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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.
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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 [1,2,3,4]. 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 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 [2,5,6,7,8,9,10,11].




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 [12,13,14,15,16].



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) [17,18,19,20,21,22,23]. 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].



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 [35,36,37,38].



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 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 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.




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.



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).




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.
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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. 






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.



[image: Minerals 09 00327 g002]





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].





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).




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.



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).



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) (Figure 5 and Figure 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.



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 (Figure 4 and Figure 7). The sulfide layer Rim-II texture was homogeneous. The sulfoarsenide layer and 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.



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).




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 the MMS according to the model proposed by Dare et al. [51]. Initially, the melt had a high fS2 (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.



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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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). 
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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”. 
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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 Table 7 and Table 8. 
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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. 
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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. 
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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). 






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).



[image: Minerals 09 00327 g007]







[image: Table]





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.%).
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	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