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Abstract

:

Composition of native gold and minerals in intergrowth of the Chudnoe Au-Pd-REE deposit (Subpolar Urals, Russia) was studied using optical microscopy, scanning electron microscopy, and electron microprobe analysis. Five varieties of native gold have been identified, based on the set of impurity elements and their quantities, and on intergrown minerals. Native gold in rhyolites from the Ludnaya ore zone is homogeneous and contains only Ag (fineness 720‰, type I). It is in intergrowth with fuchsite or allanite and mertieite-II. In rhyolites from the Slavnaya ore zone, native gold is heterogeneous, has a higher fineness, different sets and contents of elements: Ag, Cu, 840–860‰ (type II); Ag, Cu, Pd, 830–890‰ (III); Ag, Pd, Cu, Hg, 840–870‰ (IV). It occurs in intergrowth with fuchsite, albite, and mertieite-II (type II), or albite, quartz, and atheneite (III), or quartz, albite, K-feldspar, and mertieite-II (IV). High-fineness gold (930–1000‰, type V) with low contents of Ag, Cu, and Pd or their absence occurs in the form as microveins, fringes and microinclusions in native gold II–IV. Tetra-auricupride (AuCu) is presented as isometric inclusions in native gold II and platelets in the decay structures in native gold III and IV. The preliminary data of a fluid inclusions study showed that gold mineralization at the Chudnoe deposit could have been formed by chloride fluids of low and medium salinity at temperatures from 105 to 230 °C and pressures from 5 to 115 MPa. The formation of native gold I is probably related to fuchsitization and allanitization of rhyolites. The formation of native gold II-V is also associated with the same processes, but it is more complicated and occurred later with a significant role of Na-, Si-, and K-metasomatism. The presence of Pd and Cu in the ores and Cr in fuchsite indicates the important role of mafic-ultramafic magmatism.
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1. Introduction


The Chudnoe deposit (Subpolar Urals, Russia) [1,2,3] and some other Ural deposits—Baronskoe [4], Volkovskoe, Nesterovskoe [1,3,5,6,7], and Ozernoe [8,9] are unique in the set of impurity elements in native gold (Ag, Cu, Pd, Hg), variability of their concentrations, and minerals in intergrowth with it. The Chudnoe deposit is a special type of Au-Pd-REE mineralization [1,3], which differs from the known hydrothermal or metamorphic gold deposits. Native gold at this deposit is associated with chromium muscovite (fuchsite), REE minerals, palladium arsenoantimonides in the absence of iron sulfides and carbonates. It was discovered by Ozerov in 1994 [10] on the eastern slope of the Maldynyrd ridge during prospecting works on primary deposits, which are probable sources of earlier discovered placers with gold and palladium minerals in the Kozhim district. Since that time, numerous papers have been published on the mineralogy of the Chudnoe deposit in the form of a number of publications in the proceedings of Russian conferences, one monograph [3], three Ph.D. theses [5,11,12], and about ten articles [1,2,3,7,13,14,15,16].



In the earlier works on the mineralogy of gold from the Chudnoe deposit the authors distinguish from one to three varieties of native gold [1,2,3,16]. Native gold contains major (>10 wt.%), minor (1–10 wt.%), and trace (<1 wt.%) elements. The first data on the composition of native gold were reported by Tarbaev and coauthors [1], revealing that gold particles are concentrated near fuchsite veinlets. The first variety is the products of decomposition of Ag-Cu-Hg-Pd solid solution. The matrix is depleted in Pd (0.3–0.8 wt.%) relative to the Au-Cu phase of the platelets (0.7–1.1 wt.% Pd) and has a fineness of 840–870‰ (NAu = Au × 1000/(Au + Ag + Cu + Hg + Pd)). The composition of platelets (1–2 µm thick and to 10 µm long) was determined approximately: maximum content of Cu is 10.5 wt.%, the amount of Hg is close to that in the matrix 0.1–1 wt.%, and Ag ranges from 2.5 to 11.6 wt.%. The second variety of native gold is represented by a higher fineness (to 1.9 wt.% Pd) porous gold in the form of isometric 3–15 µm inclusions in native gold of the first type or thin rims around it.



Galankina et al. [2] found one variety of native gold with high concentrations of Ag (to 20–25, occasionally to 50.5 wt.%) and low concentrations of Cu and Pd (no more than 0.2 wt.%) (fineness 510–800‰) in the absence of Hg. Gold particles to 3 mm in size were concentrated in fuchsite-quartz-allanite veinlets and often in intergrowth with mertieite or contained its inclusions. Shumilov and Ostashchenko [3] revealed three varieties of that native gold from the Chudnoe deposit, which are associated with either fuchsite or allanite localized in the axial part of mica veinlets. Native gold with a wide range of impurities, to 2.3 wt.% Pd, to 3.6 wt.% Cu, and to 1.4 wt.% Hg (840–870‰), was attributed to the first type. It has an intricate inner structure: some of gold particles (840–870‰) are rimmed with high-fineness gold (920–990‰) only with an impurity of Cu, whereas other gold particles contained the decomposition products of solid solutions. The platelets are from 0.1 to 1–3 µm thick, the amount of Cu in the platelets is higher (increase to 12.5 instead of 3–4 wt.%), and that of Ag is lower than in the matrix (decreases from 11–12 to 3–4 wt.%). Native gold of the second type is characterized by a low fineness (720–790‰, as low as 530‰) and absence of Cu, Hg, and Pd. This type of native gold occurs in the Ludnaya zone. To the third type, these authors [3] attribute porous and microcrystalline native gold that overgrows on larger gold particles of the first and second types. It is characterized by high fineness (to 990‰) and, respectively, lower contents of Ag and Cu at relatively high concentrations of Pd and absence of Hg.



Borisov [5] found that native gold from the Chudnoe deposit contained inclusions of the Au-Cu phases: Au3Cu, Au3Cu2, and Au2Cu with minor Pd. Kuznetsov et al. [8] also reported that native gold of heterogeneous composition (8.2–11.6 wt.% Ag, 1.3–3.0 wt.% Cu, about 1.3 wt.% Hg and to 1.7 wt.% Pd, fineness 850–906‰) contains inclusions of Au-Cu phases—tetra-auricupride AuCu and auricupride AuCu3 and Pd minerals—mertieite Pd5Sb2, isomertieite Pd5AsSb, atheneite (Pd,Hg)3As, stillwaterite Pd8As3, and stibiopalladinite Pd5Sb3. It is worth noting that the stoichiometric formulas of some minerals reported by these authors differ from those of minerals with similar names from the IMA database [17]: mertieite-I Pd5+x(Sb,As)2−x (x = 0.1−0.2), mertieite-II Pd8Sb2.5As0.5, omertieite Pd11Sb2As2, stibiopalladinite Pd5Sb2, atheneite Pd2(As0.75Hg0.25). Onishchenko et al. [16] determined two varieties of native gold in the Slavnaya ore zone at the Chudnoe deposit. The authors show a predominance of native gold containing 84–88 wt.% Au, 7–12 wt.% Ag, 1.3–5.5 wt.% Cu, 1–2 wt.% Pd and about 1 wt.% Hg. This native gold was found to be intergrown with small inclusions of high-fineness gold: 94–98 wt.% Au, 1.5–2 wt.% Pd, to 0.9 wt.% Cu and to 0.7 wt.% Ag.



