk of Pt-Fe
alloys. There are numerous products of breakdown of solid
solution of iridium in isoferroplatinum, with disseminated
emulsion of fine isometric iridium grains in the Pt—Fe matrix

Table 1. Chemical composition of inclusions of Os—Ir—Ru intermetallic compounds in Pt-Fe minerals from chromitites and placers of the Nizhnii Tagil
(1), Svetlyi Bor (2), Veresovyi Bor (3, 4), and Kamenushenskii (5-8) massifs (wt.%)

No. Fe Ru Rh Os Ir Pt z Formula

1 1.21 5.80 - 53.80 39.20 - 100.00 Os, 5011, 36RUg 1 0F€) 04

2 0.21 0.95 - 68.10 30.90 - 100.20 Os 6711 30R U, . Fe o

3 0.13 0.23 - 94.60 6.01 - 100.90 0505115 6

4 0.26 - - 94.40 5.01 - 99.60 059411, osF€0.01

5 0.18 8.82 2.02 48.22 39.92 - 99.16 Os, 4311y 3sRu, 1sRhy 13C0p

6 0.34 2.64 1.04 65.49 29.18 0.37 99.06 Os 64I1 2R U osRh 0, Feg

7 0.37 12.40 0.69 41.15 42.92 1.58 99.11 It 3005, 3,Ruy 5, Fey o, Rhy o, Pty o
8 0.40 5.65 3.19 27.10 49.90 13.40 99.50 It 46050.25Pto 1.RU 1 oRhg osFeg o

Note. The content of Co in analysis 5 is 0.61 wt.%. Analyses: 1-6, osmium, 7, 8, iridium. Hereafter, dash marks the content of element below its detection
limit. Formulas are calculated per 100 at.%. The content of Pd is below its detection limit.
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Fig. 8. Morphology and internal structure of osmium crystals in Pt—Fe minerals from chromitites and placers of the Svetlyi Bor (a, f), Kamenush-
enskii (b, e, h), Veresovyi Bor (¢, g), and Nizhnii Tagil (d) massifs. Pt-Fe, mixture of Fe—Pt minerals, Os, Ir, osmium, Ksh, kashinite, Tul, tula-
meenite, Cu;Pt, unnamed Cu—P mineral. Numbers of analytical points follow Table 1. SEM images (BSE mode).

prevailing (Fig. 9¢). Coarser beam-shaped or tabular segre-
gations of the breakdown products are scarcer. There is a
complete series of intermediate products between the finely
disseminated emulsion and tabular breakdown products
(Fig. 9d). Isoferroplatinum enriched in disseminated iridium
segregations has a high content of Ir (Table 2), whereas irid-
ium is significantly enriched in Pt. Isoferroplatinum from
chromitites of the Kamenushenskii, Svetlyi Bor, and, to a
lesser extent, Nizhnii Tagil massifs contain inclusions of
granular iridium aggregates, <l mm in average size. Chro-
mitites of the Svetlyi Bor massif contain iridium grains
(Fig. 9¢) and their aggregates up to several grams in weight

(Palamarchuk and Stepanov, 2016), which indicates ex-
tremely high Ir enrichment of the mineral-forming medium.

Minerals of the isomorphic series laurite—erlichmanite
are represented by two morphologic varieties. The first is
single euhedral crystals localized on the margins of clusters
of Pt—Fe minerals (Fig. 10a). Most of them have a distinct
zoning with varying contents of Os and Ru (Table 3). The
content of Os significantly increases toward to the marginal
growth zones of crystals, up to the transition of laurite into
erlichmanite. The second variety is laurite or erlichmanite
crystals overgrowing Cr-spinel, probably with the formation
of epitaxial intergrowths (Fig. 10c). Os—Ru sulfides are
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Table 2. Chemical composition of iridium and accompanying Pt—Fe minerals from chromitites and placers of the Nizhnii Tagil (1, 2) and Svetlyi Bor

(3-10) massifs (wt.%)

No. Fe Ni Cu Ru Rh Os Ir Pt ) Formula

1 12.1 464 141 - 0.40 - 10.8 70.5 99.9 (Pto.oslt SR o)1 15(Feg 50 Nig 21 Cg ag)oss
2 9.72 3.44 0.58 0.72 1.36 - 23.5 61.1 100.3 Pty 45F € 25110 15N osRhg 0oRUg 0, Cug o
3 7.94 - 1.01 - 0.55 - 3.57 86.3 99.3 (Pty 3115 1Ry 3), 05(Fe 01CUg 1)1 01
4 8.22 - 1.05 - - - 3.14 87.6 99.9 (Pt gsT10 10)2.05(F€,04CUg 1)1 05

