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Abstract

A microinclusion of colloform high-purity platinum in a grain of platinum-group minerals
(PGM) from the alluvial gold-bearing placer deposit in the south of Western Siberia (Russia) was
detected and characterized for the first time. It is different in composition, texture, and conditions of
formation from high-purity platinum of other regions described in the literature. The main
characteristics of investigated high-purity platinum are colloform-layered texture, admixture of Fe
(0.37-0.78 wt.%), and paragenesis of Cu-rich isoferroplatinum, hongshiite, and rhodarsenide. The
PGM grain with high-purity platinum is multiphase and heterogeneous in texture. It is a product of
intensive metasomatic transformation of Cu-rich isoferroplatinum (Pts(FeosCuo4)). The
transformation was carried out in two stages: 1 - copper stage including three substages (Cu-rich
isoferroplatinum, copper platinum and hongshiite); and 2 - arsenic (rhodarsenide). The formation of
high-purity platinum was separated in time from the formation of isoferroplatinum and was carried

out by precipitation from postmagmatic solutions.
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Introduction

High-purity platinum was discovered in the gold-bearing placer deposit of Koura River situated
in Gornaya Shoriya (south-western Siberia, Russia, Fig. 1). This area is in the southern part of the
Altai-Sayan orogen formed during several Paleozoic phases of tectonism (Zhmodik et al., 2016).
The Lower Cambrian volcanogenic-sedimentary complexes are widely distributed at this site. An

important feature of its geological structure is the Seglebirsky ophiolite massif which includes
1



amphibolites, gabbro, mafic dikes, and serpentinites (Gusev et al., 2004). PGE mineralization (Ru-
Ir-Os alloys) was identified in serpentinites (Gusev et al., 2004).

This is the only grain containing high-purity platinum among the hundreds of mineral grains of
platinum group elements (PGE) investigated in the mountain region including Gornaya Shoria,
Kuznetsk Alatau and Salair Ridge (Krivenko et al., 1994; Agafonov et al., 1996; Tolstykh et al.,
1996 and 1999; Podlipsky and Krivenko, 2001; Zhmodik et al., 2004; Podlipsky et al., 2007). The
development of modern high-resolution electron microscopy allows to investigate a material of few
nanometers in size which was previously impossible. High-purity platinum is unique and
remarkably different from those previously described for the eastern regions of Brazil (Fleet et al.,
2002; Cabral et al., 2006), Western Sayan (Tolstykh and Krivenko, 1998), and several regions of
the Sakha (Yakutia) Republic (Evstigneeva et al., 1990). The findings of high-purity platinum were
mentioned worldwide in other studies (Kingston and El-Dosuky, 1982; Vuorelaien and Tornroos,
1986; Agafonov et al., 1992 and 2000; Rudashevsky et al., 1995; Cabri et al., 1996; Gornostayev et
al., 1999; Okrugin, 2000; Angeli, 2005; Chernyshev, 2009; Tolstykh et al., 2002 and 2015; Zaykov
etal., 2017).

A goal of this study was to investigate high-purity platinum of unusual morphological type with

a detailed discussion of its composition, textural features, and origin.
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Fig. 1. Geological map of the investigated region showing the location of high-purity platinum at
the Seglebirsky massif in Gornaya Shoriya (modified from Gusev et al. (2004)).



Materials and Methods

The PGM grain was derived from the heavy mineral concentrate obtained from the No. 317
dredge of the gold-bearing placer deposit of Koura River. The PGM grain was handpicked from the
concentrate under a binocular and then examined for grain size, morphology, and surface texture.
The PGM grain was mounted to epoxy block and polished with diamond paste for further analysis.
The composition and morphology of the sample were investigated at the Analytical Center for
Multi-elemental and Isotope Research of the Siberian Branch, Russian Academy of Sciences using
a scanning electron microscope (MIRA 3 LMU, Tescan Orsay Holding) equipped with a
microanalysis system INCA Energy 450+ X-Max 80 (Oxford Instruments Nanoanalysis Ltd). The
analytical conditions were: 20 kV of accelerating voltage with a beam current of 1.6 nA and 10 sec
counting time for each analytical spectrum; energy resolution of X-ray spectrometer — 126-127 eV
at the Mn Ko line; and spot size was 12 nm. The spot size of the X-ray beam varies between 5 and
20 microns. Determination of microinclusions with size less than 20 microns was carried out taking
into account the composition of the surrounding minerals. The detection limit for most elements
was 0.2-0.3 wt.%. The counting time was increased up to 150 seconds in order to decrease detection
limit for accurate trace element analysis. More information about parameters of SEM/EDS analysis
used in this study can be found in previous work (Zhmodik et al., 2016).