Despite the numerous results, the reasons of compositional changes in native gold and the presence of a wide set of impurity elements are not clear yet. Although native gold is known to be concentrated in the fuchsite veinlets in rhyolites, there is little information on matrix minerals in close growth with it and physicochemical conditions of the formation of Au-Pd-REE mineralization. The aim of our study is to reveal the specific features of the chemical composition of native gold and to determine the minerals in the intergrowth with it in the Slavnaya and Ludnaya ore zones of the Chudnoe deposit. The first results of the fluid inclusions study at the Chudnoe deposit were obtained by Surenkov [12]. This study provides limited new microthermometric analyses of fluid inclusions which are used to estimate the compositional features and PTX parameters for two ore zones. These data will help us to determine the possible sources of trace elements in native gold and to receive new information on the genesis of unique Chudnoe Au-Pd-REE deposit.




2. Geological Settings and Localizations


The Chudnoe deposit occurs on the western slope of the Subpolar Urals (Russia) in the interformational contact zone of uralids (terrigeneous and sedimentary rocks O1–2) and preuralids (volcanogenic rocks of effusive and subvolcanic facies of acidic and basic composition R3-V) in the axial part of the Maldinskaya anticline. In the contact zone of the Precambrian and Ordovician rocks there are lenses of chloritoid-pyrophylite slates which are considered to be the relicts of metamorphosed weathering crusts of the Precambrian age [10].



Numerous dislocations with a break in continuity of mainly NE strike are developed in the area of the deposit. The largest of them is the Maldinskiy fault, a zone in which the Chudnoe deposit is localized [1,7]. Metasomatites and associated zones of pyritization, hydrothermal quartz veins, many of which are crystal-bearing, are widespread in the area. Occurrences of rare-earth, polymetallic, molybdenum, silver, and uranium-copper mineralization are present as well. Lying 1.5–2 km to the southeast of the Chudnoe deposit is the Nesterovskoe occurrence localized in the terrigenous formations of uralids (aleuroschists, sandstones and gritstone O1) with gold-platinoid-fuchsite mineralization. Gold-palladium mineralization formed much later than the host rocks and it is of Paleozoic age (250–260 Ma), according to the 39Ar-40Ar datings on fuchsite [13].



The northwestern part of the Chudnoe deposit is composed of rocks of basic composition rich in Na (Figure 1). These rocks consist of metabasalts transformed into dark-gray schists and, to a lesser degree, of metadolerites and gabbrodolerites of more massive appearance [7]. Alterations of rocks develop as chloritization, albitization, and epidotization. The accessory minerals of metabasic rocks are magnetite, ilmenite, titanite, and sulfides (pyrite, chalcopyrite). The content of gold in basaltoids is insignificant.



The southeastern part of the deposit area is made up of mainly dark porphyric rhyolites with flow bandings. Along the dislocations with a break in continuity, rhyolites are often lightened. In addition, dark rhyolites contain lightened zones extending to 1 m, oriented according to fluidality. The dark color of rhyolites is due to the scattered fine (to 0.01 mm) impregnations of hematite, which is absent in light rocks [14]. The groundmass of rhyolites is composed of varying amounts of quartz, albite, K-feldspar, and sericite. The accessory minerals of rhyolites are ilmenite, titanite, allanite, apatite, zircon, monazite, and xenotime. As for dark rhyolites, lightened zones contain similar quantities of major components and low concentrations of Fe2O3 (Table 1).



Onishchenko and Kuznetsov [7] report that in gold-bearing rhyolites, the content of Cr reaches 0.03–0.05 wt.%, and the concentrations of Au, Ag and As are no more than few tens of ppm: 25 Au, 3.4 Ag (which corresponds to Au/Ag ≈ 7), and 6–21 As. The contents of some elements amount to hundreds of ppm: 480–970 Ba, 80–100 La, 160–230 Ce, 60–110 Y, 30–40 Nb, 180–260 Zr. The total contents of REE in rhyolites with fuchsite from the Chudnoe deposit average 544 ppm [5]. The concentrations of Hg to 18 ppm are typical of fuchsite ores, barren rhyolites contain up to 18 ppb Hg [18]. In gold-bearing rhyolites the content of S is no more than 0.01 wt.%. Higher sulfur contents (to 0.5 wt.%) were found in some poorly productive zones among andesites [7].



Au-Pd-REE mineralization occurs in several schist and brecciate zones 100 to 460 m in length and up to 60 m in thickness in rhyolites (Figure 1). The ore zones have a steep (50–70°) northwestern dip and northeastern strike. Au-Pd-REE mineralization in the schist and brecciated zones occurs among fuchsite, quartz, and quartz-albite veinlets ranging in thickness from few mm to 1–1.5 cm. The Chudnoe deposit includes the Slavnaya and Lyudnaya ore zones (Figure 1). The main zone is the Slavnaya located in the central part of the deposit. This zone contains the richest ores with highest Au concentrations ~22 ppm [7]. A rather small Ludnaya ore zone is localized in schistose rhyolites at the contact with mafic rocks (andesites and basalts). It occurs to the southwest of the Slavnaya ore zone at a distance of 200–250 m and rises for 50 m above the relief [3]. The Ludnaya ore zone has a lentiform-discontinuous structure and contains rich ores with visible native gold. The content of noble metals is nonuniform—from few to hundreds ppm.




3. Materials and Methods


Samples of Au-bearing rhyolites collected from exploration trenches were used. Numerous polished and thin sections were made of them. For our study we selected typical samples of rhyolite from the ore zones Ludnaya (No.1a—1154-6; No.1b—1154-6b) (Figure 2a) and Slavnaya (No.2—1122-5, No.3—1122-12, No.4a—1122-1, No.4b—1122-1b; No.5—1122-13) (Figures 6a–8a), in which native gold was found visually or under a microscope.



A macro- and microscopic study of the ore samples was conducted. Mineralogical research was carried out using an optical microscope Olympus BX51 (in the Sobolev Institute of Geology and Mineralogy of the Siberian Branch of the Russian Academy of Sciences (IGM SB RAS) (Novosibirsk, Russia). Chemical analyses of minerals were conducted at the Analytical Center for Multi-elemental and Isotope Research in the IGM SB RAS (Novosibirsk, Russia) by electron probe microanalysis (EPMA) using a MIRA 3 LMU scanning electron microscope (Tescan Orsay Holding, Brno, Czech Republic) equipped with an X-ray energy dispersive spectrometer (EDS) AZtec Energy XMax-50 (Oxford Instruments Nanoanalysis, Oxford, UK) (analysts Dr. N. Karmanov, M. Khlestov).



