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The platinum-group minerals (PGM) consist of a group of accessory minerals that concentrate the six
platinum-group elements (PGE): osmium (Os), iridium (Ir), ruthenium (Ru), rhodium (Rh), platinum (Pt),
and palladium (Pd). Recently, the PGE have gained tremendous importance due to their application in
many modern and advanced technologies. However, with a concentration of about 10−6 to 10−7 % in the
Earth’s crust, the PGE are numbered among the ultratrace elements. The PGM occur naturally, as alloys,
native elements, or combinations with other elements, mainly S, As, Te, Bi, Sb, Se, and, rarely, O. Moreover,
the PGM are rare, representing only less than 3% of the approved minerals by the Commission on New
Minerals and Mineral Names of the International Mineralogical Association (IMA). Concentration of PGE
of economic importance is present in mafic–ultramafic layered intrusions, in continental flood basalts,
in the Alaskan-type complexes, and in the placer deposits derived by their erosion [1]. Sub-economic
concentration of PGE has been reported from the organic-rich black shales of the Zechstein deposits in
Poland [2] as well as from several chromitites associated with ophiolite [1]. Regarding their genesis,
the PGM are divided into two main groups: 1) the primary PGM that crystallized at high temperature
during the magmatic stage and 2) the secondary PGM that precipitated or have been altered and
reworked at low temperature.

This Special Issue of Minerals aimed to bring together recent studies on the mineralogical aspect
of the PGE with special regards on how and where the PGM formed. Occurrence and description of
PGM from China, Russia, South Africa, USA, and Zimbabwe are reported.

In his contribution, Oberthür [3] reported on the presence of PGM found in the layered intrusions
of the Bushveld and Great Dyke complexes, discussing in great detail, the PGM genetical evolution
from their lode deposits to the placers. According to this author, the final PGM suite which survived
the weathering alteration from sulfide ores via oxidized ores into placers results from the continuous
elimination of unstable PGM and the dispersion of soluble PGE. The final alluvial PGM assemblage
consists of a great number of residual, detrital grains accompanied by minor and rare authigenic PGM
that crystallized in the supergene environment.

The study by Stepanov et al. [4] demonstrated that the degree of alteration of PGM in placers
associated with the Ural-Alaskan type Svetloborsky massif is linked to the transport distance.
In particular, these authors had shown that at a distance of more than 10 km, the degree of PGM
mechanical attrition becomes significant, and the primary morphological features, characteristic of
lode platinum, are rarely preserved.

The origin of magmatic PGM in chromite deposits associated with ophiolites and Alaskan-type
complexes of the Urals had been discussed in the paper by Zaccarini et al. [5]. Crystallization of Os, Ir,
and Ru minerals in ophiolitic chromitites took place during and after primary chromite precipitation,
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under variable sulfur fugacity and temperature. The dominant PGM in the Alaskan-type chromitites
are Pt–Fe alloys that crystallized at 1300 and 1050 ◦C. On-cooling equilibration to about 900 ◦C may
produce lamellar unmixing of different Pt–Fe alloys and osmium. Precipitation of the Pt–Fe alloys
locally is followed by an increase of sulfur fugacity leading to the formation of rare PGE sulfides.

PGM and PGE–Au phases found in alluvium along the River Bolshoy Khailyk, in the western
Sayans, Russia, have been described by Barkov et al [6]. Three groups of alloy are reported and an
order of crystallization is suggested: 1) Os–Ir–Ru, 2) Pt3Fe, and 3) Pt–Au–Cu alloys, which likely
crystallized in the sequence from Au–(Cu)-bearing platinum, Pt(Au,Cu), Pt(Cu,Au), and PtAuCu2, to
PtAu4Cu5. Many of the Os–Ir–Ru and Pt–Fe grains have porous and altered rims that contain secondary
PGM, gold, and rare Cu-rich bowieite and a Se-rich sulfarsenide of Pt. Barkov et al. [6] argued that
the alloys precipitated in a highly reducing environment. Late assemblages indicate the presence
of an oxygenated local environment leading to Fe-bearing Ru–Os oxide and seleniferous minerals.
A primitive ultramafic rock was the source of the studied alluvial PGM and associated minerals.

A careful mineralogical study of PGM grains from alluvial placers of the Gornaya Shoria of
Russia [7] allowed to postulate the conditions of their formation and alteration. The original sub-graphic
and layered texture pattern of PGM and gold indicate that they are the result of solid solution and
eutectic decompositions occurred at magmatic stages, including the result of the interaction of Pt3Fe
with a sulfide melt enriched with Te and As.

In their review, Barkov and Cabri [8] summarized the compositional variations of major and
minor elements in Pt–Fe alloys from both lode and placer occurrences found in layered intrusions,
Alaskan-Uralian-(Aldan)-type and alkaline gabbroic complexes, ophiolitic chromitites from Canada,
USA, Russia, and other localities worldwide. Typically, Ir, Rh, Pd, and minor Cu, Ni are incorporated
into a compositional series (Pt,PGE)2–3(Fe,Cu,Ni) in the lode occurrences. In contrast, the distribution
of Ir, Rh, and Pd is fairly chaotic in placer Pt–Fe grains. These authors noticed that the Pt–Fe alloys
from placers are notably larger in size compared to those from lode deposits. However, based on their
observation of a large dataset of Pt–Fe alloys from numerous origins, Barkov and Cabri [8] concluded
that they show compositional overlaps that are too large to be useful as reliable index minerals.

Yang et al. [9] reported on the presence of PGM such as laurite, Os–Ir–Ru alloys, and minor
Pd–Te, anduoite, and irarsite in dunite and chromitite of the Xiadong Alaskan-type complex located in
southern Central Asia. These authors noticed that the PGM described are very different compared to the
typical PGM assemblage of the Alaskan-type complexes worldwide. The highest PGE concentrations
(112 ppb) was detected in a dunite sample. Therefore, the authors suggested that the Xiadong complex
has potential for PGE exploration.

The contribution by Koerber and Thakurta [10] is dealing with the investigation of a gabbro from
the midcontinent rift Echo Lake intrusion in northern Michigan, USA. The authors found that the
investigated rocks are characterized by a PGE-enrichment in a 45 m thick magnetite-ilmenite-bearing
olivine gabbro unit with grades up to 1.2 g/t Pt + Pd and 0.3 wt % Cu, related to the presence of
disseminated pyrrhotite and chalcopyrite.

The occurrence of a rare Pt-enriched tetra-auricupride was documented by Barkov et al. [11] from
an ophiolite-associated placer at Bolshoy Khailyk, western Sayans, Russia. The authors, based on the
chemical composition and a synchrotron micro-Laue diffraction study, concluded that tetra-auricupride
can incorporate as much as ~30 mol % of a “PtCu” component, apparently without relevant modification
of the unit cell.

A mineralogical investigation of PGM nuggets composed mainly of Os–Ir–(Ru) and minor Pt–Fe
alloys from the Sisim Placer, eastern Sayans, Russia, was carried out by Barkov et al. [12]. The Os–Ir–(Ru)
contains several inclusions such as PGE-rich monosulfide, PGE-rich pentlandite, and Ni–Fe–(As)-rich
laurite. The authors suggested that the studied nuggets derived by the erosion of a chromitite of the
Lysanskiy mafic–ultramafic complex. The presence of localized fluids was recognized and the fluids
were responsible for the crystallization of the unique association of laurite with monazite-(Ce) found
in the Sisim Placer.
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Last but not least, this Special Issue hosts one paper in which Vymazalova et al. [13] reported
the discovery of a new PGM. The new PGM, Pd9Ag2Bi2S4, is named thalhammerite, and it was
discovered in galena-pyrite-chalcopyrite and millerite-bornite-chalcopyrite vein-disseminated ores
from the Komsomolsky mine of the Talnakh and Oktyabrsk deposits, Noril’sk region, Russia. Due to
the small size of thalhammerite in the natural sample, its crystal structure was solved and refined from
the single-crystal X-ray-diffraction data of synthetic Pd9Ag2Bi2S4. The mineral is tetragonal, space
group I4/mmm, with a 8.0266(2), c 9.1531(2) Å, V 589.70(2) Å3, and Z = 2.

Overall, we hope that this Special Issue will contribute to a better understanding of the origin of
the PGM and will promote future investigation of tiny and rare minerals such as the PGM.

Finally, we would like to thank the authors, referees, and editorial staff of Minerals for their
precious effort that contributes to the success of this Special Issue.

Author Contributions: A.B and F.Z. wrote this editorial.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pohl, W. Economic Geology: Principles and Practice; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 1–680.
2. Kucha, H. Platinum-group metals in the Zechstein copper deposits, Poland. Econ. Geol. 1982, 77, 1578–1591.

[CrossRef]
3. Oberthür, T. The fate of platinum-group minerals in the exogenic environment—From sulfide ores via

oxidized ores into placers: Case studies bushveld complex, South Africa, and Great Dyke, Zimbabwe.
Minerals 2018, 8, 581. [CrossRef]

4. Stepanov, S.Y.; Palamarchuk, R.S.; Kozlov, A.V.; Khanin, D.A.; Varlamov, D.A.; Kiseleva, D.V. Platinum-group
minerals of Pt-placer deposits associated with the Svetloborsky Ural-Alaskan type massif, Middle Urals,
Russia. Minerals 2019, 9, 77. [CrossRef]

5. Zaccarini, F.; Garuti, G.; Pushkarev, E.; Thalhammer, O. Origin of platinum group minerals (PGM) inclusions
in chromite deposits of the Urals. Minerals 2018, 8, 379. [CrossRef]

6. Barkov, A.Y.; Shvedov, G.I.; Silyanov, S.A.; Martin, R.F. Mineralogy of platinum-group elements and gold
in the ophiolite-related placer of the River Bolshoy Khailyk, Western Sayans, Russia. Minerals 2018, 8, 247.
[CrossRef]

7. Nesterenko, G.V.; Zhmodik, S.M.; Belyanin, D.K.; Airiyants, E.V.; Karmanov, N.S. Micrometric inclusions in
platinum-group minerals from Gornaya Shoria, Southern Siberia, Russia: Problems and genetic significance.
Minerals 2019, 9, 327. [CrossRef]

8. Barkov, A.Y.; Cabri, L.J. Variations of major and minor elements in Pt–Fe alloy minerals: A review and new
observations. Minerals 2019, 9, 25. [CrossRef]

9. Yang, S.H.; Su, B.X.; Huang, X.W.; Tang, D.M.; Qin, K.Z.; Bai, Y.; Sakyi, P.A.; Alemayehu, M. Platinum-group
mineral occurrences and platinum-group elemental geochemistry of the Xiadong alaskan-type complex in
the Southern Central Asian orogenic belt. Minerals 2018, 8, 494. [CrossRef]

10. Koerber, A.J.; Thakurta, J. PGE-enrichment in magnetite-bearing olivine gabbro: New observations from the
midcontinent rift-related echo lake intrusion in Northern Michigan, USA. Minerals 2019, 9, 21. [CrossRef]

11. Barkov, A.Y.; Tamura, N.; Shvedov, G.I.; Stan, C.V.; Ma, C.; Winkler, B.; Martin, R.F. Platiniferous tetra-auricupride:
A case study from the Bolshoy Khailyk placer deposit, Western Sayans, Russia. Minerals 2019, 9, 160. [CrossRef]

12. Barkov, A.Y.; Shvedov, G.I.; Martin, R.F. PGE–(REE–Ti)-rich micrometer-sized inclusions, mineral associations,
compositional variations, and a potential lode source of platinum-group minerals in the Sisim placer zone,
Eastern Sayans, Russia. Minerals 2018, 8, 181. [CrossRef]

13. Vymazalová, A.; Laufek, F.; Sluzhenikin, S.F.; Kozlov, V.V.; Stanley, C.J.; Plášil, J.; Zaccarini, F.; Garuti, G.;
Bakker, R. Thalhammerite, Pd9Ag2Bi2S4, a new mineral from the Talnakh and Oktyabrsk deposits, Noril’sk
Region, Russia. Minerals 2018, 8, 339. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

3



minerals

Article

Origin of Platinum Group Minerals (PGM) Inclusions
in Chromite Deposits of the Urals

Federica Zaccarini 1,*, Giorgio Garuti 1, Evgeny Pushkarev 2 and Oskar Thalhammer 1

1 Department of Applied Geosciences and Geophysics, University of Leoben, Peter Tunner Str.5,
A 8700 Leoben, Austria; giorgio.garuti1945@gmail.com (G.G.); oskar.thalhammer@unileoben.ac.at (O.T.)

2 Institute of Geology and Geochemistry, Ural Branch of the Russian Academy of Science, Str. Pochtovy per. 7,
620151 Ekaterinburg, Russia; pushkarev@igg.uran.ru

* Correspondence: federica.zaccarini@unileoben.ac.at; Tel.: +43-3842-402-6218

Received: 13 August 2018; Accepted: 28 August 2018; Published: 31 August 2018
��������	
�������

Abstract: This paper reviews a database of about 1500 published and 1000 unpublished microprobe
analyses of platinum-group minerals (PGM) from chromite deposits associated with ophiolites
and Alaskan-type complexes of the Urals. Composition, texture, and paragenesis of unaltered
PGM enclosed in fresh chromitite of the ophiolites indicate that the PGM formed by a sequence of
crystallization events before, during, and probably after primary chromite precipitation. The most
important controlling factors are sulfur fugacity and temperature. Laurite and Os–Ir–Ru alloys
are pristine liquidus phases crystallized at high temperature and low sulfur fugacity: they were
trapped in the chromite as solid particles. Oxygen thermobarometry supports that several chromitites
underwent compositional equilibration down to 700 ◦C involving increase of the Fe3/Fe2 ratio. These
chromitites contain a great number of PGM including—besides laurite and alloys—erlichmanite,
Ir–Ni–sulfides, and Ir–Ru sulfarsenides formed by increasing sulfur fugacity. Correlation with
chromite composition suggests that the latest stage of PGM crystallization might have occurred in
the subsolidus. If platinum-group elements (PGE) were still present in solid chromite as dispersed
atomic clusters, they could easily convert into discrete PGM inclusions splitting off the chromite
during its re-crystallization under slow cooling-rate. The presence of primary PGM inclusions in fresh
chromitite of the Alaskan-type complexes is restricted to ore bodies crystallized in equilibrium with
the host dunite. The predominance of Pt–Fe alloys over sulfides is a strong indication for low sulfur
fugacity, thereby early crystallization of laurite is observed only in one deposit. In most cases, Pt–Fe
alloys crystallized and were trapped in chromite between 1300 and 1050 ◦C. On-cooling equilibration
to ~900 ◦C may produce lamellar unmixing of different Pt–Fe phases and osmium. Precipitation of
the Pt–Fe alloys locally is followed by an increase of sulfur fugacity leading to crystallize erlichmanite
and Ir–Rh–Ni–Cu sulfides, occurring as epitaxic overgrowth on the alloy. There is evidence that the
system moved quickly into the stabilization field of Pt–Fe alloys by an increase of the oxygen fugacity
marked by an increase of the magnetite component in the chromite. In summary, the data support
that most of the primary PGM inclusions in the chromitites of the Urals formed in situ, as part of
the chromite precipitation event. However, in certain ophiolitic chromitites undergoing annealing
conditions, there is evidence for subsolidus crystallization of discrete PGM from PGE atomic-clusters
occurring in the chromite. This mechanism of formation does not require a true solid solution of PGE
in the chromite structure.

Keywords: chromitite; platinum group minerals; primary inclusions; ophiolite; Alaskan-type
complex.; Urals; Russia

Minerals 2018, 8, 379; doi:10.3390/min8090379 www.mdpi.com/journal/minerals4
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1. Introduction

Ever since pioneer geochemical surveys of ultramafic rocks [1–13], chromitite has been recognized
as a potential concentrator of platinum-group elements (PGE = Os, Ir, Ru, Rh, Pt, Pd). These metals
are mainly carried in minute grains (<20 μm) of specific platinum-group minerals (PGM) that occur
enclosed in chromite crystals, at the crystal rims or in the interstitial silicate gangue of the chromitite.
Because of their textural position the PGM not included in chromite are exposed to alteration and
can be remobilized at a small scale by the action of low-temperatures hydrous fluids [8,12]. The PGM
included in fresh chromite are preserved by alteration and generally are considered to have crystallized
at high temperature. Since the beginning, it was established that some chromitites preferentially
concentrate IPGE (Os, Ir, Ru), and others are dominated by PPGE (Rh, Pt, Pd), depending on PGE
fractionation during crystallization of the parent melt, and partial melting of the mantle source. Apart
from this question, there has been considerable debate concerning the mechanism by which discrete
PGM crystals are enclosed in the chromite. Some authors have interpreted the PGM to have exsolved
from the oxide host at some subsolidus stage, and actually experimental works have demonstrated that
some PGE have crystal-chemical compatibility for the spinel structure, being incorporated as a true
solid solution in the oxide [9]. However, some factual observations strongly argue against this model
as the sole mechanism for the formation of PGM in chromitite. For example, dissolution-exsolution
cannot explain the mineralogical diversity of PGM included in a single chromite crystal, neither can
it account for the compositional similarity of PGM found included in chromite and co-crystallizing
mafic silicates [4–6,10]. There is now a general consensus that the primary PGM are pristine liquidus
phases mechanically trapped in chromite and mafic silicates precipitating from the magma at high
temperature would appear the most likely. This model may easily account for the mineralogical
variability of PGM-bearing composite inclusions reported from a number of chromitites, and does not
require crystallographic substitution of PGE in the framework of chromite and mafic silicates [6,11–13].
The crystallization of PGM at high temperature is somehow supported by the so called “clusters
theory” [14]. These authors suggested that in natural magmas the PGE do not occur as free cations
or any other molecular species, but form disordered clusters consisting of a few hundred atoms,
suspended in the melt. Because of their physical and chemical properties the clusters will tend to
coalesce with decreasing temperature to form specific PGM alloys, sulfides, or compounds with other
ligands (e.g., As, Te, Bi, Sb). The “clusters theory” has received much attention from the students since it
can explain many characters of the primary PGM inclusions in chromitites. Nevertheless, the magmatic
association between chromite and PGE at high temperature still presents some unresolved questions
which need further investigation [15].

The chromite deposits of the Urals offer a unique opportunity to study genetic mechanisms of the
chromite-PGE mineralization associated with ophiolites and Alaskan-type ultramafic complexes. These
chromitites formed by a sequence of magmatic events marking the geodynamic evolution of the Uralian
Ocean, from its opening in Ordovician pre-Palaeozoic to closure in Upper Devonian-Carboniferous
Permo-Triassic times.

Preliminary overviews have revealed that chromitites associated with ophiolites and Alaskan-type
intrusions have distinct Os–Ir–Ru or Ir–Rh–Pt–Pd geochemical specialization, respectively [7,16],
providing a useful guideline for the interpretation of the primary source of PGE nuggets in alluvial
placer deposits of the Urals [7,16,17]. Mineralogical investigations carried out between 1996 and
2016 have described in detail the diverse PGM assemblages of the chromitites, thereby establishing a
close consistency between the geochemistry and mineralogy of the PGE [18–45]. The results of these
studies, however, did not lead to a conclusive model able to adequately explain the primary origin
of PGM inclusions in the chromite. Several aspects remain unsolved, for example, the physical state
of the PGM at the time of entrapment (liquid, solid crystals, solid + liquid), or the effects of chromite
re-equilibration in the subsolidus. The introduction of the “cluster theory” [14] clearly provides further
argument for debate making the role of the re-adjustment of PGM assemblages in the subsolidus
stage more likely. In order to contribute to the discussion, we have examined approximately 2500
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microprobe analyses of PGM grains, partly taken from the above literature and partly provided by
new analyses carried out in the course of this overview. A survey of electron-microscope images of
primary PGM inclusions in the fresh chromite is provided, in order to illustrate crystallization relations
among the different PGM phases. Comparison of PGE-PGM data with chromite composition allows us
to explore the possible correlation between the type of PGM mineralization and conditions invoked for
the precipitation of chromite at high magmatic temperature, or the influence of chromite on-cooling
equilibration in the subsolidus stage.

2. Geological Setting and Sample Provenance

Ural orogenic belt extends over 2500 km along the 60◦ East Meridian (Figure 1A). Ophiolites and
Alaskan-type complexes hosting the chromite deposits examined in this overview occur distributed
along the axial zone of the Ural belt (Figure 1B). Geologic classification of the chromite deposits [46]
includes: (1) Mantle-hosted ophiolitic chromitite (Ray-Iz, Alapaevsk, Kluchevsk, Nurali, Kraka,
Kempirsai Main Ore Field); (2) Banded chromitite in supra-Moho cumulate of ophiolites (Nurali,
Kempirsai Batamshinsk, Tagashasai, Stepninsk); (3) Chromitite lenses in Alaskan-type zoned intrusions
(Kytlym, Kachkanar, Nizhny Tagil, Uktus) (Table 1). Type-1 chromitites are characterized by high-Cr,
low-Ti composition and are hosted in harzburgite or lherzolite type ophiolites; most deposits have
economic size. Type-2 chromitites have high-Al composition, but their Ti content varies from low
to high according to the type of host-rock, dunite, pyroxenite, troctolite, clinopyroxenite. Type-3
chromitites have high-Cr, high-Ti composition. Type 2 and 3 chromitites have sub economic size
as a source of chromite ore. The geometrical relationships of type-3 deposits indicate “syngenetic”
deposition of chromitite in equilibrium with host dunite, or late “epigenetic” emplacement of chromitite
within solid dunite [47]. PGM in the syngenetic type chromitite mostly form small inclusions in
chromite crystals. PGM in the epigenetic chromitites fill interstitial space between chromite grains and
form huge aggregates which are the main source for the famous Uralian placers.

Figure 1. Cont.
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Figure 1. (A) The Ural orogen. (B) Simplified geological map of the Polar, Central, and Southern Urals,
showing the location of the complexes hosts the studied chromitites.

Type-3 chromite compositions reported in Table 1 refer to “syngenetic” chromitites which
better reflect conditions of chromitite-dunite co-precipitation from the Alaskan primitive magma,
at high temperature. Overview of the PGE geochemistry [24,28,39,40,44,48,49] indicates that the
chromitites are characterized by distinctive chondrite-normalized [50] PGE patterns, showing
alternative predominance of Os–Ir–Ru (Figure 2A), and Rh–Pt–Pd (Figure 2B,C) in podiform and
banded chromitites associated with ophiolites, or a marked Pt–Ir specialization with Ru negative
anomaly in those within Alaskan-type intrusions (Figure 2D).
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Figure 2. Platinum-group elements (PGE) chondrite [50] normalized patterns for selected chromitites
of the Urals. (A) PGE distribution in mantle hosted ophiolitic chromitites, MOF = main ore field.
(B) PGE distribution in banded chromitites from Kempirsai ophiolite, STEP = Stepninsk deposit,
BAT = Batamshinsk deposit. (C) PGE distribution in cumulus chromitites from the Nurali complex.
(D) PGE distribution in Alaskan-type chromitites from Uktus (UK), Kytlym (KT), Kachkanar (KK) and
Nizhny Tagil (NT) complexes. See the text for the data source.

3. Distribution and Mineralogy of the PGM Inclusions

The amount of PGM inclusions varies greatly in both the ophiolitic and Alaskan-type chromitites
of the Urals, displaying extremely irregular distribution even at the scale of single hand samples.
For example, in [27] it was reported that about 30% of the polished sections investigated from the
mantle-hosted chromitites of Kempirsai contain relatively abundant PGM, whereas only a few grains
were observed in the remainder. About 100 PGM grains were identified in 23 samples from three
chromite deposits of the Ray-Iz mantle tectonite, however only 10% of the samples showed significant
PGM enrichment [22]. Most samples from Kraka, Kluchevsk, Alapevsk and the banded chromitite in
the supra-moho cumulates of Kempirsai display very low contents of PGM, with a maximum frequency
of 4–5 grains per 6.5 cm2 [27,38,40,44]. In contrast, more than 400 PGM grains have been found in
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chromitite bands in the supra-moho cumulates of the Nurali ophiolite, with a maximum frequency of
8–10 grains per 6.5 cm2 [39]. About 50% of the chromitite samples investigated from the Alaskan-type
complexes were found to contain disseminated PGM. Chromitites from Nizhny-Tagil (18 samples)
and Kachkanar (4 samples) contain PGM with maximum contents of 50 and 8 grains, respectively [19].
About 420 PGM grains were analyzed in 15 samples from the Uktus and Kytlym zoned intrusions,
with a maximum frequency of 12 grains per 6.5 cm2 in the richest samples of Kytlym [23,24,41].
The mineralogy of PGM in the Ural chromitites includes alloys, sulfides, sulfarsenides, arsenides,
tellurides, antimonides, and accessory base metal (BM) minerals (sulfides, arsenides, oxides, alloys)
containing minor amounts of PGE. Accessory Au and Ag phases have also been reported from various
chromitites. A list of known and unknown PGM identified in the chromitites of the Urals is given in
Table 2.

Table 2. Platinum Group Minerals, and accessory PGE-bearing base-metal minerals identified in
chromitites of the Urals.

Mineral Species Ideal Composition

Sulfides

Laurite (RuOsIr)S2, Erlichmanite (OsRuIr)S2, Kashinite Ir2S3, Bowieite
Rh2S3, Cuproiridsite CuIr2S4, Cuprorhodsite CuRh2S4, Malanite
CuPt2S4, Cooperite (PtPdNi)S, Braggite (PtPdNi)S, Vysotskite (PtPtNi)S,
unknown Ir–Rh–Ni–Fe thiospinels and monosulfides;

PGE-bearing Base Metal Sulfides Ru-Pentlandite (NiFeRu)9S8, Rh-Pentlandite (NiFeRh)9S8, Pt-pyrrhotite
(FePt)1−xS, Ir–Rh–Heazlewoodite (NiIrRh)3S2

Sulfarsenides, Arsenides

Irarsite IrAsS, Osarsite OsAsS, Ruarsite RuAsS, Hollingworthite RhAsS,
Platarsite PtAsS, Omeiite OsAs2, Ruthenarsenite (RuNi)As,
Cherepanovite RhAs, Zaccariniite RhNiAs, Sperrylite PtAs2, unknown
Ir-Rh-Os arsenides

PGE-bearing Base Metal Arsenides Rh-Orcelite (NiIrRh)5−xAs2, Rh-Maucherite (NiIrRh)11As8

Alloys

Osmium, Iridium, Ruthenium, Rutheniridosmine (OsIrRu), Platinum,
Isoferroplatinum Pt3Fe, (Pt2.5(FeNiCu)1.5, Tetraferroplatinum PtFe,
Pt(FeNiCu), Ferronickelplatinum Pt2FeNi, Tulameenite Pt2FeCu,
Potarite HgPd, unknown Pt–Cu, Pt–Pd–Cu–Ni–Fe, Ru–Ir–Os–Fe–Ni

PGE-bearing Base Metal Alloys Ru-Awaruite NiFeRu, Garutiite NiFeIr

Tellurides, Antimonides Merenskyite PdTe2, Tolvkite IrSbS, Geversite PtSb2, Stibiopalladinite
Pd5+xSb2−x, unknown Ir–Sb, Pt–Fe–Sb, Rh–Te, Rh-Sb

PGE-bearing oxides Unknown Ru–Os–Ir–Fe–Ni–O

Most authors have divided the PGM into two genetically distinct categories, based on their
textural relations: (1) the “primary” PGM occurring enclosed in fresh chromite far from cracks and
alteration zones, and (2) the “secondary” PGM being invariably associated with low-temperature
assemblages, either included in the ferrianchromite rim of chromite grains, or in the interstitial
silicate matrix (serpentine, chlorite, talc). In this overview we have focused our attention on the
paragenetic characters of the primary PGM occurring enclosed in fresh chromite thereby reflecting
high temperature conditions of formation, having been preserved from low-temperature alteration.
The ophiolitic chromitites, as a whole, display predominance of Os–Ir–Ru minerals (IPGM) over
Rh–Pt–Pd (PPGM) (Figure 3A), in agreement with the dominant negative trend of the PGE profiles
(Figure 2A–C). The IPGM population mainly consists of Ru–Os disulfides of the laurite-erlichmanite
series, cuproiridsite, and various Ir–Ni thiospinels and monosulfides occurring in primary inclusions.
The sulfides are accompanied by decreasing amounts of Os–Ir alloys, As-bearing phases (irarsite), and
BM minerals containing detectable amounts of PGE (mainly Ru-pentlandite) (Figure 3B), which may
be found in both primary and secondary assemblages.

The small proportion (~6%) of PPGM reflects the occurrence of Pt and Pd phases (sperrylite,
stibiopalladite, tetraferroplatinum, potarite, unknown Pt–Pd–Cu–Ni–Fe alloys) in chromitites from
the uppermost cumulus layers of Nurali and Kempirsai [39,45], which distinguish for nearly flat to
markedly positive chondritic profiles. Particularly numerous is the category “Ox” including rare
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PGE oxydes and a great variety of unknown O-bearing compounds consisting of native Ru–Os–Ir
intermixed with Fe-oxide and relicts of sulfide. These grains are interpreted to have derived from
partial to complete desulfidation of primary PGM during serpentinization [21]. The Alaskan-type
chromitites contain high proportion (81%) of PPGM in front of 19% IPGM. Consistent with the
saw-like trend typical of most PGE profiles (Figure 2D), the PGM assemblage is characterized by the
predominance of Pt- and Ir-phases, and paucity of Ru and Pd PGM [15,24,41,48,50]. PGE alloys are
by far the most abundant PGM phase, accompanied by decreasing amounts of sulfides, As-PGM,
BM minerals, and Te-, Sb-, and Hg-based PGM (Figure 3B). The Pt–Fe alloys isoferroplatinum and
tetraferroplatinum, along with iridium, osmium, erlichmanite, kashinite, cooperite-braggite, Ir–Rh–Pt
thiospinels (cuproiridsite, cuprorhodsite, malanite), and unknown Ir–Ni sulfides (Table 2) are the
major components of primary inclusions in fresh chromite. Euhedral laurite crystals have also been
reported as primary inclusion in chromitites of the Uktus complex. Other PGM such as tulameenite,
Cu–Pd–Pt alloys, potarite, irarsite, geversite, tolovkite, unknown Rh–Te (Table 2) are found exclusively
as replacement of primary PGM, or associated with alteration assemblages (ferrianchromite, chlorite,
serpentine) indicating that they formed in a low-temperature post-magmatic stage [23,24].

 

Figure 3. Platinum group minerals (PGM) abundance in the ophiolitic and Alaskan-type chromitites
of the Urals. (A) Distribution of the PGM based on the dominant PGE. (B) Frequency of the PGM
according to their mineralogical species.

4. Primary PGM in Ophiolitic Chromitites

4.1. Paragenetic Assemblages of PGM as Function of Sulfur Fugacity

The primary PGM inclusions in ophiolitic chromitites are generally less than 20 μm in size, and
may occur either as solitary, polygonal crystals, or composite grains consisting of two or more PGM,
with or without BM sulfide and silicate (Figure 4). Representative compositions of the PGM are
given in Table 3. The paragenesis and composition of these PGM can be modelled according to a
sequence of crystallization events controlled by relative stability of PGE alloys and sulfides as function
of sulfur fugacity, f(S2), and temperature, T ◦C (Figure 5 [28,51,52]). In the mantle-hosted chromitites
of Kempirsai and Ray–Iz, as well as in the cumulus chromitite of Nurali, primary PGM disulfides,
with compositions ranging continuously between laurite (RuS2) and erlichmanite (OsS2), coexist with
primary Os–Ir alloys characterized by Ru-poor compositions [20,28,39,53]. The paragenesis indicates
that the f(S2) was initially close to the threshold for the formation of laurite (Ru + S2 = RuS2) coexisting
with Os-Ir alloys. Increase of f(S2) with decreasing temperature results in the progressive stabilization
of erlichmanite, various Ir–Ni sulfides, and Ni–Fe sulfides (Figure 5). Since an increment in f(S2)
favours entering of Os in laurite [12], early laurite coexisting with Os–Ir alloys will have relatively high
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Ru/Os ratio comprised between Ru100 and Ru72Os28, the latter corresponding to the unfractionated
chondritic composition [53]. Further increase in f(S2) will cause progressive decrease of the Ru/Os
ratio well below the chondritic value [53], and the composition of laurite will enter the erlichmanite
field (Figure 4E–G). At Nurali, several laurite grains are zoned showing Os enrichment in the rim
(Figure 4D). This has been interpreted as evidence supporting that the increase in f(S2) also accompanies
fractional crystallization of chromitite in the cumulus pile of ophiolites [39]. The sulfarsenides and
arsenides frequently appear as small particles attached to the external border of the Ir–Ni sulfides
(Figure 4H), or overgrowing primary Os–Ir alloy crystals (Figure 4I). Although representing very
accessory members of the primary assemblage of PGM inclusions, the crystallization of primary
As-based PGM requires a relative increase of arsenic-fugacity in the latest stage of PGM precipitation
at high temperature. Based on morphological considerations it would appear that the PGE alloys
and sulfides were trapped in crystallizing chromite as solid particles or, at least in part, as liquid
droplets adherent to solid crystals, for example, the Ru-arsenide enveloping the Os–Ir alloy (Figure 4I).
This observation requires that the whole sequence of PGM crystallization alloy-sulfide-arsenide must
have taken place in high thermal range between the crystallization temperature of Os-poor laurite
(~1100 ◦C), and the solidus of chromite as the lower limit (see arrow T1 in Figure 5). However, some
authors [27] have presented f(S2)/T ◦C lines trending along a much wider thermal gradient (see arrow
T2 in Figure 5), well below the chromite solidus, implying that certain PGM might have split off the
chromite in the subsolidus under long-lasting annealing conditions.

 

Figure 4. Back-scattered electron images of selected PGM included in chromite from the ophiolitic
chromitites of the Urals. (A) Osmium associated with amphibole. (B) Bi-phase PGM composed of
osmium and laurite. (C) single phase laurite. (D) Laurite rimmed by erlichmanite. (E) Complex
PGM composed of laurite, iridium and an unnamed Ir and Ni sulfide. (F) Composite grain of
erlichmanite, unnamed Ir and Ni sulfide, Ni sulfide in contact with clinopyroxene. (G) PGM
consisting of erlichmanite, unnamed Ir and Ni sulfide and clinopyroxene. (H) Complex grain of laurite,
erlichmanite, cuprorhodsite, unnamed Ir and Ni sulfide, and irarsite. (I) Bi-phase PGM composed of
osmium and ruthenarsenide. Scale bar = 10 μm. Abbreviations: Osm = osmium, Amp = amphibole,
Ird = iridium, Lrt = laurite, Sp = serpentine, Erl = erlichmanite, IrNiS = unnamed Ir and Ni sulfide,
Cpx = clinopyroxene, NiS = Ni sulfide, Cpr = cuproiridsite, Irs = irarsite, Ras = ruthenarsenide.
Abbreviations for the studied chromitites see Figure 1.
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Figure 5. Metal-sulfide equilibrium curves for Ru, Os, Ir, Pt, Ni, and Cu as function of sulfur fugacity
and temperature. Two different possible trends of the PGM precipitation are given [28,52].

4.2. Relationships with Chromite Composition

The oxygenthermobarometry [46,54] based on the olivine-spinel equilibrium [55] shows that
chromitites of the Urals equilibrated in a wide range from 1510 to 590 ◦C. Discarding unrealistic
values above 1400 ◦C and below 700 ◦C, most samples (e.g., Kempirsai) plot between 1400 and 700 ◦C,
following a trend of increasing Fe3/(Fe3 + Fe2) and Δlogf(O2) with decreasing temperature (Figure 6A)
suggesting that the increase of fO2 continued in the subsolidus [27]. Adjustment of the Fe3/(Fe3 + Fe2)
ratio occurs by oxidation of Fe2 inside the chromite itself as indicated by the negative correlation
between Fe3/(Fe3 + Fe2) and Fe2/(Fe2 + Mg) (Figure 6B).

The assemblage of PGM inclusions indicates that the f(S2) was forced to increase up to values
suitable for the stabilization of high-energy PGM sulfides [56], and/or sulfidation of those PGE that
were still residing in the chromite as atomic clusters [27]. The temperatures calculated for chromitites
of Kraka are sensibly higher than those of Kempirsai (1310–1090 ◦C). In these chromitites, laurite
shows limited Ru–Os substitution, and occurs as isolated euhedral crystals, sometimes associated
with primary mafic silicates, mainly clinopyroxene. The Ir–Ni sulfides are conspicuously absent,
indicating precipitation of the PGM at lower sulfur fugacity compared with Kempirsai and Ray–Iz [40].
Composition and textural characters of these laurites are totally similar to the laurite grain in Figure 4C,
supporting that these grains formed in the magma prior to chromite crystallization, and escaped
re-equilibration at low temperature. In conclusion, the data presented here support that laurite can
precipitate from the magma at relatively low fS2, and is enclosed in the chromite as a solid particle.
Under a high cooling-rate (line T1 in Figure 5) the fS2 increases rapidly, stabilizing the expected
sequence of PGM sulfides prior to the crystallization of chromite. In the lack of annealing, there will be
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no reequilibration-adjustment of the chromite composition and limited chance for the formation of
PGM inclusions in the subsolidus.

On the contrary, post-magmatic equilibration under slow cooling-rate, as it was the case in the
Kempirsai chromite deposits, will favour formation of a high number of PGM inclusions characterized
by a variegate composition.

 

Figure 6. (A) Variation of the chromite oxidation ratio [Fe3/(Fe3 + Fe2)] as function oxygen fugacity
and temperature. Oxygen fugacity is expressed as deviation from the fayalite-magnetite-quartz
(FMQ) buffer. The temperature scale is based on the equation T (◦C) = [Δlog(O2) − 5.6231]/−0.0039.
See Figure 1 for the abbreviation of names of ophiolite and Alaskan-type complexes. (B) Negative
correlation between the oxidation ratio and the #Fe2 number of chromite. See text for explanation.

5. Primary PGM in Alaskan-Type Chromitites

5.1. Primary PGM and Sulfur Fugacity in Alaskan-Type Chromitites

Primary PGM in “syngenetic” chromitites of the Urals occur as minute disseminated grains
(1–35 μm) enclosed in fresh chromite, as either single-phase crystals, or forming composite aggregates
of more PGM, sometimes with associated silicates.
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Most common mineral assemblages and compositions of the PGM inclusions are given in Figure 7
and Table 4, respectively.

 

Figure 7. Back-scattered electron images of representative PGM included in chromite from the
Alaskan-type chromitites of the Urals. (A) Composite crystal composed of kashinite rimmed by
bowieite, cuproiridsite, and an unnamed Ir and Ni sulfide. (B) PGM consisting of isoferroplatium,
erlichmanite, and osmium in contact with clinopyroxene. (C) Complex grain of isoferroplatinum,
cuprorhodsite, cuproiridsite and erlichmanite. (D) Isoferroplatinum in contact with erlichmanite,
pentlandite, and clinopyroxene. (E) Bi-phase grain of isoferroplatinum and cuprorhodsite.
(F) PGM composed of isoferroplatinum, osmium, and erlichmanite in contact with clinopyroxene.
(G) Complex crystal of tetraferroplatinum, osmium, and a Pt–Fe alloy. (H,I) Bi-phase grains of
tetraferroplatinum and osmium in contact with clinopyroxene. Scale bar = 10 μm. Ksh = kashinite,
Cpi = cuproiridsite, Bow = bowieite, IrNiS = unnamed Ir and Ni sulfide, Isf = isoferroplatinum,
Osm = osmium, Erl = erlichmanite, Cpx = clinopyroxene, Cpr = cuprorhodsite, Pn = pentlandite,
Tfp = tetraferroplatinum, PtFe = Pt–Fe alloy. Abbreviations for the studied chromitites see Figure 1.

The predominance of Pt–Fe alloys over sulfides provides evidence for the crystallization of
primary PGM under fS2 as low as to prevent formation of Pt sulfides. Primary precipitation of sulfides
at high temperature is reported exclusively from the Uktus chromitite where laurite with low Os
content and kashinite with Ir–Ni–sulfide (Figure 7A) occur included in fresh chromite. The study
of Kytlym and Uktus chromitites [23] allows identification of three groups of primary Pt–Fe alloys
(Figure 8). The most abundant alloys consist of isoferroplatinum Pt3Fe and tetraferroplatinum PtFe
containing less than 3 at % Ni + Cu. These alloys, mainly Pt3Fe, are preferentially accompanied by a
sulfide-rich assemblage, erlichmanite, Ir–Rh–Cu–Ni thiospinels, and pentlandite occurring as epitaxic
overgrowth at the alloy’s boundary (Figures 7B–F). This indicates that the alloys were a stable phase
under relatively high fS2 capable of stabilizing the suite of PGM sulfides reported in the pictures.
In contrast, isoferroplatinum and tetraferroplatinum both enriched in Ni and Cu, would appear to have
formed at relatively low fS2 as suggested by failure to crystallize Ni–Cu Ir-thiospinels and erlichmanite
(Figure 7G–I).
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Figure 8. Variation of the (Ni + Cu) content in primary Pt–Fe alloys occurring in sulfide-free or
sulfide-rich PGM assemblages from the syngenetic chromitites of Kytlym and Uktus. Under low sulfur
fugacity (sulfide free assemblage) Ni and Cu cannot form independent sulfides but are forced to enter
the alloy structure substituting for platinum as supported by the Pt-(Ni + Cu) negative correlation
(R = −0.9).

According to the authors [23], the fS2 exerts strong influence on the composition and paragenetic
assemblage of primary Pt–Fe alloys crystallizing at high temperature. At low fS2 both Ni and Cu are
forced to enter the alloy structure in substitution for Pt, as indicated by the Pt/(Ni + Cu) negative
correlation in Figure 8. At relatively higher fS2 Ni and Cu tend to form independent sulfides with Ir and
Rh overgrowing the Pt–Fe alloys. An Os-alloy is usually present as exsolved lamellae in the Pt–Fe alloys.
Its textural relations support the inferred variation of fS2 during crystallization of primary inclusions.
The osmium lamellae are very small or absent in Pt–Fe alloys formed at high fS2, in which Os is mainly
carried in primary erlichmanite. On the contrary, large osmium lamellae are almost ubiquitous in
Ni–Cu rich Pt–Fe alloys occurring in the sulfide free PGM assemblage (Figure 7). The composition
of primary laurite incusions of the Uktus chromitites remain confined to Os concentrations lower
than about 10 at%, therefore indicating crystallization at sulfur fugacities logfS2 close to −1.3 and a
temperature of the order of 1300 ◦C, for the near-end-member laurite [24]. The Figure 5 shows that
these conditions are comparable with those obtained for initial PGM precipitation within upper mantle
chromitites of the ophiolites [22,53]. The presence of erlichmanite in the PGM paragenesis indicates
that sulfur fugacity reached the Os–OsS2 reaction line at about logfS2 = 1.0 and 1100 ◦C, but did not
increase futher-above this limit.

5.2. The Role of Oxygen Fugacity and Temperature

Results of the olivine-spinel thermobarometer indicate that the crystallization-equilibration of
syngenetic chromitite and accessory chromite in dunite follows a unique trend (Figure 9A) indicating
that oxygen fugacity fO2 was increasing during fractionation of dunite to massive chromitite [24]. At the
same time, the data support that massive chromitite equlibrated at higher temperature compared with
the accessory chromite in dunite, possibly due to higher olivine/chromite mass ratio in the latter. In [24]
it was shown that the oxidation ratio Fe3+/(Fe3+ + Fe2+) in the Uktus chromitites correlates positively
with the increase of oxygen fugacity in the system and, significantly, it displays distinct correlation with
variation of the assemblage of primary PGM inclusions in chromite (Figure 9B). The magnesiochromite
with low oxidation ratio [Fe3+/(Fe3+ + Fe2+) = 0.23−0.25] characterize the chromitites in the lowermost
dunite body of the complex, where the PGM inclusions display high concentration of Ru–Os–Ir sulfides
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(laurite, kashinite, cuproiridsite) and the extreme paucity or absence of Pt-minerals. With proceeding
differentiation, the oxidation ratio of the chromite increases up to Fe3+/(Fe3+ + Fe2+) = 0.44, and
abundant Pt–Fe alloys (isoferroplatinum, tetraferroplatinum) start to crystallize with the sulfide rich
assemblage described above. The most differentiated chromitite characterizes for a Fe-rich composition
and high oxidation ratio [Fe3+/(Fe3+ + Fe2+) = 0.59] resembling “chromian titanomagnetite”. The PGM
are mainly composed of Pt and Pd as expected for the common trend of PGE magmatic fractionation,
although the minerals mainly occupy the interstitial space among chromite grains and occur in typical
secondary PGM assemblage characterized by abundance of As- Sb-, Te-phase [24]. The isoferroplatinum
and sulfide PGM assemblage of Kytlym occurs in chromitite with an oxidation ratio of Fe3+/(Fe3+ +
Fe2+) = 0.45. In contrast, syngenetic chromites with a relatively high oxidation ratio [Fe3+/(Fe2+ + Fe3+)
= 0.52] contain Ni–Cu rich Pt–Fe alloys but no sulfide (Figure 9B), indicating that fO2 was increasing
concomitant with a significant depression in fS2 [23].

Figure 9. (A) Variation of oxygen fugacity as function of temperature in syngenetic chromitite and
accessory chrome spinel disseminated in the host dunite. (B) The PGM assemblage in the syngenetic
chromitites of Uktus (triangle) and Kytlym (square) evolves from enriched in Ru–Os and Ir sulfides
into Pt–Fe alloy dominated with increasing oxydation ratio of the chromite.
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5.3. Thermodynamic Conditions for Precipitation of Primary Pt–Fe Alloys

Considering the results of olivine-chromite thermobarometry in the Alaskan-type syngenetic
chromitites of the Urals [24,33,46,54] and the maximum stability temperature of Pt–Fe alloys in a
S-poor system, we may assume that the Pt–Fe alloys occurring as primary inclusions were trapped in
the chromite as solid crystals, at temperatures in the range of 1050–1300 ◦C, and oxygen fugacity from
+2.1 to +4.9 deltalog(O2) above the FMQ buffer. These emphasizes the anomaluos behavior of Pt that
co-precipitates with the refractory Ir, and is not removed from the melt together with the companion
Rh and Pd as a result of the segregation of a magmatic sulfide liquid [24,57]. The discrepancy with
chromitites from other geological settings (i.e., the continental layered intrusions) is evident, and
has received diverse explanations. Among others, one possible model assumes that the increase in
f(O2) required for the crystallization of chromite might have been responsible for the sharp drop of
Pt solubility in the silicate melt, causing precipitation of the Pt–Fe alloys [58,59]. However, reversing
this cause-effect order, [24] proposed that it was the strong tendency of Pt to combine with Fe to form
Pt–Fe alloys that caused the Pt-solubility falling down. According to this mechanism, the extensive
stabilization of Pt–Fe alloys at high temperature may actually reflect the anomalous increase of the
FeO and Fe2O3 activity in the magma parent to Alaskan-type chromitites, that is a major consequence
expected from the SiO2-undersaturation condition of these melts. The effect on chromite composition
would be the incorporation of larger amounts of magnetite component (FeOFe2O3) in the chromite
structure, thus simulating an increase of f(O2) in the system [60]. For this reason, primary precipitation
of Pt–Fe occurs preferentially in mafic magmas having olivine (not orthopyroxene) and chromite with
relatively high oxidation ratio, Fe3+(Fe2+ + Fe3+), on the liquidus: the Alaskan-type magmas.

6. Conclusions

The review based on examination of more than 2500 analyses of PGM associated with ophiolitic
and Alaskan-type chromitites of the Urals reveals that mineralogy of PGM crystallizing at high
temperature is controlled by: (1) the nature of the parent melt and relative concentrations of PGE;
(2) the presence of melt-soluble clusters of PGE in the parent melt; and (3) by the chemical-physical
conditions such as temperature, sulfur- and oxygen-fucagity, prevailing during their precipitation.

The mineralogy of PGM inclusions in ophiolitic and Alaskan-type chromitites of the Urals is
consistent with reported whole-rock PGE concentrations. In particular, the ophiolitic chromitites
contain abundant Os–Ir–Ru minerals and rare Rh–Pt–Pd phases, whereas the most abundant PGM in
the Alaskan-type chromitites are Pt–Fe alloys accompanied by minor Ir–Os–Rh phases.

The most important factors controlling the precipitation of PGM in ophiolitic chromitites
are temperature and sulfur fugacity. The mineralogical assemblage shows that the chromitites
formed in a narrow range of temperature (1310–1090 ◦C) are characterized by the presence
of PGM, such as laurite and alloys in the Os–Ir–Ru system, that require relatively low sulfur
fucagity to precipitate. The chromitites that have suffered compositional re-equilibration in a wide
thermal range (e.g., 1400–700 ◦C) contain a great number of PGM, including erlichmanite and
Ir–Ni–sulfides. This observation suggests that the post-magmatic equilibration under slow cooling-rate
was responsible for the increasing of the sulfur fugacity and the formation of a volatile rich fluid,
thus promoting precipitation of a variegate suite of PGM comprising alloys, sulfides, sulfarsenides,
and arsenides. In this post-magmatic stage, all the PGE that were present in solid chromite as
dispersed atomic clusters could easily be converted into discrete PGM inclusions splitting off the
chromite structure.

The predominance of Pt–Fe alloys over sulfides in the Alaskan-type chromitites indicates that
the crystallization of magmatic PGM occurred under fS2 as low as to prevent formation of Pt sulfides
but was high enough to crystallize erlichmanite and Ir–Ru–Ni–Cu sulfides. The key factor for the
precipitation of abundant Pt–Fe alloys in the Alaskan-type chromitites is the SiO2-undersaturation
condition of the parent melt and the oxygen fugacity that was increasing during fractionation of dunite
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to massive chromitite. The estimated temperatures suggest that the range of crystallization of PGM in
the primary magmatic stage was comprised between 1050 and 1300 ◦C.

In summary, the whole scenario provides further support to the conclusion that the majority of
primary PGM inclusions in chromite formed in situ as part of the chromite precipitation event, and
eventually was modified during post-magmatic, slow cooling conditions. Only a few high refractory
PGM might have formed during partial melting in the deep mantle source, being transported as
suspended solid particles to the site of chromite deposition
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Abstract: Alaskan-type complexes commonly contain primary platinum-group element (PGE) alloys
and lack base-metal sulfides in their dunite and chromite-bearing rocks. They could therefore
host PGE deposits with rare sulfide mineralization. A detailed scanning electron microscope
investigation on dunites from the Xiadong Alaskan-type complex in the southern Central Asian
Orogenic Belt revealed: various occurrences of platinum-group minerals (PGMs) that are dominated
by inclusions in chromite grains containing abundant Ru, Os, S and a small amount of Pd and Te,
indicating that they mainly formed prior to or simultaneously with the crystallization of the host
minerals; A few Os–Ir–Rurich phases with iridium/platinum-group element (IPGE) alloy, anduoite
(Ru,Ir,Ni)(As,S)2−x and irarsite (IrAsS) were observed in chromite fractures, and as laurite (RuS2)
in clinopyroxene, which was likely related to late-stage hydrothermal alteration. The rocks in the
Xiadong complex display large PGE variations with ∑PGE of 0.38–112 ppb. The dunite has the highest
PGE concentrations (8.69–112 ppb), which is consistent with the presence of PGMs. Hornblende
clinopyroxenite, hornblendite and hornblende gabbro were all depleted in PGEs, indicating that
PGMs were likely already present at an early phase of magma and were mostly collected afterward
in dunites during magma differentiation. Compared with the regional mafic–ultramafic intrusions
in Eastern Tianshan, the Xiadong complex show overall higher average PGE concentration. This is
consistent with the positive PGE anomalies revealed by regional geochemical surveys. The Xiadong
complex, therefore, has potential for PGE exploration.

Keywords: Alaskan-type complex; Central Asian Orogenic Belt; PGM; PGE mineralization
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1. Introduction

Platinum-group element (PGE) mineralization in Alaskan-type complexes is invariably present
in dunite units [1,2], occasionally in the vein-type settings associated with bodies of magnetite-rich
clinopyroxenite in the dunite or peridotite core, in pegmatitic and micaceous rocks [3]. Previous studies
revealed general enrichments in Pt, Pd and Rh relative to Ru, Ir and Os in Alaskan-type complexes [4,5].
Platinum-rich minerals, mainly Pt–Fe alloys are thought to form in the early stages of magmatic
evolution and are associated with chromite formation [6]. Palladium-rich minerals on the other hand
form at later stages and are associated with Cu–Fe–V–Ti metal formation [4,7]. As the Alaskan-type
complexes originated from highly oxidizing and low-sulfur magmatism [8], they commonly occur
with the presence of PGE alloys and lack base-metal sulfides [8]. However, sulfide mineralization
coupled with chromite and/or PGE mineralization was explored in a few Alaskan-type complexes
(e.g., Turnagain, British Columbia; and Duke Island, Alaska) [9,10]. This discrepancy is not well
understood. Further investigation into the occurrences and geochemical histories of chromites,
platinium-group minerals (PGMs) and sulfides is required in these Alaskan-type complexes.

Geological survey mapping of ultralow density using chemical spectrometry analysis of Pt,
Pd and Au from floodplain overbank sediment samples revealed PGE anomalies in the Eastern
Tianshan orogen for a long time [11]. Platinum-group element deposits are yet to be found in this area,
although an increasing number of Ni–Cu sulfide deposits were identified in Permian mafic–ultramafic
intrusions [12–14]. The Xiadong mafic–ultramafic complex in the Mid-Tianshan Terrane, the southern
part of the Eastern Tianshan orogen, differs from the Ni–Cu sulfide deposit-hosting mafic–ultramafic
intrusions in terms of its geochronology, petrology, mineralogy and geochemistry [15–20]. It is
composed of dunite, hornblende clinopyroxenite, hornblendite and hornblende gabbro. These rocks are
characterized by cumulate textures, high Mg contents, low trace–element abundances, flat rare-earth
element (REE) and arc-magma-type trace-element patterns, and considerable Mg isotopic variations at
both mineral and whole-rock scales [15,17–20]. The Xiadong complex was formed following multiple
magmatic pulses according to zircon U–Pb ages (479, 477, 379, and 313 Ma) of four hornblende
gabbros [17]. It was been identified as a typical Alaskan-type complex showing potential chromite
mineralization [15]. A more recent study reported the discovery of base-metal minerals in ultramafic
rocks of the Xiadong Alaskan-type complex [18]. In order to investigate potential PGE and metal
sulfide mineralization in the Xiadong complex, we present the observations of PGMs and sulfides
as well as PGE whole-rock geochemistry of Xiadong intrusive rocks. The Xiadong complex shows
variable but relatively higher PGE concentrations when compared with regional mafic–ultramafic
intrusions. The complex, thus, has potential for PGE exploration. The PGM and sulfide segregations in
this Alaskan-type complex are also discussed.

2. Geological Background

The Eastern Tianshan and Beishan orogens are located in the southern part of the Central
Asian Orogenic Belt (CAOB) (Figure 1A). Numerous mafic–ultramafic intrusions are widespread
in the orogens and they host the major Ni–Cu sulfide deposits in China [14,21,22] (Figure 1B).
These mafic–ultramafic intrusions formed mostly at the post-orogenic extensional setting in the
early Permian [12–15]. Results of geochemical exploration revealed that the positive PGE anomalies
(0.4–0.6 ppb Pt and 0.4–1.0 ppb Pd) are spatially related with the mafic–ultramafic intrusions in the
Eastern Tianshan and Beishan [11,23]. However, progress is yet to be made on PGE deposit exploration
in this area.
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Figure 1. (A) Location map of the study area in the Central Asian Orogenic Belt. (B) Geological map
of the Eastern Tianshan and Beishan orogens showing the distribution of Paleozoic mafic–ultramafic
complexes (modified from References [15,17]). The reported numbers represent the ages of
known intrusions.

The Xiadong mafic–ultramafic complex is situated in the Mid-Tianshan Terrane (Figure 1B),
which is interpreted as a continental arc from the Ordovician to the Carboniferous. The complex was
formed by multiple pulses of magma via high-degree melting of the lithospheric mantle, most likely
related to subduction of the South Tianshan ocean and subsequent subduction of the Junggar ocean.
The detailed geology was summarized by Tang et al. and Su et al. [17,24]. The Xiadong complex
stretches east–west and covers an area measuring 7 km in length with a maximum width of 0.5 km.
It has distinctive petrological and mineralogical features relative to the Permian mafic–ultramafic
intrusions in Eastern Tianshan and Beishan. The Xiadong complex is composed of dunite in
the core and surrounded by hornblende clinopyroxenite, hornblendite and hornblende gabbro
(Figure 2), representing a complete set of rock suites compared with other Alaskan-type complexes
worldwide [15,18]. These rock units are characterized by cumulate textures and display intrusive
contacts with the country rocks [15].
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Figure 2. Geological map of the Xiadong mafic–ultramafic complex, accompanied by a horizontal
profile along A to B showing its rock units and sampling positions (modified from References [15,17]).
Isotopic ages are the U–Pb ages of zircons from four hornblende gabbros.

3. Materials and Analytical Methods

3.1. Sample Description

The studied rocks were mostly fresh with slight alteration. The minerals in the complex
are dominated by olivine, clinopyroxene, and hornblende with accessory chromite and magnetite.
Orthopyroxene is very rare in all of the rock units. Plagioclase is absent in the dunite and hornblende
clinopyroxenite. The dunite is made up of olivine (90–98 vol.%) and chromite (0.5–8 vol.%) with
accessory hornblende and clinopyroxene (<1–2 vol.%). The Fo content of olivine in the dunites ranges
from 92 to 96.7 [15,18]. Subhedral to euhedral interstitial chromite occurs in elongated crystal or
rounded shapes.

3.2. Sample Preparation

Samples were collected using a hammer before polishing thin sections for optical microscopy
work. From the samples, 14 polished thin sections including eight dunite samples, two hornblende
clinopyroxenite samples, two hornblendite samples, and two hornblende gabbro samples were
prepared for electron microscopy work. The thin sections were then coated with the carbon with ~10 nm
thickness using a Leica EM ACE200 coating equipment (Leica, Vienna, Austria). Sixteen samples
extracted from the different rock units were also crushed into powder with 200 mesh for measuring
PGE concentrations.

3.3. Sample Analyses

The thin sections were studied using a FEI Nova Nano450 scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectrometer (EDS) from Oxford Instruments
(High Wycombe, UK) at the Institute of Geology and Geophysics, Chinese Academy of Sciences.
Backscattered electron (BSE) images were obtained at an accelerating voltage of 10 kV and a beam
current of 3.0 nA. The acquisition time of one BSE image was ~1 min. Semi-quantitative spot analyses
and EDS mapping were obtained at an accelerating voltage of 20 kV and a beam current of 8.8 nA.
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The acquisition time of each spot was about 15 s, ensuring the spectrum area exceeded 2.5 × 106 counts.
The mapping determination of each grain took about 5 min, with a dwell time of 5 μs for each pixel.

Whole-rock PGE concentrations were measured at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. The concentrations were
determined by isotope dilution (ID) inductively coupled plasma (ICP)-MS using a modified digestion
method [25,26]. Five grams of rock powder (>200 mesh) and appropriate amounts of 101Ru, 193Ir,
105Pd and 194Pt isotope spikes were used. The PGE measurements were made with a Perkin Elmer
Elan DRC-e ICP-MS. Ir, Ru, Pt and Pd concentrations were measured by isotope dilution, and Rh
concentrations were calculated using 194Pt as an internal standard [27]. The analyses were monitored
using the standard reference materials, WGB-1 (gabbro) and TDB-1 (diabase). Measured values were
in good agreement with certified values. The total procedural blanks were lower than 0.009 ng for Ru,
Rh, and Ir, and 0.030 ng for Pt and Pd.

4. Results

4.1. Occurrences of PGM and Sulfide

Fourteen samples were investigated using SEM. PGMs were only found in dunite sample.
The number of identified grains per sample was different. There were about nineteen grains with
sizes of less than one micron, as well as two grains of about four microns, from eight dunite samples.
Limited by the resolution of SEM, some micro-scale individual grains with PGE elements detected by
EDS could not be imaged. Some of the back scattered electron images and EDS analyses are shown in
Figures 3–7 and Table 1.

Platinum-group minerals mostly occur as inclusions in chromite from sub-micrometer to several
tens of nanometers in size (Figures 3–5 and Figure 6a). These PGM inclusions are composed of
PGE sulfides and tellurides, dominated by Os–Ru–S with seven grains discovered in five samples
(Figure 3a–c), Ru–S with six grains discovered in five samples (Figure 3d) and Os–Ru–Pd–Te with
threee grains discovered in two samples (Figure 3e,f).

Two PGMs were observed in fractures of chromite in one sample. One grain was only about
ten nanometers in size, appearing irregular in shape. The larger grain forming composite grain with
a maximum diameter of 4 × 3 microns, displays a well-defined contact with chromite (Figure 4a).
The BSE image and EDX maps in Figure 4 show that the Ir and Pt distributions positively correlate with
S in the grain, whilst Ru and Ni positively correlate with As distribution (Figure 4c–i). The average
composition measured by EDS on the basis of a total of 3 number of atoms in one molecule or
formula unit (apfu). gave (Ru0.89Ir0.27Ni0.10Pt0.08)Σ1.3(As1.36S0.30)Σ1.7 (Table 1) and Ir0.77Ru0.08As0.76S,
corresponding to the formula (Ru,Ir,Ni)(As,S)2−x likely to be anduoite [28] and IrAsS, known as irarsite,
respectively. Osmium was concentrated in a local area (Figure 4c), measuring 52.9 wt.% Os, 11.6 wt.%
Ir and 34.5 wt.% Ru (Table 1), indicating that it was an alloy.

An elliptical grain of laurite (about 5 μm in size) was observed in clinopyroxene (Figure 5).
This grain contained S, Ru, and Se with small amounts of Os, Ir, and Ni. The average composition of
the laurite from EDS was Ru0.47Fe0.09Os0.03Ir0.03Ni0.02)0.53(Se0.08S) on the basis of 1 S, with an empirical
formula of RuS2.
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Figure 3. Energy dispersive X-ray spectrometry (EDS) and backscattered electron (BSE) images of
platinum-group mineral (PGM) inclusions in chromite in the Xiadong dunites. (a–c) Ru–Os–S; (d) Ru–S;
(e,f) Os–Ru–Pd–Te.

 

Figure 4. BSE images and S, As, Ir, Ru, Pt, Os, and Ni element maps of a three-phas PGM grain from
the chromite fracture. (a,b) BSE images; (c–i) Os, S, Ir, Pt, As, Ru, and Ni element maps. Chr: chromite;
numbers represent-the positions of semi-quantitative spot analyses listed in Table 1.
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Figure 5. BSE images and S, Ru, Se, Os, Ir, and Ni element maps of a single phase of PGM grain from
the silicate matrix of clinopyroxene. (a) BSE image; (b) the EDS spectrum of spot 6; (c–h) S, Ru, Se,
Os, Ir, and Ni element maps. Cpx: clinopyroxene; 6: the position of semi-quantitative spot analysis of
spot 6 in Table 1.

A variety of sulfides and sulfarsenide occur as inclusions within chromite (Figure 6) and
serpentinized olivine (Figure 7), as well as in fractures of chromite (Figure 6). Chemically, they are
maucherite (Ni11As8), pentlandite ((Fe,Ni)9S8), millerite (NiS), heazlewoodite (Ni3S2), jaipurite (CoS),
and galena (PbS). The largest grain size was 10 μm. Maucherite enclosed in chromite was mostly
associated with heazlewoodite (Figure 6b,c), whereas those in the serpentinized olivine mostly occurred
as single mineral phases (Figure 7a), occasionally associated with pentlandite (Figure 7b). Pentlandite
phases also mainly occurred as single grains (Figure 6i–l) and were sometimes associated with galena
in chromite (Figure 6g,h), and maucherite in serpentinized olivine (Figure 7b,d).
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Figure 6. BSE images of base-metal minerals in chromite. (a) PGM of Os–Ru–Pd–S–Te; (b,c) heazlewoodite
associated with maucherite; (d) heazlewoodite occurring as a single mineral phase; (e,f) galena
occurring as a single mineral phase; (g,h) pentlandites associated with galena; (i–l) pentlandites
occurring as a single mineral phase. Ni–As: maucherite; Hzl: heazlewoodite; Gn: galena; Pn:pentlandite.

Table 1. Representative energy dispersive spectrometry (EDS) analyses of platinum-group minerals
from the Xiadong Alaskan-type complex.

Element/
Spot

Os Ir Ru Pt Fe Ni Se As S
Total

(wt.%)
Os * Ir * Ru * Pt * Fe * Ni * Se * As * S *

1 52.9 11.6 34.5 - - 1.0 - - - 100 0.40 0.09 0.49 - - 0.03 - - -
2 54.2 11.3 34.5 - - - - - - 100 0.42 0.09 0.50 - - - - - -
3 - 18.9 32.9 5.50 - 2.20 - 37.1 3.50 100 - 0.91 3.01 0.26 - 0.34 - 4.58 1.00
4 - 60.6 3.10 - - - - 23.3 13.1 100 - 0.77 0.08 - - - - 0.76 1.00
5 - 60.0 3.40 - - - - 23.4 13.1 100 - 0.77 0.08 - - - - 0.77 1.00
6 5.60 5.30 44.2 - 4.70 0.90 5.70 - 33.6 100 0.03 0.03 0.47 - 0.09 0.02 0.08 - 1.00

Note: 1 and 2—Os–Ir–Ru alloys; 3—(Ru, Ir, Pt, Ni)0.81(As4.58S); 4 and 5—irarsite; 6—laurite. Element (wt.%); element
* (number of atoms).
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Figure 7. BSE images of base-metal minerals in serpentinized olivine. (a) Euhedral maucherite
occurring as a single mineral phase; (b) pentlandites associated with maucherite; (c) pentlandites
occurring as a single mineral phase; (d) heazlewoodite associated with millerite; (e) galena occurring
as a single mineral phase; (f) galena occurring at the boundary of jaipurite. Ol: olivine; Mlr: millerite;
Co–S: cobaltous sulfide.

4.2. Whole-Rock PGE Geochemistry

The PGE concentrations in dunite, hornblende clinopyroxenite, hornblendite, and hornblende
gabbro from the Xiadong complex are reported in Table 2. These rocks show a wide range in total
PGE concentrations from 8.69 to 112 ppb for dunite, 3.41 ppb for hornblende clinopyroxenite, 0.38 to
2.08 ppb for hornblendite, and 0.41 to 6.98 ppb for hornblende gabbro.

