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Abstract: The study of noble metal minerals of the Ural–Alaskan-type (UA-type) complexes has
been traditionally focused on their platinum-bearing dunites and chromitites, while clinopyroxenites
have been poorly considered. In this study, we report the first detailed data on the noble metal
mineral assemblage in clinopyroxenites of the Kachkanar intrusion, which is a part of a UA-type
complex and is renowned for its huge Ti-magnetite deposits. High concentrations of Pd, Au and Ag
are closely linked to Cu-sulfide mineralization in amphibole clinopyroxenites, in which they form
Pd-Ag-Au minerals: keithconnite Pd3−xTe, sopcheite Ag4Pd3Te4, stutzite Ag5−xTe3, hessite Ag2Te,
merenskyite PdTe, kotulskite Pd(Te,Bi), temagamite Pd3HgTe, atheneite (Pd,Hg)3As, potarite PdHg,
electrum AuAg and Hg-bearing native silver. Among those, six mineral phases are first reported for
clinopyroxenites of the Ural platinum belt. Our evidence supports a petrological model, suggesting
that during fractionation of high-Ca primitive magmas at high oxygen fugacity, Pt, Os, Ir, Ru and
Rh accumulate in early olivine–chromite cumulates, while Pd, Au and Ag reside in the melt until
sulfide saturation occurs and then concentrate in sulfide mineralization. Subsequently, this sulfide
mineralization is likely affected by cumulate degassing, which results in a partial resorption of the
sulfides and Pd, Au and Ag remobilization by fluid. Second-stage concentration of the sulfides
and the chalcophile noble metals in the amphibole-rich rocks may occur when H2O from the fluid
reacts with pyroxenes to form amphiboles, and the fluid becomes oversaturated with sulfides and
chalcophile elements.

Keywords: Kachkanar intrusion; Ural–Alaskan-type complex; gold; palladium; copper; silver; Ural
platinum belt; Russia

1. Introduction

Clinopyroxenite is an ultramafic rock, composed of dominant (>50%) clinopyroxene,
and may contain subordinate (<50% in total) hornblende and olivine and minor (<10%)
plagioclase. Based on abundances of olivine and amphibole, olivine clinopyroxenites
(>10% olivine) and amphibole clinopyroxenites (>10% amphibole) are distinguished [1].
Clinopyroxenites containing up to 10%–20% of magnetite are referred to as “magnetite
clinopyroxenites”. Igneous clinopyroxenites are typical of the island arc high-Ca, high-Mg
moderately alkaline (ankaramitic) magmatism. Olivine and magnetite clinopyroxenites are
largely thought to form via magmatic differentiation of a melt saturated with clinopyroxene
± olivine ± magnetite. Hornblende (or other amphibole) presence is commonly attributed
to water-saturated conditions of their crystallization or to postcumulus late-magmatic
processes. The fact that relatively low Al2O3 content in the parental melt and elevated
pressures are necessary to produce significant volumes of clinopyroxenitic cumulates ex-
plains the relative scarcity of these rocks among mafic–ultramafic cumulates [2,3]. The most

Minerals 2023, 13, 1528. https://doi.org/10.3390/min13121528 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13121528
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-7222-8600
https://doi.org/10.3390/min13121528
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13121528?type=check_update&version=1


Minerals 2023, 13, 1528 2 of 21

typical occurrences of igneous clinopyroxenites are Ural–Alaskan-type (UA-type) com-
plexes, which are zoned intrusions, composed by dunites, clinopyroxenites (or wehrlites)
and gabbros. Dunites of these complexes are typically populated by chromitite veins and
schlieren, that may contain rich Pt mineralization, while gabbros commonly host horn-
blendite segregations [2,4]. The UA-type complexes have to a various extent a pronounced
zoned structure. In undeformed and slightly deformed complexes, dunites occupy core
parts and are surrounded by zones of clinopyroxenites and gabbros [5].

A series of Paleozoic mafic–ultramafic intrusions of the Ural platinum belt (UPB) can
be divided into the Ural–Alaskan-type concentric dunite–clinopyroxenite–gabbro intru-
sions and those which are mainly composed of gabbro [6]. Noble-metal ores of the UA-type
dunites and associated chromitites have been attracting much attention and have been
studied in detail [7–18]. Considerable attention has been also paid to ore resources of
the gabbros, as they contain copper deposits (e.g., large Volkovskoe deposit–Volkovsky
complex) [19–21] and Pd-Cu ores (the Serebryanskiy Kamen’ massif, the Kumba intru-
sion) [22,23]. At the same time, much less is known about noble metal geochemistry and
mineralogy in the clinopyroxenites, which are essential parts of the UA-type complexes of
the UPB. Moreover, from a petrological perspective, olivine clinopyroxenites are suggested
to form during cotectic olivine + clinopyroxene ± magnetite crystallization, which, along
with the preceding chromite–olivine cotectic, represents a main stage of the differentiation
of high-Ca, high-Mg (ankaramitic) magmas, which are supposed to be parental for the
UA-type complexes [24–27]. Therefore, even though clinopyroxenites are not known to
contain economic amounts of the noble metals and Cu, it is still essential to study their ore
mineralization to improve our understanding of the ore-forming metals’ behavior during
the magmatic stage of the UA-type complexes formation.

Thus far, elevated concentrations of Pd and Pt in clinopyroxenites have been reported
for some intrusions of the UPB [28–30]. However, mineral phases hosting these elements
have not yet been characterized sufficiently. Described in the most detail is the noble metal
assemblage of the olivine clinopyroxenites from the Baronskoe-Kluevsky ore deposit (the
Volkovsky complex) [29,30]. Several minerals of the noble metals have been previously
identified in clinopyroxenites of the Kachkanar intrusion [28], but their occurrence and as-
semblages have not received attention. Finally, individual grains of stibiopalladinite Pd5Sb2
have been recently reported for phlogopite clinopyroxenites and hornblende peridotites of
the Svetloborsky massif dykes [18].

In this study, aimed to partially fill the aforementioned gap, we report detailed data
on noble metal mineralization in clinopyroxenites of the Kachkanar intrusion (a part
of the Kachkanar UA-type complex), which belongs to the UPB and is renowned for
both platinum-group element (PGE) placers and huge Ti-magnetite deposits [13,15,31–33].
We compare the noble metal mineralogy and geochemistry of this occurrence with the
previously reported data on clinopyroxenites and dunites of the UPB. Given that the
clinopyroxenites are important and essential intermediate members in the sequence from
dunites to gabbros, characteristic of the UA-type complexes, this case study provides
further insights into the behavior of the ore-forming metals during fractionation of the
parental high-Mg, high-Ca arc magmas and formation of the UA-type complexes in general.

2. Geological Background

The Ural platinum belt is a large regional structure of the Ural fold belt. This belt is
located at the western part of the Tagil megazone and comprises several igneous forma-
tions, among which a series of UA-type zoned complexes is distinguished (Figure 1a,b).
These complexes are supposed to represent deep parts of the supra-subduction volcanic
systems and are composed of a series of rocks ranging from dunites through to wehrlites
and clinopyroxenites to gabbro and hornblendites [6,34–37]. At the modern erosional level,
most of these complexes are dominated by either dunites or gabbros, while clinopyroxenites
are subordinate. At the Kachkanar intrusion, however, clinopyroxenites are represented
at a considerable area and are cropped out by open-pit mines, making this case a good
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example to study them (Figure 1c,d). This intrusion is neighbored by the Svetloborsky and
Veresovoborsky clinopyroxenite–dunite intrusions (westwards) and by the Mt. Sarannaya
gabbroic intrusion (northwards) (Figure 1c). As suggested by [13,36] and the State Geo-
logical Map [36], these four intrusions: Kachkanar, Svetloborsky, Veresovoborsky and Mt.
Sarannaya—compose a single UA-type complex. Following the classification of [37], here-
inafter in the text we refer to the studied clinopyroxenite-dominated body as the Kachkanar
intrusion, while the UA-type assemblage, consisting of these four intrusions, is addressed
as the Kachkanar complex.