The composition of the PGM grain was also determined with a JEOL JXA-8100 electron
microprobe analyser (EMPA) outfitted with a wavelength-dispersive spectrometer (WDS) offering
excellent peak separation and accurate trace element analysis. The analytical conditions were
accelerating voltage 20 kV, 100 nA beam current, and 10 sec counting time. Table 1 shows the
analytical characteristics of the WDS for determination of the PGM composition. The following
standards were used: Pt, Ir, Os, Pd, Rh, and Ru metals; CuFeS; for Cu, Fe, and S; NiFe2O4 for Ni;
FeAsS for As; Sh,Sz for Sbh (Table 1). Element interference was corrected using experimentally
measured coefficients (Lavrent’ev and Usova, 1994). Detection limits of elements were in the range
of 0.01-0.02 wt.%.

Table 1
Analytical characteristics of WDS for determination of the PGM composition.

Analytical line  Crystal- Standard  Overlapping lines Background- Background+
analyzer Mm* Mm*
S Ka PET CuFeS: Pt M3-N4 2.0 2.0
Fe Ka LiF CuFeS; Ir Ly2 11, 2.0 2.15
Ir Ly6 11,
Ir L2-03 II,
Ir L2-O3 11
Ni Ko LiF NiFe204 - 1.5 15


http://probelab.geo.umn.edu/equipment.html#WDSUMN

Cu Ka LiF CuFeS: Ir Lt 1.3 1.3
As La TAP FeAsS Ru Lal,2 11, 2.0 2.0
SbLB1 1
Ru La PET Ru-met Ir M3-04, 3.7 1.7
Pt M3-01
Rh La PET Rh-met Pt M2-N4, 1.25 4.8
Os Lt I,
Ru L1,
CuKal Il
Pd Lo PET Pd-met Pt Lt 111, 45 25
Ru LB2,
Rh LB1
Sb La PET Sh2Ss Ir LB3 III, 1.5 2.0
Pt Lp4 I,
Os LB7 HI
Os Lp1 LiF Os-met Ir LB17, 1.56 1.3
Ir L1-M1
Ir Lot LiF Ir-met Pt La2, 0.8 1.4
Os Ln,
PtLa LiF Pt-met Ir Ln, 2.5 1.7
Os L2-M2,
Os Ln

Note: *- Displacement in position of spectrometer relating to the peak

Results

High-purity platinum was detected in the 0.8x0.6 mm PGM grain, which has an elongated-
lumpy shape with a flattened protrusion (Fig. 2). The surface of the grain is fine-hummocky, fine-
toothed, and smooth. The fine-toothed surface is characteristic for the most surface of the grain
including the gulf-slopes. The oval ledges on the surface of the grain are smooth because of the
mechanical river abrasion. The internal structure of the grain is heterogeneous (Figures 2 and 3).
There are textures formed both in the magmatic and postmagmatic stages.

The dispersed disseminated nodular (relic) microtexture is common for the PGM grain due to the
development of nodules in a heterogeneous matrix. The oval and round forms of inclusions indicate
to the occurrence of these textures in the genetic group of textures of liquation differentiation of the
melt (Betekhtin et al., 1958). The following microtextures were identified in the matrix: spotted,
vein, emulsion, and solid solution decomposition lattice. All of them, with the exception of the last
one, are mainly included in the genetic group of textures of hydrothermal(?) substitution. An
exception is also the texture of microcracks (Figs 2 and 3 b, d) which is a sign of "fragile
deformations” (Betekhtin et al., 1958).



Fig. 2. The texture of the multiphase PGM grain and the position of high-purity platinum (contour
a) in it. Light gray - solid solution of Pts(Feo.sCuo4) — Cu-rich isoferroplatinum; gray - hongshiite
(PtCu); dark gray - rhodarsenide (Rh, Pd).As. Rectangular contours are the detailed sections shown

in Figure 3. SEM images here and further are in back-scattered electrons.

The main mineral phases of the matrix are solid solutions of platinum and copper as well as the
solid solution of Pt3(FeoeCuos) which can be called as Cu-rich isoferroplatinum based on the
proximity of its stoichiometric composition to isoferroplatinum. Composition of minerals in the Pt-
Cu-Fe system was described previously (Tolstykh et al., 1996), where authors noted that peripheral
parts of Pt(Fe) grains were usually enriched in copper. Cu-rich isoferroplatinum reveals a stable
composition (Table 2, Fig. 4A). The variations in composition relative to the average values is very
small: 89.5-90.4 wt.% (average - 90.1 wt.%) for Pt (+ Ir, Os, Rh, Ru); 5.2-5.7 wt.% Fe (5.5 wt.%);