The composition of native gold and accessory minerals was studied at the following parameters: accelerating voltage was 20 kV, live spectrum acquisition time was 60 sec (total area of spectra ~106 counts). The following X-rays were selected: K series for Fe, Cu, As and L series for Pd, Ag, Sb, Au, Hg. We used pure metals (Fe, Cu, Pd, Ag, Au) and InAs for As and HgTe for Hg as the standards. The detection limits (in wt.%) were: 0.1 Fe, 0.15 Cu, 0.25 Pd, Ag, Sb, 0.3 As, 0.6 Au, and 0.8 Hg. Error in determining the main components with the contents higher than 10 wt.% did not exceed 1 relative (rel.) %, and when the content of components ranged 2–10 wt.%, the error was no higher than 6–8 rel. %. Close to the limit of detection, the error was 15–20 rel. %. In some cases the spectrum acquisition time increased to 120 s, the lower limits of determined contents and the random error of the analysis decreased about 1.4 times. To reduce the effect of microrelief of samples on the quality of analysis, data on the primary homogeneous gold were obtained in the scanning mode of individual sections from 10 × 10 to 50 × 50 µm2 in size. In the same mode, we obtained the average composition of native gold in the presence of decay structures. The compositions of small gold particles (<10 µm) and platelets of decay structure were determined with a 10 nm point probe, but the size of the generation region of X-ray emission in gold with the electron beam energy 20 kV was 1 µm. Therefore, the data of analysis cannot be considered quantitative if the minimum size of the studied object is less than 2 µm.



It is worth noting that in the obtained back scattered-electron (BSE) micrographs, albite and quartz as well as K-feldspar and muscovite (fuchsite) are hardly distinguishable when they are intergrown with each other. For better visualization of the matrix minerals, we used multi-layered colorful EDS maps.



Fluid inclusion microthermometry was used to analyze the composition of fluids and to estimate the pressure-temperature conditions during ore forming processes (fluid inclusion study was carried out in the Laboratory of Prediction-Metallogenic studies, IGM SB RAS, Novosibirsk, Russia). Phase transition temperatures in fluid inclusions (samples No.1b—1154-6b; No.4b—1122-1b) were determined using cryo- and thermometry procedures (Linkam THMSG-600 heating-freezing chamber with the measurement range of –196 to +600 °C). According to the data of cryometry, the fluids are attributed to the water-salt system [19,20]. To estimate the pressure and other parameters of mineral formation from the microthermometric data of fluid inclusion study, we used the AqSo_NaCl software [21].




4. Results


Detailed mineralogical studies reveal the varieties of native gold and the minerals in the intergrowths with it from the Ludnaya and Slavnaya ore zones of the Chudnoe Au-Pd-REE deposit. Native gold is intergrown with one up to five minerals. The intergrowths of native gold with minerals are common. In the subsections below, we describe the features of the revealed varieties of native gold and minerals in the intergrowths with it from two ore zones.



4.1. Native Gold in Rhyolites from the Ludnaya Ore Zone


Figure 2 shows the macrophotograph of a polished section of typical rhyolite from the Ludnaya zone (a) and micrographs (b,c) of its fragment (p.1) with a fuchsite veinlet containing native gold. The sizes of gold particles vary from barely discernible 0.1 to 70–100 µm. Small gold particles are virtually of isometric shape, occasionally with elements of faceting, whereas larger individuals are of elongated interstitial shape. Figure 3, Figure 4 and Figure 5 show the reflected light microscopy image (Figure 3a and Figure 4a), BSE micrographs (Figure 5a,b), multi-layered colorful EDS maps (Figure 3b and Figure 4b), and maps of areal distribution of elements in characteristic rays (Figure 3c–i and Figure 4c–g) of fragments (p.1a, p.1b) with gold particles of various morphologies and sizes (Figure 2b). The gold particles have a homogeneous texture, which is clearly seen from these figures.



It is well seen on the multi-layered colorful EDS maps (Figure 3b and Figure 4b) and maps of areal distribution of elements (Au, Ag, Pd, Na, K, Si, Al, Fe, Sb, As) in characteristic rays (Figure 3c–i and Figure 4c–g) that native gold in the analyzed fragments—points p.1a and p.1b—is localized in the interstices of fuchsite and has no common borders with quartz, albite, and K-feldspar. Figure 4 demonstrates that native gold (p.1a) is intergrown with fuchsite and mertieite. Mertieite also occurs as separate particles in fuchsite (Figure 4a).



Figure 5a,b shows relatively small particles of native gold (type I) (Figure 2b—p.1c), surrounded by fuchsite or allanite. Allanite is localized in the axial part of the fuchsite veinlet (Figure 2c and Figure 5a). It is seen from Figure 5b that one of the gold particles is intergrown with mertieite and allanite, and between allanite and fuchsite there are aggregates of quartz and K-feldspar, which also proves the absence of joint boundaries of native gold (type 1) with these minerals in rhyolite.



Native gold (type I) in intergrowth with fuchsite, allanite, and mertieite in green veinlets of rhyolite sample No.1 from the Ludnaya ore zone (Figure 2a) has a constant composition and major Ag impurity (fineness 716–724‰, NAu = Au * 1000/(Au + Ag)) (Table 2). It is worth noting that Pd, Cu, Hg, and other elements were not detected even when the acquisition time of the spectra was increased to 120 s.



Fuchsite from the Ludnaya ore zone, in addition to 0.4–1.1 Cr, also contains 6.4–6.5 Fe, 0.3–0.6 Mg, and 0.2–0.3 Ti (in wt.%). Its stoichiometric formula corresponds to K0.98Fe0.52Ti0.02Cr0.01Mg0.09Al2.24Si3.24O11H4.5. Allanite has a varying composition with impurities of (in wt.%): 0.1–0.3 Ce and Nd, up to 0.5 Pr, up to 0.1 La, Sm, Cr, and Mn (Ca3.2–3.8Fe2–2.1La0–0.1Ce0–0.3Nd0–0.3Pr0–0.1Mn0.1Cr0–0.1Al3.9–4.1Si6.2O25H1.9). In some allanite crystals, we observed REE together with about 1 wt.% Sr, which corresponds to (Ca4Fe2.1Sr0.1La0.1Ce0.3Nd0.3Pr0.1Sm0.1Al4.1Si6.2O25H1.9). The stoichiometric formula of palladium arsenoantimonide, according to IMA data, is similar to mertieite-II (Pd8Sb2.5As0.5). The difference between mertieite-I and mertieite-II is chemical: mertieite-I Pd5+x(Sb,As)2−x (x = 0.1 − 0.2), mertieite-II Pd8Sb2.5As0.5. The stoichiometric formula of this phase in the fuchsite matrix is Pd7.7Sb2.6As0.6U0.1 (content of U impurity is about 2 wt.%), and in the intergrowth with allanite it revealed higher contents of As, presence of Cu, and absence of U: Pd7.5Cu0.5Sb1.6As1.4.



Fuchsite veinlets also contain titanite CaTiSiO6 and Y mineral, which is similar in composition to keiviite (Y2Si2O7). Rhyolite, in addition to quartz, albite, and K-feldspar, contains hematite (Figure 2a), less frequently, zircon and apatite. In zircon, hafnium (1–1.4 wt.%) was present. Titanite was found to contain (in wt.%): 1–1.2 Nb, 0.3 Cr, and 0.9 Fe.