The Kachkanar intrusion penetrates Ordovican metavolcanics of the Mariinsky for-
mation (one of the main formations of the West-Tagil megazone), which are composed by
greenschist-metamorphosed aphyric and, more occasionally, porphyric basalts [37]. The
intrusion has a total area of ~111 km2 and is composed of two clinopyroxenitic bodies
largely surrounded by olivine gabbros (Figure 1c). The open-pit mines of the Kachkanar
Ti-Fe deposit (Figure 1d) crop out one of these bodies, which has a longitudinally elongated
shape of about 8.5 km long and steeply dipping eastwards [38]. The rocks, cropped out by
the pit, are composed of dominant clinopyroxenites, minor amphibole clinopyroxenites,
olivinites (chromite-free olivine–magnetite rocks), wehrlites, hornblendites and vein rocks.
Among clinopyroxenites, the most typical are magnetite olivine-free and plagioclase-free
varieties. These rocks contain economic Ti-Fe ores (15%–20% FeO, ~2% TiO2 in oxide form),
which occur as medium-grade to rich disseminated, vein-disseminated or banded textures
formed by titanomagnetite aggregations. These magnetite clinopyroxenites host enclave- or
dyke-like bodies of amphibole clinopyroxenites, one of which was the object of our study
(Figure 2).

Minerals 2023, 13, x FOR PEER REVIEW 3 of 22 
 

 

erosional level, most of these complexes are dominated by either dunites or gabbros, while 
clinopyroxenites are subordinate. At the Kachkanar intrusion, however, clinopyroxenites 
are represented at a considerable area and are cropped out by open-pit mines, making this 
case a good example to study them (Figure 1c,d). This intrusion is neighbored by the Svet-
loborsky and Veresovoborsky clinopyroxenite–dunite intrusions (westwards) and by the 
Mt. Sarannaya gabbroic intrusion (northwards) (Figure 1c). As suggested by [13,36] and 
the State Geological Map [36], these four intrusions: Kachkanar, Svetloborsky, Veresovo-
borsky and Mt. Sarannaya—compose a single UA-type complex. Following the classifica-
tion of [37], hereinafter in the text we refer to the studied clinopyroxenite-dominated body 
as the Kachkanar intrusion, while the UA-type assemblage, consisting of these four intru-
sions, is addressed as the Kachkanar complex. 

The Kachkanar intrusion penetrates Ordovican metavolcanics of the Mariinsky for-
mation (one of the main formations of the West-Tagil megazone), which are composed by 
greenschist-metamorphosed aphyric and, more occasionally, porphyric basalts [37]. The 
intrusion has a total area of ~111 km2 and is composed of two clinopyroxenitic bodies 
largely surrounded by olivine gabbros (Figure 1c). The open-pit mines of the Kachkanar 
Ti-Fe deposit (Figure 1d) crop out one of these bodies, which has a longitudinally elon-
gated shape of about 8.5 km long and steeply dipping eastwards [38]. The rocks, cropped 
out by the pit, are composed of dominant clinopyroxenites, minor amphibole clinopyrox-
enites, olivinites (chromite-free olivine–magnetite rocks), wehrlites, hornblendites and 
vein rocks. Among clinopyroxenites, the most typical are magnetite olivine-free and pla-
gioclase-free varieties. These rocks contain economic Ti-Fe ores (15%–20% FeO, ~2% TiO2 
in oxide form), which occur as medium-grade to rich disseminated, vein-disseminated or 
banded textures formed by titanomagnetite aggregations. These magnetite clinopyroxe-
nites host enclave- or dyke-like bodies of amphibole clinopyroxenites, one of which was 
the object of our study (Figure 2). 

 
Figure 1. Location of the Kachkanar intrusion and its geological features. (a) = Position on the map 
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Figure 1. Location of the Kachkanar intrusion and its geological features. (a) = Position on the
map of Russia; (b) = location of the UPB in a general structure of the Ural orogenic belt (af-
ter [39]); (c) = Geological map of the Kachkanar intrusion (K) and the surrounding Veresovoborsky
(V), Svetloborsky (S) and Mt. Sarannaya (Sr) intrusions (after [37]). (d) = schematic sketch of
the open-pit mines of the eastern part of the Kachkanar intrusion. Legend: 1 = East Ural mega-
zone; 2 = Tagil megazone, 3 = Central Ural megazone, 4 = West Ural megazone, 5 = Eastern Eu-
rope platform, 6 = mafic–ultramafic complexes of the UPB; 7 = location of the Kachkanar intrusion;
8 = metavolcanics of the Mariinsky formation; (9) = volcano-sedimentary rocks of the Viyskaya
formation, (10–12) = rocks of the Kachkanar complex: olivine gabbros (10), clinopyroxenites (11)
and dunites (12); (13) = plagiogranites of the Krivinsky complex; (14) = contour lines (isohypses);
(15) = sampling location, (16) = water reservoirs.
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Figure 2. A photograph of the sampling site at the Western mine of the deposit (a) and its schematic
sketch with the sample locations and optical photomicrographs of the samples (b). Rock varieties:
K4-20—magnetite clinopyroxenite; K4-28—dyke amphibole-poor clinopyroxenite; K4-31—dyke
amphibole-rich (amphibole) clinopyroxenite.

3. Samples and Methods
3.1. Samples

At the Western open-pit mine of the deposit, coarse-grained magnetite ore clinopy-
roxenites are penetrated by a 6–7 m thick dyke (Figure 2a) of medium-to-fine-grained
clinopyroxenites with less magnetite, but containing significant sulfides (5–7 vol. % on
average). The host clinopyroxenites are rich in interstitial and sideronitic magnetite, which
forms vein texture. The dyke is characterized by lithological heterogeneity manifested
in the patchy distribution of subordinate amphibole. Macroscopically, amphibole-rich
clinopyroxenites are composed of diopside (~60%), amphibole (20%) and secondary and
ore minerals (20%). In the axial part and contact zones of the dyke, there are segregations
containing 60 vol. % and more amphibole: up to monomineralic hornblendites (Figure 2b).

Hand specimens (0.5–1.5 kg) (Table 1) and high-weight panel samples (24 kg on
average) were collected from the host magnetite clinopyroxenites and the dyke. Polished
sections and thin sections were made from the hand samples. Heavy concentrates have
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been extracted from the panel samples by crushing them to <1 mm fraction with subsequent
gravitational concentration.

Table 1. A list of the main studied samples and their brief characteristics.

Sample No. Rock Type Cpx Amp Mag Sulf

K4-20 Host rock magnetite clinopyroxenite 47 <1 50 1
K4-22 Host rock magnetite clinopyroxenite 81 3 15 <1
K4-23 Host rock magnetite clinopyroxenite 80 <1 18 1
K4-21 Dyke amphibole-poor clinopyroxenite 70 7 22 <1
K4-28 Dyke amphibole-poor clinopyroxenite 80 5 12 3
K4-30 Dyke amphibole clinopyroxenite 55 30 10 5
K4-31 Dyke amphibole clinopyroxenite 40 43 10 7

Mineral abbreviations: Cpx = clinopyroxene, Amp = amphibole, Mag = magnetite, Sulf = sulfide. Contents of the
minerals are given in vol. % estimated based on their area proportions in a thin section.