5 1.04 - - 3.06 2.52 8.43 77.8 7.14 99.9 Ir) 7,08,05Pto 07RUg 0sR g 0 F € 03

6 1.07 - - 2.99 - 9.36 78.5 7.62 99.5 Tr) 75080 00Pto 67RUg g5F €404

7 0.77 - - 1.97 2.56 - 83.6 11.1 100.0 Ity 79Pto 1R Dy osR UG o4 F € 3

8 0.60 - 0.28 1.52 2.16 - 83.4 11.3 99.2 Irg g0Pto ;1R By gsRU, g3F e ,Cug g

9 0.80 - - 1.52 2.44 - 81.8 13.4 99.9 Ity 1Pty 13Rhg o Rug g3Fe o3

10 3.35 - 0.28 1.10 1.57 - 44.7 48.9 100.0 Pty 44110 41 Feg 10Rhg g3R U 0,Cug g

Note. Analyses: 1, Ir-containing tetraferroplatinum, the formula was calculated per two atoms; 2, ferroplatinum, the formula was calculated per 100%; 3,
4, isoferroplatinum, the formulas were calculated per four atoms; 5-9, Pt-containing iridium, the formulas were calculated per 100 at.%; 10, Ir—Pt alloy, the

formula was calculated per 100%.

abundant in the platinum-group mineral assemblage from
chromitites and placers of the Svetlyi Bor and Kamenushen-
skii massifs; however, the limited contents of laurite and
erlichmanite are found in Pt-Fe minerals of other zoned
massifs of the Middle Urals.

Minerals of the isomorphic series kashinite—bowieite are
much scarcer in Pt-Fe minerals of the Middle Urals zoned
massifs than laurite and erlichmanite. Like the above Os—Ru

sulfides, they are of two morphologic varieties: large (100—
400 pm) segregations intergrown with Cr-spinel (Fig. 11a)
and separate fine (<50 um) euhedral crystals as inclusions in
Pt-Fe minerals (Fig. 115). Some inclusions of Rh and Ir sul-
fides have zoning caused by a predominance of the kashinite
end-member in the crystal core and an increase in Rh con-
tent toward the marginal growth zones, up to the transition
of kashinite into bowieite (Table 4, Fig. 11b). Locally, Os—

Fig. 9. Iridium inclusion in Pt-Fe minerals from chromitites and placers of the Kamenushenskii (a, b), Nizhnii Tagil (c), and Svetlyi Bor (d, e)
massifs. Hereafter, (Pt, Ir)Fe, Ir-containing tetraferroplatinum, Lr, laurite. Numbers of analytical points follow Table 2. Reflected-light (a, b) and
SEM (BSE mode) (c—e) images. a, Breakdown of solid solution of iridium in isoferroplatinum and of Pt—Fe mineral in iridium. ¢, d, Different

products of breakdown of solid solution of iridium in isoferroplatinum.



S.Yu. Stepanov et al. / Russian Geology and Geophysics 61 (2020) 47-67 57

/'

Cu-Irdt

Pt3Fe

Fig. 10. Inclusions of minerals of the isomorphous series laurite—erlichmanite in Pt-Fe minerals from chromitites and placers of the Svetlyi Bor
(a), Kamenushenskii (b), and Veresovyi Bor (¢) massifs. Hereafter, Er, erlichmanite, Cu—Irdt, cuproiridsite. Numbers of analytical points follow
Table 3. SEM (BSE mode) (a, b) and reflected-light (c) images. b, Fine spot breakdown of Pt—Fe mineral in iridium.

Ir—Ru alloys are replaced by kashinite (Fig. 11¢). Kashinite
and bowieite were found as inclusions in Pt—Fe alloys of the
Svetlyi Bor, Veresovyi Bor, and Kamenushenskii (single
findings) massifs but not revealed in platinum-group miner-
als from chromitites of the Nizhnii Tagil massif. There are
also intergrowths of kashinite with Ir—Rh thiospinels
(Fig. 11d; Table 4). Ir—Rh thiospinels of the series fer-
rorhodsite—cuprorhodsite—cuproiridsite are typomorphic in-

clusions in Pt—Fe minerals from zoned massifs (Podlipskii et
al., 1999) but are scarce inclusions in Pt-Fe alloys from
chromitites of the Middle Urals clinopyroxenite—dunite
massifs. They are present in high contents in Pt—Fe minerals
of the Svetlyi Bor and Veresovyi Bor massifs. Single inclu-
sions of cuproiridsite were found in isoferroplatinum from
chromitites of the Kamenushenskii massif. Minerals of the
series ferrorhodsite—cuprorhodsite are usually present as

Table 3. Chemical composition of laurite and erlichmanite from chromitites and placers of the Svetlyi Bor (1, 2) and Kamenushenskii (3, 4) massifs (wt.%)

No. Ru Rh Os Ir Pt S z Formula

1 18.7 - 47.6 5.65 - 28.0 99.9 (054 56R g 11,47)1 0551 5

2 34.9 - 29.9 3.74 - 313 99.9 (Rug 908 3,17,04)1 0551 95

3 36.1 0.67 21.8 8.01 - 34.6 101.1 (Rug 65080.211r0,0sRNg 01)0.9555.02
4 29.2 0.58 29.1 8.80 0.61 32.9 101.1 (Rug 5,080 30170 60Pto.01)0.9752.02

Note. 1, erlichmanite; 24, laurite, the formulas were calculated per three atoms.