Results of studies showed that native gold of type I occurs in the form of individual particles or in intergrowth with mertieite-II in the allanite-fuchsite matrix in rhyolite from the Ludnaya ore zone and has direct contacts with these minerals, which suggests simultaneous formation of Au-Pd-REE mineralization and fuchsite veinlets and, probably, similar physicochemical conditions of deposition.




4.2. Native Gold in Rhyolites from the Slavnaya Ore Zone


Native gold in rhyolites from the Slavnaya ore zone, in contrast to the Ludnaya ore zone, along with silver contains copper, palladium, and mercury in various combinations and concentrations. The fineness of native gold (NAu, ‰) was calculated using the equation: Au (in wt.%) * 1000/(Au + Ag + Cu + Pd + Hg) (in wt.%). Depending on the set and contents of impurity elements in native gold, its reference symbols were adopted-Au(NAu)AgCuPdHg (elements are given in order of decreasing concentrations). Several varieties of native gold were established (Table 3, Table 4, Table 5 and Table 6): (1) Native gold with major content of Ag and minor Cu (fineness 860‰) (type II) (AuII860AgCu); (2) native gold with major Ag and insignificant amounts of Cu and Pd (fineness 830–890‰) (type III) (AuIII830–890AgCuPd); (3) native gold with major Ag and insignificant amounts of Cu, Pd, and Hg (fineness 830–860‰) (type IV) (AuIV830–860AgCuPdHg); (4) high-fineness gold (930–1000‰) with insignificant amounts of Ag, Cu, and (or) Pd (type V) (AuV930AgCuPd-AuV), the total content of which does not exceed 7 wt.%, or pure gold (AuV). We found Au-Cu intermetallides in association with native gold of types II–IV.



Results of study of the composition and amount of impurity elements in native gold and minerals in intergrowth with it in rhyolites from the Slavnaya ore zone are reported in the subsections below in the order of revealed varieties.



4.2.1. Native Gold with Ag and Cu Impurities


Native gold containing major Ag and minor Cu (type II) was identified in two rhyolite samples from the Slavnaya ore zone No.2 (p.1a, 2, 6, 7) (Figure 6) and No.3 (p.1b, 1c, 3b, 3c, 4a) (Figure 7). Table 3 shows typical compositions of this type of native gold and provides a list of intergrown minerals.



In sample No.2 this native gold is localized in albite veins accompanying fuchsite veins (Figure 6a–c). It is intergrown with both minerals albite and fuchsite (Figure 6c,e,g,h) as well as with mertieite (Figure 6d–g) and allanite (Figure 6g,h). As an example, Figure 6b–j shows optical and BSE micrographs of xenomorphic particles of native gold (type II) (20–40 μm in size) in intergrowth with albite, fuchsite, and mertieite (sample No.2, p.1a,6,7). The particles contain 11.4–12.7 wt.% Ag and 1.5–1.8 wt.% Cu, which corresponds to the fineness 860–865‰ (Table 3).



Figure 6g shows native gold of type II in the intergrowth with allanite, albite, fuchsite, and mertieite in the same sample No.2 (p.7). The contact between native gold and allanite is not resorbed, which suggests that they formed simultaneously. In some albite-fuchsite veinlets of sample No.2 (p.6) (Figure 6h–j) gold particles in the marginal parts are replaced by higher-fineness gold (fineness 930–965‰) (type V): the content of Ag decreases to 2.2 wt.%, and that of Cu increases to 2.3 wt.% and Pd appears (0.9–1.9 wt.%) (Table 6). The texture of such native gold becomes porous (Figure 6j). The albite-fuchsite-allanite veinlet contains apatite inclusions (Ca4.9P2.82O12F1) (Figure 6h).



In sample No.3 (Figure 7a), native gold of type II is concentrated in albite veinlets with rare fragments of fuchsite and it is intergrown with albite (p.3c) or albite and fuchsite (p.3b) (Figure 7b) or albite, fuchsite, and mertieite (p.4a) (Figure 7c) or albite, fuchsite, quartz, and K-feldspar (p.1b,1c) (Figure 7d,f). It is localized in the monomineral albite matrix (sample No.3, p.3c) or bimineral albite-fuchsite matrix (sample No.3, p.3b) (Figure 7b), it is homogeneous and contains 11.5–12.8 wt.% Ag and 1.5–2.4 wt.% Cu, its fineness is 860‰ (Table 3).



Native gold of type II in the polymineral matrix p.1b (sample No.3) (Figure 7d), consisting of albite, fuchsite, quartz, and K-feldspar, has a heterogenous texture (Figure 7f). It contains isometric inclusions (to 10 × 12 µm2 in size) of tetra-aucupride with trace concentrations of Pd (0.9 wt.%) (Au1.07Cu0.91Pd0.02) (III type) (Table 7), and microinclusions of higher-fineness (fineness 980‰, with trace contents of Cu, Ag, no Pd) or pure gold (fineness 1000‰, without impurities) (type V) (Table 6). In most gold particles the content of Cu is 1.9–2.0 wt.% and that of Ag is 11.9–12.6 wt.%, which corresponds to fineness 860‰. In the marginal parts of these gold particles one can observe amoeboid-like rims. The chemical composition of these rims is similar to the mixture of albite with the X1 phase, containing, along with main elements Na, Al, Si, and O, impurities of Y (2.1), Zr (2.8), Ce (0.6), U (1.3), Fe (0.2), and As (0.9) (in wt.%) (Figure 7f, p.1b).



The stoichiometric formula of palladium arsenoantimonide, according to IMA data, is similar to mertieite-II, but contains 5.5 wt.% Cu (No.3, p.4a) or 5.1–5.4 wt.% Cu and 0.7–0.9 wt.% Ag (No.2, p.1a), and occasionally Au too (No.2, p.7): 2.6–2.9 Cu; 0–0.8 Ag, 1.3–2.7 Au (in wt.%). This phase has elements of faceting. The boundaries between the particles of mertieite-II and native gold of type II are straight. Fuchsite contains the following impurities (in wt.%): 1.1–1.7 Cr, 4.6–5.7 Fe, 0.2 Ti, 0.5–0.8 Mg, 0.8 Mn, and 0.3 Ba.




4.2.2. Native Gold with Ag, Cu, and Pd Impurities


Native gold containing major Ag, minor Cu, and trace Pd impurities (type III) (Table 4) was found in rhyolite samples Nos. 3 (Figure 7a, p.1, 3, 4) and 4 (Figure 8a, p.2).



In sample No.3 (Figure 7a), the minerals intergrown with gold particles are quartz, albite, and K-feldspar (p.3a, 4b—Figure 7b,c), (p.1c—Figure 7d–f), (p.1a—Figure 7g,h). Native gold of type III (grains of 50–70 µm in size), surrounded mainly by quartz, occasionally occurs in contact with albite and K-feldspar (sample No.3, p.1a) (Figure 7d,h), contains (in wt.%): 12.8–13.1 Ag, 1.8–2.2 Cu, 0.7–1.0 Pd, and its fineness varies in a narrow range of 840–860‰ (Table 4).