Irridium concentrations in the dunites varied between 0.80 and 5.02 ppb, whilst the other rock
types had relatively low Ir concentrations (<0.1 ppb). Ruthenium concentrations of the dunites varied
between 3.27 and 11.0 ppb, which was higher than those of the hornblende clinopyroxenite (2.64 ppb),
hornblendites (0.03 to 0.05 ppb), and hornblende gabbros (0.04 to 0.61 ppb). Rhodium concentrations of
the dunites varied between 0.63 and 3.34 ppb, whilst the other rock types had lower Rh concentrations
(<0.2 ppb). The dunites had a large variation and overall higher Pt concentrations of 0.92 to 50.4 ppb
than hornblende clinopyroxenite (0.32 ppb), hornblendite (0.20 to 1.63 ppb), and hornblende gabbro
(0.23 to 5.89 ppb). Palladium concentrations in the dunites showed large variation from 0.16 to
42.2 ppb, whilst the other rocks showed limited Pd variations (hornblende clinopyroxenite: 0.23 ppb;
hornblendite: 0.12 to 0.38 ppb; hornblende gabbro: 0.10 to 0.47 ppb).
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5. Discussion

5.1. Primary and Late-Stage Generation of PGM and Sulfide

The PGMs in the Xiadong Alaskan-type complex were mainly PGE sulfides with a few
iridium/platinum-group element (IPGE) alloys, PGE sulfarsenides, and tellurides. The inclusion
size in chromite was much smaller, usually not exceeding 1 μm, with mainly micro-scale individual
grains. Additionally, some inclusions showed euhedral crystals (Figure 3a,b). Some other base
metal-minerals including maucherite, pentlandite, millerite, cobaltous sulfide, and galena were also
observed. These are different from Alaskan-type complexes found worldwide that are typified by
the presence of PGE alloys and the lack of base-metal sulfides [6]. The Pt–Fe alloys, including
silicate minerals from Uralian–Alaskan-type intrusion, are formed after the crystallization of chromite,
clinopyroxene, and albite. The formation temperature of Pt–Fe alloys is estimated at about 900 ◦C [5].
In most cases, the inclusions in chromite (Figures 3 and 6), clinopyroxene (Figure 5) and olivine
(Figure 7) in the Xiadong Alaskan-type complex were dominated by high-temperature sulfide minerals
(e.g., Os–Ru–S, Os–Ru–Pd–Te, Os alloy, and laurite), and would have crystallized from magmas
prior to or simultaneously with the formation of the host minerals. A general consensus is that
PGMs crystallize prior to or simultaneously with chromite, and deposit from the primary melt in
the following order: IPGE alloys, followed by Ru-rich laurite, Os-rich laurite, and finally, base-metal
mineral phases [29,30]. The temperature decreases and ƒS2 increases [31]. The maximum thermal
stability of RuS2 is experimentally indeed high (1275 ◦C), consistent with a magmatic crystallization
temperature [29]. This crystallization order and the occurrence of high-temperature sulfide minerals
suggested for the Xiadong dunites would imply that the PGMs and chromite formed under relatively
high ƒS2 and temperature conditions. The model for PGE concentration in the Merensky Reef of
the Bushveld Complex in South Africa indicates that a silicate melt coexisting with a PGE-enriched
sulfide melt with high temperatures of 1200–1400 ◦C, would be oversaturated by the least soluble
PGE upon cooling [32]. With the cooling of a mafic magma, silicate minerals and chromite start
crystallizing at some stage and trap some of the PGE “nuggets” [32]. A combined focused ion beam
and high-resolution transmission electron microscopy (FIB/HRTEM) investigation of PGE-rich samples
from the Merensky Reef suggests that the PGE-rich nanophases found in the base metal sulfide might
represent an early phase of magmatic PGM that formed from the silicate melt to be later collected by
the sulfide melt [33]. The occurrence of PGE-rich nano inclusions in chromite (Figures 3 and 6) in our
study requires that PGMs were already formed in the silicate melt and were subsequently incorporated
into the growing chromite grains.

The anduoite–irarsite intergrowth in the cracks of chromite (Figure 4) could be related to late-stage
hydrothermal alteration [18]. The incompatible As could have accumulated along with the late-stage
PGE sulfides deposited as interstitial phases in the chromitite at a postmagmatic hydrothermal stage of
crystallization [34]. Augé et al. [35] affirmed that hydrothermal laurite typically has more As content
(1.01–5.97 wt.%) than magmatic laurite. The unidentified phase (Ru, Ir, Pt, Ni)0.81(As4.58S), as well as
the occurrence of irarsite, at the margins of PGM grains (Figure 4) indicates the interaction of PGMs
with late-stage As- and S-rich fluids. In addition, the laurite in the Xiadong dunite had significantly
lower IrS2 content (<5.3 mol.%; Table 1) than that in ophiolitic chromitite (ca. 15 mol.%) [36], suggesting
the limited solubility of Ir in RuS2. The laurite in clinopyroxene (Figure 5) likely reflects a process
of ultimate S loss and Se incorporation into RuS2 during a late-stage evolution of the H2O-bearing
fluid [37]. Laurite is normally depleted in Se with hundreds of ppm of Se [38].

Heazlewoodite crystallizes under a wide range of T and ƒS2 conditions [39]. However, primary
heazlewoodite inclusions within the chromite grains (Figure 6b–d) indicate a magmatic origin.
Furthermore, the inclusion relationship texturally suggests that the heazlewoodite crystallized prior
to or simultaneously with the chromite crystals. Some of the base-metal minerals such as millerite,
pentlandite, and galena in the cracks of chromite (Figure 6) or serpentinized olivine (Figure 7) are
medium- or low-temperature minerals, and are known to form in hydrothermal systems.
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5.2. Relationship between PGM Occurrences and Bulk PGE Concentrations

The rocks of the Xiadong complex displayed large variation in PGE concentration with ∑PGE
of 0.38–112 ppb, which is slightly lower than that of Ural–Alaskan-type complexes with ∑PGE
of 9.1–196.1 ppb [40]. The highest PGE concentration in the dunite was 112 ppb, indicating PGE
enrichment in the parental magma of the Xiadong complex. The dunite samples displayed primitive
mantle-normalized PGE patterns with a weakly positive slope from Ir to Pd [41] (Figure 8). It is
noteworthy that six dunite samples showed negative slopes from Rh to Pt and had a large variationin
Pd (Figure 8). The PGE patterns ranged from nearly unfractionated in the dunites (Pd/Ir = 0.09–15)
to mildly fractionated in the hornblende clinopyroxenite, hornblendite, and hornblende gabbro
(Pd/Ir = 2.27–41.9). This distinct geochemical behavior was emphasized by the Pd/lr ratio, considered
as the “index of fractionation” of the PGE, during petrological processes [40]. Having a chalcophile and
siderophile nature, PGEs are mostly concentrated in the earth’s core and mantle, but are remarkably low
in the crustal “Clarke” values or frequently close to the detection limits [40]. Because of various melting
temperatures, PGEs are present in several sulfide phases in the mantle and are incorporated into the
melts depending on the degree of partial melting in the mantle [42]. Compared to the mid-ocean range
basalt (MORB) PGE concentration with the low degree of partial melting in the range of 2–15% [43],
the Xiadong complex showed the higher PGE concentration (Figure 8), suggesting that both IPGEs
(Os, Ir, and Ru) and palladium/platinum-group elements (PPGE: Rh, Pt, and Pd) transferred to the
melt with high-degree of melting. A higher degree of partial melting can transfer IPGEs from the
mantle rocks to the formed melt [44]. On the other hand, a low degree partial melting only transfers
PPGEs to the formed melt due to the varying sulfide melt/silicate liquid partition coefficients [45,46].
Quantitative simulation studies indicated that the primitive magma of the Xiadong complex was
derived from 24% bulk partial melting of primitive mantle [47]. Whole-rock high-Mg features indicate
that they formed from a depleted mantle source under a high degree of partial melting [17].

 
Figure 8. Primitive mantle-normalized PGE patterns for the rocks from the Xiadong Alaskan-type
complex. Primitive mantle-normalized values were sourced from Reference [41]. Mid-ocean range
basalt (MORB) values were sourced from Reference [43].

Platinum-group elements are commonly found in the form of discrete chromite-hosted PGMs [48].
As discussed above, PGEs are known to be mostly present as micron-sized or nanometer-sized
inclusions forming prior to or simultaneously with chromite formation from the silicate magma.
Dunite had the highest PGE concentrations (8.69–112 ppb) (Table 2), which is generally consistent with
the presence of PGMs. Many laurite and irarsite grains were observed either as euhedral inclusions
or along fractures in chromite grains, consistent with IPGE enrichment in all dunites. A few PPGMs
were observed with a wide range of concentrations of Pt (0.92 to 50.4) and Pd (0.16 to 42.2) in most
dunites (Table 2), suggesting that Pt and Pd were likely to be mobilized during late alteration processes
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resulting in differing slopes on the primitive mantle-normalized diagrams (Figure 8). The presence
of abundant Pd-bearing PGM is consistent with a pronounced Pd anomaly from chromitites of the
Butyrin vein compared with dunite-hosted chromitites at Kytlym, indicating that a high fugacity of
sulfur and high-temperature fluids enriched in Hg, Te and Cu play an important roles during the
formation of the mineralization in the Butyrin vein [49]. Hornblende clinopyroxenite, hornblendite
and hornblende gabbro were all depleted in PGEs, indicating that PGEs were already formed the early
solid phases prior to the crystallization of chromite and were mostly collected afterward in dunites
during magma differentiation. This is consistent with the identification of only one laurite inclusion in
hornblende clinopyroxene (Figure 5).

5.3. Implications on PGE Mineralization in Eastern Tianshan

The formation of PGE-bearing sulfide deposits mainly depends on two conditions: (1) the
availability of PGE-rich primary magma and (2) an immiscible sulfide liquid separation and segregation
during magma evolution [50]. Palladium and Cu are both considered as incompatible elements
with silicate melt [51]. The Pd minimum partition coefficient of 17,000 in sulfide/silicate liquid is
considerably higher than the Cu partition coefficient (1000) in sulfide/silicate [46]. Palladium has a
stronger sulfide affinity than Cu when sulfide immiscibility occurs [46]. Cu/Pd ratios would remain
constant in basaltic magmas during S-undersaturated fractional crystallization [51]. Therefore, the
depletion in Pd relative to Cu can provide an estimation of the percentage of crystal fractionation under
sulfide saturated conditions required to deplete the magma in PGEs and other chalcophile elements.
The Cu/Pd ratio is an important evaluation parameter of magma evolution, and is widely used in
the study of PGE deposits [52]. In magma evolution processes, sulfide separation under saturation
would result in the significant depletion of Pd relative to Cu in the residual magma, subsequently
giving rise to the observed Cu/Pd ratio. In the Xiadong complex, most dunite samples had Cu/Pd
ratios (2815–6377) lower than that of the primary mantle (6364) [52], except for one sample having
a significantly higher Cu/Pd ratio (627,000). Along with fractional crystallization, Cu/Pd ratios of
clinopyroxenite, hornblendite and gabbro in the range of 9000–142,516 were clearly higher than the
primary mantle value, indicating that PGE sulfide separation took place prior to or simultaneously
with the formation of the dunite.

The PGEs had similar partition coefficients in both sulfide and silicate melts, with a strong
preference for the sulfide melt. The crystallization of PGMs in a PGE-rich primary magma indicates
that sulfur saturation occurred during the formation of chromite. In addition, the occurrence of a
large number of base metal-sulfides as disseminated accessory grains in all dunites indicates that
they formed prior to olivine and chromite crystallization. In the early stage of magma crystallization,
enrichment of Ni in the rocks depends on the sulfur fugacity [8,18]. Meanwhile, the crystallization
of large amounts of chromite and ilmenite results in the loss of Fe2+ in the melt leading to sulfur
saturation [50]. The availability of sufficient S, As, Te, and PGEs facilitates the formation of PGE
sulfides prior to silicate mineral crystallization. The country rocks of the Xiadong complex are
dominated by schists, gneisses and marbles, and their occurrences may reduce the oxygen fugacity of
the magmas. It was been demonstrated that an increase in the f O2 in melt results in the increase in
the degree of partitioning of Ir, Ru, and Rh into spinel [29]. Accordingly, PGEs would not be soluble
and could form PGM under reducing f O2. In addition, the generally small sizes of the Alaskan-type
complexes (a few to hundreds of km2) [53] are preferable for sulfur saturation. The Xiadong complex
is relatively smaller than most Alaskan-type complexes worldwide and could, therefore, facilitate
sulfur saturation.

The Eastern Tianshan is one of the most important Ni–Cu metallogenic provinces in
China [21,54]. Abundant mafic–ultramafic complexes are distributed mainly along deep fractures
in the Kangguer–Huangshan ductile shear zone in the Jueluotage Belt in the north of Eastern
Tianshan (Figure 1B). They are mostly explored for magmatic Ni–Cu sulfide deposits. The two largest
Ni–Cu sulfide deposits of Huangshandong and Tulaergen have very low PGE total concentrations
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(<5 ppb) [12,55,56]. The Tudun, Hulu, and Xiangshan Ni–Cu sulfide deposits have total PGE
concentrations varying from 0.99 ppb to 2.57 ppb [57], 1.98 ppb to 26.6 ppb [58], and 1.21 ppb to
3.26 ppb [55], respectively. The total PGE concentrations of the Baishiquan [59] and Tianyu [60] Ni-Cu
sulfide deposits along the northern margin of the Middle Tianshan terrane are relatively high and
close to that of the Xiadong complex (Figure 9). The Luodong and Poyi mafic–ultramafic intrusions
in the Beishan terrane have low total PGE concentrations with a maximum of 3.18 ppb and 18.8 ppb,
respectively [61,62]. In the Kalatongke Ni–Cu sulfide deposit in the northern margin of the Junggar
terrane, the total PGE concentrations vary from 0.23 ppb to 43.6 ppb [63]. The Xiarihamu magmatic
Fe–Ni–Cu sulfide deposit is the largest magmatic Ni–Cu deposit ever discovered in an arc setting
worldwide and is hosted in a small ultramafic body in the Eastern Kunlun Orogenic Belt of the
northern Tibet–Qinghai Plateau in western China. The total concentrations of PGEs in the host
rocks of the Xiarihamu deposit vary from 0.09 to 1.45 ppb [64]. When compared with other regional
mafic–ultramafic complexes (Figure 9), the total concentrations of PGE in the Xiadong Alaskan-type
complex are significantly higher than in other intrusions. Furthermore, PGE mineralization was
found in a few Cu–Ni sulfide deposits in Eastern Tianshan [65]. In addition, regional geochemical
exploration led to the discovery of PGE anomalies in Middle Tianshan terrane [9], whilst sulfide was
also discovered in the Xiadong complex [18]. Therefore, the Xiadong Alaskan-type complex could
have potential at least the regional anomalies for PGE as well as Ni sulfide exploration.

 

Figure 9. Comparisons of PGE concentrations in the Xiadong Alaskan-type complex and other
mafic–ultramafic complexes in the southern Central Asian Orogenic belt (CAOB). Data were taken
from References [55–64]. The triangle indicates the average.

6. Conclusions

1. Platinum-group minerals in the dunite from the Xiadong Alaskan-type complex are mainly
PGE sulfide and sulfarsenide and occur as inclusions in chromite and clinopyroxene or as
interstitial grains along fractures in chromite. The occurrence of PGE-rich inclusions such as
laurite in chromite indicates that PGMs already have formed in the silicate melt and subsequently
incorporated in the growing chromite grains. The occurrence of interstitial anduoite-irarsite
grains along fractures of chromite and Se incorporation in laurite in clinopyroxene are ikely
related to late-stage hydrothermal alteration.

2. The dunites have the highest PGE concentrations relative to other lithologies of the Xiadong
complex, which is generally consistent with the presence of PGMs. Many laurite and irarsite
grains were observed either as euhedral inclusions or along fractures in chromite grains, consistent
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with IPGE enrichment in all dunites. A few PPGMs were observed with a wide range of Pt and
Pd concentrations in most dunite samples. Hornblende clinopyroxenite, hornblendite and
hornblende gabbro are all depleted in PGEs, consistent with the identification of only one laurite
inclusion in hornblende clinopyroxene. They also suggest that PGEs had already formed the
early solid phases prior to the crystallization of chromite and mostly afterwards were collected in
dunites during magma differentiation.

3. Compared to the MORB PGE concentration with the low degree of partial melting, the Xiadong
complex shows higher PGE concentration, suggesting that both IPGE and PPGE transferred to the
melt with a high-degree of melting. When compared with the regional mafic–ultramafic intrusions
in Eastern Tianshan, the Xiadong complex has the greatest PGE enrichment. This is consistent
with the identification of PGE anomalies by regional geochemical surveys, demonstrating the
potential for PGE mineralization in this region.
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Abstract: The Echo Lake intrusion in the Upper Peninsula (UP) of Michigan, USA, was formed
during the 1.1 Ga Midcontinent Rift event in North America. Troctolite is the predominant rock
unit in the intrusion, with interlayered bands of peridotite, mafic pegmatitic rock, olivine gabbro,
magnetite-bearing gabbro, and anorthosite. Exploratory drilling has revealed a platinum group
element (PGE)-enriched zone within a 45 m thick magnetite-ilmenite-bearing olivine gabbro unit
with grades up to 1.2 g/t Pt + Pd and 0.3 wt. % Cu. Fine, disseminated grains of sulfide minerals
such as pyrrhotite and chalcopyrite occur in the mineralized interval. Formation of Cu-PGE-rich
sulfide minerals might have been caused by sulfide melt saturation in a crystallizing magma, which
was triggered by a sudden decrease in f O2 upon the crystallization and separation of titaniferous
magnetite. This PGE-enriched zone is comparable to other well-known reef-like PGE deposits, such
as the Sonju Lake deposit in northern Minnesota.

Keywords: Echo Lake; Midcontinent; palladium; platinum; magnetite; gabbro

1. Introduction

Magmatism during the 1.1 Ga old Midcontinent Rift (MCR) event is associated with the origin
of several metallic mineral deposits in the Great Lakes region of North America [1–5]. These mineral
deposits have been classified into two groups: sulfide-poor, PGE (Platinum Group Element)-rich,
layered intrusions and sulfide-rich, conduit-type, high-grade Ni-Cu sulfide deposits (Figure 1) [6,7].

In the first group, several mafic-ultramafic intrusive bodies of the Duluth Complex in northern
Minnesota have been identified and studied [3,8,9], which include the Partridge River and South
Kawishiwi intrusions, emplaced between 1098 and 1107 Ma [10]. These intrusions are known for
basal troctolitic units which host disseminated Cu-Ni-PGE sulfide deposits with ore grades in the
following ranges: 0.5–0.7 g/t Pt + Pd + Au; 0.09–0.24 wt. % Ni; 0.27–0.66 wt. % Cu [9]. The Sonju
Lake intrusion in the Beaver Bay Complex in northeastern Minnesota shows a PGE-rich interval
hosted in an oxide-gabbro unit with precious metallic grades up to Pd: 410 ppb; Pt: 275 ppb and Au:
1.08 ppm [11,12].

The Eagle intrusion, in the Upper Peninsula (UP) of Michigan and the Tamarack intrusion in
northeastern Minnesota are the two most important members of the second group. The Eagle Ni-Cu
sulfide deposit is hosted within two mafic-ultramafic intrusive bodies, called the Eagle and the Eagle
East intrusions, which are associated with the Baraga dike swarm in Marquette County, Michigan [13].
The U-Pb baddeleyite age of the Eagle intrusion is 1107.2 ± 5.7 Ma [13]. The massive, semi-massive,
and disseminated sulfide ore deposits in both intrusions are hosted in plagioclase-bearing peridotite,
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melanocratic troctolite, and olivine gabbro. The sulfide ore grades are up to 6.11 wt. % Ni and
4.15 wt. % Cu, and up to 25 ppm Pt in Cu-rich stringers [13]. The Tamarack intrusion emplaced during
the early stages of the MCR at 1105.6 ± 1.2 Ma [14] is located about 80 km west of the Duluth Complex
in Minnesota and it is associated with the Carlton County dike swarm [15]. The funnel-shaped
intrusion is composed of peridotite, plagioclase-bearing peridotite, plagioclase-bearing pyroxenite,
melanocratic troctolite, and melanocratic gabbro [16]. Massive, semi-massive, and disseminated
sulfide-bearing intervals have been identified from drill-core studies with reported drill-intersections
of up to 166 m with 2.33 wt. % Ni, 1.24 wt. % Cu, and 0.75 g/t Pt + Pd + Au [16].

Figure 1. Magmatic ore deposits associated with the Midcontinent Rift around Lake Superior. The red
box shows the location and extent of the exploration prospect zone called the Voyageur Lands [6,7].

This study is focused on the newly discovered Echo Lake intrusion, located in the Houghton
and Ontonagon counties in UP Michigan (Figures 1 and 2) [17]. Exploratory drilling has identified
this intrusion as a new prospect for sulfide mineralization in the Midcontinent Rift region [18].
The basement rock in the area of the intrusion is an Archean granite-gneiss [19], which is overlain
by the Paleoproterozoic Michigamme Formation [20]. The latter consists of meta-greywacke, slate,
metamorphosed mafic volcanics, and iron formations. The 1110 Ma Mesoproterozoic Siemens Creek
Volcanics unit [1] unconformably overlies the Michigamme Formation. The Neoproterozoic Jacobsville
Formation [21] overlies both the Siemens Creek Volcanics unit and the Michigamme Formation. The
uppermost layer of the Echo Lake intrusion has been encountered by drill-cores at about 200 m
underneath the Jacobsville Formation, and it is estimated to extend laterally for about 18 square
kilometers [18]. The complete thickness of this intrusion is unknown at this stage, but a continuous
succession of mafic-ultramafic rocks for more than 1 km has been reported. Being located between
the Keweenaw and the Marenisco regional faults [17], the Echo Lake intrusion might have been
uplifted from greater depths by displacements along these two faults. Apart from Echo Lake, there are
several other small outcrops of mafic-ultramafic bodies in the area, such as the Bluff, Haystack, and
Skinny intrusions (Figure 2) [22], which are mostly composed of gabbro, gabbronorite, and pyroxenite.
The ages and mutual relationships of these intrusions are unknown.
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Figure 2. Location of Echo Lake prospect in the Upper Peninsula of Michigan, near the southern shore
of Lake Superior [17]. Green circles indicate a few other metal prospects and mines in the area. Red
circles indicate drill core locations.

The Echo Lake intrusion has been dated at 1111 Ma [23], which makes it contemporaneous with
the Early Rift-forming phase of the MCR. Troctolite is the predominant rock in the intrusion, but
recurrent layers of peridotite, mafic pegmatitic rock, olivine- and magnetite-bearing gabbro, and
anorthosite have also been documented. This is comparable with the rhythmic layering reported from
the Duluth Complex and other layered mafic-ultramafic complexes around the world, such as the
Bushveld in South Africa [24] and Stillwater, in Montana, USA [25,26]. Our aims in the present study
are to examine the PGE-enriched zone in the Echo Lake intrusion. Petrological analysis, along with
whole rock and mineral compositional data, were used to highlight key characteristics of the Echo
Lake intrusion and to compare them with the known sulfide-mineralized intrusions in the MCR.

2. Methods

For this study, one hundred and seventy samples were collected from drill cores EL-1, EL-97-05,
EL-97-03, and 10EL-001 in the core repositories of Altius Resources Inc. (St. John’s, NL, Canada) and
the Department of Environmental Quality, Michigan.

Electron microprobe analysis (EMPA) was performed at the Department of Geoscience, University
of Wisconsin-Madison, USA, using a 5-spectrometer, CAMECA SX5 electron microprobe (CAMECA,
Gennevilliers, France). The probe was operated at 15 kV with a beam Faraday cup current of 20 nA
and beam size of two microns. Analytical standards are both natural and synthetic silicate minerals,
glasses, and oxides. Counting times were 10 s on peak. Background intensities were determined by
the mean atomic number background algorithm [27].

Bulk rock chemical analyses were performed at Geoscience Laboratories in Sudbury, Ontario,
Canada. Inductively Coupled Plasma Mass Spectrometer (ICP-MS) technique was used to analyze
for Ni, Cu, PGE and Au. Sample analytes were prepared using fire-assay and closed vessel
acid-digestion methods.
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3. Results

Troctolite and olivine gabbro are the two dominant rock types in the intrusion. Troctolite samples
are typically composed of 60 vol. % plagioclase, 30 vol. % olivine, 5% vol. % pyroxene, minor
Fe-Ti oxides, traces of biotite and sulfide minerals such as pyrrhotite, chalcopyrite, and pentlandite
(Figure 3A,B). Olivine gabbro samples are typically composed of about 50% olivine, 30% plagioclase,
10–15% pyroxene, 5–10% Fe-Ti oxides, and traces of sulfide minerals. Sulfide minerals in troctolite and
olivine gabbro samples are disseminated grains of pyrrhotite, chalcopyrite, and pentlandite which form
mutual intergrowths with one another (Figure 3B). Traces of other sulfide minerals, like digenite and
bornite, have also been found. Sulfide minerals often form thin rims around titaniferous magnetite and
ilmenite crystals (Figure 4C). Titaniferous magnetite occurs as intergrowths with biotite (Figure 4A).
Titaniferous magnetite also shows delicate intergrowths and reaction textures with sulfide minerals
(Figure 4B,C).

Figure 3. Troctolite showing: (A) Intergranular texture between plagioclase and olivine (Ol). Interstitial
titaniferous magnetite (Mag) is seen surrounding grains of plagioclase (Pl) and olivine (transmitted
light); (B) Fine intergrowths of chalcopyrite (Ccp) and pentlandite (Pn) in the interstices of olivine and
plagioclase (reflected light). The blue hexagonal grain at the bottom is digenite.
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Figure 4. Cont.
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Figure 4. Magnetite-bearing olivine gabbro showing: (A) Cumulus texture in plagioclase and
olivine with biotite (Bt)-magnetite (Mag) intergrowth in small interstitial spaces (transmitted light);
(B) Biotite-magnetite intergrowth and fine disseminated chalcopyrite (reflected light); (C) Thin rim of
chalcopyrite (Ccp) around titaniferous magnetite (Mag) in contact with plagioclase (Pl).

A stratigraphic sequence of the observed layered units in the Echo Lake intrusion, as revealed
from drill core studies, is shown in Figures 5–7. Notable PGE-enrichment is observed within a 45 m
thick layer of Fe-Ti oxide rich olivine gabbro. Titaniferous magnetite and ilmenite are the principal
oxide minerals. These minerals mostly constitute 10–25 vol. % of the oxide-rich olivine gabbro unit.
However, in some parts, the oxide minerals form massive zones with fine interstitial grains of silicate
minerals (Figure 4). At the Fe-Ti oxide-rich zone, there is an interval with disseminated grains of
sulfide minerals. Peak concentrations of Pt and Pd of 550 ppb and 634 ppb, respectively, are measured
in this interval at a depth of about 998 m [18]. Pt and Pd contents show positive correlation in all
studied depths of the intrusion, although Pd shows a higher concentration in most intervals (Figures 5
and 6). Stratigraphic variations of MgO, TiO2, Cr2O3, and FeO (total) in the layered sequences are
shown in Figure 8.

The whole-rock major element compositions of the major rock-types are shown in Table 1.
Compositions of olivine, clinopyroxene, plagioclase, and titaniferous magnetite in the major rock types
are shown in Tables 2–5. Olivine composition in the troctolite units of the Echo Lake intrusion shows a
range between Fo57–62. Clinopyroxene in these rocks plot within the compositional range of augite
(Table 3). Plagioclase compositions range between An55–75 (Table 4). The Cr2O3-content of titaniferous
magnetite in most intervals is about 3 wt. % (Table 5), although in some local intervals a Cr2O3 content
above 9 wt. % is seen. The TiO2-content in titaniferous magnetite in troctolite and olivine gabbro
ranges between 7 and 10 wt. %, but in olivine-magnetite gabbro it ranges between 12 and 18 wt. %.
The high TiO2-content in magnetite is indicative of the possible existence of fine exsolution lamellae of
ulvöspinel.
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Figure 5. The layered ultramafic-mafic succession observed in the Echo Lake intrusion and locations of
the zones of platinum group element (PGE)-enrichment in the intrusion. The magnetite-bearing olivine
gabbro shows peak concentrations. The most highly mineralized interval between 970 m and 1050 m
has been expanded in Figure 6.
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Figure 6. PGE concentrations in the mineralized zone.
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Figure 7. Concentrations of Cu and Ni in the layered succession.

Figure 8. Stratigraphic variation plots of MgO, TiO2, FeOT, and Cr2O3.
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Table 1. Major element compositions of principal rock types.

Drill Core EL9703 10EL001 EL9703 EL9703 EL9703 EL9703 10EL001 EL9703 EL9703

Rock Type Trt Trt Trt Trt Trt Trt Trt Trt Trt
Depth (m) 325.5 393.0 436.2 565.7 626.4 842.8 814.1 966.8 1015.0

SiO2 43.50 48.47 46.83 43.50 47.01 45.70 49.69 42.80 43.60
TiO2 1.45 2.15 0.90 1.21 0.47 0.44 2.20 0.28 0.93

Al2O3 12.30 18.75 21.55 13.90 20.60 18.10 21.23 12.60 16.35
Cr2O3 0.03 0.03 0.04 0.07 0.01 0.05 0.02 0.01 0.14
Fe2O3 19.90 11.00 11.01 18.90 11.52 13.50 8.07 20.10 18.20
FeO 17.91 9.90 9.91 17.01 10.37 12.15 7.26 18.09 16.38
MnO 0.22 0.15 0.12 0.20 0.13 0.14 0.11 0.22 0.18
MgO 14.60 6.13 7.40 13.90 9.36 11.10 4.46 16.90 12.05
CaO 6.24 9.71 9.61 6.38 9.07 8.29 11.30 5.80 7.23

Na2O 1.79 2.74 2.79 2.00 2.70 2.34 3.10 1.70 2.38
K2O 0.33 0.66 0.31 0.31 0.26 0.18 0.51 0.14 0.21
P2O5 0.15 0.27 0.07 0.14 0.06 0.03 0.07 0.03 0.02

TOTAL 99.60 100.56 100.55 99.40 100.85 99.60 100.98 99.40 100.20

Drill Core 8412 EL9703 EL9703 8413 8414 EL9703 EL9703 10EL001 EL9703

Rock Type Mt-Ol-gab Mt-Ol-gab Mt-Ol-gab Ol-gab Ol-gab Ol-gab Ol-gab Ol-gab Ol-gab
Depth (m) 935.4 965.6 972.9 1013.8 1032.7 1036.3 1122.6 1248.3 1183.5

SiO2 45.80 44.03 45.40 47.10 41.80 45.80 48.50 48.04 40.60
TiO2 0.60 0.35 1.83 0.85 2.92 0.63 2.20 0.68 0.25

Al2O3 21.29 14.73 11.90 19.40 15.25 18.30 21.50 23.93 8.64
Cr2O3 0.02 0.01 0.15 0.07 0.52 0.10 0.01 0.02 0.01
Fe2O3 12.24 18.79 18.00 11.80 19.90 13.90 8.25 7.62 23.70
FeO 11.01 16.91 16.20 10.62 17.91 12.51 7.42 6.86 21.33
MnO 0.14 0.21 0.21 0.13 0.19 0.14 0.09 0.10 0.25
MgO 9.40 15.36 12.00 8.06 9.18 10.30 1.98 4.80 22.50
CaO 8.79 6.50 9.64 9.14 8.38 8.06 11.40 10.43 3.91

Na2O 2.54 1.93 1.59 2.67 2.24 2.49 3.26 3.00 1.10
K2O 0.32 0.19 0.17 0.25 0.26 0.19 0.47 0.37 0.10
P2O5 0.08 0.03 0.07 0.03 0.04 0.03 0.32 0.06 0.03

TOTAL 100.92 100.98 100.30 99.20 99.73 99.30 98.40 100.75 100.40

Trt = troctolite; Ol-gab = olivine gabbro; Mt-Ol-gab = magnetite-bearing olivine gabbro.

Table 2. Composition of olivine in the major rock types.

Drill Core EL9703 EL9703 EL9703 EL9703 10EL001 EL9703 EL9703

Rock Type Trt Trt Ol-gab Ol-gab Ol-gab Mt-Ol-gab Mt-Ol-gab
Depth (m) 440.2 440.2 935.5 1008.91 1158.4 992.64 985.7

SiO2 35.09 36.44 35.85 35.62 36.68 35.60 35.79
FeO 33.20 33.25 33.43 34.55 34.48 35.46 33.36
MnO 0.45 0.43 0.46 0.45 0.47 0.44 0.38
MgO 30.29 30.41 29.91 29.30 28.76 28.72 30.43
NiO 0.13 0.09 0.12 0.12 0.07 0.11 0.03
CaO 0.06 0.05 0.03 0.06 0.04 0.10 0.08

TOTAL 99.23 100.66 99.79 100.09 100.50 100.43 100.06

Normalized to 4 oxygens

Si 0.97 1.01 0.98 0.99 1.01 0.99 0.99
Fe(2+) 0.77 0.77 0.77 0.81 0.80 0.83 0.77

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.25 1.25 1.22 1.22 1.18 1.20 1.26

TOTAL 3.00 3.05 2.98 3.04 3.01 3.03 3.04

Fo (mol %) 61.6 61.7 61.1 59.9 59.5 58.8 61.7
Ni (ppm) 1060.7 739.9 950.1 926.0 575.0 838.5 259.0
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Table 3. Composition of clinopyroxene in the major rock types.

Drill Core EL9703 EL9703 EL9703 EL9703 EL9703 10EL001

Rock Type Trt Trt Ol-gab Mt-gab Ol-gab Ol-gab
Depth (m) 440.22 440.22 935.52 985.76 1008.91 1158.4

SiO2 51.06 51.31 51.85 51.45 51.22 51.20
TiO2 0.86 0.85 0.96 1.15 1.08 0.95

Al2O3 2.13 2.28 2.59 2.57 2.34 2.42
Cr2O3 0.11 0.13 0.07 0.13 0.11 0.06

FeO(total) 9.26 10.07 9.45 10.96 9.91 9.57
MnO 0.24 0.25 0.23 0.28 0.24 0.24
MgO 14.80 15.66 14.67 14.12 14.35 14.33
CaO 20.73 19.02 20.69 19.72 20.78 21.31

Na2O 0.27 0.23 0.32 0.28 0.28 0.31
TOTAL 99.49 99.83 100.84 100.66 100.32 100.43

Normalized to 6 oxygens

Si 1.91 1.92 1.94 1.92 1.91 1.91
Al 0.09 0.10 0.11 0.11 0.10 0.11
Cr 0.00 0.00 0.00 0.00 0.00 0.00

Fe(3+) 0.01 0.06 0.16 0.06 0.06 0.09
Fe(2+) 0.28 0.25 0.14 0.28 0.25 0.21

Ti 0.02 0.02 0.03 0.03 0.03 0.03
Mn 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.82 0.87 0.82 0.79 0.80 0.80
Ca 0.83 0.76 0.83 0.79 0.83 0.85
Na 0.02 0.02 0.02 0.02 0.02 0.02

TOTAL 4.00 4.02 4.05 4.02 4.02 4.03

Wo 42.1 38.6 42.0 40.5 42.3 43.1
En 41.8 44.2 41.5 40.4 40.6 40.3
Fs 15.1 16.3 15.3 18.0 16.1 15.5
Ae 1.0 0.9 1.2 1.0 1.0 1.1

Table 4. Composition of plagioclase in the major rock types.

Drill Core EL9703 EL9703 EL9703 EL9703

Rock Type Trt Trt Mt-Ol-gab Ol-gab
Depth (m) 440.2 440.2 985.76 1008.91

SiO2 54.15 51.66 53.50 53.56
Al2O3 28.50 31.09 29.73 29.49
FeO 0.33 0.47 0.26 0.48
CaO 11.38 13.64 11.78 11.91

Na2O 4.82 2.29 4.77 4.48
K2O 0.41 0.39 0.33 0.45

TOTAL 99.59 99.54 100.37 100.36

Normalized to 8 oxygens

Si 9.81 9.36 9.69 9.70
Al 6.08 6.64 6.35 6.30

Fe (2+) 0.05 0.07 0.04 0.07
Ca 2.21 2.65 2.29 2.31
Na 1.69 0.80 1.68 1.57
K 0.10 0.09 0.08 0.10

TOTAL 19.94 19.61 20.12 20.06

An 55.3 74.7 56.6 58.0
Ab 42.4 22.7 41.5 39.4
Or 2.4 2.4 1.9 2.6
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Table 5. Composition of titaniferous magnetite in major rock types.

Drill Core EL97-03 EL-97-03 EL-97-03 EL-97-03 10EL001 10EL001

Rock Type Ol-gab Mt-gab Mt-gab Trt Ol-gab Ol-gab
Depth (m) 980.67 985.40 984.4 440.2 968.96 1158.4

TiO2 5.66 17.38 15.98 8.32 7.01 5.44
Al2O3 3.88 3.76 4.27 5.45 3.87 2.21

FeO tot 84.62 74.02 73.21 75.01 83.70 88.44
Fe2O3 (calc) 49.87 29.19 29.80 37.56 47.66 53.15
FeO (calc) 34.76 44.82 43.40 37.45 36.05 35.29

MnO 0.30 0.32 0.38 0.41 0.26 0.27
MgO 1.12 1.67 1.72 1.25 1.12 0.56
Cr2O3 3.42 2.19 3.37 9.29 3.23 2.73

TOTAL 99.00 99.34 98.93 99.73 99.18 99.65

Normalized with respect to 3 cations

Ti 0.15 0.47 0.43 0.22 0.19 0.15
Al 0.16 0.16 0.18 0.23 0.16 0.09

Fe(3+) 1.44 0.85 0.86 1.07 1.37 1.54
Fe(2+) 1.08 1.37 1.33 1.14 1.12 1.11

Mn 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.06 0.09 0.09 0.07 0.06 0.03
Cr 0.10 0.06 0.10 0.26 0.09 0.08

TOTAL 3.00 3.00 3.00 3.00 3.00 3.00

4. Discussion

In this section the PGE-enrichment reported from the Echo Lake intrusion is discussed with
reference to the geochemical principles of sulfide-melt saturation in basaltic and picritic magmas.
These discussions are then placed in the context of economic mineral deposits in igneous intrusive
bodies associated with the Midcontinent Rift.

4.1. Sulfide-Melt Saturation in Basaltic and Picritic Magmas

Sulfur is an incompatible element during crystallization of silicate minerals, and thus it can
remain dissolved in magma until a late stage of crystallization. Sulfur concentration in magma
can increase by mechanisms such as fractional crystallization and the assimilation of sulfur from
external sources [28–31]. Upon the attainment of sulfide liquid saturation, an immiscible sulfide liquid
is formed from the magma, which sequesters chalcophile elements such as Cu, Ni, and PGE. For
most S-rich Ni-Cu deposits, such as Eagle [32] and Tamarack [33], incorporation of external sulfur is
regarded as an essential requirement to attain sulfide liquid saturation [31]. However, for sulfur-poor
PGE deposits, such as the Partridge River and South Kawishiwi intrusions in the Duluth Complex,
prolonged fractional crystallization of magma has been proposed as an effective mechanism to induce
sulfide liquid saturation [5,31].

Sulfide liquid saturation is also strongly influenced by f O2 [34,35] and the solubility of sulfur
in the magma can be inversely correlated with the Fe2+ content. Prolonged fractional crystallization
in a closed system is one mechanism for increasing the f O2 of the magma. Early fractionations of
anhydrous minerals such as olivine, plagioclase, and pyroxene in a closed system can increase the
mole fraction of dissolved H2O in the magma [36]. In an open system, H2O-content of the magma can
be increased by assimilation of hydrous country rocks [37,38]. These factors can cause higher oxygen
availability, and thus cause higher f O2 in the magma [31,39–42]. As proposed by Ripley and Li [31],
a rise in f O2, caused by an increase in the H2O-content of the magma changes the oxidation state of Fe
from Fe2+ to Fe3+, based on the reaction:

H2O + 2FeO = Fe2O3 + H2
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This reaction causes a decrease in the effective Fe2+ content and thereby increases the solubility of
sulfur [34]. Therefore, the formation of Fe2O3 during magmatic crystallization is indicative of high
ambient f O2. However, continued fractional separation of Fe2O3 from the magma eventually increases
the relative concentration of FeO and decreases the solubility of sulfur. Sulfide liquid saturation can
then be attained.

Sulfur content at sulfide saturation (SCSS) is the amount of sulfur at the time of attainment of
sulfide liquid saturation in the magma [31,43]. During crystallization, the lowering of temperature
decreases the solubility of sulfur and thereby lowers the value of SCSS. However, as explained above,
an increase in f O2 of the magma, as indicated by an increase in the Fe2O3 content of the crystallized
minerals, can increase the SCSS substantially [44–47], and thereby prevent sulfide liquid saturation.

Conversely, a decrease in SCSS, caused by a sudden drop in f O2, can induce sulfide liquid
saturation and consequently can cause the separation of tiny droplets of sulfide liquid from the magma.
In this case, the determinative factor for sulfide liquid separation could be the crystallization of large
quantities of oxide phases, such as titaniferous magnetite and ilmenite from the magma. The separation
by fractional crystallization of Fe3+ and Ti-oxide phases from the magma can thus reduce the SCSS,
cause sulfide liquid saturation, and a rapid separation of sulfide liquid from the magma. As proposed
by O’Neill and Mavrogenes [46], the excess sulfur displaces O2− anions that bond with Fe2+ and forms
a Fe-rich immiscible sulfide liquid as seen in the reaction:

FeO (silicate melt) +
1
2

S2 = FeS (sulfide melt) +
1
2

O2

4.2. Layered and Conduit-Type Intrusions Associated with the MCR

In the MCR-related layered intrusions of northern Minnesota, PGE mineralization is hosted within
sulfide-bearing horizons in troctolitic and gabbroic rocks [3,9,48]. In the Sonju Lake intrusion, PGE
and Au mineralization has been reported from an Fe-Ti oxide rich gabbro unit [11]. Sulfide liquid
saturation was reached after ~60% crystallization of magma by slow cooling in a closed system [8],
possibly triggered by events of devolatilization and decompression.

Cu and PGE are mostly incompatible during crystallization of silicate minerals and thus, the
concentrations of these metals increased in the differentiated liquid of a closed system. When the
immiscible sulfide liquid formed upon sulfide liquid saturation, Cu, Pt, and Pd partitioned into
the sulfide liquid and upon crystallization, the sulfide liquid formed disseminated Cu-Pt-Pd rich
grains in the oxide-rich gabbro layer [11]. In the Partridge River and South Kawishiwi intrusions,
disseminated sulfide mineralizations of Cu and PGE are found within sheet like units of gabbro
and troctolite, which were formed by fractional crystallizations of high-Al olivine tholeiitic (HOAT)
parental magmas [5,31,49].

This mineralization-type is in striking contrast with the high-grade Ni, Cu-rich but PGE-poor,
sulfide-rich deposits of the Eagle and Tamarack intrusions [13,16]. These deposits have been classified
as conduit-type sulfide deposits, where the mineralization occurred during continuous upward
movements of magmatic pulses from mantle source-rocks. Supply of external sulfur was critical to
the formation of the high-grade, massive, semi-massive, and disseminated mineralizations observed
in these intrusions [5]. During magmatic uplift, mineral fractionation was accompanied by crustal
contamination and the sulfide liquid saturation of magma was caused by selective assimilation
of sulfur-rich Paleoproterozoic meta-sedimentary country rocks the of Michigamme Formation
and Upper Thomson Formation for the Eagle deposit and Tamarack deposit, respectively [32,33].
Sulfur-contribution from deeper Neoarchean granite-greenstone rocks has also been proposed by the
above authors. The overall funnel-shaped cross-sections, as determined by drill-core studies of both
intrusions, provide additional evidence for the proposed dynamic conduit-system models. Metallic
upgrading, caused by the interaction of accumulated sulfide liquid in the magma conduit, with
continuous upheaval of large volumes of metal-enriched magma [50,51], might also have contributed
to the high ore-grades of these deposits. Crystallization modeling on high-FeO picritic basalt parental
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magmas for the Eagle [32] and Tamarack [33] deposits indicate that the magmas attained sulfide liquid
saturation at about 17% crystallization [31]. Separation of sulfide liquid from magma early in the
crystallization sequence caused the sulfide liquid to be Ni-rich. In contrast, in the case of late sulfide
liquid saturation, the magma is considerably depleted in Ni by the fractional separation of olivine [52].

4.3. Implications from Echo Lake Intrusion

The Echo Lake intrusion is primarily composed of a layered sequence of troctolite, olivine
gabbro, and peridotite (Figure 5). The occurrence of a Cu-PGE rich disseminated sulfide horizon in
close association with a zone rich in Fe-Ti oxide hosted within olivine gabbro (Figures 5–7), poses a
remarkable similarity not only with the Sonju Lake intrusion [8,11] in the MCR, but also with several
other layered igneous complexes around the world, such as the Skaergaard Complex [39], southeastern
Greenland, the Stella layered intrusion, South Africa [40], the Muskox intrusion, Nunavut, Canada [53],
and the Kivakka layered intrusion, Russia [54]. PGE-sulfide deposits in these group of intrusions have
been classified as “Skaergaard-type” deposits [53].

The variations of chemical proxies such as MgO, TiO2, Cr2O3, and FeO (total) are shown in
Figure 8. Strong positive correlations between Pt, Pd, and Cu enrichment in the layered intervals with
high TiO2- and Cr2O3-contents can clearly be observed. These are indicators of the peak concentrations
of ilmenite and Ti- and Cr-rich magnetite (Table 4) in the mineralized intervals. Since the layered
succession is primarily composed of olivine-rich rocks, there is no specific connection between the
MgO content and the contents of PGE and Cu. The same is true for FeO (total), and postcumulus
titaniferous magnetite is common in several horizons in the layered succession (Figures 3 and 4).

The lithological succession of the Echo Lake intrusion is similar to tholeiitic layered intrusions
such as the Skaergaard Complex. The mechanism of PGE-enrichment in the Echo Lake intrusion is
consistent with the attainment of sulfide-melt saturation in a high-Al olivine tholeiite (HAOT) magma
by fractional crystallization in a closed system [5,8]. The HAOT magmatic composition has been
reported from the South Kawishiwi intrusion of the Duluth Complex [55]. This magma is characterized
by approximately 20 wt. % Al2O3, 7 wt. % MgO and 11 wt. % FeO. Ripley et al. [49] calculated
that closed system crystallization of a HAOT magma can produce 17 wt. % olivine (Fo56), 63 wt. %
plagioclase (An60), and 14 wt. % clinopyroxene (Mg# 57). This explains the origin of troctolites and
olivine gabbros. This model of fractional crystallization in a closed system is in stark contrast to
conduit-type, dynamic, open-systems argued for the Eagle and Tamarack intrusions [32,33].

As proposed by Ripley and Li [31], the HAOT magmas could form by fractional crystallization
of a more primitive magma, such as a picritic basalt. This implies that the parental magma of the
Echo Lake intrusion could potentially be a differentiated liquid from a more primitive magma. This
clearly establishes a connection between the open system conduit-type magmatism and the closed
system staging-chamber type magmatism associated with the Midcontinent Rift. This is consistent
with the proposition that the predominant magma during early magmatism of the Midcontinent Rift
was a low-Al, high-FeO picrite, while in the later stages, a well differentiated HAOT magma became
prevalent [56]. Peridotites and olivine gabbros reported from the Eagle and Tamarack intrusions
show more Mg-rich olivine compositions in the range of Fo75–85 [13] and Fo82–89 [16], respectively.
However, at the Echo Lake intrusion, in troctolite, olivine gabbro, and magnetite-bearing olivine
gabbro, the compositional range of olivine is Fo57–62 (Table 2). For plagioclase, the compositional
range is An55–75 (Table 4). These compositions indicate a well-differentiated nature of the parental
magma for the Echo Lake intrusion, similar to that reported for the Sonju Lake intrusion [8,11,56]. It
is possible that at deeper undiscovered levels of the Echo Lake intrusion, there are peridotite layers
with more primitive olivine and plagioclase compositions representative of early crystallization from
an undifferentiated magma. An alternating layered succession of this type with dunite, peridotite,
and pyroxenite have been reported from intrusions such as the Pados-Tundra ultramafic complex in
Kola Peninsula, Russia [57].
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Owing to the highly incompatible nature of PGE in silicate minerals, the concentrations of these
metals in the magma increases by progressive fractional crystallization in a closed system. However,
in an open system, the periodic influx of new magma could reduce the concentration of PGE in the
mixed magma. Moreover, in an open system, crustal assimilation and mixing with siliceous magmas
could potentially induce sulfide-melt saturation. This could lead to the separation of small batches of
immiscible sulfide liquid, which could severely deplete the PGE content of the magma.

However, if sulfide-melt saturation is eventually reached at an advanced stage of magmatic
crystallization by the consequent lowering of SCSS [31], PGE can accumulate within the immiscible
sulfide liquid. Owing to the increased concentration of PGE in the evolved magma, the separated
sulfide liquid, although small in volume, would be extremely enriched in PGE.

Combining all the available evidence from the layered lithological succession, variation trends
of chemical constituents, and the localized abundances of chalcophile elements at the Echo Lake
intrusion, and comparing these observations with the known reef-type PGE mineralizations in layered
intrusions of MCR and around the world, the following mechanism of mineralization can be argued
for the Echo Lake deposit. A HAOT-type magma [58] began crystallizing olivine, plagioclase, and
relatively small quantities of pyroxene. The early crystallized olivine (Fo62) and plagioclase (An74)
formed a cumulus mosaic texture with small grains of clinopyroxene in fine interstitial spaces. This
caused the large observed volumetric abundances of troctolite and anorthosite in the layered sequence.
Early crystallization of plagioclase enriched the magma in FeO. Crystallizations of olivine (Fo57–62)
and small proportions of augite lowered the FeO content slightly. Overall, the FeO-content of the
magma increased steadily with fractional crystallization. This was accompanied by a progressive rise
of H2O and f O2 in the magma. At an advanced stage in magmatic differentiation, a threshold point
was reached, when the magma became super-saturated in FeO and this led to the crystallization of
titaniferous magnetite, accompanied by ilmenite and chromite. Rapid precipitation of large quantities
of oxide minerals created local zones of sulfide-melt saturation and the formation of disseminated Cu,
PGE-enriched sulfide minerals. The highest concentrations of Cu and PGE are hosted within a Fe-Ti
oxide rich layer of gabbro with disseminated sulfide minerals, between depths of 990 and 1010 m. It is
possible that this mineralized interval was emplaced within the stratigraphic sequence by an H2O-rich
magmatic pulse mobilized from a separate part of the magma chamber.

The heightened abundances of oxide minerals are obvious indicators of high f O2, which separated
Fe as Fe3+ and thereby suddenly lowered the effective concentration of FeO in the melt. This caused
localized zones of sulfide liquid saturation and the formation of tiny droplets of immiscible sulfide
liquid. These immiscible droplets formed in isolated pockets, sequestered the chalcophile elements
such as Pd, Pt, and Cu from the surrounding melt, and eventually crystallized to form the disseminated
sulfide mineralized horizon. Isolated and small occurrences of delicate titaniferous magnetite-sulfide
intergrowths and thin sulfide rims around larger titaniferous magnetite grain-boundaries (Figure 4)
imply close relationships between the crystallizations of titaniferous magnetite and sulfide minerals
like chalcopyrite. Local occurrences of biotite- titaniferous magnetite intergrowths (Figure 4) provide
evidence of pockets of intercumulus melt enriched in H2O.

In the complete layered interval, the concentration peaks for Pt and Pd overlap with each
other, but the peak for Cu does not (Figures 5–7).This stratigraphic offset of concentration peaks
has been reported from other layered-type sulfide deposits, such as the Sonju Lake intrusion [12],
Skaergaard Complex [39], and the Bushveld Complex [59], and has been explained by differences
in liquid/silicate partitioning coefficients for chalcophile metals, or by the fractionation of sulfide
melt during compaction of layered successions of cumulates [40]. The low abundance of Ni in this
mineralized sulfide interval can be explained by the depletion of Ni in the magma, caused by the large
fractionation of olivine early in the crystallization history.

Discovery of the PGE-Cu enriched mineralized zone in the Echo Lake intrusion is significant
for many reasons. This deposit shares several important characteristics with the layered PGE-rich
units of the Duluth and Beaver Bay complexes, as inferred in this study. Although the reported
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observations in this study are based on a limited dataset generated from preliminary exploratory
studies, the implications of these findings are profound and are indicative of potential reef-type
PGE-mineralizations in layered mafic-ultramafic sequences in other parts of the Midcontinent Rift
region, apart from the well-known layered intrusions in northern Minnesota.
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Abstract: We report the results of a mineralogical investigation of placer samples from the upper
reaches of the Sisim watershed, near Krasnoyarsk, in Eastern Sayans, Russia. The placer grains are
predominantly Os–Ir–(Ru) alloys (80%) that host various inclusions (i.e., platinum-group elements
(PGE)-rich monosulfide, PGE-rich pentlandite, Ni–Fe–(As)-rich laurite, etc.) and subordinate amounts
of Pt–Fe alloys. Analytical data (wavelength- and energy-dispersive X-ray spectroscopy) are presented
for all the alloy minerals and the suite of micrometer-sized inclusions that they contain, as well as
associated grains of chromian spinel. The assemblage was likely derived from chromitite units
of the Lysanskiy mafic–ultramafic complex, noted for its Ti–(V) mineralization. In the Os–Ir–(Ru)
alloys, the ratio Ru/Ir is ≤1, Ir largely substitutes for Os, and compositional variations indicate the
scheme [Ir + Ru] → 2Os. In contrast, in the laurite–erlichmanite series, Ir and Os are strongly and
positively correlated, whereas Ir and Ru are negatively correlated; Ru and Os are inversely correlated.
These compositions point to the scheme [Os2+ + 2Ir3+ + �] → 4Ru2+ or alternatively, to Os2+ + Ir2+ →
2Ru2+. We deduce a potential sequence of crystallization in the parental rock and address the effects
of decreasing temperature and increasing fugacity of sulfur and arsenic on the assemblage. Inclusions
of Ti-rich minerals in the alloy grains are consistent with the Lysanskiy setting; the complete spectrum
of chromite–magnesiochromite compositions indicates that an important part of that complex was
eroded. A localized fluid-dominated micro-environment produced the unique association of laurite
with monazite-(Ce), again considered a reflection of the special attributes of the Lysanskiy complex.

Keywords: platinum-group elements; platinum-group minerals; PGE alloys; chromian spinel;
schemes of substitution; Ti- and REE-rich inclusions; Sisim placer zone; Lysanskiy complex;
Eastern Sayans; Russia

1. Introduction

The Sisim placer zone contains various deposits of minerals and unusual phases rich in the
platinum-group elements (PGE). The deposits are found in an 80 × 30 km2 area in the southern
portion of the huge Krasnoyarskiy kray territory in central Siberia, not far from Krasnoyarsk in the
southwestern part of the Eastern Sayans, Russia (Figure 1).
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Figure 1. Map showing the location of the Sisim placer zone in the Krasnoyarskiy kray of the
Russian Federation.

The Au–PGE-bearing placers are developed alluvially along the River Sisim and its tributaries,
among which are the rivers Ko, Levyi Ko, Seyba, Malaya Alga, Kotel’, and Koza. The placers were
first mined for gold at the beginning of the 19th century, possibly even earlier. Vysotskiy [1] described
the first occurrences of platinum-group minerals (PGM) from the Sisim placer zone, namely grains
composed dominantly of “osmian iridium” along the Shirokiy brook in the middle reaches of the River
Sisim. In 1985, D.I. Baykalov recognized abundant grains of PGM in a suite of placers that extend up to
~19 km along the River Ko, one of longest tributaries. Krivenko et al. [2] and Tolstykh & Krivenko [3]
described the associations of PGM in those placers.

Here, we report new wavelength- and energy-dispersive X-ray spectroscopy results obtained on
samples from placers of the Sisim watershed, originating from the upper reach of the River Sisim,
including Ivanovka Creek. The PGM grains recovered are relatively small (generally <0.25–0.5 mm
and, occasionally, up to 1.8 mm in the longest dimension). There is a predominance of Os–Ir–(Ru)
alloy minerals, but these differ in composition from those known in other areas of the Eastern Sayans.
The PGM grains at Sisim host inclusions of various types, which provide insight into the ore-forming
environment and provenance. Some of these inclusions are rich in Ti or in the rare-earth elements
(REE); the latter are especially unusual and are documented here for the first time as the observed
intergrowth of PGE and REE-based minerals.

Our aims are the following: (1) to characterize the PGE mineralogy of the placer deposits of the
entire River Sisim system, incorporating results obtained on associated placers along the River Ko [2,3];
(2) to examine mineral associations, compositional ranges, extents of solid solutions, and mechanisms
of element substitutions in the PGM; (3) to discuss types and implications of various micrometer-sized
inclusions hosted by placer grains of PGE alloy minerals; and (4) to suggest a potential lode source
for the placer occurrences of PGM in the Sisim zone, on the basis of all of these findings and results
obtained on a large set of associated grains of PGM and chromian spinel.

2. Materials and Methods

The compositions of placer grains of chromian spinel, PGE alloys, and various inclusions
of amphiboles, PGM, and PGE-rich phases (Figures 2a–h and 3a–f), were investigated by
wavelength-dispersive spectroscopy (WDS) using a Camebax-micro electron microprobe at the Sobolev
Institute of Geology and Mineralogy, Russian Academy of Sciences, Novosibirsk, Russia.

The analytical conditions used for PGE-rich minerals were the following: 20 kV and 60 nA; the Lα
line was used for Ir, Rh, Ru, Pt, Pd, and As; the Mα line was used for Os; and the Kα line was used
for S, Fe, Ni, Cu, and Co. We used as standards pure metals (for the PGE), CuFeS2 (for Fe, Cu, and
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S), synthetic FeNiCo (for Ni and Co), and arsenopyrite (for As). The minimum detection limit was
≤0.06 wt % in the results of the WDS analyses.

 

Figure 2. (a) Microscopic image showing grains of placer platinum-group mineral (PGM) concentrate,
the size of which is generally ~0.1–0.5 mm, collected from the Sisim placer zone and analyzed in the
present study. The bulk of these grains (up to ~80%) are Os–Ir–(Ru) alloy minerals (i.e., the minerals
osmium and iridium). Grains of Pt–Fe alloy are subordinate (<20%); (b,c). Grains of Os–Ir alloy
(Os–Ir), observed in a polished mount, contain various inclusions; (d) A grain of sharply zoned Os–Ir
alloys, consisting of Os-rich core and Ir-rich rim; (e) Subhedral grain of mertieite-II (Mrt), hosting a
tiny inclusion of titanite (Ttn); (f) Back-scattered electron (BSE) image displaying a rounded grain of
isoferroplatinum (Ifp; Rh–Ir–Cu–bearing) [(Pt2.57Rh0.28Ir0.17Os0.09Ru0.05)Σ3.16(Fe0.66Cu0.17Ni<0.01)Σ0.84],
which is mantled by a composite rim that consists of a S-deficient phase of hollingworthite
(Hol, dark grey: the internal rim) [(Rh0.94Pt0.18Fe0.03Ir0.01)Σ1.84As1.15S0.69], and an outer rim
composed of a metal-deficient sperrylite (Spy) [(Pt0.71Rh0.17Fe0.04Ni<0.01)Σ0.92(As1.82S0.26)Σ2.08]; (g) A
reflected light microphotograph and (h) BSE image showing a sharply zoned grain of Os–Ir–(Ru)
alloy from the Sisim placer zone; the core zone (CZ, blue in Figure 2g) has the composition
Os92.6Ir6.5Ru0.7Fe0.10Ni0.10. The wavelength-dispersive spectroscopy (WDS) composition of the
periphery zone (PZ) is Os48.0Ir29.1Ru18.9Pt2.5Rh1.0Fe0.47Ni0.15.
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Figure 3. (a) BSE image displaying a multiphase inclusion enclosed by a placer grain of
an Os-dominant alloy (Os) [Os35.5Ru32.7Ir31.8] from the Sisim placer zone. It consists of a
subhedral crystal of nearly end-member laurite (Lrt) [Ru0.99S2.01], a phase of tetraferroplatinum
(Tfp) [(Pt0.93Pd0.06)Σ0.99(Fe0.58Cu0.24Ni0.19)Σ1.01], a monosulfide-type phase (Mss) having
the composition [(Ni0.55Fe0.33Rh0.10)Σ0.99S1.01], and a pentlandite-type phase (Rh–S); ideally
(Rh,Ni,Cu)9S8 [(Rh6.67–6.72Ni1.70–1.76Cu0.54–0.58Fe0.15)Σ9.1–9.2S7.8–7.9]. A Ru-dominant alloy (Ru–Os)
[Ru41.0Ir32.4Os19.7Rh4.1Fe1.6Pt1.2] occurs as a narrow rim, forming part of this inclusion. (b) BSE
image displaying a composite inclusion, hosted by an Os-dominant alloy [Os53.0Ir30.6Ru16.4],
which is associated with isoferroplatinum (Ifp) [Pt2.95(Fe0.98Ni0.07)], rimmed partly by a
tulameenite-type phase (Tul; Pd-bearing) [(Pt1.60Pd0.56)Fe0.95(Cu0.83Ni0.06)]. Also present are
a monosulfide phase [Ni0.23Fe0.23Ir0.16Rh0.13Cu0.12Ru0.03)Σ0.90S1.10] and a laurite-type phase
(Lrt) [(Ru,Fe,Ni,Rh)S2–x], which likely represents a solid solution toward pyrite and vaesite
[(Ru0.49Fe0.26Ni0.24Rh0.11Cu0.07Ir0.04)Σ1.21S1.80]. (c) BSE image of a core-like zone of Ir-dominant
alloy (Ir–Os) [Ir62.3Os26.4Ru11.2], which is surrounded by a monosulfide-type phase (Mss)
[(Ni0.28Fe0.21Ir0.17Rh0.12Cu0.11Pt0.03)Σ0.92S1.08]. The second phase of the latter type (Mss-2) has the
following composition: [(Ni0.52Fe0.39Rh0.10)Σ1.01S1.00]. This inclusion is enclosed within a grain
of Os-dominant alloy [Os46.5Ir41.0Ru12.6]. (d) BSE image of a subhedral crystal of zoned laurite
(Lrt) occurring at the center of inclusion with the composition (Ru0.89Ir0.05Os0.04)Σ0.98S2.02 in the
central phase rimmed by a narrow zone rich in Ir [(Ru0.74Ir0.16Rh0.07)Σ0.97S2.03]. An aggregate of
microcrystalline grains of a colloform rare-earth element (REE) phosphate that precipitated around the
laurite core corresponds to monazite-(Ce) (Mnz). Inclusion hosted by a grain of Os-dominant alloy (Os)
[Os43.3Ir42.2Ru14.6]. (e,f) X-ray maps show the distribution of Ce (Figure 3e) and La (Figure 3f) in the
grain of the REE phase of monazite-(Ce) shown in Figure 3d.

65



Minerals 2018, 8, 181

We analyzed (WDS) more than 50 detrital grains of chromian spinel, mostly subhedral and about
0.2–1 mm across, associated with grains of PGM in placer samples from the Sisim zone. The WDS
analyses of chromite, amphiboles, and serpentine were acquired at 20 kV and 40 nA, using the Kα line,
and the following standards: chromite (for Fe, Mg, Al, and Cr), ilmenite (Ti), manganiferous garnet (for
Mn), and synthetic V2O5 (for V). The amphibole analyses were done using the following standards:
diopside (for Ca), albite (for Na), orthoclase (for K), pyrope (Mg, Fe, Al, and Si), a glass of diopside
composition doped with 2 wt % TiO2 for Ti, and manganiferous or chromiferous garnets (for Mn and
Cr). For serpentine, we used an olivine standard (Mg, Si, Fe, and Ni), as well as diopside (Ca), and, as
noted, garnets for Mn and Cr.

In addition, we employed scanning-electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS) in order to minimize interference from the host (or adjacent grains) during the
analysis of phases 1–2 μm in size present in composite micro-inclusions (Figures 2a–f and 3a–d). These
phases were analyzed at 20 kV and 1.2 nA using a Tescan Vega 3 SBH facility combined with an Oxford
X-Act spectrometer at the Siberian Federal University, Krasnoyarsk, Russia. Pure elements (for the
PGE, Fe, Cu, Nd, Pr, and Sm), as well as FeS2 (for S), InAs (for As), CeO2 (for Ce), LaB6 (for La), GaP
(for P), and CaF2 (for Ca) were used as standards. The Lα line was used for As, the REE, and the PGE,
except for Pt (Mα line); the Kα line was used for Fe, Cu, Ni, S, P, and Ca. The results of WDS and EDS
analyses (Tables 1–8) are in good agreement.

Table 1. Compositions of grains of magnesiochromite–chromite from the Sisim placer zone, Eastern
Sayans, Russia.

# TiO2 Al2O3 Cr2O3 FeO (t) FeO (calc.) Fe2O3 (calc.) MnO MgO NiO Total

1 0.52 13.83 46.45 36.72 31.8 5.47 0.34 1.64 0.04 100.21
2 1.33 13.54 43.31 37.59 30.37 8.03 0.27 2.92 0.18 100.1
3 1.05 16.24 48.09 18.97 12.71 6.96 0.17 14.63 0.24 100.22
4 1.01 15.04 45.6 29.53 23.21 7.02 0.32 7.55 0.14 100.05
5 0.38 13.57 42.48 40.34 32.57 8.64 0.68 0.51 0.06 99.03
6 0.9 16.12 48.64 15.88 9.33 7.28 0.09 16.59 0.26 99.33
7 1.16 14.68 45.02 27.42 18.13 10.32 0.2 11.12 0.21 100.95
8 0.89 16.46 48.82 16.78 11.01 6.41 0.12 15.59 0.24 99.64
9 1.34 15.07 45.61 23.1 15.62 8.31 0.16 12.55 0.18 99.1
10 1.15 14.54 46.13 27.58 20.28 8.11 0.22 9.6 0.16 100.31

Atomic Proportions (O = 4)

# Cr Al Fe3+ Ti Mg Fe2+ Mn Ni Mg# Cr# Fe3+#

1 1.27 0.56 0.14 0.01 0.08 0.92 0.01 0.001 8 69 7
2 1.18 0.55 0.21 0.03 0.15 0.87 0.01 0.005 15 68 11
3 1.19 0.6 0.16 0.02 0.68 0.33 <0.01 0.006 67 67 8
4 1.19 0.59 0.17 0.03 0.37 0.64 0.01 0.004 36 67 9
5 1.19 0.56 0.23 0.01 0.03 0.96 0.02 0.002 3 68 12
6 1.2 0.59 0.17 0.02 0.77 0.24 <0.01 0.006 76 67 9
7 1.14 0.55 0.25 0.03 0.53 0.49 0.01 0.005 52 67 13
8 1.2 0.6 0.15 0.02 0.72 0.29 <0.01 0.006 71 67 8
9 1.16 0.57 0.2 0.03 0.6 0.42 <0.01 0.005 59 67 10
10 1.19 0.56 0.2 0.03 0.47 0.55 0.01 0.004 46 68 10

Note: Results of WDS analyses acquired with a Camebax-micro microprobe are quoted in wt %. These grains of
magnesiochromite–chromite (subhedral; 0.1–0.4 mm in size) were collected in the Sisim placer area and at Ivanovka
Creek associated. FeO (t) is all Fe as FeO. FeO (calc.) and Fe2O3 (calc.) are values calculated on the basis of
stoichiometry and charge balance per four oxygen atoms (O = 4). The index Mg# is 100 Mg/(Mg + Fe2+ + Mn); Cr#
is 100 Cr/(Cr + Al); and Fe3+# is 100 Fe3+/(Fe3+ + Cr + Al).