3.2. Analytical Methods

Preliminary examination of the samples with identification of the main silicate, acces-
sory and ore minerals and their structural relationships has been carried out using optical
microscopy (transmitted and reflected plane- and cross-polarized light).

The chemical composition of the minerals has been analyzed using (1) scanning elec-
tron microscope JEOL JSM-6390LV equipped with an X-ray energy dispersion spectrometer
and (2) electron microprobe with an X-ray wavelength dispersion spectrometer Camebax
SX100 (Center for Collective Research “Geoanalitik”, Institute of Geology and Geochemistry
Uralian Branch of the Russian Academy of Sciences—IGG UB RAS, Yekaterinburg, Russia).

Bulk rock contents of the PGEs and Au were determined by fire assay method on
nickel matte with ICP-MS ending using an XSeries2 mass spectrometer (Laboratory of
the Gipronickel Institute LLC, Saint Petersburg; state certificates STP 35-12-241 and STP
35-12-282) with detection limits (ppb): Os—10, Ir—3, Ru—5, Rh—5, Pt—10, Pd—5, Au—10.

4. Results
4.1. Petrographical Features of the Rocks

Magnetite clinopyroxenites of the host rock (samples K4-20, K4-22, K4-23) are dom-
inated (~70 vol. %) by clinopyroxene. Clinopyroxene (diopside) forms isometric (with
nearly equal dimensions), colorless grains with an average size of 3.2 mm. Less than
10 vol. % of the clinopyroxenites is formed by dark-green amphibole, the abundance of
which is higher in fine-grained aggregations of clinopyroxene and magnetite and lower in
the other textural varieties of these rocks. Magnetite (15–25 vol. %) forms anhedral grains
and interstitial and sideronitic aggregations within the silicate matrix (Figure 3a). In certain
samples, magnetite abundance reaches 40 vol. % and more (Table 1), forming schlieren and
dense dissemination. The mineral composition of these clinopyroxenites is generally the
same as that of the other magnetite clinopyroxenites of the Kachkanar complex and the
UPB in general.

Medium-to-fine-grained amphibole-poor clinopyroxenites (samples K4-21, K4-28),
which form the major part of the dyke, are texturally homogeneous. About 80–90 vol.
% of the rock is made of clinopyroxene, which forms euhedral and subhedral prismatic
or tabular crystals with an average size of 1.2 mm. Tiny grains of amphibole occur in
interstices between clinopyroxene and magnetite grains (Figure 3b). Ore minerals are
dominated by magnetite (~10 vol. %), although sulfides (chalcopyrite and bornite) typically
occur (1–3 vol. %) as well. Mineralogical features of these clinopyroxenites are similar to
those of the magnetite clinopyroxenites, which host the dyke, yet magnetite is generally
less abundant in the dyke clinopyroxenites.

Amphibole clinopyroxenites (samples K4-30, K4-31), which form patches in the
clinopyroxenitic dyke, contain 45%–60% clinopyroxene (diopside), 30%–45% amphibole
(pargasite–magnesiohastingsite) and 10%–20% of ore (magnetite, sulfides) and secondary
minerals. The main rock-forming silicates are subhedral and make up a prismatically
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grained fine- and medium-grained texture of the rock (Figure 3c). Not uncommon is the
overgrowth of clinopyroxene grains by amphibole, which forms coronitic structures.

A typical secondary mineral in these rocks is actinolite, which acicular and fibrous
crystals form sheaf-like aggregations that replace primary clinopyroxenes. Less abundant
is acicular actinolite–tremolite, which replaces large crystals of magnesiohastingsite. This
kind of replacement implies that the studied rocks have been slightly metamorphosed in
conditions of a greenschist facies.
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Figure 3. Transmitted light photomicrographs of the representative thin section of the studied
rocks. (a) = magnetite clinopyroxenite, (b) = amphibole-poor clinopyroxenite from the dyke;
(c) = amphibole clinopyroxenite from the dyke. (Left) parts of the panels—plane-polarized light;
(right) ones—cross-polarized light. Mineral abbreviations are given according to [40]: Mag = mag-
netite, Cpx = clinopyroxene, Amp = amphibole (pargasite–magnesiohastingsite).

4.2. Composition of the Rock-Forming Minerals

Clinopyroxene is the main rock-forming mineral in the studied rocks. Clinopyrox-
ene from the magnetite clinopyroxenites is diopside with Al2O3 content varying around
2.2–2.7 wt.% and TiO2 from 0.2 to 0.26 wt.%. Clinopyroxene from amphibole clinopyroxen-
ites is diopside and augite with high Al2O3 (3.5–6.4 wt.%) and elevated TiO2 (0.54–1.05 wt.%)
concentrations. Cr2O3 in all clinopyroxenes analyzed is below 0.05 wt.% and Na2O varies
from 0.1 to 0.2 wt.% (Table 2).
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Table 2. Representative EPMA analyses of clinopyroxene from the studied rocks (wt.%).

Components K4-30 K4-30 K4-31 K4-31 K4-20 K4-20 K4-20 K4-20

SiO2 47.65 48.8 51.04 51.14 52.01 52.18 52.02 52.37
MgO 12.99 13.41 14.22 14.3 15.37 15.88 16.03 15.26
CaO 24.63 25.04 24.13 24.06 23.99 24.27 23.96 23.94

Cr2O3 bdl bdl 0.04 bdl 0.05 bdl 0.03 0.02
FeO 6.91 5.55 6.31 6.57 5.51 4.69 4.79 5.23
MnO 0.15 0.13 0.22 0.28 0.12 0.13 0.12 0.15
NiO bdl 0.02 bdl bdl 0.02 bdl 0.04 0.03

Al2O3 6.38 6.02 3.74 3.49 2.63 2.51 2.56 2.62
Na2O 0.16 0.1 0.25 0.15 0.19 0.15 0.13 0.17
K2O 0.03 0.02 0.06 0.02 bdl bdl Bdl Bdl
TiO2 0.83 1.05 0.57 0.54 0.23 0.22 0.21 0.28
Total 99.73 100.14 100.58 100.55 100.12 100.03 99.90 100.07

Atoms per formula unit calculated on the basis of 6 oxygen atoms
Si 1.791 1.813 1.886 1.891 1.919 1.921 1.918 1.929

Mg 0.728 0.743 0.783 0.788 0.845 0.871 0.881 0.838
Ca 0.992 0.997 0.955 0.953 0.948 0.957 0.946 0.945
Cr - - 0.001 0.000 0.001 - 0.001 0.001
Fe 0.217 0.172 0.195 0.203 0.170 0.144 0.148 0.161
Mn 0.005 0.004 0.007 0.009 0.004 0.004 0.004 0.005
Ni - 0.001 - - 0.001 - 0.001 0.001
Al 0.283 0.264 0.163 0.152 0.114 0.109 0.111 0.114
Na 0.012 0.007 0.018 0.011 0.014 0.011 0.009 0.012
K 0.001 0.001 0.003 0.001 - - - -
Ti 0.023 0.029 0.016 0.015 0.006 0.006 0.006 0.008

bdl: below the detection limit.