3.9-5.1 wt.% Cu (4.2 wt.%). Cu-rich isoferroplatinum contains decomposition products of solid
solution which are represented by the lamellas of OsolrosRuo.2 intermetallic compound (Fig. 3 f,
h). According to the phase diagrams obtained during the investigation of the Pt-Os system (Winkler,
1943; Voronova et al., 1984), two regions of solid solutions were identified: 1) Os with Pt (about 11
at.% Pt); 2) Pt with Os (up to 25 at.% Os). The total concentration of osmium in the studied grain
does not exceed 5 at.%. According to this two-component diagram of Pt-Os and osmium content,
osmium is not able to deposit from this system. However, a solid solution of platinum and osmium
is formed. Additionally, it should be noted that in our case the system is multicomponent consisting
of Pt, Os, Fe, Ir, and Ru. Based on our data, we concluded that inclusions of Os-Ir-Ru alloys in
isoferroplatinum are decomposition products of multicomponent solid solution. It should be noted
that in our case we are talking about rutheniridosmine (Oso.4lro.4Ruo.2), with the composition similar
to ruthenosmiridium (Iro.40so.4RuUo.2). The host matrix of Cu-rich isoferroplatinum (Table 3) has a
significant effect on the lamella composition due to their ultra-small size. The total amount of Ru-

Os-Ir intermetallic compound in the PGM grain is several wt.%.

Table 2
Composition of Cu-rich isoferroplatinum according to SEM/EDS (1-17) and WDS (18-22), wt.%.
AI‘\TS_I' Fe Cu Ru Os Ir Pt Totals  Figure

1 5.62 4.75 0.56 89.95 100.89 31l
2 5.59 3.57 89.88 99.04 3b
3 5.17 3.48 0.74 1.58 2.54 85.38 98.88

4 5.33 4.28 88.47 98.08

5 5.07 3.79 0.82 2.85 2.61 83.02 98.16 3c
6 511 3.72 0.5 2.65 3.52 8591 10143

7 4.88 3.64 0.73 2.07 3.99 84.99  100.29

8 5.52 3.84 0.51 87.96 97.84 3d
9 5.45 4.34 89.71 99.51

10 5.28 3.7 1.9 87.95 98.82 3e
11 5.6 3.98 0.48 91.93 101.99

12 5.07 3.62 0.58 1.94 2.61 86.67  100.49

13 512 3.84 0.49 2.22 2.36 86.61  100.64 30
14 4.82 4.01 0.54 1.57 1.52 86.46 98.92

15 4.63 3.7 1.56 7.97 6.98 74.11 98.95

16 5.16 4.42 87.53 97.11 3]
17 5.24 4.27 87.23 96.75

18 541 3.98 0.28 0.20 0.70 88.68 99.25

19 5.15 4.02 0.58 2.47 2.33 84.42 98.97

20 5.39 3.77 0.34 1.41 1.44 86.66 99.01 2
21 5.45 3.74 0.19 0.93 1.39 87.65 99.35

22 5.57 3.83 0.10 0.25 89.55 99.30




Table 3
The composition of Ru-Os-Ir lamellas included in the Cu-rich isoferroplatinum and Cu-Pt alloy
using SEM/EDS, wt.%.

Al\rllgl. Fe Cu As Ru Rh Pd Os Ir Pt Total Zm™*  Figure
1 15.8 3.0 128 102 56.6 984 2 3a
2 448 36 2.64 955 1039 70.7 101.37 1
3 407 4.26 2.78 1121 98 65.69 978 1 3]
4 30 57 2.2 123 101 66.7  99.9 1 af
5 13.2 1.7 6.1 6.3 73.0 100.3 2
6 14.3 1.9 6.6 7.6 70.1 1005 2
7 03 103 4.1 210 167 489 1013 2
8 8.8 3.1 13.7 127 623 100.6 2 3h
9 02 91 3.5 138 124 613 100.2 2
10 8.8 3.2 141 111 625 99.7 2

Note: *Zm — enclosing minerals: 1 — Cu-rich isoferroplatinum; 2 — Cu-Pt alloy.