3. Results

3.1. Placer and Lode Occurrences of Chromian Spinel

In placer samples of chromian spinel from the Sisim zone, we find a broad range of compositions
along the magnesiochromite–chromite solid solution, with Mg# [100 Mg/(Mg + Fe2+ + Mn)] in the
range 76–3 and a MgO content up to 16.6 wt % (Table 1). In contrast to the variations in Mg#, this
series displays a fairly uniform Cr# [100 Cr/(Cr + Al)] (Figure 4, Table 1). In addition to placer
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grains, we included several grains of chromite from serpentinite exposed along the River Levyi Ko.
We believe that these bodies of serpentinite belong to the Lysanskiy ultramafic–mafic layered complex,
which hosts significant Ti–(V) ores. The chromite grains analyzed in the lode serpentinite are fairly
similar in composition to the detrital grains recovered from the Sisim placer zone (Figure 4).

Figure 4. Plot of values of the index Mg# [100 Mg/(Mg + Fe2+ + Mn)] vs. Cr# [100 Cr/(Cr + Al)] in
compositions of placer grains of chromian spinel (chromite–magnesiochromite series) from the Sisim
River system; a total of 106 data-points are plotted. For comparison, WDS data are presented for several
grains of chromite collected from lode outcrops of serpentinite exposed in the area at the River Levyi
Ko (this study).

3.2. Placer Grains of Os–Ir–(Ru) and Pt–Fe Alloys

Os- and Ir-rich alloys (Table 2) predominate in the placer concentrates at Sisim, with grain sizes
generally ≤0.5 mm and a maximum of 1–1.5 mm. Zonation in the grains of Os–Ir–(Ru) alloy is
recognized optically and in back-scattered electron (BSE) images (Figure 2d,g). Both discrete and
cryptic zonation is characterized by a relative increase in Ir and Ru toward the margin.

The observed compositions of the matrix and inclusions of the Os–Ir–(Ru) alloys define coherent
pairs (Table 2); these phases coexist in fields in the Os–Ru–Ir diagram (Figure 5), indicating that
they achieved a mutual equilibrium during crystallization. In contrast to alloys of ophiolite origin
(e.g., [4,5]), the Os–Ir–(Ru) alloys at Sisim contain rather subordinate amounts of Ru. Few compositions
correspond to the mineral ruthenium. The bulk of the alloy species are classified as either osmium and
iridium; rutheniridosmine is less abundant (Figure 5). The overall field of compositions observed at
Sisim does not differ essentially from the field recognized [2] at the River Ko. The similarity implies a
common provenance for these placer occurrences.

In the Os–Ir–Ru compositional field (Figure 5), the solid solutions display a general decrease
in Ru with increasing Os content. Interestingly, the inferred boundary of the compositional field is
nearly linear and extends along the line Ru/Ir = 1. Note that the trendline observed for the sharply
zoned crystal of Os–Ir–(Ru) alloy (Figure 2g,h) is close and subparallel to the line Ru/Ir = 1 (Figure 5).
The core zone (CZ) in this grain is [Os92.6Ir6.5Ru0.7Fe0.10Ni0.10]; its periphery zone (PZ, Figure 2g)
corresponds to [Os48.0Ir29.1Ru18.9Pt2.5Rh1.0Fe0.47Ni0.15]. The evolutionary trend thus reveals a strong
increase in the content of Ir and Ru, with a minor buildup in Pt, Rh, and Fe, and a correspondingly
strong decrease in Os. The compositions based on a total of 202 data-points (Figure 5) yield a fairly
strong negative correlation of Os vs Ir, with a correlation coefficient R of −0.86.
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Table 2. Compositions of Os–Ir–Ru alloy minerals from the Sisim placer zone, Eastern Sayans.

# Ru Os Ir Rh Pt Fe Ni Total

1 Os-dominant Matrix 6.72 55.45 37 0.06 0.23 0.13 0.03 99.62
2 11.58 45.6 38.48 1.13 2.86 0.16 0.02 99.83
3 5.82 74.44 20 0.05 0.04 0.03 bdl 100.38
4 5.42 65.97 27.4 0.24 0.43 0.03 0.05 99.54
5 11.94 42.79 41.28 1.1 1.61 0.26 0.05 99.03
6 Inclusion 11.76 53.15 34.38 0.24 0.39 0.11 0.09 100.12
7 0.25 77.34 21.83 bdl 0.09 0.06 0.03 99.6
8 0.89 88.05 10.5 bdl bdl 0.06 bdl 99.5
9 3.08 71.01 25.65 bdl bdl 0.06 0.05 99.85
10 4.54 54.2 39.53 0.26 1.58 0.18 bdl 100.3
11 Ir-dominant Matrix 6.36 14.58 75.29 0.52 1.81 0.58 0.09 99.23
12 3.55 12.63 82.53 0.14 0.79 0.8 0.09 100.53
13 1.11 27.12 70.78 bdl bdl 0.35 0.06 99.41
14 5 7.21 84.83 0.15 0.68 1.07 0.15 99.08
15 Inclusion 13.17 37.08 48.38 bdl 0.55 0.23 0.04 99.45

Atomic Proportions (per a Total of 100 at. %)

# Ru Os Ir Rh Pt Fe Ni

1 12 52.5 34.7 0.1 0.21 0.42 0.1
2 19.6 41.1 34.3 1.88 2.51 0.49 0.06
3 10.4 70.6 18.8 0.09 0.03 0.1 0
4 9.8 63.2 26 0.42 0.4 0.11 0.14
5 20.3 38.6 36.9 1.84 1.42 0.81 0.14
6 20 48 30.7 0.39 0.35 0.34 0.26
7 0.5 77.5 21.6 0 0.08 0.2 0.11
8 1.7 87.8 10.4 0 0 0.19 0.01
9 5.7 69.2 24.7 0 0 0.21 0.15
10 8.2 51.9 37.4 0.47 1.47 0.59 0.01
11 11.3 13.7 70.3 0.91 1.66 1.85 0.28
12 6.4 12 77.8 0.25 0.73 2.59 0.28
13 2.1 27 69.6 0 0 1.18 0.18
14 8.9 6.8 79.5 0.26 0.63 3.45 0.44
15 22.3 33.3 43.1 0 0.48 0.72 0.1

Note: Results of electron-microprobe spectroscopy (EDS) are quoted in weight percent. Pd is close to the detection
limit; bdl is below detection limit.

Figure 5. Compositional variations of grains of Os–Ir–(Ru) alloys from placer deposits associated with
the River Sisim (this study) and River Ko [2] in terms of the Ru–Os–Ir diagram (atomic %). The blue
arrow shows the variation, from the CZ toward the PZ, which exists in the zoned placer grain of
Os–Ir–(Ru) alloy from Sisim (Figure 2h). The nomenclature and miscibility gap are in [6].

Placer grains of Pt–Fe alloy at Sisim are ≤0.5 mm in size, and they typically contain elevated levels
of Cu (up to 1.9 wt %, Table 3). These grains exhibit variable ΣPGE/(Fe + Cu + Ni) ratios, typically
close to 3, thus corresponding to isoferroplatinum (or ferroan platinum).
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Some of the Pt–Fe alloy grains are rimmed by Pt-rich phases of arsenide or sulfarsenide
compositions, or both, as in the case of the grain shown in Figure 2f. It has the composition
of isoferroplatinum [(Pt2.57Rh0.28Ir0.17Os0.09Ru0.05)Σ3.16(Fe0.66Cu0.17Ni<0.01)Σ0.84] and is rimmed
by successive rims, the inner one composed of a S-deficient phase of hollingworthite-type
[(Rh0.94Pt0.18Fe0.03Ir0.01)Σ1.84As1.15S0.69] and the outer one consisting of metal-deficient sperrylite
[(Pt0.71Rh0.17Fe0.04Ni<0.01)Σ0.92(As1.82S0.26)Σ2.08]. The observed deviations from stoichiometry are likely
related to conditions of their deposition at low temperatures from late fluids, possibly involving the
effects of metastable crystallization. Interestingly, a similar phase of nonstoichiometric sperrylite
[(Pt0.93Rh0.13Fe0.07)Σ1.15(As1.65S0.20)Σ1.85], also rich in Rh and S, was described in a similar textural
association from British Columbia, Canada [7].

Table 3. Compositions of Pt–Fe–(Cu–Ni) alloy minerals from the Sisim placer zone, Eastern Sayans.

# Ru Os Ir Rh Pt Pd Fe Ni Cu Total

1 Matrix 0.41 0.71 4.96 bdl 84.62 bdl 7.15 0.03 0.42 98.3
2 1.12 0.3 5.44 5.6 79.63 bdl 6.8 0.15 1.07 100.1
3 1.2 0.31 5.81 4.56 80.01 bdl 7.38 0.09 0.65 100
4 0.9 2.19 4.55 4.38 80.02 bdl 5.65 0.01 1.93 99.6
5 0.79 2.67 5.24 4.55 79.28 bdl 5.82 0.01 1.75 100.1
6 2.52 2.35 6.82 1.03 79.82 bdl 6 0.12 0.81 99.5

7 Inclusion bdl 0.15 9.72 0.27 77.55 0.25 8.72 0.62 0.11 97.4
8 bdl 0.06 8.33 0.28 78.98 0.3 9 0.7 0.2 97.9
9 bdl 0.16 10.84 0.22 76.4 0.18 8.69 0.59 0.11 97.2
10 0.15 0.08 9.57 0.38 78.92 bdl 8.7 0.68 0.22 98.7
11 0.15 0.31 8.82 8.47 69.51 bdl 9.19 0.85 0.4 97.7
12 bdl bdl 8.9 4.2 71.6 bdl 12.7 3.7 0.9 102
13 bdl bdl 20.9 3.5 64.4 bdl 10.2 2.6 bdl 101.6
14 bdl bdl 10.6 7.9 66.9 bdl 10.5 2.6 bdl 98.5
15 bdl bdl 4.8 2.9 69.8 1.2 13.9 5.6 1.5 99.7
16 bdl bdl 10.8 6.7 73.7 bdl 10.1 1.9 bdl 103.2
17 bdl bdl bdl bdl 71.7 2.5 12.8 4.4 6.1 97.5
18 bdl bdl bdl bdl 80.2 6.9 10.8 1.6 0.9 100.4
19 bdl bdl bdl bdl 92.9 bdl 8.8 0.7 bdl 102.4
20 bdl bdl bdl bdl 92 bdl 8.6 0.7 bdl 101.3
21 bdl bdl bdl bdl 66.7 12.8 11.3 0.7 11.3 102.8

Atomic Proportions (per a Total of 100 at. %)

# Ru Os Ir Rh Pt Pd Fe Ni Cu ΣPGE/(Fe + Ni + Cu)

1 0.7 0.6 4.3 0 72 0 21.2 0.1 1.1 3.46
2 1.7 0.2 4.4 8.4 63.3 0 18.9 0.4 2.6 3.57
3 1.8 0.3 4.7 6.9 63.9 0 20.6 0.2 1.6 3.46
4 1.4 1.8 3.8 6.8 65.3 0 16.1 0 4.8 3.77
5 1.2 2.2 4.3 7 64.3 0 16.5 0 4.4 3.79
6 4.1 2 5.8 1.6 66.6 0 17.5 0.3 2.1 4.03
7 0 0.1 8.1 0.4 63.9 0.4 25.1 1.7 0.3 2.69
8 0 0.1 6.9 0.4 64.2 0.4 25.6 1.9 0.5 2.58
9 0 0.1 9.1 0.3 63.2 0.3 25.1 1.6 0.3 2.7
10 0.2 0.1 7.9 0.6 64.1 0 24.7 1.8 0.6 2.69
11 0.2 0.2 6.8 12.2 53 0 24.5 2.1 0.9 2.63
12 0 0 6.1 5.4 48.4 0 30 8.3 1.9 1.49
13 0 0 15.5 4.9 47.2 0 26.1 6.3 0 2.08
14 0 0 7.8 10.9 48.5 0 26.6 6.3 0 2.04
15 0 0 3.2 3.6 45.3 1.4 31.5 12.1 3 1.15
16 0 0 7.9 9.1 53 0 25.4 4.5 0 2.34
17 0 0 0 0 46.5 3 29 9.5 12.1 0.98
18 0 0 0 0 57.8 9.1 27.2 3.8 2 2.03
19 0 0 0 0 73.8 0 24.4 1.8 0 2.81
20 0 0 0 0 74 0 24.2 1.9 0 2.84
21 0 0 0 0 40 14.1 23.7 1.4 20.8 1.18

Note: Results of WDS (# 1–11) and scanning-electron microscopy (SEM)/EDS (# 12–21) analyses are quoted in
weight percent; bdl is below detection limit, and PGE is platinum-group elements. The atomic proportions are
based on a total of 100%. Numbers 1–11, 19, and 20 represent isoferroplatinum or ferroan platinum; # 12–14, 16,
and 18 are Pt–Fe alloy (“Pt2Fe”-type); # 15 refers to a member of the tetraferroplatinum–ferronickelplatinum series;
# 17 pertains to tetraferroplatinum; and # 21 corresponds to tulameenite (Pd-bearing).
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In addition, the Pt–Fe alloy grains at Sisim are substantially enriched in Rh (up to 5.6 wt %) and
Ir (up to 6.8 wt %, Table 3); elevated contents of the components chengdeite (Ir3Fe) and “Rh3Fe” are
implied in these variants of isoferroplatinum or ferroan platinum.

3.3. Inclusions of Hydrous Silicates and High-Ti Micrometer-Sized Mixtures

Serpentine and various amphiboles occur as inclusions in placer grains of PGM at Sisim.
The serpentine inclusions appear to contain other minerals as micro-impurities, which result in
deviations from stoichiometry. However, the analyzed level of MgO is unusually high (45.6 wt %,
WDS), thus indicating a high-Fo composition of the olivine precursor coexisting with the Os–Ir alloy.
Calcic and sodic–calcic amphiboles, identified as magnesio-hornblende, barroisite, and edenite, were
recognized in inclusions enclosed within the PGM grains (Table 4). They are moderately high in
magnesium (Mg# up to 83.6); some compositions display elevated contents of Na (up to 3.6% Na2O),
K (1.1% K2O), and Ti (up to 1.7% TiO2).

Interestingly, heterogeneous micro-inclusions, apparently composed of mixtures of different
phases, also were analyzed; these are hosted by grains of PGM and invariably contain high levels
of Ti (54.5–68.2% TiO2), elevated Al (9.0–10.3% Al2O3), Fe (2.9–8.4% FeOtotal), Si (5.8–11.2% SiO2),
and substantial Cr (0.4–1.0% Cr2O3). The main material is likely a Ti-rich oxide or a mixture of oxides,
which fill these inclusions along with a subordinate silicate.

Table 4. Compositions of amphibole inclusions hosted by grains of platinum-group minerals in the
Sisim placer zone, Eastern Sayans.

# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

1 45.92 1.2 10.28 0.16 6.59 0.14 18.15 10.56 2.03 0.15 95.18
2 45.83 0.84 8.27 0.18 7.95 0.2 19.04 8.38 1.53 0.11 92.33
3 44.31 1.63 10.26 0.27 11.78 0.17 14.97 10.2 0.61 0.22 94.42
4 43.61 1.62 9.91 0.2 12.05 0.22 14.7 10.49 0.7 0.21 93.71
5 47.04 1 10.34 0.17 10.63 0.19 14.31 8.16 1.04 0.02 92.9
6 48.63 1.02 8.2 0.21 11.32 0.34 13.48 11.93 0.73 0.84 96.7
7 48.37 1.5 13.32 0.28 9.9 0.18 10.28 9.02 2.17 1.06 96.08
8 44.39 1.75 10.1 0.9 12.06 0.16 13.2 5.68 3.64 0.25 92.13
9 48.67 1.72 13.6 0.12 6.78 0.18 7.81 13.81 2.38 0.38 95.45
10 51.11 1.3 14.4 0.13 6.65 0.17 8.45 12.18 2.4 0.38 97.17

Atomic Proportions (O = 23)

# Si [4]Al Al Fe3+ Ti Cr Fe2+ Mn Mg Ca Na K Mg#

1 6.68 1.32 0.44 0 0.13 0.02 0.8 0.02 3.94 1.65 0.57 0.03 82.8
2 6.84 1.16 0.29 0.2 0.09 0.02 0.8 0.03 4.24 1.34 0.44 0.02 83.6
3 6.58 1.42 0.37 0.44 0.18 0.03 1.02 0.02 3.31 1.62 0.18 0.04 76.1
4 6.54 1.46 0.29 0.55 0.18 0.02 0.97 0.03 3.29 1.68 0.2 0.04 76.7
5 7.02 0.98 0.83 0 0.11 0.02 1.33 0.02 3.18 1.3 0.3 <0.01 70.2
6 7.1 0.9 0.52 0 0.11 0.02 1.38 0.04 2.94 1.87 0.21 0.16 67.4
7 6.99 1.01 1.26 0 0.16 0.03 1.2 0.02 2.22 1.4 0.61 0.2 64.5
8 6.81 1.19 0.63 0 0.2 0.11 1.55 0.02 3.02 0.93 1.08 0.05 65.8
9 7.04 0.96 1.36 0 0.19 0.01 0.82 0.02 1.69 2.14 0.67 0.07 66.8
10 7.18 0.82 1.57 0 0.14 0.01 0.78 0.02 1.77 1.83 0.65 0.07 68.9

Note: Results of WDS analyses are quoted in wt %; bdl is “below detection limit”. Numbers 1, 3, 4, and 6 pertain to
magnesio-hornblende; # 2, 5, 7, and 8–10 correspond to edenite. The atomic proportions are based on 23 oxygen
atoms per formula unit, a.p.f.u. (O = 23).

3.4. Inclusions of REE- and Ti-Rich Minerals Coexisting with PGM

A colloform REE-rich phase seems to fill a cavity in the host Os–Ir alloy around a central
inclusion of laurite (Figure 3d). Low analytical totals for the phosphate material (# 1, 2, Table 5)
are ascribed to its porosity. Nevertheless, the SEM/EDS compositions led to a stoichiometric formula
(Ce,La,Nd,Ca,Pr)PO4 of monazite-(Ce) (Table 5). The X-ray maps for Ce and La show that they are
distributed uniformly over the entire grain (Figure 3e,f).
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Furthermore, titanite is documented (# 3, Table 5) in a single micro-inclusion hosted by a placer
grain of mertieite-II [Pd8Sb2.3As0.6] (Figure 2e, # 1, 2, Table 6); the latter is close in composition to the
ideal composition, Pd8Sb2.5As0.5 [8].

Table 5. Compositions of inclusions of REE- and Ti-rich minerals hosted by grains of platinum-group
minerals from the Sisim placer zone, Eastern Sayans.

# P2O5 SiO2 TiO2 Al2O3 Cr2O3 Ce2O3 La2O3 Sm2O3 Nd2O3 Pr2O3 FeO CaO Na2O Total

1 28.52 bdl bdl bdl bdl 24.91 12.42 bdl 8.38 2.22 bdl 2.83 bdl 79.3
2 30.93 bdl bdl bdl bdl 24 14.84 1.09 9.91 2.71 1.22 3.13 bdl 87.8
3 0 29.77 37.22 0.46 0.12 bdl bdl bdl bdl bdl 0.65 26.81 0.06 95.1

Atomic Proportions

# P Si Ti Al Cr Ce La Sm Nd Pr Fe Ca Na Σ(REE + Ca)

1 1.08 0 0 0 0 0.41 0.2 0 0.13 0.04 0 0.14 0 0.92
2 1.06 0 0 0 0 0.36 0.22 0.02 0.14 0.04 0.04 0.14 <0.01 0.94
3 0 1.02 0.96 0.02 <0.01 0 0 0 0 0 0.02 0.99 0 1.01

Note: Results of SEM/EDS analyses are quoted in wt %; bdl is below detection limit. Numbers 1 and 2 pertain
to monazite-(Ce); analysis # 3 corresponds to titanite. Atomic proportions are calculated per 4 oxygen a.p.f.u. for
monazite-(Ce) and per 5 oxygen a.p.f.u. for titanite. Zero stands for “not detected”.

Table 6. Compositions of various platinum-group minerals from the Sisim placer zone, Eastern Sayans.

# Mineral Ru Os Ir Rh Pt Pd Fe Ni Co Cu S As Sb Total

1
Mertieite-II

bdl bdl bdl bdl bdl 72 bdl bdl bdl bdl bdl 3.48 23.5 99
2 bdl bdl bdl bdl bdl 71.86 bdl bdl bdl bdl bdl 3.5 23.28 98.6
3 Hollingworthite 0.95 0.29 5.89 31.14 13.2 bdl 0.85 0.03 bdl bdl 9.82 34.58 bdl 96.8
4 3.03 0.73 18.24 17.5 15.95 bdl 0.1 0.06 bdl bdl 10.78 31.3 bdl 97.7
5 Cherepanovite 3.51 bdl 2.1 47.11 5 bdl 0.13 0.02 bdl bdl 3.13 39.62 bdl 100.6
6 2.73 bdl 2.6 45.52 6.27 bdl 0.06 0.02 bdl bdl 3.43 39.41 bdl 100

7 Laurite
(Fe–Ni-rich) 31.5 bdl 4.9 6.9 bdl bdl 9.1 8.9 bdl 2.7 36.4 bdl bdl 100.4

8 Laurite
(As-rich) 46.8 3.7 3 bdl bdl bdl 1.1 0.6 1.8 bdl 22.1 23.4 bdl 102.5

9 Kashinite bdl bdl 77.8 0.7 bdl bdl bdl bdl bdl bdl 22.5 bdl bdl 101

10 Kashinite
(Cu-rich) bdl bdl 64.5 bdl bdl bdl 3.7 bdl bdl 6.4 24.6 bdl bdl 99.2

Atomic Proportions

# Ru Os Ir Rh Pt Pd Fe Ni Co Cu S As Sb

1 0 0 0 0 0 8.12 0 0 0 0 0 0.56 2.32
2 0 0 0 0 0 8.13 0 0 0 0 0 0.56 2.3
3 0.02 <0.01 0.08 0.76 0.17 0 0.04 <0.01 0 0 0.77 1.16 0
4 0.08 0.01 0.25 0.45 0.22 0 <0.01 <0.01 0 0 0.89 1.1 0
5 0.06 0 0.02 0.79 0.04 0 <0.01 <0.01 0 0 0.17 0.91 0
6 0.05 0 0.02 0.77 0.06 0 <0.01 <0.01 0 0 0.19 0.92 0
7 0.49 0 0.04 0.11 0 0 0.26 0.24 0 0.07 1.89 0 0
8 0.89 0.04 0.03 0 0 0 0 0.02 0.06 0 1.33 0.6 0
9 0 0 1.82 0.03 0 0 0 0 0 0 3.15 0 0
10 0 0 1.32 0 0 0 0.26 0 0 0.4 3.02 0 0

Note: Results of WDS (# 1–6) and SEM/EDS (# 7–10) analyses are quoted in weight %; bdl is below detection limit.
Numbers 1 and 2 pertain to placer grain. Numbers 3–10 pertain to inclusions hosted by grains of PGE alloy minerals.
The atomic proportions are based on a total of 11 a.p.f.u. for mertieite-II, 3 a.p.f.u. for hollingworthite and laurite, 2
a.p.f.u. for cherepanovite, and 5 a.p.f.u. for kashinite.

3.5. Variations and Element Correlations in the Laurite–Erlichmanite Series at Sisim

Extensive variations and broad ranges of compositions (Figure 6a–c, Table 7) are documented
for members of the laurite–erlichmanite series, which occur as inclusions (<50 μm across) in placer
grains of PGE alloy minerals. Element correlations are based on the analyzed specimens at Sisim (this
study) and the River Ko [3]. Iridium correlates positively and strongly with Os; the value of R is 0.84,
based on a total of 55 data-points (Figure 6a). In contrast, the Ir–Ru correlation is negative (R = −0.88,
Figure 6b). The Os–Ru correlation is inverse (R = −0.97), as expected (Figure 6c).

In addition, we encountered an unusual laurite-type phase that is anomalously enriched in Ir
(0.40 a.p.f.u., # 9, Table 7). A phase of similar composition (0.35 Ir a.p.f.u., # 10, Table 7) was reported
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from the Miass placer zone, southern Urals, Russia [4]. Note that both phases are represented by
erlichmanite (i.e., the Os-rich end-member) and contain minor Ru (~0.1 a.p.f.u.); this feature agrees well
with the sympathetic Os–Ir covariations observed in the series at Sisim (Figure 6c). More studies are
required to explain the anomalous Ir-enrichment, which could be a result of an unusual environment
of crystallization. On the other hand, it cannot be excluded that the Ir anomaly may reflect the presence
of “invisible” exsolution-induced domains of orthorhombic IrS2.

 

 

 

Figure 6. Correlations of Ir and Os (a); Ir and Ru (b); and Os and Ru (c) observed in compositions of
members of the laurite–erlichmanite series, which occur as inclusions in placer grains of Os–Ir–(Ru)
alloys from the Sisim River system (this study), compared with laurite–erlichmanite grains from the
River Ko placer [3]. The equation of linear regression and values of the correlation coefficient (R) are
based on a total of 55 data-points (this study).
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Table 7. Compositions of laurite–erlichmanite inclusions hosted by grains of PGE alloy minerals in the
Sisim placer zone, Eastern Sayans.

# Ru Os Ir Rh Pt Fe Ni S As Total

1 14.91 45.58 10.79 bdl bdl bdl 0.02 28.49 bdl 99.79
2 49.16 6.67 5.79 0.82 bdl 0.01 0.01 36.01 bdl 98.47
3 1.7 57.75 14.09 bdl bdl 0.24 0.2 26.02 0.17 100.17
4 34.24 22.2 8.71 0.66 bdl bdl bdl 32.94 0.08 98.83
5 46.17 9.55 6.8 0.34 bdl bdl 0.04 35.31 0.08 98.29
6 28.8 27.8 9.8 bdl bdl bdl bdl 34.2 bdl 100.6
7 35.6 20.6 8 bdl bdl bdl bdl 35.3 bdl 99.5
8 57.3 1.9 2 bdl bdl bdl bdl 37.9 bdl 99.1
9 4.44 34.39 31.63 0.33 0.09 0.28 bdl 26.43 bdl 97.6
10 3.46 44.46 26.6 bdl bdl bdl bdl 24.58 0.86 99.96

Atomic Proportions (per a Total of 3 a.p.f.u.)

# Ru Os Ir Rh Pt Fe Ni S As

1 0.33 0.54 0.13 0 0 0 0.001 2 0
2 0.87 0.06 0.05 0.01 0 0 0 2 0
3 0.04 0.75 0.18 0 0 0.01 0.008 2 0.006
4 0.66 0.23 0.09 0.01 0 0 0 2.01 0.002
5 0.83 0.09 0.06 0.01 0 0 0.001 2 0.002
6 0.55 0.28 0.1 0 0 0 0 2.07 0
7 0.66 0.2 0.08 0 0 0 0 2.06 0
8 0.96 0.02 0.02 0 0 0 0 2 0
9 0.11 0.44 0.4 0.01 <0.01 0.01 2.02 0
10 0.09 0.59 0.35 0 0 0 0 1.94 0.03

Note: Results of WDS (# 1–5 and 9) and SEM/EDS (# 6–8) analyses are quoted in weight %.; bdl is below detection
limit. Analyses # 1–8 pertain to inclusions of members of the laurite–erlichmanite series, which are hosted by grains
of PGE alloy minerals from the Sisim placer zone (this study). Numbers 9 and 10 represent unusual phases of
erlichmanite that are anomalously enriched in Ir, which were collected at Sisim (# 9, this study) and at Rudnaya,
Eastern Sayans (# 10) [4].

3.6. Monosulfide and Pentlandite-Type Inclusions in Grains of PGE Alloys

Compositionally, there are two types of Ni–Fe–PGE sulfide inclusions associated with laurite,
Pt–Fe–(Cu) and Ir–Os–(Ru) alloys (Figure 3a–c). Grains of the first type have their ΣMe/S value, in
which ΣMe is the total content of metals, close to 1:1 (or lower, with a minimum of ~0.7), and correspond
to monosulfide (Mss). In the phases representative of the second type, values of ΣMe/S approach 9:8
(ideally 1.125), being characteristic of pentlandite. These phases are invariably enriched in Rh, and to a
lesser extent, in Ir (Table 8).

Figure 3c shows genetically informative textural relations; they involve a core zone of Ir–Os alloy
and two phases of the Mss-type (Mss and Mss-2), which are developed as overgrowths in a composite
inclusion hosted by a placer grain of Os-dominant alloy [Os46.5Ir41.0Ru12.6]. The micrometer-sized core
of Ir-dominant alloy has the composition [Ir62.3Os26.4Ru11.2]; it is rimmed by the first Mss-type phase
[(Ni0.28Fe0.21Ir0.17Rh0.12Cu0.11Pt0.03)Σ0.92S1.08]. The second phase (Mss-2) is (Ni0.52Fe0.39Rh0.10)Σ1.01S1.00.
The first phase appears to have formed early as a result of buildup in sulfur fugacity (f S2) after
crystallization of the Ir–Os alloy nucleus. As a result of crystallization at a high temperature, this phase
is relatively enriched in Ir and ΣPGE. In contrast, the second phase is essentially devoid of Ir, poorer in
Rh, and rich in Ni.

The overall variations (Figure 7) observed for the Mss- and pentlandite-type phases at Sisim
compare well to those recorded from placers of the River Ko [3]. These phases all define a
single linear trend that extends toward the compositions that are rich in (Ni + Fe) and relatively
poorer in S, with a corresponding decrease in ΣPGE. Vacancies could likely exist at the metal sites
of the pentlandite-type phases rich in the PGE from these placers, as suggested for ferhodsite
[(Fe,Rh,Ir,Ni,Cu,Co,Pt)9–xS8] discovered in the Nizhniy Tagil complex, Russia [9]. Ferhodsite is
tetragonal and has a pentlandite-derivative structure. Owing to the possible presence of vacancies,
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compositions of (Ni,Fe,PGE)9–xS8 and (Ni,Fe,PGE)1–xS could almost coincide for some data-points in
the plot (Ni + Fe)–ΣPGE–S (Figure 7).

Table 8. Compositions of monosulfide- and pentlandite-type inclusions hosted by grains of PGE alloy
minerals in the Sisim placer zone, Eastern Sayans.

# Ru Os Ir Rh Pt Pd Fe Ni Co Cu S Total

1 bdl bdl 0.95 12.69 0.25 0.02 23.49 29.26 0.26 0.41 30.65 98
2 bdl bdl 0.57 12.25 0.13 0.15 24.23 30.11 0.2 0.23 30.02 97.9
3 6.98 bdl 0.88 10.34 bdl bdl 20.54 25.03 bdl 0.81 31.14 95.7
4 bdl bdl bdl 11.5 bdl bdl 18.7 33.1 bdl bdl 32.1 95.4
5 bdl bdl bdl 11.7 bdl bdl 19.3 34 bdl bdl 33.8 98.8
6 bdl bdl bdl 11.3 bdl bdl 19.5 33.7 bdl bdl 34 98.5
7 bdl bdl bdl 10.5 bdl bdl 24.7 31 bdl bdl 34.6 100.8
8 bdl bdl 3.1 10.2 bdl 1 22.3 25.6 bdl bdl 34.4 96.6
9 bdl bdl bdl 10.8 bdl bdl 23 32.1 bdl bdl 33.9 99.8
10 bdl bdl bdl 12.1 bdl bdl 18.9 35.3 bdl bdl 34.9 101.2
11 31.5 bdl 4.9 6.9 bdl bdl 9.1 8.9 bdl 2.7 36.4 100.4
12 bdl bdl bdl 11.4 bdl bdl 24 28.7 bdl bdl 33.5 97.6
13 bdl bdl 2.7 29.6 bdl bdl 11.6 20.1 bdl 1.9 31.9 97.8
14 bdl bdl 2.6 29.8 bdl bdl 10.9 20.4 bdl 2.3 32.5 98.5
15 bdl bdl 27.4 10.2 4.5 bdl 9.6 13.7 bdl 5.9 28.8 100.1
16 1.5 13.4 26 7.6 5.5 bdl 7.3 10.1 bdl 5.2 23.5 100.1
17 2.7 bdl 27.1 11.8 bdl bdl 10.9 11.5 bdl 6.3 30.5 100.8
18 bdl bdl 64.5 bdl bdl bdl 3.7 bdl bdl 6.4 24.6 99.2

Atomic Proportions (per a Total of 100 at. %)

# Ru Os Ir Rh Pt Pd Fe Ni Co Cu S Me/S

1 0 0 0.2 6.1 0.06 0.01 20.9 24.7 0.2 0.3 47.4 1.11
2 0 0 0.1 5.9 0.03 0.07 21.5 25.5 0.2 0.2 46.5 1.15
3 3.5 0 0.2 5.1 0 0 18.8 21.8 0 0.7 49.8 1.01
4 0 0 0 5.6 0 0 16.6 28 0 0 49.8 1.01
5 0 0 0 5.4 0 0 16.5 27.7 0 0 50.4 0.99
6 0 0 0 5.2 0 0 16.7 27.4 0 0 50.7 0.97
7 0 0 0 4.7 0 0 20.6 24.5 0 0 50.2 0.99
8 0 0 0.8 4.9 0 0.46 19.6 21.5 0 0 52.8 0.89
9 0 0 0 4.9 0 0 19.4 25.8 0 0 49.9 1.01
10 0 0 0 5.5 0 0 15.8 28 0 0 50.7 0.97
11 16.4 0 1.3 3.5 0 0 8.6 8 0 2.2 59.9 0.67
12 0 0 0 5.3 0 0 20.7 23.6 0 0 50.4 0.99
13 0 0 0.7 15.3 0 0 11.1 18.2 0 1.6 53 0.89
14 0 0 0.7 15.3 0 0 10.3 18.3 0 1.9 53.5 0.87
15 0 0 8.6 6 1.39 0 10.3 14 0 5.6 54.1 0.85
16 1 4.9 9.4 5.1 1.96 0 9.1 11.9 0 5.7 50.9 0.96
17 1.5 0 8.2 6.7 0 0 11.3 11.4 0 5.8 55.2 0.81
18 0 0 26.4 0 0 0 5.2 0 0 7.9 60.4 0.65

Note: Results of WDS (# 1–3) and SEM/EDS (# 4–18) analyses are quoted in wt %; bdl is below detection limit.

Figure 7. Variation of compositions of sulfide phases of the monosulfide and pentlandite types, which
occur as inclusions hosted by placer grains of Os–Ir–(Ru) alloys from the River Sisim (this study) and
the River Ko [3] in terms of ternary plot ΣPGE–Ni + Fe (+Co)–S (atomic %).
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3.7. Other Unusual Phases in Micrometric Inclusions at Sisim

Some phases of unusual compositions rich in Pd, Cu, and Ni were found in inclusions
hosted by PGE alloy minerals. A Pd-bearing tetraferroplatinum (# 15, 17, Table 3)
[(Pt0.91–0.93Rh0–0.07Ir0–0.06Pd0.03–0.06)Σ0.99–1.07(Fe0.58–0.63Ni0.19–0.24Cu0.06–0.24)Σ0.93–1.01] represents
a solid solution with ferronickelplatinum. A phase of Pd-rich tulameenite corresponds to
(Pt1.60Pd0.56)Σ2.16Fe0.95(Cu0.83Ni0.06)Σ0.89 (# 21, Table 3).

The other phases, analyzed in micrometer-sized inclusions or as a rim around Pt–Fe alloy grains,
are hollingworthite, cherepanovite, and kashinite (Cu-free and Cu-rich varieties, Table 6). Especially
interesting are Fe-, Ni- and As-rich phases (# 7, 8, Table 6) related to laurite. The first of them appears
to be a new and hitherto unreported example of a solid solution involving pyrite-type components:
laurite, pyrite, and vaesite. Previously, Barkov et al. reported on a member of the pyrite–laurite series
from the Imandra complex, Russia [10]. The second phase of laurite is anomalously enriched in As
(23.4% or 0.60 As a.p.f.u., # 8, Table 6); it likely indicates the existence of a solid solution with anduoite
(orthorhombic RuAs2).

4. Discussion

4.1. Crystallization History of Associations of PGM at Sisim

We presume that the Os-dominant alloy phase was first to crystallize in the ultramafic lode source
in inferred association with chromian spinel and cumulus olivine, proposed on the basis of inclusions of
high-Mg serpentine. The core of the zoned crystals (Figure 2d,g) of the Os–Ir–(Ru) alloys nucleated first;
their periphery formed at a later stage, at lower temperature. The evolutionary trend is expressed by the
change of compositions from Os92.6Ir6.5Ru0.7Fe0.10Ni0.10 (core) to Os48.0Ir29.1Ru18.9Pt2.5Rh1.0Fe0.47Ni0.15

(periphery). This trend (Figure 5) is consistent with the following, descending order of melting
temperatures known from the literature [11]: Os (3030 ◦C) → Ir (2447 ◦C) → Ru (2310 ◦C) → Rh (1963
◦C) → Pt 1772 ◦C → Pd (1554 ◦C). Thus, Os, as the high-temperature component, was preferentially
incorporated into the core; the rim is enriched in Ir and Ru, which are less refractory, during fractional
crystallization. This example provides evidence of a simple and effective mechanism of fractionation
of Os from Ru and Ir in natural systems. Minor Pt and Rh, along with Fe, are also relatively enriched in
the periphery. Palladium is not important here, as is typically observed in Os–Ir–(Ru) alloys associated
with chromitite. Nevertheless, we note a relative Pd-enrichment that is characteristic of the late phases
of alloys associated with inclusions or rims.

In contrast with other PGE deposits, the overall field of compositions of the alloys at Sisim and
River Ko is limited to the Ru-poor portion of the Os–Ir–Ru system by the line Ru/Ir = 1 (Figure 5).
Furthermore, the trend of zonation observed in the Os–Ir–(Ru) alloy extends subparallel to this
boundary. This feature likely implies the existence of a geochemical relationship involving Ir and
Ru, so that the alloy phases with a Ru/Ir ratio exceeding 1 were not stable under the local conditions
of crystallization.

Grains of Pt–Fe alloys likely crystallized after the grains of Os–Ir alloy phases. The observed
variants of isoferroplatinum, enriched in the chengdeite [Ir3Fe] component, appear to have formed
first among the Pt–Fe alloys. At a late stage and at subsolidus temperatures, the other Pt–Fe alloys rich
in Pd, Cu, and Ni, such as Pd-bearing tetraferroplatinum and tulameenite (also Pd-rich), formed as
components of inclusions hosted by grains of PGE alloys.

Levels of f S2 and f As2 likely increased during the advanced stages of ore formation, leading to
the deposition of various species of sulfide, sulfarsenide, and arsenide rich in PGE. These occur in
two textural forms, as follows: as late phases crystallized from microvolumes associated with the
inclusions, or as a rim that consists of hollingworthite, a sperrylite-like phase, cherepanovite, kashinite,
and its Cu-rich variant. The development of the composite rims of hollingworthite and sperrylite
(Figure 2f) provides a clear indication of the S–As enrichment in a late fluid.
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As noted, laurite is fairly common in the form of multicomponent or single inclusions in
association with the Mss-type phases (Figure 3a,b). Laurite-type phases that are atypically rich in Fe
and Ni imply the existence of a solid solution involving various pyrite-type components: RuS2 (laurite),
FeS2 (pyrite), and NiS2 (vaesite). One of the laurite phases is anomalously rich in as (23.4 wt %); it is
indicative of considerable, though likely limited, solid solution with anduoite (orthorhombic RuAs2).
These occurrences of laurite–erlichmanite phases at Sisim likely formed at low temperatures at a
subsolidus stage. They are unlikely to have a high-temperature magmatic origin, which laurite reveals
in other environments (e.g., [12,13]). In fluid-saturated systems rich in volatiles, laurite or ruthenoan
pyrite belong to a hydrothermal paragenesis described from the Imandra complex, Russia [10,14].
Unusual laurite–clinochlore intergrowths also crystallized relatively late, from microvolumes of
H2O-bearing fluid enriched in Ru, S, and lithophile elements in the Pados-Tundra complex, Russia [15].
In addition, laurite can form at a late stage as a result of a solution-and-redeposition reaction involving
the original grains of Os-rich alloy in environments of increasing f S2, as observed at Miass, Russia [4].

At Sisim, a late generation of Ir–Os alloy precipitated as a core-like phase surrounded by the
Mss-type phases, which all are enclosed within a grain of Os–Ir alloy (Figure 3c). As noted, the first
of the Mss phases formed after the alloy core, as a result of buildup in f S2 in the micro-environment.
Contents of Ir and ΣPGE decreased sharply, followed by a corresponding increase in Ni in the Mss-2
phase (Figure 3c), likely owing to a normal drop in temperature during crystallization.

We observe that Rh is a main constituent of the PGE documented in the Mss- and pentlandite-type
inclusions. This feature is not unusual, as rhodian pentlandite is known in various deposits
(e.g., [16–19]). Presumably, Rh is better accommodated by the structure of these sulfides, at least under
the given conditions of crystallization. High-temperature conditions would presumably promote the
incorporation of greater amounts of Rh and ΣPGE into these phases.

This suggestion is corroborated by experimental results. In the system Fe–Rh–S, at 900 ◦C,
the pyrrhotite phase (Fe1–xS) dissolves up to 25.7 at. % Rh; with decreasing temperature, the maximum
solubility strongly decreases to 2.8 at. % Rh at 500 ◦C [20]. The solubility of Ir, also determined in
Fe1–xS, is much lower than that of Rh; even at a higher temperature of synthesis in the system Fe–Ir–S,
pyrrhotite dissolves 5.8 at. % Ir at 1100 ◦C, 3.4 at. % Ir at 1000 ◦C, and only 1.0 at. % Ir at 800 ◦C [21].
The maximum levels of solubility of Pt and Os are much lower: 1.1 at. % Pt at 1100 ◦C, as observed in
the system Fe–Pt–S [22], and 0.7 at. % Os at 1180 ◦C (or 0.3 at. % at 900 ◦C) in the system Fe–Os–S [23].

The PGE-bearing phases of Mss- and pentlandite-type included in grains of PGE alloys at Sisim
and River Ko show a linear trend of crystallization (Figure 7). They evolved in the direction of a
decrease in ΣPGE and a corresponding increase in Ni and Fe, presumably as temperature dropped.
The overall content of S is relatively high in the ΣPGE-rich sulfide phases; note that the general level of
S decreased during crystallization (Figure 7). The S-excess compositions of the phases richest in the
PGE presumably compensate an excess in positive charges resulting from the incorporation of Rh3+

(and Ir3+) in the place of Ni2+ and Fe2+ in crystal structures.

4.2. Contrasting Behavior of Ir and Mechanisms of Element Substitutions

The behavior of Ir in Os–Ir–(Ru) alloys differs from that in Os–Ru–(Ir) disulfides at Sisim. In the
alloys, the compositional field of which is restricted by the line Ru/Ir = 1 (Figure 5), the Ir content
correlates negatively and strongly with Os (R = −0.86). Thus, Ir largely substitutes for Os in these
structures; an idealized scheme, [Ir + Ru]0 → 2Os0, seems relevant and operates along the boundary.
In contrast, the laurite–erlichmanite series displays the well-recognized sympathetic covariation of
Ir and Os, with R = 0.84 (Figure 6a). The Ir–Ru correlation is antipathetic, with a value of R = −0.88
(Figure 6b). These variations are consistent with the substitution mechanism [Os2+ + 2 Ir3+ + �] →
4Ru2+. In addition, we cannot exclude that the Ir2+(S2)2– component is involved, so that the alternative
scheme of substitution is Os2+ + Ir2+ → 2Ru2+.

The extent of [Irx(Ru,Os)1–x]S2 solid solution in the laurite–erlichmanite series is limited to
~20 mol % “IrS2”, whereas a continuous solid-solution exists between the RuS2 and OsS2 end-members,
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cf. [24]. This pattern may well result from the existence of vacancy-type defects and related
complications arising from the incorporation of Ir [25]. The proposed mechanism is 0.667 Ir3+ +
0.333 Me� = (Ru + Os)2+; the Ir is assumed to be trivalent in Ir0.67S2 (i.e., the ideal phase of pyrite
structure “IrS3”). A second coupled substitution is [(Ir + Rh)3+ + (AsS)3– = (Ru + Os)2+ + (S2)2–], in
which Ir (and Rh) are incorporated as the irarsite–hollingworthite component [25].

We suggest that the contrasting behavior of Ir at Sisim is controlled principally by levels of f S2 in
the system. At very low levels, Ir substitutes preferentially for Os in the alloy phases. The positive
covariation of Ir and Os, documented in the laurite–erlichmanite series, is consistent with a gradual
increase in f S2. It is known that the phase OsS2 crystallizes at a substantially higher level of f S2 than
RuS2; the position of the Ir–Ir2S3 buffer is relatively close to the Os–OsS2 buffer, and they both are
well above the Ru–RuS2 buffer [26]. Therefore, the incorporation of the “Ir1–xS2” component into the
laurite–erlichmanite series would clearly require elevated levels of f S2, which likely led to the positive
covariation of Ir with Os, not Ru. The proposed mechanism [Os2+ + 2 Ir3+ + �] → 4Ru2+ may well
account for other occurrences of laurite–erlichmanite (e.g., at Pados-Tundra, Russia), in which there is
a positive correlation of Ir and Os, and members of the RuS2−RuSe2 series occur [15].

4.3. Potential Provenance of PGM in the Sisim Placer Zone

The observed terrane affinities strongly suggest that the Lysanskiy complex is the common source
of placer associations of detrital grains of PGM in the area of the rivers Sisim and Ko. This complex is
layered; it represents a suite of ultramafic–mafic bodies ~0.5 × 30 km in extent [27], which have tectonic
contacts with the host rocks of the Bakhtinskaya suite of the Upper Proterozoic age. The complex
includes several massifs: Lysanskiy, Podlysanskiy, and Kedranskiy, along with many small and
fragmented bodies. These are composed of sequences of serpentinite, wehrlite, lherzolite, harzburgite,
clinopyroxenite, websterite, gabbronorite, troctolite, gabbro, and anorthosite. Some massifs are
dominantly ultramafic, whereas others contain mostly gabbroic rocks. The Lysanskiy complex has a
high potential for Ti–(V) mineralization; it hosts podiform ilmenite—titanian magnetite orebodies up
to 1–2 km across, namely the Rossyp’, Piramida, Bezymyannyi, and Malyi Lysan deposits.

A wide spectrum of compositions is here documented for detrital grains of chromian spinel
(magnesiochromite–chromite series) from the Sisim zone. Compositions of lode grains of chromite
from outcrops of serpentinite, attributed to the Lysanskiy complex, are fairly similar (Figure 4). Some of
the detrital grains of magnesiochromite display very high levels of Mg, attaining 16.6 wt % MgO (with
48.6% Cr2O3, Table 1). This level of magnesium enrichment is unusual and even exceeds the highest
contents reported from the Lower Zone in the Bushveld complex, South Africa (up to ~14% MgO and
57% Cr2O3 [28] or from the Monchepluton layered complex, Russia (~14% MgO and 56% Cr2O3) [29].
On the other hand, these grains are substantially enriched in Ti (up to 1.3% TiO2; Table 1), which could
reflect the presence of exsolved, submicrometric lamellae rich in the ulvöspinel component. The relative
enrichment in Ti is unusual for such a high-magnesium phase (cf. 0.3 wt % TiO2 in the chromian
spinel at Monchepluton quoted above). The presence of Ti-bearing amphiboles and, especially, high-Ti
micromixture inclusions (54.5–68.2% TiO2) within the grains of PGE alloys is noteworthy. The pattern
of Ti enrichment strongly points to the Lysanskiy complex as the lode source of placer grains of PGM
and chromian spinel. The placer grain of mertieite-II that hosts the inclusion of titanite (Figure 2e,
Table 5) is the only example of a Pd placer mineral found at Sisim; it likely was derived from a more
evolved PGE-bearing zone of the Lysanskiy complex.

Interestingly, at a final stage of ore genesis, the unique association of laurite and monazite-(Ce)
appeared as consequences of the accumulation of the incompatible elements S, P, and the REE in
a microvolume of residual aqueous fluid (Figure 3d–f). The laurite core could have formed at a
subsolidus stage, with microparticles of monazite-(Ce) (Table 5) precipitated from a colloidal solution
around this core. Colloidal monazite-type nanoparticles have been produced experimentally (e.g., [30]).
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5. Conclusions

(1) We attribute the PGM-bearing placer deposits in the Sisim watershed to the Lysanskiy
ultramafic–mafic layered complex, Eastern Sayans. The PGE mineralization is strongly dominated
by Os–Ir alloy minerals poor in Ru and is thus distinct from deposits in an ophiolite setting.

(2) The Os–Ir–(Ru) alloy minerals and associated Pt–Fe alloys were likely derived from chromitite
units of the complex, whose unusual degree of Mg enrichment suggest a picritic parental melt,
unusual, however, for its level of titanium. The completeness of the magnesiochromite–chromite
series in the placer grains suggests that large volumes of the source rocks were completely eroded.

(3) The limitation of the Os–Ir–(Ru) alloys at Sisim to the Ru-poor portion of the Os–Ir–Ru system
by the line Ru/Ir = 1 implies a close geochemical relationship of Ir and Ru, manifested by the
scheme Ir + Ru → 2Os. A drop in temperature, leading to a decrease in Os, is recorded in zoned
grains. This zonation indicates the existence of a simple and effective mechanism of fractionation
of Os from Ru and Ir in natural systems.

(4) In contrast, we document a strong positive covariation of Ir and Os along with a negative
Ir–Ru correlation in the laurite–erlichmanite series, likely promoted by locally high levels of
f S2. This relationship points to the scheme [Os2+ + 2Ir3+ + �] → 4Ru2+. Alternatively, the IrS2

component [Ir2+(S2)2–] is involved; if so, the incorporation of essential, though limited amounts
of Ir is governed by the scheme Os2+ + Ir2+ → 2Ru2+.

(5) The inferred sequence of crystallization of PGE alloys at Sisim is as follows: (1) grains (Os-rich)
of Os–Ir–(Ru) alloy; the core (Os-rich) of the zoned grains of Os–Ir–(Ru) alloy → (2) grains
(Ir-rich) and periphery zones enriched relatively in Ir–Ru of the zoned grains of Os–Ir–(Ru)
alloy → (3) isoferroplatinum or ferroan platinum (rich in Ir → poor in Ir) → (4) various
Pt–(Pd)–Fe–Cu–Ni alloys, all likely formed under subsolidus conditions → (5) various S–As-rich
phases deposited to form inclusions (or a late rim) as a result of buildup in levels of f S2 and f As2

in the micro-environments.
(6) Inclusions of the PGE-bearing phases of monosulfide and pentlandite types, hosted by grains

of PGE alloys, follow a linear trend of crystallization, which reflects a decrease in temperature.
The decrease in ΣPGE and overall S was accompanied by an increase in Ni and Fe. The observed
S-excess in the ΣPGE-rich sulfide phases likely compensates the excess in positive charges owing
to the Rh3+ (+Ir3+)-for-(Ni + Fe)2+ substitution.

(7) A unique association of laurite with micrometer-sized particles of monazite-(Ce) is documented
in a composite inclusion. The juxtaposition reflects an increase in levels of incompatible elements
(S, P, and the REE) in a residual microvolume of aqueous fluid. This could be another expression
of the unusual character of the parental magma of the Lysanskiy complex.
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Abstract: The alteration of platinum group minerals (PGM) of eluval, proximal, and distal placers
associated with the Ural-Alaskan type clinopyroxenite-dunite massifs were studied. The
Isovsko-Turinskaya placer system is unique regarding its size, and was chosen as research object as it
is PGM-bearing for more than 70 km from its lode source, the Ural-Alaskan type Svetloborsky massif,
Middle Urals. Lode chromite-platinum ore zones located in the Southern part of the dunite “core” of
the Svetloborsky massif are considered as the PGM lode source. For the studies, PGM concentrates
were prepared from the heavy concentrates which were sampled at different distances from the lode
source. Eluvial placers are situated directly above the ore zones, and the PGM transport distance
does not exceed 10 m. Travyanistyi proximal placer is considered as an example of alluvial ravine
placer with the PGM transport distance from 0.5 to 2.5 km. The Glubokinskoe distal placer located
in the vicinity of the Is settlement are chosen as the object with the longest PGM transport distance
(30–35 km from the lode source). Pt-Fe alloys, and in particular, isoferroplatinum prevail in the lode
ores and placers with different PGM transport distance. In some cases, isoferroplatinum is substituted
by tetraferroplatinum and tulameenite in the grain marginal parts. Os-Ir-(Ru) alloys, erlichmanite,
laurite, kashinite, bowieite, and Ir-Rh thiospinels are found as inclusions in Pt-Fe minerals. As a
result of the study, it was found that the greatest contribution to the formation of the placer objects is
made by the erosion of chromite-platinum mineralized zones in dunites. At a distance of more than
10 km, the degree of PGM mechanical attrition becomes significant, and the morphological features,
characteristic of lode platinum, are practically not preserved. One of the signs of the significant PGM
transport distance in the placers is the absence of rims composed of the tetraferroplatinum group
minerals around primary Pt-Fez alloys. The sie of the nuggets decreases with the increasing transport
distance. The composition of isoferroplatinum from the placers and lode chromite-platinum ore
zones are geochemically similar.

Keywords: Ural Platinum belt; Ural-Alaskan massif; Svetloborsky massif; placer system; platinum
group elements; platinum group minerals

Minerals 2019, 9, 77; doi:10.3390/min9020077 www.mdpi.com/journal/minerals81



Minerals 2019, 9, 77

1. Introduction

At the beginning of the 20th century, clinopyroxenite-dunite massifs, also called Ural-Alaskan
type massifs, were found to be the lode sources of the globally unique Ural placer deposits [1–3].
However, for almost 200 years of industrial history of the Ural placer deposit development, only
the Solovyeva Mountain lode deposit of the Nizhnetagilsky massif was discovered [3]. At the same
time, despite the obvious industrial significance of placers, clinopyroxenite-dunite massifs were
studied to a greater extent [4–14]. The last comprehensive work on the geology of placers and
the conditions of their formation, as well as platinum-group mineral (PGM) assemblages is the
work of N. K. Vysotsky [2], published at the beginning of the last century. Regardless of a number
of separate contemporary studies, including those characterizing the PGM assemblages from the
placers associated with the Nizhnetagilsky massif [15–17], the platinum-group minerals from other
placer systems (e.g., Isovsko-Turinskaya, Nyasminskaya, etc.) have not been studied using modern
analytical techniques.

Furthermore, the changes in the platinum-group minerals occurring during their transport from a
lode source to a placer were not studied in detail. Despite the significant amount of work devoted to
the Koryak-Kamchatka region, as well as the Bushveld complex and the Great Dyke (South Africa),
where the formation of the platinum placers [18–24] was investigated in detail, similar studies of the
Ural Platinum Belt placers have not been conducted yet.

The aim of this work is to establish the changes in the platinum-group minerals during their
transport from the lode source to the alluvial placer by the example of the placer system associated
with the Svetloborsky clinopyroxenite-dunite massif.

The present work determined the morphological feature obtained during alteration accompanying
the transport of detrital material from the lode source to the placers, and the relationships of
mineral assemblages from the alluvial placers of the Isovsko-Turinskaya placer system and the
chromite-platinum ore zones of the Svetloborsky massif.

2. Materials and Methods

2.1. Geological Setting

Like other clinopyroxenite-dunite massifs of the Urals, the Svetloborsky massif is located in the
western part of the Tagilo-Magnitogorsk megazone (Figure 1a), 15 km east of the Main Uralian Fault [5].
The massif is composed of rocks of the Late Ordovician Kachkanar dunite-clinopyroxenite-gabbro
complex and is a tectonic detachment occurring in Silurian metabasalts. The geological structure of
the massif is typical of zonal clinopyroxenite-dunite massifs (Figure 1b). Its major part comprises
a dunite core composed of fine and medium-grained dunites surrounded by a clinopyroxenite rim
of variable thickness. The valleys of transient or weak watercourses forming numerous ravines are
well-represented across the massif’s area. The Svetloborsky massif is drained by the river Kosya valley
in the Southern part, and by the river Is valley in its Northern part. All ravines and river valleys are
platiniferous to different degrees.

Two types of lode platinum mineralization are distinguished within the Svetloborsky massif,
(1) Platinum-bearing dunites and (2) chromite-platinum mineralization. The first type of mineralization
was described in detail by N. D. Tolstykh et al. [9]. The parameters of chromite-platinum mineralization
are given in Reference [14].

The manifestation of chromite-platinum mineralization is found for the area of the Vershinniy
exploration site, which is located in the South-Western part of the massif. In main trenches dug during
geological exploration, vein-disseminated and massive chromitite zones were identified. These zones
are located in the fine to medium-grained dunite transition zone with platinum in the concentration
range from two to 50 g/t. The majority of individual grains and aggregates of platinum-group minerals
in such zones are spatially associated with chromitite segregations [14]. To the West of the Vershinniy
exploration site, in the vicinity of the contact between the dunite core and pyroxenites, the Vysotsky
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site is located, where platinum-bearing dunites were observed. The zone is a linear stockwork with
an intensely serpentinized dunite substrate with numerous dykes, lenticular bodies, and veins of
pyroxenite, hornblendite and isite (local name, fine-grained melanocratic vein variety of hornblendite
named after the river Is in the Urals, Russia). Here, the chromites do not form significant concentrations,
and the platinum-group minerals are found directly in the olivine-serpentine matrix without any
spatial connection to the chromites [9].

The mineralized zones were subjected to erosion followed by the formation of eluvial placers.
The transport of material from eluvium and its subsequent redeposition led to the formation of
alluvial placers.

 

Figure 1. (a) The Ural-Alaskan type massifs in the structure of the Urals (compiled from state
geological maps of 1:1,000,000 scale): 1—Paleozoic of the East European Platform; 2—Western Ural
fold-thrust zone; 3—Central Ural uplift; 4—Tagilo-Magnitogorskaya megazone; 5—sedimentary
cover of the West Siberian platform; 6—Polyudovsk uplift; 7, 8—the massifs of the Ural Platinum
Belt: 7—dunite bodies, 8—pyroxenites, gabbros, volcanites; 9—the location of Svetloborsky
clinopyroxenite-dunite massif. Roman numerals indicate the main faults (thrusts): I—Main Western
Ural; II—Osevoy; III—Prisalatimsky; IV—Main Uralian Fault. Letters denote the Ural-Alaskan type
massifs: N—Nizhnetagilsky, S—Svetloborsky; and V—Veresovoborsky. (b) The Svetloborsky massif’s
geological structure, compiled from [5] with additions: 10—pyroxenites; 11–12—dunites: 11—fine-,
small-grained, 12—medium-grained; 13—alluvial sediment; 14—rivers, streams; 15—contour lines;
and 16—sites of detailed sampling.

All studied placers belong to a single connected drainage system. The section of modern sediments
of the Vershinniy exploration site (Figure 1b) overlapping the allocated chromite-platinum zone is
given as an example of eluvial placer [14]. The structure, characteristics and composition of the PGM
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assemblages from this placer were described in detail earlier [25]. Travyanistyi ravine is taken as an
example of a ravine, proximal or alluvial placer with a small transport distance of the detrital material,
whose sources are located on the Vershinniy site. The transport distance of the detrital material from
the lode source to the sampling site is slightly more than 1 km. The sampling site of the alluvial placer
with a transport distance of more than 30 km (distal placer) is represented by the Glubokinskoe site
belonging to the Isovsko-Turinskaya placer system (Figure 2).

 

Figure 2. On the map are the rivers Is and Viya, Is and Kachkanar villages, as well as the sampling
sites: Vershinniy eluvial (a), Travyanistyi proximal (b) and Glubokinskoe distal (c) placers. Platinum
placers are designated by brown (a): 1—dunites, 2—serpentinized fractured dunites, 3—weathered
serpentinized dunites, 4—sediments of temporary watercourses, 5—clay-eluvial sediments, 6—eluvial
with low clay amount, 7—eluvial, 8—vein-disseminated chromitites, 9—massive chromitites, 10—the
contour with the platinum content of more than 200 mg/m3. (b): 1—serpentinized fractured
dunites, 2—weathered serpentinized dunites, 3—clay-eluvial sediments, 4—sediments of temporary
watercourses, 5—alluvial sediments, 6—soil-turf layer, 7—dug holes, 8—the contour with the platinum
content of more than 200 mg/m3. (c): 1—Silurian limestone, 2—Jurassic alluvial, 3—Neogenic
sediments of temporary watercourses, 4—sediments of temporary watercourses, 5—soil-turf layer,
6—anthropogenic sediments, 7—dug holes, and 8—the contour with the platinum content of more
than 200 mg/m3.
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During geological exploration, a heavy concentrate survey was carried on a 40 × 20 m grid at
the Vershinniy site. As a result, a platinum anomaly was found in eluvial sediments, and its contours
were drawn up according to the platinum contents of 0.2 g/m3. The eluvial deposits enriched with
platinum minerals are located at the top of the hill (Figure 2a), directly above the development zone of
massive chromitites. These deposits are represented by unsorted gravel-sand mixtures having a small
fraction of clay component and an uneven PGM distribution. The contour of the platinum anomaly
generally follows the contour of the lode chromite-platinum ore zone.

The eluvial deposits occurring on the slope of the hill are characterized by a larger amount of clay
and a smaller fraction of the dunite fragments compared to eluvial deposits from the top of the hill.
PGM in such sediments are slightly concentrated in the lower parts of the section, but generally, the
sorting of the material remains poor.

The modern sediments, largely sorted during the further transport of detrital material by temporary
watercourses, cover the previously formed eluvial-clay sediments in many parts of the placer
(Figure 2b). In the valley’s central part, directly in the river bed, the alluvial deposits are formed with a
section typical for such placers (from top to bottom): soils (up to 1 m thick), clay deposits (up to 1 m),
sometimes a small layer of gravel, and a layer of sand (about 0.2 m). The rock names in such sections
are given after the predominant fraction in the composition of clay-sand-gravel mixtures. Most PGM
are concentrated in the sand layer.

The tested alluvial placer deposits having a long transport distance belong to the site of the first
terrace of the Is river valley. The Mesozoic alluvial (according to state geological maps of 1:200,000 scale)
deposits occurring on Silurian limestone (Figure 2c) are platinum-bearing. In the Paleogene, these
deposits were largely washed up, resulting in a platinum-bearing Paleogene sediment formation.
The Jurassic and Paleogene sediments are covered by modern sediments of up to 4 m thick, with
platinum-bearing areas being present in some of its parts, represented by washed-up ancient sediments.
The large thicknesses of clay and gravel deposits are noted for the alluvial placer with a long transport
distance as compared to the section of the proximal placer sediments. The major amount of PGM is
also concentrated in the sands.

2.2. Sample Collection and Preparation

In order to extract the platinum-group minerals from the chromitites of the Svetloborsky massif
(Figure 3), bulk samples of chromitite rocks weighing 60–80 kg were collected from the lode outcrops
and main trenches, which were studied during the geological exploration survey for the lode platinum
mineralization by ZAO Ural-MPG (closed joint stock company Ural-MPG). The samples were crushed
to a fraction of −1 mm and enriched with a centrifugal concentrator.

The eluvial placer of the Vershinniy site was tested by a heavy concentrate survey with the
sampling of modern sediments with a volume of 20 L. These heavy concentrate samples were kindly
given to us for further research by A. V. Korneev, ZAO Ural-MPG chief geologist.

The proximal placer of the Travyanistyi ravine and the distal placer of the Isovsko-Turinskaya
placer system were tested during independent expeditionary work. Samples with a volume of 50 L each were
taken from the already processed sites. The samples were enriched using a centrifugal concentrator.

The concentrates and heavy mineral concentrates consist mainly of chromit and PGM grains.
The PGM were extracted from the concentrates using the “blow-off”, one of the varieties of the air
separation method that can be used on-site during the fieldwork. It is based on the difference in the
density of chromit and PGM. Under the action of air flow from human lungs, less dense chromites
are removed from the concentrate, while denser PGM remain. PGM grains were studied under a
binocular microscope, followed by their mounting on carbon conductive adhesive tape, and studied
by scanning electron microscopy. PGM compositions of the grains were analyzed by EPMA (electron
probe microanalyzer) after the grains were placed in polished sections made of epoxy resin.
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Figure 3. (a) Photo of chromitite in bedrock of Svetloborsky massif, (b) dunite gutter with modern
sediments at proximal placer, (c) heavy mineral concentrate with PGM, and (d) the last dredge at the
Isovsko-Turinskaya placer system.

2.3. Analytical Methods

The morphological features of PGM were studied using a CamScan MX2500 scanning electron
microscope (VSEGEI, Saint-Petersburg, Russia). The morphological features of PGM, as well as
their internal structure and composition, were examined using a CamScan MV2300 SEM with the
INCA Energy 350 detector at an accelerating voltage of 20 kV, working distance 25 mm, and spectral
accumulation time of 70 s (IEM RAS, Chernogolovka, Russia). The following standards were used:
Pure metals for platinum-group elements (using the Lα-line), Cu, Fe, Ni, Co, FeS2 synt for S, InAs for
As, pure element for Sb. The size of the electron beam spot on the surface of the sample varied from
115 to 140 nm, in a scanning mode to 60 nm, while the excitation zone can reach 4–5 μm (depending
on the microrelief, structure and composition of samples). The SEM images were obtained in the
backscattered electron mode with material contrast and 10× to 2500× magnification.

The chemical composition of the PGM was determined using a Camebax SX50 X-ray microanalyzer
in WDS-mode at an accelerating voltage of 20 kV and a probe current of 30 nA (MSU, Moscow,
Russia). The following reference materials were used for calibration: pure metals for Ru, Rh, Pd,
Os, Ir and Pt; CuSbS2 for Sb and Cu; CoAsS for Co; NiS for Ni; FeS for Fe and S. Detection limits
were (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.