Native gold III is heterogeneous in texture (Figure 7h) and contains microveinlets and microinclusions of higher fineness gold (950‰) (Table 6) and idiomorphic inclusions of tetra-auricupride (to 10–20 µm in size) of composition Au1.06Cu0.92Pd0.03 (0.7–1.1 wt.% Pd) (Table 7). In high-fineness gold, the amount of impurities of Cu increases to 2.3–2.8 wt.% and that of Pd, to 2.2–2.4 wt.%, whereas the content of Ag decreases up to complete disappearance (<0.4 wt.%). The marginal parts of the intergrowth with native gold of type III contain atheneite (Figure 7h, p.1a). The atheneite composition Pd2.62As0.93Hg0.29 differs from the ideal stoichiometric formula Pd2(As0.75Hg0.25) in the higher contents of Pd and As. Native gold of type III is frequently surrounded by thin amoeba-shaped rims (Figure 7h, p.1a). The composition of rim substance (phase X2) was not identified. Most likely, this is a mixture of phases (quartz + X2) because, in addition to major elements Si and O, it also contains such elements as Y (3.2), Zr (2.4), Th (1.3), Ce (0.9) (in wt.%) etc.



Native gold of type III in association with quartz, albite, and K-feldspar (p.1c) (Figure 7d), (p.3a) (Figure 7b) and (p.4b) (Figure 7c) of sample No. 3 is characterized by a wider range of the contents of elements (in wt.%): from 7.8 to 12.9 Ag and 1.1 to 7.6 Cu, with the same amount of Pd (0.4–1.2), which corresponds to the fineness of 830–890‰ (Table 4). The elevated concentrations of Cu (to 6.5* wt.%, Table 4) are, most likely, due to the presence of the AuCu phase. In native gold of type III we found microinclusions of higher-fineness gold (930–960‰): the content of Ag decreases down to complete disappearance, Cu is 1.2 wt.%, and Pd increases to 2.8 wt.% (Table 6).



In sample No.4 (p.2) (Figure 8a) naive gold of type III is mainly surrounded by quartz and albite and occasionally has the contact with K-feldspar and fuchsite (Figure 8b). Its fineness is 840–850‰, the contents of elements vary (in wt.%): 11.2–12.3 Ag, 1.4–3.1 Cu and 0.8–1.2 Pd (Table 4).



In native gold of type III, the amount of elements is not higher than 13.4 wt.% for Ag, 9.6 wt.% Cu and 1.2 wt.% Pd (Table 4). The elevated contents of Cu in native gold of type III can be related to the presence of Au-Cu intermetallide in the point probe.




4.2.3. Native Gold with Ag, Cu, Pd, and Hg Impurities


Native gold of type IV with four elements Ag, Cu, Pd, and Hg was found in rhyolite sample No. 4 (p.1, 5) (Figure 8a,c and Figure 9a). Gold particles are in intergrowth with quartz, albite, and K-feldspar (Figure 9b, p.1) or quartz and fuchsite (Figure 8c). Figure 9a,f show discernible lattice decay structures with tetra-auricupride. The contents of the following elements in this native gold are (in wt.%): 11.9–12.5 Ag, 1.7–2.5 Cu, 0.6–0.8 Pd, and 0.7–1 Hg (Table 5). Its fineness varies in the range of 840–870‰. Variations in copper concentrations are likely due to the presence of platelets of AuCu phase. In native gold of type IV there are inclusions of U-mertieite-II (Figure 9e) and microinclusions of high-fineness gold (type V) (Figure 9a).




4.2.4. Native Gold of Fineness 930–1000‰


High-fineness gold (930–1000‰) (type V) is present in all studied rhyolite samples in the form of microveinlets and microinclusions in native gold of types II–IV (see Section 4.2.1, Section 4.2.2 and Section 4.2.3) (Table 2, Table 3 and Table 4). It contains 5.6 wt.% Ag and 2.8 wt.% Cu and Pd (Table 6). High-fineness gold with one or two of these impurity elements or pure gold without any impurity also occur (Figure 6g,j, Figure 7f,h and Figure 9a). It is worth noting that Hg is absent in native gold of type V.



The specific features of high-fineness gold are its high porosity, which resulted in the reduced total contents of components during the analysis (Table 6), and recrystallization. These features were observed in sample No. 2 (p.6) (Figure 6j), in which we detected porous gold of type V with the highest content of Pd (2.8 wt.%) and lower concentrations of Ag and Cu than in the matrix of native gold of types II–IV, which suggests the removal of Ag and Cu and supply of Pd (Table 6). High-fineness gold (930–1000‰) (type V) in the marginal parts of Ag,Cu-bearing gold (type II) (Figure 6j) comes into contact with albite and fuchsite.




4.2.5. Au-Cu Intermetallides


Au-Cu phases were detected in the form of individual microinclusions of idiomorphic shape and thin platelets in lattice decay structures of solid solutions in some large particles of native gold (types II–IV) in rhyolite samples No.2–4. The compositions of Au-Cu intermetallides and matrix for two samples Nos. 2, 3 are given in Table 7. These data show that Au-Cu intermetallides are similar to AuCu phase with minor amounts of Pd or Ag.



The AuCu phase intergrown with native gold of type II and an exsolution texture is absent (Figure 7e–h) in sample No.3 (Section 4.2.2). The size of inclusions is no more than 12 µm. The content of Pd is 0.6–1.1 wt.%, which corresponds to the formula Au1.06–1.1Cu0.92–0.88Pd0.02.



The AuCu phase in the form of thin platelets (1–2 × 10–20 µm) in lattice decay structures is typical of native gold III in sample No.2 (Figure 6a, p.2) (Section 4.2.3) and native gold IV in sample No.4a (Figure 9a,f). The content of Pd in the thin platelets in sample No.2 (p.2) does not exceed 0.36 wt.% (Table 3), that of Ag varies in a narrow range of 0.3–0.8 wt.%, and the amount of Au is higher than the ideal composition of AuCu (Au1.04–1.06Cu0.92–0.94Pd0.02–0.01Ag0–0.01).



We failed to determine the composition of the Au-Cu phases in native gold of type IV in sample No.4a (Figure 9a,f) owing to poor visualization on the optical and scanning microscopes and small thickness of the plates (<1 µm).





4.3. Reconnaissance of Fluid Inclusions


A limited number of fluid inclusions were studied in albite and quartz in rhyolites from the Slavnaya and Ludnaya ore zones (Figure 10). While the data are too few data to draw firm conclusions, they are sufficient to allow us to hypothesize about the nature of the hydrothermal system. In rhyolite samples from the Slavnaya zone, albite and quartz are associated with native gold of types II–IV, which suggests their synchronous crystallization (Figure 6c,e and Figure 7a–e). In rhyolite samples from the Ludnaya zone, albite and quartz do not contain gold particles, but are intergrown with fuchsite in which native gold of type I is localized (Figure 3 and Figure 4).



Fluid inclusions are classified as primary inclusions when they occur along growth zones (Figure 10a,b) or are isolated (Figure 10c,d). Secondary inclusions in quartz form trails in cracks. The size of fluid inclusions is no more than 10–15 µm.