Table 4. Chemical composition of laurite, kashinite, bowieite, and Ir—Rh thiospinels from chromitites and placers of the Svetlyi Bor (1, 2, 7-10, 12),
Veresovyi Bor (5, 6), and Kamenushenskii (3, 4) massifs, wt.%

No. Fe Cu Ru Rh Os Ir Pt S P Formula

1 - 0.18 351 136 221 629 030 347 100.1 (Rug 6508 511 06sR 0 12CUG 01)0.0652.03

2 - - - 239 - 507 - 254 100.1 (Ir, o,RNy 90)1 935,07

3 - - - 348 - 388 - 274 100.9  (Rh;,Iry43); 045506

4 - - - 474 - 239 - 28.8 1002 (Rh 511y 4); 055500

5 0 - - - 144 - 624 - 229 1006 (Ir; 3Ry o), 07505

6 - - - 262 - 510 - 22,6 100.6  (Ir; sRhy 1), 155, 55

7 556 5.18 - 305 - 349 - 25.7 1018 (Feg 45Cuyg 30)0.57(RNy 4170 57)2 2053 54

8 523 6.06 0.11 136 019 507 - 25.6 101.6  (CuyusFey47)006(I11 33RN) 67)5 004,03

9 099 - - 222 - 526  0.29 23.7 99.8 (I, 1oRhy g:Feq 7Pt 01)2.0552.06

10 082 062 - 203 - 532 037 229 98.3 (I, 14Rhy g Feg 06Cug 04P.01)2.0652.04

11 749  7.34 024 442 022 920 196 29.6 100.2  (Feys57Cug40)1 06(RNy 4111 50Pto 04R U 01)5.0653.55
12 027 1101 - 109 - 393 13.46 24.6 100.1 (CugeNigesFeq03)0.00(I0 7R NG 56Pt 36)1.06S 400

Note. The content of Ni in an. 12 is 0.52 wt.%. 1, laurite, the formula was calculated per three atoms; 2, 5, 6, 9, 10, kashinite, 3, 4, bowieite, the formulas
were calculated per five atoms; 7, 11, ferrorhodsite, 8, 12, cuproiridsite, the formulas were calculated per seven atoms.
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Fig. 11. Inclusions of PGE sulfides and Ir—Rh thiospinels in isoferroplatinum from chromitites of the Svetlyi Bor (a, d, f), Kamenushenskii (b),
and Veresovyi Bor (¢, e) massifs. Hereafter, Fe-rst, ferrorhodsite, PdPb, zvyagentsevite, PdHg, potarite, Bow, bowieite. Numbers of analytical

points follow Table 4. SEM (BSE mode) images.

euhedral crystals or isometric grains smaller than 100 pm in
the Pt-Fe matrix (Fig. 1le, f). The composition of these
minerals is given in Table 4. There are also extremely rare
large (>100 pum) isometric segregations confined to the edg-
es of Pt—Fe alloy grains (Stepanov et al., 2017).

Most of the grains of Pt—Fe alloys from chromitites and
placers of the Nizhnii Tagil and Veresovyi Bor massifs, cor-
responding in composition to ferroplatinum or isoferroplati-
num, are replaced by late secondary minerals of the tetrafer-
roplatinum group. However, the formation of new minerals
was preceded by a serious deformation of Pt—Fe minerals
and inclusions in them. Osmium and Cr-spinel were sub-
jected mostly to brittle deformations. Tabular osmium seg-
regations are often broken or cracked at the site of bending
(Fig. 12a, b); more seldom, they are bent without brittle de-
formation (Fig. 12¢). Ductile Pt-Fe minerals undergo plastic
deformations and are often “pressed” into extension frac-
tures in osmium crystals and into the interstices of Cr-spinel
aggregate (Fig. 12d—f). These transformations of minerals
occurred, probably, at high stress and temperatures signifi-
cantly lower than their melting temperatures.

After plastic deformations, aggregates and grains of Pt—
Fe minerals were replaced by secondary minerals of the tet-
raferroplatinum group. In most cases, these minerals formed
rims with preserved relics of primary composition (Fig. 13a).
In some isoferroplatinum grains, the front of metasomatic