Amphibole is represented by several generations, which were apparently formed
due to different processes. The first generation (magmatic) is moderately Ti pargasite and
magnesiohastingsite, which forms its own grains in the interstices between clinopyroxene
crystals or corona structures around clinopyroxene. More occasional are large poikilitic
grains of pargasite, which host smaller grains of diopside. This amphibole is composition-
ally homogeneous in all samples studied and contains 2.0–2.3 wt.% Na2O, a significant
(up to 0.9%) admixture of K2O and 1.0–1.7 wt.% TiO2 (Table 3). The second generation
(post-magmatic, metamorphic) is represented by fibrous and acicular amphiboles, replacing
primary silicates. They are of the actinolite–tremolite series and, more occasionally, are
represented by ferrohornblende.

Table 3. Representative EPMA analyses of amphibole from the studied rocks (wt.%).

K4-30 K4-30 K4-31 K4-31 K4-20 K4-20 K4-20 K4-20

SiO2 40.55 40.64 40.99 40.45 40.46 39.99 40.48 41.03
TiO2 1.14 1.22 1.03 1.31 1.56 1.57 1.66 1.61

Al2O3 15.76 15.05 15.03 14.89 14.55 14.49 14.42 14.85
FeO 9.33 8.63 9.52 9.71 9.93 10.20 9.81 8.66
MgO 14.18 14.32 14.28 14.12 14.21 13.96 14.05 14.69
MnO 0.17 0.03 0.08 0.04 0.07 0.11 0.11 0.11
CaO 13.1 12.97 12.97 12.98 12.91 12.91 12.84 13.08

Na2O 2.26 2.31 2.22 2.2 2.02 2.09 2.00 2.12
K2O 0.78 0.86 0.79 0.77 0.87 0.86 0.82 0.55
Total 97.29 96.03 96.91 96.47 96.60 96.19 96.19 96.70

Atoms per formula unit calculated on the basis of 6 oxygen atoms
Si 5.959 6.031 6.045 6.005 6.007 5.980 6.030 6.034
Ti 0.126 0.136 0.114 0.146 0.174 0.177 0.186 0.178
Al 2.730 2.632 2.612 2.605 2.546 2.554 2.531 2.574

AlIV 2.041 1.969 1.955 1.995 1.993 2.020 1.970 1.966
AlVI 0.689 0.663 0.657 0.610 0.554 0.534 0.561 0.608
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Table 3. Cont.

K4-30 K4-30 K4-31 K4-31 K4-20 K4-20 K4-20 K4-20

Fe 1.147 1.071 1.174 1.206 1.233 1.276 1.222 1.065
Mg 3.106 3.168 3.139 3.125 3.145 3.112 3.120 3.221
Mn 0.021 0.004 0.010 0.005 0.009 0.014 0.014 0.014
Ca 2.063 2.062 2.049 2.065 2.054 2.068 2.049 2.061
Na 0.644 0.665 0.635 0.633 0.582 0.606 0.578 0.604
K 0.146 0.163 0.149 0.146 0.165 0.164 0.156 0.103

4.3. Fe-Ti Oxide and Base Metal Sulfide Mineralization

Ore mineralization in the studied varieties of clinopyroxenites has a relatively uniform
mineral composition. Compositional and structural features of Ti-magnetite ores have been
extensively studied [38]. Here, we only briefly describe Fe-Ti oxide mineralization and
focus more on base metal sulfide and noble metal (see Section 4.4) mineralization.

The main ore mineral in the clinopyroxenites is magnetite, which content varies
from the ~1% to tens of per cent. The most typical are large (up to 4–5 mm) interstitial
anhedral grains and aggregations of magnetite, which contain lamellar and lattice-like
exsolutions of spinel-group minerals (mainly ulvöspinel) (Figure 4a,b). Ilmenite is the
second abundant ore mineral in the magnetite clinopyroxenites. Two morphological
varieties are characteristic of ilmenite. The first variety is represented by large platy and
tabular crystals intergrown with anhedral magnetite (Figure 4c). The second variety is
represented by thin exsolution lamellae in magnetite. Sulfide mineralization is scarce and
is represented by bornite–chalcopyrite aggregates included within magnetite.
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Figure 4. Reflected light photomicrographs of the ore mineral assemblages. (a–c) = Ti-magnetite
assemblage in the magnetite clinopyroxenites; photo at (c) is in semi-crossed polarized light to
highlight anisotropic ilmenite within an isotropic magnetite; (d–f) = chalcopyrite–bornite–magnetite
assemblage in the dyke amphibole-poor clinopyroxenites; (g–i) = pyrite–chalcopyrite assemblage in
the dyke amphibole clinopyroxenites. Mineral abbreviations are given according to [39]: Bn = bornite,
Ccp = chalcopyrite, Ilm = ilmenite, Mag = magnetite, Spl = spinel, Py = pyrite, Uspl = ulvöspinel.
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Considerable sulfide mineralization is hosted by the fine- and medium-grained
amphibole-rich clinopyroxenites, composing the dyke. Sulfides in these rocks are located in
interstices between clinopyroxene and, occasionally, pargasite crystals. Sometimes, sulfides
are intergrown with magnetite. Based on structural relationships between the ore minerals
in the clinopyroxenites, we distinguish two main ore assemblages, which have contrasting
compositional, structural and textural features.

The first is the chalcopyrite–bornite–magnetite assemblage, occurring both in amphibole-
poor and amphibole clinopyroxenites from the dyke. The most abundant of this type is
magnetite, which is similar to that from the magnetite clinopyroxenites (Figure 4d–f). Sulfides
are largely represented by chalcopyrite and bornite. Magnetite and sulfides largely form
intergrowths with an intricate boundary between the phases (Figure 4e,f). Replacement of
bornite and chalcopyrite by chalcocite and covelline is most manifested along fractures and
boundaries of the chalcopyrite–bornite aggregations. The size of grains and aggregations
of bornite and chalcopyrite varies mainly in the range of 0.1–1.3 mm with an average value
of ~0.6 mm. The texture of the base metal sulfide (BMS) mineralization is disseminated,
interstitial up to sideronitic in the richest varieties.

The second type of assemblage (pyrite–chalcopyrite) is particularly characteristic
of the amphibole clinopyroxenites from the dyke. The dominant sulfide in this type is
chalcopyrite, which forms granular aggregations with the grain size reaching several
mm. The aggregations are mainly located in interstices between silicates and magnetite.
Common are thin chalcopyrite stringers, following margins between rock-forming silicates
(Figure 4g). Occasionally, there are chalcopyrite veins (Figure 4h) up to several mm thick,
along which rock-forming silicates and magnetite are replaced by chlorite and actinolite.
Intricate intergrowths of pyrite and chalcopyrite are subordinate and do not exceed 0.2 mm
(Figure 4i).

Compositions of the gravitational concentrates extracted from the dyke clinopyrox-
enites and the wall-rock magnetite clinopyroxenites support the in situ observations. The
concentrate extracted from the magnetite clinopyroxenites is dominated by magnetite,
ilmenite and silicate minerals (mainly clinopyroxene). Minor are the sulfides: pyrite,
chalcopyrite and pyrrhotite (Figure 5a). The concentrates extracted from the dyke rocks
(both amphibole-poor and amphibole clinopyroxenites) are dominated by chalcopyrite and
bornite. In addition to the in situ described sulfides, these concentrates contain pyrrhotite,
carrolite CuCo2S4 and galena (Figure 5b).
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Figure 5. Pie charts reflecting phase proportions in the gravitational concentrates. (a) = of the
magnetite clinopyroxenites, (b) = of the amphibole clinopyroxenites. Abbreviations: Bn—bornite,
Ccp—chalcopyrite, Gn—galena, Ilm—ilmenite Mag—magnetite, Sil—silicates (mainly clinopyrox-
ene), Py—pyrite, Po—pyrrhotite. Other—single grains of pentlandite and carrolite (CuCo2S4).