Two individual mineral phases are distinguished in solid solutions of platinum and copper:
hongshiite and a Cu-Pt intermetallic compound. Hongshiite differs from its stoichiometric
composition due to deficiency of copper: Pt12Cuos-Pt1.1Cuoo (Table 4, Fig. 4A) with an average
copper content of 19.14 wt.%. Cu-Pt intermetallic compound is characterized by an even greater
copper deficiency - Pt14Cuos (Cu average content - 11.7 wt.%) (Table 5, Fig. 4A). Lamellas of Ru-
Os-Ir intermetallic compound were identified (Table 3 and Fig. 3 f, h) in Cu-Pt intermetallic
compound and Cu-rich isoferroplatinum in same amount and composition - OsSo4lro4Ruo2 or
Ir0.40s04RUo2 (rutheniridosmine or ruthenosmiridium). These lamellas in Cu-Pt intermetallic
compound are probably relicts inherited from Cu-rich isoferroplatinum. Whereas, the lamellas in
Cu-rich isoferroplatinum are relicts inherited from Pt-Fe alloy (isoferroplatinum). Cu-Pt
intermetallic compound and Cu-rich isoferroplatinum closely associate with each other forming a
spotted texture with predominance of one of these minerals in the different parts of the PGM grain
(Figs 2 and 3 11, d, f, j). Hongshiite is mainly at the marginal zone of the grain, forming an unclear

texture (Figs 2 and 3 e).

Table 4
Hongshiite composition based on SEM/EDS (points 1-23) and WDS (points 24-29), wt.%.
AI‘\TSI' Fe Cu Ru Os Ir Pt Totals  Figure
1 20.0 0.6 1.3 76.9 98.7 3a
2 19.3 78.8 98.1
3 18.8 78.6 97.4
4 18.1 0.4 1.6 1.5 77.7 99.4 3b




5 06 185 773 965
6 18.8 780  96.8
7 18.8 19 801  100.8
8 02 201 775 978
9 03  19.0 785 977 3¢
10 02 191 05 761  96.0
11 03 196 767 965
12 04 200 772 975
13 19.2 806  99.8  3d
14 19.0 802 991  3e
15 20.8 760  96.8
16 19.8 773 971 3f
17 18.2 794 975
18 19.9 772 97.0
19 20 795 994  3g
20 195 03 1.0 783 991  3h
21 20.0 2.2 16 760  99.9
22 03 202 766 971 3
23 07 181 04 76.6 959

24 0.05 18.75 0.65 221 2.04 7442  98.12
25 0.04 19.59 0.27 1.37 1.27 7517  97.71
26 0.1 18.62 0.04 0.59 0.35 79.0 98.7 2
27 0.1 18.98 0.32 1.28 0.85 76.82  98.34
28 0.08 16.34 0.2 1.86 2.04 77.85  98.36
29 0.27 17.95 0.62 2.72 2.13 7495  98.64

Table 5
Composition of Cu-Pt intermetallic compound based on SEM/EDS, wt.%.
AI‘\T:I' Fe Cu Ru Os Ir Pt Totals  Figure

1 115 0.8 2.0 1.6 84.3 100.2 3a
2 0.3 11.1 0.7 2.6 2.6 83.2 100.5 3c
3 12.3 87.4 99.6 3f
4 11.6 0.3 1.9 2.1 85.2 101.0 3g
5 12.1 87.1 99.2
6 11.7 0.8 3.0 2.7 82.5 100.7 3h
7 0.2 11.4 0.5 1.8 2.6 84.1 100.6

The inclusions of arsenide and sulfoarsenide minerals were identified in the grain: rhodarsenide,
irarsite, sperrylite, and platarsite (Figs 3c, i, j). The most widely distributed mineral is rhodarsenide
which forms an euhedral crystal of less than 4-6 um in the solid solution of platinum and copper.
These phases form either chains on the periphery of the grain (Fig. 3d) or their intergrowths of the
panidiomorphic-granular structure forming clusters and veins confined to microcracks, intersecting
the host grain in different directions (Figs 2 and 3 b, f, i). Microemulsion impregnation of

rhodarsenide in Cu-rich isoferroplatinum was also observed (Fig. 3g). The rhodium and palladium



were detected in rhodarsenide (Table 6, Fig. 4b) two groups: (RhPdosPto2)2As and
(Rh1.4Pdo 3Pto.2)1.0AS1 1.
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Fig 3. Internal textures defined in figure 2.
a — high-purity platinum in the inclusions; I, Il — enlarged micro-areas allocated to a; b, c, j —
inclusions filled with silicates and oxides; d — a notch on the grain surface filled with kaolinite-

containing material;; e — hongshiite in the marginal part of the grain;; f — inclusion of rhodarsenide



with Os-Ir-Ru lamellas; g — emulsion inclusions of rhodarsenide;; h — Os-Ir-Ru lamellas penetrated
through Cu-rich isoferroplatinum and hongshiite; i — round inclusion of osmium. Mineral
abbreviation: Am — amphibole, Bt — biotite, Chl — chlorite, Cr — chromite, Gt — goethite, Hm —

hematite, KI — kaolinite, Ol — olivine, Pl — plagioclase, Px — pyroxenite.