3. Results

3.1. Morphological Features

The platinum-group minerals from the bedrock are characterized by a variety of surfaces. Idiomorphic
cubic crystals with sizes less than 50 μm, described for different types of lode mineralization, are
distinguished [9,14], as well as relatively large aggregates cementing the chromit grains, rarely
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exceeding 1 mm in size. Xenomorphic grains of similar size with dissolved surfaces are found
in the dunite type of mineralization. Quite often, individual grains with idiomorphic and xenomorphic
surfaces are intergrown and form relatively large (about 300 um on average) aggregates with
well-developed own growth and inherited impression surfaces. For most grains, numerous plane-faced
surfaces are observed as well as well-pronounced edges and vertices of the crystals. Many surfaces are
characterized by the presence of growth striations that formed both in the process of joint growth of
Pt-Fe alloys with chromits (Figure 3b–d) and as a result of the simple form alternation of individual
platinum grains during the crystal growth.

The individuals and aggregates of Pt-Fe alloys from the eluvial placer of the Vershinniy site are
characterized by morphological features similar to the PGM from the lode sources. There are single
individuals with a cubic faceting (Figure 4e). The grains with the plane-faced surfaces and growth
striations are quite widespread. Their edges and vertices are not as clearly expressed as those of the
Pt-Fe alloy grains from the chromitites. Some grains show signs of mechanical deformations such as
poor rounding and irregular grooves (Figure 4f). Hexagonal osmium plates retaining their idiomorphic
form were found in a single case.

PGM nuggets from the Travyanistyi proximal placer are characterized both by the abundance of
plane-faced growth surfaces (Figure 5a,b) and by the prevalence of deformed fragments (Figure 5c).
Growth striations are rare. About 60% of PGM nuggets have size of 0.5–1.5 mm. Hexagonal pinacoidal
osmium inclusions are found in some of the individuals (Figure 5d).

The grains from the distal placer show both elongated (Figure 5e,f) and isometric forms
(Figure 5g,h). Almost all edges and vertices of the individuals are smoothed. Single grooves formed by
mechanical abrasion during the transport of the detrital material are rarely found on the surfaces of
Pt-Fe alloy grains. In this placer, PGM nuggets have a prevailing size of 0.1–0.5 mm comprising about
75% of PGM in heavy concentrate.

Pt-Fe alloys retain the primary morphological features characteristic of lode PGM in the placers
with a small distance of clastic material transport. At a long distance (more than 10 km), the degree of
mechanical attrition of PGM becomes significant, and the morphological features characteristic of lode
PGM assemblages (plane-faced surfaces and growth striations) are practically not preserved. During of
transport the rim integrity around isoferroplatinum, commonly composed of tetraferroplatinum group
minerals were destroyed. In the placer with longest transport distance they are completely destroyed.
The size of the nuggets decreases with an increasing transport distance from lode chromite-platinum
zone oin prximal and distal placers.

3.2. Chemical Composition of Platinum-Group Minerals

PGM assemblages of the Ural-Alaskan type massifs has been studied to a great extent. All PGM
nuggets are Pt-Fe alloys with rare inclusions of accessory minerals (Os-Ir-Ru alloys and PGE sulfides).
The content of accessory do not exceed 3% of grain volume. Iridium nuggets occure extremely seldom.
Pt-Fe alloys (native platinum, isoferroplatinum and ferroan platinum according to classification [26])
and minerals of the tetraferroplatinum group (tetraferroplatinum-tulameenite-ferronickelplatinum
solid solution), are predominating. The mineral inclusions of Os-Ir-(Ru) alloys are abundant in Pt-Fe
alloys. Sulfides of the laurite-erlichmanite isomorphous series are also common as inclusions in Pt-Fe
minerals. Sulfides of the kashinite-bowieite isomorphous series, as well as the minerals of the Pt-Ir-Rh
thiospinel group are relatively rare, and by analogy with other sulfides and Os-Ir-(Ru) alloys, form
inclusions in Pt-Fe alloys.

Some Pt-Fe alloys that can be defined only by their crystal structure, and therefore, the mineral
with Pt3Fe composition or close to it is referred to as isoferroplatinum, and Pt2Fe composition or close
to it as ferroan platinum.
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Figure 4. The morphological features of Pt-Fe alloy grains from lode chromite-platinum mineralization
(a–d) and Vershinniy eluvial placer (e–h). Os—osmium, Lau—laurite. The g photo was published in
Reference [25]. BSE images (SEM).
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Figure 5. Morphological features of Pt-Fe alloy grains from the Travyanistyi proximal placer (a–d) and
Glubokinskoe distal placer (e–h). Os—osmium, Chr—chromite. BSE images (SEM).

3.2.1. Pt-Fe Alloys

The assemblages of Pt-Fe alloys from the bedrock of the Svetloborsky massif and the placers
is characterized by the predominance of isoferroplatinum (>95%). Native platinum is not present,
and ferroan platinum is observed as single small inclusions in isoferroplatinum.

89



Minerals 2019, 9, 77

Isoferroplatinum mainly forms homogeneous grains both in primary ores and in the placer
assemblages (Figure 6). However, the Pt content of isoferroplatinum varies considerably from 55.6 to
76.9 at. %, while the amount of total PGE lies within a smaller range and comprises 74 at. % on average,
close to the isoferroplatinum theoretical formula (Table 1). Such a consistent average content of the
PGE totals, with a significant fluctuation of Pt is due to the significant concentrations of impurity
components, which can reach 12.8 at. %. Iridium is characterized by the highest concentrations (up
to 7 at. %). Rh and Pd contents are relatively consistent, and on average do not exceed 1 at. %.
Ru is characterized by very low concentrations, on average below 0.2 at. %. Os content can reach
1 at. %, however, this may be due to small inclusions of the Os-Ir-Ru alloys. Cu shows consistent
concentrations ranging from 1.3 to 1.8 at. %. Ni does not exceed 0.2 at. %, however, its content is
characterized by an inverse relationship with the amount of the PGE, reaching 1.6 at. %.

Table 1. Compositions of isoferroplatinum (1–20) and ferroan platinum (18–22) from the
chromite-platinum ore zones of the Svetloborsky massif and associated placers.

No. Fe Ni Cu Ru Rh Pd Ir Pt Total No. Fe Ni Cu Ru Rh Pd Ir Pt

wt. % at. %
1 7.85 0.13 0.86 0.12 1.03 0.26 0.51 88.67 99.43 1 22.43 0.35 2.16 0.19 1.60 0.39 0.42 72.46
2 8.72 0.13 0.84 bdl 0.73 0.54 bdl 88.76 99.72 2 24.46 0.35 2.07 bdl 1.11 0.79 bdl 71.22
3 8.73 0.02 0.51 bdl 0.67 0.77 1.03 87.22 98.95 3 24.79 0.05 1.27 bdl 1.03 1.15 0.85 70.86
4 7.89 0.07 0.87 bdl 1.24 0.18 3.44 85.90 99.59 4 22.51 0.19 2.18 bdl 1.92 0.27 2.85 70.08
5 7.83 0.09 0.73 0.02 0.83 1.03 1.18 89.07 100.78 5 22.13 0.24 1.81 0.03 1.27 1.53 0.97 72.02
6 7.41 bdl 1.03 bdl 0.17 0.47 1.95 89.58 100.61 6 21.27 bdl 2.60 bdl 0.26 0.71 1.62 73.54
7 7.70 0.06 0.70 bdl 0.54 0.58 4.60 86.42 100.60 7 21.99 0.17 1.76 bdl 0.83 0.87 3.81 70.57
8 7.47 0.02 0.75 bdl 0.59 0.57 7.52 83.45 100.37 8 21.46 0.05 1.89 bdl 0.92 0.86 6.27 68.55
9 7.84 0.09 0.59 0.24 0.85 bdl 1.60 89.51 100.72 9 22.33 0.24 1.48 0.38 1.31 bdl 1.32 72.94

10 7.84 0.04 0.63 0.56 0.88 0.41 1.85 88.50 100.71 10 22.22 0.11 1.57 0.88 1.35 0.61 1.52 71.74
11 8.56 0.37 0.84 bdl 0.73 0.11 bdl 90.08 100.69 11 23.87 0.98 2.06 bdl 1.10 0.16 bdl 71.83
12 8.19 0.05 0.10 0.20 1.02 0.56 0.15 90.64 100.91 12 23.23 0.13 0.25 0.31 1.57 0.83 0.12 73.56
13 8.80 bdl 0.44 0.21 0.49 0.47 5.07 84.01 99.49 13 24.94 bdl bdl 1.14 bdl 0.06 4.67 69.19
14 8.55 0.25 0.62 0.31 1.13 0.84 3.93 83.48 99.11 14 24.03 0.67 1.53 0.48 1.72 1.24 3.21 67.12
15 8.64 0.66 1.16 0.24 0.87 0.38 4.06 83.88 99.89 15 23.83 1.73 2.81 0.37 1.30 0.55 3.25 66.16
16 8.62 0.19 0.69 0.11 0.39 0.29 5.15 83.56 99.00 16 24.47 0.51 1.72 0.17 0.60 0.43 4.24 67.86
17 8.27 bdl 0.41 bdl 0.50 0.80 bdl 90.58 100.56 17 23.48 bdl 1.02 bdl 0.77 1.19 bdl 73.54
18 13.59 bdl 1.03 bdl bdl bdl bdl 84.16 98.78 18 35.24 bdl 2.35 bdl bdl bdl bdl 62.41
19 11.54 bdl 1.26 bdl bdl bdl bdl 88.13 100.93 19 30.49 bdl 2.91 bdl bdl bdl bdl 66.60
20 11.63 bdl 1.09 0.05 0.92 bdl 1.26 85.82 100.77 20 30.58 bdl 2.52 0.07 1.32 bdl 0.96 64.55
21 14.60 0.51 0.82 bdl 0.80 0.44 6.00 76.25 99.42 21 36.48 1.21 1.80 bdl 1.08 0.58 4.35 54.50
22 13.36 0.56 0.27 bdl 0.37 0.47 6.10 78.25 99.38 22 34.50 1.37 0.61 bdl 0.52 0.64 4.57 57.79

Locations: the chromite-platinum ore zones of Svetloborsky massif (No. 1–4; 18–19), Vershinniy eluvial placer
(No. 5–8; 20), Travyanistyi proximal placer (No. 9–12) and Glubokinskoe distal placer (No. 13–17; 21–22). bdl—below
detection limits.

A single grain of ferroan platinum was found in the Glubokinskoe distal placer. Basically, ferroan
platinum usually forms single small inclusions in isoferroplatinum. The composition of the ferroan
platinum is variable and rarely corresponds to theoretical Pt2Fe. The minerals of the tetraferroplatinum
group occur in subordinate quantities. They form rims around isoferroplatinum with a thickness of
up to 50 μm (Figure 6c). Tetraferroplatinum and tulameenite are identified, and the compositions
of all studied grains are close to theoretical values (Table 2). The amount of the tetraferroplatinum
group minerals regularly decreases from the lode source to the most distant placers, where the rims
composed of these minerals are absent.
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Figure 6. BSE images (SEM) of Pt-Fe aggregates from Vershinniy eluvial (a,b), Travyanistyi
proximal (c,d) and Glubokinskoe distal (e,f) placers. The number of points corresponds to the
data in Table 1 for isoferroplatinum (No. 5–6, 9–11, 13–16) and ferroan platinum (No. 20), in
Table 2 for tetraferroplatinum–tulameenite (No. 27–31) and in Table 3 for osmium (No. 19, 20).
Isf—isoferroplatinum, PtFe—tetraferroplatinum Tul—tulameenite, Os—osmium, Ir—iridium, and
Chr—chromite. The a and b photo were published in [25].

Table 2. Compositions of tetraferroplatinum group minerals from the chromite-platinum ore zones of
the Svetloborsky massif and associated placers.

No. Fe Ni Cu Ru Rh Pd Ir Pt Total No. Fe Ni Cu Ru Rh Pd Ir Pt

wt. % at. %
23 10.66 bdl 13.23 bdl bdl bdl bdl 76.11 100.00 23 24.20 bdl 26.38 bdl bdl bdl bdl 49.42
24 18.90 bdl 3.26 bdl bdl bdl bdl 77.41 99.57 24 43.04 bdl 6.52 bdl bdl bdl bdl 50.44
25 16.28 bdl 2.72 bdl bdl bdl bdl 80.35 99.35 25 39.09 bdl 5.73 bdl bdl bdl bdl 55.18
26 14.93 bdl 1.67 bdl bdl bdl bdl 82.26 98.86 26 37.40 bdl 3.67 bdl bdl bdl bdl 58.93
27 17.44 0.09 1.18 bdl 0.02 0.31 0.39 79.53 98.96 27 41.92 0.21 2.49 bdl 0.03 0.39 0.27 54.69
28 16.78 0.10 2.30 bdl 0.34 1.71 0.06 77.78 99.07 28 39.72 0.23 4.78 bdl 0.44 2.12 0.04 52.67
29 8.75 0.23 13.28 bdl 0.38 0.09 2.86 75.08 100.67 29 20.26 0.51 27.00 bdl 0.48 0.11 1.92 49.72
30 9.31 0.22 12.44 0.49 1.05 0.14 2.52 73.71 99.88 30 21.57 0.48 25.31 0.63 1.32 0.17 1.69 48.83
31 10.61 0.27 11.80 0.15 0.41 0.36 bdl 76.84 100.44 31 24.28 0.59 23.71 0.19 0.51 0.43 bdl 50.29
32 18.17 0.30 1.19 0.41 bdl 0.06 bdl 78.96 99.09 32 42.91 0.67 2.47 0.53 bdl 0.07 bdl 53.35

Locations: the chromite-platinum ore zones of Svetloborsky massif (No. 1–4), Vershinniy eluvial placer (No. 5–6),
Travyanistyi proximal placer (No. 7–10). bdl—below detection limits.

A comparative analysis of the Pt-Fe alloy assemblages from the various placers established a
general coincidence of the mineral assemblages (Figure 7). The predominance of isoferroplatinum
with a relatively consistent composition is characteristic of all the placers studied. Ferroan platinum
occurs in the form of small inclusions in the Pt-Fe alloys from the eluvial placer and in the form of
a relatively large individual from the Glubokinskoe distal placer. On the contrary, the secondary
minerals of the tetraferroplatinum group are found in relatively large amounts in the Pt-Fe alloys from
the Travyanistyi ravine; they are present as a single grain in the eluvial placer and are not detected in
the Glubokinskoe distal placer. The latter can be explained by a significant transport distance, resulting
in the mechanical destruction of the low-hardness tetraferroplatinum group minerals that compose
thin peripheral rims.
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Table 3. Composition of osmium from the chromite-platinum ore zones of Svetloborsky massif and
associated placers.

No. Ru Rh Pd Os Ir Pt Total No. Ru Rh Pd Os Ir Pt

wt. % at. %
1 6.20 bdl bdl 50.59 43.21 bdl 100.0 1 11.11 bdl bdl 48.18 40.71 bdl
2 0.95 bdl bdl 68.10 30.93 bdl 99.98 2 1.78 bdl bdl 67.77 30.45 bdl
3 1.65 bdl bdl 72.02 26.28 bdl 99.95 3 3.07 bdl bdl 71.22 25.71 bdl
4 1.05 bdl bdl 73.68 25.27 bdl 100.0 4 1.96 bdl bdl 73.20 24.84 bdl
5 1.34 bdl bdl 74.87 23.78 bdl 99.99 5 2.50 bdl bdl 74.18 23.32 bdl
6 0.14 0.34 bdl 62.54 34.73 1.10 98.85 6 0.26 0.63 bdl 63.27 34.76 1.08
7 0.17 0.68 bdl 67.41 30.86 0.55 99.67 7 0.33 1.26 bdl 67.36 30.51 0.54
8 0.55 0.21 0.16 67.84 29.79 0.19 98.74 8 1.04 0.38 0.29 68.39 29.72 0.18
9 2.43 0.16 0.20 68.36 28.90 1.14 101.19 9 4.44 0.28 0.34 66.17 27.69 1.08
10 0.83 0.46 bdl 89.91 6.57 2.79 100.56 10 1.54 0.83 bdl 88.55 6.40 2.68
11 0.71 0.32 bdl 93.29 5.23 bdl 99.55 11 1.33 0.59 bdl 92.93 5.15 bdl
12 0.68 0.48 bdl 93.1 4.66 bdl 98.92 12 1.28 0.89 bdl 93.21 4.62 bdl
13 0.71 0.34 bdl 92.73 4.87 bdl 98.65 13 1.34 0.63 bdl 93.19 4.84 bdl
14 0.87 0.34 bdl 92.74 5.23 bdl 99.18 14 1.63 0.63 bdl 92.57 5.17 bdl
15 1.01 0.41 bdl 92.72 4.88 bdl 99.02 15 1.90 0.76 bdl 92.52 4.82 bdl
16 2.04 0.89 bdl 76.05 21.34 bdl 100.32 16 3.74 1.61 bdl 74.08 20.57 bdl
17 2.18 0.65 bdl 75.47 22.07 bdl 100.37 17 4.00 1.17 bdl 73.55 21.28 bdl
18 1.05 0.69 bdl 93.26 4.29 bdl 99.29 18 1.95 1.26 bdl 92.58 4.21 bdl
19 6.97 0.30 0.60 60.54 30.40 0.39 99.19 19 12.40 0.52 1.01 57.26 28.45 0.36
20 8.58 0.55 bdl 59.10 28.96 2.82 100.02 20 15.00 0.95 bdl 54.88 26.62 2.55

Locations: the chromite-platinum ore zones of Svetloborsky massif (No. 1–5), the Vershinniy eluvial placer
(No. 6–10), the Travyanistyi proximal placer (No. 11–17), and the Glubokinskoe distal placer (18–20). bdl—below
detection limits.

 
Figure 7. Composition (at. %) of isoferroplatinum (1), ferroan platinum (2) and tetraferroplatinum-
tulameenite (3) from placers associated with the Svetloborsky massif and lode chromite-platinum ore
zones. N—number of isoferroplatinum/ferroan platinum/tetraferroplatinum-tulameenite. The grey
Pentagrams are stoichiometric formulae.

3.2.2. Os-Ir-Ru Alloys

Os-Ir-Ru alloys form four minerals: Osmium, iridium, ruthenium, and rutheniridosmine. However,
like in other placers, associated with the Ural-Alaskan type massifs, only osmium and iridium are observed
in the placers studied.

Osmium forms predominantly pinacoidal hexagonal inclusions in Pt-Fe alloy grains or regular
accretions of lamellar subindividuals (Figure 8a,b). In some Pt-Fe aggregates, osmium is clearly tending
towards the phase boundaries of the isoferroplatinum and chromit (Figure 8a,b); in others, it occurs in
the form of inclusions in the central parts of the PGM grains (Figure 8c).
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Figure 8. BSE images (SEM) of osmium inclusions in isoferroplatinum from the Travyanistyi proximal
placer (a,b) and the Glubokinskoe distal placer (c). The number of points corresponds to the data in
Table 3 (No. 11–18). Isf—isoferroplatinum, Os—osmium, and Chr—chromite.

Osmium composition varies considerably (Table 3). Like most Os-Ir-Ru inclusions in
Pt-Fe alloy grains from placers associated with the Ural-Alaskan type massifs and their lode
sources [6–14,18–24,26–33], Ru is low in the Os-Ir-Ru solid solutions (Figure 9), and its concentration
does not exceed 15 at. %. Low Rh concentrations do not exceed 1.6 at. %. In some analyzes, Pd is
present and not exceeding 1.0 at. %.

 

Figure 9. Composition (at. %) of Os-Ir-Ru inclusions in Pt-Fe alloys from the lode chromite-platinum
mineralization (1), the Vershinniy eluvial placer (2), the Travyanistyi proximal placer (3), and
Glubokinskoe distal placer (4). (5)—miscibility gap.

Iridium is most often encountered as small isometric inclusions (Figure 10a–e). Occasionally it
forms larger roundish inclusions in isoferroplatinum (Figure 10c). In the eluvial placer, a nugget of
iridium about 0.6 mm in size was found, overgrown by isoferroplatinum (Figure 10f).

93



Minerals 2019, 9, 77

 
Figure 10. BSE images (SEM) of Ir exsolutions (a–e) in isoferroplatinum from the Glubokinskoe distal
placer and (f) nugget of iridium from the Vershinniy eluvial placer. The number of points and fields
corresponds to the analyses in Table 4 (No. 4–6, 8–20). The figures b and e are magnifications of figures
a and d, respectively. Isf—isoferroplatinum, Os—osmium, Ir—iridium. The f photo was published in
Reference [25].

The composition of iridium varies widely (see Figure 9). Ru impurities are low. However, unlike
osmium, significant impurities of other PGE (Table 4) in iridium comprise Pt, with contents that may
reach 16 at. %. Rh is noted in amounts up to 6.3 at. %. Pd concentrations do not exceed 1.4 at. %.
In some analyzes, along with PGE, Fe concentrations (up to 30 at. %) are noted.

In summary, the inclusions of Os-Ir-Ru alloys show a wide variation of compositions. Osmium is
found in relatively small quantities in all samples, however iridium exsolutions are characteristic and
primarily of the Glubokinskoe distal placer, and iridium nuggets are found only in the eluvial placer.

3.2.3. PGE sulfides

PGE sulfides are represented by minerals of two solid solution series: laurite-erlichmanite
(RuS2–OsS2) and kashinite-bowieite (Ir2S3-Rh2S3). In general, the minerals corresponding to erlichmanite
composition are clearly predominant in Pt-Fe alloys in all types of placers (Figure 11a–d). Erlichmanite
forms either large individuals with complex faceting and inhomogeneous zoned structure (Figure 11d)
or small rounded inclusions (Figure 11d). Laurite is less common and is found in the form of small
idiomorphic zonal inclusions in isoferroplatinum (Figure 11e,f). Zonality is caused by an increase in
Os/Ru ratios towards the edge of the crystals.
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Figure 11. BSE images (SEM) of laurite–erlichmanite (Lau-Erl) in isoferroplatinum from (a,b) the
Vershinniy eluvial placer, (c,d) the Travyanistyi proximal placer and (e,f) the Glubokinskoe distal
placer. The number of points corresponds to the analyses in Table 5 (No. 5–18). Isf—isoferroplatinum,
Pt-Fe—tetraferroplatinum, Erl—erlichmanite, Kshn—kashinite, and Lau—laurite. The a and b photo
were published in Reference [25].

The compositional range of laurite-erlichmanite varies within wide limits (Figure 12). The concentration
of Ir varies from 0.6 to 2.7 at. %, whereas Rh does not exceed 2.3 at. %. Pt and Pd contents are below
detection limit.

 

Figure 12. Compositional range (at. %) of laurite–erlichmanite from chromite-platinum ore zones of
the Svetloborsky massif (1), the Vershinniy eluvial placer (2), the Travyanistyi proximal placer (3), and
the Glubokinskoe distal placer (4).
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Kashinite-bowieite grains were only detected in the Vershinniy eluvial placer, associated with
other PGE sulfides and Pt-Ir-Rh thiospinels (Figures 11b and 13a). In the studied placers, only kashinite
is found with a composition close to bowieite. In contrast to the minerals of the laurite-erlichmanite
isomorphous series, the almost complete absence of impurity components is characteristic of all the
studied kashinite samples (Table 5).

 
Figure 13. BSE images (SEM) of Pt-Ir-Rh thiospinels from the Vershinniy eluvial (a), the Travyanistyi
proximal (b) and the Glubokinskoe distal placers (c). The number of points corresponds to
the data in Table 6 for thiospinels (No. 4, 5, 8–10) and Table 5 for kashinite (No. 24, 25).
Isf—isoferroplatinum, Erl—erlichmanite, Os—osmium, CuIrst—cuproiridsite, FeRhst—ferrorhodsite,
and CuRhst—cuprorhodsite.

Table 6. Composition of Ir-Rh-Pt thiospinels from the chromite-platinum ore zones of the Svetloborsky
massif (1–4), the Vershinniy eluvial placer (5–6), the Travyanistyi proximal placer (7–10), and the
Glubokinskoe distal placer (11–13).

No. S Fe Cu Rh Ir Pt Total Calculated Mineral Formulae

1 24.86 bdl 11.77 6.53 41.73 14.68 99.57 (Cu0.99Fe0.00)0.99(Ir1.15Pt0.40Rh0.34)1.89S4.12
2 28.85 7.50 7.02 35.86 15.92 4.39 99.54 (Fe0.59Cu0.48)1.07(Rh1.53Ir0.36Pt0.10)1.99S3.94
3 30.32 6.63 6.99 36.64 15.30 3.15 99.03 (Fe0.51Cu0.47)0.98(Rh1.53Ir0.34Pt0.07)1.94S4.08
4 31.25 7.04 7.25 41.68 8.27 3.84 99.33 (Fe0.53Cu0.47)1.00(Rh1.69Ir0.18Pt0.08)1.95S4.05
5 25.34 5.18 6.00 13.50 50.22 bdl 100.24 (Cu0.48Fe0.47)0.95(Ir1.33Rh0.67)2.00S4.05
6 25.48 5.50 5.13 30.16 34.51 bdl 100.78 (Fe0.48Cu0.39)0.87(Rh1.42Ir0.87)2.29S3.86
7 26.08 bdl 11.91 19.23 21.20 21.32 99.74 Cu0.93 (Rh0.93Ir0.55Pt0.54)2.02S4.05
8 26.18 bdl 11.99 19.88 20.52 21.15 99.72 Cu0.93 (Rh0.96Ir0.53Pt0.54)2.02S4.05
9 26.48 bdl 12.31 20.07 20.71 20.05 99.62 Cu0.94 (Rh0.96Ir0.53Pt0.50)1.99S4.05

10 26.29 bdl 12.11 19.66 20.85 20.33 99.24 Cu0.94 (Rh0.95Ir0.54Pt0.52)2.00S4.06
11 25.87 bdl 11.81 18.77 32.47 10.22 99.14 Cu0.94 (Rh0.91Ir0.85Pt0.26)2.02S4.04
12 26.03 bdl 11.85 19.26 32.35 10.42 99.91 Cu0.93 (Rh0.93Ir0.84Pt0.27)2.03S4.04
13 26.02 bdl 12.18 19.53 32.57 9.80 100.10 Cu0.95 (Rh0.94Ir0.84Pt0.25)2.03S4.02

14 31.23 14.30 5.08 24.58 10.82 11.39 *
1.87 ** 99.27 S53.19Fe13.99Rh13.04Ni10.60Cu4.37Ir3.07Co1.73

Note: Analyses No. 1, 5—cuproiridsite, No. 2–4—ferrorhodsite, No. 6—Ir-bearing ferrorhodsite,
No. 7–13—cuprorhodsite, the formulae are calculated on the basis of 7 apfu, No. 14—unnamed phase, the formula
is calculated for 100 at. %. *—Ni containing, **—Co containing. bdl—below detection limits.

The distribution of PGE sulfides in different placers is significantly different. Kashinite was
found only in the Vershinniy eluvial placer. Among Os and Ru sulfides, only erlichmanite was
found in the Travyanistyi proximal placer, while both erlichmanite and laurite were found in the
eluvial and distal placers. At the same time, all sulfides are characterized by very wide variations of
chemical composition.
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3.2.4. Pt-Ir-Rh Thiospinels

Minerals of the thiospinel group ((Fe,Cu)(Rh,Ir,Pt)2S4) are rare in the placers studied. Cuprorhodsite
(CuRh2S4) prevails forming small idiomorphic individuals (Figure 13b,c). It is characterized by
consistent copper concentrations, which are the largest possible for thiospinels, and varying Rh, Ir,
and Pt contents (Table 6; Figure 14). Generally, cuprorhodsite occupies an intermediate position in the
malanite (CuPt2S4)-cuprorhodsite (CuRh2S4) isomorphous series.

 
Figure 14. The composition (at. %) of Cu bearing (a) and Fe bearing (b) Pt-Ir-Rh thiospinels in
isoferroplatinum from chromite-platinum ore zones of the Svetloborsky massif (1), the Vershinniy
eluvial placer (2), the Travyanistyi proximal placer (3), and the Glubokinskoe distal placer (4).

In addition to cuprorhodsite, cuproiridsite (CuIr2S4) and ferrorhodsite (FeRh2S4) were found
once only. They form complex intergrowths with various sulfides (mainly kashinite), located near the
boundaries of Pt-Fe alloy grains (Figure 13a).

3.2.5. Other Platinum Group Minerals

One elongated grain of modified Ir (presumably iridium oxide, according to the measured oxygen
content; Figure 15a) was found in isoferroplatinum from the Travyanistyi ravine, and a small aggregate
consisting of Pt-Fe alloys and an unnamed Rh-Fe-Ni sulfide phase (Figure 15b; Table 6, No. 14) located
at the isoferroplatinum grain boundary, also from the Travyanistyi ravine.

 
Figure 15. (a) the iridium oxide (IrOx) and (b) unnamed phase from the Travyanistyi proximal placer.
Isf—isoferroplatinum. BSE images (SEM).

3.3. Mineral Assemblages—A Comparison

The present study established that the PGM assemblages of all studied placers are characterized
by the absolute predominance of isoferroplatinum grains, with a small amount of ferroan platinum
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and minerals of the tetraferroplatinum group. For chromite-platinum mineralization, the similar
characteristics of the assemblage composition are noted, along with slightly more common minerals
of the tetraferroplatinum group (see Figure 6), whereas for the dunite-type mineralization, the
pseudomorphs of tetraferroplatinum and tulameenite are noted in about half of the studied grains.

Similar features are observed when analyzing the nature of the impurity element distribution
in isoferroplatinum (Table 7). According to the calculated average content of minor elements, the
differences in isoferroplatinum contents, as a whole, do not go beyond the limits of calculation errors,
and the compositions of isoferroplatinum from the placers and lode chromite-platinum ore zones are
geochemically similar.

Table 7. Isoferroplatinum compositions from chromite-platinum ore zones of the Svetloborsky massif
(1), the Vershinniy eluvial placer (2), the Travyanistyi proximal placer (3) and the Glubokinskoe distal
placer (4).

No. Fe Cu Ru Rh Pd Ir Pt PGE

1 (19.6–27.8)
24.29

(0.4–2.6)
1.34

(0.0–0.3)
0.05

(0.0–2.2)
0.71

(0.2–1.6)
0.51

(0.0–12.5)
1.19

(55.2–75.4)
72.27

(70.3–78.7)
74.28

2 (22.6–28.8)
21.90

(0.0–1.9)
1.59

(0.0–2.1)
0.06

(0.0-3.3)
0.72

(0.0–1.5)
0.73

(0.0–1.4)
2.19

(65.3–77.4)
72.37

(71.1–77.4)
76.38

3 (21.9–27.4)
23.39

(0.6–3.2)
1.82

(0.0–1.0)
0.23

(0.0–1.9)
1.06

(0.0–1.5)
0.57

(0.0–6.7)
0.97

(64.9–74.0)
71.59

(70.6–75.2)
74.52

4 (21.9–27.4)
23.85

(0.6–3.2)
1.78

(0.0–1.0)
0.6

(0.0–1.9)
0.73

(0.0–1.5)
0.63

(0.0–6.7)
1.78

(64,9–74.0)
70.94

(70.6–75.2)
74.18

Note: The data are given in (minimum–maximum) and average. The number of analyses: No. 1—64; No. 2—56; No.
3—62; and No. 4—127.

The coincidence of the isoferroplatinum compositions from the proximal and distal placers and
lode chromite-platinum mineralization is demonstrated in Figure 16, where the concentrations of
impurity elements from the placers associated with other Ural-Alaskan type massif of the same
region–Veresovoborsky–are given for greater clarity. In the Figure 16, the intermediate position of
the isoferroplatinum from the Svetloborsky massif is noted regarding Ir, Pd, and Rh concentrations,
whereas the isoferroplatinum of the Veresoborsky massif by Pd-Rh specifics.

Os-Ir-Ru alloy inclusions are found in all types of lode mineralization. They are characterized by
the same wide compositional variation as the Os-Ir-Ru minerals from the placers. It should be noted
that Ir nuggets weighing up to 12 g are found only in chromite-platinum ore zones, whereas osmium
plates are more characteristic of dunite-type mineralization, and iridium is found in a subordinate
amount [9].

The comparison of the peculiarities of the remaining PGM in this case is inexpedient due to
their relative rarity in the studied objects, although the bowieite was established of dunite-type
mineralization [27], whereas it was not found in the placers. The absence of a wide variety of rarer
minerals in the studied assemblages emphasizes once again the difference of the PGM from the placers
and dunite-type mineralization, where the Rh analogue of tolovkite, hollingworthite, irarsite, sperrylite,
hexaferrum, etc. [9] were established, whereas such mineral and species diversity is not typical for the
platinum ore zones of the Svetloborsky massif [14].
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Figure 16. The concentrations of minor elements in isoferroplatinum from lode chromite-platinum
mineralization (1), the Vershinniy eluvial placer (2), the Travyanistyi proximal placer (3), the Glubokinskoe
distal placer (4), the lode and placer mineralization of the Veresovoborsky massif (5).

4. Discussion

The predominance of Pt-Fe alloys with inclusions of Os-Ir-Ru composition, as well as PGE
sulfides (laurite-erlichmanite and kashinite-bowieite) in the studied objects is typical for the PGM
assemblages from the placers and bedrocks of Ural-Alaskan type massifs in different regions of the
world [18–24,28–35]. The presence of Pt-Ir-Rh thiospinels among the inclusions in Pt-Fe minerals from
the placer assemblages is considered as a typomorphic feature of platinum placer objects associated
with the Ural-Alaskan type massifs [36]. The placer assemblages studied, regardless of the distance
from the lode source, completely correspond to the typical PGM assemblages of the lode sources,
Ural-Alaskan type zonal massifs.

The analysis of the PGM assemblages of the proximal and distal placers allows the criteria for
estimating the PGM transport distance to be singled out. The most important of these criteria is the
nature of the morphology alteration of PGM individuals and aggregates. Pt-Fe alloys retain the primary
morphological features characteristic of lode PGM in the placers with a small distance of clastic material
transport. At a distance of more than 10 km, the degree of mechanical attrition of PGM becomes
significant, and the morphological features characteristic of lode PGM assemblages are practically
not preserved. Similar changes are established of gold and PGM grains from placers associated with
different gold deposits of the world [37]. Another criterion for assessing the transport distance of
PGM in placers is the degree of the rim integrity around isoferroplatinum, commonly composed
of tetraferroplatinum group minerals. As a result of our research, it was found that with a long
transport distance, these rims are completely destroyed due to mechanical wear during their transport
to the placers, corroborating earlier studies of the placer systems associated with the Nizhnetagilsky
massif [17].

A general analysis of the aggregate dimensions of the PGM made it possible to establish that
in eluvial and distal placers with a short distance of material transport the average size of the PGM
nuggets is larger than in distal placers located 10 km and more from the primary source. The nuggets of
0.5–1.5 mm in size prevailed in the Travyanistyi proximal placer comprising about 60% of the platinum
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in the entire volume of heavy concentrate. During early mining work nuggets were found weighing
from the first grams to tens of grams [2]. In the Is river placer with transport distance of more than
10 km, the PGM grains with a size of 0.1–0.5 mm prevail. They comprise about 75% of the PGM in the
entire volume of heavy concentrate. Throughout history of mining, nuggets were not found in these
placers. A regular decrease in the dimensions of PGM grains with distance from the lode source was
established for platinum placers of the Urals as a result of specialized investigations [16].

The comparative characteristics of the compositions of the Pt-Fe alloys and their inclusions from
the placer assemblages and lode sources made it possible to establish their identity in many ways.
Taking into account the presence of two types of mineralization—dunite and chromite-platinum—
within the Svetloborsky massif, it is important to determine the contribution of each one to the
platinum placer potential. The relationship of eluvial and proximal placers with chromite-platinum ore
zones is out of question. This is confirmed by many facts, the main of which is the coincidence of the
contours of the heavy concentrate anomaly (or the eluvial placer) and the designated zone of massive
platinum-bearing chromitites, as well as the geomorphological features of the terrain. It is important
to emphasize that the small size of platinum group minerals in the dunitic type of mineralization does
not allow one to count on their significant contribution to the ore potential of the placer systems [38].
Proceeding from this, chromite-platinum mineralized zones appear to be the most likely lode source
for the placers.

The volume of the PGM extracted from the Is river placers is more than 110 ton [39], which
makes this placer unique and raises the question about the existence of other lode sources besides
the Svetloborsky massif. A number of platinum-bearing rivers and ravines flows into the Is
river, including the relatively large Prostakishenka and Pokap rivers. These rivers drain the
dunites and the embedded chromite-platinum ore zones of the Veresovoborsky massif in the upper
course. However, the contribution of the Veresovoborsky massif’s bedrocks to the formation of the
Isovsko-Turinskaya placer was not previously estimated. A different PGM assemblage is characteristic
of the Veresovoborsky massif and the associated alluvial deposits as compared to the Svetloborsky
massif. In the chromite-platinum ore zones of the Veresovoborsky massif, the ferroan platinum is
largely observed, as well as the abundance of the tetraferroplatinum group minerals [14]. Along with
this, the mineral inclusions in Pt-Fe alloys are not characteristic. The similar assemblages are also
noted for the placers associated with the Veresovoborsky massif [40]. In addition, the difference in the
trace element concentrations in the isoferroplatinum from the placers associated with the Svetloborsky
and Veresovoborsky massifs is clearly demonstrated in Figure 16.

The Kachkanar gabbro-clinopyroxenite massif is considered as another lode source for the
Isovskaya placer. The part of the ravines draining the clinopyroxenites of this massif flows into
the Is river across the area from the Svetloborsky massif to the Glubokinskoe site. A number of
works [26,41] provides the information that the clinopyroxenites of zonal Ural-Alaskan type massifs
can serve as a source for the placer object formation. Similar placer objects, not related with the
erosion of dunite bodies, were found within the Koryak Highlands [21,42]. However, the peculiarities
of the chemical composition of the platinum group minerals from the placers associated with the
clinopyroxenite fragments of zonal massifs or separate clinopyroxenite bodies differ in a number of
features. The coincidence of most of the peculiarities of the PGM assemblages from the most remote
part of the Isovskaya placer with the PGM assemblages from the chromite-platinum ore zones of
the dunite core of the Svetloborsky massif indicates the insignificant influence of the bedrocks of the
Kachkanar massif on the formation of the placer PGM assemblages.

Based on the coincidence of a number of the most significant features of the PGM mineralization
of the Glubokinskoe site with the chromite-platinum ore zones of the Svetloborsky massif, combined
with their significant difference from the PGM of the lode mineralization of the Veresovoborsky
massif, it can be stated that the destruction of the chromite-platinum ore zones of the Svetloborsky
clinopyroxenite-dunite massif provides the greatest contribution to the Isovsko-Turinskaya
placer system.
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The close chemical composition of Pt-Fe minerals from the placers located at different distances
from the lode source can also be the evidence of the absence of pronounced zonality within the
already destroyed part of the dunite core. However, for several PGM placer deposits, for example
the deposits associated with the Galmoenan massif [21], a compositional variability of the Pt-Fe
minerals is observed, which may be due to the existence of the vertical zonality of the lode platinum
mineralization. The zonality of lode mineralization is also assumed proceeding from the existing
models of Ural-Alaskan type massif formation and the experimental data [21,43–45].

5. Conclusions

The main transformation of PGM in placers is reduced to a regular change in the morphological
features during their transport from a lode source to a placer. At a distance of more than 10 km,
the degree of mechanical attrition of PGM becomes significant, and the morphological features
characteristic of lode PGM are practically not preserved. In addition, in the placers with a significant
transport distance, tetraferroplatinum group mineral rims on isoferroplatinum are completely
destroyed. A general analysis of the aggregate dimensions made it possible to establish that in eluvial and
alluvial placers with a short distance of material transport the average size of the platinum nuggets
is larger than in distal placers located 10 km and more from the primary source. Composition of
isoferroplatinum weakly change during of transport of detrital materials.

The results obtained indicate that the PGM bulk has entered the Isovsko-Turinskaya placer system
as a result of the destruction of the chromite-platinum ore zones of the Svetloborsky massif. This proves
that the chromite-platinum type of mineralization is the most important for the formation of the large
placer systems associated with the Ural-Alaskan type massifs.

The coincidence of the compositional features of the PGM assemblages from the studied placers
having different distances from the lode source may be the evidence of the absence of vertical zonality
in the lode platinum mineralization within the destroyed part of the Svetloborsky massif.
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Abstract: We describe assemblages of platinum-group minerals (PGM) and associated PGE–Au
phases found in alluvium along the River Bolshoy Khailyk, in the western Sayans, Russia. The river
drains the Aktovrakskiy ophiolitic complex, part of the Kurtushibinskiy belt, as does the Zolotaya
River ~15 km away, the site of other placer deposits. Three groups of alloy minerals are described:
(1) Os–Ir–Ru compositions, which predominate, (2) Pt–Fe compositions of a Pt3Fe stoichiometry,
and (3) Pt–Au–Cu alloys, which likely crystallized in the sequence from Au–(Cu)-bearing platinum,
Pt(Au,Cu), Pt(Cu,Au), and PtAuCu2, to PtAu4Cu5. The general trends of crystallization of PGM
appear to be: [Os–Ir–Ru alloys] → Pt3Fe-type alloy (with inclusions of Ru-dominant alloy formed
by exsolution or via replacement of the host Pt–Fe phase) → Pt–Au–Cu alloys. We infer that Rh
and Co mutually substitute for Fe, not Ni, and are incorporated into the pentlandite structure via
a coupled mechanism of substitution: [Rh3+ + Co3+ + � → 3Fe2+]. Many of the Os–Ir–Ru and
Pt–Fe grains have porous, fractured or altered rims that contain secondary PGE sulfide, arsenide,
sulfarsenide, sulfoantimonide, gold, Pt–Ir–Ni-rich alloys, and rarer phases like Cu-rich bowieite and
a Se-rich sulfarsenide of Pt. The accompanying pyroxene, chromian spinel and serpentine are highly
magnesian, consistent with a primitive ultramafic source-rock. Whereas the alloy phases indicate a
highly reducing environment, late assemblages indicate an oxygenated local environment leading to
Fe-bearing Ru–Os oxide (zoned) and seleniferous accessory phases.

Keywords: platinum-group elements; gold; platinum-group minerals; placer deposits; ophiolite
complexes; western Sayans; Russia

1. Introduction

It was L.A. Yachevskiy who first found grains of platinum-group minerals (PGM) identified as
“osmian iridium” and “platinum” in a placer in 1910 in the Usinskiy area of the western Sayans [1].
These grains, enriched in platinum-group elements (PGE), were recognized in a heavy-mineral
concentrate provided by Chirkov, a gold miner. Later, B.M. Porvatov, M.K. Korovin, and N.K.
Vysotskiy [1–3] described the geology and occurrences of Au–PGM-bearing placers in the Usinskiy
area and other regions of the western Sayans. Krivenko et al. [4] conducted large-scale investigations
of associations of PGM in Au–PGE-bearing zones of placers of the Altai-Sayan folded region. Tolstykh
et al. [5] reported the occurrence of a highly unusual association of PGM in a placer deposit of the
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Zolotaya River (“Golden River”) watershed, located ca. 15 km from the Bolshoy Khailyk placer.
There, arsenotellurides and telluroarsenides of Ir–Os–Ru and an arsenoselenosulfide of Ir occur with
a Pt–Au–Cu alloy phase in association with grains of Os–Ir–Ru and Pt–Fe alloys. These placer
occurrences were attributed to lode serpentinite rocks of the Kurtushibinskiy ophiolite belt [5].
In addition, G.I. Shvedov and V.V. Nekos [6] found grains of placer PGM at the River Bolshoy Khailyk.

In the Aktovrakskiy complex [7], which forms part of the Kurtushibinskiy belt in Krasnoyarskiy
kray (Figure 1), serpentitite bodies are fairly abundant at Bolshoy Khailyk, the site of our investigation.
The area largely consists of volcanogenic and sedimentary rocks of the Chinginskaya suite of Lower
Cambrian age, discordantly overlain by Ordovician "terrigenous" rocks. Dikes and intrusive bodies of
Devonian rocks (granite, diorite, and metagabbroic rocks) are considered responsible for placer gold in
the area.

Figure 1. Regional geology of the Bolshoy Khailyk area (a) based on [6], with minor modifications, and
a map (b) showing the location of the placer area in the Russian Federation. The red square (a) shows
the sampling area (this study).

Our aims in the present article are to document the occurrences and mineralogical characteristics
of assemblages of PGM and PGE–Au-rich phases in the alluvial placer associated with the River
Bolshoy Khailyk (Figure 1), a tributary of the Urbun (Urgun) River, which flows into the River Yenisei.
Our results and observations provide genetic implications and insights into the mineral-forming
environments and trends of crystallization of the ophiolite-related PGE–Au mineralization at
Bolshoy Khailyk.

2. Materials and Methods

We have examined numerous PGM grains and micrometric inclusions found in heavy-mineral
concentrates collected at thirteen prospecting dug pits at a smooth bend along the riverbed of Bolshoy
Khailyk, within the mining concession outlined (Figure 1). The concentrates are invariably enriched in
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grains of chromian spinel (~15–75 vol %), magnetite (up to ~30%), clinopyroxene and amphiboles (up
to ~20% each), with subordinate amounts (<5%) of epidote, zoisite, and grossular-rich garnet.

Among the detrital grains of PGM, the Os–Ir–Ru alloy minerals strongly predominate (~80 vol %).
Grains of these alloys vary in size from <0.5 to ~2 mm across. Commonly, they display a well-preserved
hexagonal outline (Figure 2) and are composed of intergrowths of crystals of varying compositions
(e.g., Figure 3b,f). Variously rounded grains also are present, however (Figure 3e).

 

Figure 2. Photo of a concentrate of platinum-group minerals collected in the Bolshoy Khailyk placer
deposit. The brownish film present on the surface of some grains represents iron hydroxides.

 

Figure 3. Back-scattered electron (BSE) images showing characteristic textures of placer grains of
platinum-group minerals from the Bolshoy Khailyk placer. (a) A partly rounded grain of Ir–Os
alloy contains inclusions of Pt–Fe alloy. (b,f) Intergrowths of subhedral crystals of Os–Ir–Ru alloys.
(c) A placer grain of Pt–Fe alloy hosting abundant lamellae of Ru-rich alloy (gray) is surrounded
by a rim of sperrylite, Spy. Note the existence of a zone of metasomatic alteration (labeled
AZ). (d) A subhedral crystal of Pt–Fe alloy displays a perfectly developed rhombohedral cleavage,
accompanied by voids. (e) A rounded grain of Os–Ir alloy consists of a rim of Fe-enriched alloy phase
of Os–Ir–Fe; note that this rim is very porous and fractured.
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Grains of Pt–Fe alloy with a Pt3Fe-type stoichiometry (i.e., isoferroplatinum or ferroan platinum)
account for up to 20 vol % in the samples examined; the prefix “ferroan” is used here to conform to the
historically used name, without implication as to the valence of iron. The size of the Pt–Fe alloy grains,
2.5–3 mm across, generally exceeds that of the associated Os–Ir–Ru alloys. Commonly, these grains are
anhedral. Nevertheless, subhedral to euhedral grains of Pt–Fe alloy are also encountered occasionally.
The grain shown in Figure 3d has a perfectly developed rhombohedral cleavage, with rhombic patterns
or voids. Lamellae of Ru-dominant alloy are hosted by the Pt–Fe alloy matrix (Figure 4b); this alloy
phase of Ru can also display a rhombic shape, which conforms to the observed cleavage (Figure 5a),
and is likely pseudomorphically formed as a result of late replacement of the Pt3Fe host.

 

Figure 4. (a) BSE image showing exsolution phases of Pt–Fe alloy hosted by a grain of Ir–Os alloy.
Note the presence of an Or–Ir alloy of late generation, cutting the exsolution lamellae of Pt–Fe alloy;
this late alloy filled the cleavage space at a subsolidus stage. (b) BSE image of lamellar inclusions of a
Ru-dominant alloy, labeled Ru–Ir, which has the composition [Ru65.6Ir12.5Os9.6Rh6.7Pt5.7], and is hosted
by an isoferroplatinum-type alloy of Pt–Fe: [Pt63.4Fe24.8Rh6.0Cu3.6Pd2.2]. (c) BSE image of inclusion
of serpentine (Srp) hosted by a Pt–Fe alloy, [Pt68.6Fe23.9Cu3.7Pd2.8Rh1.0]. (d) Inclusion of a chromian
spinel, labeled Chr, which corresponds to magnesiochromite, and is hosted by a placer grain of Os–Ir
alloy [Os45.0Ir39.7Ru15.3]; BSE image.

 

Figure 5. (a) BSE image showing exsolution lamellae of Ru-dominant alloy, labeled Ru
[Ru70.2–72.4Rh7.1–7.7Os7.5–7.8Pt6.1–6.9Ir5.9–6.1Fe0.7–1.6], hosted by a phase of Pt–Fe alloy related to
isoferroplatinum (Isf): Pt64.3Fe24.3Rh7.6Cu2.3Ni1.4. (b) BSE image displaying the texture and mineral
assemblage developed in a zone of metasomatic alteration (labeled AZ in Figure 3c), which consists
of secondary phases: bowieite rich in Cu, Bwt [(Rh0.70Pt0.65Cu0.61Ru0.05)Σ2.01(S2.83As0.16)Σ2.99],
cooperite, Cp [(Pt0.88Rh0.04)Σ0.92S1.08] and a seleniferous variety of sperrylite, Spy-(Se)
[(Pt0.54Rh0.45)Σ0.99(As1.29Se0.40S0.31)Σ2.00]. This alteration occurs locally, close to the margin of
the placer grain of isoferroplatinum, Isf [(Pt2.47Rh0.25Pd0.09)Σ2.8(Fe0.99Cu0.15Ni0.05)Σ1.2], and in contact
with the outer rim of Se-free sperrylite, Spy (Pt0.98Rh0.01)Σ0.99(As1.87S0.12Te0.02)Σ2.01. Note the presence
of lamellae composed of a Ru-dominant alloy, labeled Ru [Ru68.3Ir12.0Os7.2Rh6.9Pt5.7].
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Many of placer grains of Os–Ir–Ru and Pt–Fe alloys have a porous (Figure 3e), abundantly
fractured or altered rim (Figure 6b,c), associated with the development of secondary phases of PGE
sulfide, arsenide, sulfarsenide, native gold and a Pt–Ir–Ni-rich alloy. Such zones of metasomatic
alteration (labeled AZ: Figures 3c and 5b) are developed close to grain margins; they are isolated and
surrounded by an outer rim of sperrylite. The rare compounds formed in these zones include Cu-rich
bowieite and a Se-rich sulfarsenide of Pt (Figure 5b).

 

Figure 6. (a) BSE image of a zoned grain of Fe-bearing Ru–Os oxide, labeled Ru–Os–O, which is hosted
by Os–Ir alloy [Os45.9Ir44.2Ru9.9]. The letter C refers to the point analysis of the core zone, the letter
R to that of the rim, and the letter V to the veinlet. (b) BSE image showing a porous and fractured
rim (labeled Ir–Os–Fe) relatively enriched in Fe and Ni, that is developed around a placer grain of
Ir–Os alloy poor in Fe (0.5 wt % Fe), with the following composition: [Ir60.3Os32.4Ru3.8Rh1.7Fe1.7Pt0.1].
The rim contains 5.3 wt % Fe, 0.88 wt % Ni, and corresponds to [Ir48.6Os29.8Fe15.6Ru3.4Ni2.5]. (c) BSE
image of veinlets composed of unnamed alloys, labeled UN [(Ir,Pt)(Ni,Fe,Cu)3–(Pt,Ir)(Ni,Fe,Cu)3],
which are hosted by an Ir–Os–Fe alloy rich in Fe (8.0 wt %) and Ni (1.8 wt %) [Ir48.4Os24.7Fe22.3Ni4.7]; the
latter alloy phase forms the rim (b). (d) Optical photograph showing the development of a composite
rim, composed of cooperite (Cp) [(Pt0.93Pd0.02)S1.05] and Au–Ag alloy, labeled Au [Au75.3Ag22.5Cu2.2].
Note the presence of a staple-like phase of Ir–Os alloy [Ir50.7Os26.3Ru8.5Fe6.5Pt3.6Ni2.9Rh1.4]. These
phases occur in the narrow rim around a grain of Pt–Fe alloy [Pt65.4Fe25.5Rh3.2Ir3.1Pd2.5Os0.2Ni0.1].

In addition, our materials contain micrometric inclusions of clinopyroxene, chromian spinel,
amphiboles, serpentine and base-metal sulfides. We also examined compositional variations in one
unusual grain ~2 mm across, composed of the phase PtAu4Cu5 with inclusions of other intermetallic
compounds of the system Pt–Cu–Au, of an unnamed Pt–Cu stannide and a Co–Rh-rich pentlandite
(Figure 7a,b).
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Figure 7. (a) Optical photograph showing inclusions of the tulameenite–ferronickelplatinum series
(Tul) and of pentlandite (Pn), which are hosted by a placer grain of Pt–Au–Cu alloy. (b) BSE image
of subhedral inclusions of Co–Rh-rich pentlandite (Pn) enclosed within the Pt–Au–Cu alloy. Mag
is magnetite.

In this study, we used essentially the same approach and analytical facilities as in the
complementary project, devoted also to associations of PGM of the Sayan region [8]. Compositions
of various PGE alloys, PGM, PGE- and Au-rich phases, silicate minerals and hydrous silicates were
investigated with wavelength-dispersive analysis (WDS) using a Camebax-micro electron microprobe
(CAMECA SAS, Gennevilliers Cedex, France) at the Sobolev Institute of Geology and Mineralogy,
Russian Academy of Sciences, Novosibirsk, Russia. The analytical conditions used for PGE-rich
minerals were the following: 20 kV and 60 nA; the Lα line was used for Ir, Rh, Ru, Pt, Pd, and As;
the Mα line was used for Os and Au, and the Kα line was used for S, Fe, Ni, Cu, and Co. We used
as standards pure metals (for the PGE and Au), CuFeS2 (for Fe, Cu, and S), synthetic FeNiCo (for Ni
and Co), and arsenopyrite (for As). The minimum detection limit is ≤0.1 wt % for results of the WDS
analyses. The WDS analyses of chromite, clinopyroxene, and amphiboles were acquired at 20 kV and
40 nA, using Kα lines, and the following standards: chromite (for Fe, Mg, Al, and Cr), ilmenite (Ti),
manganiferous garnet (for Mn), and synthetic V2O5 (for V). The amphibole analyses were done using
diopside (for Ca), albite (for Na), orthoclase (for K), pyrope (Mg, Fe, Al, and Si), a glass of diopside
composition doped with 2 wt % TiO2 for Ti, and manganiferous and chromiferous garnets (for Mn and
Cr) as standards. For serpentine, we used an olivine standard (Mg, Si, Fe, and Ni), as well as diopside
(Ca), and, as noted, garnets for Mn and Cr.

We employed scanning-electron microscopy (SEM) and energy-dispersive analysis (EDS) for the
analysis of phases whose grain size is on the order of ≤2–5 μm, or larger. These phases were analyzed
at 20 kV and 1.2 nA using a Tescan Vega 3 SBH facility combined with an Oxford X-Act spectrometer
(Oxford Instruments, Abingdon, UK) at the Siberian Federal University, Krasnoyarsk, Russia. Pure
elements (for the PGE, Fe, Cu), as well as FeS2 (for S), InAs (for As), were used as standards. The Lα
line was used for As and the PGE, except for Pt and Au (Mα line); the Kα line was used for Fe, Cu, Ni,
Co, and S.

3. Results

3.1. Grains of Os–Ir–Ru, Pt–Fe Alloys and Exsolution-Induced Phases

As noted, the Os–Ir–Ru and Pt–Fe alloy minerals account for ~80% and ~20 vol %, respectively,
of the detrital PGM. In contrast to the Os–Ir–Ru alloys at Sisim, eastern Sayans [8], we detect no
zonation in these grains of alloy at Bolshoy Khailyk. However, there are significant grain-to-grain
variations (Table 1), reflected in differences in contrast in back-scattered electron (BSE) images of
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mutually intergrown grains (Figure 3f). Inclusions of Pt–Fe alloy are present in an Os–Ir–Ru alloy
matrix, and a Ru–Ir–Os alloy occurs as lamellae hosted in a Pt–Fe alloy (Figure 4a,b and Figure 5a).

Table 1. Compositions of grains of Ru–Os–Ir alloy minerals from the Bolshoy Khailyk placer deposit.

# Ru Os Ir Rh Pt Pd Fe Ni Cu Total

1 Ru-dominant Matrix 34.92 58.67 6.48 bdl bdl bdl bdl bdl bdl 100.1
2 54.8 35.36 7.04 bdl bdl bdl 1.77 1.07 bdl 100
3 24.28 41.74 29.68 1.83 3.02 bdl 0.15 bdl bdl 100.7
4 33.18 45.99 15.93 0.53 4.07 bdl 0.08 bdl bdl 99.8
5 28.47 34.94 33.18 1.8 1.24 bdl 0.18 0.04 bdl 99.9
6 Inclusion 33.21 26.78 32.78 1.89 5.5 bdl 0.2 bdl 0.07 100.4
7 35.48 26.02 32.39 1.96 4.88 bdl 0.21 bdl bdl 100.9
8 35.87 24.9 32.57 2.13 5.14 bdl 0.21 bdl bdl 100.8
9 50.46 14.38 19.36 4.53 10.64 bdl 0.14 0.05 bdl 99.6
10 Os-dominant Matrix 10.76 68.49 17.79 0.76 2.66 bdl 0.06 bdl bdl 100.5
11 0.75 90.45 8.56 bdl bdl bdl bdl bdl bdl 99.8
12 12.59 45.96 39.68 1.24 0.55 bdl 0.26 bdl bdl 100.3
13 4.22 53.29 40.9 0.38 0.6 bdl 0.14 0.06 0.13 99.7
14 0.98 79.1 18.72 0.25 0.69 bdl 0.06 bdl bdl 99.8
15 Inclusion 1.73 64.17 33.67 0.23 0.34 bdl bdl bdl bdl 100.1
16 0.31 58.82 41.06 0.1 0.26 bdl 0.61 bdl bdl 101.2
17 0.42 57.51 42.19 0.13 bdl bdl 0.41 0.06 bdl 100.7
18 Ir-dominant Matrix 0.43 33.37 61.59 0.19 4.23 bdl 0.23 0.04 bdl 100.1
19 2.88 13.89 76.02 1.01 3.52 bdl 0.84 0.12 bdl 98.3
20 0.87 6.06 81.71 0.45 8.91 bdl 1.77 0.18 bdl 100
21 0.27 27.92 68.5 bdl 2.08 0.05 0.28 0.04 0.04 99.2
22 1.74 36.73 58.39 0.59 1.91 bdl 0.28 0.06 bdl 99.7
23 Inclusion 1.26 38.36 54.7 0.55 4.41 bdl 0.33 bdl bdl 99.6
24 5 29.02 56.48 0.82 4.02 bdl 2.11 1.02 bdl 98.5
25 5.82 30.05 51.04 0.64 6 bdl 2.83 2.03 bdl 98.4

Atomic proportions (per a total of 100 at %)

Ru Os Ir Rh Pt Pd Fe Ni Cu

1 Ru-dominant Matrix 50.2 44.9 4.9 0 0 0 0 0 0
2 66.6 22.8 4.5 0.00 0 0 3.9 2.2 0
3 37.0 33.8 23.8 2.74 2.4 0 0.4 0 0
4 48.3 35.5 12.2 0.76 3.1 0 0.2 0 0
5 42.3 27.6 25.9 2.63 1.0 0 0.5 0.1 0
6 Inclusion 47.5 20.4 24.7 2.66 4.1 0 0.5 0 0.2
7 49.9 19.4 23.9 2.70 3.6 0 0.5 0 0
8 50.3 18.5 24.0 2.93 3.7 0 0.5 0 0
9 64.2 9.7 13.0 5.66 7.0 0 0.3 0.1 0
10 Os-dominant Matrix 18.3 62.0 15.9 1.3 2.3 0 0.2 0 0
11 1.4 90.1 8.4 0.0 0.0 0 0.0 0 0
12 21.0 40.8 34.9 2.0 0.5 0 0.8 0 0
13 7.6 51.2 38.9 0.7 0.6 0 0.5 0.2 0.4
14 1.8 78.5 18.4 0.5 0.7 0 0.2 0 0
15 Inclusion 3.2 63.2 32.8 0.4 0.3 0 0.0 0 0
16 0.6 57.4 39.6 0.2 0.2 0 2.0 0 0
17 0.8 56.4 41.0 0.2 0.0 0 1.4 0.2 0
18 Ir-dominant Matrix 0.8 33.2 60.6 0.3 4.1 0 0.8 0.1 0
19 5.3 13.5 73.0 1.8 3.3 0 2.8 0.4 0
20 1.6 5.8 77.2 0.8 8.3 0 5.8 0.6 0
21 0.5 28.0 68.1 0.0 2.0 0.1 1.0 0.1 0.1
22 3.2 36.0 56.7 1.1 1.8 0 0.9 0.2 0
23 Inclusion 2.3 37.9 53.4 1.0 4.2 0 1.1 0 0
24 8.5 26.3 50.7 1.4 3.6 0 6.5 3.0 0
25 9.5 26.2 44.0 1.0 5.1 0 8.4 5.7 <0.1

Note. Results of WDS analyses are listed in weight%; “bdl” indicates that amounts of elements are below
detection limits.

Extremely narrow and linear “lamellae” of Os–Ir–Ru alloy cut the associated inclusions of Pt–Fe
alloy and occupy the cleavage plane of some of the Ir–Os–Ru placer grains, thus implying subsolvus
conditions of their deposition. Some Ru-dominant phases exhibit a rhombohedral shape (Figure 5a);

112



Minerals 2018, 8, 247

these are likely pseudomorphic and reproduce the characteristic forms of the rhombohedral cleavage
in the matrix of Pt3Fe-type phase. A wire-like inclusion of Ir–Os alloy is noteworthy (Figure 6d).

A strong enrichment in Ru is detected in lamellar phases, e.g., those in Figure 4b: Ru65.6Ir12.5Os9.6

Rh6.7Pt5.7, hosted by the isoferroplatinum-type alloy [Pt63.4Fe24.8Rh6.0Cu3.6Pd2.2], or in the lamellae
shown in Figure 5a [Ru70.2–72.4Rh7.1–7.7Os7.5–7.8Pt6.1–6.9Ir5.9–6.1Fe0.7–1.6], enclosed by a Pt–Fe alloy related
to isoferroplatinum [Pt64.3Fe24.3Rh7.6Cu2.3Ni1.4]. The observed Ru-enrichment is a reflection of relative
abundance of Ru in the ophiolite environment, and points to the accumulation of levels of Ru during
crystallization. It appears that Ru behaved somewhat incompatibly during the crystallization of the
Pt–Fe alloy. In addition, a relative Rh-enrichment is common in compositions of Pt–Fe alloy at Bolshoy
Khailyk (Table 2).

Table 2. Compositions of placer grains of isoferroplatinum and inclusions of minerals of the
tulameenite-ferronickelplatinum series hosted by a Pt–Cu–Au alloy grain from Bolshoy Khailyk.

# Pt Ir Rh Pd Ru Os Fe Ni Cu Sb Sn Total

1 Isf 86.32 bdl 0.35 2.05 bdl bdl 9.45 0.15 0.7 bdl bdl 99.0
2 86.98 1.88 1.88 bdl 0.23 bdl 9.05 0.05 0.17 bdl bdl 100.2
3 86.22 0.14 0.96 1.22 0.08 bdl 9.3 0.21 0.94 bdl bdl 99.1
4 85.11 bdl 1.44 1.52 0.31 bdl 9.03 0.33 0.84 bdl bdl 98.6
5 86.38 0.14 0.72 1.12 0.04 bdl 9.49 0.34 0.65 bdl bdl 98.9
6 87.47 bdl 0.12 1.58 0.04 0.05 9.19 0.08 0.57 bdl bdl 99.1
7 88.79 bdl 0.29 0.46 0.05 0.07 8.77 0.13 0.33 bdl bdl 98.9
8 85.89 bdl 1.05 1.53 0.14 bdl 8.7 0.22 1.66 bdl bdl 99.2
9 85.81 bdl 1.53 2.49 bdl bdl 9.33 0.22 0.84 bdl bdl 100.2
10 91.29 bdl 0.13 0.27 bdl bdl 8.62 0.03 0.23 bdl bdl 100.6
11 Tul-Fnp 74.81 bdl bdl bdl bdl bdl 11.9 5.6 7.03 bdl bdl 99.3
12 74.28 bdl bdl bdl bdl bdl 11.38 4.21 8.62 bdl bdl 98.5
13 76.03 bdl bdl bdl bdl bdl 9.11 2.38 12.18 bdl 0.9 100.6
14 77.31 bdl bdl bdl bdl bdl 11.85 4.67 8.01 bdl bdl 101.8
15 77.25 bdl bdl bdl bdl bdl 11.62 5.12 7.41 bdl bdl 101.4
16 75.17 bdl bdl bdl bdl bdl 9.85 2.66 9.62 0.77 0.95 99.0
17 76.63 bdl bdl bdl bdl bdl 11.86 3.77 7.97 bdl bdl 100.2
18 75.7 bdl bdl bdl bdl bdl 11.56 4.48 7.22 bdl bdl 99.0
19 76.3 bdl bdl bdl bdl bdl 10.52 1.91 9.15 1.44 0.7 100.0
20 76.89 bdl bdl bdl bdl bdl 11.1 2.74 9.51 0.32 0.47 101.0

Atomic proportions (per a total of 4 a.p.f.u.)