4.3.1. The Ludnaya Ore Zone


Only 9 primary fluid inclusions were analyzed from the Ludnaya ore zone. In albite and quartz, two-phase inclusions are homogenized in the temperature range of 186 to 139 °C (Table 8). Melting of eutectic takes place at −39 °C. The temperature is close to the eutectic temperature of the MgCl2-KCl-H2O system (−37.8 °C). Complete melting of ice in frozen inclusions in albite takes place at −0.3 to 0.1 °C. The salinity of solutions varies from 2.1 to 0.2 wt.% NaCl eq.




4.3.2. The Slavnaya Ore Zone


Only 19 primary fluid inclusions were analyzed from the Slavnaya ore zone. In quartz and albite, two-phase fluid inclusions are homogenized in the temperature range from 165 to 105 °C. In these inclusions, melting of eutectic is observed at −49 °C, which is similar to the melting temperatures of eutectic of the CaCl2-KCl-H2O (−50.5 °C) and CaCl2-H2O (−49.8 °C) systems. Ice melts at temperatures from −15 to −7.5 °C. The salinity of solutions of fluid inclusions varies from 20.2 to 11 wt.% NaCl eq. (Table 8).






5. Discussion


The mechanism of formation of native gold of varying chemical composition is very complicated and depends on many factors [22,23,24,25,26,27,28]. The content of elements in native gold is determined by their concentrations in hydrothermal solutions, which are governed by temperature, redox conditions, pH, presence of ligand elements Cl, S, and elements such as Se, Te, As, Sb. A wide spectrum of impurity elements in native gold is related to different geochemical conditions in which mobilization, transportation, and deposition of gold-ore mineralization took place. Nowadays, several hypotheses on the role and ratios of magmatic, metamorphic, and hydrothermal processes during the formation of Au-Pd mineralization are discussed. Fluids are considered to play an important role in the genesis of mafic-ultramafic complexes with mineralization of noble metals [29,30,31,32,33,34,35,36]. The efficiency of mobilization, transportation, and deposition of noble metals with participation of fluids at the magmatic and post-magmatic stages of evolution of the ore-forming process is shown in the experiments [37]. The precipitation of these metals from hydrothermal solutions is the main process of concentrating of metals and they can form their own mineral phases or occur as an isomorphic impurity in other minerals. The fineness and set of impurity elements in native gold, and associated minerals are the indicators of different genetic origin [28,38,39,40,41,42,43].



Pd-bearing native gold occurs both in magmatic sulfide ores and in low-sulfide post-magmatic metasomatites [44,45]. Large occurrences of low-sulfide, essentially Au-Pd mineralization in different types of mafic-ultramafic complexes are known in the Norilsk district (Talnakhskoye, Norilsk-1 and 2, Chernogorskoe, Vologochanskoe), in the Skaergaard formation, in John Melville reef of the Stillwater complex and some others [46]. The elevated Cu content in native gold indicates the probable genetic relation of gold mineralization with mafic-ultramafic complexes or with the deposits of copper type (copper-skarn, copper-pyrite and porphyry copper) [47,48,49,50].



5.1. Compositions of Native Gold and Minerals in Intergrowth


The study reveals differences in the set and quantity of impurity elements in the composition of native gold, intergrown minerals, and PTX parameters of the deposition of Au-Pd mineralization in two ore zones of the Chudnoe deposit. The obtained results (Figure 11a) together with the earlier published data (Figure 11b) allowed us to distinguish five types of native gold. Both the data from previous works [2,3,5] and our results (Table 2) show that native gold (type I) from the Ludnaya ore zone contains only Ag. The fineness of native gold varies within the range of 510 to 790‰. Native gold in this ore zone occurs in the form of impregnated particles commonly intergrown with arsenoantimonide in a fuchsite or allanite matrix (Figure 2, Figure 3, Figure 4 and Figure 5). Palladium arsenoantimonide intergrown with native gold (type I) is represented by U- or Cu-mertieite-II. In this type of native gold, we did not detect Pd, Cu, and Hg impurities even under long-term accumulation of spectra (see Section 3).



In rhyolites of the Slavnaya ore zone, native gold is heterogeneous, has a higher fineness, different sets and amounts of impurities: II type—Au-Ag-Cu solid solution (840–860‰); III—Au-Ag-Cu-Pd (830–890‰), IV—Au-Ag-Pd-Cu-Hg (840–870‰), as well as a specific mineral composition of the surrounding matrix-fuchsite or allanite, albite, and mertieite-II (II); albite, quartz, and atheneite (III); quartz, albite, K-feldspar, and mertieite-II (IV) (Table 3, Table 4 and Table 5, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9). It is worth noting that native gold of II and IV types shows some similarity with native gold of type I, as it occurs in paragenesis with fuchsite or allanite (II type) and mertieite-II (types II and IV).



In this study we revealed lattice decay structures with tetra-auricupride AuCu for native gold of types III (Ag,Cu,Pd) and IV (Ag,Cu,Pd,Hg). AuCu intermetallide is present in native gold of type II but in the form of isometric microinclusions. Intermetallides of AuCu, Au3Cu, Au3Cu2, Au2Cu, AuCu3 composition were reported by other authors [5,8,16,50,51].



The phase diagram Au-Cu [52] shows that the presence of lattice decay structures with thin platelets of tetra-aucupride AuCu in native gold indicates temperatures 410 °C. Au-Cu intermetallides of composition Au3Cu and AuCu3 are formed at temperatures below 390 and 240 °C. The formation of decay structures in the initially homogeneous solid solution results from the decrease in the miscibility of components and their redistribution with decreasing in temperature. Such structures were also found at other objects: Zolotaya Gora, Melent’evskoe deposits (Southern Urals, Russia) [53,54], Agardag ultramafic massif (S. Tuva, Russia) [44], the 15 Mile deposit (the Dease Lake district, British Columbia) [55], Au-Pd ores of the Skaergaard massif (Greenland) [45].




5.2. Inferences on the PTX Parameters of Au-Pd-REE Mineralization


Data on the PTX parameters of formation of Au-Pd-REE mineralization at the Chudnoe deposit were for the first time obtained by Surenkov et al. [12,56]. They used thermocryometry to analyze 110 vapor-liquid inclusions of which the vapor-liquid inclusions in albite and pre-ore quartz were attributed to primary inclusions. In early veined quartz, homogenization temperature ranged from 230 to 400 °C, and salt concentrations, from 2.1 to 17 wt.% NaCl eq. For late generations of quartz, albite and calcite, which reflect the conditions for the formation of Au-Pd mineralization, temperature ranged from 100 to 180 °C and the concentrations of salts, from 2.5 to 23 wt.% NaCl eq. Surenkov [12] suggests that at the early stage, the Chudnoe deposit was formed with participation of metamorphic fluids and the formation of Au-Pd mineralization took place at lower temperatures with participation of meteoric, marine, or buried waters.



Our limited study of fluid inclusions are generally consistent with the data of Surenkov et al. [12,56]. Ore-forming fluids of Ludnaya and Slavnaya ore zones range salinity from 2.1 to 0.2 and from 20.2 to 11 wt.% NaCl eq., respectively. It is known, however, that mineral parageneses with quartz, albite and sericite (fuchsite) in gold deposits are formed at the temperatures higher than 200–230 °C [57]. At lower temperatures, argillisites form, in which sericite is commonly replaced by mixed-layer minerals of clay series. These data allow us to estimate the possible pressure of ore formation by comparing the formation temperature of the quartz-albite-sericite (fuchsite) mineral association in gold deposits with isochores of fluid inclusions solutions.