4.4. Pd-Au-Ag Mineralization

Both in situ mineralogical observations and the composition of the heavy concentrates
show that the noble metal mineralization in all rocks considered is distinctly associates with
Cu-sulfides. Most Pd, Au and Ag minerals were found in the amphibole clinopyroxenites
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from the dyke (Table 4). Only certain micron-scaled occurrences of merenskiyte PdTe
have been found intergrown with bornite and chalcopyrite from the wall-rock magnetite
clinopyroxenites.

Table 4. Noble metal mineral abundances in clinopyroxenites and gabbros of the UPB and in dunites
of the Svetloborsky and Veresovoborsky intrusions (genetically linked with the Kachkanar intrusion).

Mineral Formula
Kachkanar
Intrusion

(This Study)

Kachkanar
Intrusion

[28]

Volkovsky
Complex

(Baronskoe-
Kluevsky and

Volkovskoe Ore
Deposits) [29,30]

Svetloborsky
and

Veresovoborsky
Dunite-Hosted

Chromitites
[14–18,41]

Serebryansky
Kamen’ and

Kumba Gabbros
[22,23]

ALLOYS AND INTERMETALLIDES

Isoferroplatinum Pt3Fe – – – +++ –
Tetraferroplatinum PtFe – 3 – +++ –
Ferroan Platinum Pt2Fe – 3 – ++ –

Osmium (Os,Ir,Ru) – – – ++ –
Iridium (Ir,Os,Ru) – – – ++ –

Electrum (Au,Ag) ++ – + – –
Native silver Ag ++ – – – –
Native gold Au – 3 + – ++
Tulameenite Pt2CuFe – – – 3 –

Potarite PdHg ++ 3 – + –

SULFIDES

Laurite RuS2 – – – ++ –
Erlichmanite OsS2 – – – 3 –

Cooperite PtS – – – + –
Vysotskite (Pd,Ni)S – 3 +++ – +++
Braggite (Pt,Pd,Ni)S – 3 – – –

TELLURIDES

Merenskyite PdTe + – +++ – +++
Hessite Ag2Te ++ – ++ – ++
Stutzite Ag5−xTe3 ++ – ++ – ++

Kotulskite Pd(Te,Bi)2 +++ 3 ++ – ++
Sopcheite Ag4Pd3Te4 ++ – – – –

Keithconnite Pd3−xTe + – – – +
Michenerite PdBiTe – – – – +++
Atheneite (Pd,Hg)3As ++ 3 – – –

Temagamite Pd3HgTe3 +++ – ++ – –

ARSENIDES AND ANTIMONIDES

Mertieite Pd5(Sb,As)2 – 3 – – ++
Isomertieite Pd11Sb2As2 – 3 ++ – –

Stibiopalladinite Pd5Sb2 – – – – ++
Arsenopalladinite Pd8(As,Sb)3 – – – – +

Stillwaterite Pd8As3 – – ++ – –
Vincentite Pd3As +
Sperrylite PtAs – – – – +

Mineral abundances: +++ = dominant (>10% of all noble metal mineral findings), ++ = subordinate (1–10%),
+ = rare (<1%), 3 = no data on abundance, “–“ = absent. Host rocks for the mineralization: this study–amphibole
clinopyroxenites from dyke; [28]—magnetite clinopyroxenites; [29,30]—sulfide-rich (>5% sulfides) clinopyroxen-
ites of the Volkovsky complex.

Most of the noble metal mineral phases occur as small (<10 µm) grains or intergrowths,
enclosed within bornite or bornite–chalcopyrite aggregates. Representative chemical mi-
croprobe analyses of the noble metal phases are listed in Table 5. In total, we identified
11 mineral species, including palladium and silver tellurides (keithconnite Pd3−xTe, meren-
skyite PdTe, stutzite Ag5−xTe3, sopcheite Ag4Pd3Te4 and hessite Ag2Te), Pd bismotellurides
(kotulskite Pd(Te,Bi)), Pd-Hg chalcogenides (temagamite Pd3HgTe, atheneite (Pd,Hg)3As),
potarite PdHg, electrum AuAg and Hg-bearing native silver (Table 4).

Kotulskite with an average formula Pd1.00(Te0.73Bi0.24Hg0.02)0.99 predominates among
minerals of the Pd-Te-Bi system. This mineral forms grains up to 50 µm in size, included
within bornite (Figure 6a). In a gravitational concentrate, a single intergrowth of kotulskite
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with an electrum Ag0.55Au0.33Cu0.12 and sopcheite Ag4.18Pd2.90Au0.10Te3.82 has been found
as a bornite-hosted isometric inclusion (Figure 6b). Importantly, there is an Au- and Ag-rich
halo around the inclusion in the host bornite. Sopcheite forms either intergrowths with the
other noble metal minerals or occurs as small (<20 µm) rounded inclusions within Cu-Fe
sulfides (Figure 6c,d). Less common are merenskyite Pd1.01(Te2.01Bi0.13)1.99 and keithconnite
Pd2.98Te1.02, which typically occur as monomineralic inclusions in the Cu-Fe sulfides.

Table 5. Representative EDS chemical analyses of the noble metal minerals.

Components Kt Tem Sop Hes Stz Mrk Ah Kei Ptr Elc Ag

Pd 41.82 34.96 24.38 – – 28.95 55.89 70.91 33.96 – –
Au – – 1.48 – – – – – – 49.25 19.39
Ag – – 35.6 62.83 56.05 – – – – 45.08 63.83
Cu – – – – – – – – 0.76 5.67 –
Te 36.66 42.5 38.54 37.17 43.95 63.88 – 29.09 – – –
Hg 1.74 22.54 – – – – 23.58 – 65.28 – 16.78
Bi 19.78 – – – – 7.17 – – – – –
As – – – – – – 20.53 – – – –

Formula coefficients
Pd 1.00 2.97 2.90 – – 1.01 2.29 2.98 0.97 – –
Au – – 0.10 – – – – – – 0.33 0.13
Ag – – 4.18 2.00 4.81 – – – – 0.55 0.76
Cu – – – – – – – – 0.04 0.12 –
Te 0.73 3.01 3.82 1.00 3.19 1.86 – 1.02 – – –
Hg 0.02 1.02 – – – – 0.51 – 0.99 – 0.11
Bi 0.24 – – – – 0.13 – – – – –
As – – – – – – 1.20 – – – –