# Pt Ir Rh Pd Ru Os Fe Ni Cu Sb Sn Cu+Ni

1 2.73 0 0.02 0.12 0 0 1.04 0.02 0.07 0 0 –
2 2.78 0.06 0.11 0 0.01 0 1.01 0.01 0.02 0 0 –
3 2.72 0 0.06 0.07 0 0 1.03 0.02 0.09 0 0 –
4 2.69 0 0.09 0.09 0.02 0 1.00 0.03 0.08 0 0 –
5 2.74 0 0.04 0.07 0 0 1.05 0.04 0.06 0 0 –
6 2.80 0 0.01 0.09 0 0 1.03 0.01 0.06 0 0 –
7 2.90 0 0.02 0.03 0 0 1.00 0.01 0.03 0 0 –
8 2.70 0 0.06 0.09 0.01 0 0.96 0.02 0.16 0 0 –
9 2.66 0 0.09 0.14 0 0 1.01 0.02 0.08 0 0 –
10 2.97 0 0.01 0.02 0 0 0.98 0 0.02 0 0 –
11 1.91 0 0 0 0 0 1.06 0.48 0.55 0 0 1.03
12 1.92 0 0 0 0 0 1.03 0.36 0.69 0 0 1.05
13 1.97 0 0 0 0 0 0.82 0.20 0.97 0 0.04 1.17
14 1.95 0 0 0 0 0 1.04 0.39 0.62 0 0 1.01
15 1.96 0 0 0 0 0 1.03 0.43 0.58 0 0 1.01
16 1.99 0 0 0 0 0 0.91 0.23 0.78 0.03 0.04 1.02
17 1.98 0 0 0 0 0 1.07 0.32 0.63 0 0 0.95
18 1.98 0 0 0 0 0 1.05 0.39 0.58 0 0 0.97
19 2.02 0 0 0 0 0 0.97 0.17 0.74 0.06 0.03 0.91
20 1.98 0 0 0 0 0 1.00 0.23 0.75 0.01 0.02 0.99

Note. Numbers 1–10 pertain to results of WDS analyses, #11–20 to EDS analyses. The label Isf means
isoferroplatinum-type alloy; Tul-Fnp are members of the tulameenite-ferronickelplatinum series; “bdl” indicates
that amounts of elements are below detection limits.
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Alloy phases of the tulameenite–ferronickelplatinum series (≤0.1 mm across) occur as inclusions
in the matrix of a ternary Pt–Au–Cu phase (Figure 7a), and show strong variations of composition
owing to Ni-for-Cu substitution (Table 2). An intermediate member contains ~0.5 Ni atoms per formula
unit (hereafter a.p.f.u.) in this series. In addition, partly subhedral inclusions (≤20 μm in size) of a
ferronickelplatinum-type alloy (#1–3, Table 3) were observed as inclusions in grains of Os–Ir–Ru alloy.

Table 3. Compositions of Ni-enriched alloys of Pt–Ir–Ni–Fe from the Bolshoy Khailyk deposit.

Pt Ir Rh Ru Os Fe Ni Cu Total

1 76.79 bdl 0.46 bdl bdl 8.37 12.65 2.02 100.29
2 73.89 bdl 0.36 bdl bdl 10.08 13.54 2.28 100.15
3 78.08 bdl 0.29 bdl bdl 8.63 12.61 2.01 101.62
4 51.64 5.44 bdl bdl bdl 12.89 27.61 2.55 100.13
5 51.64 5.4 bdl bdl bdl 13.3 28.29 1.62 100.25
6 49.55 6.1 bdl bdl bdl 13.48 27.79 1.56 98.48
7 52.17 5.77 bdl bdl bdl 12.85 27.01 1.56 99.36
8 6.28 55.12 bdl bdl 2.23 11.01 25.96 bdl 100.60
9 21.28 28.74 0.38 bdl bdl 13.88 34.83 1.9 101.01
10 24.26 30.4 0.43 bdl bdl 12.91 29.87 2.05 99.92
11 10.41 38.72 0.27 bdl bdl 14.17 35.42 bdl 98.99
12 14.86 32.31 0.51 bdl bdl 13.7 36.27 0.98 98.63
13 13.43 48.18 0.52 bdl bdl 14.44 23.84 bdl 100.41
14 23.86 28.35 0.44 bdl bdl 14.97 31.03 bdl 98.65
15 26.86 28.14 0.22 bdl 2.06 13.45 30.55 bdl 101.28
16 48.03 6.03 0.47 0.06 0.88 13.11 26.03 1.63 96.24
17 49.08 6.65 0.45 bdl 0.3 12.91 24.5 1.44 95.33
18 48.69 9.41 0.43 0.43 1.74 13.17 23.47 1.49 98.83
19 13.09 36.82 0.34 bdl 1.62 11.57 33.38 1.71 98.53
20 12.84 36.71 0.34 bdl 1.76 11.58 33.33 1.69 98.25

Atomic proportions (per a total of 100 at %)

Pt Ir Rh Ru Os Fe Ni Cu Ni/Fe
(Ni + Fe +
Cu)/ΣPGE

1 49.5 0 0.6 0 0 18.8 27.1 4.0 1.44 1.00
2 45.7 0 0.4 0 0 21.8 27.8 4.3 1.28 1.17
3 49.8 0 0.4 0 0 19.2 26.7 3.9 1.39 0.99
4 25.6 2.7 0 0 0 22.3 45.5 3.9 2.04 2.53
5 25.5 2.7 0 0 0 22.9 46.4 2.5 2.02 2.55
6 24.8 3.1 0 0 0 23.5 46.2 2.4 1.96 2.59
7 26.4 3.0 0 0 0 22.7 45.5 2.4 2.00 2.40
8 3.3 29.6 0 0 1.2 20.3 45.6 0 2.24 1.93
9 9.6 13.2 0.3 0 0 21.9 52.3 2.6 2.39 3.32
10 11.7 14.9 0.4 0 0 21.8 48.1 3.0 2.20 2.69
11 4.8 18.1 0.2 0 0 22.8 54.1 0 2.38 3.33
12 6.8 14.9 0.4 0 0 21.7 54.8 1.4 2.52 3.53
13 7.0 25.3 0.5 0 0 26.1 41.1 0 1.57 2.05
14 11.4 13.8 0.4 0 0 25.0 49.4 0 1.97 2.91
15 13.0 13.8 0.2 0 1.0 22.8 49.2 0 2.16 2.56
16 24.8 3.2 0.5 0.06 0.5 23.7 44.7 2.6 1.89 2.45
17 26.1 3.6 0.5 0 0.2 24.0 43.3 2.4 1.81 2.30
18 25.6 5.0 0.4 0.44 0.9 24.2 41.0 2.4 1.70 2.08
19 6.3 17.8 0.3 0 0.8 19.3 53.0 2.5 2.74 2.97
20 6.1 17.8 0.3 0 0.9 19.4 53.0 2.5 2.74 2.98

Note. Numbers 1–10 are results of SEM/EDS analyses, and #16–20 of WDS analyses; “bdl” indicates that amounts
of elements are below detection limits.Compositions #1–3 are close to ferronickelplatinum, #4–20 are unnamed
members of the series (Pt,Ir)(Ni, Fe, Cu)3-x and (Ir, Pt)(Ni, Fe, Cu)3-x.

We document the existence at Bolshoy Khailyk of extensive fields of solid solution in the system
Os–Ru–Ir (Figure 8). The general enrichment in Ru is recognized in the coexisting pairs of matrix and
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exsolution-induced inclusions. As shown for comparison in Figure 8, the Os–Ir–Ru alloy grains from
the neighboring placer at the River Zolotaya [5] also display the characteristic pattern of enrichment
in Ru.

Figure 8. Compositional variations of grains of Os–Ir–Ru alloys from the Bolshoy Khailyk placer (this
study), in comparison with alloys from the Zolotaya River deposit, western Sayans [5], in terms of the
Os–Ir–Ru diagram (at %). The miscibility gap and nomenclature are on the basis of [9].

3.2. Fe–Ni-Enriched Rims and Unnamed Alloys of the Series (Pt,Ir)(Ni,Fe,Cu)3-x–(Ir,Pt)(Ni,Fe,Cu)3-x

The porous and fractured rim on grains of Ir–Os–Ru alloy (Figure 3e) is notably enriched
in Fe and Ni relative to the adjacent phases analyzed beyond the rim. For example, the rim
shown in Figure 6b has the typical composition: Fe 5.3, Ni 0.9, Ir 56.7, Os 34.4, and Ru 2.1, total
99.4 wt %, corresponding to [Ir48.6Os29.8Fe15.6Ru3.4Ni2.5] (in at %). This rim is developed around an
alloy phase that contains: Fe 0.5, Ni <0.1, Ir 62.5, Os 33.2, Ru 2.1, Rh 0.9, Pt 0.1, total 99.3 wt %,
or [Ir60.3Os32.4Ru3.8Rh1.7Fe1.7Pt0.1]. These variations indicate that Fe largely substitutes for Ir in the
rim phase. The rim area shown in Figure 6c is even richer in Fe and Ni: Fe 8.0, Ni 1.8, Ir 60.1, Os 30.4,
total 100.3 wt %, or [Ir48.4Os24.7Fe22.3Ni4.7].

Interestingly, unnamed alloys of the series (Pt,Ir)(Ni,Fe,Cu)3–x–(Ir,Pt)(Ni,Fe,Cu)3–x occur as
veinlets of late phases associated with the Fe–Ni-enriched rim (Figure 6c). Their compositions reveal
fairly strong variations in Pt–Ir and Ni–Fe–Cu contents (#4–20, Table 3). These alloy phases are
Ni-dominant and contain essential Pt, which could be important to stabilize the structure. Indeed,
the IrNi3 phase has not been encountered in synthesis experiments, whereas the ordered phase PtNi3
crystallizes at 580 ◦C in the system Pt–Ni [10].

3.3. Ni–Ir–Fe Alloy, Fe–Ni-rich Ir–Os Alloy, and Inclusions of Base-Metal Sufides

Alloys of Ni–Ir–Fe and Fe–Ni–Ir–Os are associated with a local zone of alteration in a grain
of Ir-dominant alloy, which contains Ir 72.2, Os 25.2, Fe 1.6, Rh 0.5, Ru 0.3, total 99.8 wt %,
or [Ir69.0Os24.3Fe5.4Rh0.9Ru0.5]. The Ni–(Fe)-rich alloy developed in this assemblage has the following
composition: Ir 58.12, Os 9.44, Ni 18.99, Fe 11.47, total 98.0 wt %, or [Ni36.7Ir34.3Fe23.3Os5.6].
Its structure remains unknown; it is Ni-dominant and, thus, probably corresponds to garutiite (Ni,Fe,Ir),
the hexagonal polymorph of native nickel cf. [11], or to its cubic polymorph, nickel. This phase is
devoid of Pt, and differs from alloys of the series (Pt,Ir)(Ni,Fe,Cu)3-x–(Ir,Pt)(Ni,Fe,Cu)3-x by a lower
value of (Ni + Fe)/PGE (1.5). Nevertheless, we cannot exclude that it belongs to the latter solid solution.
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One grain of Fe-rich alloy in this altered zone has an Ir-dominant composition: Ir 55.17, Os 30.27, Fe
8.17, Ni 4.46, Ru 0.77, total 98.8, or [Ir42.5Os23.5Fe21.6Ni11.2Ru1.1]. Therefore, this phase is enriched
strongly in the hexaferrum component, i.e., (Fe,PGE), cf. [12,13].

Micrometric and droplet-shaped inclusions of base-metal sulfides ≤10 μm in diameter occur close
to margin in this grain of Ir-dominant alloy. Three types of phases are recognized on the basis of their
compositions. The first is a monosulfide-type phase that contains: Ni 24.6, Fe 24.1, Cu 12.8, S 35.2, total
96.7 wt %, corresponding to the formula (Fe0.40Ni0.39Cu0.19)Σ0.98S1.02 calculated for a total of 2 a.p.f.u.
A bornite-like phase is with the composition: Cu 52.1, Fe 16.5, S 28.8, total 97.4 wt %; its formula is
(Cu4.06Fe1.47)Σ5.5S4.5 (for 10 a.p.f.u.). And the third is represented by a godlevskite-like phase: Ni 70.2,
S 30.2, total 100.4 wt %, or Ni9.5S7.5 (for 17 a.p.f.u.).

3.4. PGE Sulfides, Unnamed Ni[Ir(Co,Cu,Fe)]2S4, and Sperrylite

We analyzed several species of PGE-based sulfides found as inclusions (up to ~50 μm) hosted by
grains of PGE alloys or as components of the rim or overgrowth on these grains. Results of analyses of
ten grains (WDS) indicate that members of the laurite–erlichmanite series are relatively poor in Ir (up
to ~10–15 wt %, Table 4). The exceptions are minute grains of Ir-rich laurite (≤5 μm across) deposited
within a narrow rim that is developed around a grain of Ir–Os alloy; these are associated with members
of the tolovkite–irarsite series and native gold [Au74.1–91.1Ag0.9–19.5Cu6.4–8.1]. Note that the Au-rich
alloy is enriched in Cu, and its composition ranges up to high-purity gold. The Ir-rich laurite is devoid
of Os; it has the following composition: Ru 46.1, Ir 19.7, S 35.5, total 101.3 wt %, corresponding to
(Ru0.82Ir0.18)Σ1.00S1.99. The phase could possibly imply conditions of metastable crystallization at a low
temperature as a representative of a late-stage assemblage at the rim. Compositions of five grains of
cooperite are close to being stoichiometric (#3, 4, Table 4). A grain of bowieite in the zone of deuteric
alteration (Figure 5b) is anomalously rich in Cu (#5, Table 4).

Table 4. Compositions of various PGE sulfides from the Bolshoy Khailyk deposit.

# Ru Os Ir Rh Pt Pd Fe Ni Co Cu S As Total

1 Laurite 53.3 0.61 10.03 0.37 bdl 0.80 bdl bdl bdl bdl 35.37 bdl 100.48
2 35.46 22.38 6.92 0.59 bdl 0.15 bdl bdl bdl bdl 33.2 bdl 98.70
3 Cooperite bdl bdl bdl 0.16 84.06 bdl bdl 0.22 bdl bdl 15.51 bdl 99.95
4 bdl bdl bdl bdl 82.09 0.47 bdl 1.22 bdl bdl 15.32 bdl 99.10
5 Bowieite (Cu-rich) 1.60 bdl bdl 20.77 36.23 bdl bdl bdl bdl 11.12 26.11 3.53 99.40
6 UN Tsp bdl bdl 42.33 bdl bdl bdl 4.13 12.17 6.57 4.31 26.55 bdl 100.11
7 bdl bdl 41.93 bdl bdl bdl 4.15 13.93 6.38 5.5 27.62 bdl 99.51
8 bdl bdl 43.59 bdl bdl bdl 3.98 12.25 6.09 5.87 27.37 bdl 99.15
9 bdl bdl 43.84 bdl bdl bdl 4.52 12.86 6.70 5.41 27.81 bdl 101.14

Atomic proportions

# Ru Os Ir Rh Pt Pd Fe Ni Co Cu S As ΣMe

1 Laurite 0.93 0.01 0.09 0.01 0.013 0 0 0 0 1.95 0 1.05
2 0.68 0.23 0.07 0.01 0.003 0 0 0 0 2.01 0 0.99
3 Cooperite 0 0 0 0.003 0.94 0 0 0.008 0 0 1.05 0 0.95
4 0 0 0 0 0.91 0.01 0 0.05 0 0 1.03 0 0.97
5 Bowieite 0.05 0 0 0.70 0.65 0 0 0 0 0.61 2.83 0.16 2.01
6 UN Tsp 0 0 1.00 0 0 0 0.34 0.94 0.51 0.31 3.76 0 3.09
7 0 0 0.96 0 0 0 0.33 1.05 0.48 0.38 3.80 0 3.20
8 0 0 1.02 0 0 0 0.32 0.94 0.46 0.42 3.84 0 3.16
9 0 0 1.00 0 0 0 0.36 0.96 0.50 0.37 3.81 0 3.19

Note. Numbers 1–4 pertain to results of WDS analyses, and #5–9 are SEM/EDS; “bdl” indicates that amounts of
elements are below detection limits. The total of an.#6 includes 4.05 wt % Sb, which corresponds to 0.15 Sb a.p.f.u.
The atomic proportions were calculated on the basis of a total of 3 a.p.f.u. (for laurite), 2 a.p.f.u. (cooperite), 5 a.p.f.u.
(bowieite), and 7 a.p.f.u. for the unnamed phase related to thiospinels (UN Tsp).

We document the existence of an unknown sulfide that presumably is related to thiospinels, as it
displays a Me3S4 stoichiometry, cf. [14], where Me represents the total content of metals (i.e., Ir, Co,
Fe and Cu). This phase occurs in peripheral portions of irregular grains (≤50 μm), enclosed within a
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grain of Ir–Os alloy. Its composition corresponds to the formula Ni[Ir(Co,Cu,Fe)]2S4 (#6–9, Table 4).
It seems likely that this phase is related to the synthetic thiospinel NiIr2S4 [15]; one of the two Ir atoms
is presumably replaced by Co at Bolshoy Khailyk. The mixed-valence character of Ir is recognized in
PGE thiospinels ([14] and references therein).

A total of 17 data-points (WDS) done on representative grains and inclusions of sperrylite yield
normal levels of incorporation of Ir and Rh, up to ~3 wt % each, and up to 1.8 wt % S.

3.5. Zones of Deuteric Alteration

Zones of deuteric alteration (AZ: Figure 3c) are documented in a grain of placer
Pt–Fe alloy of isoferroplatinum type [(Pt2.47Rh0.25Pd0.09)Σ2.8(Fe0.99Cu0.15Ni0.05)Σ1.2]. They occur
near the grain margin, but are separated from it by the rim of S-bearing sperrylite
[(Pt0.98Rh0.01)Σ0.99(As1.87S0.12Te0.02)Σ2.01]. The matrix of the Pt–Fe alloy grain consists of abundant
lamellae, oriented crystallographically, of Ru-dominant alloy [Ru68.3Ir12.0Os7.2Rh6.9Pt5.7].

In the altered zones, the late mineral assemblage is represented by bowieite rich in Cu (#5, Table 4),
[(Rh0.70Pt0.65Cu0.61Ru0.05)Σ2.01(S2.83As0.16)Σ2.99], cooperite [(Pt0.88Rh0.04)Σ0.92S1.08] and, interestingly,
a seleniferous variety of sperrylite (Figure 5b) that contains Pt 36.99, Rh 16.07, As 33.79, Se 11.01,
S 3.5, total 101.4 wt %. The stoichiometric formula, (Pt0.54Rh0.45)Σ0.99(As1.29Se0.40S0.31)Σ2.00, points to
an uncommon variety of seleniferous and rhodiferous sperrylite. Alternatively, though less likely,
this phase may represent an unnamed species of arsenosulfoselenide: (Pt, Rh)As1+x(Se,S)1–x.

3.6. Tolovkite (IrSbS)—Irarsite (IrAsS)—Hollingworthite (RhAsS) Solid Solutions

Members of the tolovkite (IrSbS)—irarsite (IrAsS)—hollingworthite (RhAsS) solid solution form
inclusions (≤20 μm) enclosed within the Pt–Au–Cu alloy. The observed existence of Sb-for-As
substitution is especially noteworthy (Figure 9, Table 5), as it was also documented in related PGM from
the Svetlyi Bor complex (Svetloborskiy) of the Urals: (Ir0.91Rh0.08Fe0.02)Σ1.01(As0.59Sb0.38)Σ0.97S1.02 and
(Ir1.01Rh0.03Fe0.03)Σ1.07(As0.73Sb0.20)Σ0.93S1.00 [16]. Tolovkite from its type locality, the alluvial placers of
the Tolovka River zone associated with the Alpine-type Ust’-Belskiy complex, Magadanskaya oblast,
Russia, is close to its end-member composition, IrSbS [17]. Another series of solid solution extends
from IrSbS (tolovkite) toward its Rh counterpart, unnamed RhSbS [18]. Note that some compositions
are Pt-rich (#16, Table 5), thus suggesting that the platarsite component (PtAsS [19]) also is involved.

 

Figure 9. Compositional variations of phases of the tolovkite–irarsite solid solution from the Bolshoy
Khailyk placer (this study) and the Svetlyi Bor (Svetloborskiy) complex, Urals, Russia [16].
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Table 5. Compositions of the tolovkite–irarsite–hollingworthite solid solutions from the Bolshoy
Khailyk deposit.

# Ir Rh Ru Os Pt Au Fe Ni Co Cu Sb As S Total

1 57.26 0.79 bdl bdl bdl bdl 0.28 bdl bdl bdl 18.37 11.5 10.51 98.71
2 48.25 7.13 bdl 1.92 bdl bdl 0.4 0.14 bdl 1.57 5.45 21.59 11.67 98.12
3 56.3 3.67 bdl bdl bdl bdl 1.09 bdl bdl 2.3 bdl 25.87 12.07 101.3
4 17.24 33.19 bdl bdl bdl bdl bdl bdl bdl 1.38 2.44 30.89 14.29 99.43
5 22.37 27.65 bdl bdl bdl bdl bdl bdl bdl 1.38 2.19 29.44 16.0 99.03
6 5.83 39.67 bdl bdl 2.1 2.39 bdl bdl bdl 1.64 1.99 31.14 14.31 99.07
7 7.78 33.32 bdl bdl 3.02 5.5 bdl bdl bdl 3.92 1.58 29.02 15.49 99.63
8 9.57 36.78 bdl bdl bdl 2.94 bdl bdl bdl 2.51 2.78 30.79 14.32 99.69
9 5.48 39.28 bdl bdl 1.92 bdl bdl bdl bdl 1.11 1.88 31.71 17.15 98.53
10 3.73 37.35 bdl bdl 2.54 4.9 bdl bdl bdl 3.04 1.49 30.01 16.46 99.52
11 bdl 39.13 bdl bdl 2.77 6.4 bdl bdl bdl 3.92 1.54 30.3 16.07 100.13
12 57.83 bdl 0.23 5.72 bdl bdl bdl bdl bdl bdl 8.61 17.31 10.43 100.13
13 49.43 bdl 1.35 bdl bdl bdl bdl bdl bdl bdl 33.92 2.85 11.23 98.78
14 52.84 6.96 bdl bdl bdl bdl bdl bdl bdl bdl 5.78 20.74 13.93 100.25
15 52.85 6.21 bdl bdl bdl bdl bdl bdl bdl bdl 5.42 21.08 13.81 99.37
16 19.13 23.53 bdl bdl 10.01 bdl bdl bdl bdl bdl 3.79 27.43 15.06 98.95
17 53.52 bdl bdl bdl bdl bdl bdl bdl bdl bdl 34.99 0.36 10.38 99.25
18 53.51 bdl bdl bdl bdl bdl bdl 0.48 bdl bdl 34.4 0.97 10.85 100.21
19 20.22 30.72 bdl bdl 1.28 bdl bdl bdl 0.06 1.88 3.53 27.2 13.36 98.25
20 52.96 3.14 bdl 0.81 0.55 bdl 0.32 0.35 0.07 1.53 15.39 13.04 10.5 98.66
21 53.87 2.89 bdl 0.95 0.48 bdl 0.39 0.36 0.13 1.34 11.78 15.35 10.77 98.31

Atomic proportions (per a total of 3 a.p.f.u.)

Ir Rh Ru Os Pt Au Fe Ni Co Cu Sb As S ΣMe As + Sb

1 0.95 0.02 0 0 0 0 0.02 0 0 0 0.48 0.49 1.04 0.99 0.97
2 0.71 0.20 0 0.03 0 0 0.02 0.01 0 0.07 0.13 0.81 1.03 1.03 0.94
3 0.79 0.10 0 0 0 0 0.05 0 0 0.10 0 0.94 1.02 1.04 0.94
4 0.21 0.74 0 0 0 0 0 0 0 0.05 0.05 0.94 1.02 0.99 0.99
5 0.27 0.61 0 0 0 0 0 0 0 0.05 0.04 0.90 1.14 0.93 0.94
6 0.07 0.86 0 0 0.02 0.03 0 0 0 0.06 0.04 0.93 1.00 1.04 0.97
7 0.09 0.72 0 0 0.03 0.06 0 0 0 0.14 0.03 0.86 1.07 1.04 0.89
8 0.11 0.80 0 0 0 0.03 0 0 0 0.09 0.05 0.92 1.00 1.03 0.97
9 0.06 0.81 0 0 0.02 0 0 0 0 0.04 0.03 0.90 1.14 0.93 0.93
10 0.04 0.78 0 0 0.03 0.05 0 0 0 0.10 0.03 0.86 1.10 1.01 0.89
11 0.00 0.81 0 0 0.03 0.07 0 0 0 0.13 0.03 0.86 1.07 1.04 0.89
12 0.94 0 0.01 0.09 0 0 0 0 0 0 0.22 0.72 1.02 1.04 0.94
13 0.82 0 0.04 0 0 0 0 0 0 0 0.89 0.12 1.12 0.87 1.01
14 0.75 0.18 0 0 0 0 0 0 0 0 0.13 0.75 1.18 0.93 0.88
15 0.76 0.17 0 0 0 0 0 0 0 0 0.12 0.77 1.18 0.92 0.90
16 0.24 0.55 0 0 0.12 0 0 0 0 0 0.07 0.88 1.13 0.91 0.96
17 0.93 0 0 0 0 0 0 0 0 0 0.96 0.02 1.09 0.93 0.98
18 0.91 0 0 0 0 0 0 0.03 0 0 0.92 0.04 1.10 0.93 0.96
19 0.25 0.72 0 0 0.02 0 0 0 0.002 0.07 0.07 0.87 1.00 1.06 0.94
20 0.85 0.09 0 0.01 0.01 0 0.02 0.02 0.004 0.07 0.39 0.53 1.00 1.07 0.92
21 0.85 0.09 0 0.02 0.01 0 0.02 0.02 0.007 0.06 0.29 0.62 1.02 1.07 0.91

Note. Number 1–18 are results of SEM/EDS analyses, and #19–21 are WDS analyses; “bdl” indicates that amounts
of elements are below detection limits.

3.7. Zoned Oxide of PGE–Fe

Herein we describe an unusual grain of zoned oxide (or oxides), which consists of a core-like
zone (marked with the letter C: Figure 6a), a rim-like zone (R) and a veinlet (V); these phases
are rich in Ru, and, to a lesser extent, in Os and Ir, with substantial Fe and minor V (Table 6).
The following observations are noteworthy: (1) The compositions are generally consistent with a
simplified formula Ru6Fe3+

2O15, in which the atomic Me:O ratio is close to 1:2; this grain could have
arisen by desulfurization and oxidation of laurite (zoned), in which the Me:S proportion also is 1:2.
If so, Fe and V were introduced externally via the oxidizing fluid. (2) Compositional variations (Table 6)
indicate that levels of Os and Ir decreased with a relative increase in Fe and V from core to rim.
(3) A further change is expressed inward from the rim, with a decrease in the total PGE with increase
in contents of Fe and V; the low total suggests that the veinlet phase likely contains some water or a
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hydroxyl component. (4) The cavity observed in the center (Figure 6a) could represent the channelway
of the oxidizing fluid.

Table 6. Compositions of PGE–Fe oxide phases in a zoned inclusion hosted by an Os–Ir–(Ru) alloy
grain from the Bolshoy Khailyk placer deposit.

# RuO2 OsO2 Ir2O3 Fe2O3 V2O5 Total

1 Core 64.89 9.97 6.45 18.35 0.97 100.63
2 Rim 65.95 4.61 4.42 19.82 1.27 96.07
3 Veinlet 50.35 bdl 1.91 24.78 1.95 78.99

Atomic proportions (per 15 oxygen atoms p.f.u.)

# Ru Os Ir Fe3+ V ΣPGE

1 4.94 0.45 0.30 2.33 0.11 5.7
2 5.06 0.21 0.21 2.53 0.14 5.5
3 4.40 0 0.10 3.61 0.25 4.5

Note. Results of SEM/EDS analyses are quoted in weight %; “bdl” stands for not detected.

In various settings worldwide, grains of PGE-based oxides typically display similar features,
e.g., [20–23]. These compounds remain poorly understood; in most occurrences, they could
well represent cryptic mixtures rather than be single phases. Note that no bonding likely exists
between platinum and oxygen in a Pt–Fe oxide grain studied by X-ray absorption spectroscopy [24].
The Pd-based oxide grains appear to be more diverse in their compositions than grains of Ru–Os–Ir-rich
oxides. Indeed, the Pd-rich grains contain a variety of elements, e.g., Sb, Bi, Pb, and Tl [25–27], which
could well reflect diverse precursor grains.

3.8. Pt–Au–Cu Alloys and Unnamed (Pt,Pd)3Cu2Sn

Four groups of clustered or individual data-points of Pt–Au–Cu alloys are recognized at Bolshoy
Khailyk (#1 to 4 in Figure 10) (Table 7). Field #1 pertains to the phase PtAu4Cu5 [or Cu(Au,Pt)],
the main portion of this grain (Figure 7a). The atomic proportions observed coincide with those
of related intermetallic compounds reported from the Tulameen complex, Canada [28], an alluvial
deposit at Sotajarvi, Finland [29], cf. [30], from the River Zolotaya [5], and from the Kondyor complex
of Russia [31]. Note that the Pt–Au–Cu phases reported from Kondyor form a series of compositions
toward CuAu, i.e., tetra-auricupride, first discovered in China [32]. Thus, the analyzed phase at Bolshoy
Khailyk could represent a member in the solid-solution series of platiniferous tetra-auricupride, i.e.,
Cu(Au,Pt).

The compositional field #2 is clustered near the stoichiometry PtAuCu2 (Figure 10).
The composition #3 plots near PtCu, i.e., hongshiite [33]. Note that the auriferous hongshiite (Figure 10)
is fairly close in composition to the phase reported from an alluvial occurrence at the River Durance,
France [30]. The composition #4 plots close to PtAu, which is known from synthesis in nanometer-sized
particles [34]. Field #5 likely reflects a subordinate extent of solid solution of Au in a Cu-bearing
platinum alloy (Figure 10, Table 7). The likely trend of crystallization of the Pt–Au–Cu alloys is
shown in Figure 10. In addition, inclusions of highly pure platinum (100.8 wt % Pt; EMP data) were
encountered in this grain of the Pt–Au–Cu alloy.

An unnamed stannide of Pt and Cu with a subordinate content of Pd occurs as small inclusions
(≤10 μm across) in the matrix of the Pt–Au–Cu alloy. Compositional data (#11–13, Table 7) indicate
a (Pt + Pd + Cu):Sn proportion of 5:1, which points to an unnamed species of PGM. In the system
Pd3Sn–Cu3Sn [35], several ternary phases are known to form via solid-state transformations at low
temperatures ≤550 ◦C, with a general increase in Cu with a drop in temperature in the system, e.g.,
Pd5CuSn2 [or (Pd2.5Cu0.5)Σ3.0Sn], Pd9Cu3Sn4 [Pd2.25Cu0.75)Σ3.0Sn] and Pd2CuSn, which are likely the
synthetic equivalents of “stannopalladinite”, taimyrite and cabriite [36], respectively. The Pt-for-Pd
substitution is known in the taimyrite series, the Pt-dominant analogue of which is tatyanaite [37,38].
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Figure 10. Compositions of alloys of Cu, Pt, and Au from the Bolshoy Khailyk placer (this study) on
the diagram Cu–Pt–Au (at %). For comparison, compositions of Cu–Pt–Au phases are plotted from
the Zolotaya River placer, western Sayans [5], the Tulameen complex, Canada [28], the Sotajarvi area,
Finland [29], the Durance River area, France [30], and the Kondyor complex, Russian Far East [31].
The numbers 1 to 5, shown on this plot, pertain to compositional groups discussed in the text.

Table 7. Compositions of Pt–Au–Cu–(Sn) alloys from the Bolshoy Khailyk deposit.

# Pt Pd Fe Ni Cu Au Sb Sn Total

1 14.66 bdl bdl bdl 25.23 59.63 bdl bdl 99.52
2 16.03 bdl bdl bdl 24.1 60.5 bdl bdl 100.63
3 36.07 bdl bdl bdl 22.17 38.14 2.55 0.77 99.7
4 38.41 bdl 1.74 bdl 20.39 36.34 0.91 3.13 100.92
5 39.07 bdl 1.95 bdl 19.08 35.2 1.18 3.82 100.3
6 65.36 bdl 1.05 bdl 14.7 10.85 6.45 1.26 99.67
7 53.17 bdl bdl bdl 1.65 46.15 bdl bdl 100.97
8 75.55 bdl 0.45 bdl 2.26 21.61 bdl bdl 99.87
9 67.09 bdl bdl bdl 1.74 31.02 bdl bdl 99.85
10 68.51 bdl bdl bdl 1.49 29.22 0.46 bdl 99.68
11 58.82 7.69 1.01 0.37 14.64 1.37 bdl 15.23 99.13
12 59.63 7.37 0.99 0.36 14.78 1.39 bdl 15.77 100.29
13 59.66 7.96 1.32 0.43 14.71 0.55 bdl 15.3 99.93

Atomic proportions

# Pt Pd Fe Ni Cu Au Sb Sn

1 9.7 0 0 0 51.2 39.1 0 0
2 10.7 0 0 0 49.3 40.0 0 0
3 24.5 0 0 0 46.2 25.7 2.8 0.9
4 25.7 0 4.1 0 41.8 24.0 1.0 3.4
5 26.5 0 4.6 0 39.7 23.6 1.3 4.3
6 47.6 0 2.7 0 32.9 7.8 7.5 1.5
7 51.2 0 0 0 4.9 44.0 0 0
8 71.6 0 1.5 0 6.6 20.3 0 0
9 65.0 0 0 0 5.2 29.8 0 0
10 66.7 0 0 0 4.5 28.2 0.7 0
11 2.37 0.57 0.14 0.05 1.81 0.05 0 1.01
12 2.38 0.54 0.14 0.05 1.81 0.05 0 1.03
13 2.37 0.58 0.18 0.06 1.79 0.02 0 1.00

Note. Analyses # 1–10 are compositions of Pt–Cu–Au alloy phases, which are listed in the order of increasing Pt
content. Analyses #1 and 2 correspond to PtCu5Au4 [or Cu(Au,Pt)]. #11–13 pertain to unnamed (Pt,Pd)3Cu2Sn.
An.#2 and #11–13 are results of WDS analyses; #1 and #3–10 are results of SEM/EDS; “bdl” indicates that amounts
of elements are below detection limits. The atomic proportions are expressed per a total of 100 at %, except for
#11–13 recalculated on the basis of a total of 6 a.p.f.u.
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3.9. Rh–Co-Rich Pentlandite

It is known that pentlandite incorporates essential Rh or Co (e.g., [8,39–43]). In contrast to other
occurrences, compositions of pentlandite at Bolshoy Khailyk display covariations of Co and Rh, both
present in significant amounts in solid solution (Table 8). Thus, our results provide useful implications
to establish a likely mechanism of the Rh incorporation. A total of 19 grains were analyzed, all of them
subhedral to anhedral inclusions (≤20 μm across) hosted by the Pt–Au–Cu alloy (Figure 7a,b). The pair
Co–Fe reveals a strongly negative correlation, whereas the pair Co–Ni is uncorrelated (Figure 11a,b).
Interestingly, contents of Co display a significant and sympathetic correlation with Rh, a coefficient
of correlation R of 0.8 (Figure 11c). The pair Fe–Rh is negatively correlated (R = −0.8). There are no
definite correlations involving Ni with Rh or Fe (Figure 11e,f).

Table 8. Compositions of Co–Rh-bearing pentlandite from the Bolshoy Khailyk deposit.

Fe Ni Co Cu Rh Ir Pt S Total

1 13.55 35.60 11.59 0.05 4.54 0.74 bdl 31.38 97.45
2 13.38 35.68 11.61 0.43 4.92 0.76 bdl 31.46 98.24
3 13.46 35.94 11.44 0.43 4.79 0.84 bdl 31.40 98.30
4 20.71 36.48 5.57 0.63 1.23 0.66 bdl 31.85 97.13
5 20.72 36.59 5.70 0.48 1.34 0.61 bdl 31.95 97.39
6 21.28 39.81 3.57 0.44 0.10 bdl 0.34 31.61 97.15
7 15.88 34.02 13.34 0.36 2.6 0.33 bdl 31.67 98.20
8 15.91 34.15 13.27 0.29 2.68 0.31 bdl 31.68 98.29
9 15.71 37.54 10.31 0.49 1.24 1.12 bdl 31.78 98.19
10 15.87 33.67 13.32 0.31 2.88 0.40 bdl 31.64 98.09
11 22.08 30.36 2.56 2.33 bdl bdl 11.43 31.64 100.40
12 17.56 33.44 11.58 bdl 3.27 bdl bdl 35.01 100.86
13 17.68 32.90 11.63 bdl 3.34 bdl bdl 34.49 100.04
14 17.16 34.29 11.8 bdl 1.5 bdl bdl 35.54 100.29
15 19.27 35.73 8.74 bdl 1.56 bdl bdl 35.57 100.87
16 23.97 30.32 1.44 1.52 bdl bdl 10.25 31.99 99.49
17 21.62 36.12 5.89 bdl 1.12 bdl bdl 35.17 99.92
18 23.75 37.36 3.33 bdl bdl bdl bdl 36.01 100.45
19 17.68 39.53 8.82 bdl bdl bdl bdl 34.07 100.10

Atomic proportions (per a total of 17 a.p.f.u.)

Fe Ni Co Cu Rh Ir Pt ΣMe S

1 1.99 4.97 1.61 0.01 0.36 0.03 0 8.97 8.03
2 1.95 4.96 1.61 0.06 0.39 0.03 0 9.00 8.00
3 1.97 4.99 1.58 0.06 0.38 0.04 0 9.01 7.99
4 2.99 5.02 0.76 0.08 0.10 0.03 0 8.98 8.02
5 2.99 5.02 0.78 0.06 0.10 0.03 0 8.98 8.02
6 3.06 5.45 0.49 0.06 0.01 0 0.01 9.08 7.92
7 2.29 4.67 1.82 0.05 0.20 0.01 0 9.04 7.96
8 2.29 4.68 1.81 0.04 0.21 0.01 0 9.05 7.95
9 2.26 5.15 1.41 0.06 0.10 0.05 0 9.02 7.98
10 2.29 4.63 1.82 0.04 0.23 0.02 0 9.03 7.97
11 3.30 4.31 0.36 0.31 0 0 0.49 8.77 8.23
12 2.42 4.39 1.52 0 0.25 0 0 8.58 8.42
13 2.47 4.37 1.54 0 0.25 0 0 8.62 8.38
14 2.36 4.48 1.54 0 0.11 0 0 8.49 8.51
15 2.63 4.65 1.13 0 0.12 0 0 8.53 8.47
16 3.57 4.30 0.20 0.20 0 0 0.44 8.70 8.30
17 2.98 4.73 0.77 0 0.08 0 0 8.56 8.44
18 3.23 4.83 0.43 0 0 0 0 8.48 8.52
19 2.44 5.20 1.16 0 0 0 0 8.80 8.20

Note. Number 1–10 are results of WDS analyses. #11–19 are SEM/EDS analyses; “bdl” indicates that amounts of
elements are below detection limits.
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Figure 11. Variations and correlations observed in compositions of Rh–Co-rich pentlandite from the
Bolshoy Khailyk placer in terms of binary plots Co vs. Fe (a), Co vs. Ni (b), Co vs. Rh (c), Fe vs. Rh
(d), Ni vs. Rh (e), and Ni vs. Fe (f), with values expressed in values of atoms per formula unit, a.p.f.u.,
calculated for a total of 17 a.p.f.u. Values of the correlation coefficient R are shown, along with an
equation of linear regression in (a).

3.10. Micrometer-Sized Inclusions in Grains of PGE Alloys

In general, placer grains of Os–Ir–Ru alloys contain inclusions more commonly than
the Pt–Fe alloys. The analyzed inclusions of diopside (Table 9) are highly magnesian
[Wo48.3–48.6En48.4–48.5Fs2.6Ae0.4–0.7; Mg# 96.9–97.9]. Inclusions of chromian spinel correspond to
magnesiochromite; these are also highly magnesian, with values of Mg# up to 71. In addition,
the chromian spinel displays unusually high values of Cr# (77–83.5: Table 9). Some grains (Figure 4d)
possibly represent broken fragments of subhedral spinel from the lode rock.
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Table 9. Compositions of inclusions of silicate minerals and chromian spinel hosted by placer grains of
PGM from the Bolshoy Khailyk placer deposit.

# SiO2 TiO2 Al2O3 Cr2O3 FeO (tot) FeO (calc.) Fe2O3 (calc.) MnO MgO CaO Na2O K2O Total

1 Cpx 53.3 0.02 1.82 0.84 1.63 0.57 1.18 0.02 17.5 24.3 0.18 bdl 99.61
2 53.4 0.02 1.74 0.81 1.62 0.07 1.72 0.05 17.7 24.7 0.12 bdl 100.16
3 Amp 53.9 0.03 3.62 0.12 9.05 bdl bdl 0.18 16.8 11.5 0.46 0.05 95.71
4 49.5 0.05 8.43 0.52 9.67 bdl bdl 0.09 15.1 10.8 0.54 0.29 94.99
5 49.2 0.09 8.85 0.36 8.43 8.17 0.30 0.12 16.6 11.0 0.55 0.03 95.23
6 49.7 0.08 9.85 0.09 8.83 bdl bdl 0.13 16.5 10.2 0.61 0.04 96.03
7 51.1 0.04 7.67 0.11 8.92 bdl bdl 0.05 17.9 9.3 0.82 0.18 96.09
8 50.4 0.02 8.4 0.14 7.09 bdl bdl 0.01 17.9 11.1 0.93 0.22 96.21
9 51.7 bdl 8.5 0.55 9.83 bdl bdl bdl 15.6 12.3 bdl 0.31 98.79
10 51.3 bdl 8.2 0.58 10.7 bdl bdl bdl 16.4 9.7 bdl 0.28 97.16
11 51.8 bdl 11.5 0.20 5.44 bdl bdl bdl 18.3 11.8 0.9 bdl 99.94
12 49.0 bdl 12.2 bdl 4.0 2.34 1.84 bdl 17.3 13.2 bdl bdl 95.7
13 49.4 bdl 10.9 0.41 4.32 3.00 1.46 bdl 17.8 12.4 bdl bdl 95.23
14 54.3 bdl 6.63 bdl 8.46 7.57 0.99 bdl 18.5 12.2 bdl bdl 100.09
15 Srp 45.3 bdl bdl bdl 4.79 bdl bdl bdl 38.1 bdl bdl bdl 88.19
16 46.2 bdl bdl bdl 5.03 bdl bdl 0.32 39.0 bdl bdl bdl 90.55
17 Chr bdl 0.11 7.88 57.6 14.3 10.28 4.47 0.28 13.7 bdl bdl bdl 94.32
18 bdl 0.09 7.67 57.9 14.4 10.05 4.83 0.27 13.9 bdl bdl bdl 94.71
19 bdl 0.08 7.64 57.5 19.4 17.91 1.66 1.27 8.0 bdl bdl bdl 94.06
20 bdl 0.07 7.74 57.8 19.3 18.08 1.36 1.16 8.0 bdl bdl bdl 94.21
21 bdl 0.10 7.61 57.4 19.4 17.20 2.44 0.52 9.0 bdl bdl bdl 94.27
22 bdl 0.09 8.2 56.6 18.4 15.18 3.58 0.40 10.5 bdl bdl bdl 94.55
23 bdl bdl 10.5 52.1 22.9 20.22 2.98 0.49 7.1 bdl bdl bdl 93.39
24 bdl bdl 8.3 61.4 17.9 15.67 2.48 bdl 11.4 bdl bdl bdl 99.25
25 bdl bdl 8.5 61.3 17.7 15.78 2.13 bdl 11.3 bdl bdl bdl 99.01

Atomic proportions

Si Mg Fe2+ Ca Mn Na K Cr Al Fe3+ Ti Mg# Cr# Fe3+#

1 1.94 0.95 0.02 0.95 <0.01 0.01 0 0.02 0.08 0.03 <0.01 96.9 – –
2 1.93 0.95 <0.01 0.96 <0.01 0.01 0 0.02 0.07 0.05 <0.01 97.9 – –
3 7.75 3.6 1.09 1.77 0.02 0.13 0.01 0.01 0.61 0 <0.01 76.4 – –
4 7.23 3.29 1.18 1.69 0.01 0.15 0.05 0.06 1.45 0 <0.01 73.4 – –
5 7.12 3.58 0.99 1.71 0.02 0.15 <0.01 0.04 1.51 0.03 0.01 78 – –
6 7.11 3.52 1.06 1.56 0.02 0.17 0.01 0.01 1.66 0 0.01 76.5 – –
7 7.3 3.81 1.07 1.42 0.01 0.23 0.03 0.01 1.29 0 <0.01 77.9 – –
8 7.18 3.8 0.85 1.7 <0.01 0.26 0.04 0.02 1.41 0 <0.01 81.5 – –
9 7.25 3.26 1.15 1.85 0 0 0.06 0.06 1.41 0 0 73.9 – –
10 7.3 3.48 1.27 1.48 0 0 0.05 0.07 1.37 0 0 73.3 – –
11 7.03 3.7 0.62 1.72 0 0.24 0 0.02 1.84 0 0 85.6 – –
12 6.89 3.63 0.28 1.99 0 0 0 0 2.02 0.2 0 92.8 – –
13 6.99 3.76 0.36 1.88 0 0 0 0.05 1.82 0.16 0 91.3 – –
14 7.42 3.77 0.86 1.79 0 0 0 0 1.07 0.1 0 81.4 – –
15 2.09 2.62 0.18 0 0.01 0 0 0 0 0 0 93 – –
16 2.09 2.63 0.19 0 0.01 0 0 0 0 0 0 92.9 – –
17 0 0.7 0.29 0 0.01 0 0 1.56 0.32 0.12 0.003 69.8 83.1 5.8
18 0 0.71 0.29 0 0.01 0 0 1.56 0.31 0.12 0.002 70.6 83.5 6.2
19 0 0.43 0.54 0 0.04 0 0 1.63 0.32 0.04 0.002 42.6 83.5 2.2
20 0 0.43 0.54 0 0.04 0 0 1.63 0.33 0.04 0.002 42.6 83.4 1.8
21 0 0.48 0.51 0 0.02 0 0 1.61 0.32 0.07 0.003 47.5 83.5 3.3
22 0 0.55 0.44 0 0.01 0 0 1.56 0.34 0.09 0.002 54.6 82.2 4.7
23 0 0.38 0.61 0 0.01 0 0 1.48 0.44 0.08 0 37.9 76.9 4
24 0 0.56 0.44 0 0 0 0 1.61 0.33 0.06 0 56.5 83.2 3.1
25 0 0.56 0.44 0 0 0 0 1.61 0.33 0.05 0 56.1 82.9 2.7

Note. These results of WDS analyses are expressed in weight%; “bdl” indicates that amounts of elements are
below detection limits. The label Cpx is clinopyroxene (diopside), Amp is amphibole, Srp is serpentine, and Chr
is chromian spinel (chromite-magnesiochromite series). An.#3–14 pertain to amphiboles. An.#3 corresponds to
actinolite, #4–6, 8, 9, 11–14 to magnesio-hornblende, and #7, 10 are barroisite. FeO(tot) is all Fe as FeO. FeO(calc.)
and Fe2O3 (calc.) are values calculated on the basis of stoichiometry and charge balance. The atomic proportions are
based on O = 6 a.p.f.u. for Cpx, O = 23 for Amp, O = 7 for Srp, and O = 4 for chromian spinel. The index Mg# is
100Mg/(Mg + Fe2+ + Mn); Cr# is 100Cr/(Cr + Al); and Fe3+# is 100Fe3+/( Fe3+ + Cr + Al).

The amphibole inclusions are relatively abundant; they correspond to actinolite,
magnesio-hornblende, and barroisite. Some of the inclusions of amphibole have Mg-rich
compositions, with values of Mg# up to 93 (Table 9).

Some other inclusions crystallized from much more fractionated silicate melts. Among these
are grains of nearly end-member albite (Ab>90), hosted by a placer grain of Ru-dominant alloy
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[Ru56.1Os39.8Ir4.1], and inclusions of quartz (up to ~50 μm) hosted by a grain of a ternary alloy,
Ir35.5Os32.6Ru31.9. Euhedral grains of quartz were noted in inclusions hosted by Ir-dominant alloy from
a placer deposit in British Columbia, Canada [44]. Plagioclase inclusions [Ab58An42Or0.6] were found
in the Pt–Au–Cu alloy grain at Bolshoy Khailyk. Serpentine (Table 9) and calcite are locally present
in inclusions. A micrometric inclusion of grossular(?), with ~0.5% Cr2O3 and 3.7% MgO, displays a
notable departure from normal stoichiometry, and likely is not single-phase. Compositions of five
inclusions of magnetite (Figure 7b; WDS data) are relatively pure, with up to 0.52% MgO, 0.30% Cr2O3,
and 0.31 wt % MnO.

4. Discussion

4.1. Provenance and Genetic Implications

We have pointed out the close association of the placer deposit with abundant bodies of ophiolitic
serpentinite (Figure 1). In addition, we document a high extent of Ru-enrichment in the association of
PGM at Bolshoy Khailyk. These characteristics clearly point to an ophiolitic source of the placer PGM,
which is presumably related to the Aktovrakskiy complex, belonging to the Kurtushibinskiy belt of the
western Sayans. The faceted morphology of the placer grains (Figure 3b,d,f) is consistent with a short
distance of transport from the source rocks. The Aktovrakskiy complex was previously inferred to be
the primary source for the associated PGM placers at the Zolotaya River, western Sayans [5]. We thus
contend that this suite and related complexes of potentially mineralized ophiolites are the targeted
PGM-producing source in other areas of the Altai-Sayan folded region.

We document the very high extents of Mg-enrichment in the inclusions of clinopyroxene (Mg#
96.9–97.9) and chromian spinel (Mg# 71) hosted by PGE alloys. In addition, serpentine is present,
indicating the former presence of olivine in the system. Some of the amphibole inclusions also are
highly magnesian (Mg# > 90), consistent with their crystallization in a primitive ultramafic rock.
Therefore, the bulk of the investigated Os–Ir–Ru and Pt–Fe alloy minerals (with abundant exsolution
of a Ru-dominant alloy) seem to have crystallized in a high-Mg chromitite or in a dunitic rock rich in
magnesiochromite, with a subordinate role of pyroxenitic rocks inferred on the basis of the presence of
quartz inclusions hosted by the PGE alloy.

We infer that subhedral grains of Os–Ir–Ru alloys crystallized first among the PGM and
after the associated Mg-rich magnesiochromite and olivine, followed by subhedral grains of the
isoferroplatinum-type alloy (Figure 3b,f); lamellar phases of Ru-dominant alloy (Figures 3b and 5a)
formed largely by exsolution from the matrix phase upon cooling. They reflect a general enrichment
in Ru existing in the lode ophiolite, and imply accumulation of levels of Ru during progressive
crystallization of the Pt-Fe alloy. The presence of inclusions of amphiboles with lower values of
Mg# (73–78; Table 9), and, especially, of Ab-rich plagioclase and quartz, imply that high degrees of
fractionation were locally achieved in the ore-forming system.

The inferred incompatible behavior of minor constituents like S, As, Sb, Se, Sn, Au and base-metals
(Cu, Ni, Co, Fe) was accompanied during the crystallization of Os–Ir–Ru–Pt alloys by a gradual
buildup in the fugacity of S2 and As2. Consequently, a variety of sulfide, arsenide, antimonide, and
intermetallic phases crystallized at this point, at a lower temperature, possibly at the expense of
droplets of residual melt as micrometric inclusions, or as phases coexisting in altered zones near the
rims. These implications are consistent with observations made at other placer deposits e.g., [8,18],
and references therein. In addition, the porous texture of the Fe-enriched rims (Figure 3e) may reflect
the abundance of volatile species; they are similar to rims developed in grains of Ir–Ru–Os alloys from
a placer associated with the Trinity ophiolite complex in California [45,46].

The zones of metasomatic modification (Figures 3c and 5b) formed, presumably, as a consequence
of (1) the expected buildup in levels of f S2 and f As2, (2) an accumulation of levels of incompatible
constituents, such as Cu and Se, in the isolated portions at the margins during the crystallization of the
Pt–Fe alloy (the external rim of sperrylite is developed around the grain), and (3) the late deposition of
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the S–As–Se-bearing assemblage as a result of subsolidus reactions and deuteric alteration of the early
formed Pt–Fe alloy phase.

4.2. PGE–Ni–Fe–Cu Alloy, PGE–Fe Oxide and Potential Mineral-Forming Reactions

Corresponding redox reactions likely proceeded at a low temperature and led to the deposition
of the alloys of (Pt,Ir)(Ni,Fe,Cu)3–x type and PGE oxide (Figure 6a–c). These alloys occur as
veinlets developed in porous and fractured zones at margins of placer grains. We suggest that
they crystallized under reducing conditions at the expense of pre-existing pentlandite via a schematic
reaction: [(Ni,Fe)9S8 + 3Pt + 8H2 → 3Pt(Ni,Fe)3 + 8H2S]. The Pt component was likely introduced and
remobilized by a volatile phase from the associated PGE alloy. The other reactant, hydrogen, was likely
a product of the serpentinization of olivine upon oxidation of Fe2+ in primary silicates to Fe3+ by a
reaction involving H2O ([47], and references therein).

The zoned grain of PGE–Fe oxide could form by combined oxidation and desulfurization of
zoned grains of Ru–Os disulfide of the laurite-erlichmanite series. As noted, the observed zonal texture
(Figure 6a) is likely a reflection of primary compositional zoning with respect to Ru–Os–(Ir), which is
common in grains of laurite–erlichmanite worldwide. The likely schematic reaction at Bolshoy Khailyk
is: [6RuS2 + Fe2O3 + 18O2 → Ru6Fe2O15 + 12SO2], which involves a hematite component introduced
by an oxidizing fluid phase.

4.3. Origin of Au–(Cu–Pt)-Rich Mineralization

The occurrence of Au–(Cu–Pt) alloys, i.e., PtAu4Cu5, PtAuCu2, Pt(Cu,Au), PtAu, and Au-bearing
platinum alloy (Figure 10) appears to be related genetically with the Os–Ir–Ru–Pt mineralization at
Bolshoy Khailyk. Thus, the inferred ophiolitic system was likely able to produce locally a high extent
of Au-enrichment as a result of geochemical evolution and deposition from a fractionated Au–Cu-rich
melt, which likely gained high levels of incompatible Cu + Au with subordinate Pt in a remaining
volume during the bulk crystallization of Os–Ir–Ru alloy phases, after the preceding crystallization of
chromian spinel (magnesiochromite) and olivine. The latter are presumably the main minerals in the
inferred lode rocks (chromitite or magnesiochromite-rich dunite). As noted, PGE alloy grains hosting
the quartz inclusions imply a pyroxenitic rock, which could be relevant to some other PGM grains
containing inclusions of Ab-rich plagioclase and Fe-rich amphibole.

This suggestion is corroborated by the occurrence of an elevated Au content (up to 7.5 wt %) in the
Fe-bearing Ir–Ru–Os alloy phases found associated with the Trinity ophiolite complex, California [46].
In addition, an Au–Ag alloy, ranging up to almost pure gold (Au99), precipitated pseudomorphously
by a subsolidus reaction between a fluid phase or a residual Au–Ag-rich melt and exsolution-induced
inclusions of the Pt–Fe alloy phases [46].

Also, a residual melt enriched in Au likely appeared during the progressive crystallization of
Pt–Fe alloy, leading to the formation of a rim of gold (Au80) around placer grains of Pt–Fe alloy at
Florence Creek, Yukon, Canada [48]. We presume that, at Bolshoy Khailyk, this mechanism was likely
significant to produce the Au-rich phase precipitated as a narrow rim (Au75) on the Pt–Fe alloy grain
(Figure 6d). Note that the gold phase is deposited within the inner portion of the composite rim, being
thus separated by the outer rim of cooperite (Figure 6d). Therefore, the gold alloy phase could not be
formed by a surficial process in the placer environment.

In addition, the close association observed between Au and PGE is not unusual (e.g., in the
Norilsk deposits, Russia; [37,38]; and references therein), because they are geochemically related and
belong to the same group of highly siderophile elements, e.g., [49].

4.4. Mechanism of Incorporation of Rh and Co into the Structure of Pentlandite

Occurrences of Rh–Co-enriched grains of pentlandite hosted by the Pt–Au–Cu alloy (Figure 7b)
have important crystallochemical implications. We infer, based on our results (Figure 11, Table 8), that
Rh and Co display a strong sympathetic relationship. They mutually substitute for Fe, not Ni, and are
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incorporated into the pentlandite structure via a coupled mechanism of substitution: [Rh3+ + Co3+ + �
→ 3Fe2+].

4.5. Se-rich Compounds in Ophiolite-Related Associations, Western Sayans, and Their Implications

We document the occurrence of seleniferous and rhodiferous sperrylite, i.e.,
(Pt0.54Rh0.45)Σ0.99(As1.29Se0.40S0.31)Σ2.00, which forms part of the deuterically deposited assemblage
(Figure 5b). This phase contains 20 mol % of the sudovikovite component (PtSe2); the latter species
of PGM was also formed metasomatically in the Srednyaya Padma mine of the Velikaya Guba U-V
deposit, Russian Karelia [50].

The occurrence of Se-rich sperrylite is highly unusual and even puzzling for the case of a
highly primitive Os–Ir–Ru-dominant mineralization derived from an ophiolite. This is, in fact, the
second occurrence of a PGE selenide in the area. The first report, from the Zolotaya River area [5],
noted the presence of unnamed Ir(As,Se,S)2 (~40 mol % IrSe2) and Se-bearing sperrylite (2.35 wt %
Se) as inclusions, hosted by an Ir-dominant alloy and located at the margin of a Pt3Fe-type alloy
grain, respectively.

Occurrences of compounds of Se and the iridium subgroup of the PGE (IPGE: Ir, Os, and Ru), or
of phases of the PGE selenides in ophiolitic or other primitive ultramafic rocks, must be extremely rare.
One such occurrence, i.e., members of the RuS2 (laurite)—unnamed RuSe2 series, was recently reported
from chromitite of the Pados-Tundra ultramafic complex, Kola Peninsula, Russia [51]. Normally,
laurite is depleted in Se [52]. Interestingly, all of the Se-rich compounds of PGE recognized presently
in association with highly primitive rocks, display an AB2-type stoichiometry: Ir(As,Se,S)2, Pt(As,Se)2,
(Pt,Rh)(As,Se,S)2, Ru(S,Se)2, and Ru(Se,S)2 ([5,51]; this study); thus, their structures are likely optimal
to accommodate Se under the given conditions of crystallization.

The anomaly arises because unrealistically low values of S/Se are required to exist in the
environment. The S/Se ratio of the mantle is 2850–4350, with a mean of ~3250 [53,54], and references
therein. The chondritic value of this ratio is 2500 ± 270 [55]. Interestingly, the lowest values (190–700)
were recorded in microglobules of sulfide in the Platinova Reef, Skaergaard layered complex [56].
Thus, a PGE sulfoselenide is unlikely to be stabilized instead of a pure sulfide as a primary magmatic
phase in a highly primitive ultramafic rock. Besides, the PGE–Se-rich phases cannot be a consequence
of a magmatic contamination, because crustal rocks have high values of S/Se: 3500 to 100,000 [54],
and references therein.

At Pados-Tundra [51], the diselenide-disulfoselenide phases of Ru likely reflect a process of
ultimate S-loss, causing a critical lowering of the S/Se value during a late-stage evolution of
H2O-bearing fluid involved in the formation of laurite–clinochlore intergrowths. An oxidizing
character of this fluid was inferred cf. [57]. Sulfur is more mobile than Se in hydrothermal fluids, and is
preferentially incorporated into aqueous fluids e.g., [58,59].

We believe that the occurrences of PGE selenides, derived from the ophiolitic rocks of western
Sayans, result from the efficient fractional crystallization of Os–Ir–Ru–Pt–(Fe) alloys in a system that
was initially reducing and closed. A buildup in levels of incompatible Se and S is inferred during the
progressive crystallization, then followed by a locally effective removal of S, which is more mobile than
Se in a fluid-saturated environment associated with the zones of metasomatic alteration, especially
where the sulfur is oxidized to sulfate cf. [57].
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Abstract: Micrometric inclusions in platinum-group minerals (PGMs) from alluvial placers carry
considerable information about types of primary rocks and ores, as well as conditions of their
formation and alteration. In the present contribution, we attempt to show, with concrete examples,
the significance of the data on the composition and morphology of micrometric inclusions to genetic
interpretations. The PGM grains from alluvial placers of the Gornaya Shoria region (Siberia, Russia)
were used as the subject of our investigation. In order to determine the chemical composition of
such ultrafine inclusions, high-resolution analytical methods are needed. We compare the results
acquired by wavelength-dispersive spectrometry (WDS; electron microprobe) and energy-dispersive
spectrometry (EDS) and scanning electron microscopy (SEM) methods. The results obtained have
good convergence. The EDS method is multi-elemental and more effective for mineral diagnostics
in comparison with WDS, which is its certain advantage. The possible conditions for the formation
of inclusions and layers of gold, sulfoarsenides and arsenides in Pt3Fe grains, which have an
original sub-graphic and layered texture pattern, are discussed. They are the result of solid solution
and eutectic decompositions and are associated with the magmatic stages of grain transformation,
including the result of the interaction of Pt3Fe with a sulfide melt enriched with Te and As.

Keywords: platinum-group elements; gold; platinum-group minerals; placer deposits; micrometric
inclusions; Gornaya Shoria; Siberia; Russia

1. Introduction

The majority of investigations of the mineralogical and geochemical peculiarities of the
platinum-group elements (PGEs) are faced with the problem of determining the composition of
micrometric inclusions [1–4]. In the present contribution, we attempt to show, with concrete examples,
the significance of the data on the chemical composition and morphology of micrometric and close
to nanometric inclusions to elucidate conditions of the formation of the platinum-group minerals
(PGMs) and mineral associations related to them. Determination of the chemical composition of such
ultrafine inclusions requires application of high-resolution analytical methods. Scanning electron
microscopy with energy-dispersive spectrometry (SEM-EDS) satisfies these requirements fully. When
determining the composition of micro-inclusions whose size is smaller than the area of X-ray radiation
generation, the composition of the surrounding mineral (“host mineral”) exerts an influence. The
impact of this effect may vary significantly. The accounting, appraisal, and removal of this impact
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constitute separate problems in extracting a “useful” signal against a background of an “interfering”
one, or, in other words, ascertainment of the most realistic (“separated”) composition of the mineral
inclusions. In some cases, this problem is simple and can be solved with the help of modern tools. In
other cases, it is difficult due to the superposition of analytical signals from elements of included and
including mineral phases. We demonstrate present-day possibilities for analysis of micro-inclusions in
PGM grains, and interpret the results of such analysis. Grains composed of platinum-group minerals
were used as the subject of our investigation. The PGM grains originate in alluvial gold placers of
Gornaya Shoria (Western Siberia) (Figure 1a–c). Previously, these objects were not investigated using
high-spot resolution of the SEM-EDS analysis.

With the development of local methods of analysis (electron-microprobe (EMP), SEM,
Secondary-Ion Mass Spectrometry (SIMS)), the number of papers in which great attention is paid to
the study of micro- and nano-inclusions in platinum-group minerals has increased significantly. In
many cases, data on the composition and morphology of inclusions and on metasomatic changes allow
us to draw conclusions about the sources of PGEs and the processes of their transformation [2,5–11].

2. Geological Setting

The study area, in the Kuznetsk Alatau Ridge, Gornaya Shoria, and Salair Ridge, represent
the western part of the Altai-Sayan folded area (ASFA) (Figure 1) formed during the Caledonian
and Hercynian orogenies. Gornaya Shoria is represent a mountain region where the ranges of the
North-Eastern Altai, Kuznetsk Alatau Ridges and Salair mountain range converge into a complex
knot. Variations in the structure and lithology were controlled by geodynamic processes that led to the
formation of oceanic and island-arc complexes, subsequent collision during accretion of the Siberian
craton, and protracted plume-related magmatism over the Neoproterozoic–Mesozoic interval [12–16].

Little published information on the primary PGE mineralization in the region is available, and
its potential bedrock source is still unknown. The geology of the region is dominated by complexes
considered to have potential for PGE mineralization (e.g., Neoproterozoic–Lower Cambrian ophiolite
complexes that have variably originated in mid-ocean ridge, back-arc, oceanic island, and island
arc settings, or Lower-Middle Paleozoic bimodal volcanic complexes) [17–23]. The compositions
of the placer PGM grains from this region were used to recognize a series of Uralian-Alaskan-type
mafic–ultramafic complexes [24]. The Kaigadat massif, in the northwestern part of Kuznetsk Alatau
(Figure 1b), was classified as a Uralian-Alaskan-type zoned mafic–ultramafic intrusion on the basis
of its bulk composition and the widespread occurrence of Pt–Fe minerals as the dominant PGMs in
the alluvium of nearby rivers and streams [25]. Although the ophiolitic nature of the Srednyaya Ters’
massif (Figure 1b) has long been recognized [21,26,27], this has been disputed by some investigators,
who argue that this massif represents a layered intrusion. The data of A.E. Izokh [28] show that
dunites of the Srednyaya Ters’ massif have high contents of Pd (up to 1 ppm) and Pt (up to 0.6 ppm)
(atomic absorption spectrometry). The dunites are relatively enriched in disseminated sulfides and
PGMs, represented by a wide variety of Pt and Pd compounds with Sb, As, and Te. Low-grade
PGE mineralization (Ru-Ir-Os alloys) was found in serpentinites from the Seglebir massif of Gornaya
Shoria [29] and rodingites from the Togul-Sungai massif of the Central Salair Ridge [30,31]. In addition,
high Pt and Pd values were identified in early Cambrian chromite-rich ultramafic rocks, several layered
peridotite–gabbro massifs, and carbonaceous schists of some Late Riphean, Late Vendian and Early
Cambrian complexes of the Kuznetsk Alatau Ridge, Gornaya Shoria, and Salair Ridge [19]. Small
mafic intrusions and dikes were also regarded by some investigators as the most probable source of
the PGEs in placer deposits. Gold mineralization has long been considered to be genetically related to
the dikes of the Middle-Upper Cambrian gabbro–diorite–diabase complex [32].
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Figure 1. (a) Location of the study area; (b) the Kuznetsk Alatau–Gornaya Ghoria–Altai
platinum-bearing belt is indicated by black color in the inset (modified from [20]): 1, Kaigadat
massif; 2, Srednyaya Ters’ massif; 3, Seglebir massif and placers of Gornaya Shoria; (c) geological map
showing the location of PGM and gold placers in the western Altai-Sayan folded area (Gornaya Shoria);
(d,e) geological maps of catchment areas r. Kaurchak (d) and r. Koura (e).

Most alluvial gold–PGM placer occurrences are related to Quaternary sediments [33,34]. Some
of these occurrences were re-explored and revived for exploitation. The irregular distribution of
placers within the study area is largely controlled by bedrock sources and geomorphology. Most
placers are typically found at medium altitudes in river valleys, formed by erosional and depositional
processes. A few placers occur at lower elevations, and they are virtually absent in high-altitude areas.
No published information on the PGM content of most gold placer occurrences is available, but PGMs
are generally present in low-grade placers, ranging from 0.03%–0.05% to a few percent of native gold
(from 0.5–10.0 mg/m3 to 500–800 mg/m3 of rock). At some localities; however, the proportion of PGM
makes up as much as 10–30 vol.% of the particles of gold [35–38].

One of the sources of the platinum-group minerals (PGMs) in the alluvial placers of Gornaya
Shoria are the basic–ultrabasic massifs of the Seglebir complex, which belong to the Moskovkinsk
group of lower Cambrian stratiform intrusions of peridotite–pyroxenite–gabbro [19]. The largest
basic–ultrabasic Seglebir massif measures from 0.5 × 1.5 to 3 × 12 km, and extends in a northeasterly
direction along the fault zone (Figure 1c).