Gold mineralization at the Ludnaya ore zone was formed synchronously with the quartz-albite-fuchsite association. Thus, the trapping pressure of fluid inclusions could vary from 23 to 114 MPa at temperatures from 200 to 230 °C (Figure 12) in this zone. Gold mineralization at the Slavnaya ore zone was formed later than the quartz-albite-fuchsite association at 105–165 °C, the trapping pressure of fluid inclusions could vary from 5 to 115 MPa (Figure 12).



Thus, it can be assumed that the PT parameters of formation of Au-Pd mineralization associated with fuchsite, especially in early rhyolites from the Slavnaya zone, are suggested to be higher than those estimated in the fluid inclusion study. The fluids forming Au-Pd mineralization at the Chudnoe deposit are similar in salt composition to the ore-forming fluids of hydrothermal Au-Ag deposits, though the latter are characterized by higher formation temperatures, higher salinity of fluids and frequent presence of dense gases (CO2, N2, CH4) in the composition of fluids [58]. They are similar in temperature, concentration, and composition of salts (Ca-Na-K chlorides, carbonates, and hydrocarbonates) to the ore-forming fluids of Au-Pd deposits (Serra Pelada, Bleida Far West), for which an infiltration model of formation with participation of oxidized basin Na-Ca chloride waters is assumed [59,60,61]. However, these deposits are characterized by the presence of Se-bearing PGM (Pd–Pt–Se, Pd–Se, Pd–Hg–Se, and Pd–Bi–Se phases, and sudovikovite and palladseite) [62].



Seven metals (Ag, Cu, Pd, Hg, Sn, Tl, Fe), three chalcogenes (Te, S, Se) and three metalloids (As, Sb, Bi) can be indicators of the presence of gold minerals in ores [63]. Four of these metals—Ag, Cu, Pd, and Hg—were detected in the composition of native gold from the Slavnaya ore zone (Chudnoe deposit). Cu also formed intermetallides with Au. As, Sb, and Hg, found in elevated concentrations in the Chudnoe ores, under specific conditions of ore formation were deposited as Pd minerals with these elements—arsenides (atheneite), arsenoantimonides (mertieite-I, mertieite-II, isomertieite), antimonides (stibiopalladinite) [1,2,3,8].



Zaccarini et al. [64] think that the Pd content in native gold is determined by the evolution of S, Te, As, Sb, Bi, Se concentrations in a fluid, which bind palladium into its own minerals. Many authors [4,64,65] suppose that with a decrease in temperature and change in redox conditions to more oxidizing, the concentrations of sulfide sulfur decrease and those of the palladium binding elements increase. Yanakieva and Spiridonov [36,66] reported that Ag-Au-Pd minerals are typical of telethermal gold deposits formed at low f S2 and elevated f O2. They are regarded as the result of deposition of ore components from chloride hydrotherms that have a high oxidation potential. As selenides, tellurides, and bismuthides are not typical of the Chudnoe deposit, the composition of native gold is likely determined by the evolution of Au, Ag, Cu, Pd, Hg, As, Sb concentrations in a fluid, which bind palladium into its own minerals—sulfoantimonides, atheneite, etc.



The data of Borisov from [5] show that the formation of Au-Pd-REE mineralization of ore occurrences is the latest hydrothermal event related to the regressive stage of the Late Hercynian metamorphism. The formation of Au-Pd-REE mineralization of the Chudnoe deposit resulted from the oxidation of ascending reduced metamorphic solutions, which was also accompanied by an increase in their acidity. The part of the oxidation geochemical parameter was played by hematite-rich rocks in the zone of regional unconformity. The conditions of ore deposition at the Chudnoe deposit, according to this author, correspond to log f O2 ~ −47, pH ~ 4.5 at 150 °C. Changes in the set of minerals and their composition are due to the vertical variability of redox conditions and acidity of solutions, which in turn are a result of the different localizations of objects relative to the regional unconformity.




5.3. Genesis of Au-Pd Mineralization, Sources of Ore Components


The genesis of the Chudnoe deposit is still debatable. There are several viewpoints on the origin of complex mineralization of this uncommon type. Tarbaev and coauthors [1] adhered to the hydrothermal genesis of Au-Pd-REE ores at the Chudnoe deposit, while Cr, Pd, Au, and Cu were mobilized from presumably deep-seated mafic and ultramafic rocks, probably, andesite-basalts from the lower series of the Upper Riphean Sablegorskaya formation, and K and lanthanides, from the host porphyry rhyolites. Some researchers of the Chudnoe deposit [5,12,13] suggest a metamorphic-hydrothermal model of formation: ascending metamorphic hydrothermal solutions mobilized metals from underlying rocks and the main factors of ore formation are oxidation and increase in the acidity of ore-bearing solutions. Originally, metamorphic solutions were reduced (field of stability of pyrite and magnetite), weakly-acidic—near-neutral (acidity was controlled by the quartz-K-feldspar-muscovite association). At the later stages of the process, during the formation of Au-Pd mineralization, considerable amounts of meteoric and buried waters participated in the hydrothermal system [12].



On the basis of the results of isotopic and mineralogical study, Galankina [2] shows that Au-Pd-REE mineralization of the Chudnoe deposit should be regarded as hydrothermal, originated in the Riphean after the formation of Sablegor and Maldin rhyolites, occurring in the zone of the deep Maldinskiy fault and represented by pre-ore metasomatites which are the most similar to the berezite-listvenite formation and ore-accompanying near-crack quartz-albite metasomatites and listvenite-like rocks. There are reasons to assume that Cr and Pd mineralization of the Chudnoe deposit is related to the fact that hydrothermal processing of riftogenic complexes localized in the Maldinskiy fault involved ultramafic rocks that are not exposed on the surface. Such complexes of the Riphean age widely occur within the Central-Ural uplift, e.g., Saranovskii massif. Magnetic survey data show the occurrence of a positive magnetic anomaly at the depth, which suggests that the intrusion chamber could be the source of the ore-forming fluid [67].



Co-occurrence of native gold and fuchsite was observed at many gold deposits [68,69,70]. The associations of fuchsite with native gold can be found in altered ultramafic rocks at Kalgoorlie (Australia), the Kerr-Addison and Dome mines, in the Virginiatown and Porcupine mining districts of northeast Ontario, Canada; the Mother Lode district in California, USA; in the Transvaal district of South Africa (including, confusingly, the Murchison Range); British Columbia and the Yukon, Quebec and Newfoundland; Ireland; Morocco; Egypt; and Saudi Arabia [68]. However, these deposits are characterized by a listvenite or QAM (quartz-ankerite-mariposite) type of hydrothermal alteration formed by the mafic-ultramafic host rocks.