replacement by tetraferroplatinum or tulameenite is related
to the spread of deformation structures (Fig. 13b) along
(111) corresponding to cleavage (Betekhtin, 1935; Tolstykh
et al., 2015). The grains of Pt-Fe minerals show different
degrees of replacement of primary Pt-Fe minerals along
cleavage cracks and that along grain boundaries. In general,
the development of tetraferroplatinum group minerals along
cleavage cracks in Pt—Fe minerals is the initial stage of their
metasomatic transformation. Complete pseudomorphs of
tetraferroplatinum group minerals developed after primary
Pt-Fe minerals are the final product of these transforma-
tions. The replacement rims consist of numerous parallel
elongate segregations distinct in the reflected light (when an
optic analyzer is used) owing to the anisotropy of tetrafer-
roplatinum group minerals (Fig. 13c¢). For chromitites of the
Nizhnii Tagil massif it was established (Stepanov and Ma-
lich, 2016) that Pt-Fe alloys corresponding in composition
to ferroplatinum are replaced by tulameenite and that Pt-Fe
minerals with isoferroplatinum stoichiometry are replaced
by ferronickelplatinum. In platinum-group minerals from
chromitites of the Veresovyi Bor massif, Pt-Fe alloy com-
positionally similar to isoferroplatinum was replaced by
tulameenite, and tulameenite, in turn, was replaced by tetra-
ferroplatinum (Fig. 13d). Among Cu—Ni—Fe—PGE minerals,
a mineral with Cu,Pt stoichiometry pseudomorphically re-
placing tulameenite (Fig. 13e) or filling small cracks in it
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Fig. 12. Result of brittle deformation of Cr-spinel and Ir-containing osmium and plastic deformations of Pt-Fe minerals of the Veresovyi Bor
(a—c, e, f) and Nizhnii Tagil (d) massifs. SEM (BSE mode) images.

Fig. 13. Metasomatic aggregates of tetraferroplatinum group minerals replacing primary Pt—Fe minerals of the Veresovyi Bor (¢—d) and Nizhnii
Tagil (e, f) massifs. Pt-Ox, oxygen-containing platinum-group minerals. SEM (BSE mode) and reflected-light (with a microprobe) images (c).
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Fig. 14. Increase in the degree of alteration of Pt—Fe minerals on the approach to later formed serpentine veinlet in chromitities of the Veresovyi Bor
massif (a); hexaferrum and PGE sulfides and sulfoarsenides of the late paragenesis from the Veresovyi Bor (b, ¢, ¢) and Nizhnii Tagil (d, f) massifs.
Pt*, fine-crystalline aggregate of tetraferroplatinum and other minerals; Hfm, hexaferrum; PtS, cooperate; Po, pyrrhotite; Frd, ferhodsite; Pt, Ir, Ir-
containing platinum; Holl, hollingworthite; Ost, osarsite; Rust, ruarsite. Numbers of analytical points follow Table 5. SEM (BSE mode) images.

was also found. Primary isoferroplatinum is seldom replaced
by oxygen-containing platinum-group minerals (Fig. 13f).

Late serpentinization, expressed as the appearance of fine-
to medium-tabular serpentine, led to active transformation of
primary Pt-Fe alloys (Fig. 14a), inclusions in them, and tet-
raferroplatinum group minerals. Plates of Ir-containing os-
mium are replaced by hexaferrum, often with preserved pri-
mary crystallographic forms (Fig. 14b). Among PGE sulfides,
minerals of the series kashinite—bowieite are most subjected
to secondary transformations. They are replaced by a fine-
and small-grained spongy aggregate of Pt-Fe minerals. Sul-
fides (cooperite and ferrodsite), arsenides (sperrylite), antimo-
nides (stibiopalladinite) (Tolstykh et al., 2015), sulfoarsenides
(irarsite, hollingworthite, osarsite, and ruarsite), sulfoantimo-
nides (tolovkite), plumbides (zvyagintsevite and rhodplum-
site), and amalgams (potarite) of PGE (Fig. 11c¢), seldom
containing Te and Bi, were found in cracks and at the edges
of Pt—Fe mineral grains. These minerals are especially wide-
spread in Pt-Fe minerals from chromitites and placers of the
Veresovyi Bor massif (Stepanov et al., 2018).

Ferhodsite is a PGE-containing structural analogue of
pentlandite; it is more abundant than cooperite. This mineral
in the form of complex aggregates containing numerous in-
clusions of Fe-Ir alloy replaces Pt-Fe intermetallic com-
pounds of the Nizhnii Tagil (Begizov et al., 1976), Svetlyi

Bor (Stepanov, 2015), and Veresovyi Bor massifs (Fig. 14¢).
Inclusions of minerals of the series hollingworthite—irarsite
were found in Pt—Fe minerals from chromitites and placers
of the Nizhnii Tagil, Veresovyi Bor, and Kamenushenskii
massifs (Table 5). They are observed as grains measuring
~20 um and/or form chains subparallel to the boundaries of
platinum-group mineral grains or their cracks (Fig. 14d). In
Pt-Fe minerals from the Veresovyi Bor massif, we revealed
single grains of osarsite replacing osmium (Table 5; Fig. 14e)
and of ruarsite (Fig. 14f) in isoferroplatinum cracks.