The main source of PGM in the alluvial sediments of the River Koura and its tributaries, at
the sampling site, should be considered rocks of the Seglebir massif (Figure 1e). The massif is
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composed of massive fine- to medium-grained gabbros, clinopyroxenites, diorites, and antigorite- and
chrysotile-bearing serpentinites. Gabbro are characterized by average TiO2 contents (0.75–1.07 wt.%).
Dikes of the basic composition are common within the massif and in the enclosing strata. Nickel
and copper mineralization are localized in serpentinized rocks of the Seglebir massif. Several
models/interpretations are accepted in the literature about the formation of the Seglebir massif.

The source of the platinum-group minerals in the alluvial placers of the River Kaurchak and
its tributaries can be considered rocks of the basic composition, which are attributed to the Middle
Cambrian gabbro–diorite complex [19,39,40] (Figure 1d). The gabbro–diorite massifs are located
upstream from the sampling site. The areas of intrusions do not exceed a few square kilometers. The
arrays are composed of gabbros, olivine gabbros, gabbro-norites, hornblendites, and clinopyroxenites.
Moderate to very high levels of TiO2 and high P2O5 characterizes clinopyroxenites and gabbros.
Portions of the complex are promising for ilmenite – Ti-magnetite mineralization.

3. Samples and Methods

All samples were taken using gold dredgers. The material was washed at the gravity contents
plant using sluice boxes and wash pans to obtain concentrates. The PGMs were extracted from the
concentrates after they were panned to recover gold grains. The final volume of the concentrate was
5–10 dm3. The concentrate consisted of a heavy black sand. Substantial quantities of native gold and
PGMs (the degree of enrichment ranging from 5 to 100,000 times) were present in the concentrate
sample. Large-scale bulk sampling was employed to obtain an initial sand volume ranging from
hundreds to a few thousand cubic meters. The sampling of the heavy-mineral concentrate was
conducted at several placer deposits. The initial sand volume was 50–400 dm3. The final treatment of
all samples comprised hand-panning using a stepwise procedure [41] to minimize loss of precious
metals. The PGM grains were hand-picked from the final concentrates under a binocular microscope
and then examined for grain size, morphology, and surface texture. Selected PGM grains were mounted
in epoxy blocks and polished with a diamond paste for further analysis. Microtextural observations of
PGM were performed by means of reflected-light microscopy with a Zeiss AxioScope A1 microscope
(Carl Zeiss Microlmaging GmbH, Germany, www.zeiss.de).

The composition and morphology of the PGM grains were investigated using a MIRA 3 LMU
(Tescan Orsay Holding, Brno, Czech Republic) scanning electron microscope with an attached
INCA Energy 450 XMax 80 (Oxford Instruments Nanoanalysis, Wycombe, UK) microanalysis
energy-dispersive system at the X-ray Laboratory of the Institute of Geology and Mineralogy, Siberian
Branch, Russian Academy of Sciences (analysts N.S. Karmanov, M.V. Khlestov). We employed an
accelerating voltage of 20 kV, a beam current of 1600 pA, an energy resolution (MIRA) of 126–127 eV at
the Mn Kα line, and a region (3–5 μm), depending on the average atomic number of the sample and
the wavelength of the analytical line.

The live time of spectrum acquisition was 30 s; in some cases, it reached 150 s. The standards used
were FeS2 (S), PtAs2 (As), HgTe (Hg), PbTe (Pb and Te), and pure metals (Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag,
Sb, Os, Ir, Pt, and Au). For the analytical signal of S, Fe, Co, Ni, and Cu, the K-family of radiation was
used, and for the remaining elements, the L family. The use of the L family for Os, Ir, Pt, Au, Hg, and
Bi avoids the mutual overlaps of M families of these elements. Minimum detection limits (3σ criterion)
of the elements (wt.%) were found to be 0.1–0.2 for S, Fe, Co, Ni, Cu; 0.2–0.4 for As, Ru, Rh, Pd, Ag, Sb,
Te; 0.4–0.7 for Os, Ir, Pt, Au, Hg, Bi. The analytical error for the main components did not exceed 1–2
relative % and satisfied the requirements for quantitative analysis. Energy-dispersion spectrometry at
the elementary conditions of the analysis is a quantitative method, as shown by Newbury et al. [42,43].

Lavrent´ev and co-workers [44] showed, on the same suite of rocks as in the present work, good
reproducibility between EDS and wavelength-dispersive spectrometry (WDS) analyses of a large
number of garnet, pyroxene, olivine, spinel, and ilmenite grains. We performed an additional test by
analyzing some PGM grains on a Camebax Micro microanalyzer using WDS. The analytical conditions
were accelerating voltage 20 kV, 20–30 nA beam current, beam size <2 μm, and 10 s counting time. The
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following X-ray lines and standards were used: PtLα, IrLα, OsMα, PdLα, RhLα, RuLα, AgLα, AuLα
(pure metals), AsLα (synthetic InAs), SbLα (synthetic CuSbS2), SKα, FeKα, CuKα (synthetic CuFeS2),
NiKα, CoKα (synthetic FeNiCo), BiMα (synthetic Bi2Se3). Element interference was corrected using
experimentally measured coefficients [45]. Detection limits of the elements (wt.%) were 0.17 for Pt,
0.15 for Ir; 0.04 for Os, 0.04 for Pd, 0.04 for Rh, 0.04 for Ru, 0.03 for Fe, 0.06 for Cu, 0.07 for Ni, 0.05 for
Co, 0.02 for S, 0.05 for As, and 0.06 for Sb.

Analysis by WDS (EMP) and EDS (SEM) methods was performed on grains from the same
sites (Table 1). The coincidence of the results obtained is quite satisfactory (Table 1), especially if
we take into account the possible heterogeneity of the grains under study, as well as the incomplete
coincidence of the position of the analyzed points. Our findings suggest that the SEM-EDS method
provides quantitative data in the study of the composition of the PGMs. It should be noted that
identification of sample heterogeneity and high-spot resolution of the EDS analysis make it preferable
over WDS for analysis of assemblages and aggregates (e.g., PGM exsolutions) in the nanometer-size
range. In these cases, the microprobe data can be used to characterize bulk compositions of these
nanoscale polymetallic aggregates.

Table 1. Comparison of sample results of WDS (microprobe) and EDS (SEM) of PGM analyzes of rivers
Koura and Kaurchak (Gornaya Shoria, southern Siberia, Russia) (wt.%).

Placer Grain Analys Pt Ir Os Pd Rh Ru Cu Ni Fe Total

Koura 82-44 WDS 11.48 16.61 45.09 0.0 0.75 25.42 0.13 0.0 0.48 99.97
Koura 82-44 EDS 10.3 19.2 43.8 0.0 1.0 25.6 0.0 0.0 0.5 100.4
Koura 82-44 EDS 9.1 18.2 45.2 0.0 1.3 26.2 0.0 0.0 0.3 100.3

Kaurchak 66-12 WDS 87.01 3.92 0.91 0.44 1.0 0.43 0.32 0.16 6.29 100.39
Kaurchak 66-12 EDS 85.8 3.8 1.2 0.0 0.8 0.0 0.3 0.0 6.3 98.2
Kaurchak 66-12 EDS 88.2 3.9 0.0 0.5 1.0 0.5 0.3 0.0 6.2 100.6

Koura 82-16 WDS 90.77 0.20 0.93 0.04 0.27 0.92 0.1 6.94 100.18
Koura 82-16 EDS 87.0 1.0 0.9 6.4 98.2
Koura 82-16 EDS 89.7 0.8 0.8 6.4 97.7

Koura 82-32 WDS 83.46 1.08 0.25 0.21 1.3 0.19 0.59 0.1 11.69 98.89
Koura 82-32 EDS 83.1 1.4 1.2 11.6 97.4
Koura 82-32 EDS 82.3 0.8 1.7 10.7 95.5
Koura 82-32 EDS 82.4 0.6 1.3 11.1 95.1

Kaurchak 66-4 WDS 89.73 0.68 0.37 0.07 0.25 0.16 0.1 9.05 100.48
Kaurchak 66-4 EDS 89.7 0.5 9.1 98.8
Kaurchak 66-4 EDS 91.6 8.6 100.3

Koura 82-23 WDS 88.13 0.74 1.08 7.83 97.83
Koura 82-23 EDS 88.6 0.5 1.2 7.2 97.5
Koura 82-23 EDS 90.5 0.3 1.0 7.4 99.2
Koura 82-23 EDS 89.6 0.6 1.1 7.1 98.4

Koura 82-35 WDS 87.65 1.39 0.93 0.19 3.74 5.45 99.35
Koura 82-35 EDS 87.9 1.9 3.7 5.3 98.8
Koura 82-35 WDS 74.95 2.1 2.7 0.62 17.95 0.27 98.64
Koura 82-35 EDS 76.9 1.7 1.3 20.0 0.2 100.1

Koura 82-86 WDS 71.30 14.48 3.74 0.15 0.36 0.49 6.9 97.44
Koura 82-86 EDS 71.1 19.1 3.4 0.5 0.5 6.2 100.8
Koura 82-86 EDS 72.9 14.9 2.5 0.6 7.1 98.0

Kaurchak 66-20 WDS 89.21 0.06 0.91 1.27 1.48 0.58 0.54 5.51 99.61
Kaurchak 66-20 WDS 88.63 1.01 1.13 2.00 0.52 0.3 5.91 99.54
Kaurchak 66-20 EDS 86.4 0.9 1.3 1.9 0.7 0.5 6.0 97.6
Kaurchak 66-20 EDS 85.9 1.2 1.3 1.9 0.6 0.4 5.5 96.7

Notes: Zero = under detection limit; blank = not analyzed.
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4. Results and Discussion

Several hundred grains of platinum-group minerals derived from placers of the rivers Koura
and Kourchak in the Gornaya Shoria territory (Figure 1) were examined. For the purpose of this
investigation, we selected three grains for a detailed description.

4.1. Grain No. 1

4.1.1. Results

Multiphase grain No. 1, less than diameter of 1 mm (Figure 2a), was derived from the Koura
River placer, dredge 317. The grain consisted of cuprous isoferroplatinum Pt3(Fe,Cu), copper-bearing
platinum Pt1.4Cu0.6, hongshiite Pt1.1Cu0.9, and rhodarsenide (RhPdPt)2As. The last two minerals had
sizes close to the nanoscale. Their sizes were a few hundredths (from 0.03 to 0.07 μm), and at most
copper platinum a few tenths of a micrometer (from 0.3 to 0.7 μm) (Figure 2c). Lamellae in cuprous
isoferroplatinum and in copper-bearing platinum was abundant. They were determined in more than
50% of analyses (Table 2). Such Os-Ir-Ru lamellae were recognized in hongshiite much less commonly.

Table 2. The frequency of occurrence of PGMs containing Ru-Os-Ir lamellae in grain No. 1.

PGM Number of Analyses All Lamellae Lamellae Thickness 0.1–0.2 μm *

Cuprous
isoferroplatinum 20 (100%) 13 (65%) 9 (45%)

Cuprous platinum 15 (100%) 11 (73%) 9 (60%)
Hongshiite 42 (100%) 5 (12%) 1 (2.4%)

* Correspond to analyses in which the content of the sum (Ru + Os + Ir) exceeds 4 at.%.

The contents of Os, Ir, and Ru in many analyses of the Pt-Cu-Fe and Pt-Cu solid solutions were
below the detection limit. In general, the contents of Ru, Os, and Ir is directly related to the thickness
of lamellae. The proportion of Os/Ir/Ru remained more-or-less constant; in terms of a sum equal to
100% it was close to: Os0.4Ir0.4Ru0.2 (Table 3). As a rule, slight deviations from the constant proportion
of these elements were detected where the content of Ru, Os, and Ir is low (Table 3). Such discrepancy
with respect to the average contents reflects the insufficiency of the method employed for analysis of
contents close to the detection limit [45]. In grain No. 1, in addition to the lamellae of Os, Ir, and Ru,
we discovered an isometric roundish nodule of osmium (Os80Ir15Ru5), with a diameter of about 6 μm
(see Figure 2a).
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4.1.2. Discussion

In copper isoferroplatinum, in copper-containing platinum and hongshiite there are lamellae
(Os0.4Ir0.4Ru0.2), which have a constant composition (Os0.4Ir0.4Ru0.2). It is an indication that all lamellae
were formed as a result of decomposition of a single original solid solution. They could be close
to Pt3Fe or Pt3(Fe,Cu) (with minor elements Os, Ru, Ir, and others), which is more consistent with
the data presented in Figure 2. It is completely replaced by minerals in the following succession:
isoferroplatinum (?) —> cuprous isoferroplatinum —> copper-rich platinum —> hongshiite. The
process of metasomatic replacement itself, judging from preservation of all three phases and the excess
platinum in hongshiite Pt1.1Cu0.9, was relatively brief and incomplete.

The existence of Os, Ir, and Ru alloys in the form of small lamellae and relatively large isometric
inclusions substantially different in composition indicates that they formed at different times under
different conditions.

Figure 2. Back-scattered electron (BSE) image showing multiphase Grain No. 1 (a) A placer grain of
Pt3(Fe,Cu) consists of a rim of Cu-enriched alloy phase (hongshiite PtCu) with inclusions of rhodarsenide
(Rh,Pd)2As. (b,c) The exsolution micro-lamellae of rutheniridosmine (the decomposition of a solid
solution) in isoferroplatinum and platarsite (PtAsS). The composition of measurement points is listed
in Table 4. White—isoferroplatinum (Pt,Fe) and osmium (Os); light gray and gray—platarsite (PtAsS),
cooperite (PtS), and sperrylite (PtAs); rectangular contours—the position of the microsites “b” and “c”.
Explanation in the text.
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The conditions were as follows: A multicomponent melt of platinum-group metals changed
its composition as the high-temperature phases crystallized. The presence of nodules differing in
composition (Os0.8Ir0.15Ru0.05) and lamellae (Os0.4Ir0.4Ru0.2) in the same PGM grain bears witness to
a discontinuity of their formation in time and conditions and about the complex long history of its
formation. This corresponds to the position that the Seglebir basic–ultrabasic massif served as the
most probable source of PGMs for placers. Micro-emulsion rhodarsenide impregnation is present on
micro-areas composed of cuprous isoferroplatinum (Figure 2b). The sizes of these micro-areas are
mainly less than 0.5 μm, more rarely these increase to 1 μm. The micro-emulsion impregnations are
randomly distributed (Figure 2b). The determination of the precise composition of distinct inclusions
causes difficulties. The reason for this is their very small size and superposition of elements of the
cuprous isoferroplatinum and rhodarsenide (Table 4).

The elements of cuprous isoferroplatinum (Fe,Cu,Pt) and Ir-Os-Ru alloys (Fe,Cu,Pt) affect the
analyzes. The "separated" composition measured for the inclusions of (Rh1.4Pd0.3Pt0.2)As and
(Rh1.1Pd0.8Pt0.1)As is close to the composition of rhodarsenide from the grain, which was represented
by two varieties: (Rh1.4Pd0.3Pt0.2)1.9As1.1 and (RhPd0.8Pt0.2)2As [46]. This similarity of compositions of
micro-emulsion rhodarsenide impregnation and rhodarsenide from the grain confirms their genetic
proximity. The emulsion impregnation has a metasomatic origin and it was formed contemporaneously
with the main rhodarsenide inclusions. Thus, in this case, a relatively rare metasomatic structure
is observed, which differs from the widely-developed emulsion structure of the solid solution
decomposition [47].

Table 4. The result of determining the composition of emulsion inclusions of rhodarsenide in grain No.
1, according to SEM-EDS analysis.

No Fe Cu As Ru Rh Pd Os Ir Pt Total %

1 2.8 2.0 11.0 0.5 22.0 5.3 1.0 1.3 53.8 99.7 wt.
2 3.1 2.3 9.1 0.7 14.2 10.8 0.0 1.6 57.0 98.7 wt.
1 6.3 4.0 18.7 0.7 27.2 6.3 0.7 0.9 35.2 100.0 at.
2 7.3 4.8 15.9 0.9 18.2 13.4 0.0 1.1 38.5 100.0 at.

4.2. Grain No. 2

4.2.1. Results

The diameter of the grain No. 2 is 0.3 mm. It also was derived from dredge 317 on the Koura
River. The grain consisted of isoferroplatinum with the unclear zonation replaced by platarsite (PtAsS),
cooperite (PtS), sperrylite (PtAs2), and osmium laths (Os0.7Ir0.2Ru0.1) (Figure 3). Micro-lamellae of
Os-Ir-Ru are developed in isoferroplatinum and platarsite. Lamellae form a common lattice for
both minerals (Figure 3c). The thickness of the lamellae of Os-Ir-Ru was about 0.1 μm (i.e., it was
much less than the thickness of osmium laths (up to 2–6 μm) developed in the same grain). The
lattice represents a structure decomposition of solid solution isoferroplatinum. Lamellae affected
the composition of isoferroplatinum and platarsite enclosing them. In the latter, there was a high
content of chemical elements forming (Os, Ir, Ru) lamellae (Table 5). The cooperite and sperrylite in
the peripheral micro-zones contained no Ru, Os, and Ir, and Os-Ir-Ru lamellae were absent in these
minerals (Figure 3b,c). The boundary of cooperite and sperrylite with platarsite is clear. Cooperite
and sperrylite were formed at the later stage of replacement. The compositions of individual lamellae
included into isoferroplatinum and platarsite, and separated by the technique described earlier, were
quite close to each other. The scatter of either of the three elements (Os, Ir, Ru) contents did not exceed
20%, and more often 10%, and it varied within the range Os0.7–0.5Ir0.2–0.3Ru0.1–0.2 (Table 6).
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Figure 3. BSE image showing multiphase Grain No. 2. (a) A placer grain of Pt3(Fe,Cu) consists
of a rim of Cu-enriched alloy phase (hongshiite PtCu) with inclusions of rhodarsenide (Rh,Pd)2As.
(b,c) The exsolution micro-lamellae of rutheniridosmine (the decomposition of a solid solution) in
isoferroplatinum and platarsite (PtAsS). For the composition of measurement points see Table 5.
White—isoferroplatinum (Pt3Fe) and osmium (Os); light gray and gray—platarsite (PtAsS), cooperite
(PtS), and sperrylite (PtAs); rectangular contours—the position of the microsites “b” and “c”.

Table 5. The composition of isoferroplatinum (1–10) and platarsite (11–22) of grain No. 2, “clean” and
with inclusions of Ru-Os-Ir lamellae, according to SEM-EDS analysis, at.%.

No 1 S Fe Cu As Ru Rh Sb Os Ir Pt Total 2, wt.%

1 0.0 3 19.8 3.3 0.0 1.6 1.8 0.0 3.6 2.2 67.7 97.2

2 0.0 18.2 0.0 0.0 3.1 0.0 1.9 12.2 5.7 58.9 95.7

3 0.0 13.4 0.0 0.0 7.8 1.1 0.0 28.7 10.1 38.9 93.6

4 0.0 22.6 0.0 0.0 0.0 0.0 1.8 0.0 0.0 75.6 96.9
5 0.0 20.4 0.0 0.0 1.5 0.0 2.5 0.0 2.8 72.8 99.6
6 0.0 21.6 0.0 0.0 1.2 0.0 2.1 1.2 1.6 72.4 96.3
7 0.0 20.9 0.0 1.1 0.0 1.1 1.6 1.9 2.5 70.9 98.4
8 0.0 21.8 1.0 0.0 1.1 0.0 1.6 0.0 2.2 72.4 97.6
9 0.0 19.5 0.0 0.0 2.3 0.0 1.5 10.5 2.5 63.8 96.4

10 0.0 19.5 0.0 0.0 2.5 0.0 0.0 9.8 2.4 65.9 94.3
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Table 5. Cont.

No 1 S Fe Cu As Ru Rh Sb Os Ir Pt Total 2, wt.%

11 37.7 0.0 0.0 11.5 1.9 4.0 0.0 10.4 3.7 30.8 96.3

12 33.2 0.0 0.0 17.0 2.5 5.7 0.0 10.5 5.2 26.0 95.3

13 40.6 0.0 0.0 16.5 1.4 5.5 0.0 0.0 2.6 33.5 100.2
14 39.6 0.0 0.0 10.2 1.0 2.9 0.0 5.1 3.0 38.1 96.6

15 28.7 2.9 0.0 29.1 1.4 18.5 0.0 0.7 2.7 16.1 101.5
16 33.0 0.0 0.0 26.6 1.8 11.1 0.0 2.3 5.4 19.8 98.4
17 20.4 0.5 0.0 37.5 1.4 13.1 0.0 9.6 3.7 13.8 102.8

18 17.5 0.0 0.0 46.8 1.1 8.3 0.5 2.0 2.5 21.4 97.0
19 26.6 0.0 0.0 34.9 2.6 5.3 0.0 1.8 7.2 21.6 100.5
20 12.3 0.0 0.0 50.6 0.8 4.4 0.7 2.2 2.9 26.3 98.4
21 24.4 0.4 0.0 39.5 1.0 15.6 0.0 1.9 3.4 13.8 100.1
22 23.6 0.6 0.0 39.7 1.2 15.3 0.0 2.0 2.9 14.7 97.4

1 The binding of points is given in Figure 3c. 2 Total atom = 100%. 3 Analyses with the sum Ru + Os + Ir > 4.0% are
highlighted in bold. Zero = not detected.

Table 6. A "separated" composition (at.%) of Ru-Os-Ir lamellae of grain No. 2.

No 1 Ru Os Ir Σ PGM 2

1 21 49 30 100 Isoferroplatinum
2 15 58 27 100 Isoferroplatinum
3 17 62 22 100 Isoferroplatinum
9 15 69 16 100 Isoferroplatinum

10 17 67 16 100 Isoferroplatinum

11 12 65 23 100 Platarsite
12 14 58 29 100 Platarsite
17 10 65 25 100 Platarsite

1 The binding of points is given in Figure 3c. 2 PGM is a mineral containing Ru-Os-Ir lamellae.

4.2.2. Discussion

Weak variations in the composition of lamellae indicate that Os-Ir-Ru lamellae in platarsite are
relict ones (as opposed to those in isoferroplatinum). This fact confirms the great stability of Os-Ir-Ru
alloys in the process of alteration compared to isoferroplatinum. The composition of lamellae outlined
above is quite close to the composition of “osmium” laths (Os0.7Ir0.2Ru0.1) present in the grain. Probably
it indicates an insignificant difference in time of formation of the osmium laths and the inclusions
of isoferroplatinum and, as a consequence, the relatively rapid cooling of the ore-forming body and
its small size. Such ore-forming body could be one of the numerous dikes of the Seglebir complex.
Detection of grains of native isoferroplatinum in one of the samples of dyke gabbro on the adjacent
territory [30] indirectly confirms this probability.

4.3. Grain No. 3

4.3.1. Results

Grain No. 3 was derived from the placer of Kaurchak River (dredge 138). The grain of PGM
(200 × 500 μm) was of interest in view of detection of micro-inclusions of native gold in it, as well
as sulfides, sulfoarsenides, and arsenides of platinum group elements. Three types of gold were
distinguished (Au-I–Au-III). In the grain section (Figure 4), three zones were distinguished I — core, II
— Rim-I, and III — Rim-II.
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Figure 4. Grain No. 3 was derived from the placer of Kaurchak River (dredge 138). (a) Reflected
light micrograph of grain No. 3 of the Pt-Fe alloy with alteration sperrylite composition rim (gray)
and inclusions and overgrowths of native gold (reddish). (b–f) BSE images showing the structure
and morphology of the local areas. Light gray background—matrix Pt4Fe; gray and dark gray
rim—sperrylite and platarsite; white inclusions and overgrowths—native gold; the compositions of the
Pt-Fe alloy and inclusions at these points are given in Tables 7 and 8.
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Table 7. The composition of the core in grain No. 3 (Figure 4) and its inclusions and micro lamellae
(at.%), determined by the SEM-EDS method.

Site 1 No 2 S Fe Co Cu Ru Rh Pd Os Ir Pt Formula Mineral

4b 1 0.0 16.8 0.0 1.1 1.0 3.1 2.1 0.0 0.0 75.8 (Pt,Fe) Pt-Fe
alloy

4b 47 0.3 17.3 0.3 1.3 1.1 3.3 2.1 1.0 0.0 74.5 (Pt,Fe) Pt-Fe
alloy

4c 38 0.0 17.5 0.0 1.3 1.1 3.3 2 0.0 0.0 74.5 (Pt,Fe) Pt-Fe
alloy

4d 20 0.0 18.0 0.0 1.2 1.2 3.1 2 0.0 0.0 74.6 (Pt,Fe) Pt-Fe
alloy

4e 60 0.0 16.6 0.4 1.1 1.3 3.3 2.3 1.3 0.8 73 (Pt,Fe) Pt-Fe
alloy

4f 70 0.0 17.4 0.0 1.6 1.1 3.2 1.9 1.1 0.0 73.8 (Pt,Fe) Pt-Fe
alloy

4b 3 43 37.0 2.0 2.0 3 4.4 0.6 21.8 24.3 0.0 0.0 7.7 (Rh,Pd)3S2 Untitled
4b 44 62.0 0.0 0.0 0.0 0.3 33.5 1.0 0.6 0.5 1.5 RhS2 Untitled
4b 45 30.0 0.0 0.0 11.3 0.5 0.0 55.6 0.3 0.0 1.6 Pd2S Untitled
4b 46 57.8 0.0 0.0 0.0 3.6 36.1 0.0 0.4 0.3 1.2 Rh2S3 Bowieite

4c 37 0.0 0.0 0.0 0.0 1.3 3.5 0.0 87.5 3.4 4.3 Os0.95Ir0.04Ru0.01 Osmium
4e 48 0.0 4.3 0.0 0.0 5.0 1.9 0.0 69.0 0.9 18.9 Os0.92Ru0.07Ir0.01 Osmium
4e 49 0.0 6.1 0.0 0.0 6.6 2.6 0.9 57.4 0.0 26.4 Os0.90Ru0.10 Osmium
4e 50 0.0 4.9 0.0 0.0 4.2 2.4 0.5 65.3 1.3 21.4 Os0.92Ru0.06Ir0.02 Osmium

1 Site in Figure 4; 2 The binding of points is given in Figure 4; 3 At point 43 (Figure 4b). Zero = not detected.

The core occupies the large inner part of the grain. This zone has a homogeneous texture and it
was comprised of a Pt-Fe solid solution. Its average composition, according to six analyses, was as
follows (Table 7): 75 at.% Pt and 18 at.% Fe, which corresponds to platinum Pt4Fe. Fe-Pt compounds
with an iron content of 18 to 41 at.% correspond to isoferroplatinum, according to the Fe-Pt phase
diagram [48,49]. The alloy in zone 1 (core) with 18 at.% Fe could be attributed to both isoferroplatinum
and platinum. We used the term platinum. Minor elements (average grade) were as follows: 1.3 at.%
Cu, 3.2 at.% Rh, 2.1 at.% Pd, and 1.3 at.% Ru. The scatter of values of each of them was insignificant
(Table 7). The uniformity of the elements distribution in the core is shown in Figure 5. In the
homogeneous mass of platinum, two rare micro-inclusions of two types observed, micro-lamellae
of osmium and PGE-sulfide micro-nodules. The thickness of the micro-lamellae varies from 0.5 μm
(data points No. 48–51 in Figure 4e) to 2 μm (data point No. 37 in Figure 4c). The composition of
micro-lamellae was as follows: 92–95 at.% Os, 6–1 at.% Ru, 0–4 at.% Ir (Table 7, data points No. 37–50).
The sizes of the micro-nodules were few μm. They were comprised of Rh and Pd sulfides: bowieite
and unnamed varieties (data points No. 43–46 in Figure 4b, Figure 5, and in Table 7). PGE-sulfide
micro-nodules were formed during liquation. Cavities in micronodules appeared as a result of the
subsequent dissolution of sulfide minerals (Figure 4a,b,f).
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Figure 5. Backscattered-electron image (BSE) (a) and element distribution maps (b—polyelement;
c—Pt; d—Fe; e—Ru; f— Au; g—S; h—As) in the grain No. 3 (see Figure 4) platinum nugget.

The Rim-I of grain No. 3 covered the edge part of the core composed of platinum (see Figure 4b).
From the edge of the nucleus inward to 10 microns, micro-areas of unusual structure and composition
were developed. Among them are two types of micro-areas. The first variety was the zone of alteration
represented by platarsite-cooperite (data point No. 8 in Figure 4b). This has not been reviewed by us
in detail. The second variety was investigated in detail (data point No. 6 in Figure 4b, data points No.
14–17 and 22 in Figure 4d, data points No. 61, 62, 65, 69 in Figure 4g).

These micro-areas had a peculiar dendrite-like microstructure, sub-graphic (eutectoid), represented
by curved nanosized gold lamellae (from 100–150 nm up to 700–750 nm) (Figures 5 and 6). These
nanoscale areas consisted of native gold (Au-I), rhodium, and platinum sulfoarsenides, with minor
elements Os, Ru, and Ir (Table 8). The inclusions of native gold had the following composition: 83.8 at.%
(84.7–82.6 at.%) Au; 15.9 at.% (15.3–17.4 at.%) Ag, and the average formula corresponded to Au4Ag.
The fineness of Au-I corresponded to 900–910 %�. Gold in Rim-I also formed a micron layer, sharply
bounded by Rim-II on the one hand and uneven on the other. Its power ranged from less than 1 micron
to 3 microns.
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Figure 6. The areas of detail 4d of grain No. 3. Distribution patterns obtained in the mapping mode:
Au, Ag, Rh, Ru, As, S, Pt.

Table 8. Full and “separated” chemical composition (at.%) (SEM-EDS method) Rim-I in areas with
eutectic microstructure.

Site 1 No 2 S Fe As Ru Rh Pd Ag Os Ir Pt Au

Full composition in areas with eutectic microstructure

4b 6 0.0 0.0 14.6 0.0 6.2 0.0 11.3 1.6 0.0 5.2 61.1
4d 14 11.0 1.0 6.9 0.5 2.1 0.0 11.3 1.6 0.5 6.1 58.1
4d 15 15.6 0.4 12.5 1.0 4.9 0.0 8.8 1.4 0.7 5.5 48.6
4d 16 17.3 0.4 15.9 0.9 7.2 0.0 8.0 1.3 0.7 6.0 41.7
4d 17 16.5 1.7 9.6 0.5 3.1 0.0 9.7 1.4 0.6 6.3 49.9
4d 22 15.8 1.1 13.1 0.9 6.3 0.0 8.4 1.4 0.5 8.1 43.5
4f 69 15.2 0.6 12.4 0.9 4.9 0.0 9.7 1.4 0.7 8.1 46.1

Separated composition of the sulfoarsenides in areas with eutectic microstructure

4b 6 0.0 0.0 52.9 0.0 22.5 0.0 5.8 0.0 18.8
4d 14 37.0 3.4 23.2 1.7 7.1 0.0 5.4 1.7 20.5
4d 15 37.1 1.0 29.8 2.4 11.7 0.0 3.3 1.7 13.1
4d 16 34.8 0.8 32.0 1.8 14.5 0.0 2.6 1.4 12.1
4d 17 41.6 4.3 24.2 1.3 7.8 0.0 3.5 1.5 15.9
4d 22 33.5 2.3 27.8 1.9 13.3 0.0 3.0 1.1 17.2
4f 69 34.4 1.4 28.1 2.0 11.1 0.0 3.2 1.6 18.3

Separated composition of inclusions of native gold (Au-I) in areas with eutectic microstructure

4b 6 9.0 91.0
4d 14 10.0 90.0
4d 15 9.0 91.0
4d 16 9.0 91.0
4d 17 9.0 91.0
4d 22 10.0 90.0
4f 69 10.0 90.0

1 Site in Figure 4; 2 The binding of points is given in Figure 4.

The Rim-II was the outer rim. The rim had an irregular thickness up to 20 μm and covered more
than half of the grain contour. The Rim-II consisted of sulfide, sulfoarsenide, and arsenide layers
(Figures 4 and 7). The sulfide layer Rim-II texture was homogeneous. The sulfoarsenide layer and
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the adjacent part of the arsenide layer had a spotty texture due to the inclusions of gold Au-II. The
sulfide layer consisted of cooperite and sulfides Rh, Os, Ru, and Ir (Table 9). The sulfoarsenide layer
represented by platarsite with minor elements of Rh, Fe, Os, Te, and small inclusions of gold (Au-II)
(less than 1 micron). The composition of this gold Au-II determined by the relationship between Au
and Ag was relatively consistent: 84.1 at.% (84.7–83.5 at.%) Au and 15.9 at.% (15.3–16.5 at.%) Ag. The
gold fineness corresponded to 900–910 %�. The arsenide layer was the most powerful. It consisted
of sperrylite. On the border with the sulfoarsenide layer were larger (up to 5 microns) inclusions of
gold (Au-II). Inclusions had an elongated shape along the border with the sulfoarsenide layer. The
composition of gold was the same as the composition of gold in the sulfoarsenide layer.

Table 9. Full and “separated” chemical composition Rim-II.

S Fe Co Cu As Ru Rh Pd Ag Te Os Ir Pt Au Hg

Full composition of the sulfide layer

Mean 40.6 2.2 0.0 0.2 13.5 3.3 7.6 0.1 1.1 0.3 4.8 1.8 19.6 5.1 0.0
Min 33.7 0.2 0.0 0.0 7.7 1.4 5.3 0.0 0.0 0.2 1.0 0.5 2.8 0.0 0.0
Max 46.8 4.5 0.0 0.4 18.2 6.8 11.4 0.3 3.4 0.4 9.2 4.2 31.0 17.0 0.0

Separated composition of the sulfide layer

Mean 43.2 2.3 0.0 0.2 14.4 3.5 8.1 0.1 0.3 5.1 1.9 20.9
Min 33.7 0.2 0.0 0.0 7.7 1.4 5.3 0.0 0.2 1.0 0.5 9.2
Max 43.5 4.5 0.0 0.4 18.2 5.8 10.2 0.3 0.3 9.2 3.2 31.0

Full composition of the sulfoarsenide layer

Mean 15.7 0.2 0.3 0.0 50.3 0.0 3.7 0.1 0.0 0.5 0.1 0.0 28.4 0.5 0.0
Min 10.3 0.0 0.0 0.0 37.4 0.0 1.1 0.0 0.0 0.3 0.0 0.0 26.1 0.0 0.0
Max 26.4 0.9 1.7 0.0 56.8 0.0 6.00 0.6 0.0 0.7 0.7 0.0 31.4 3.3 0.0

Separated composition of the sulfoarsenide layer

Mean 15.8 0.2 0.1 0.0 50.9 0.0 3.8 0.0 0.5 0.1 0.0 28.7
Min 10.6 0.0 0.0 0.0 37.5 0.0 1.1 0.0 0.3 0.0 0.0 26.2
Max 26.7 1.0 0.1 0.0 55.9 0.0 6.0 0.2 0.7 0.5 0.0 31.5

Full composition of the arsenide layer

Mean 7.3 0.7 1.4 0.1 57.5 0.1 0.5 0.9 0.3 1.0 0.0 0.0 29.1 1.0 0.0
Min 4.1 0.0 0.0 0.0 54.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.6 0.0 0.0
Max 11.8 1.4 1.9 0.6 58.7 0.5 2.5 1.7 1.4 1.6 0.0 0.0 30.2 6.1 0.0

Separated composition of the arsenide layer

Mean 7.4 1.4 1.4 0.1 58.3 0.1 0.5 0.9 1.0 0.0 0.0 29.5
Min 4.1 0.6 0.0 0.0 54.8 0.0 0.0 0.0 0.0 0.0 0.0 28.5
Max 11.8 2.2 1.9 0.6 61.9 0.5 2.5 1.7 1.7 0.0 0.0 30.9

Separated composition of inclusions of native gold (Au-II)

Mean 9.9 90.3 0.0
Min 9.0 90.0 0.0
Max 10.0 91.0 0.0

Separated composition of inclusions of native gold (Au-III)

Mean 1.7 91.7 6.5
Min 1.0 87.0 4.0
Max 2.0 94.0 12.0

Inclusions of Au-III 5–10 μm in size were on the outer surface of grain No. 3. Forms of Au-III
aggregates were as follows: Pads and smooth isometric microcrystals or their intergrowths (Figure 4b,c;
data points No. 3, 30, and 31). The peculiarity of their compositions were the low Ag content: 3 at.%, 3
at.%, and 3 at.% Ag and the presence of Hg: 12at.%, 3.6 at.%, and 6 at.% (Table 10).
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Figure 7. Backscattered-electron (BSE) image (top) and the graphs of changes of the main elements
content (at.%) in the Core, Rim-I, Rim-II, with micro-layers in grain No. 3 (see also Figure 4e).
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Table 10. “Separated” composition of inclusions of native gold (wt.%) in PGM grain No. 3 (Figure 4).

Site 1 No 2 Au Ag Hg Formula Au Generation

4b 4 90 10 0 Au0.83Ag0.17 Au-I
4b 6 91 9 0 Au0.84Ag0.16 Au-I
4d 14 90 10 0 Au0.84Ag0.14 Au-I
4d 15 91 9 0 Au0.85Ag0.15 Au-I
4d 16 91 9 0 Au0.84Ag0.16 Au-I
4d 17 91 9 0 Au0.84Ag0.16 Au-I
4d 22 90 10 0 Au0.84Ag0.16 Au-I
4e 52 90 10 0 Au0.83Ag0.17 Au-I
4e 53 90 10 0 Au0.82Ag0.18 Au-I
4f 61 91 9 0 Au0.85Ag0.15 Au-I
4f 62 90 10 0 Au0.84Ag0.16 Au-I
4f 69 90 10 0 Au0.83Ag0.17 Au-I

4b 2 90 10 0 Au0.84Ag0.16 Au-II
4b 5 90 10 0 Au0.83Ag0.17 Au-II
4b 7 90 10 0 Au0.84Ag0.16 Au-II
4b 12 91 9 0 Au0.85Ag0.15 Au-II
4e 54 90 10 0 Au0.83Ag0.17 Au-II
4f 63 91 9 0 Au0.84Ag0.6 Au-II

4b 3 87 1 12 Au0.86Ag0.03
Hg0.12

Au-III

4c 30 94 2 4 Au0.93Ag0.03Hg0.04 Au-III
4c 31 92 2 6 Au0.91Ag0.03Hg0.06 Au-III
4c 32 94 2 4 Au0.92Ag0.03Hg0.04 Au-III

1 Site in Figure 4, from 4b to 4f; 2 The binding of points is given in Figure 4. Zero = not detected.

4.3.2. Discussion

Grain No. 3 has a complex structure, which reflects the crystallization history of PGM and the
distribution of PGE and other elements among the mineral phases. Grain No. 3 consists of Core,
Rim-I, and Rim-II. The Rim-II consists of sulfide, sulfoarsenide and arsenide layers. The core has a
composition of 75 at.% Pt and 18 at.% Fe. Minor elements (Rh, Pd, Cu) are distributed uniformly in the
bulk of the core. This indicates their isomorphic occurrence. Alloys of this composition are rare for
Western Siberia varieties [48], but not rare for the World [1]. According to the Rt-Fe state diagram, the
temperature of formation of such an alloy is below 1110 ◦C [49,50]. Various crystallization mechanisms
of the Pt-Fe alloy are described in the literature. One of them is associated with the crystallization
of Pt-Fe alloys from MSS (monosulfide solid solution) [51]. Another mechanism of crystallization of
Pt-Fe alloys is not associated with the decomposition of sulfide liquid. Crystallization of the Pt-Fe
alloy occurred before immiscible sulfide formed [52,53]. The core contains inclusions of Rh and Pd
sulfides in the central part. On the periphery of the core in rim-I, we observe areas with a complex
dendrite structure with inclusions of Au-I and sulfoarsenides (Rh, Pt, ± Os, Ru, Ir). They correspond
to the structure of the eutectic-decomposition multi-principle component alloys (MPCAs) [54]. The
presence of sulfide globules and areas with a multicomponent eutectic melt indicates the possible
crystallization of the Pt-Fe alloy from a multicomponent melt containing Pt-Fe-Pd-Rh-Au-Ag-As-S.
The presence of sulfide globules and areas with a multicomponent eutectic melt indicates the possible
crystallization of the Pt-Fe alloy at a temperature below 1100 ◦C from a multicomponent melt containing
Pt-Fe-Pd-Rh-Au-Ag-As-S. The eutectic temperature of the multicomponent melt was below 1050 ◦C,
which is indicated to us by the Au-Ag state diagram [55]. Another possible formation of Rim-I is the
substitution mechanism of the core (Pt-Fe) by the Au-Ag-Rh-Ru-As-S melt. During the cooling of the
system, the solid solution disintegrated with the formation of this sub-graphic structure.

We observed mineral zonality in Rim-II, which reflects a sequential change of crystallization
conditions from residual melt (containing Pt, Rh, Pd, S, As, Te). The residual melt is separated from
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the MMS according to the model proposed by Dare et al. [51]. Initially, the melt had a high f S2

(fugacity of sulfur), which gradually decreased. The content of As and Te in the residual melt, on the
contrary, increased. This is confirmed by the successive change in sulfide layers of sulfoarsenide and
arsenide layers in the grain. The residual melt interacted with the platinum grain. The Pt-Fe alloy was
replaced n the interaction zone with the enlargement of Au-I and the formation of Au-II. Formation
of Au-III is associated with low-temperature processes of hydrothermal or supergene processes.
The formation of Au-III occurred later and was associated with low-temperature hydrothermal
processes or supergenic alteration.

5. Conclusions

The article shows, with specific examples, the importance of data on the composition of microscopic,
close to nanoscale, mineral inclusions in order to ascertain conditions for the formation of associations
of platinum-group minerals. In turn, the determination of the composition, close to the true one, of
such inclusions and the host mineral, causes certain difficulties, even when using local methods of
analysis (EMP, SEM). The reason is that the region of X-ray generation captures both the matrix and an
inclusion. There is a mutual influence of the compositions (overlapping spectra). The complexity of
the task is governed by a number of factors, and first of all by the ratio of elemental compositions of
included and including minerals and the degree of overlap of spectral lines involved in the SEM-EDS
analysis. The EDS method can be used on a par with WDS to study the chemical composition of
minerals, including micro-inclusions in PGMs. This method is multi-elemental and more effective for
mineral diagnostics in comparison with WDS, which is its certain advantage. With the EDS approach,
it is possible to obtain quantitative data on the composition of micro-inclusions with a size of 3–5 μm.
An EDS analysis of PGM grains ranging in size from less than 3 to 1 μm provides semiquantitative
data. The EDS analysis of grains with a size of less than 1 μm gives, at best, a qualitative composition
of PGMs or suggests the presence of PGM nanoparticles.

The main results of the study are as follows:
In the processes of metasomatic transformations of PGMs, the stability of the Os-Ir-Ru lamellae

substantially exceeds that of isoferroplatinum, and the products of its alteration. This fact is confirmed
by the identical composition of the lamellae included in cuprous isoferroplatinum, as well as in
copper-bearing platinum and hongshiite in the first case (grain No. 1), and in isoferroplatinum and
platarsite in the second case (grain No. 2).

Based on the significant difference in the Os-Ir-Ru compositions of the lamellae in isoferroplatinum
and nodules, a conclusion is drawn about the great hiatus in time and the difference in conditions of
formation of the indicated phases of grain No. 1. This corresponds to the position that the Seglebir
basic–ultrabasic massif served as the most probable driving force.

On the contrary, it has been established that grain No. 2 solidified relatively swiftly. It was formed
in one of the numerous small magmatic bodies of basic composition, which are widely distributed in
the area. The role of such a body is very suitable for one of the numerous dikes of the Seglebir complex.
Detection of grains of native isoferroplatinum in one of the samples of a dyke of gabbro on the adjacent
territory [30] indirectly confirms this probability. The deposition of sperrylite and native gold from the
basalt melt in layered basic–ultrabasic complexes are an established fact [56,57].

The source of grain No. 3 was intrusive massifs of the middle Cambrian gabbro. It is very difficult
to restore the history of crystallization on a single grain. However, by the structural relationships of
minerals, we can confidently speak of a complex sequence of the formation of the PGMs.

1. The formation of platinum with melt sulfide inclusions occurred from the primary monosulfide
solid solution (MSS) [51,53] or sulfide liquids [52]. There was a liquation department of the Pt-Fe alloy
with a small amount of Au, Ag, Rh, Ir, Os, S, and As. Os microcrystals crystallized first from the Pt-rich
melt. As the system cooled down and platinum crystallized, a lower-temperature melt enriched in
Au, Ag, S, As, and Rh (with minor elements of Ru, Os, Ir) accumulated and separated. The separated
multicomponent melt during cooling formed a eutectic/eutectoid multi-principle component alloy.
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2. The formation of layered Rim-II is associated with the interaction of platinum grains with the
residual melt.

The formation of eutectoid structures and a border on the surface of the grains occurred in the
magmatic stage. This is consistent with the findings of Badanina et al. [58] (according to the 187Os/188Os
and 187Re/188Os systematics) about a single source of PGEs in the Pt-Fe alloy and arsenide rims, as well
as experimental data [59]. Previously, the formation of arsenide, sulfoarsenide, and sulfide rims on
Pt-Fe alloy grains was associated with post-magmatic hydrothermal processes ([24], etc.).

Variations in the content of basic chemical elements reflect the processes and conditions for the
formation of PGMs. Sharp fluctuations in the local areas of the contents of elements that are not part of
the mineral structure may indicate that nano-inclusions of a different composition fall into the region of
X-ray generation. Such cases require detailed study using local methods of analysis with a resolution
of several nanometers (HR-SEM, HR-TEM).
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Abstract: Thalhammerite, Pd9Ag2Bi2S4, is a new sulphide discovered in galena-pyrite-chalcopyrite
and millerite-bornite-chalcopyrite vein-disseminated ores from the Komsomolsky mine of the Talnakh
and Oktyabrsk deposits, Noril’sk region, Russia. It forms tiny inclusions (from a few μm up to about
40–50 μm) intergrown in galena, chalcopyrite, and also in bornite. Thalhammerite is brittle and has
a metallic lustre. In plane-polarized light, thalhammerite is light yellow with weak bireflectance,
weak pleochroism, in shades of slightly yellowish brown and weak anisotropy; it exhibits no internal
reflections. Reflectance values of thalhammerite in air (R1, R2 in %) are: 41.9/43.0 at 470 nm, 43.9/45.1
at 546 nm, 44.9/46.1 at 589 nm, and 46.3/47.5 at 650 nm. Three spot analyses of thalhammerite give
an average composition: Pd 52.61, Bi 22.21, Pb 3.92, Ag 14.37, S 7.69, and Se 0.10, total 100.90 wt %,
corresponding to the empirical formula Pd8.46Ag2.28(Bi1.82Pb0.32)Σ2.14(S4.10Se0.02)Σ4.12 based on 17
atoms; the average of five analyses on synthetic thalhammerite is: Pd 55.10, Bi 24.99, Ag 12.75, and
S 7.46, total 100.30 wt %, corresponding to Pd8.91Ag2.03Bi2.06S4.00. The density, calculated on the
basis of the empirical formula, is 9.72 g/cm3. The mineral is tetragonal, space group I4/mmm, with
a 8.0266(2), c 9.1531(2) Å, V 589.70(2) Å3 and Z = 2. The crystal structure was solved and refined
from the single-crystal X-ray-diffraction data of synthetic Pd9Ag2Bi2S4. Thalhammerite has no exact
structural analogues known in the mineral system; chemically, it is close to coldwellite (Pd3Ag2S)
and kravtsovite (PdAg2S). The strongest lines in the X-ray powder diffraction pattern of synthetic
thalhammerite [d in Å (I) (hkl)] are: 3.3428(24)(211), 2.8393(46)(220), 2.5685(21)(301), 2.4122(100)(222),
2.3245(61)(123), 2.2873(48)(004), 2.2201(29)(132), 2.0072(40)(400), 1.7481(23)(332), and 1.5085(30)(404).
The mineral honours Associate Professor Oskar Thalhammer of the University of Leoben, Austria.

Keywords: thalhammerite; platinum-group mineral; Pd9Ag2Bi2S4 phase; reflectance data;
X-ray-diffraction data; crystal structure; Komsomolsky mine; Talnakh deposit; Noril’sk region; Russia

1. Introduction

Thalhammerite, ideally Pd9Ag2Bi2S4, was observed in the same holotype specimen as kravtsovite,
PdAg2S [1], and vymazalováite, Pd3Bi2S2 [2]. The type sample (polished section) comes from
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vein-disseminated pyrite-chalcopyrite-galena ore from the Komsomolsky mine in the Talnakh
deposit of the Noril’sk district, Russia. The sample was found at coordinates: 69◦30′20′′ N and
88◦27′17′′ E. The mineralization is characterized by lack of Ni minerals and high galena content
and Pt-Pd-Ag bearing minerals in an association of pyrite and chalcopyrite. The host rocks of
pyrite-chalcopyrite-galena ore are diopside-hydrogrosssular-serpentine metasomatites developed
in diopside-monticellite skarns below the lower exocontact of the Talnakh intrusion (the eastern
part of the Komsomolsky mine). Thalhammerite, in pyrite-chalcopyrite-galena ores, occurs in
association with cooperite, braggite, vysotskite, stibiopalladinite, telargpalite, sobolevskite, kotulskite,
sopcheite, insizwaite, kravtsovite, vymazalováite, Au-Ag alloys, and Ag-bearing sulphides, selenides,
sulphoselenides, and tellurosulphoselenides. The mineral was also observed in vein-disseminated
millerite-bornite-chalcopyrite ore from the Talnakh and Oktyabrsk deposits of the Noril’sk region [3].
The host rocks of millerite-bornite-chalcopyrite ore are pyroxene-hornfels at the lower exocontact of the
Kharaelakh intrusion (the western part of the Komsomolsky mine). In millerite-bornite-chalcopyrite
ore, thalhammerite occurs in association with kotulskite, telargpalite, laflammeite, and Au-Ag alloys.

The mineral likely formed under the same conditions as kravtsovite and vymazalováite,
with decreasing temperature [3], most likely below 400 ◦C. Thalhammerite was also observed, in
intergrowths with sobolevskite, in PGE ores from the Fedorov-Pana Layered Intrusive Complex, Russia
(V.V. Subbotin—per. communication). Furthermore, the occurrence of unknown phases corresponding
to Pb- and Tl-analogues of thalhammerite from the Fedorov-Pana Layered Intrusive Complex has
been reported [4].

Both the mineral and name were approved by the Commission on New Minerals, Nomenclature
and Classification of the International Mineralogical Association (IMA No 2017-111). The mineral
name is for Dr. Oskar Thalhammer (b. 1956) Associate Professor at the University of Leoben, Austria
for his contributions to the ore mineralogy and mineral deposits of platinum group elements. The type
specimen is deposited at the Department of Earth Sciences of the Natural History Museum, London,
UK, catalogue no. BM 2016, 150.

2. Appearance, and Physical and Optical Properties

Thalhammerite forms very small inclusions (from a few μm up to about 40–50 μm) in galena,
chalcopyrite (Figure 1), and also in bornite.

 

(a) 

Figure 1. Cont.
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(b) 

Figure 1. Digital image in reflected plane polarized light showing inclusions of thalhammerite in
galena (gn) in association with (a) chalcopyrite (ccp) and (b) vymazalováite (vym).

The mineral occurs in aggregates (100–200 μm in size) formed by intergrowths of telargpalite,
braggite, vysotskite, sopcheite, stibiopalladinite, sobolevskite, moncheite, kotulskite, malyshevite,
insizwaite, acanthite, aurian silver, kravtsovite, and vymazalováite in association with galena,
chalcopyrite, bornite, millerite, and pyrite.

Thalhammerite is opaque with a metallic lustre. The mineral is brittle. The density calculated
on the basis of the empirical formula is 9.72 g/cm3. In plane-polarized light, thalhammerite is light
yellow with weak bireflectance, weak pleochroism, in shades of slightly yellowish brown and weak
anisotropy. It exhibits no internal reflections.

Reflectance measurements were made in air relative to a WTiC standard on both natural and
synthetic thalhammerite using a J and M TIDAS diode array spectrometer attached to a Zeiss Axiotron
microscope. The results are tabulated (Table 1) and illustrated in Figure 2.

Table 1. Reflectance data for natural and synthetic thalhammerite.

Natural Synthetic
λ (nm)

R1 (%) R2 (%) R1 (%) R2 (%)

400 40.0 41.2 40.6 42.1
420 40.6 41.8 41.3 42.6
440 41.1 42.3 42.0 43.2
460 41.7 42.8 42.6 43.9
470 41.9 43.0 42.9 44.3
480 42.2 43.3 43.1 44.6
500 42.7 43.9 43.8 45.3
520 43.2 44.4 44.6 46.0
540 43.7 44.9 45.3 46.6
546 43.9 45.1 45.6 46.9
560 44.2 45.4 45.9 47.2
580 44.7 45.9 46.4 47.7
589 44.9 46.1 46.7 47.9
600 45.2 46.3 46.9 48.1
620 45.6 46.8 47.3 48.5
640 46.1 47.3 47.7 48.9
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Natural Synthetic
λ (nm)

R1 (%) R2 (%) R1 (%) R2 (%)

650 46.3 47.5 47.9 49.1
660 46.5 47.8 48.0 49.2
680 47.0 48.3 48.3 49.5
700 47.4 48.9 48.6 49.8

Note. The values required by the Commission on Ore Mineralogy are given in bold.

Figure 2. Reflectance data for thalhammerite compared to synthetic analogue, in air. The reflectance
values (R%) are plotted versus the wavelength λ in nm.

3. Chemical Composition

Electron probe micro-analyses (EPMA) on grains of thalhammerite were obtained using a WDA
Inca Wave 500 (Oxford Instruments NanoAnalysis, High Wycombe, UK) installed on an SEM Lyra 3GM
(Tescan), with analytical conditions of 20 kV, 10 nA, and counting times of 30 s (on peak positions)/
2 × 15 s (background on the left and right positions). The spectra were collected on PbMα, BiMα,
PdLα, AgLα, SKα, and SeLα lines with standards of pure Se, Pd, Ag, Bi, synthetic PbTe, and natural
FeS2. Other elements were below the detection limit.

EPMA on synthetic thalhammerite were obtained using a CAMECA SX-100 electron probe
microanalyzer in wavelength-dispersive mode with an electron beam focussed to 1–2 μm.

Pure elements and ZnS were used as standards and the radiations measured were BiMα PdLα,
AgLα, and SKα, with an accelerating voltage of 15 kV, and a beam current of 10 nA measured on the
Faraday cup.

EPMA compared with literature data are given in Table 2. The empirical formulae calculated
on the basis of 17 apfu are Pd8.46Ag2.28(Bi1.82Pb0.32)Σ2.14(S4.10Se0.02)Σ4.12 for thalhammerite and
Pd8.91Ag2.03Bi2.06S4.00 for its synthetic analogue, with the ideal formulae Pd9Ag2Bi2S4.

Table 2. Electron-microprobe analyses of natural and synthetic thalhammerite.

wt % Pd Ag Pb Bi S Se Total

Thalhammerite

52.80 14.57 2.60 22.56 7.75 0.07 100.35
53.40 14.29 3.05 22.09 7.62 0.03 100.47
51.64 14.25 6.12 21.98 7.70 0.19 101.87

average 52.61 14.37 3.92 22.21 7.69 0.10 100.90
13/B-92 * 53.85 12.51 24.84 7.90 99.1

52.77 12.27 1.77 24.29 7.45 0.57 99.12
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wt % Pd Ag Pb Bi S Se Total

Thalhammerite

1/K-92 * 53.85 12.8 24.24 7.89 99.01
52.77 11.83 25.73 7.99 99.53
54.08 12.21 25.34 7.95 101.21

Synthetic Sample

Exp37 54.18 13.69 25.02 7.59 100.48
54.74 12.91 25.04 7.50 100.19
54.66 12.46 25.90 7.39 100.42
56.14 12.01 24.70 7.36 100.21
55.78 12.67 24.27 7.44 100.16
55.10 12.75 24.99 7.46 100.29

average 55.10 12.75 24.99 7.46 100.30

* Sluzhenikin and Mohkov [2].

4. Synthetic Analogue

The small size of thalhammerite embedded in galena (bornite) prevented its extraction and
isolation in an amount sufficient for the relevant crystallographic and structural investigations.
Therefore, these investigations were performed on the synthetic Pd9Ag2Bi2S4.

The synthetic phase of Pd9Ag2Bi2S4 was prepared in an evacuated and sealed silica-glass tube in
a horizontal furnace in the Laboratory of Experimental Mineralogy of the Czech Geological Survey in
Prague. To prevent loss of material to the vapour phase during the experiment, the free space in the
tube was reduced by placing a closely-fitting silica glass rod against the charge.

The temperature was measured with Pt-PtRh thermocouples and is accurate to within ±3 ◦C.
A charge of about 300 mg was carefully weighed out from the native elements. We used, as starting
chemicals, palladium (99.95%), silver (99.999%), bismuth (99.999%), and sulphur (99.999%). The starting
mixture was sealed and annealed, quenched, and then ground in an agate mortar under acetone and
reheated to 350 ◦C for 134 days. The sample was quenched by dropping the capsule in cold water.

5. X-ray Crystallography

5.1. Single-Crystal X-ray Diffraction

A small fragment of synthetic Pd9Ag2Bi2S4 was mounted on a glass fibre and examined using
a Rigaku Super Nova single-crystal diffractometer with an Atlas S2 CCD detector utilizing MoKα

radiation, provided by the microfocus X-ray tube and monochromatized by primary mirror optics.
The ω rotational scans were used for collection of three-dimensional intensity data. From a total of
3659 reflections, 221 were classified as unique observed with I > 3ρ(I). Corrections for background,
Lorentz effects and polarization were applied during data reduction with the CrysAlis software.
Empirical absorption correction was performed using the same software yielding Rint = 0.034.
The crystal structure was solved with a charge-flipping method using the program Superflip [5] and
subsequently refined by the full-matrix least-squares algorithm of JANA2006 program [6]. Because of
the similarity of atomic number of Pd and Ag (46 and 47, respectively), it is nearly impossible to
distinguish between these atoms from single-crystal (MoKα radiation) diffraction data. The refinement
indicated five metallic positions, which one of them was assigned as Bi. The remaining metallic sites
show multiplicities 2:8:8:4. Considering the empirical chemical composition Pd8.91Ag2.03Bi2.06S4.00

(Z = 2) and coordination environment of the 4e site, which was very different from the others (see
structure description), the 4e site was refined as Ag position. Next, refinement cycles included
all anisotropic displacement parameters, which revealed too large a value for Pd(2) position
(Ueq(Pd2) = 0.0146 Å2 cf. 0.0082 and 0.080 Å2 for Pd(1) and Pd(3), respectively). Refinement of
occupancy factors yielded 0.88 occupancy for the Pd(2) position; other positions were found to be fully
occupied. Final refinement in the I4/mmm space group for 21 parameters converged smoothly to the
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R = 0.0310 and wR = 0.0815 for 221 observed reflections. Details of data collection, crystallographic
data, and refinement are given in Table 3.

Table 3. Crystallographic data for the selected crystal of synthetic thalhammerite, Pd9Ag2Bi2S4.

Crystal Data

Chemical formula (idealized) Pd9Ag2Bi2S4
Space group I4/mmm (No. 139)

a [Å] 8.0266(2)
c [Å] 9.1531(2)

V [Å3] 589.70(2)
Z 2

Crystal size (mm) 0.034 × 0.027 × 0.013

Data Collection

Diffractometer SuperNova
Temperature (K) 293

Radiation MoKα (0.7107 Å)
Theta range (◦) 5.08–27.62

Reflections collected 3659
Independent reflections 226

Unique observed reflections [I > 3(σ)] 221

Index ranges
−10 < h < 10
−10 < k < 10
−11 < l < 11

Absorption correction method Empirical

Structure Refinement

Refinement method Full matrix least-squares on F2

Parameters/restrains/constrains 21/0/0
R, wR (obs) 0.0310/0.0815
R, wR (all) 0.0318/0.0817

Largest diff. peak and hole (e−/Å3) 1.20/−5.20

Atom coordinates and displacement parameters are listed in Table 4. Table 5 shows selected
bond lengths.

Table 4. Fractional coordinates and anisotropic displacement parameters (Å2) for synthetic thalhammerite.

Atom Pd(1) Pd(2) * Pd(3) Ag Bi S

Wyckoff
Position 2a 8f 8j 4e 4d 8h

x 1/2 1/4 1/2 1/2 1/2 0.2081(4)
y 1/2 1/4 0.2027(2) 1/2 0 0.2081(4)
z 1/2 1/4 0 0.1810(2) 1/4 0

U11 0.0069(8) 0.0104(8) 0.0077(7) 0.0098(6) 0.0090(4) 0.0071(12)
U22 0.0069(8) 0.0104(8) 0.0097(7) 0.0098(6) 0.0090(4) 0.0071(12)
U33 0.0109(13) 0.0051(10) 0.0077(7) 0.0082(9) 0.0079(6) 0.012(2)
U12 0 0.0017(6) 0 0 0 −0.0018(15)
U13 0 0.0011(4) 0 0 0 0
U23 0 0.0011(4) 0 0 0 0
Ueq 0.0083(6) 0.0086(5 0.0084(4) 0.0106(4) 0.0086(3) 0.0087(9)

* Refined with 0.88 occupancy.

Table 5. Selected bond distances (Å) in the thalhammerite crystal structure.

Pd(1) 4 × S 2.362(3) Ag 4 × Pd(3) 2.905(1)
2 × Ag 2.919(2) 4 × Pd(2) 2.9073(4)

Pd(2) 2 × S 2.3372(7)
2 × Bi 2.8378(1) Bi1 4 × Pd(3) 2.808(1)
2 × Ag 2.9073(4) 4 × Pd(2) 2.8378(1)

4 × Pd(3) 3.0670(2)
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Pd(3) 2 × S 2.343(3)
2 × Bi 2.8080(8)
2 × Ag 2.905(2)

4 × Pd(2) 3.0670(2)

It should be noted that the refined tetragonal structure model of thalhammerite is only a
substructure. As was revealed by subsequent Rietveld refinement (see below), the powder X-ray
diffraction pattern of synthetic thalhammerite shows at medium and high diffraction angles a
few very weak unindexed peaks and very subtle peak splitting, which cannot be fitted using the
tetragonal model. Attempts to refine the structure from single-crystal data in rhombic subgroups of
I4/mmm (i.e., Fmmm, Immm) led to negligible lowering of R-factors (e.g., from 0.0313 to 0.0293) with a
rapid increase of the refined parameters and correlations between them. Refinements in monoclinic
subgroups failed. Additionally, neither of these low-symmetry models describe all peak splitting
observed in powder diffraction patterns of synthetic thalhammerite. Therefore, we proposed only the
tetragonal average substructure of thalhammerite, leaving some aspects of the structure unclear.

5.2. Powder X-ray Ddiffraction

The powder XRD pattern of synthetic thalhammerite was collected in the Bragg-Brentano
geometry on a Bruker D8 Advance diffractometer equipped with the LynxEye XE detector and
CuKα radiation. The data were collected in the range from 10◦ to 100◦ 2θ with a step size of 0.005◦

2θ and 2 s counting time per step. The structure model obtained from a single-crystal XRD study of
synthetic thalhammerite was used as a starting structural model in the subsequent Rietveld refinement.
The FullProf program [7] was used and the pseudo-Voigt function was used to generate the shape of
the diffraction peaks. The refined parameters include those describing peak shape and width, peak
asymmetry, unit-cell parameters, the occupancy parameter of the Pd(2) position, and six isotropic
displacement parameters.

In total, 17 parameters were refined. No fractional coordinates were refined. The final cycles of
Rietveld refinement converged to the agreement factors Rp = 0.077 and Rwp = 0.115. The refinement
indicated 7 wt % Pd3Bi2S2 (I213) impurity in the investigated sample.

Figure 3 depicts two details of final Rietveld plot showing weak, however discernible, peak
splitting at middle and high diffraction angles of 2θ (i.e., above 50◦). Attempts to index all observed
diffractions in the powder pattern in the large and/or lower symmetry unit-cell remained unsuccessful
and, therefore, the structure refinement was limited to the tetragonal substructure. Table 6 presents
powder diffraction data for thalhammerite.

 

Figure 3. Details of the Rietveld profiles of synthetic thalhammerite showing the weak peak splitting,
which cannot be fitted using the tetragonal cell. The observed (circles), calculated (solid), and difference
profiles are shown. The vertical bars correspond to Bragg reflections.
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6. Structure Description

The tetragonal substructure of thalhammerite contains three Pd, one Ag, Bi, and S sites,
respectively. All sites, except the Pd(2) position, were found to be fully occupied. Its crystal structure
is shown in Figure 4.

Figure 4. Crystal structure of thalhammerite showing the [PdS4] squares and Pd–S bonds. Unit-cell
edges are highlighted. Details show the Rietveld profiles of synthetic thalhammerite showing the weak
peak splitting, which cannot be fitted using the tetragonal cell.

6.1. Coordination of Cations

The Pd(1) position is in the centre of regular square of S atoms with Pd(1)-S distances of 2.362(3) Å.
The coordination is perfectly planar. Similar coordination was observed in vysotskite, PdS [8], which
shows similar Pd–S separation of 2.34 Å. Such coordination geometry is typical for low-spin 4d8 Pd2+

cation in normal sulfides with M:S ratio equal to or smaller to one [9]. The Pd(1) coordination is further
completed by two Ag atoms at 2.919(2) Å lying perpendicular to the [M(1)S4] squares.

The Pd(2) (refined to 0.88 occupancy of Pd) and Pd(3) sites form complex polyhedron. Both Pd
positions are coordinated by two S atoms at distances 2.3372(7) and 2.343(3) Å, a value very close
to the Pd–S distance of 2.334(4) Å observed for the zig-zag chains in the structure of kravtsovite,
PdAg2S [1]. Whereas the S–Pd(2)–S group is perfectly linear, the S–Pd(3)–S shows a bonding angle
of 177.9(1)◦. Pd(2) is further coordinated by two Bi (2.8378(1) Å), two Ag (2.9073(4) Å), and two
Pd(3) (3.0670(2) Å) atoms. Pd(3) also shows two Bi (2.8080(8) Å), two Ag (2.905(2) Å), and four Pd(3)
(3.0670(2) Å) short contacts.

Ag site is surrounded by nine Pd atoms (Figure 5) forming a mono-capped tetragonal antiprismatic
coordination. The Ag–Pd distances are in the range of 2.905(1) Å to 2.919(2) Å, comparable to those
observed in lukkulaisvaaraite (Pd–Ag: 2.891(4)–3.037(4) Å; [10], where Ag atoms display tetragonal
antiprismatic coordination.