(Kt) kotulskite, (Tem) temagamite, (Sop) sopcheite, (Hes) hessite, (Stz) stutzite, (Mrk) merenskyite, (Ah) atheneite,
(Kei) keithconnite, (Ptr) potarite, (Elc) electrum, (Ag) native silver Ag0.76Au0.13Hg0.11. All compositions are
normalized to 100%.
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Table 6. Bulk rock noble metal concentrations (ppb) in magnetite and amphibole clinopyroxenites. 
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Figure 6. Backscattered electron photomicrographs of the noble metal minerals. (a) = a large crystal
of kotulskite (Kt) in bornite (Bn) [18]; (b) = an intergrowth of electrum (Elc), kotulskite (Ktu) and
sopcheite (Sop) in bornite surrounded by an aureole of Au- and Ag-bearing bornite (possibly due to
a signal from an ”appearing through” Au-Ag phase); (c) = rounded inclusion of sopcheite in bornite;
(d) = an intergrowth of sopcheite, temagamite (Tem) and atheneite (Atn) in a bornite–chalcopyrite
intergrowth; (e) = an intergrowth of temagamite and electrum [18]; (f) = a needle-like intergrowth
of temagamite and merenskyite (Mrk) in a bornite grain; (g) = small inclusions of potarite (Ptr)
scattered in a bornite–chalcopyrite intergrowth; (h) = silver native (Ag) in chalcopyrite; (i) = a small
bornite-hosted inclusion of electrum. Mineral abbreviations are given according to [40].
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Another group of platinum group minerals (PGMs) is represented by various Pd-Hg
chalcogenides. The dominant one is temagamite, which, along with kotulskite, is a major no-
ble metal mineral in the studied rocks. Temagamite occurs mostly as monomineralic grains,
yet its intergrowths with electrum, sopcheite and ateneite Pd1.89As0.89Hg0.38 (Figure 6d,e)
are not uncommon. It has been noticed that being intergrown with electrum, temagamite
contains up to 2.04% of Pt admixture. Finally, a single intergrowth of temagamite with
merenskiyte has been found (Figure 6f). In addition to temagamite and atheneite, potarite
Pd0.97Cu0.04Hg0.99 has been found in situ in polished sections. Potarite (Figure 6g) occurs
as fine (<10 µm) dispersed dissemination in bornite–chalcopyrite aggregates and largely
contains admixtures of Cu (1.1 wt.% on average) and, occasionally, Au (up to 4.3 wt.%).

Quite common for the bornite–chalcopyrite aggregates are inclusions of gold and
silver tellurides: hessite Ag2.00Te1.00 and stutzite Ag4.81Te3.19. The size of these phases does
not exceed 20 µm, and they never form intergrowths with other noble metal minerals.

Gold and silver alloys are less common than the noble metal chalcogenides. They
form small (generally <10 µm) isometric and rounded inclusions in bornite (Figure 6h,i).
The content of Au in these phases varies from 40.3 to 58.5 wt.%. All alloys analyzed contain
Cu and Hg impurities, which content reaches 7.53 and 2.75 wt.%, respectively. A single
grain of silver native Ag0.76Au0.13Hg0.11 has been found (Figure 6i). It is characterized by a
heterogeneous distribution of Hg (8.1–16.8 wt.%) and Au (up to 30.0%) concentrations.

4.5. Noble Metal Geochemistry

To test the mineralogical data against the bulk rock geochemistry, bulk PGE + Au
analyses have been performed on samples K4-20 (magnetite clinopyroxenite) and K4-30
(amphibole clinopyroxenite from the dyke). In addition, four bulk chemical compositions
of these rock varieties have been borrowed from [28,42]. In our analyses, concentrations of
Os, Ir, Ru and Rh were below the limits of detection (see Methods). Quantities of Pt, Pd
and Au in magnetite clinopyroxenites are nearly equal and do not exceed 20 ppb, whilst
amphibole clinopyroxenites contain more of these elements and, particularly, Pd, which
reaches 230–240 ppb (Table 6). This difference is also evident from the the primitive-mantle
normalized [43] patterns of the PGEs (Figure 7). This supports the mineralogical evidence,
and although bulk PGE analyses reported in this study are not enough for robust statistical
implications, they are in agreement with the data of [28,42], which show the same noble
metal systematics and additionally provide contents of Os, Ir and Rh.

Table 6. Bulk rock noble metal concentrations (ppb) in magnetite and amphibole clinopyroxenites.
K4-30 and K4-20—our data; KK10 and KK12—from [42].

Sample Type Os Ir Ru Rh Pt Pd Au

K4-30 Amp Cpx-te <10 <3 <5 <5 49 237 33
K4-20 Mag Cpx-te <10 <3 <5 <5 17 19 19
KK10 Mag Cpx-te 0.7 0.1 - 1.2 1.5 7.4 4.5
KK12 Amp Cpx-te 0.3 0.1 - 0.3 38 157 8.5

5. Discussion
5.1. Comparison to Other Cu-Noble Metal Occurrences in the UA-Type Clinopyroxenites

Noble metal mineralization in clinopyroxenites of the Ural platinum belt is studied
relatively poorly, insofar as copper–noble metal ores hosted by ultramafic rocks of the
UPB have been studied in detail only for the Baronskoe deposit [29]. In this occurrence,
noble metal minerals are represented by vysotskite PdS, kotulskite, stillwaterite Pd8As3, a
series of unnamed Pd-As-Te phases and Pd-rich electrum [29] (Table 4). However, these
clinopyroxenites are genetically linked with the Volkovsky complex [30], which attribution
to the UA-type is controversial [6,36]. On the contrary, Kachkanar intrusion has been
considered as an upper part of a UA-type intrusion [6]. Moreover, some studies unite
Kachkanar intrusion and the neighboring clinopyroxenite–dunite Veresovoborsky and
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Svetloborsky intrusions into a large single UA-type complex [5,13]. Previously, Volchenko
et al. [28] published a geochemical review of the rocks of the Kachkanar intrusion, particu-
larly focusing on their noble metal potential. Although that study did not consider noble
metal mineralogy in detail, it reported the presence of vysotskite (PdS), braggite (Pt,Pd)S
with an admixture of Hg, aethenite, mertieite, kotulskite with an admixture of Hg, potarite,
Pd-bearing tetraferroplatinum as well as alloys of Cu-Pd and Au-Ag-Pd compositions [28]
(Table 4).

Similar styles of noble metal mineralization, tightly associated with copper sulfides,
have been reported for several UA-type complexes of North America: Salt Chuck, Tulameen
(Alaska) and Turnagain (British Columbia) [44–53].

In the Salt Chuck complex, PGM and copper ores (0.95% Cu, 19.9 g/t Au, 7 g/t Ag, and
26.1 g/t Pd on average) are hosted by biotite-bearing magnetite clinopyroxenite and gabbro
with the richest zones being controlled by fault zones [44,48,52]. Noble metal minerals have
been reported to be enclosed by sulfides, and dominated by kotulskite, often intergrown
with hessite. Temagamite and isolated grains of Au-rich sperrylite and kotulskite are not
uncommon for the Salt Chuck gabbros and pyroxenites as well [44].

In the Turnagain complex, clinopyroxenites and wehrlites host massive and semimas-
sive Ni-Cu-Fe ores, which have been suggested to originate from silicate–sulfide immisci-
bility [44,45]. Furthermore, [46] reported disseminated (~5%) sulfide Cu-Fe ores with minor
pyrite, pentlandite, aresenides, As-Sb sulfides and PGMs which include sperrylite (Pt2As),
sudburyite (Pd,Ni)Sb, Pd-rich melonite (Ni,Pd)Te2, hongshiite PtCu, testibiopalladinite
PdTe(Sb,Te) and genkinite (Pt4Sb3). These PGMs have been reported to occur mainly as
small (<40 µm) inclusions hosted by sulfides of Cu, Fe, Ni and Co [46].

In the Tulameen complex, chalcopyrite–bornite–pyrite mineralization, containing
PGMs, is hosted by magnetite–amphibole pyroxenites. Among the PGMs identified were
sperrylite, isomertieite Pd11Sb2As2 and some Pd-Te-Sb unnamed phases [47].

Copper–noble metal mineralization of the Kachkanar clinopyroxenites is most similar
to the ones of Salt Chuck and Tulameen complexes. The sulfide-PGM assemblage of the
Turnagain complex is somewhat different, being characterized by elevated Ni abundance in
sulfides and PGMs. Therefore, Cu-Fe sulfide and noble metal assemblage of the Kachkanar
intrusion clinopyroxenites are generally typical for the clinopyroxenites of the UA-type
complexes, particularly to those of the economic Salt Chuck sulfide deposit and occurrences
of the Tulameen complex.