Table 6
Rhodarsenide composition based on SEM/EDS (points 1-18) and WDS (points 19-25), wt.%.
A,\\EI' Fe Cu As Ru Rh Pd Os Ir Pt  Total Figure Formula composition
1 1.0 20.3 0.9 293 255 56 4.3 14.0 100.8 3a (Rho,91Pd0,75Pto,23OSo,09|I’o,o7RUo,osCUo,os)z,MASo,ge
2 23.2 331 28.0 146 98.9 (Rhy.00Pdo.81Pt0.23)2.04AS0.96
3 234 33.0 28.6 141 991 (Rho.g9Pdo 83Pt0.22)2.04AS0.96
4 23.4 33.0 29.6 13.7 99.7 3b  (RhogsPdo.esPto.21)2.05AS0.95
5 06 05 263 48.2 10.0 15.1 100.6 (Rh1 39Pdo.28Pto.23CU0.02F€0.03)1.96AS1.04
6 03 273 50.3 113 126 101.8 (Rhy.43Pdo .31Pt0.19CU0.01)1.94AS1.06
7 02 16 224 06 312 27.0 20 159 100.8 (Rho.saPdo 77Pto.25Co.0s080 03RUo 02F€0.01)2.00A0 9
1
0.4 24.1 334 294 146 101.8 3c (Rho,97pdo,gsPto,zzCUo,oz)z,mASo,ge

9 0.7 239 33.8 29.3 14.2 101.9 (Rho.98Pdo.82Pt0.22CU0.03)2.05AS0.95
10 22 224 304 25.6 19.7 100.2 (Rho.91Pdo.74Pt0.31CU0.11)2.08AS0.92
11 05 234 33.1 28.6 15.0 100.7 (Rho.98Pdo.82Pt0.23CU0.02)2.05AS0.95
12 0.7 233 33.7 284 158 102.0 3d (Rho.9sPdo.80Pto.24CUo.03)2.06AS0.94
13 19 23 154 07 205 169 28 28 370 100.3
14 0.78 23.2 331 276 0.7 15.0 100.4 (Rho.98Pdo.79Pt0.23050.01CU0.04)2.06AAS0.94
15 4.0 21.1 28 243 20.1 6.5 6.7 14.4 100.0 3e (Rho,75Pdo,eoPto,24OSo,11|I’o,11RUo,ogCUo,oz)z,loASO,go
16 28 20 110 05 220 53 10 13 538 99.7 3¢
17 31 23 91 07 142 108 16 570 987
18 16 232 316 275 15.8 99.7 3i  (Rho.gsPdo.79Pto.25CU0 08)2.05AS0.95
19 0.01 044 249 328 278 0.08 14.18 100.2 (Rho.96Pdo.79Pt0.22CU0.02)1.99AS1.01
20 0.03 047 250 325 279 14.12 100.0 (Rho.96Pdo.79Pt0.22CU0.02)1.99A81.01
21 0.02 049 250 320 284 0.03 14.21 100.1 (Rho.94Pdo 81Pt0.22CU0.02)1.99AS1.01
22 0.02 045 247 32.0 285 0.01 14.28 99.98 2 (Rho.94Pdo.81Pt0.22CU0.02)2.00AS1.00
23 0.02 034 248 32.1 28.6 0.02 14.31 100.1 (Rho.94Pdo 81Pt0.22CU0.02)2.00AS1.00
24 0.06 041 288 477 10.7 0.09 12.66 100.4 (Rh1.36Pdo.30Pt0.19CU0.02)1.87AS1.13
25 0.11 050 28.9 476 109 0.38 13.38 101.8 (Rhl,35Pdo,3opto,zoCUo,02|I’o,01Feo,01)1,88A51,1z

Note: Anal. No. 13, 16 and 17 — rhodarsenide-2 (fine emulsion inclusion in Cu-rich isoferroplatinum).

The nodule inclusions are quite diverse in texture and composition (Fig. 2). They have
predominantly flattened shapes and ideally rounded ones in the smallest "drops"” (Figs 2 and 3b)
from 10x10 um to 40x70 um in size. The nodule inclusions are filled entirely or partly with rock-
forming silicates (Table 7 and Fig. 3b, d), PGM (Fig. 3 a-c), and/or Fe and Cr oxides (Fig. 3b).
Most phenocrysts have a polymineral composition (Fig. 3b, c) but some of them are monomineralic,
represented, for example, by native osmium (Figs 2 and 3) and amphibole (Fig. 3b, small

inclusion). Along with syngenetic minerals of typically magmatic genesis, such as olivine,
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chromite, and native osmium, epigenetic postmagmatic minerals are present in the inclusions:
hematite, hongshiite, rhodarsenide, etc. The micro-extractions of these minerals form outgrowths on
the walls of nodules (Fig. 3b, ¢). The composition of hongshiite and rhodarsenide in the main part
of the grain and on the walls of the inclusions are similar (Fig. 4a, b). Goethite was observed in one

phenocryst (Fig. 3j).