As is shown in Figure 5, the Bi atom is coordinated by eight Pd atoms to form a bi-capped trigonal
prism with Bi–Pd bond distances ranging from 2.808(1) to 2.8378(1) Å, values slightly shorter than
those observed in structure of monoclinic PdBi (2.84–2.95) Å; [11]. There are no short (<3.5 Å) Bi–S
contacts in the thalhammerite crystal structure. This contrasts with the environment of Bi in structure
of chemically-related vymazalováite, Pd3Bi2S2 [2,12], where Bi atoms show one additional S contact at
3.22(3) Å.
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Table 6. X-ray powder diffraction data of thalhammerite (CuKα radiation, Bruker D8 Advance,
Bragg-Brentano geometry). Only reflections with I(obs) ≥ 1 are listed.

I(obs) h k l d(meas) d(calc)

11 1 0 1 6.0364 6.0338
11 1 1 0 5.6790 5.6767
13 0 0 2 4.5752 4.5736
8 2 0 0 4.0155 4.0140

18 1 1 2 3.5620 3.5615
24 2 1 1 3.3428 3.3420
2 2 0 2 3.0181 3.0169
9 1 0 3 2.8510 2.8504

46 2 2 0 2.8393 2.8383
21 3 0 1 2.5685 2.5684

100 2 2 2 2.4122 2.4117
61 1 2 3 2.3245 2.3241
48 0 0 4 2.2873 2.2868
29 1 3 2 2.2201 2.2197
2 2 3 1 2.1637 2.1634

17 1 1 4 2.1213 2.1212
40 4 0 0 2.0072 2.0070
3 3 3 0 1.8923 1.8922
8 4 0 2 1.8377 1.8378

15 2 3 3 1.7981 1.7982
18 2 2 4 1.7805 1.7807
23 3 3 2 1.7481 1.7485
4 1 3 4 1.6991 1.6991
2 4 2 2 1.6711 1.6710
5 1 4 3 1.6413 1.6410
1 2 1 5 1.6299 1.6300
4 4 3 1 1.5814 1.5814
1 5 1 0 1.5743 1.5744
8 0 3 5 1.5102 1.5103

30 4 0 4 1.5085 1.5085
9 1 1 6 1.4723 1.4724

13 4 4 0 1.4193 1.4192
7 4 4 2 1.3554 1.3554

12 2 2 6 1.3431 1.3431
9 2 5 3 1.3395 1.3393
1 3 5 2 1.3185 1.3184

19 3 1 6 1.3070 1.3070
7 1 5 4 1.2969 1.2968
9 6 2 0 1.2694 1.2693
3 1 2 7 1.2279 1.2279

18 6 2 2 1.2231 1.2231
1 1 6 3 1.2113 1.2112

10 4 4 4 1.2059 1.2058
11 3 3 6 1.1872 1.1871

Figure 5. Coordination polyhedra of Ag (mono-capped tetragonal antiprism) and Bi (bi-capped trigonal
prism) in the thalhammerite structure.
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6.2. Modular Description

The thalhamerite crystal structure forms a three-dimensional framework. It contains features
typical for intermetallic compounds (e.g., complex crystallochemical environment of metals) and,
therefore, cannot be presented using a traditional cation-based coordination polyhedra approach.

Alternatively, the structure of thalhammerite can be conveniently described as an arrangement of
two types of building blocks (cuboids) having common S atoms at the corners (Figure 6).

The first block (green in Figure 6) contains the [PdS4] squares forming one face of the block and
Ag atoms in its centre. Pd atoms are approximately located to the midpoints of the longer S-S edges.
The second block (orange in Figure 6) contains Bi atoms in its centre. By analogy with the first block,
the Pd atoms are located to the midpoints of the longer S–S edges. In the thalhammerite structure, two
types of block alternate in a chess-boar fashion within the (001) plane and form chains along the c
axis (Figure 6). It should be mentioned that, neglecting the Ag and Bi atoms, the packing of the green
blocks automatically generates their duals, and the orange block, vice versa.

Figure 6. (a) Arrangement of two types of building blocks in the thalhammerite structure. (b) Detailed
view showing the block containing Ag (green) and Bi (orange) atoms.

6.3. Relation to Other Minerals

The thalhammerite structure represents a unique structure type, and no exact structural analogue
is hitherto known. It is worth noting that its structure merges structure motives typical for polar
chalcogenides and intermetallic compounds. The [Pd(1)S4] square-planar coordination is a hallmark
of Pd-bearing sulfides with an M:S ratio equal to, or slightly smaller than, one. Contrary to that,
(almost) linear coordination of Pd by two S atoms and number of further metal-metal contacts
resulting in complex coordination geometry, can be observed in sulphides with intermetallic behaviour
(e.g., kravtsovite PdAg2S, Vymazalová et al., 2017 [1]).

Another chemically-related mineral, coldwellite, Pd3Ag2S (McDonald et al., 2015 [13]), adopts a
cubic β-Mn-like structure and, hence, differs substantially from that of thalhammerite.

7. Proof of Identity of Natural and Synthetic Thalhammerite

The structural identity between the synthetic Pd9Ag2Bi2S4 and the natural material was confirmed
by electron back-scattering diffraction (EBSD) and Raman spectroscopy.
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7.1. Electron Back-Scattering Diffraction

The structural identity between the natural material and the synthetic Pd9Ag2Bi2S4 was confirmed
by EBSD. A TESCAN Lyra 3GM field emission scanning electron microscope combined with EBSD
system (Oxford Instruments AztecHKL system with NordlysNano EBSD camera) was used for the
measurements. The surface of natural sample was prepared for investigation by broad beam argon ion
milling using Gatan PECS II system operated at 1 kV. The solid angles calculated from the patterns were
compared with our structural model for Pd9Ag2Bi2S4 synthetic phase match containing 12 reflectors
to index the patters. The EBSD patterns (also known as Kikuchi patterns) obtained from the natural
material (>50 measurements on different spots on natural thalhammerite grains) were found to match
the patterns generated from our structural model for Pd9Ag2Bi2S4 synthetic phase, Figure 7.

. 

Figure 7. EBSD image of natural thalhammerite; in the right pane, the Kikuchi bands are indexed.

163



Minerals 2018, 8, 339

The values of the mean angular deviation (MAD, i.e., goodness of fit of the solution) between
the calculated and measured Kikuchi bands range between 0.22◦ and 0.48◦. These values reveal a
very good match; as long as values of mean angular deviation are less than 1◦, they are considered as
indicators of an acceptable fit (HKL Technology, 2004).

7.2. Raman Spectroscopy

The Raman spectroscopy technique was applied to verify the structural identity between the
synthetic Pd9Ag2Bi2S4 and the natural material (Figure 8).

 

Figure 8. Comparison of Raman spectra in the synthetic Pd9Ag2Bi2S4 and in the natural material.

Raman spectra were obtained using a LABRAM (ISA Jobin Yvon) instrument installed at the
University of Leoben, Austria. A frequency-doubled 100 mW Nd:YAG laser with an excitation of
a wavelength of λ = 532.6 nm was used. The obtained Raman spectra of natural and synthetic
Pd9Ag2Bi2S4 show four discernible absorption bands at the following values: 122, 309, 362, and
483 cm−1 (see Figure 8).

The EBSD study, Raman spectra, chemical identity and optical properties confirmed the identity
of the natural and synthetic materials and thereby legitimise the use of the synthetic phase for the
complete characterization of thalhammerite.
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Abstract: Tetra-auricupride, ideally AuCu, represents the only species showing the coexistence of
Au with an elevated level of Pt, as in the case of a detrital grain studied structurally for the first
time, from an ophiolite-associated placer at Bolshoy Khailyk, western Sayans, Russia. We infer that
tetra-auricupride can incorporate as much as ~30 mol. % of a “PtCu” component, apparently without
significant modification of the unit cell. The unit-cell parameters of platiniferous tetra-auricupride are:
a 2.790(1) Å, c 3.641(4) Å, with c/a = 1.305, which are close to those reported for ordered AuCu(I) in the
system Au–Cu, and close also to the cell parameters of tetraferroplatinum (PtFe), which both appear
to crystallize in the same space group, P4/mmm. These intermetallic compounds and natural alloys
are thus isostructural. The closeness of their structures presumably allows Pt to replace Au atoms
so readily. The high extent of Cu + Au enrichment is considered to be a reflection of geochemical
evolution and buildup in levels of the incompatible Cu and Au with subordinate Pt in a remaining
volume of melt at low levels of f O2 and f S2 in the system.

Keywords: platiniferous tetra-auricupride; Pt-for-Au substitution; platinum; gold; ophiolite; Bolshoy
Khailyk placer; western Sayans; Russia

1. Introduction

1.1. Sample Location and Objective

Tetra-auricupride, AuCu, an intermetallic mineral with a tetragonal symmetry, was first
discovered in platiniferous ultrabasic rocks in the Sardala area, Xinjiang Autonomous Region, China [1].
It has since been reported from various localities worldwide (see below). In the majority of cases,
the tetra-auricupride is platinum-free, and corresponds closely to the formula AuCu. However, several
of them contain elevated levels of Pt; this is the case of the grain described here, originating in the Bol
shoy Khailyk placer [2,3], western Sayans, Russia (Figure 1a,b).
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The coexistence of Au and Pt is highly uncommon, and has not been observed in other species.
Our main objective here was to characterize our specimen of platiniferous tetra-auricupride from
Bolshoy Khailyk both compositionally and, for the first time, structurally.

Figure 1. (a) Regional geology of the placer area at Bolshoy Khailyk (Figure 1a: simplified after [4])
and (b) a general map showing the location of the area in the Russian Federation (shown by red
square symbol).

1.2. Worldwide Occurrences of Tetra-Auricupride

Tetra-auricupride has been documented in association with concentrically zoned Alaskan-Uralian-
(Aldan)-type complexes at Tulameen*, BC, Canada; Nizhniy Tagil, Urals; and Kondyor*, Aldan Shield,
Russia [5–7]. It also occurs in layered mafic–ultramafic complexes at Jijal, Pakistan [8]; Yoko-Dovyrenskiy,
southern Siberia [9]; Burakovskiy, Karelia, Russia [10]; and Skaergaard, Greenland [11,12]; and in
serpentinized ophiolitic rocks on the island of Skyros [13] and the Pindos complex, Greece [14].
It was also found in ore at the Kerr-Addison mine, ON, Canada [15]; in the Itabira district, Minas
Gerais, Brazil [16]; the Bleida Far West mine, Morocco [17]; the Sieroszowice mine, Poland [18]; and in
association with Cu–Ni sulfide deposits of the Noril’sk complex, Krasnoyarskiy kray, Russia [19,20] and
in the alkaline Coldwell gabbro-syenite complex in Ontario, Canada [21]. In addition, tetra-auricupride
occurs in various alluvial deposits in the Sotajoki* area, Finland [22]; Durance, France [23,24]; in placers
of the rivers Zolotaya* and Bolshoy Khailyk*, western Sayans [2,3,25]; Olkhovaya-1, Kamchatka krai,
Russia [26]; and placers of the southeastern Samar island, Philippines [27]. The tetra-auricupride is
notably platiniferous in suites indicated by an asterisk.

2. Materials and Methods

Our materials involved data published in the literature sources and the original results of the
present investigation obtained on a detrital grain of tetra-auricupride from the western Sayans.
This grain hosts a great variety of minute inclusions, some of which were presently studied using
single-crystal electron backscatter diffraction (EBSD). We also employed synchrotron micro-Laue
diffraction, wavelength-dispersive analysis (WDS), and scanning-electron microscopy (SEM) combined
with energy-dispersive analysis (EDS).
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2.1. Occurrence and Associated Minerals at Bolshoy Khailyk

As noted, platiniferous tetra-auricupride was found as a detrital and composite grain associated
with platinum-group minerals (PGMs) in a placer deposit at the River Bolshoy Khailyk, western Sayans,
southern Krasnoyarskiy kray, Russia [2,3]. The river drains the Aktovrakskiy ophiolitic complex of
dunite, harzburgite, and serpentinite, part of the Kurtushibinskiy belt (Figure 1).

An impressive enrichment in Ru is observed in the associated Os–Ir–Ru alloy minerals [3].
The minerals osmium, iridium, and ruthenium are the main PGMs in the Bolshoy Khailyk deposit.
Isoferroplatinum-type alloys of Pt–Fe are subordinate. Alloys of the series (Pt,Ir)(Ni,Fe,Cu)3 – x–(Ir,Pt)
(Ni,Fe,Cu)3 – x are rare. The sulfide species observed in the placer represent members of the laurite–
erlichmanite series, cooperite, bowieite (Cu-rich), a monosulfide-type phase (Fe0.40Ni0.39Cu0.19)Σ0.98S1.02,
a bornite-like phase (Cu4.06Fe1.47)Σ5.5S4.5, a godlevskite-like phase Ni9.5S7.5, and a thiospinel-like phase
Ni[Ir(Co,Cu,Fe)]2S4. Less-common and rare minerals include sperrylite, a zoned oxide Ru6Fe3+

2O15,
and an uncommon variety of seleniferous and rhodiferous sperrylite (Pt,Rh)(As,Se,S)2.

Inclusions of clinopyroxene (diopside: Wo48.3–48.6En48.4–48.5Fs2.6Ae0.4–0.7; Mg# 96.9–97.9), chromian
spinel (magnesiochromite: Mg# up to 71), and serpentine are all rich in Mg, consistent with the ultramafic
source-rocks. Actinolite, magnesio-hornblende, and barroisite also are present in inclusions.

The placer grain (Figure 2) hosts numerous inclusions: magnetite poor in Cr, Mg, (Rh,Co)-rich
pentlandite, members of the tulameenite–ferronickelplatinum series, a tolovkite–irarsite–hollingworthite
solid solution, and a Pt(Cu,Sn) phase [3]. In the present study, we reveal the presence of micrometric
inclusions of geversite using electron backscatter diffraction (EBSD).

 
Figure 2. Back-scattered electron image showing the placer grain of platiniferous tetra-auricupride
(Tau) from Bolshoy Khailyk. Black inclusions are filled with magnetite; gray phases are Rh–Co-bearing
pentlandite and members of the tulameenite–ferronickelplatinum series.

2.2. WDS and SEM/EDS Analyses

Wavelength-dispersive analysis was done using a Camebax-micro electron microprobe at the
Sobolev Institute of Geology and Mineralogy, Russian Academy of Sciences, Novosibirsk, Russia.
The analytical conditions were 20 kV and 60 nA; the Lα line was used for Ir, Rh, Ru, Pt, and Pd; the Mα

line was used for Os and Au; and the Kα line was used for Fe, Ni, Cu, and Co. As standards, we used
pure metals (for the platinum-group elements (PGEs) and Au), CuFeS2, synthetic FeNiCo, and pure
metals (for Fe, Cu, Ni, and Co). The minimum detection limit was ≤0.1 wt. % for results of the WDS
analyses. The SEM/EDS analyses were carried out at 20 kV and 1.2 nA, using a Tescan Vega 3 SBH
facility combined with an Oxford X-Act spectrometer at the Siberian Federal University, Krasnoyarsk,
Russia. Pure elements (for PGEs, Fe, and Cu) were used as standards. The Lα line was used for most
of the PGEs except for Pt and Au (Mα line); the Kα line was used for Fe, Cu, and Ni.

2.3. Synchrotron Micro-Laue Diffraction Study

We have performed synchrotron X-ray scans of the grain of platiniferous tetra-auricupride from
the western Sayans (Figure 2) on the basis of Laue microdiffraction measurements at beam line 12.3.2
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of the Advanced Light Source (ALS). The Laue diffraction patterns were collected using a PILATUS 1M
area detector in reflection geometry. The observed patterns were indexed and analyzed using XMAS
(version 6) [28]. A monochromator energy scan was performed to determine the lattice parameters.

2.4. Single-Crystal Electron Backscatter Diffraction (EBSD)

Single-crystal electron backscatter diffraction (EBSD) analyses of micrometer-sized inclusions
were performed using an HKL EBSD system on a ZEISS 1550VP Field-Emission SEM (Carl Zeiss Inc.,
Oberkochenc, Germany), operated at 20 kV and 6 nA in focused-beam mode with a 70◦ tilted stage
and in a variable pressure mode (25 Pa). The focused electron beam is several nanometers in diameter.
The spatial resolution for diffracted backscatter electrons is ~30 nm in size. The EBSD system was
calibrated using a single-crystal silicon standard.

3. Results

3.1. Compositional Variations in Platiniferous Tetra-Auricupride

The formula of the Pt-bearing tetra-auricupride from Bolshoy Khailyk and four other occurrences
(Table 1) can be written (Au,Pt)Cu.

Table 1. Compositions of platiniferous tetra-auricupride from Bolshoy Khailyk and other localities.

# 1 2 3 4 5 6 7 8 9

Locality KHL KHL KHL KHL TUL SOT ZOL KON KON

Au 55.49–62.27 59.69 58.46–63.22 60.81 58.45 50.30 54.52 62.54–72.54 66.15
Pt 13.03–21.24 15.23 13.79–18.14 15.67 15.80 20.40 14.69 3.12–11.79 8.41
Pd Bdl bdl bdl bdl bdl 5.49 1.64 bdl bdl
Rh bdl bdl bdl bdl bdl bdl 0.51 bdl bdl
Ir bdl bdl bdl bdl bdl bdl 1.96 bdl bdl

Cu 23.68–26.07 25.43 24.10–25.25 24.52 23.51 22.00 22.68 23.52–24.69 24.15
Fe bdl–0.72 bdl bdl bdl bdl 0.66 bdl bdl bdl
Ni Bdl bdl bdl bdl bdl 0.60 bdl bdl bdl

Atoms per formula unit (per a total of 2 apfu)

Au 0.73–0.80 0.77 0.77–0.83 0.80 0.79 0.66 0.75 0.84–0.96 0.88
Pt 0.17–0.28 0.20 0.18–0.24 0.21 0.22 0.27 0.20 0.04–0.16 0.11

Au + Pt 0.96–1.01 0.98 0.99-1.02 1.00 1.01 0.92 0.95 0.98–1.02 1.00
Pd 0 0 0 0 0 0.13 0.04 0 0
Rh 0 0 0 0 0 0 0.01 0 0
Ir 0 0 0 0 0 0 0.03 0 0

Cu 0.96–1.04 1.02 0.98–1.01 1.00 0.99 0.89 0.97 0.98–1.02 1.00
Fe 0–0.03 0 0 0 0 0.03 0 0 0
Ni 0 0 0 0 0 0.03 0 0 0

Note: These results of EMP analyses expressed in wt. % were obtained using WDS, except for columns 1 and
2, which represent quantitative SEM/EDS data. KHL is Bolshoy Khailyk, western Sayans, Russia (This study);
TUL is the Tulameen Alaskan-type complex, BC, Canada [5]; SOT is the Sotajoki area in Finland [22]; ZOL is the
Zolotaya River placer, western Sayans, Russia [25]; KON is the Kondyor concentrically zoned complex, northern
Khabarovskiy kray, Russia [7]. “bdl” means “not detected” or “not analyzed”. Columns 1, 3, and 8 display the
observed ranges, and nos. 2, 4, and 9 pertain to mean results of point analyses, which are based on a total of 22, 10,
and 5 individual analyses, respectively.

The proportion of Pt and Au defines a linear correlation. Up to ~0.3 Pt atoms per formula
unit (apfu) can substitute for Au in this series (Figure 3a,b). The contents of Fe and Ni are minor;
comparatively large quantities of Pd (up to 5.5 wt. %) may also be present in solid solution in some of
these examples [22].
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Figure 3. Plots of Pt vs. Au expressed in weight % (a) and values of atoms per formula unit (apfu),
on the basis of a total of 2 apfu (b), showing compositional variations in grains of tetra-auricupride
from Bolshoy Khailyk (this study) and various localities reported in the literature.

3.2. Synchrotron Micro-Laue Diffraction Study

The Laue microdiffraction patterns of the studied specimen of platiniferous tetra-auricupride
from the western Sayans are shown in Figure 4a,b and Figure 5, and listed in Table 2. The inferred
unit-cell parameters of this phase are: a 2.790(1) Å, c 3.641(4) Å, with c/a = 1.305; its space group is
P4/mmm.

Table 2. X-ray diffraction pattern of platiniferous tetra-auricupride from Bolshoy Khailyk.

h k l d(obs.) I(rel.)

0 0 1 3.63819 9.5
1 0 0 2.79045 16.1
1 0 1 2.21541 100
1 1 0 1.97535 34.1
1 1 1 1.73554 28.8
1 0 2 1.52408 20.1
2 0 0 1.39583 16.1
1 1 2 1.33812 56.9
2 0 1 1.30304 32.1
2 1 0 1.24814 12.5
2 1 1 1.1808 46.5

Note: The powder-diffraction data were obtained by scans over a large area of the platiniferous tetra-auricupride
phase (Figures 2 and 4a,b), d(obs.)—observed values; I(rel.)—intensity (I) is given in relative (rel.) units.
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(a) (b) 

Figure 4. The observed and indexed powder-diffraction patterns (a and b, respectively) of a specimen
of platiniferous tetra-auricupride at Bolshoy Khailyk, which were obtained by summing scans over a
large area of the matrix phase in the detrital grain shown in Figure 2.

 
Figure 5. Indexed micro-Laue pattern of platiniferous tetra-auricupride from the western Sayans.

Our results are consistent with those obtained for the ordered AuCu(I) phase known in the
Au–Cu system, which has the following parameters: a 2.785–2.810 Å, c 3.671–3.712 Å, space group
P4/mmm [29]. Furthermore, they agree with the suggested revision [30]. Tetra-auricupride is quoted
with a 2.800 Å, c 3.670 Å, space group P4/mmm, that is close to the parameters of tetraferroplatinum,
PtFe: a 2.724 Å, c 3.720 Å, which were also revised by this author. We can conclude that the incorporation
of up to 30 mol. % of a “PtCu” component does not notably change the unit cell of tetra-auricupride.
Note that hongshiite, PtCu, is not an end member in this series. Hongshiite is trigonal, space group: R32,
R3m, or R3m, with the unit-cell parameters: a 10.713 Å, c 13.192 Å, Z = 48 [31,32]; synthetic PtCu also
adopts the trigonal structure [33].

Note that the holotype tetra-auricupride, of composition Au1.01Cu0.99, is different. Chen et al.
(1982) [1] reported it to have the cell parameters a 3.98 Å, c 3.72 Å, Z = 2, with C4/mmm as the probable
space group. These values agree with those reported for the AuCu(II) phase documented in the system
Au–Cu: a 3.96 Å, b 3.97 Å, c 3.68 Å, space group Imma [29].

The results of the EBSD analysis (Figure 6a,b) indicatethat micrometric inclusions in the
tetra-auricupride matrix consistof geversite, PtSb2.
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(a) (b) 

Figure 6. The observed and indexed EBSD patterns (a and b, respectively) obtained for micrometer-sized
inclusion of geversite hosted by the placer grain of platiniferous tetra-auricupride at Bolshoy Khailyk.

4. Discussion and Concluding Comments

The strong dominance of Os–Ir–Ru alloy minerals, their patterns of Ru enrichment, and the
regional association of detrital grains of PGMs and Pt-rich tetra-auricupride with exposed bodies of
the Aktovrakskiy complex (Figure 1a) provide clear indications of an ophiolite origin of the PGE + Au
mineralization at Bolshoy Khailyk. The platiniferous tetra-auricupride in the Zolotaya River placers is
also spatially associated with serpentinites of this complex [25]. The high extent of Cu + Au enrichment
expressed by the presence of tetra-auricupride is considered to be a reflection of geochemical evolution
and the buildup in levels of the incompatible Cu and Au with subordinate Pt in a remaining volume of
melt during the bulk crystallization of Os–Ir–Ru alloy phases, after the early crystallization of chromian
spinel and olivine [3]. Low levels of O2 and S2 fugacities are inferred to have existed in the system.

The suggested crystallization of the Pt-rich tetra-auricupride from a fractionated melt at a
moderately low temperature is consistent with compositions of magnetite inclusions, which are poor in
Mg and Cr, in contrast to magnesiochromite inclusions in the associated grains of Os–Ir–Ru-rich
PGM at Bolshoy Khailyk. It is known that tetra-auricupride (Pt-free) is a late phase deposited
during serpentinization of ophiolitic rocks of Skyros Island, Greece [13]. Hydrothermal processes
related to serpentinization are recognized to concentrate efficiently elevated levels of gold (1–10 ppm)
in sulfide-rich varieties of serpentinites, or in carbonatized (listwaenite) varieties, or in silicified
serpentinites associated with ophiolites [34,35].

We establish that in such a low-temperature environment, tetra-auricupride can incorporate as
much as ~30 mol. % of a “PtCu” component, apparently without significant modification of the unit
cell. This surprising level of incorporation of Pt for Au has not been documented in any other mineral.
The unit-cell parameters of such platiniferous auricupride are close to those reported for ordered
AuCu(I) in the Au–Cu system, and are also close to the cell parameters of tetraferroplatinum (PtFe).
In addition, both seem to crystallize in the same space group, P4/mmm [30]. These intermetallic
compounds and natural alloys are thus isostructural. The closeness of the two structures presumably
allows platinum to displace gold atoms so readily, possibly at conditions of disequilibrium growth.

As noted, the tetra-auricupride grain enriched in Pt at Bolshoy Khailyk hosts a variety of
inclusions: Cr–Mg–Mn-bearing magnetite, Co–(Rh)-rich pentlandite and various platinum-group
minerals: the tulameenite–ferronickelplatinum series (Pt2FeCu–Pt2FeNi), a tolovkite (IrSbS)–irarsite
(IrAsS)–hollingworthite (RhAsS) solid solution, geversite PtSb2 (this study), and unnamed
(Pt,Pd)(Cu,Sn), among others. On the basis of our experience, we note that EBSD analysis can be a
useful tool to recognize micrometric inclusions of PGMs or other phases.

The ore-forming system thus involved at least 17 elements: Cu, Au, Pt, Rh, Pd, Ir, Fe, Co, Ni, S,
Sb, As, Sn, Cr, Mn, Mg, and O, present as major or minor constituents in the mineral assemblage in

172



Minerals 2019, 9, 160

association with platiniferous tetra-auricupride. The observed diversity—the presence of compositions
rich in Cu, Au, and Sn, along with PGE species having lower melting points (Rh and Pd) and metalloids
(Sb and As)—is consistent with crystallization from a highly fractionated melt remaining after the
deposition of primary phases such as highly magnesian olivine, magnesiochromite, and alloys of
Os–Ir–Ru and (Pt,Ir)3Fe. The upper limit of stability of a synthetic variant of ordered AuCu(II) is
410 ◦C, whereas the temperature of the phase transition of AuCu(II) to AuCu(I) varies under different
conditions of synthesis and is generally close to 385 ◦C [29,36]. The observed incorporation of high
amounts of Pt is expected to somewhat increase the crystallization temperature of the platiniferous
AuCu(I) phase at Bolshoy Khailyk. Nevertheless, this phase presumably crystallized at a relatively
low temperature, which is unlikely to have exceeded ~600–800 ◦C. This temperature is consistent with
deposition from a droplet of residual melt.
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Abstract: Diverse studies were performed in order to investigate the behavior of the platinum-group
minerals (PGM) in the weathering cycle in the Bushveld Complex of South Africa and the Great Dyke
of Zimbabwe. Samples were obtained underground, from core, in surface outcrops, and from
alluvial sediments in rivers draining the intrusions. The investigations applied conventional
mineralogical methods (reflected light microscopy) complemented by modern techniques (scanning
electron microscopy (SEM), mineral liberation analysis (MLA), electron-probe microanalysis (EPMA),
and LA-ICPMS analysis). This review aims at combining the findings to a coherent model also with
respect to the debate regarding allogenic versus authigenic origin of placer PGM. In the pristine
sulfide ores, the PGE are present as discrete PGM, dominantly PGE-bismuthotellurides, -sulfides,
-arsenides, -sulfarsenides, and -alloys, and substantial though variable proportions of Pd and Rh
are hosted in pentlandite. Pt–Fe alloys, sperrylite, and most PGE-sulfides survive the weathering
of the ores, whereas the base metal sulfides and the (Pt,Pd)-bismuthotellurides are destroyed, and
ill-defined (Pt,Pd)-oxides or -hydroxides develop. In addition, elevated contents of Pt and Pd are
located in Fe/Mn/Co-oxides/hydroxides and smectites. In the placers, the PGE-sulfides experience
further modification, whereas sperrylite largely remains a stable phase, and grains of Pt–Fe alloys
and native Pt increase in relative proportion. In the Bushveld/Great Dyke case, the main impact of
weathering on the PGM assemblages is destruction of the unstable PGM and PGE-carriers of the
pristine ores and of the intermediate products of the oxidized ores. Dissolution and redistribution of
PGE is taking place, however, the newly-formed products are thin films, nano-sized particles, small
crystallites, or rarely μm-sized grains primarily on substrates of precursor detrital/allogenic PGM
grains, and they are of subordinate significance. In the Bushveld/Great Dyke scenario, and in all
probability universally, authigenic growth and formation of discrete, larger PGM crystals or nuggets
in the supergene environment plays no substantial role, and any proof of PGM “neoformation” in a
grand style is missing. The final PGM suite which survived the weathering process en route from
sulfide ores via oxidized ores into placers results from the continuous elimination of unstable PGM
and the dispersion of soluble PGE. Therefore, the alluvial PGM assemblage represents a PGM rest
spectrum of residual, detrital grains.

Keywords: Bushveld Complex; South Africa; Great Dyke; Zimbabwe; platinum-group minerals;
primary ores; oxide ores; placers; allogenic; authigenic
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1. Introduction

The world’s prime sources of platinum-group elements (PGE) are layered intrusions of Proterozoic
and Archean age (e.g., the Bushveld Complex, South Africa; the Great Dyke, Zimbabwe; the Stillwater
Complex, USA). Placer deposits in Russia and in Colombia were the world’s only providers of
platinum-group elements up to early in the 20th century, when the rich primary deposits of the
Bushveld Complex in South Africa, of the Sudbury district in Canada, and later Norilsk in Russia came
into production [1–3]. Today, only about 1–2% of the world’s PGE production originates from placers
mainly in the Russian Far East, the Ural Mountains, and Colombia [4]. Remarkably, the identification
of detrital platinum-group minerals (PGM) in alluvial gravels on the farm Maandagshoek, then eastern
Transvaal, South Africa, led to the discovery of the largest PGE deposits on Earth in the Bushveld
Complex in 1924 [5–8]. Today, South Africa is the dominant country in mining and supplying PGE
to the world, entirely from the Bushveld Complex, followed by Russia’s Norilsk-Talnakh field and
modest contributions from Zimbabwe, Canada, and the USA.

The 2054.4 ± 1.3-Ma-old [9] Bushveld Complex in north-eastern South Africa is the largest layered
intrusion on Earth, covering an area of at least 65,000 km2 (Figure 1). The PGE ores are principally
related to sulfide mineralization. Three major, laterally extensive ore bodies are mined, namely the
Merensky and the UG-2 chromitite reef in the western and eastern Bushveld, and the Platreef in the
northern Bushveld [10,11]. In addition, increasing amounts of PGE are extracted as by-products from
the chromitite seams of the Bushveld Complex [12].

Figure 1. Location of the Bushveld Complex and the Great Dyke in southern Africa (Reproduced with
permission from M. Viljoen, Episodes [10]).

The 2575.4 ± 0.7-Ma-old [13] Great Dyke of Zimbabwe (Figure 1) is a 550 km long mafic/ultramafic
layered intrusion with a NNE strike and a maximum width of about 11 km that transects the Zimbabwe
Craton [14]. Within the Great Dyke, economic PGE mineralization is restricted to sulfide disseminations
in pyroxenites of the 1–5 m thick Main Sulfide Zone (MSZ), sited some meters below the transition
of the Ultramafic and the Mafic Sequence of the Great Dyke [15,16]. The MSZ displays a regular
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geochemical and mineralogical fine structure which is regarded to reflect primary magmatic features of
consecutive batches of sulfide accumulation, concomitant scavenging of PGE, and fractionation [16,17].

In both intrusions, the pristine PGE mineralization is related to sulfide accumulations (mainly
pyrrhotite, pentlandite, chalcopyrite, and sporadic pyrite), in a manner typical of Ni–Cu-sulfide
mineralization worldwide [18]. The PGE are bimodally distributed; they occur at variable proportions
in the form of discrete PGM, and also in variable proportions substituting in the crystal lattices of
sulfides (mainly Pd and Rh in pentlandite) [16,19–23].

Under the subtropical conditions encountered in the Bushveld Complex and along the Great Dyke,
the outcropping PGE-rich sulfide ores are typically weathered to depths of ca. 20–30 m as observed in
drill core and in open pit workings [16,24–26]. The most important features of the oxidation zone are
the removal of sulfides and a significant loss of palladium concomitant with the extensive destruction
of most species of the primary PGM assemblage. Large proportions of the PGE are dispersed, and either
lost from the system or re-concentrated in secondary iron/manganese oxides/hydroxides. Currently,
oxidized PGE ores are not being processed, neither in the Bushveld Complex nor in the Great Dyke
nor in any other PGE-producing mine worldwide, as all previous attempts to recover PGE from this
type of ore by conventional methods failed due to insufficient recovery rates [24].

In completion of the studies, the final step of changes of the PGM assemblage, the detrital PGM in
stream sediments of rivers draining the Bushveld and the Great Dyke was investigated. This placer
PGM assemblage differs starkly from that in pristine and oxidized ores; it is dominated by stable
compounds, foremost Pt–Fe alloys, followed by sperrylite and cooperite/braggite [27–30].

During the past years, our working group at the BGR had access to underground exposures,
cores, open pits, surface exposures, and stream sediments of rivers draining the Bushveld and the
Great Dyke, and the research results were published in internal reports and in international journals.
This contribution summarizes the findings of the individual studies and intends to combine these
with the intention of following the fate of the platinum-group minerals in the exogenic environment.
The work concentrates on the PGM and aims at advancing our understanding of the processes during
weathering of the primary ores via oxidized equivalents and into placers mainly with respect to the
redistribution of PGE and concurrent mineralogical changes.

2. Materials and Methods

Complete profiles of pristine ores were obtained from various mines and prospects of Impala
Platinum in the western limb (Karee Mine; Merensky Reef and UG-2 chromitite), Anglo Platinum
and Nkwe Platinum mainly in the eastern limb (Merensky Reef and UG-2; platinum pipes), and the
northern limb (Platreef) of the Bushveld Complex in South Africa. Equivalent samples of the MSZ of
the Great Dyke were taken underground and from drill core at the Hartley, Ngezi, Unki, and Mimosa
mines as well as at the Mhondoro Concession in Zimbabwe.

Bushveld oxide ores comprised Merensky Reef from the eastern limb (farms Twickenham and
Richmond) and Platreef material from surface exposures and drill core taken at Anglo Platinum
projects and mines. MSZ oxide ores were taken on surface, in open pits, and from drill core at the
Hartley, Ngezi, Unki, and Mimosa mines.

The placer sample campaigns in rivers draining the Bushveld Complex in South Africa yielded
close to 6500 PGM grains in the samples from ten panning localities (one rich placer site with
ca. 6000 PGM grains!), and 390 grains of detrital PGM were obtained by panning 28 (seven with
output) samples in rivers draining the Great Dyke in Zimbabwe.

Some hundred polished sections of sulfide and oxide ores were prepared and investigated by
reflected light and scanning electron (SEM) microscopy, as well as electron-probe microanalysis
(EPMA). In selected sections of pristine ore samples, sulfides, and secondary phases
(Fe–Mn-oxides/hydroxides, PGE-oxides) were analyzed in situ for their PGE contents by either
EPMA or Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS). Finally, some
samples were treated by combined Electric Pulse Disaggregation (EPD) and Hydroseparation (HS).
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More details on samples, sample localities, analytical procedures, instruments used, and analytical
parameters of the studies are provided in the respective publications [12,17,20–22].

3. Results

3.1. Pristine Sulfide Ores

The pristine Merensky Reef, Platreef, and MSZ ores generally contain between about 0.1 and
10 vol % sulfides. Interstitial sulfides and sulfide aggregates, up to several mm and locally some cm
across, consist of pyrrhotite, pentlandite, chalcopyrite, and subordinate pyrite. As a rule, the PGM are
associated with the sulfides, commonly intergrown with or sited at sulfide–sulfide or sulfide–silicate
grain boundaries, at the peripheries or at contacts of the sulfide grains. Most PGM occur as single
grains, however, inter-PGM intergrowths are also present. Grain sizes of the PGM usually range from
<5 to 50 μm but may reach up to about 400 μm in the longest dimension.

In the chromitite reefs (LG, MG, UG-2) of the Bushveld Complex, sulfide contents are usually
below 0.1 vol %, however, a primary sulfide–PGE relation is indicated as elevated PGE contents
are only encountered up-sequence from a point (LG-5) when sulfur saturation was achieved during
differentiation [10,11,18,31]. The low sulfide contents are interpreted to result from sulfide–chromite
reactions whereby sulfide iron was taken up by chromite and sulfur was expelled from the system [18].

The number of platinum-group minerals (PGM) accepted by the International Mineralogical
Association (IMA) was 138 in June 2014, whereby Pd-dominated PGM prevail (62) followed by Pt-rich (31),
Ir-rich (17), and Rh-rich (14) species; for Ru and Os, 8 and 6 PGM are on record [32]. However, in the
primary sulfide ores studied, only a small number of PGM species is of greater significance, and these are
mainly compounds with pnictogens (As, Sb, Bi) and chalcogens (S, Se, Te), or PGE alloys.

The following PGM groups are of relevance, and examples of the PGM and their associations are
depicted in Figure 2:

• Bismuthides and tellurides mainly of Pt and Pd, called (Pt,Pd)-bismuthotellurides in the following,
which show high degrees of Pt ↔ Pd and Te ↔ Bi substitution. A first group [MeX2] comprises
moncheite [PtTe2], maslovite [PtBiTe], merenskyite [PdTe2], and michenerite [PdBiTe], and a
second, rarer group [MeX] consists of kotulskite [PdTe]-sobolevskite [PdBi] (Figure 2A,B,G).

• Sulfides, encompassing the Pt–Pd monosulfides cooperate-braggite-vysotskite [PtS–(Pt,Pd,Ni)S–PdS]
and called (Pt,Pd)-sulfides in the following (Figure 2B,C); malanite-cuprorhodsite solid solution
[CuPt2S4–CuRh2S4] (Figure 2C); and laurite [RuS2], which often carries the bulk IPGE budget of
the ores.

• Arsenides, the most ubiquitous representative being sperrylite [PtAs2] (Figure 2D,E).
• Sulfarsenides with limited substitution comprise the common Rh-mineral hollingworthite

[RhAsS], rarer platarsite [PtAsS], irarsite [IrAsS], and ruarsite [RuAsS].
• Antimonides like stibiopalladinite [Pd5Sb2].
• Zvyagintsevite [Pd3Pb] and members of the solid solution rustenburgite-atokite [Pt3Sn–Pd3Sn]

are locally abundant in the Bushveld ores.
• Alloys mainly of Pt with Fe, Cu, or Ni (Figure 2D,F), and inter-PGE alloys (e.g., Pt–Pd, Os–Ir–Ru).

The PGM assemblages of the pristine Bushveld ores vary within wide limits, and the compilation
given here largely reflects the data presented in previous publications [20,21,25,33–51].

The Merensky Reef consistently has high contents of (Pt,Pd)-bismuthotellurides (~10–40%),
(Pt,Pd)-sulfides (~5–70%) and sperrylite (~1–10%); sulfarsenides (up to 50%) and Pt–Fe alloys (up to
90%!) dominate locally [19–21,33–36].

Platinum-group minerals in the Platreef are mainly (Pt,Pd)-bismuthotellurides (20–40%),
(Pt,Pd)-sulfides, and sperrylite (~10% each), zvyagintsevite (~10%), and PGE-sulfarsenides (~10%).
Malanite, laurite, and Pt–Fe alloys are also present in smaller amounts [25,41–46].
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Figure 2. Platinum-group minerals (PGM), pristine ores, in reflected light, oil immersion (A,B,D),
Backscatter electron (BSE) image (C), and BSE images of PGM grains from pristine ores of the Main
Sulfide Zone, Great Dyke, extracted by electric pulse disaggregation, EPD (E–G). (A) Lath of moncheite
in chalcopyrite (cpy). MSZ, Hartley Mine. (B) Aggregate of pyrrhotite (brownish) and pentlandite
(cream-white) at bottom part, overgrown by braggite (bluish), grain of moncheite (white, soft) partly
surrounded by chalcopyrite (yellow), and molybdenite (gray, crocodile-shaped). MSZ, Hartley Mine.
(C) Sulfide aggregate between two chromite grains (cr) consisting of chalcopyrite (cp), pentlandite (pn),
and pyrite (py). White grain on top is cooperite/braggite (22) intergrown with malanite (light grey, 21).
Merensky Reef, Garatau, eastern Bushveld. (D) Composite grain of Pt–Fe alloy (white rim; Pt65Fe30),
geversite [PtSb2] (1, bluish), stumpflite [Pt(Sb,Bi)] (2, yellowish), genkinite [(Pt,Pd)4Sb3] (3, light brown),
sperrylite (4), and tulameenite [Pt2CuFe] (5). Driekop Pipe, eastern Bushveld. (E) Sperrylite crystal.
(F) Pt–Fe alloy. (G) Moncheite.

The UG-2 is characterized by the dominance of (Pt,Pd)-sulfides and lesser amounts of
malanite/cuprorhodsite, followed by Pt–Fe alloys. Laurite is common, and (Pt.Pd)-bismuthotellurides
are generally rare though locally present.

180



Minerals 2018, 8, 581

Similarly, within the LG/MG chromitites, (Pt,Pd)-sulfides, namely cooperite-braggite, and also
malanite-cuprorhodsite are abundant, as are laurite, followed by PGE-sulfarsenides, sperrylite,
and Pt–Fe alloys. Notably, all chromitite PGE ores are characterized by elevated contents of
zvyagintsevite [12,37,40].

The ultramafic Pt-pipes of the eastern Bushveld need to be mentioned here as we investigated
eluvial and alluvial PGM in near-by placers [28,30]. Concentrates from the best-studied Driekop
pipe contain about 50% Pt–Fe alloys (Figure 2D), 15% each of sperrylite and geversite [PtSb2], 15%
PGE-sulfarsenides (hollingworthite and irarsite), and 5% of other PGM. (Pt,Pd)-bismuthotellurides
and (Pt,Pd)-sulfides are virtually absent [47–50].

Platinum-group minerals of the Main Sulfide Zone of the Great Dyke [16,17,51] comprise
(Pt,Pd)-bismuthotellurides, sperrylite, the (Pt,Pd)-sulfides cooperite and braggite, and some rarer phases
(Figure 2A,B). Mineral proportions by number show the predominance of (Pt,Pd)-bismuthotellurides
(50.1%), followed by sperrylite (19%), cooperite/braggite (8.5%), the PGE-sulfarsenides hollingworthite,
platarsite, irarsite, and ruarsite (11.9%), laurite (5.0%), Pt–Fe alloys (2.4%), and some rarer PGM [16].
Interestingly, the MSZ samples of the Great Dyke’s North chamber (Hartley, Mhondoro, Ngezi) have
higher proportions of (Pt,Pd)-bismuthotellurides (64%) and cooperite/braggite (13%), and lower
proportions of sperrylite (11%), PGE sulfarsenides (2.4%), and laurite (1.7%) compared to MSZ samples
of the South chamber (Unki and Mimosa) with (Pt,Pd)-bismuthotellurides (35%), cooperite/braggite
(4%), sperrylite (28%), PGE sulfarsenides (22%), and laurite (8.6%). The elevated proportions of PGE
arsenides and sulfarsenides in the South chamber (together 50%) most likely indicate higher fugacities
of arsenic in the South chamber magmas compared to the North chamber during MSZ formation.
Further, the PGM spectrum of the Great Dyke is Pt dominated, as about two out of three PGM are
Pt-rich (67.7%), followed by Pd- (19.8%) and Rh-rich (6.6%) compounds. Ru- and Ir-rich minerals make
up 3.7 and 2 percent, respectively.

Notably, in the pristine sulfide ores of both the Bushveld and the Great Dyke, variable amounts of
the PGE are hosted in sulfides. Apparently, Pd and Rh readily substitute for Ni and Fe in the crystal
lattice of pentlandite, and accordingly, extensive proportions of the Pd and Rh budget of the ores are
hosted in pentlandite [16,17,19–25,44,46,52,53]. Maximum concentrations of Pd and Rh in pentlandite
are 757 ppm Pd and 649 ppm Rh for the Merensky Reef, 29,975 ppm Pd and 23,817 ppm Rh for the UG-2,
and 746 ppm Pd and 405 ppm Rh for the Platreef. Pentlandite in the LG-6 and MG-1/2 chromitites
constantly has maximum concentration levels above 1000 ppm of both Pd and Rh. Maximum contents
are 7731 ppm Pd (LG-6) and 11,366 ppm Rh (MG-1/2). For the MSZ, maximum contents of 2506 ppm
Pd and 562 ppm Rh were reported from the Hartley Mine. In all cases, PGE contents in chalcopyrite,
pyrrhotite, and pyrite are in general insignificant, and the silicates and chromite usually contain no
detectable amounts of PGE [19,20].

Mass balance calculations revealed that in the Merensky Reef, between 13 and 100% of the Pd and
from 3 to nearly 100% of the Rh hosted by pentlandite [19,20]. In the UG-2, pentlandite consistently
hosts elevated proportions of the whole-rock Pd (up to 55%) and Rh (up to 46%) budget, whereas Pt
is almost absent in the base metal sulfides (BMS) [21]. In the Platreef, almost all Pd and Rh may be
present in solid solution in pentlandite [54].

In summary, the source material of our study, the PGM assemblages of the pristine ores, have
pronounced mineralogical similarities but the proportions of the various PGM vary within wide limits.
The PGE are bimodally distributed; whereas Pt is dominantly present in the form of discrete PGM like
(Pt,Pd)-bismuthotellurides, PGE-sulfides (cooperite/braggite and malanite/cuprorhodsite), sperrylite,
and Pt–Fe alloys, large though variable proportions of the Pd and Rh are hosted in pentlandite. Part of
the IPGE (Ru, Os, Ir) may be hosted in sulfides and sulfarsenides, however, a great deal of the IPGE
budget of the ores is present in laurite.

This generalized inventory above is the basis of our examination of the fate of the abovementioned
PGM and PGE-bearing sulfides during the weathering of the ores.
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3.2. Oxidized Ores

The behaviour of the PGE in the exogenic cycle was examined in several profiles of oxidized
Merensky Reef of the eastern limb and Platreef ores of the northern limb of the Bushveld and on
oxidized MSZ ores. Geochemically, in the oxidized ores of both the Bushveld and the Great Dyke,
the general metal distribution patterns of the pristine ores are grossly preserved. However, at similar
Pt grades, significant proportions of Pd have been lost from the system [27,55–57]. This indicates
that Pd is more mobile than Pt and is dispersed in the supergene environment as already shown for
the Merensky Reef in the seminal book of Wagner [7]; Pt/Pd values of 2.7 for sulfide ore and 5.1 for
oxidized ore were reported [58]. For the UG-2 from the Union section, Pt/Pd values of 2.2 for primary
and up to 3.2 for oxidized ore were provided [56]. Pt/Pd ratios of 0.75 and 1.15 were reported for
pristine and oxidized Platreef, respectively [25]. Similar relationships between pristine and oxidized
PGE mineralization, namely average Pt/Pd values of 1.28 and 2.43, respectively, are on record from
the MSZ of the Great Dyke [16,17,24,27].

Mineralogically, in the oxidized ores of both the Great Dyke and the Bushveld, rare relict sulfides,
mainly pyrrhotite, are surrounded by rims of iron hydroxides (Figure 3A,B). In case of pervasive
oxidation, weathering leads to the complete destruction of all base metal sulfides (BMS) and concurrent
replacement by iron hydroxides, which may carry up to 5 wt % Ni and/or Cu. However, the iron
hydroxides are not considered major carriers of Ni and Cu in the oxidized ores as, according to
microprobe analyses, a large proportion of the Ni and Cu is hosted in chlorites and smectites [57].

In general, sperrylite and cooperite/braggite grains show no distinct features of alteration
(Figure 3A). Pt–Fe alloy grains, both compact and porous ones, were found in samples from Hartley
and Ngezi. The porous grains of Pt–Fe alloy (close to Pt3Fe in composition; Figure 3C,D) probably
represent replacements of other precursor PGM of unknown chemical composition, or they are relics
of spongy to emulsion-like Pt–Fe alloys which were intergrown with other PGM or sulfides, as testified
from the pristine MSZ [16] and the Merensky Reef ores [T. Oberthür, unpublished data]. As early as
1939, texturally similar porous grains of “native Pt” from oxidized Merensky Reef were reported and
the early authors proposed that these grains represent relicts of sperrylite or cooperite grains [59].

The (Pt,Pd)-bismuthotellurides, common in the pristine ores, show features of alteration and
decomposition at various degrees. At incipient oxidation, islands of (Pt,Pd)-bismuthotellurides are
surrounded by somewhat porous secondary (Pt,Pd)-oxides/hydroxides (Figure 3E,F), occasionally with
shrinkage cracks. In pervasively oxidized ores, all (Pt,Pd)-bismuthotellurides have disappeared and
locally some colloform, banded grains of PGE-oxides/hydroxides may represent complete replacements
of former PGM (Figure 3G). Further, only sparse relict PGE-sulfarsenides were encountered in the
oxidized ores. “Pt-alloys with low sums and weak reflectivity” were first reported by Evans et al. [60]
from the Great Dyke, and a first description of oxidation products of PGM from the Bushveld (UG-2) was
presented by Hey [56]. Today, the existence of secondary (Pt,Pd)-oxides/hydroxides (“PGE-oxides”)
has been established worldwide by a number of authors, however, their physico-chemical nature
remains ill-defined [56,61–68]. The only PGE-oxide approved (but assigned “questionable”) by the
IMA is palladinite [PdO], occurring as an ocherous coating on palladian gold (porpezite) in Itabira,
Brazil [69].

The polished section studies of oxidized ores revealed the presence of some PGM grains of
a seemingly secondary nature. They comprise small (<5 μm in size) grains of poorly defined
phases. Some of them may actually be oxides or hydroxides, or alteration products of primary
PGM, or neoformations (Figure 4A,C). Compounds of Pt–S, Pd–S, Pt–Pd–As–Cu, Pd–Cu–Fe, Pt–Fe,
and Pt were also identified, either hosted by Fe hydroxides or by hydrous silicates, or commonly by
amphibole, chlorite-, or smectite-like phases. None of the PGM grains had stoichiometric composition;
concentrations of sulfur and arsenic, if present, are much lower than in their presumed precursor
phases [61,70].
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Figure 3. Relict platinum-group minerals, replacements, secondary formations, in oxidized ores. BSE
images of polished sections, except (B) which is in reflected light. (A) Euhedral, relict sperrylite
grain (white) in weathered MSZ ore consisting of iron-hydroxides (medium gray) and smectites
(dark gray). HOP-05, ps 5663a, Hartley Mine. (B) Relict cooperite/braggite (white) surrounded by
goethite (gray-bluish) and silicates (darkest phases). Merensky Reef, Richmond, eastern Bushveld [26].
(C) Porous grain of Pt–Fe alloy surrounded by a mixture of secondary oxides/hydroxides and silicates.
HOP-206a, ps 5910a, Hartley Mine. (D) Pt–Fe phase of spongy texture intergrown with Fe hydroxide.
Concentrate after hydroseparation, Hartley Mine. (E) Pt-bearing sobolevskite (light grey) being replaced
by PGE-oxides/hydroxides (left and bottom). Note attached grain of Pt–Fe alloy (Pt–Fe). Adit A,
Ngezi concession. (F) Grain of michenerite (white, center) in disintegration. Alteration rim (gray) of
(Pt,Pd)-oxide/hydroxide phases shows Pd, Cu, and Fe as major elements. HOP-206a, ps 5910a, Hartley
Mine. (G) Colloform, banded grain of PGE-oxide/hydroxide phase with shrinkage cracks. NGZ 1C,
ps 5711b, from Adit A, Ngezi concession.
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Figure 4. BSE images of secondary minerals in oxidized ores. (A) Iron-hydroxide with colloform texture
and inclusion of Pd–S compound (circle:) in a matrix of Fe-rich serpentine (srp), talc, and clinopyroxene
(cpx). The Fe-hydroxide carries 30 ppm Pt. AS 6828, Mimosa Mine. (B) Iron-hydroxide aggregate
enclosed by chlorite (chl) and “hornblende” (hbl). Within the Fe-hydroxide, small areas and veinlets of
Mn–Co-hydroxide (Mn–hx) carry 150–400 ppm Pt. Small PGM (Pt) in circle. The chlorite is rich in Ni
and Cu (up to 4 and 6 wt %, resp.). AS 5320a, Mimosa Mine. (C) Porous Fe-hydroxide (matrix) with
areas of Mn–Co–Ni-hydroxides (Mn–Co–Ni–OH) which contain ~200 ppm Pt. Small spec of PGM (Pt)
in fracture. Ngezi Mine. (D) Interstitial iron-hydroxide with colloform textures. Analyzed point (circle,
arrow) has 214 ppm Pt and 192 ppm Pd. Platreef, Overysel, Mogalakwena Mine. Reproduced with
permission from Malte Junge [25].

Within the oxidized ores, substantial proportions of the PGE are hosted in Fe- and Mn-oxides/
hydroxides. They also occur as vein-like structures that crosscut the silicates. Both types of
Fe-/Mn-oxides/hydroxides reveal characteristic layered and zoned internal textures (Figure 4A).
At Mimosa mine [61,70], Fe-hydroxides pseudomorphous after sulfide droplets may carry small grains
of secondary PGM (mainly Pt, but also relict PGM), whereas the vein-like hydroxides are barren of PGM.

The unusual correlation of presumably silicate-bound elements and metals corroborates that
mixtures of Fe hydroxide with Si-rich material are present, probably amorphous or very fine-grained
clayey substances. In the Great Dyke oxide ores, the Fe hydroxide aggregates may carry up to
230 ppm Pt and 150 ppm Pd (EPMA trace analysis). In some cases, Fe-hydroxides, pseudomorphous
after sulfides are veined by bluish/grey Mn–Co–Ni–Cu-hydroxides (17–47 wt % Mn, 7–18 wt % Co,
8–13 wt % Ni, 4–23 wt % Cu) that have elevated concentrations (40–400 ppm) of Pt, however, Pd
contents are below the EPMA detection limit of 25 ppm [61,66]. In the Hartley mine ores,
iron-oxides/hydroxides revealed highly variable concentrations of Pt (up to 3600 ppm) and Pd (up to
3100 ppm), and Mn-oxides/hydroxides are significant carriers of Pt (up to 1.6 wt %) and Pd (up to
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157 ppm) [57]. From the Platreef ores (Figure 4D), up to 416 ppm Pd, 335 ppm Rh, and 803 ppm Pt are
on record from secondary minerals [25].

Secondary silicates comprise serpentine minerals, smectite (nontronite), and chlorite-like phases.
Smectite and chlorite carry up to several wt % Ni and Cu and occasionally PGE; trace analyses gave
high contents of Pt (up to 1800 ppm) and Pd (up to 1600 ppm).

Summary—PGM and PGE Carriers in Oxidized Ores

Weathering of the pristine, sulfide-rich ores has a pervasive impact on the ores. Within the
oxidized ores, the sulfides are destroyed, and the PGM assemblage suffers destruction especially of the
(Pt,Pd)-bismuthotelluride and the PGE-sulfarsenide species. Pt and Pd, liberated from either PGM
or sulfides, are now found in PGE oxides/hydroxides or in appreciable amounts in secondary iron
and iron/manganese oxides/hydroxides, or in secondary phyllosilicates. A large proportion of the
mobile Pd is carried away in solution. Neoformation of small, secondary PGM plays a subordinate role.
In brief, the PGE are polymodally distributed in the oxidized ores and they occur in different modes:

(1) As relict primary PGM (mainly sperrylite, cooperite/braggite, and Pt–Fe alloys),
(2) in solid solution in relict sulfides (dominantly Pd and Rh in pentlandite),
(3) as secondary PGM neoformations (rare, mainly small grains, e.g., native Pt),
(4) as PGE oxides/hydroxides that either replace primary PGM or represent neoformations,
(5) in iron oxides/hydroxides (up to some thousand ppm Pt and Pd),
(6) in iron/manganese oxides/hydroxides (up to 1.6% Pt and 1150 ppm Pd) [57], and
(7) in secondary phyllosilicates (up to a few hundred ppm Pt and Pd).

The proportions of the various PGE-bearing phases vary considerably from mine to mine and
between samples. This probably reflects both variations in primary ore mineralogy and depth within
the weathering profile (incipient to pervasive oxidation). Semiquantitative mass balance calculations
and findings related to the metallurgical treatment of oxides ores indicate survival of ca. 10–30%
of the primary PGM assemblage, mainly Pt-rich PGM like sperrylite, cooperite/braggite, and Pt–Fe
alloys. All (Pt,Pd)-bismuthotellurides and the PGE-sulfarsenides were destroyed and at least part
of their PGE contents are located in secondary phases. Up to 50% of the original Pd is lost from
the system, probably transported away by acid surface waters, and the remaining Pd is largely
hosted in PGE oxides/hydroxides, iron and iron/manganese oxides/hydroxides, and secondary
phyllosilicates [57,61]. The fate of Rh remains open, as only rare carriers of Rh (PGM or secondary
phases) were detected in the oxidized ores.

3.3. PGM Grains in Alluvial Sediments of Rivers Draining the Bushveld Complex and the Great Dyke

3.3.1. SEM Observations of Single Grains—Morphology, Intergrowths, Alteration, Modification

The assemblages of detrital PGM found in rivers draining the Bushveld Complex and the Great
Dyke indicate further mineralogical changes [27–30,71].

Within the Bushveld Complex, our first study [28] concentrated on the placers of the farm
Maandagshoek in the eastern Bushveld, i.e., the locality where Dr. Hans Merensky, based on placer
PGM, identified platiniferous pipes first and then the Merensky Reef in 1924 [5–8]. Our sampling
localities were, at maximum, 1–2 km away from the probable sources (Merensky Reef, UG-2 and other
chromitites, platiniferous dunite pipes). Accordingly, many grains of the detrital PGM assemblage are
still rather unaffected (Figure 5a,b,d,f) whereas others have experienced some physical modification or
chemical corrosion [28,30,71].
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Figure 5. Detrital PGM, scanning electron microscope (SEM) images. (a) Pt–Fe alloy grain (1.6 mm in
diameter) with smooth surface. Moopetsi river, Maandagshoek, eastern Bushveld. (b) Idiomorphic
Pt–Fe alloy grain. Note slightly contorted edges. Locality as Figure 5a. (c) Well-rounded grain of
Pt–Fe alloy. Makwiro river near Hartley Mine, Great Dyke, Zimbabwe. (d) Grain of Pt–Fe alloy with
cubic crystal faces and smooth surface polish, intergrown with platelets of laurite (on top). Locality
as Figure 5a. (e) Well-rounded grain of native Pt. Dithokeng river, northern Bushveld. (f) Splinter of
large grain of cooperite. Locality as Figure 5a. (g) Sperrylite crystal showing little attrition. Locality as
Figure 5a. (h) Well crystallized sperrylite grain with crystallographically oriented etch pits. Makwiro
River, Hartley Mine. (i) Sperrylite with a thin surface coating of native platinum. Dwars river,
eastern Bushveld. (j,k) Sperrylite surface overgrown by platelets of native platinum, (k) is surface
magnification. Der Brocken, eastern Bushveld. (l,m) Tiny crystals of native Pt (light grey) on grain of
pentlandite (dark grey). (m) Magnification from (l) showing crystals of native Pt (light grey). Brakspruit,
western Bushveld.
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SEM investigations of 1425 PGM grains provided an excellent overview and showed that the
PGM assemblage is mainly composed of grains of native Pt, Pt–Fe and Pt–Fe–Cu–Ni alloys (together
73.2% by number of grains), cooperite/braggite (14.2%), and sperrylite (10.2%). The remainder (2.4%)
consists of a variety of rarer PGM. Grain sizes range from 40 μm to 1.6 mm in diameter, and the highest
numbers of PGM grains were found in the fraction <125 μm. Pt–Fe alloy grains are up to 1.6 mm
in diameter (mostly between 100 and 200 μm) and have various surface morphologies. Grains with
well-rounded shapes are most frequent, although cubic crystals are also present. Intergrowths with
laurite embedded in or attached to Pt–Fe alloy grains are common (Figure 5d). Sperrylite grains are
generally multifaceted single crystals without any signs of corrosion or mechanical wear (Figure 5g).
Cooperite/braggite grains are mainly present as splintered, broken grains. Besides monomineralic
PGM grains, many grains are intergrowths of between two and six different PGM, the most common
association being Pt–Fe alloy intergrown with laurite (Figure 5d).

The other localities of the Bushveld studied [30] revealed similar gross PGM assemblages with
minor variation (Figure 5e,i) also due to the smaller amount of PGM grains (n = 54) recovered. PGM
grain sizes are mostly in the range from ~50 to 150 μm (maximum diameter 600 μm). The overall
PGM proportions are: native Pt and Pt–Fe alloys (54%), sperrylite (33%), cooperite/braggite (11%),
and stibiopalladinite (one grain). Accordingly, nearly 98% of the detrital PGM are Pt minerals.

In the river sediments along the Great Dyke [29], PGM mineral proportions by number of grains
(n = 390) obtained by SEM are: sperrylite (45.6%; Figure 5h), native Pt and Pt–Fe alloys (together
42.1%; Figure 5c), cooperite and braggite (6.7%), and a number of rarer Pd-bearing PGM (3.4%).
Notably, Os–Ir–Ru alloy grains (2.0%) were only found in samples from the Umtebekwe River south of
Unki mine and probably originate from the economically important chromitite mineralization in the
near-by Archean Shurugwi greenstone belt. Most PGM grains are monomineralic, however, several
intergrowths, mainly between Pt–Fe alloy and laurite, were observed, and also various inclusions of
different minerals in the detrital PGM grains. Grain sizes of the PGM range from 90 to 300 μm (mostly
between 100–200 μm); maximum grain sizes determined are 480 μm for sperrylite, and 285 μm for a
Pt–Fe alloy grain.

In summary and generalized, the Pt–Fe alloy grains span a large compositional range from [Pt3Fe]
to [Pt1.5Fe] and have various surface morphologies. Grains with well-rounded shapes (Figure 5a,c) are
common, although cubic crystals are also present (Figure 5b), as are occasional intergrowths mainly
with laurite (Figure 5d). Grains of native Pt may contain elevated contents of Pd (%-range), are usually
well-rounded and show mechanical wear on their surfaces (Figure 5e). Sperrylite grains are commonly
multifaceted single crystals. Although some grains show etch pits, channels, or fractures, the majority
of the sperrylite grains are without obvious signs of corrosion or mechanical wear (Figure 5g,h).
Cooperite/braggite grains are mainly present as splintered, broken grains (Figure 5f). PGM neoformation
is restricted to sporadic, thin coatings of native Pt on sperrylite and cooperite/braggite (Figure 5i–k).
Deposition of tiny Pt crystals on a pentlandite grain was observed once (Figure 5l,m).

The above SEM studies provided an insight into grain morphologies and also allowed to obtain
semi-quantitative analytical data of the mineral grains. However, SEM analyses are performed on the
surfaces of grains only and therefore, thin crusts on the grains or overgrowths may show compositions
that differ from the internal composition of the grains. Indeed, polished section studies demonstrate
that some PGM grains assigned to native Pt or Pt–Fe alloy have cores of cooperite, braggite, or in rarer
cases, sperrylite, as will be shown in the following.

3.3.2. Detrital PGM: Intergrowths, Inclusions, Alteration, Modification

Features of magmatic-hydrothermal alteration of Bushveld PGM were described in detail
elsewhere [71]. Based on light microscopic and EPMA studies, this section will concentrate on
the characteristics of secondary alteration of the detrital PGM in the weathering environment,
from oxidized ores to final placer deposition. Further details on alteration, intergrowths, and inclusions
will be disclosed, and the question of PGM neoformation will be illuminated.
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As mentioned, in the Maandagshoek placer, many grains of the detrital PGM assemblage are still
rather unaffected whereas others have experienced some physical and chemical modifications [28,71].
Figure 6a is an example showing well-crystallized grains of Pt–Fe alloy intergrown with other PGM,
and a porous grain of native Pt. The PGM grain depicted in Figure 6b shows an unusual, complex
intergrowth of some rather exotic PGM. This author is convinced that these textures cannot survive
extended alluvial transport, corroborating the earlier notion of short transport distance.

Figure 6. Detrital PGM in polished sections. Reflected light, oil immersion (a–c), and BSE images (d–h).
(a) Three grains of Pt–Fe alloy (Pt–Fe), with attached laurite (1) and RhFeNi sulfide (2). Porous grain
(lower half, center) is native platinum. Maandagshoek. (b) Composite grain consisting of Pt–Fe alloy,
laurite (1), törnroosite [Pd11As2Te2] (2), palladoarsenide [Pd2As] (3), sperrylite (4), and irarsite (5).
Maandagshoek. (c) Alteration of cooperate-braggite, replaced by platinum. Note intruding channels
and outer, compact rim. Maandagshoek. (d) Sperrylite grain with rim of pure Pt. Umtshingwe River,
Great Dyke. (e) Strongly corroded cooperite grain being replaced by pure Pt (white). Umtebekwe
River, Great Dyke. (f) Polyphase grain of Pt–Fe alloy (1) with a lamellar Ru70 alloy (2), overgrown by a
rim of [Ni2PtFe] (3). Maandagshoek. (g) Grain of Pt–Fe alloy (white) with idiomorphic inclusion of
laurite. Umsweswe River, Great Dyke. (h) Well-rounded grain of Pt–Fe alloy (white) with numerous
inclusions of various PGM (palladodymite (Pd,Rh)2As, unnamed RhS, unnamed Pd3Te), intergrown
with unnamed Rh(Ni,Cu)2S3 (dark grey; top left). Umsweswe River, Great Dyke.
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In both the Bushveld and the Great Dyke samples, sperrylite is usually unaltered. However, a few
grains have narrow (<10 μm), discontinuous to complete rims of pure platinum (Figure 6d) as also
observed in the SEM studies (Figure 5i–k), or corrosion channels on their surface (Figure 5h).

Relics of primary Pt–Pd sulfides (cooperite/braggite) are rimmed by porous native platinum
with abundant root-like channels that occasionally form a dense network penetrating into the Pt–Pd
sulfide (Figure 6c,e). The platinum rims may have elevated concentrations of Ni (up to 5.2 at %)
and Pd (up to 30 at %) which also point to the precursor phases. Therefore, it is assumed that many
porous to compact grains of native platinum are the end-products of Pt–Pd–Ni sulfide alteration [71].
Accordingly, most of the native platinum grains detected in the SEM studies probably originate from
the alteration of Pt–Pd–Ni sulfides.