The secondary minerals of the Veresovyi Bor massif in-
clude abundant Pb- and Te-containing minerals (Table 6).
Lead-containing minerals are represented by single grains of
xingzhongite present as metacrystals in isoferroplatinum
(Fig. 15a). Plumbopalladinite and rhodplumsite (Fig. 155, c,
respectively) were found as finest individual grains in the
complex aggregate of Pt—Fe minerals replacing isoferroplat-
inum, tetraferroplatinum, and tulameenite. Zvyagintsevite
fills fine cracks in isoferroplatinum. The unnamed mineral
compositionally similar to (Rh, Pt)Pb(B1i, Te), was found as
small (<20 pm) grains in isoferroplatinum cracks (Fig. 15d).
Potarite was detected as small (<10 um) grains intergrown
with tetraferroplatinum (Fig. 15¢). Extremely rare unnamed
Pd—-Cd-Hg minerals are present as inclusions <10 pm in
size in an aggregate composed of Os—Ir intermetallic com-
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Table 5. Composition of hexaferrum and PGE sulfides and sulfoarsenides developed after primary Pt—Fe minerals of the Veresovyi Bor (1-3, 5)

and Nizhnii Tagil (4) massifs (wt.%)

No. Fe Ni Cu Rh Pd Os Ir Pt As S z Formula

1 16.1 - - 1.55 - 794 - - 091 - 97.9 Os, 5;Fe 30Rhy 0, As

2 12.1 - - 1.30 - 79.8 397 - 1.34 - 98.5 Os,61Feq 3111 03RNy 2 ASg 03

3 16.8 8.75 5.08 14.1 - - 23.1 - - 29.7 97.5 (Fe, 93Ni; 4sRh, 351y 15 Cug )7 6550 00
4 0.24 0.15 0.26 27.9 - - 23.7 1.60 29.9 13.70 97.5 (Rhyg 66110 30Pt0 02)0.08A80.0751 03

5 - - - 4.64 - 47.2 9.33 7.42 11.5 21.3 101.4 Osarsite(?)

Note. 1, 2, hexaferrum, the formulae were calculated per 100 at.%; 3, ferhodsite, the formula was calculated per nine S atoms; 4, hollingworthite, the for-

mula was calculated per three atoms.

Table 6. Chemical composition of Pb- and Te-containing secondary minerals of the Veresovyi Bor massif (wt.%)

No. Fe Cu Pb Bi Rh Pd Ir Pt Hg Te S z Formula
(Pby 5;Cuy 45F€)50)1.14
1 1.79 4.70 17.1 - 11.7 - 37.1 4.00 - - 20.0 96.4 : - 2071
(Iry 1oRhy 70Pt 13)2,00S3 53
(Pby 53Cug 45Ny 15F € 051 23
2 0.79 5.11 18.2 - 109 - 30.7 9.88 - - 20.8 97.8 : i : A
(Irg.06R g 63Pt 30)1 8953 85
- - 9.21 10.2 23.0 - 2.60 1.61 - 48.9 - 95.6 -
4 - - 9.76 11.6 23.6 - 1.83 134 - 480 - 96.1 -
(Pby 56Cug 53Nig 26)1 35
5 - 6.12 20.9 - 18.2 - 24.6 620 - - 22.0 100.8 - - 2071
(Rhy o511 71 Pty 181875370
6 366 - - - - 3.1 - 9.79 5310 - - 97.7 (Pdy Pty 15); 01 HEo01

Note. Content of Ni: an. 2—1.35 wt.%, an. 5—2.74 wt.%. 1, 2, 5, xingzhongite, the formulas were calculated per seven atoms; 3, 4, unnamed mineral; 6,

potarite, the formula was calculated per two atoms.

pounds and oxygen-containing Pt-Fe minerals replacing tet-
raferroplatinum (Fig. 15f). These minerals have the follow-
ing composition (wt.%): Fe = 2.13 and 1.63, Cu = 0.67 and
0.63, Pd = 39.38 and 37.85, Cd = 19.07 and 18.96, Hg =
35.68 and 34.87, at points 7 and 8, respectively (Fig. 15/, at
point 7, Ag reaches 3.65), with calculated formulas: (Pd, 4,
Fe 20Cu 0sPy 08)220Cdg g7 HE 91 1 (P, g,AL0 17F € 5Pty o7

Cuy,05)22:Cdy 56HE( 5o-

DISCUSSION

The sequence of mineral formation in chromitites of
zoned clinopyroxenite—dunite massifs is considered in many
publications (Zavaritskii, 1928; Betekhtin, 1935; Ruda-
shevskii, 1987; Genkin, 1997; Pushkarev et al., 2007; Vol-
chenko et al., 2007; Tolstykh et al., 2011, 2015; Mochalov,
2013; Stepanov, 2015). In most cases, the sequence of min-
eral formation was studied for samples from the Nizhnii
Tagil massif (Zavaritskii, 1928; Malitch et al., 2014). The
significant difference between platinum-group mineral as-
semblages in chromitites of different Middle Urals massifs
does not provide a general idea of the sequence of mineral
formation. However, a considerable amount of data has
been accumulated during the long-term investigation into
platinum-group mineralization. Based on these data, invok-
ing additional information about the morphology of aggre-