5.2. Clinopyroxenite-, Dunite- and Gabbro- Hosted Noble Metal Assemblages

Comparison of the studied noble metal assemblage and that of dunites of the Svet-
loborsky and Veresovoborsky intrusions (parts of the same Kachkanar complex) as well
as the other UPB dunites shows that the clinopyroxenitic and dunitic lithologies have
generally contrasting sets of the PGMs. Platinum-group minerals from dunites and dunite-
hosted chromitites are dominated by Pt-Fe intermetallides (largely primary isoferroplat-
inum) and minerals of the iridium-group PGEs (IPGEs): native osmium and iridium,
laurite and erlichmanite. The secondary assemblage includes mainly tetraferroplatinum,
tulameenite, ferronickelplatinum, cooperite, kashinite, ferrorhodsite and various PGE
thiospinels [4,11,12,14,15,17,18]. On the contrary, clinopyroxenites host mainly chalco-
genides of Pd and Ag as well as electrum and Au native.

On the other hand, there is some overlap between dunitic and clinopyroxenitic no-
ble metal assemblages. Firstly, secondary minerals for the dunitic PGMs set also include
chalcogenides and Pd-Pb minerals, which may occupy up to 15 vol. % of the PGM nuggets:
Pt arsenides and sulfoarsenides, potarite, zvyagentsevite Pd3Pb, plumbopalladinite Pd3Pb2
and unnamed Pb-Te-Bi phases ([41] and unpublished authors’ data). Secondly, late-stage
sperrylite in the PGM assemblage of the Veresovoborsky intrusion contains up to 2.3–3 wt.%
Pd [17,41]. Thirdly, the presence of Pd-bearing tetraferroplatinum has been previously
reported in Kachkanar clinopyroxenites [27]. Finally, Pd-rich (up to 7–8 wt.% Pd) tulameen-
ite [4], tetraferroplatinum [12] and Rh-Ir-Pt thiospinels [11] were found in chromitites
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of the Uktus and Kytlym UA-type complexes of the UPB. These features superficially
bridge dunitic and clinopyroxenitic noble metal assemblages, showing that they may rather
represent different stages of a magmatic (fluid-magmatic) evolution than be completely
unrelated to each other.
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Furthermore, noble metal mineralization in the clinopyroxenites is similar to that
in gabbroic rocks of the UA-type complexes. Although noble metal mineralogy of the
Kachkanar complex gabbros has not been studied, a comparison of the studied mineral
assemblages with those of the gabbros of the Serebryansky Kamen’ [22] and Kumba [23]
intrusions shows that both have Pd and Au specifics and are devoid of Pt and IPGE (Ir,
Os, Ru) minerals (Figure 7). Moreover, in both clinopyroxenitic and gabbroic suites, noble
metal mineralization associates with Cu-sulfides and occurs in amphibole-rich varieties.
Although in the cases reported [22,23] the gabbro-hosted mineralization contains more Pd
arsenides than the studied clinopyroxenites, it could be due to variations of the chalcogens’
proportions in the parental magmas. We expect that similar studies of the PGE and PGM
systematics of the Mt. Sarannaya gabbros (Figure 1) will shed more light on the PGM
fractionation in the Kachkanar UA-type complex itself.

As the bottom line, bulk rock distribution of the noble metals in dunites and clinopy-
roxenites of the Kachkanar, Svetloborsky and Veresovoborsky intrusions reveals a strong
fractionation of these metals: IPGEs and Pt concentrate in dunites, while Pd, Au and Ag–in
clinopyroxenites [18]. Furthermore, the PGE patterns of the clinopyroxenites are more
similar to the gabbroic ones (Figure 7). Such a distribution of the noble metals is reported
characteristic of the other Ural–Alaskan-type complexes worldwide [50,54]. Therefore, our
mineralogical and geochemical data on the noble metal mineralogy in clinopyroxenites of
the Kachkanar intrusion are consistent with this “common UA-type pattern” and perfectly
corroborate it.

5.3. Origin of the Mineralization

The formation of clinopyroxenites of the UA-type complexes and the Kachkanar
intrusion particularly, remains debatable. It had been suggested that such rocks are formed
due to either metasomatic transformation of dunitic rocks by basaltic melts [9,38] or some
fluids [55]. Further studies advocated that clinopyroxenites of the UA-type complexes form
from H2O-saturated basaltic magmas at high oxygen fugacity (around the NNO buffer) and
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temperatures of ca. 1100 ◦C [48] or some specific “wehrlitic” magmas [56]. Currently, the
most acknowledged hypothesis proposes that these rocks primarily formed from high-Ca
ankaramitic magmas as near-cotectic olivine–clinopyroxene (ideally ~10 and ~90 vol. %,
respectively) cumulates, containing various amounts of a spinel phase (Cr-magnetite and
magnetite) [4,25–27]. In this scenario, the formation of clinopyroxenites appears to be an
intermediate stage of a high-Ca mafic/ultramafic melt differentiation, which regularly
follows the crystallization of the early olivine–chromite cumulates (dunites).

During such a differentiation, the composition of spinel-group minerals, which crystal-
lize along with the silicates, changes from chromite and Al-rich chromite to Cr-Ti magnetite
as Cr is exhausted from the melt. The onset of abundant magnetite crystallization, which
occurs generally during the olivine–clinopyroxene cotectic [54], results in a reduction of the
melt, turns significant S4+ into S2− form and may promote silicate–sulfide immiscibility [54].
Importantly, in this scenario, sulfides form after major olivine has been crystallized and
thus should have high Cu/Ni ratios.

Finally, after a “protholith” of a UA-type complex, consisting of a dunite–clinopyroxenite–
gabbro cumulate sequence, possibly with minor interstitial melts and fluids, is mostly formed,
it is apparently subjected to tectonic deformation, which is evident from their largely “diapiric”
occurrence and petrostructural data [5,57,58]. During this stage, fractured and permeable
zones may control migration and concentration of late- and postmagmatic liquids (fractionated
melts and fluids).

Within this petrological context, clinopyroxenite-hosted PGM-sulfide assemblages in
the UA-type complexes have been considered as (1) crystallized from some “ore-bearing”
fluids seeping mainly along the clinopyroxenite–gabbro boundaries [51,59] or (2) originated
via solely silicate–sulfide immiscibility [45] or (3) formed during both magmatic and
hydrothermal processes [29,44,48,60].

Our data distinctly show that the noble metal minerals associate with the sulfides and
were apparently syngenetic with the latter. On the one hand, this could lead to a conclusion
that the noble metals concentrated into a Cu-rich sulfide melt when the “magnetite-crisis”-
related immiscibility occurred [48] and precipitated as chalcogenides at the terminal stages
of sulfide liquid crystallization [61]. On the other hand, magnetite clinopyroxenites, which
in this case should have been rich in sulfides and noble metals, contain relatively scarce
mineralization and are poorer in the PGEs than the amphibole clinopyroxenites (Table 1,
Figures 5 and 7). Therefore, we deem that the two-stage (magmatic + hydrothermal) model
similar to that suggested by [48] could explain the features observed.