Further modifications observed are local alteration of Pt–Fe alloy grains by inhomogeneous
Pt–Fe oxide phases and replacement of laurite by Ru-rich oxides or hydroxides. Minor to trace
concentrations of PGE in secondary phases such as Fe oxide and hydroxide, chlorite, and smectite
forming a continuous rim around PGM grains are considered to have formed in situ within the
placer deposits.

Intergrowths of the PGM mainly consist of Pt–Fe alloys intergrown with other PGM (Figure 6f,h),
and inclusions detected mainly in Pt–Fe alloy grains comprise a wide spectrum of sulfides and PGM
(Figure 6g,h). In all probability, the observed intergrowths and inclusion types point to early formation
in the history of the grains, at the magmatic stage.

Unambiguous neoformations are the coatings of native Pt on cooperite/braggite, and more
sporadic on sperrylite or pentlandite (Figures 5i–m and 6c–e). Visibly, these thin coatings source
their metal contents from the enclosed grains (PtS, PtAs2), following the simplified reaction (example:
cooperite): PtS + 3/2O2 + H2O = Pt0 + SO4

2– + 2H+ [71]
Dissolution takes place under oxidizing conditions, and reprecipitation of Pt may be assisted

by electrochemical processes [72]. Note that a large proportion of native platinum grains is regarded
to be the end-product of Pt–Pd–Ni sulfide alteration [71]. Chemically, the neoformations observed
are native Pt, not Pt–Fe alloys. Further, small overgrowths and crusts of zvyagintsevite [Pd3Pb]
record the mobilization of Pd and reaction with stray Pb, however, the general trend of the placer
PGM assemblage is a further increase of the Pt/Pd ratio, and now >95% of the PGM are Pt-minerals.
The newly grown PGM occur as small platelets or crystals (Figure 5j–m), and any growth to larger
crystals or nuggets was not observed. The common Pt–Fe alloy grains occasionally carry inclusions
of sulfides and other PGM which most probably were included at the magmatic stage. Inclusions
trapped in an oxidizing, secondary environment like iron/manganese oxides or hydroxides or silicates
are absent.

4. Discussion

The paper reports on the PGM assemblages identified in the Bushveld and the Great Dyke,
specifically in:

(1) the primary, pristine ores,
(2) the near-surface oxidized/weathered ores, and,
(3) associated placers.

One important aspect to be discussed on a wider base below aims at contributing to the debate
allogenic versus authigenic origin of placer PGM, i.e., whether the placer PGM:

(1) originate from the primary ores (residual/allogenic/detrital grains), or,
(2) developed during weathering/oxidation of the primary ores (authigenic grains), or,
(3) were newly formed (authigenic grains/“neoformation”) in the alluvial placer environment.
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4.1. Development of the Bushveld/Great Dyke PGM Assemblages in the Course of Weathering

The processes of PGE redistribution and the behavior of the PGM in the weathering cycle are
much debated and cases of both dispersion and concentration, destruction and neoformation have
been proposed by various authors (for details see Sections 4.3.1 and 4.3.2 below). In contributing to the
discussion, it is fortunate that near-continuous underground and surface exposures of the Bushveld
and Great Dyke reefs allowed us to investigate some aspects of the fate of the PGE and PGM in the
exogenic environment in detail. The basic results of our studies were reported above and are depicted
schematically in Figure 7.

In the pristine sulfide ores of both the Bushveld and the Great Dyke, the PGE are bimodally
distributed: (i) Pt, the IPGE (Ru,Os,Ir) and variable proportions of Pd and Rh are present in the form
of discrete PGM, dominantly PGE-bismuthotellurides, -sulfides, -arsenides, -sulfarsenides, and -alloys;
(ii) Substantial though variable proportions of Pd and Rh are hosted in pentlandite.

 
Figure 7. Schematic graph showing the principal changes of the PGM assemblages from
pristine, sulfide ores via oxidized ores into placer accumulations. Abbreviations: (Pt,Pd)(Bi,Te)*
= (Pt,Pd)-bismuthotellurides; FeOOH* stands for Fe,Mn,Co-oxides/hydroxides. Note that Pt–Fe alloys
include native Pt.

In the weathered/oxidized ores, the PGE are polymodally distributed: PGE-sulfides, -arsenides,
and Pt–Fe alloys remain the only relics of the pristine PGM assemblage. During weathering of the
ores, all base metal sulfides, the (Pt,Pd)-bismuthotellurides and most PGE-sulfarsenides are destroyed.
Part of their PGE contents are found in the form of ill-defined (Pt,Pd)-oxides or -hydroxides, and in
secondary Fe/Mn/Co-oxides/hydroxides as well as smectites which carry elevated though variable
contents of Pt and Pd. Possible PGM neoformations comprise rare and tiny (<3 μm) specks of native Pt
or Pt oxide in Fe-hydroxides, and small (1–5 μm) grains of zvyagintsevite. Notably, a large proportion
of the mobile Pd (up to 50%) is lost from the system. The weathering event is mainly characterized by
destruction of primary sulfides and unstable PGM, and dispersion of the PGE.

Finally, the PGE are unimodally distributed in the alluvial sediments as only discrete
PGM are present. Obviously, the often porous (Pt,Pd)-oxides or -hydroxides and secondary
Fe/Mn/Co-oxides/hydroxides, important carriers of Pt and Pd in the oxidized ores, do not survive the
mechanical transport into the rivers and their metal contents are either transported away as detritus in
the fine sediment fraction or in solution. The remaining PGM assemblage is characterized by continued
partial alteration or destruction of most PGE-sulfide grains. In contrast, sperrylite largely remains a
stable mineral, and ubiquitous Pt–Fe alloy and native Pt grains have gained in importance. Notably,
>95% of the placer PGM are Pt-rich, indicating a further loss of the mobile Pd.
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Native Pt as crusts and overgrowths and forming porous or compact grains is a newcomer that
mainly formed more or less in situ on and replaces pre-existing PGE-sulfide (cooperite/braggite) and
to a lesser extent sperrylite grains. Rare, newly grown coatings of native Pt on pentlandite indicate a
low-temperature solution state of Pt, however, the precipitates occur as small platelets or crystals only
and any indications of growth to larger crystals or nuggets (mm size) are absent.

4.2. Placer PGM Worldwide—An Overview

Placers in Colombia and in Russia (Ural Mountains) were the major source of PGE for many
years before the discovery of the rich deposits of the Bushveld Complex in South Africa. The initial
major detection of platinum in the Bushveld Complex, which subsequently led to the discovery of the
Merensky Reef, was made in 1924 by panning in a river bed on the farm Maandagshoek in the eastern
Bushveld [5–8,10]. Early reports describe several alluvial diggings in the Bushveld Complex that
produced some platinum [7]. However, as mining commenced on the rich dunite pipes and reef-type
deposits of the Bushveld, alluvial PGM soon became forgotten because prospecting work in the 1920s
did not reveal any profitable placers of significance [7].

Indeed, economic accumulations of PGM in stream sediments draining PGE-bearing layered
intrusions such as the Bushveld Complex or the Great Dyke are unknown [2,3,7,28–30]. Their PGM
assemblages are dominated by Pt–Fe alloys, sperrylite, and cooperite/braggite (Table 1), distinctly
contrasting to the spectra of placer PGM derived from Alaskan/Uralian type complexes, and also from
PGM assemblages originating from ophiolitic, generally uneconomic PGE mineralization (Table 1).
Therefore, the “layered intrusion” assemblage can be regarded to represent a useful proximity indicator
of near-by platinum mineralization.

Table 1. PGM proportions (in %) of placers originating from layered intrusions (1 + 2), Alaskan-type
intrusions (3–5), ophiolite-related localities (6–8), the Rhine River (9), and the Witwatersrand gold
paleoplacer (10). At some localities, no exact numbers are available, and x means = present. Abbreviations:
PtAs2 = sperrylite; RuS2–OsS2 = laurite-erlichmanite; PGE-sulfides = various PGE-sulfides; PGE–AsS =
various PGE-sulfarsenides.

PGM Locality
Ru–Os–Ir
Alloys

Pt–Fe
Alloys

PtAs2 RuS2–OsS2
PGE

Sulfides
PGE–AsS Others Ref.

1 Great Dyke Rivers 42 46 x 7 5 [29]
2 Bushveld Rivers 54 33 11 2 [30]
3 Tulameen, Canada 2 98 [73]
4 Choco, Columbia 1 97 1 1 x x [2]
5 Urals, Russia 2 97 1 [74]
6 Chindwin, Burma 96 x x x x 4 [75]
7 Aikora River, PNG 88 12 [76]
8 Samar, Philippines 41 40 17 2 [77]
9 Rhine River 70 15 10 x 5 [78]

10 Witwatersrand 80 10 10 x x [79]

The most productive PGE placer deposits are associated with “Alaskan” or “Uralian”-type
ultramafic-mafic complexes in tectonic belts, the best-known examples being many locations in the
Ural Mountains in Russia, the Tulameen Complex in Canada, and alluvials in the Chocó department of
Colombia [1–3,73]. Their PGM assemblages are characterized by the dominance of Pt–Fe alloys (>95%
of the PGM assemblage), followed by inter-IPGE (Ru–Os–Ir) alloys (Table 1).

Numerous PGM placer occurrences linked to “Alpine-type” intrusions (ophiolite complexes)
are on record worldwide and are well-studied, however, they are generally uneconomic [2,3,78,80].
Their PGM assemblages mainly comprise Pt–Fe alloys and Ru–Os–Ir alloys in about equal though
variable proportions (Table 1).
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The comparison provided in Table 1 includes the enigmatic PGM assemblages of the
Witwatersrand gold-uranium paleoplacers (sources are probably Archean komatiites), and of the
Rhine river in Germany. The assessment demonstrates that different PGM assemblages prevail in
relation to the various source rock types and between different localities with similar source areas.
Therefore, care must be exercised in comparing PGM from these different PGM sources, and this will
be kept in mind in the discussion following.

4.3. Placer PGM—Residual Grains (Allogenic/Detrital) or Authigenic (“Neoformation”)?

4.3.1. PGM in Laterites

It is felt that topic Section 4.3 deserves some deeper going and extensive discussion, which will
follow now. Those readers less attracted by this theme may proceed to Section 4.3.3.

In the context of the discussion on PGM “neoformation”, several studies have shown that
lateritization can lead to solution, transport, and concentration of Pt and Pd [64,65,81]. In lateritized
ophiolitic pyroxenites from the Pirogues River area of New Caledonia, up to 2 ppm (although typically
400 ppb) Pt were analyzed and this enrichment has been attributed to the lateritization process [64,81].
Pt mobility in the lateritic environment was also investigated at Andriamena in Madagascar [81],
where a variety of primary, magmatic PGE minerals were observed including arsenides, sulfides, and
stibiopalladinite, however, only sperrylite appears to have been resistant and occurs in the weathered
zone, together with Pt–Fe alloy which is suggested to be newly-formed from a pre-existing grain of Pt,
Fe (Pd, Ni) sulfide [81]—grossly being reminiscent of replacements of cooperite-braggite grains in the
Bushveld alluvials (Figure 6c–e). Equally, an almost complete removal of Pd is reported [81].

More recent work on PGM from Ni-laterites (with ophiolite parent rocks) of the Dominican
Republic [82] led the authors conclude that PGE are mobile on a local scale leading to in situ growth
of PGM within limonite, probably by bio-reduction and/or electrochemical metal accretion. Besides
primary PGM inclusions in fresh Cr-spinel (laurite, bowieite), supposedly secondary PGM (e.g.,
Ru-Fe–Os–Ir compounds) from weathering of pre-existing PGM were described, and also PGM
precipitated after PGE mobilization within the laterite (“neoformation”). One elongated Pt–Fe–Ni
grain (20 μm) is characterized by delicate botryoidal textures interpreted as in situ growth at surface
conditions. No larger or well-crystallized PGM were observed.

Follow-up research [83] revealed the presence of so-called multistage PGM grains, namely
porous Os–Ru–Fe–(Ir) grains overgrown by Ni–Fe–Ir and Ir–Fe–Ni–(Pt) compounds which in turn
are overgrown by Pt–Ir–Fe–Ni phases. A model for multistage PGM grain formation is proposed:
(i) hypogene PGM are transformed to secondary PGM by desulphurization during serpentinization;
(ii) at the stages of serpentinization and/or at the early stages of lateritization, Ir is mobilized and
recrystallizes on porous surfaces of secondary PGM; and (iii) at the late stages of lateritization,
biogenically mediated “neoformation” (and accumulation) of Pt–Ir–Fe–Ni nanoparticles occurs. It is
suggested [83] that in situ growth of Pt–Ir–Fe–Ni alloy nuggets of isometric symmetry may be possible
within Ni laterites from the Dominican Republic.

The observed multistage IPGE-rich PGM grains are porous, corroded, locally oxidized,
and overgrown by PGM nanoparticles. Clearly, the PGM assemblage has experienced a series
of overprints including serpentinization (strongly reducing) and lateritization (oxidizing), and the
observations can also be interpreted as corrosion and dissolution of primary PGM (intergrowth of
various inter-IPGE alloys, here Ru–Os–Ir ± Pt alloys, laurite—typical PGM from ophiolites) and direct
re-precipitation of dissolved PGE. Further, the result of an XRD analysis of one Pt–Ir–Fe–Ni alloy
grain, namely an X-ray pattern identical to awaruite [83], is an unequivocal indication that this grain
formed under strongly reducing conditions during serpentinization [84,85], and not through supergene
(oxidizing) processes. Notably, Pt-rich awaruite grains have been described from both the Bushveld
and Great Dyke placers [29,71], and Ir-rich awaruite grains were reported from ophiolitic chromitites in
Pakistan [86].
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In conclusion, any indisputable and convincing mineralogical evidence of in situ growth of larger
and chemically well-defined PGM grains in the lateritic environment and at low temperatures is
still lacking. No evidence of well-crystallized newly-formed PGM is on hand; in fact, all products
of “neoformation” are thin films, nanoparticles and/or crystallites on substrates of earlier, generally
larger, pre-existing PGM.

4.3.2. PGM in Placers

As indicated above, the origin of certain alluvial PGM grains is a matter of controversial debate.
Two major models are in vogue:

(i) Primary PGM formation within mafic/ultramafic intrusions, followed by weathering with no or
only minor further alteration prior to alluvial concentration.

(ii) Solution of the PGE during weathering of the source rocks, probably aided by organic reactions,
followed by the supergene growth of the macroscopic grains within the weathering zone and
final alluvial concentration.

In the alluvial samples from the Bushveld and the Great Dyke, the largest proportion of the PGM
assemblage (~40–70%) consists of Pt–Fe alloy and native Pt grains, compared to the scarcity (mostly
±10%) of these PGM in the primary ores (Figure 7 and Table 1). Indeed, explanations are needed for
this discrepancy.

Based on textural and geochemical arguments such as the presence of inclusions of a variety of
sulfides, spinels, silicates, and other PGM as well as Os isotope compositions, the origin of Pt–Fe alloy,
the most abundant PGM in most placers worldwide [2,3,80], is considered by most researchers to
reflect an origin from high-temperature (i.e., magmatic) processes [2,3,87–90].

In contrast, a secondary origin of PGM in placers and soils is anticipated by several authors [81,91–98].
As size, shape, composition and micro texture of many eluvial and alluvial PGM differ from those
observed in bedrocks and ores, it was proposed that secondary PGM come into being in a simplified
process: (1) Serpentinization or weathering leads to the decomposition of base-metal sulfides carrying
PGE in solid solution; (2) PGE are removed and transported as colloidal particles; (3) The colloids may
coalesce or accrete to form larger particles and aggregates of PGE alloys.

An examination of gold and PGM (Pt–Fe and Os–Ir alloys) in offshore placers near Goodnews
Bay, Alaska [99], revealed textures related to both derivation of PGM grains from mechanically
weathered primary ore (i.e., typical assemblages of inclusions of PGE-arsenides, -sulfides and
-tellurides; exsolution phenomena), and subsequent accretion (i.e., micro-crystalline assemblages
of PGM in grain-rim cavities, suggesting leaching and crystallization).

Similar features were also observed in and on PGM grains of the Bushveld/Great Dyke placer
assemblage [27–30]. Indeed, the above observations [99] pertain to many occurrences of placer PGM.
Surface corrosion features are obvious in many localities, and a certain degree of PGE mobility has been
documented by newly-formed nm- to μm-sized crystalline PGM [27–30,100–102] or PGE-biofilms [103]
on and in cavities of pre-existing residual PGM grains. However, relative to the total budget of the
alluvial PGM assemblages, these PGM neoformations play an insignificant role.

Bowles and coworkers [93–98] studied alluvial PGM grains (mostly Pt–Fe alloys, laurite-erlichmanite,
Os–Ir alloys) from Sierra Leone and reported contrasting features of the primary and placer PGM [97],
a main reason for the proposal that the latter developed as a result of breakdown of the primary
PGM during weathering, movement of the PGE in solution, and growth of new PGM in placers with
a different mineral assemblage, mineralogy and mineral chemistry [97]. The processes postulated
for PGM “neoformation” include [97]: (1) long term weathering in an area of warm climate and
high rainfall; (2) destruction of the primary PGM and transport of the PGE in solution; (3) organic
compounds, such as humic or fulvic acids that are abundant in tropical rain forest soils appear likely
to be involved in solution and transport of the PGE; (4) differential movement of the PGE in solution;
(5) concentration of the least mobile PGE in soils close to the rivers, the more mobile PGE (especially
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Pd) being carried away in solution; (6) accretion of the remaining PGE to form a new PGM assemblage,
possibly where there is a change in Eh and pH conditions favourable for deposition; and (7) bacterial
action may assist, or be responsible for, the PGM growth.

The main evidence claimed that PGM grow in situ as “neoformations” is that they comprise a
different mineral assemblage from the PGM in the source rocks. The differences are [97]: (1) PGE
arsenides, tellurides, and sulfides present in the host rocks become less abundant in or disappear
completely from the alluvial suite, and Pt–Fe alloys including tulameenite, Os–Ir alloys, and
laurite—erlichmanite become more abundant; (2) oxidized PGM appear in weathered or oxidized rocks,
Cloudy, porous, or filamentous altered PGM may also be present; (3) there is a loss of the more soluble
Pd which is present in the host rocks, but is much less abundant in the alluvial mineral suite; (4) a
considerable difference in size (typically three orders of magnitude) exists between micrometre-sized
PGM in the host rocks and millimetre-sized PGM in the alluvial suite; (5) some PGM in an alluvial
suite show delicate crystal features that would not survive mechanical transport, these features include
dendritic growth, perfect crystal faces, and perfect edges and corners between crystal faces. The corners
are the most susceptible to mechanical damage and the presence of undamaged corners provides
evidence for the absence of abrasion. The dendritic PGM are not known to occur in the host rocks.
(6) There is over plating of mineral faces, colloform, cyclic, and fibrous textures not characteristic of
PGM in the host rocks.

The observations of points (1) to (3) mirror those of the Bushveld/Great Dyke case. Less stable
PGM are partly altered or destroyed during weathering, combined with a relative increase in Pt–Fe
alloys; PGE-oxides appear and a large proportion of the bulk Pd is lost.

Point (4), the observed discrepancy in size distributions of detrital PGM grains (mostly between
100–200 μm and larger) compared to PGM in pristine ores (<5 to 50 μm) has been resolved for the
Great Dyke case by treatment of a pristine MSZ sample (ca. 1 kg) by electric pulse disintegration.
Altogether, 75 PGM grains larger than 50 μm were hand-picked from the treated material. The observed
maximum true diameters were 480 μm for (Pt,Pd)-bismuthotellurides, 85 μm for sperrylite, 195 μm for
cooperite/braggite, and 300 μm for Pt–Fe alloy grains [16,17,27], emphasizing that coarser PGM grains
are present in the pristine MSZ ores. Notably, the presence of larger (~100 μm) and well-crystallized
PGM grains extracted by careful crushing of primary Bushveld ores was reported recently [104,105],
and wherever placer PGM were followed to their source rocks (e.g., Great Dyke, Bushveld, Urals,
Colombia), chemically and size-equivalent precursor PGM were detected [16,17,27,87,106,107]. Evidently,
larger PGM grains are present in the pristine ores and invalidate the argument of point (4).

It is claimed in point (5) that some alluvial PGM show delicate crystal features that would
not survive mechanical transport. However, this generalized statement is not adequate as distinct
differences exist in the chemical and physical stabilities of different PGM. Accordingly, detrital grains of
the comparably soft native Pt and Pt–Fe alloys (e.g., Vickers hardness VHN50 of 303–321 for Pt3Fe; [108])
often show evidence of physical abrasion such as bent and rounded corners and smooth, occasionally
scratched or polished grain surfaces. In contrast, Os–Ir–Ru grains display little signs of corrosion
or mechanical wear due to the great hardness (Os: VHN100 = 689–734; Ir: VHN100 = 841–900; Ru:
VHN100 = 841–907; [108]) and chemical resistivity of this mineral group, and the same applies to
the hardest PGM known, laurite (VHN100 = 1650 and 2012) and erlichmanite (VHN50 = 1358) [108].
Consequently, undamaged and perfect crystals of Os–Ir–Ru and laurite-erlichmanite [RuS2–OsS2] are
on record from placers worldwide [2,3,77,78]. For example, the perfect hexagonal Os grains found
in the Rhine river were probably transported up to some hundred kilometres [78]. Furthermore,
well-crystallized or delicate alluvial grains could have well been transported within a protecting rock
matrix, or alternatively not as bedload, but in suspension [2,3,77,78]. In conclusion, the argumentation
of point (5) is faint.

194



Minerals 2018, 8, 581

Point (6), over plating of mineral faces, colloform, cyclic, and fibrous internal textures were
described from a well-crystallized eluvial erlichmanite grain from Serra Leone and regarded as not
characteristic of PGM in the host rocks, and “neoformation” by late-stage hydrothermal or secondary
processes was proposed [96]. However, exactly this grain, which also carries bornite and chalcopyrite
inclusions and displays a heterogenous internal distribution of Ru and Os, was analyzed for its Os
isotope composition, and the authors conclude [109]: “that the nuggets were not formed during
lateritization nor were they formed in-situ in sediments. The delicate morphology of PGM nuggets
simply manifests very short transportation distances from the eroded site, as expected in eluvial
(residual) deposits. The 187Os/186Os data are consistent with the formation of PGM nuggets in the
melt and their detrital origin.”

Recently, a Pt–Fe alloy grain from the Freetown Layered Complex, Sierra Leone, containing
numerous and diverse inclusions of laurite, irarsite-hollingworthite (IrAsS–RhAsS), Pd–Te–Bi–Sb
phases, Ir-alloy, Os-alloy, Pd-bearing Au, a Rh–Te phase, Pd–Au alloy, and Pd–Pt–Cu alloy was
presented [98]. This grain was interpreted to be “neoform” growths in the organic- and bacterial-rich
soils of the tropical rain forest cover of the Freetown intrusion [98]. However, such an assemblage of
PGM, typical of magmatic, high temperature ores, is highly improbable to form from dispersed PGE,
As, S, Te, Bi, etc. at ambient surficial conditions. In evidence to the contrary, previous work [27,57] and
the present review (e.g., Figure 3E,F) have shown that the (Pt,Pd)-bismuthotellurides and -tellurides
are the PGM species most susceptible to oxidation/weathering and are unstable in the supergene
environment. PGM of this mineral group and the equally unstable sulfarsenide inclusions have only
survived oxidation as they are well-shielded by the enclosing Pt–Fe alloy grain, and the described
multi-PGM assemblage [98] as well as their Pt–Fe alloy host are definitely not products of supergene
formation. Concentration of rare and stray elements should follow a chemical gradient which is not
in evidence in this environment. Accordingly, an origin from the magmatic realm of this remarkable
detrital Pt–Fe alloy grain is suggested. Its excellent state of preservation points to a near-by source.
In fact, the external surface of the Pt–Fe alloy grain with intergrown PGM sticking out closely resembles
eluvial grains (for example, similar grains from Onverwacht in South Africa [30].

An investigation of placer PGM surfaces [103] demonstrated the existence of biological PGE
cycling in some environments, whereby microbial biofilms play a key role in transforming PGM into
more mobile forms (for example, nanoparticles). The authors [103] suggest that the microbial biofilms
may enable the aggregation of PGE nanoparticles to form secondary PGM grains. Again, the products
are small and distributed on the surface layers of pre-existing PGM substrates, and any proof of PGM
growth to larger grains or nuggets still remains to be furnished.

Opponents of the school of supergene PGM “neoformation” admitted only two likely exceptions
where “Pt nuggets” may have formed in a surficial environment, namely palladian gold, potarite, and
native platinum in alluvial sediments from Devon, England, and botryoidal, zoned Pt–Pd nuggets from
the Bom Sucesso stream in Brazil [2,3,87]. However, contrasting views on the Brazilian occurrences
still exist: An evaluation of the Brazilian example [110,111] led to the conclusion [112] that the alluvial
PGM most likely are detrital grains from mineralization formed by low-temperature hydrothermal
fluids. In contrast, it is postulated [113] that they have a bio-organic origin, linking high levels of
iodine in these grains to their formation from organic matter-rich waters. In conclusion, the origin of
these Pt–Pd nuggets still remains enigmatic.

4.3.3. PGE Mobility and PGM Neoformation—Concluding Remarks

The above discussion demonstrates that the debate on the origin of PGM in placers—primary,
detrital/allogenic grains versus authigenic “neoformation”—is not resolved. However, this is also
partly due to a mix-up of terms and definitions, and dubious comparisons. For instance, the terms
“PGM” or “Pt nuggets” embrace Pt–Fe alloys (“ferroan Pt”) and native Pt (which may contain some
% Pd) as in the Bushveld/Great Dyke case; the Brazilian example involves dendritic, mamillary or
botryoidal grains of zoned Pt–Pd alloys of variable composition and partly containing potarite in the
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core [2,87,110–113], the PGM described from the Dominican Republic are Ru–Os–Ir ± Pt alloys [82,83],
and in the Sierra Leone occurrences Pt–Fe alloys and erlichmanite-laurite [OsS2-RuS2] are the PGM
studied [96–98]. The PGM dealt with need to be named unambiguously because, as shown above,
different PGM will behave differently during weathering, Further, the definite relation of the placer
PGM species to their source rocks—layered intrusions, Uralian/Alaskan complexes, or ophiolites
(Table 1)—needs to be considered.

No doubt, the six PGE are in general though variably mobile in the supergene environment.
First signs are detected in the weathering zone of the pristine ores, where oxidation in a hydrous
environment leads to the destruction of the sulfides, releasing contained PGE (mainly Pd, Rh) and
producing sulfuric acid, concomitant with the destruction of specific PGM, and “neoformation” more
or less in situ of PGE-oxides/-hydroxides. PGE released from the destruction of sulfides and unstable
PGM follow two paths: (i) Pt and part of the Pd are fixed (either adsorbed or in the crystal lattices)
in iron- and iron-manganese oxides/hydroxides and smectites, and (ii) a great proportion of the
dissolved Pd (up to 50%) is lost from the ores, taken away in solution. Rare newly-formed PGM
in the Bushveld/Great Dyke oxidized ores consist of tiny (~1–5 μm) specks of Pt or Pt-oxides and
zvyagintsevite usually on pre-existing residual PGM. Accretion to larger PGM crystals is not noted.
The main effect of oxidation and weathering on the pristine PGM assemblage is continuous destruction
of unstable compounds.

In the Bushveld and Great Dyke alluvial samples, breakdown and dissolution of the remaining
PGM assemblage persists. Evidently, the often porous (Pt,Pd)-oxides/-hydroxides and the secondary
Fe/Mn/Co-oxides/hydroxides, important carriers of Pt and Pd in the oxidized ores, do not survive the
mechanical transport into the rivers and their metal contents were either transported away in the fine
sediment fraction or in solution. The remaining PGM assemblage is characterized by continued partial
alteration or destruction of most PGE-sulfide grains, as best seen in the immature Maandagshoek
placer PGM assemblage [28,30,49,71], where some polyphase grains consisting of diverse PGM (various
alloys, sulfides, sulfarsenides, tellurides) have survived, and simultaneously cooperite/braggite and
rare Ru- and Rh-sulfides are still in disintegration [71]. Native Pt as crusts and overgrowths and
forming porous or compact grains largely is a “neoformation” that mainly formed in situ by alteration
of pre-existing cooperite/braggite grains. Sperrylite largely remains stable, and ubiquitous Pt–Fe alloy
and native Pt grains have gained in prominence. In fact, ~40–70% of the PGM assemblage consists of
Pt–Fe alloy and native Pt grains, compared to their scarcity (mostly ±10%) in the primary ores. Rare
Pd-dominated minerals (Pd–Hg ± As and Pd–Sb ± As) probably are newly-formed compounds which
may have formed during supergene processes.

Some Pt–Fe alloy grains are intergrown with or host a variety of inclusions of other PGM or
sulfides, equivalent to grains in the pristine ores, and therefore indicate a consanguineous, magmatic
origin. Based on comparable observations, similar deductions were put forward for placers of the
Urals [87], Colombia [106,107], and worldwide [2,3,87].

The replacement of PGM-sulfides by native Pt and the newly grown coatings of native Pt on
relict sulfides in the Bushveld alluvials indicate that low-temperature solution and redeposition of Pt
is possible to a certain degree. The resulting precipitates occur as small (<1–5 μm) microcrystalline
platelets or crystallites, or colloform, or porous grains, mostly deposited on or in cavities of pre-existing
detrital PGM.

In the Bushveld/Great Dyke case, the predominance (~40–70%) of Pt–Fe alloy and native Pt grains
of the PGM assemblage is explained in a satisfactory manner by the assumption that they are direct
descendants from the pristine, primary ores (Merensky Reef, UG-2, Platreef, MSZ). Some Pt–Fe alloy
grains host a variety of inclusions of sulfides and other PGM indicating a consanguineous, magmatic
origin. Pt–Fe alloy and native Pt are the PGM most stable in the weathering environment. Therefore,
the placer PGM assemblages represent a mineral rest spectrum that has survived physical and chemical
attack. Demonstrably, the order of decreasing stability in the supergene environment is: (1) Pt–Fe
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alloys (very stable) → (2) sperrylite (stable) → (3) cooperite/braggite (variably stable/”meta-stable”)
→ (4) PGE-bismuthotellurides and PGE-sulfarsenides (unstable).

Both in the oxidized ores and in the alluvial environment, the main impact of weathering
on the PGM assemblages is destruction. Redistribution of PGE (PGM “neoformation”) is taking
place, however, on a very limited scale only. As a rule, the newly-formed products are nano-sized
particles, small crystallites or rarely lowest range μm-sized grains, predominantly sited on precursor
detrital/allogenic PGM grains, and they are of subordinate significance. Any growth to larger crystals
or nuggets (mm size) was not observed, and in the Bushveld/Great Dyke case, any proof of PGM
“neoformation” in a grand style is missing.

This finding can safely be extended to the common Pt–Fe alloys in placer occurrences worldwide.
The missing link of the “neoformationists”, a look into the cradle of PGM creation in the supergene
environment, is still outstanding, as is any evidence of authigenic PGM formation and growth to larger
crystals or nuggets.

5. Conclusions

The behavior of the platinum-group minerals (PGM) in the weathering cycle was studied in the
Bushveld Complex, South Africa (Merensky Reef, UG-2 chromitite, Platreef) and the Great Dyke,
Zimbabwe (Main Sulfide Zone). The main findings comprise:

• In the pristine sulfide ores of both the Bushveld and the Great Dyke, the PGE are bimodally
distributed: Pt and variable proportions of Pd and Rh are present in the form of discrete
PGM, dominantly PGE-bismuthotellurides, -sulfides, -arsenides, -sulfarsenides, and -alloys,
and substantial though variable proportions of Pd and Rh are hosted in pentlandite.

• Near surface, in the oxidized ores, the PGE become polymodally distributed: In the course
of weathering of the ores, PGE-sulfides, -arsenides and Pt–Fe alloys remain the only relics of
the pristine PGM assemblage. The base metal sulfides and the (Pt,Pd)-bismuthotellurides are
destroyed, and ill-defined (Pt,Pd)-oxides or -hydroxides develop. Further, elevated contents of Pt
and Pd are found in Fe/Mn/Co-oxides/hydroxides and smectites.

• In the alluvial sediments, the PGE are unimodally contained in discrete PGM. The assemblages of
detrital PGM are characterized by partial alteration or destruction of most remaining PGE-sulfide
grains, whereas sperrylite largely survives as a stable phase, and Pt–Fe alloy grains predominate.

• Accordingly, the order of decreasing stability in the supergene environment is as follows: (1) Pt–Fe
and Os–Ir–Ru alloys (very stable) → (2) sperrylite (stable) → (3) cooperite/braggite (variably
stable/”meta-stable”) → (4) PGE-bismuthotellurides, PGE-sulfarsenides, and PGE-oxides (unstable).

• In the Bushveld/Great Dyke case, and in all probability also worldwide, “neoformation”, i.e.,
authigenic growth, of discrete, larger PGM in both oxidized ores and placers plays no substantial
role. Dissolution and redistribution of PGE is taking place, however, the newly-formed products
are nano-sized particles, small crystallites, or rarely μm-sized grains primarily sited on substrates
of precursor detrital/allogenic PGM grains, and they are of subordinate significance. Any growth
to larger crystals or nuggets (mm size) was not observed, and in the Bushveld/Great Dyke case,
any proof of PGM “neoformation” in a grand style is missing.

• The final PGM suite which survived the weathering process on route from sulfide ores via oxidized
ores into placers results from the continuous elimination of unstable PGM and the dispersion of
soluble PGE. Therefore, the alluvial PGM assemblage represents a PGM rest spectrum of residual,
detrital grains.
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Abstract: Compositional variations of major and minor elements were examined in Pt–Fe alloys from
various geological settings and types of deposits, both lode and placer occurrences. They included
representatives of layered intrusions, Alaskan-Uralian-(Aldan)-type and alkaline gabbroic complexes,
ophiolitic chromitites, and numerous placers from Canada, USA, Russia, and other localities
worldwide. Pt–Fe alloy grains in detrital occurrences are notably larger in size, and these are
considered to be the result of a special conditions during crystallization such as temperature, pressure,
geochemistry or time. In addition, the number of available statistical observations is much greater
for the placer occurrences, since they represent the end-product of, in some cases, the weathering
of many millions of tonnes of sparsely mineralized bedrock. Typically, platinum-group elements
(PGE) present in admixtures (Ir, Rh, and Pd) and minor Cu, Ni are incorporated into a compositional
series (Pt, PGE)2–3(Fe, Cu, Ni) in the lode occurrences. Relative Cu enrichment in alloys poor in
Pt implies crystallization from relatively fractionated melts at a lower temperature. In contrast
to the lode deposits, the distribution of Ir, Rh, and Pd is fairly chaotic in placer Pt–Fe grains.
There is no relationship between levels of Ir, Rh, and Pd with the ratio Σ(Pt + PGE):(Fe + Cu +
Ni). The compositional series (Pt, PGE)2–3(Fe, Cu, Ni) is not as common in the placer occurrences;
nevertheless, minor Cu and Ni show their maximums in members of this series in the placer grains.
Global-scale datasets yield a bimodal pattern of distribution in the Pt–Fe diagram, which is likely
a reflection of the miscibility gap between the ordered Pt3Fe structure (isoferroplatinum) and the
disordered structure of native or ferroan platinum. In the plot Pt versus Fe, there is a linear boundary
due to ideal Pt ↔ Fe substitution. Two solid solution series are based on the Ir-for-Pt and Pd-for-Pt
substitutions. The incorporation of Ir is not restricted to Pt3Fe–Ir3Fe substitution (isoferroplatinum
and chengdeite, plus their disordered modifications). Besides, Ir0 appears to replace Pt0 in the
disordered variants of (Pt–Ir)–Fe alloys. There is a good potential for the discovery of a new
species with a Pd-dominant composition, (Pd, Pt)3Fe, most likely in association with the alkaline
mafic-ultramafic or gabbroic complexes, or the mafic units of layered intrusions. The “field of
complicated substitutions” is recognized as a likely reflection of the crystallochemical differences
of Pd and Ir, extending along the Ir-Pd axis of the Ir–Pd–Rh diagram. The inferred solid solution
extends approximately along the line Ir–(Pd:Rh = 2:3). Minor Pd presumably enters the solid solution
via a coupled substitution in combination with the Rh. An Ir-enrichment trend in Pt–Fe alloys
typically occurs in the Alaskan-type complexes. The large size of the Pt–Fe nuggets associated with
some of these complexes is considered to be related to an ultramafic-mafic pegmatite facies, whereas
significant Pd-enrichment is characteristic of gabbroic source-rocks (e.g., Coldwell Complex), resulting
in a markedly different trend for the Pt versus Fe (wt.%). However, based on our examination of a
large dataset of Pt–Fe alloys from numerous origins, we conclude that they exhibit compositional
overlaps that are too large to be useful as reliable index-minerals.
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1. Introduction

Natural Pt–Fe alloys are an economically important species of platinum-group minerals
(PGM), which are especially abundant in the zoned Alaskan-Uralian-(Aldan)-type ultramafic-mafic
complexes and placers of PGE (platinum-group elements) that are derived from these complexes [1–4].
Native platinum (0–17 at.% Fe) is cubic (Fm3m), with a = 3.9231 Å (synthetic equivalent). Increasing Fe
content reduces the cell dimension [1,5–7]. In the range of 17–20 at.% Fe, the structure is disordered
or represents a mixture of native platinum and isoferroplatinum. The latter species, ideally the Pt3Fe
(25 at.% Fe), has a cubic structure (Pm3m, 20–36 at.% Fe) with a = 3.86 Å [1]. Variations in the Fe cause
the appearance of a partial disorder in this mineral. Within the interval 36–41 at.%, the alloy structures
are disordered in the Pt–Fe system; isoferroplatinum likely coexists with tetraferroplatinum [8], i.e.,
tetragonal PtFe (41–65 at.% Fe; ideally 50 at.% Fe) with a = 3.84 Å and c = 3.71 Å; and its space
group is P4/mmm [1–3]. The observed difference between the compositions of isoferroplatinum and
tetraferroplatinum leads to a small reduction in the cell dimension to accommodate a greater content
of Fe [1,5,6]. Commonly, natural members of the tetraferroplatinum–tulameenite [Pt2FeCu] series are
somewhat nonstoichiometric and extend towards (Pt, PGE)1+x (Fe, Cu, Ni)1−x [9].

The goals of this article are: (1) To evaluate the compositional ranges observed in Fe-bearing
platinum (or ferroan platinum) and isoferroplatinum with respect to the main components and
admixtures on the basis of compositions from a large number of Pt–Fe alloys reported worldwide
in the literature for various geological settings and types of deposits (note that the prefix “ferroan”
(used in ferroan platinum) does not imply the valence state of Fe); (2) To compare the compositional
characteristics of Pt–Fe alloys that are present in lode deposits versus the ones present in placer deposits
derived from source rocks; and (3) To evaluate whether Pt–Fe alloys may be used as useful indicator
minerals to infer the type or character of the lode source for detrital grains or placer concentrations
of PGM.

2. Materials and Methods

In the present review, we used a total of 2430 data-points accumulated from the literature,
including our own data and from hitherto unpublished results in internal reports, e.g., [10]. We believe
this large dataset of electron-microprobe compositions (EMP) to be representative because it also
reflects a large diversity of localities, geologic settings, and ore zones worldwide. The different types
of lode and placer deposits reviewed for this study are listed in Table 1.

Table 1. Worldwide occurrences of Pt–Fe alloy minerals involved in the present review.

Number of
Data-Points

(N)
Reference

Lode Deposits

1 Dunite pipes and Merensky Reef; Bushveld Layered Complex; South Africa 9 [2,11,12]
2 Kapalagulu Layered Intrusion; western Tanzania 9 [10,13,14]
3 Tulameen Alaskan-type Complex; British Columbia; Canada 6 [15]
4 Coldwell Alkaline Complex; Ontario; Canada 10 [16]
5 Gal’moenan Mafic-Ultramafic Complex; Koryak Upland; Kamchatka krai; Russia 70 [17]

6 Kondyor concentrically zoned Alkaline Ultramafic Complex, northern Khabarovskiy krai; Aldan
Shield; Russia 19 [18]

7 Kachkanar Alaskan -Uralian-type Ultramafic Complex; Urals; Russia 7 [19]
8 Nizhniy Tagil Alaskan -Uralian-type Ultramafic Complex; Urals; Russia 13 [19]
9 Ophiolitic Chromitites; Uktus and Kytlym areas; central Urals; Russia 6 [20]
10 Saprolite after mineralized dunite weathered; Yubdo; Ethiopia 83 [21]
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Table 1. Cont.

Number of
Data-Points

(N)
Reference

Placer Deposits

11 Placers of North Saskatchewan River; Alberta; Canada 295 [4]
12 Similkameen-Tulameen River System; British Columbia; Canada 18 [4,15]
13 Placers of Liard River; Northwest Territories; Canada 196 [4]
14 Placers of Saskatchewan River; Saskatchewan; Canada 18 [4]
15 Florence Creek; Yukon; Canada 35 [4,22]
16 Au-PGE placer deposits; British Columbia; Canada 77 [9,23]
17 Detrital grains from McConnell Stream; Dease Stream; Birch Stream; British Columbia; Canada 99 [24]
18 Detrital grains; Burwash Creek; Kluane area; Yukon; Canada 15 [25]
19 Fox Gulch; Alaska; USA 2 [4]
20 Salmon River Placer; Goodnews bay; Alaska; USA 29 [26]
21 Detrital grains from Trinity County; California; USA 4 [4,27]
22 Syssert Placer Zone; Omutnaya River; Urals; Russia 6 [4]
23 Placers from Nizhniy Tagil; Kushvinskiy and Nevyansk areas; Urals; Russia 137 [4]
24 Placers; western Chukotka; Russia 47 [4,28]
25 Placers; Anabar basin; northeastern Siberian Platform; Russia 3 (mean of 105) [29]
26 Placers derived from Filippa clinopyroxenite-dunite complex; Kamchatka; Russia 43 [30]
27 Placer of River Bolshoy Khailyk; western Sayans; Russia 10 [31]
28 Placer derived from Kondyor Alkaline Ultramafic Complex; northern Khabarovskiy krai; Russia 14 [32]

29 Placers associated with Kondyor, Inagli and Guli concentrically zoned Complexes; northeastern
Russia 13 [33]

30 Placer at Pustaya River; Kamchatka; Russia 15 [34]
31 Sisim Placer Zone; eastern Sayans; Russia 19 [35]
32 Placer at River Ko; eastern Sayans; Russia 17 [36]
33 Placers of southern Siberia; Russia 20 [37]
34 Placers associated with concentrically zoned Uktus complex; central Urals; Russia 4 [38]
35 Placers from Rio Condoto area; Chocó; Colombia 461 [4]
36 Placers from Santiago River area; Esmeraldas Province; Ecuador 104 [4]
37 Placers at Yubdo; Ethiopia 5 [4]
38 Placers at Riam Kanan; South Kalimantan; Indonesia 51 [4]
39 Placers of Borneo; Sabah Province; Malaysia 20 [4]
40 Placers from Papua New Guinea 6 [4]
41 Placer of Ortakale River; Kars Province; Turkey 3 [4]
42 Placers of Transvaal and Orange Free State; South Africa 24 [4]
43 Placers of Tasmania; Australia 9 [4]
44 Placers from Itabira; Brazil 5 [4]
45 Placers of Chindwin River; Burma 315 [4]
46 Durance River; France 5 [39]
47 Placers of eastern Madagascar 18 [40]
48 Placers of rivers draining Great Dyke; Zimbabwe 3 [41]
49 Placers of rivers draining eastern Bushveld complex; South Africa 7 [42,43]

3. Results

3.1. Variations in the Pt–Fe Alloys from Lode Deposits

The Pt–Fe alloys are associated with several lode sources, specifically from the different types of
ore zones within magmatic complexes (Table 1). Layered intrusions are represented by the dunite pipes
(Mooihoek and Onverwacht) and the Merensky Reef of the Bushveld Layered Complex (South Africa),
and by the Kapalagulu Layered Intrusion of western Tanzania. Alaskan-Uralian-(Aldan)-type zoned
complexes include the Tulameen complex in British Columbia (Canada), the Kondyor Complex in northern
Khabarovskiy krai, the Kachkanar and Nizhniy Tagil Complexes of the Urals, and the Gal’moenan
Complex in the Koryak Upland, Kamchatka krai (Russia). The Coldwell Complex represents a giant
Alkaline Gabbro-Syenite intrusion located in Ontario (Canada); Ophiolitic Chromitites are represented
by occurrences from the Uktus and Kytlym areas, central Urals (Russia). In addition, Pt–Fe alloys
were studied in situ in a PGM-bearing saprolite developed after mineralized dunite at Yubdo (Ethiopia)
(Table 1).

Two compositional trends are generally observed in Figure 1. First, the Yubdo trend is extended
and consistent with most of the data-points plotted. Compositions of the Pt–Fe alloys from the
Alaskan-type complexes, i.e., Tulameen, Kondyor, Kachkanar, and Nizhniy Tagil, are similar and
broadly overlap to form a small field close to the central portion of the Yubdo trend. The second, the
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Coldwell trend of compositions, is uncommon. It is discordant to the Yubdo trend because of the
strong Pd-for-Pt substitution occurring in these alloys (Figure 1).

 

Figure 1. Compositional variations in the Pt–Fe alloy minerals from lode deposits associated with
various complexes; contents of Pt plotted versus Fe are expressed in weight percent.

Pt–Fe alloys from the layered intrusions (Bushveld and Kapalagulu) and from the Coldwell
Alkaline Complex are consistently poor in iridium, containing from “not detected” (n.d.) to 0.3 wt.% Ir
(see References quoted in Table 1). In contrast, the Pt–Fe alloys from Alaskan-type complexes are
relatively enriched in Ir (Figure 2): 0.24–3.6 (mean 1.0) wt.% Ir at Tulameen; n.d.–5.28 (1.32) wt.% at
Kondyor; 0.56–5.67 (1.97) wt.% at Kachkanar; 0.65–8.85 (2.36) wt.% Ir at Nizhniy Tagil; and n.d.–8.78
(1.86) wt.% Ir at Gal’moenan. The observed maximums are notably similar in compositions of the
Pt–Fe alloys from the latter two occurrences (Figure 1). The alloys analyzed in the chromitites
at Uktus and Kytlym and in the Yubdo saprolite contain 0.24–2.04 (1.14) wt.% Ir and n.d. to 4.2
(mean 0.43) wt.% Ir, respectively.

 

Figure 2. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus the contents
of Ir expressed in weight % in compositions of the Pt–Fe alloy minerals from various lode deposits.
The symbols and sources used are the same as the ones shown in Figure 1 and listed Table 1. The dotted
line displays the stoichiometry (Pt, PGE)3(Fe, Cu, Ni).

The Rh admixtures (Figure 3) are below the level of detection (EMP) in the Pt–Fe alloys at
Kapalagulu and Coldwell. The Bushveld Pt–Fe alloys contain variable amounts of Rh, from n.d. to
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3.6 wt.% (mean 0.58) wt.% Rh. Pt–Fe alloys of the Alaskan-type complexes typically contain substantial
levels of Rh: 0.52–0.75 (0.62) wt.% Rh at Tulameen; n.d.–1.66 (0.67) wt.% at Kondyor; 0.41–1.37 (0.92)
at Kachkanar; and 0.45–1.37 (0.91) at Nizhniy Tagil, the values of which are close to 0.36–1.35 (mean
0.87) wt.% Rh in the Pt–Fe alloys analyzed at Uktus and Kytlym. Pt–Fe alloys at Gal’moenan are
reportedly poor in Rh: n.d.–0.43 (mean 0.04) wt.% Rh.

Maximum Pd contents are characteristic of the Pt–Fe alloys at Coldwell, with compositions
ranging from n.d. to 29.7 (mean 10.98) wt.% Pd (Figure 4). Occasionally, the Pt–Fe alloys analyzed from
the layered intrusions also display elevated levels of Pd: n.d.–3.8 (mean 0.57) wt.% Pd at Bushveld and
n.d.–5.6 (mean 0.62) wt.% Pd at Kapalagulu. These mean values compare well with the values observed
for the Pt–Fe alloys from some of the Alaskan-type complexes: n.d.–1.07 (mean 0.59) wt.% at Kachkanar;
0.2–0.5 (0.43) wt.% Pd at Tulameen; and n.d.–1.51 (mean 0.45) wt.% Pd at Kondyor. The corresponding
levels are lower at Nizhniy Tagil (n.d.–0.64, mean 0.19 wt.% Pd) and at Uktus and Kytlym (n.d.–0.86,
mean 0.26 wt.% Pd).

 

Figure 3. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Rh expressed in weight % in compositions of the Pt–Fe alloy minerals from various lode deposits.
The symbols and sources used are the same as the ones shown in Figure 1 and listed in Table 1.

 

Figure 4. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Pd expressed in weight % in compositions of the Pt–Fe alloy minerals from various lode deposits.
The symbols and sources used are the same as the ones shown in Figure 1 and listed in Table 1.

Compositional variations of Cu in the Pt–Fe alloys are presented in Figure 5. Note that the
observed levels of Cu are generally increased with decreasing values of the atomic Σ(Pt + PGE):(Fe +
Cu + Ni) ratio.
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Pt–Fe alloys at Tulameen (0.5–2.1, mean 1.17 wt.% Cu), Kondyor (0.12–1.75, mean 0.82 wt.% Cu),
and Nizhniy Tagil (0.4–1.3, mean 0.98 wt.% Cu) are notably rich in admixtures of Cu. Alloys of Pt–Fe
at Kachkanar are less enriched in Cu: 0.33–0.87 (mean 0.59) wt.%. These levels are fairly close to the
ones observed at Bushveld (n.d.–1.4, mean 0.5 wt.% Cu) and Coldwell (n.d.–2.0, mean 0.64 wt.% Cu).
The other lode deposit occurrences show low values of the admixtures of Cu in the Pt–Fe alloys at:
Kapalagulu (n.d.–0.6, mean 0.17 wt.% Cu); Gal’moenan (n.d.–0.83, mean 0.06 wt.%); Uktus and Kytlym
(0.19–0.45, mean 0.31 wt.% Cu); and Yubdo (n.d.–1.90, mean 0.30 wt.% Cu).

Elevated values of Ni (Figure 6) were found in the Pt–Fe alloys in the Bushveld samples: n.d. to
3.9 (mean 1.0 wt.% Ni). The more unexpected observation is that a substantial Ni enrichment also
exists in the Pt–Fe alloys in the Tulameen (1.2–3.2, mean 2.53 wt.% Ni) and Nizhniy Tagil (0.27–2.29,
mean 1.27 wt.% Ni) Alaskan-type complexes. Some of the Pt–Fe alloys at Yubdo are also enriched in Pt
(n.d.–2.6, mean 0.28 wt.% Ni). The other occurrences display low contents of Ni in the Pt–Fe alloys at:
Kondyor (n.d.–0.83, mean 0.24 wt.% Ni); Kapalagulu (n.d.–0.6, mean 0.17 wt.% Ni); Uktus and Kytlym
(0.23–0.39, mean 0.3 wt.% Ni); Kachkanar (n.d.–0.13 wt.% Ni); Gal’moenan (n.d.–0.09 wt.% Ni); and
Coldwell (n.d.).

 

Figure 5. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Cu expressed in weight % in compositions of the Pt–Fe alloy minerals from various lode deposits.
The symbols and sources used are the same as the ones shown in Figure 1 and listed in Table 1.

 

Figure 6. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents
of Ni expressed in weight % in compositions of the Pt–Fe alloy minerals from various lode deposits.
The symbols and sources used are the same as the ones shown in Figure 1 and listed in Table 1.
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3.2. Variations in the Compositions of the Pt–Fe Alloys from Placer Deposits

Variations in the contents of Pt versus Fe, shown in Figure 7, pertain to grains of the Pt–Fe alloys
from the placer localities summarized in Table 1. Four sets of EMP data were grouped conditionally
for the large territories (Canada and the USA; Russia; and “Various placers worldwide”) to reduce the
extensive overlaps existing amongst the compositional sets of regional scale.

Figure eight-shaped compositional fields are observed, which is indicative of a bimodal
distribution pattern and consistent with the four plotted data sets that are mutually overlapped
(Figure 7). Note that the multiple points of the 8-shaped clouds are clustered approximately around
the central compositions Pt74Fe26 (very close to ideal Pt3Fe, i.e., isoferroplatinum) and Pt83Fe17 (native
or ferroan platinum); thus, these fields may reflect the existing miscibility gap.

As displayed in Figure 8, most of the Pt–Fe alloys contain <5–10 wt.% Ir. The observed
enrichment in Ir does not necessarily occur in (Pt, Ir)3Fe-type compositions related to a solid solution
of isoferroplatinum and chengdeite, which is the Ir-dominant analogue of isoferroplatinum [44]. Thus,
the incorporation of Ir is not controlled by the Σ(Pt + PGE):(Fe + Cu + Ni) ratio, and presumably, can
occur in both types of structures: ordered and disordered. Interestingly, the Pt–Fe alloys from the lode
deposits (Figure 2) display an Ir-enrichment trend that extends along a narrow range of compositions
(Pt, PGE)2–3(Fe, Cu, Ni).

The observed distribution of admixtures of Rh (Figure 9) displays a similar character as Ir. There is
no clear relationship between the levels of Rh and the values of the atomic Σ(Pt + PGE):(Fe + Cu + Ni)
ratio in these minerals of placer alloys. In contrast, and uniform to Ir, the Rh-enrichment is related
to the compositional series (Pt, PGE)2–3(Fe + Cu + Ni) in the lode deposits (Figure 3). However, the
behavior of the Ir and Rh is not coherent in the Pt–Fe alloys. In the Rh–Ir plot, these elements formed
separate trends of enrichment and were not involved in the mutual schemes of substitutions.

The Pd distribution (Figure 10) seems to be rather chaotic with respect to the ratio Σ(Pt + PGE):(Fe
+ Cu + Ni) in compositions of the placer grains. The observed extent of the Pd enrichment is modest in
comparison to the high-Pd compositions of the Pt–Fe alloy from the Coldwell alkaline gabbro-syenite
complex (Figure 4). The latter type of lode source was unlikely to have been involved as a contributor
to the studied zones of the placer PGM. In contrast, similar to Ir–Rh, the trend of Pd enrichment
corresponds to the series (Pt, PGE)2(Fe + Cu + Ni) in the lode deposits (Figure 4).

 

Figure 7. Pt versus Fe diagram (in weight %) showing the compositional distribution of the Pt–Fe alloy
minerals from placer deposits worldwide, which are listed in Table 1.
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Figure 8. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Ir expressed in weight % in compositions of the Pt–Fe alloy minerals from various placer deposits.
The symbols and sources used are the same as the ones shown in Figure 7 and listed in Table 1.

 

Figure 9. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Rh expressed in weight % in compositions of the Pt–Fe alloy minerals from various placer deposits.
The symbols and sources used are the same as the ones shown in Figure 7 and listed Table 1.

 

Figure 10. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Pd expressed in weight % in compositions of the Pt–Fe alloy minerals from various placer deposits.
The symbols and sources used are the same as the ones shown in Figure 7 and listed in Table 1.
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Similar to the Pt–Fe alloys from lode sources (Figure 5), the placer Pt–Fe grains display a trend
of Cu enrichment that extends along the compositional series (Pt, PGE)2–3(Fe + Cu + Ni) (Figure 11).
However, the majority of the plotted data-points are distributed more or less chaotically in the range
n.d.–4 wt.% Cu (Figure 11).

 

Figure 11. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Cu expressed in weight % in compositions of the Pt–Fe alloy minerals from various placer deposits.
The symbols and sources used are the same as the ones shown in Figure 7 and listed in Table 1.

Unlike the other elements, the distribution of minor Ni is most consistent in the Pt–Fe alloys from
the lode deposits (Figure 6) and from the placers (Figure 12), showing similar trends of Ni-enrichment
in the compositional series (Pt, PGE)2–3(Fe + Cu + Ni). Additionally, the maximum contents of Ni are
close in the Pt–Fe alloys in the lode and placer occurrences (≤4 wt.% Ni).

 

Figure 12. Plot of the values of the Σ(Pt + PGE):(Fe + Cu + Ni) ratio (in atomic %) versus contents of
Ni expressed in weight % in compositions of the Pt–Fe alloy minerals from various placer deposits.
The symbols and sources used are the same as the ones shown in Figure 7 and listed in Table 1.

3.3. Overall Variations in the Compositions of the Pt–Fe Alloys on a Global Scale

In Figure 13, the overall variations are shown in compositions of the Pt–Fe alloys in all types of
occurrences, involving the examined lode and placer deposits (Table 1). In the Pt versus Fe diagram,
the observed field of solid solutions displays a linear boundary due to the ideal scheme of Pt ↔ Fe
substitution, with the observed equation of linear regression y = −x + 100 (Figure 13a).
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Figure 13. Plot of the contents of Pt. versus Fe (a), Pt. versus Ir (b), Pt versus Pd (c), and Pt versus Cu
(d), all expressed in values of atomic %, in EMP compositions of Pt–Fe alloy minerals. A total of 2430
point analyses (n = 2430) are plotted, which pertain to a large variety of occurrences (Table 1).

The two main series of solid-solutions (Figures 13b,c and 14a) are based on the incorporation of
high levels of Ir (≤20 at.%), and an even greater content of Pd (≤35 at.%), which are both negatively
correlated with Pt. In contrast, Cu (≤20 at.%) did not correlate with Pt, where the bulk of the EMP
compositions had fairly low amounts of ≤6 at.% Cu (Figure 13d).

Figure 14. Ternary diagrams of Pt–Pd–Ir (a) and Ir–Pd–Rh (b) showing atomic proportions of
these elements in EMP compositions of the Pt–Fe alloy minerals from numerous localities (Table 1).
The total number of point analyses is 2430 (a) and 2325 (b). FCS is the inferred “field of complicated
substitutions”; see text for discussion.
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Thus, two series of extensive solid-solutions exist: Pt3−xFe (isoferroplatinum and ferroan
platinum) ↔ Ir3−xFe (chengdeite, and possibly, its disordered modification), and a series extending
toward Pd3Fe (unnamed), which was documented at Coldwell (Figure 14a). There is a good potential
for the discovery of a new species of PGM with a Pd-dominant composition, (Pd, Pt)3Fe, in relation to
the latter or another complex. The ordered and disordered variants of Pd3Fe exist in the Pd-Fe system,
e.g., [45].

In the compositional Ir–Pd–Rh space, the presence of a “field of complicated substitutions” is
proposed, which generally extends along the Ir–Pd axis (Figure 14b). In addition, there is a slightly
rarefied area along the Ir–Rh axis, which could be ascribed to the lack of sufficient statistics. On the other
hand, the observed solid-solution appears to extend, approximately, along the line Ir–(Pd:Rh = 2:3) in
the Ir–Pd–Rh space, as inferred on the basis of a total of 2325 point analyses (Figure 14b).

In addition, Ru, Os, and Sb occur as traces or minor elements in the Pt–Fe alloys. The bulk of the
compositions of alloy grains gave ≤0.5 wt.% Ru, with a maximum ~5 wt.% and mean 0.13 wt.% Ru
(per n = 2430). The observed background of Os was notably higher. The majority of the Pt–Fe grains
contained ≤0.5–2 wt.% Os, with episodic maximums ~6–8 wt.% and mean 0.53 wt.% Os (n = 2430).
Typically, Sb appears to only occur in trace amounts (n.d. by EMP methods). Nevertheless, some
grains of the Pt–Fe alloys yielded essential levels varying from ~0.4 to 1.4 wt.% Sb.

4. Discussion and Conclusions

In summary, we note the following observations:
(1) PGE admixtures (Ir, Rh, and Pd) are typically incorporated into the alloys of composition

(Pt, PGE)2–3(Fe, Cu, Ni) in a variety of lode occurrences associated with ore zones and complexes of
different types and geologic settings worldwide (Figures 2–4). These compositional series extend along
and below somewhat the line Σ(Pt + PGE):(Fe + Cu + Ni) = 3, which corresponds to isoferroplatinum.

(2) Generally, minor Cu follows the same pattern of distribution in the Pt–Fe alloys in the lode
occurrences (Figure 5), showing a clear tendency of decrease in the values of the ratio Σ(Pt + PGE):(Fe +
Cu + Ni), while the Cu content increased. The trend of Cu enrichment in the minerals that are relatively
poor in Pt implies their crystallization from relatively fractionated melts at lower temperatures.
This trend agrees with observations noted below for the Pt–Fe alloys from placer associations.

(3) Similarly, the Ni admixture enters preferentially in the Pt–Fe alloy, nominally (Pt, PGE)2(Fe,
Cu, Ni) in the lode deposits reviewed (Figure 6). One of the suggested possibilities is that Pt2Fe may in
fact represent “invisible” mixtures of Pt3Fe and PtFe (≤1 μm in size) that are exsolved upon cooling
within the miscibility gap [46]. In contrast, examples of homogeneous Pt2Fe with a disordered fcc
structure were documented in [33].

(4) The global-scale sets of EMP data generally display Figure 8-shaped compositional fields in
the Pt–Fe diagram, which are based on a large number of compositions of the Pt–Fe minerals from
a large variety of placer deposits worldwide (Figure 7). This distribution is likely a reflection of the
miscibility gap existing between the ordered Pt3Fe structure (isoferroplatinum) and the disordered
structure of native or ferroan platinum.

(5) The patterns of distribution of the admixtures of PGE (Ir, Rh, and Pd) appear to scatter
chaotically in the plots of EMP compositions of placer grains of the Pt–Fe alloy minerals. There is no
clear relationship observed between the amount of these elements and their values in the ratio Σ(Pt +
PGE):(Fe + Cu + Ni). Minerals of the type (Pt, PGE)2–3(Fe, Cu, Ni) were not observed as the distinctive
series (Figures 8–10).

(6) In contrast to the PGE, minor amounts of Cu and Ni admixtures yielded their maximums in
alloys of the compositional series (Pt, PGE)2–3(Fe, Cu, Ni) in the placer occurrences (Figures 11 and 12).

(7) The global-scale set of EMP compositions plotted in the Pt–Fe diagram indicates that the linear
boundary observed in the overall compositional field is due to an ideal scheme of Pt ↔ Fe substitution
(Figure 13a).
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(8) Pairs of minor elements, Ir–Rh and Cu–Ni, despite an internal similarity in the observed
character of distribution (Figures 2, 3, 8 and 9), displayed incoherent behavior and formed separate
trends in terms of the plots of Rh versus Ir and Cu versus Ni.

(9) The two series of solid solutions in the Pt–Fe alloys are based on the Ir-for-Pt and Pd-for-Pt
substitutions. The incorporation of Ir is not restricted by the Pt3Fe–Ir3Fe substitution involving
components of isoferroplatinum and chengdeite (also, likely their disordered modifications). Besides,
Ir0 appears to replace Pt0 in disordered variants of the Pt–Fe alloys, as is implied by the observed pattern
(Figure 8). There is a good potential for discovery of a new species of PGM having a Pd-dominant
composition, (Pd, Pt)3Fe, most expectedly in association with the mineralized zones of mafic units of
alkaline mafic-ultramafic or gabbroic complexes.

(10) The presence of a “field of complicated substitutions” is proposed, which generally extends
along the Ir–Pd axis in the Ir–Pd–Rh diagram (Figure 14b). The inferred solid solution extends
approximately along the line Ir–(Pd:Rh = 2:3), suggesting that minor Pd enters the solid solution via a
coupled scheme of substitution in the combination with Rh.

The “field of complicated substitutions, FCC” (Figure 14b) may likely be a reflection of the
crystallochemical differences existing between Pd and Ir, which, at least under normal crystallization
conditions, seem to avoid each other, and they do not participate in mutual substitution schemes in
all of the PGM species presently known. Only minor substitutions are known, e.g., ~1 wt.% Ir in
laflammeite Pd3Pb2S2 [47].

The Pd-for-Rh substitution is not so common; nevertheless, it occurs in the series of solid solution
of palladodymite (Pd, Rh)2As—rhodarsenide (Rh, Pd)2As [48,49]. Among the PGE, Pd has the smallest
size of the calculated atomic radius, which is a consequence of its outermost electron density deriving
predominantly from d-levels, instead of s-levels [50].

(11) Pt–Fe alloys analyzed in situ in the lode deposits display some distinctive features of their
compositions relative to the Pt–Fe grains examined in placer associations. As noted, the compositional
series (Pt, PGE)2–3(Fe, Cu, Ni) clearly dominates in the lode occurrences of the Pt–Fe alloys from
different sources (Figures 2–4). In contrast, this series was not as important in the placer occurrences
(Figures 8 and 9).

In addition, placer grains of the Pt–Fe alloys generally have large grain-sizes due to crystallization
under special conditions in their now-eroded source rocks, a subject extensively debated in the
literature that is well-documented and discussed in [51], and references therein.

A large grain-size is known for some Pt–Fe alloy nuggets derived from placers related to
Alaskan-type complexes, such as the ~1.5 kg specimens of native ferroan platinum at Kondyor [32]
or the crystals exceeding 10 cm across at Nizhniy Tagil [52]. These examples are consistent with the
mineral-forming environments rich in volatiles and are likely related to ultramafic-mafic pegmatite
facies. For example, at Kondyor, phlogopite-rich late zones rich in PGE are known in the Anomal’nyi
area [53].

(12) As an indication of the very large quantity of host Pt-bearing rocks needed to be weathered
and eroded to produce tenors found in commercially-viable placers, two publications on the Goodnews
Bay placers are relevant [54,55]. Detailed study of the geology and geomorphology showed that Red
Mountain is the source rock that has been eroded by 2000 vertical feet over a period of about 20 million
years or longer. The amount of eroded rock in this case represents a volume of about 2.4 billion m3

and underlines the huge quantities of weathered and eroded source rocks involved and why large
grains are statistically nearly impossible to find microscopically.

(13) There are some compositional features that are generally characteristic of the Pt–Fe alloy
minerals hosted by the different types of source rocks, e.g., the trend of Ir-enrichment typically occurs
in Alaskan-type complexes, and the strong Pd-enrichment is related with the mineralized rocks of
gabbroic compositions in the Coldwell complex.

Based on our observations, we conclude that the Pt–Fe alloys of different origins
(Table 1); [51,54–60] exhibit compositional overlaps that are too large to represent reliable
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index-minerals to define a provenance or to infer a source rock for detrital grains of Pt–Fe alloys.
Nevertheless, the strong Pd enrichment in the Pt–Fe alloys from the lode source related to alkaline
gabbroic deposits (e.g., Coldwell), or potentially, to another type of mineralized mafic rock (e.g., Pd-Pt
zones in mafic units of layered intrusions), is distinctive and may presumably represent an indicator of
provenance if found in detrital deposits.
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