gates and individual grains, and using statistically signifi-
cant samples of analyses of minerals from different
clinopyroxenite—dunite massifs, it is possible to substantiate
the model of the evolution of platinum-group mineralization
most correctly. For example, a volumetric morphologic
analysis in the course of our research made it possible to
recognize induction surfaces on platinum and Cr-spinel
grains, which unambiguously indicate the co-growth of the
minerals. This phenomenon cannot be detected in flat sec-
tions because of the great diversity of forms of platinum-
group minerals and their different relations with Cr-spinel.
The performed study of the relations among platinum-
group minerals in chromitites has shown that Os—Ir—Ru al-
loys, laurite, erlichmanite, kashinite, bowieite, and thiospi-
nels are the earliest minerals. They occur mostly as euhedral
grains in Pt—Fe minerals. These minerals, along with isofer-
roplatinum, tetraferroplatinum, and ferronickelplatinum,
were assigned by Pushkarev et al. (2007) to an early para-
genesis. Tolstykh et al. (2011) attribute isoferroplatinum,
Os—Ir-Ru alloys, laurite, and erlichmanite to a magmatic
paragenesis, which is confirmed by our research. We in-
clude kashinite, bowieite, and Ir—Rh thiospinels into the
same paragenesis. The study of the sequence of mineral for-
mation has shown that osmium crystallized before Cr-spi-
nel, as evidenced by its euhedral crystals trapped by Cr-spi-
nel. These crystals formed over the entire period of Cr-spinel
crystallization preceding the formation of Pt—Fe minerals.
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Fig. 15. Latest secondary minerals of the Veresovyi Bor massif. Xzt, xingzhongite, Ppt, plumbopalladinite, Rds, rhodplumsite, (Rh, Pt)Pb(Bi,
Te),, unnamed mineral, PdHg, potarite, PdCdHg, unnamed mineral. Numbers of analytical points follow Table 6. SEM (BSE mode) images.

At the final stages of Cr-spinel crystallization, iridium, lau-
rite—erlichmanite, and kashinite-bowieite crystallized. The
possibility of melt crystallization of osmium, iridium, and
laurite was confirmed by experiments (Brenan and Andrews,
2001). The attribution of minerals of the series kashinite—
bowieite to a magmatic paragenesis is debatable, but the in-
dividual grains of these minerals have the same relations
with isoferroplatinum and Cr-spinel as laurite. Brenan and
Andrews (2001) report that Ir sulfide behaves similarly to
erlichmanite during crystallization, and Peregoedova and
Ohnenstetter (2002) assign kashinite, bowieite, erlichman-
ite, and laurite to the same paragenesis. The magmatic na-
ture of Ir—Rh thiospinels also raises many questions, but our
research has shown that their morphologic features (first of
all, the presence of these minerals as euhedral crystals in
isoferroplatinum) and the existence of CuRh,S, and Rh,S,
in equilibrium assemblage at 900 °C (Makovicky et al.,
1993) permit attributing them to the same paragenesis with
laurite, erlichmanite, kashinite, and bowieite. In most cases,
these minerals are euhedral with respect to isoferroplatinum,
but the boundaries of the outer growth zones of their grains
in flat sections sometimes resemble co-growth surfaces. Sin-
gle mineral grains contain pseudomorphs of kashinite
(Fig. 11d) and erlichmanite (Fig. 15¢) developed after os-
mium plates, which indicates an increase in sulfur fugacity
during the melt crystallization. The PGE sulfide grains show
a distinct compositional evolution: Laurite at the grain edges

is replaced by erlichmanite, and bowieite, by kashinite,
which is due to an increase in sulfur activity (Zaccarini et
al., 2018).

The morphologic features of Pt—Fe alloys corresponding
in composition to isoferroplatinum and ferroplatinum give
grounds to state that they formed together with Cr-spinel.
This is evidenced by the numerous induction surfaces typi-
cal of co-growing minerals (Popov, 2011). Taking into ac-
count the earlier proposed model (Betekhtin, 1935; Tolstykh
et al., 2011), it is reasonable to assign these Pt—Fe minerals
to paragenesis originated at the magmatic stage of formation
of clinopyroxenite—dunite massifs at temperatures of 1310—
1090 °C (Zaccarini et al., 2018). The combination of the
morphologic features of minerals of magmatic paragenesis
(Kozlov et al., 2019), first of all, the wide development of
the induction surfaces of platinum-group minerals and rock-
forming minerals (by analogy with platinum-group minerals
from South Urals placers (Zaikov et al., 2017)), indicates a
significant contribution of eutectic liquids (melts) to the
crystallization of minerals.

Our study of the series of Pt-Fe alloys has shown that
ferroplatinum is the first to crystallize and then isoferroplat-
inum forms. These data correspond to the sequence of min-
eral formation proposed for dunites of the Svetlyi Bor mas-
sif and chromitites of the Kamenushenskii massif (Tolstykh
etal., 2011). The sequence of crystallization of Pt-Fe miner-
als is due to an increase in oxygen fugacity during the mag-
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matic process (Amosse et al., 2000). The regularities estab-
lished on comparison of Pt—Fe minerals from dunites and
later chromitites are undoubtedly related to an increase in
foy which agrees with the conclusions drawn by Zaccarini
et al. (2018). The significant difference in the distribution of
ferroplatinum and isoferroplatinum in chromitites from dif-
ferent massifs suggests different conditions of formation of
the dunite “core” containing chromitite veins and, probably,
different depths of dunite crystallization.