60%
Cu Rh Pd+Pt+Cu
Ru

00 @0
R S

@

Os Ir

Fig. 4. Triangular diagrams of the PGM compositions based on SEM/EDS and WDS.

A — Fe-Pt-Cu system: 1 — high-purity platinum; 2 — Cu-rich isoferroplatinum, Cu-Pt alloy, and
hongshiite; 3 — hongshiite (1-3 analysis based on SEM-EDS); 4 — Minerals of stoichiometric
composition (I - isoferroplatinum, Il — tulameenite, and Il - hongshiite); 5 — Cu-rich
isoferroplatinum, Cu-Pt alloy, and hongshiite based on WDS. B — Rh-As-(Pd+Pt+Cu) system: 1 —
Idiomorphic inclusions of rhodarsenide in the matrix; 2 — rhodarsenide in the microcavity; 3 —
rhodarsenide based on WDS. C - Ru-Ir-Os system: 1 — Ru-Ir-Os lamellas in Cu-rich
isoferroplatinum; 2 — Ru-Ir-Os lamellas in Cu-Pt alloy; 3 — Ru-Ir-Os lamellas in rhodarsenide; 4 —

round inclusion of osmium in hongshiite.

Table 7

Compositions of silicates in nodular textures based on SEM/EDS, wt.%.
Anal. . . .
No 0] Fe Na Mg Al Si K Ca te  Totals Mineral Figure
1 4382 7.96 0.2 907 215 2235 13.57 0.16 99.28 Px

2 4644 03 6.14 111 11.18 2792 0.39 3.45 96.93 Pl 3b
3 4393 386 0.73 9.39 228 24.98 13.43 0.46 99.07 Px

4 4313 6.97 0.18 9.34 216 23.08 140 1.34 99.27 Px

11



5 5048 3.1 1155 7.09 17.14 6.75 255 3.01 10253 Bt
6 4311 635 022 939 181 2311 13.8 0.34 98.13 Px
7 4583 623 145 961 6.06 2085 05 836 269 10159 Am
8 4368 856 095 7.1 334 2255 0.43 1158 1.42 99.94 Px
9 36.88 4683 0.26 7.35 152 10.16 0.65 1.81 1.78 107.24 Ol
10 4558 3.58 0.89 13.07 576 20.79 0.51 566 0.71 9655 Am
11 4493 427 033 1338 43 2185 152 471 117 9645 Am
12 4542 469 0.33 1247 158 2501 031 794 033 98.08 Am 3¢
13 4312 877 038 1151 237 2209 052 8.08 0.83 97.66 Am
14 4352 833 0.35 1239 266 2239 0.62 6.56 0.67 9749 Am
15 4446 447 019 1294 128 250 027 777 137 9693 Am
16 4191 2826 031 932 172 1656 0.36 4.78 0.93 10415 Ol

Minerals: Px — pyroxene, Bt — biotite, Pl — plagioclase, Am — amphibole, Ol — olivine; te — trace

elements — Ti, Mn, Ni, Cr, Pt.

High-purity platinum was found in one microscopic oval cavity, being some 40x80 um in size

(Fig. 2). The delicate layer of high-purity platinum with thickness varying from 3-6 to 20 pm,

covers walls of the cavity. The microtexture is colloform-layered, similar to the texture of

malachite. The sublayers (0.15-1.0 um) of native platinum are interlayered with the empty and

semi-empty sublayers containing oxygen, magnesium, aluminium, and silicon (Fig. 3a, I-1l). The

layer of hongshiite (1.0-1.5 um) occurs on the wall of the cavity underneath the layer of high-purity

platinum (Fig. 3 ). The contact of the layer of high-purity platinum with the wall of the

microcavity is sharp and the individual sublayers are perpendicular to the wall. The chemical

composition of platinum layer is shown in Table 8. Iron (0.4-0.8 wt.%) was determined in high-
purity Pt (Fig. 4a). Cu was found in 60% of the analyses, Ir and Ru - in 20%, and Rh - in 13%, and

Os was below detection limit. Correlation of the content of minor elements with the fineness of

platinum was observed only for Fe (r = -0.83).