At the 1st stage, a small amount of base metal sulfide melt was generated due to
the magnetite-related redox shift. This event formed disperse sulfides within magnetite
clinopyroxenites (Figure 8A), which compose the majority of the Kachkanar clinopyroxenite
body and host the studied mineralized dyke. The composition and proportions of these
sulfides roughly corresponded to an “orthomagmatic” base metal assemblage with nearly
equal amounts of pyrrhotite and chalcopyrite (Figure 5a), while pentlandite was deficient
apparently due to a lack of Ni after olivine crystallization. Then, exsolution of H2O-
rich fluid from a magnetite + clinopyroxene(+olivine) cumulate pile resulted in a partial
resorption of these sulfides [62,63] and enrichment of this fluid with S and other chalcophile
elements, including noble metals (Figure 8B). At the same time, cumulate compaction,
tectonic processes and, likely, diapirism of the near-solidus body, produced low-coherent
and more permeable zones, which acted as pathways for the late-magmatic melts and
fluids (Figure 8A).
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At the 2nd stage, migration of these liquids through those pathways produced hetero-
geneous amphibolization of the clinopyroxenites and formed amphibole-rich “dykes”, one
of which is considered here (Figure 8A). As H2O from the fluid reacted with clinopyrox-
enes to form amphiboles, the concentration of S and chalcophile elements in the liquids
increased, reaching saturation and, finally, formed Cu-rich sulfide mineralization within the
amphibole clinopyroxenites (Figure 8C). Alternatively, pyrrhotite could have been initially
formed but then was lost due to oxidation, as was proposed for the Platinova reef of the
Skaergaard intrusion [64]. Since the process of sulfide redeposition has been controlled
by weakened zones, the resulting sulfide mineralization after this stage could have been
strongly heterogeneous, even within the amphibole clinopyroxenites themselves.

Noteworthy, the 2nd-stage sulfide and noble metal concentration was apparently
continuous and lasted until relatively low-temperature conditions. This is implied by
(1) two generations of sulfide mineralization (bornite–chalcopyrite–magnetite and pyrite–
chalcopyrite), (2) formation of the chlorite–actinolite edging of the chalcopyrite veins,
characteristic of the second generation and (3) abundance of Te- and, particularly, Hg-rich
mineral phases, that are typical for low-T epithermal conditions (e.g., [65]). The possibility
of a continuous transport of Pd by fluids, rich in S and Cl, until relatively low-T conditions
is supported by numerous empirical and theoretical studies (e.g., [66–68]).

5.4. Fractionation of the Noble Metals during Formation of the UA-Type Complexes

Although from examples of the Alaskan UA-type complexes it is well known that
dunitic and chromititic lithologies are Pt- and IPGE-rich, while clinopyroxenites and gab-
bros concentrate Pd, Au, Cu and other chalcophile elements, there is a lack of petrological
details which explain such a distribution. If it is assumed that the UA-type complexes
are primarily formed due to fractional crystallization of a high-Mg, high-Ca (picritic or
ankaramitic) melt within supra-subduction settings, then at the earliest stage chromite
crystallizes along with olivine to form dunites. At relatively oxidized conditions, sulfide
saturation is not reached, and the PGEs do not exhibit their chalcophile features. It has
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been shown that in such circumstances, Os, Ir and Ru tend to be compatible with chromite,
and, partially, olivine [69–71]. At the same time, direct crystallization of Os-, Ir-, Ru-, Rh-
and Pt-bearing alloys and intermetallides takes place at the chromite-melt boundary zone,
possibly due to a local reduction of the melt around chromite [72]. Notably, abundant
micro- and nanoscale crystalline PGM inclusions are particularly characteristic for Cr-spinel
from primitive volcanics [73]. These processes result in the melt’s early-magmatic deple-
tion in these metals, which is also largely manifested in geochemical patterns of the arc
volcanics [74–80].

On the contrary, Pd, Au, Ag (and Cu) are relatively incompatible with both chromite
and olivine and tend to accumulate in a melt during its differentiation [76]. Therefore,
at the time when the magnetite begins to crystallize and the first sulfide fraction may
form, the melt is already depleted in the IPGEs, Pt (and Ni, which partitioned into olivine),
while enriched in Pd, Au, Ag (and Cu). The separating sulfide fraction inherits this
systematics of the noble and chalcophile metals and concentrates them within magnetite
clinopyroxenites [54]. Subsequent fluid processes may additionally fractionate the noble
metals, concentrating more mobile elements such as Pd, Au, Ag, Hg and Te in amphibole-
rich lithologies, and leaving Pt, Ni and, possibly, Cu in dispersed sulfide mineralization in
the pristine magnetite clinopyroxenites.

Mineralogical (this study and [28]) and geochemical [18] data on the Kachkanar
clinopyroxenites corroborate this theory, showing the strongly fractionated noble metal
composition of these rocks (Figure 7). Furthermore, the fact that the dunites of the
Veresovoborsky and Svetloborsky intrusions (as well as UPB dunites in general) are poor in
Pd, Au and Ag minerals, while clinopyroxenites contain very few Pt minerals, implies that
the formation of the PGE–chromite and PGE–sulfide assemblages were not temporary and
spatially related. Likely, even if liquids that form chromitite-hosted PGE mineralization
reached sulfide saturation, they were Pd-deficient. On the contrary, sulfide melt, which
formed a “protholith” for the sulfide–PGE mineralization, should have reacted with Pd-
Au- and Ag-bearing evolved silicate melt and become enriched in these metals. At the same
time, dunitic and clinopyroxenitic noble metal assemblages are not completely different and
do share some common minerals (tetraferroplatinum, potarite and other Pd chalcogenides).
This provides a link between these types of mineralization and suggests that they may
represent different stages of the evolution of a single magmatic system, as predicted by [54].

6. Conclusions

Sulfide-rich amphibole clinopyroxenites, hosted by sulfide-poor magnetite clinopy-
roxenites of the Kachkanar intrusion, contain noble metal mineralization, with a compo-
sition similar to that in clinopyroxenites of the Alaskan UA-type complexes (Tulameen
and Salt Chuck) [44–53]. The mineralization comprises palladium and silver tellurides
(keithconnite Pd3−xTe, sopcheite Ag4Pd3Te4, stutzite Ag5−xTe3, hessite Ag2Te and meren-
skyite PdTe), Pd bismotellurides (kotulskite Pd(Te,Bi)), Pd-Hg chalcogenides (temagamite
Pd3HgTe, atheneite (Pd,Hg)3As), potarite PdHg, electrum AuAg and Hg-bearing native
silver. Among those, six mineral phases have been first reported for clinopyroxenites of
the UPB. Abundances of noble metals, sulfide minerals and amphibole are directly linked,
suggesting the chalcophile behavior of the noble metals and a fluid-assisted origin of the
mineralization. We suggest a two-stage model for the origin of the mineralization: (1) initial
separation of a Cu-rich sulfide melt, enriched in Pd, Au, Ag and other chalcophile elements
during crystallization of magnetite clinopyroxenites; (2) fluid-assisted redeposition of the
sulfides and noble metals and their concentration in “dykes” of amphibole clinopyroxenites.
Furthermore, as the Kachkanar intrusion is part of a large Kachkanar UA-type complex,
which includes Svetloborsky and Veresovoborsky clinopyroxenite–dunite intrusions, these
data, together with the PGE mineralogy of the dunites, make this complex a good record of
the noble metal fractionation and highlight a contrasting behavior of IPGE + Pt and Pd +
Ag + Au during the formation of the UA-type complexes. Finally, given that the gabbroic
intrusion of Mt. Sarannaya, which is located northwards from the Kachkanar intrusion
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(Figure 1), is attributed to this UA-type complex as well [37], it may be possible to use these
four intrusions in a reconstruction of the “first crystals-to-deuteric alteration” behavior of
the noble metals during fractionation of magmas, parental for the UA-type complexes.
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