Pt—Fe alloys crystallize from melt with different amounts
of Ir. Initially, Ir is dissolved in Pt-Fe alloys; a temperature
decrease to 845 °C (Savitskii, 1984) leads to a breakdown of
the alloys. Analysis of the contents of the breakdown pro-
ducts has revealed the following regularity: These products
are abundant in isoferroplatinum and scarce in ferropla-
tinum. Thus, we have confirmed the earlier established di-
vision of minerals formed at the magmatic stage into the
Pt-Fe-Os paragenesis with a predominance of ferropla-
tinum and the isoferroplatinium—iridium paragenesis (Tols-
tykh et al., 2002, 2005).

The magmatic stage of the formation of platinum-group
mineralization in chromitites was terminated with the crys-
tallization of ferroplatinum and isoferroplatinum. Subse-
quent mineral formation consisted in the replacement of pri-
mary minerals by newly formed ones. The end of melt
crystallization is evidenced by brittle deformations of pinac-
oid osmium crystals and plastic deformations of Pt-Fe min-
erals caused by active tectonic transformations of dunites
and Pt-containing chromitites in the solid state. The absence
of signs of deformation in secondary minerals of the tetra-
ferroplatinum group indicates their formation after the ac-
tive tectonic transformation of dunites and chromitites con-
taining platinum-group minerals.

Judging from the type of replacement of primary Pt-Fe
minerals, the studied ferronickelplatinum, tulameenite, and
tetraferroplatinum belong to a later paragenesis formed at
the postmagmatic stage of the formation of chromite—plati-
num mineralization, which agrees with the data of most re-
searchers (Genkin, 1997; Tolstykh et al., 2011; Malitch et
al., 2014). We have established that tulameenite is devel-
oped after ferroplatinum, and ferronickelplatinum aggre-
gates, after a mineral compositionally corresponding to iso-
ferroplatinum. Tetraferroplatinum replacing tulameenite in
chromitites from the Veresovyi Bor massif is the latest min-
eral. Part of mineral inclusions from magmatic paragenesis
was replaced at the late stage. For example, kashinite-bow-
ieite was replaced by a fine-crystalline aggregate of different
Pt—Fe minerals. Tulameenite and Fe and Ni sulfides are also
present in this aggregate. Finally, the minerals of the iso-
morphic series kashinite—bowieite were replaced by an un-
named mineral with the formula Pt;IrRh (Tolstykh et al.,
2011). Osmium was replaced by hexaferrum. Laurite was
replaced by complex ruthenium oxide with Os impurity. The
Pt—Fe minerals were partly replaced by oxides (Pushkarev et
al., 2007; Tolstykh et al., 2011; Zaccarini et al., 2018). The
formation of the above paragenesis is undoubtedly related to

active serpentinization of dunites, which agrees with other
concepts of platinum-group mineralization in chromitites of
clinopyroxenite—dunite complexes of the Middle Urals
(Betekhtin et al., 1935; Genkin, 1997).

At the final stages of the evolution of chromite—platinum
ore systems, a paragenesis with a predominance of PGE sul-
fides (cooperite and ferhodsite), sulfoarsenides (irarsite, hol-
lingworthite, osarsite, and ruarsite), plumbides (zvyagintse-
vite and rhodplumsite), and amalgams (potarite) and Pb- and
Te-containing minerals formed. Their individual grains and
aggregates of these minerals metasomatically replaced both
minerals of the magmatic paragenesis and minerals resulted
from serpentinization.

Thus, the ontogenesis of platinum-group mineralization
in chromitites of zoned clinopyroxenite—dunite massifs of
the Middle Urals is divided into two stages: magmatic and
postmagmatic. The postmagmatic stage is divided into two
substages (Fig. 16).

The formation of dunites of the Urals Platinum Belt is a
debatable issue. However, the recent data on the U-Pb zir-
con age of dunites (Malitch et al., 2009) and the modal
1870s/'380s ages of laurite and Os—Ir—(Ru) alloys (Malitch et
al., 2014) support the viewpoint of Efimov (2009), who pro-
posed a mechanism of tectonic intrusion of late Riphean du-
nite bodies into the structure of dunite—clinopyroxenite—
gabbro complexes. Hence, the study of Ordovician
magmatites hosting dunites does not permit modeling of the
processes of dunite crystallization, which significantly com-
plicates the understanding of their genesis. Some research-
ers (Johan 2002; Tolstykh et al., 2011, 2015; Simonov et al.,
2013, 2017) believe that dunites formed during the differen-
tiation of picritic melts with liquation separation of an ox-
ide—ore phase of predominantly chromite composition (Ok-
rugin, 2004). With regard to the genetic relations between
the minerals in dunites and Pt-containing chromitites, this
model seems to be the most reasonable.