Table 8
Composition of high-purity platinum by SEM-EDS, wt.%.
Al\rl1:.I. Fe Cu Ru Rh Ir Pt Total* Total+** Figure
1 0.67 0.41 0.53 9212 9372 93.72
2* 0.64 0.47 90.65 91.76  95.98 3a
3* 0.68 0.54 9242 9364 94.35
4 0.46 1.75 9298 9519 95.19
5* 0.69 0.52 0.57 0.6 86.54 88.92 9211 3
6* 0.78 0.54 0.7 1.48 83.33 86.83  89.47
7* 0.55 90.78 91.33 91.98
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8* 0.67 0.31 87.21 88.19  89.42

9* 0.44 90.36  90.8 93.2

10* 054 90.82 9136  92.17

11*  0.37 0.66 9796 98,99 101.43

12*  0.68 0.61 97.35 98.64 107.12

13*  0.56 0.6 9537 96.53 100.59 31
14*  0.64 0.29 9343 9436 103.99

15* 074 1.54 87.1 89.38  99.85

Note: * - O, Al, Si, Mg, Ti, and Mn were not included in the calculation of the sum; **- O, Al, Si,
Mg, Ti, and Mn included in the calculation of the sum.
Discussion

The heterogeneity of the internal texture and the complex mineral composition of the grain
containing the inclusion of high-purity platinum reflect a complexity and long history of its
formation and transformation. The Os-Ir-Ru lamellas, the decomposition products of the solid
solution, and the oval nodule inclusions of chromite, native osmium, and olivine appeared first in
the Cu-rich isoferroplatinum. The metasomatic transformation of Cu-rich isoferroplatinum
(Pt3(FeosCuo.s)) into the Cu-Pt alloy (Pt14Cuos), and subsequent deposition of hongshiite
(Pt12Cuo.8) was established. It should be noted that the mineralogy of the natural Pt-Cu system still
needs more detailed investigation. For example, Cabral et al. (2014, 2016) discovered recently new
mineral kitagohaite (Pt;Cu) and PtsCu intermetallic compound. However, the composition of
minerals in the Pt-Cu-Fe system falling in line with PtsFe-PtCu, with some miscibility gap was
described previously (Tolstykh et al., 1996). The following, arsenic stage, expressed in the
formation of mainly rhodarsenide and also sperrylite, irarsite and platarsite, was also quite
widespread.

Hongshiite and rhodarsenide were developed not only in Pts(FeosCuo4) but, also, deposited on
the walls of the nodules (Fig. 3b, c). Hematite was associated with hongshiite (Fig. 3b) and,
presumably, formed during the final stage. Rhodarsenide formed inclusions in hongshiite and, in
addition, crystallized as an emulsion impregnation in Cu-rich isoferroplatinum. The Os-Ir-Ru alloy
mainly associates with Cu-rich isoferroplatinum, Cu-Pt alloy and to a lesser extent with
rhodarsenide. The Os-Ir-Ru alloys in all Cu-Pt mineral phases are relict and inheriting, in contrast to
missing isoferroplatinum, where the Os-Ir-Ru lamellas were a result of decomposition of the solid
solution. This is confirmed by the constancy of the lamella composition - Oso4lrosRuo2 (Fig. 4C).
The close association of high-purity platinum with hongshiite (Fig. 3 I1) suggests a hypogene
origin. The colloform-layered texture of high-purity platinum was most likely formed as a result of
the coagulation of platinum colloids (Betekhtin et al., 1958; Isaenko, 1983). A colloform-layered
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texture is a "texture ... caused by sequence of layers which were deposited sequentially from
colloidal solutions™ (Petrov, 2012).

A possibility of platinum migration in hydrothermal solutions was considered by many
researchers and confirmed by its occurrence in quartz veins (Vysotsky, 1933; Betekhtin, 1935;
Ramdor, 1962; Boudreau et al., 1986; Mountain and Wood, 1988; Nixon et al., 1990; Distler and
others, 2000). Cu-rich isoferroplatinum could be a source of Fe and Pt. In this case, the formation
time of platinum links to the transition stage of Cu-rich isoferroplatinum into the Cu-Pt alloy. The
removal of Cu and Fe from Pt-Cu-Fe alloys and the redeposition of pure platinum are possible
processes. It also can be assumed that platinum might be present in the fluid in the form of chloride
complexes (e.g., chloride complexes of PtCle¢*, and/or PtCls®, and/or Pt(NHs)Cle, and/or
Pt(NH3)Cls", and/or Pt(NH3)Cls") (Pauling, 1974; Plyusnina et al., 1995; Reith et al., 2014) which
were then converted into native platinum. Further research is required in order to identify a
mechanism of formation of high-purity platinum in this system. This process is not yet fully
understood.

The conditions of formation of high-purity platinum differ significantly from those described in
the literature: 1) thermal-metamorphogenic; and 2) hypergenic-biogenic. According to the first
option (Evstigneeva et al., 1990; Tolstykh and Krivenko, 1998), the formation of high-purity
platinum takes place gradually due to decomposition of sperrylite at a temperature of 900°C and
higher. This platinum has a very high purity (998-999 %.), with rhodium up to 0.5 wt.%. Transition
of sperrylite to native platinum was also confirmed experimentally (Vuorelainen and Tornroos,
1986; Evstigneeva et al., 1990). The second, supergene-biogene option, was proposed for
association of aggregates of high-purity Pt and the Pt-Pd alloys (Pto.7Pdo3-PtosPdo7) with a
botryoidal, reniform, rod-shaped, and dendritic forms found in alluvial placer deposit of Minas
Gerais in Brazil (Cabral et al., 2006, 2009, 2011; Cassedane et al., 1992; Fleet et al., 2002; Angeli,
2005). The native platinum aggregate size is up to 1 mm with a colloform and spongy internal
texture. Pd, Hg and Se are common in native platinum, and Cu and Au are less common. According
to Cabral et al. (2006), the composition of high-purity platinum varies within Ptg.21-0.972Pdo.oos-
0.018H70.014-0.035AU0-0.017CU0.007-0.01S€0.001-0.001. AlSO, the purest platinum occurs in the marginal part
of grains.

High-purity platinum could be formed in other geological settings. Platinum with palladium and
rhodium (Table 9) was recorded in pentlandite and pyrrhotite in the pyroxenite ore of the Merensky
Reef at the Rustenburg Platinum Mine (Kingston and El-Dosuky, 1982). Its formation was
associated with the extraction of platinum from the melt by ascending fluid flows during the
sulfurisation of silicate melts (Marakushev et al., 2004). The genesis of platinum remains unclear
(Table 8) in chromitite and metamorphosed dunites of the Ulor ultramafic massif, Western
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Sangilen, Tuva (Agafonov et al., 2000). The submicroscopic grains of PtogsFeoos and sponge
submicroscopic aggregates of high-quality platinum were identified (Table 9) in black shales of the
Kursk Magnetic Anomaly (KMA) (Rudashevsky et al., 1995). The formation of PGM and high-
purity platinum took place under the influence of the following factors: sedimentary-chemogenic
and biogenic; fluid-magmatic; and metamorphic with extraction of ore matter from protoliths and
its mobilization during the functioning of deep focal zones and hydrothermal processes
(Chernyshev, 2009).

Table 9
Element composition of high-purity Pt, wt.%.
Object Pt Pd Fe Cu Os Ru Rh Cymma Reference
1 99.3 0.3 0.2 99.8 Kingston et al.
(1982)
2 99.49 0.02 0.07 0.07 0.03 0.15 99.83* Agafonov et al.
98.22 0.05 010 0.03 001 015 98.46* (2000)
3 99.1 1.1 100.2  Rudashevsky et al.
100.1 100.1 (1995)
4 99.59 0.07 01 0.23 100.02 Tolstykh, Krivenko
99.36 0.08 0.46 99.90 (1998)

Notes: 1 — Merensky Reef at the Rustenburg Platinum Mine, 2 — Ulorsk hyperbasite massif,
Western Sangilen, Tuva, 3 — black shales of KMA; * —Ir, As, S, Ni were below detection limits; 4 -

Burguli River of Stanovaya folded region.

Conclusions

1. High-purity platinum occurs in microinclusions of the colloform-layered texture in the Pt-Fe-
Cu grain. The thickness of microinclusions is several microns, and the thickness of its constituent
microlayers is 50-100 nanometers. The only admixture in high-purity platinum is iron (0.37 to 0.78
wt.%). The main minerals of the PGM grain are Cu-rich isoferroplatinum, copper platinum,
hongshiite and rhodarsenide.

2. The most important feature of the PGM grain with high-purity platinum is its significant
transformation. The initial mineral form of this PGM was probably isoferroplatinum that was
completely replaced. Isoferroplatinum contained the lamellas of rutheniridosmine and nodule
inclusions of various compositions, including osmium, chromite and olivine. The transformation
took place in the already deformed grain, broken by microcracks, during two stages: 1 — copper
stage, including three substages (Cu-rich isoferroplatinum, copper platinum and hongshiite); and 2 -
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arsenic stage (rhodarsenide). These stages might have occurred during a long geological time, in
various lithogenetic and geodynamic settings.

3. The lamellae of Ru-Os-Ir alloy and the inclusion of osmium were preserved unchanged during
the metasomatic replacement of isoferroplatinum by Cu-rich isoferroplatinum and Cu-Pt alloys.

4. The formation of high-purity platinum was separated in time from the formation of Cu-rich

isoferroplatinum and originated from postmagmatic fluids.
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