According to the results of dating, the dunites formed
during the late Riphean rifting within the incipient Urals
folded area, similarly to clinopyroxenite—dunite massifs of
the Aldan Shield, which are spatially associated with conti-
nental rifts (Efimov and Tavrin, 1978). Picritic magmatism
is more typical of rift structures (Abramovich, 1997) rather
than suprasubduction volcanic arcs, whose evolution in the
Ordovician was accompanied by the formation of structural
rock complexes of the Urals Platinum Belt.

One of the important details clarifying the ontogenesis of
platinum-group mineralization in chromitites of clinopyrox-
enite—dunite massifs of the Middle Urals is the propagation
of brittle deformations in Cr-spinels and osmium and of
plastic deformations in Pt—Fe minerals. Probably, these de-
formations reflect the general serious tectonic transforma-
tions of dunites at the stage of the tectonic transformation of
dunite—clinopyroxenite—gabbro complexes during the for-
mation of the Tagil-Magnitogorsk megazone. Zavaritskii
(1928), however, associated the brittle and plastic deforma-
tions in Cr-spinels and platinum-group minerals with ser-
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Fig. 16. Scheme of the sequence of formation of platinum-group minerals in chromitites of clinopyroxenite—dunite massifs of the Middle Urals,
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pentinization of dunites. Taking into account that clinopy-
roxenite—dunite massifs were localized in the subduction
zone in the Early Paleozoic, where they were subjected to
hydrothermal activity and underwent intense serpentiniza-
tion (Ivanov, 2011), we assume that the tectonic transforma-
tions were combined with metasomatic transformations. It is
the bulk strong metasomatic transformation of dunites and
their serpentinization that led to the formation of secondary
minerals replacing primary magmatic Pt—Fe minerals and of
inclusions in them.

The formation of minerals at the second postmagmatic
stage (PGE sulfoarsenides, plumbides, amalgams, and sul-
fides and Hg-containing minerals, due to the supply of As,
Sb, and Hg atypical of ultrabasic rocks) was probably con-
tributed by fluids generated during the late tectonomagmatic
activity. For example, dunites of the Kamenushenskii massif
are intruded by granites of Silurian age (Ivanov, 1997) con-
taining vein bodies of garnet-tourmaline—-muscovite granite
pegmatites. Similar, much younger (relative to the rocks of
the ultramafic—mafic association) intrusions are spread in
the proximity of most of clinopyroxenite—dunite massifs of
the Middle Urals. It was these intrusions that might have
initiated the last stage of serpentinization with the supply of
As, Sb, Hg, and other elements. The elucidation of this issue
requires a special study.

breakdown of solid solution of iridium in isoferroplatinum; dashed line shows the assumed time interval of mineral formation.

CONCLUSIONS

Taking into account all the obtained data, we have recog-
nized two stages of the formation of platinum-group miner-
alization: magmatic and postmagmatic. The postmagmatic
stage is divided into two substages, based on the significant-
ly different chemical compositions of the formed minerals.
We have established platinum-group mineral assemblages
formed at each stage and substage: (1) magmatic minerals,
comprising Os—Ir—Ru intermetallic compounds, sulfides of
the series erlichmanite—laurite and kashinite-bowieite, Ir—
Rh thiospinels, and Fe—Pt minerals, with a predominance of
isoferroplatinum and ferroplatinum; (2) late platinum-group
minerals, with a predominance of tetraferroplatinum, tula-
meenite, and ferronickelplatinum; and (3) secondary miner-
als, formed at the final stage of serpentinization, with a pre-
dominance of PGE sulfides, sulfoarsenides, plumbides, and
amalgams.

Based on the ontogenetic examination of platinum-group
minerals and the analysis of the general tectonic position
and geologic structure of the massifs, with regard to the ear-
lier published data (Efimov, 2009), including the results of
dating of platinum-group minerals (Malitch et al., 2009,
2014), we assume that the minerals of the magmatic para-
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genesis (first of all, most of the Pt-Fe minerals) formed as a
result of intrusions during rifting.

The performed study has proved that the formation of
secondary minerals replacing platinum-group minerals of
the magmatic paragenesis was initiated by serpentinization
of dunites. The origin of the solutions that caused serpenti-
nization is still debatable. The research has led us to the
conclusion that the platinum-group mineral assemblage
with a predominance of tetraferroplatinum—tulameenite—
ferronickelplatinum is related to the formation of the Ural
folded area, which proceeded along with the formation of
island-arc systems in the Ordovician. This conclusion
agrees with the geodynamic model of the formation of the
Urals Platinum Belt proposed by Ivanov (2011). Minerals
of the postmagmatic paragenesis formed at the Paleozoic
island-arc stage of formation of zoned clinopyroxenite—du-
nite massifs, which was recognized by a comprehensive
study of platinum-bearing rocks of the Nizhnii Tagil massif
(Tessalina et al., 2015). At present, it is impossible to say
unambiguously what caused the formation of late minerals
of the postmagmatic paragenesis. However, we assume that
dunites of the zoned massifs were repeatedly subjected to
serpentinization, which is consistent with the intricate tec-
tonic history of the Urals Platinum Belt. To establish the
relationship between different assemblages of platinum-
group minerals and different stages of serpentinization re-
quires a special detailed study.
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