Native gold in listvenites is also typical of many Ural objects [71]. Mechnikovskoe, Altyn-Tash, and Ganeevskoe belong to the listvenite-related gold deposits, which occur in the large Main Uralian fault zone and some smaller faults within the Magnitogorsk zone (South Urals). Listvenites are developed after serpentinites and composed of quartz, fuchsite (or mariposite), and carbonates (magnesite, dolomite) ± albite. Volcanic and volcanoclastic rocks are altered to beresites, consisting of sericite, carbonates (dolomite, ankerite), quartz, and albite. The process of alteration occurs under the influence of CO2- and S-rich fluids [72,73,74]. At the Chudnoe deposit under study, native gold is associated with fuchsite, but in the absence of carbonates and sulfides, which makes it different from other objects with listvenite or QAM (quartz-ankerite-mariposite) type of hydrothermal alteration and suggests the participation of CO2-free or low-CO2 fluid.



The formation of native gold I (only with Ag impurity) in rhyolites of the Ludnaya ore zone is, most likely related to the processes of fuchsitization and allanitization of rhyolites with the supply of Cr and REE. The formation of native gold with Ag, Cu, Pd, and Hg impurities (types II–IV), supposedly, took place during the following metasomatic processes: silicification, albitization, and feldspathization in rhyolites. The intersections of quartz-albite metasomatites with fuchsite veinlets support such an assumption. The porous texture of high-fineness gold (type V) is explained by the removal of Cu and Ag. The association of native gold with palladium minerals and presence of Cu and Pd in it, Cr in fuchsite indicate the relationship between ore formation and mafic-ultramafic magmatism.
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Figure 1. 200-km (inset), 8-km (a), and 100-m (b) scale maps of the Chudnoe deposit according to [7] and photograph of ore sample (size 5 cm × 13 cm) from this deposit (c). 1—Kozhim Formation: limestones, calcareous shales and sandstones; 2—Saled Formation: chlorite-sericite-quartz shale, sandstone; 3—Obizskaya suite: quartzite sandstones, conglomerates, gravelstones; 4—Sablegorskaya suite: felsic and basic effusive rocks, tuffs, phyllitic schists; 5—Moroinskaya Formation (R3mr): phyllitic schists, marbles, quartzites; 6—Khobein suite: quartzites, conglomerates, chlorite-sericite-quartz schists; 7—Puivinskaya suite: mica-quartz schists, calcareous schists, interlayers of quartzites, marbles; 8—subvolcanic rhyolites; 9—granites; 10—gabbro, gabbro-dolerites; 11—tectonic faults; 12—Chudnoe (1) and Nesterovskoe (2) deposits. 
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Figure 2. Macrophotograph of a polished section of rhyolite from the Ludnaya zone (a) and reflected light microscopy image (b) and BSE (c) micrograph of its fragment (p.1) with a fuchsite (Cr-Ms) veinlet containing native gold of type I (AuI), allanite (Aln), and mertieite (Mert). 
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Figure 3. Native gold (type I) (AuI) (fineness 720‰, Ag impurity) in intergrowth with fuchsite (Cr-Ms) in rhyolite from the Ludnaya zone (Figure 2b—p.1b). (a)—reflected light microscopy image, (b)—multi-layered colorful EDS map, (c–i)—maps of areal distribution of elements in characteristic rays. Abbreviations of minerals: quartz (Qz), albite (Ab), K-feldspar (Kfs). 
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Figure 4. Native gold (type I) (AuI) (fineness 720‰, Ag impurity) in intergrowth with fuchsite (Cr-Ms) and mertieite (Mert) (b–d) in rhyolite from the Ludnaya zone (Figure 2b—p.1a). (a)—reflected light microscopy image, (b)—multi-layered colorful EDS map, (c–g)—maps of areal distribution of elements in characteristic rays. 
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Figure 5. BSE micrographs of a fuchsite (Cr-Ms) vein with allanite (Aln), native gold (type I) (AuI) (Figure 2b—p.1c) and other minerals in rhyolite from the Ludnaya zone (a) and its enlarged fragment (b): on the right are gold microparticles in intergrowth with fuchsite, on the left, in intergrowth with allanite (Aln) and mertieite (Mert). Abbreviations of minerals: quartz (Qz), K-feldspar (Kfs). 
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Figure 6. Macrophotograph of a polished section of rhyolite No.2 from the Slavnaya ore zone (a) with albite-fuchsite veins and its fragments with native gold (types II, V) (p.1,2,6,7) (b–j). (b,d,f,i) Reflected light microscopy image; (c,e,g,h,j) BSE micrographs. (j) Enlarged fragment on h. Abbreviations of minerals: native gold (type II, V) (AuII, AuV), fuchsite (Cr-Ms), allanite (Aln), albite (Ab), apatite (Apt), mertieite (Mert). 
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Figure 7. Macrophotograph of a polished section of rhyolite No.3 from the Slavnaya ore zone (a), multi-layered colorful EDS maps of its fragments (p.3,4,1) (b–d), reflected light microscopy image (e,g) and BSE micrographs (f,h) of native gold (types II, III, V, AuCu) in intergrowth with quartz (Qz), albite (Ab), fuchsite (Cr-Ms), K-feldspar (Kfs), amoeba phase (X1) (f) (p.1b) or with quartz, albite, atheneite (Atn) and amoeba phase (X2) (h) (p.1a). Abbreviations of minerals: native gold (type II, III, V) (AuII, AuIII, AuV), tetra-auricupride (AuCu). 
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Figure 8. Macrophotograph of a polished section of rhyolite No.4 from the Slavnaya ore zone (a) and multi-layered colorful EDS maps of its fragments (p.2 and p.5) (b,c) with native gold (types III—b, IV—c) in poly—(b) and bimineral (c) matrices: (b) Quartz, albite, K- feldspar, fuchsite; (c) Quartz, fuchsite. Abbreviations of minerals: native gold (type III, IV) (AuIII, AuIV), fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs). 






Figure 8. Macrophotograph of a polished section of rhyolite No.4 from the Slavnaya ore zone (a) and multi-layered colorful EDS maps of its fragments (p.2 and p.5) (b,c) with native gold (types III—b, IV—c) in poly—(b) and bimineral (c) matrices: (b) Quartz, albite, K- feldspar, fuchsite; (c) Quartz, fuchsite. Abbreviations of minerals: native gold (type III, IV) (AuIII, AuIV), fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs).



[image: Minerals 11 00451 g008]







[image: Minerals 11 00451 g009 550] 





Figure 9. Native gold of type IV with decay structures (matrix—fineness 860‰, AuCu platelets) and inclusions of higher-fineness gold (type V) and mertieite (with U impurity) in the quartz-albite-K-feldspar vein of rhyolite (No.4, p. 1) (Figure 8a): (a) BSE micrograph; (b–f) maps of areal distribution elements (Si, Au, Ag, Pd, Cu) in characteristic rays. Abbreviations of minerals: native gold of type IV and V (AuIV, AuV), quartz (Qz), albite (Ab), K-feldspar (Kfs), U-mertieite (U-Mert), tetra-auricupride (AuCu). 
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Figure 10. Albite crystals saturated with primary fluid inclusions (a); primary vapor-liquid two-phase and liquid single-phase fluid inclusions tracing the growth zone in albite (b) (a,b)—Slavnaya ore zone); primary two-phase and vapor inclusions in quartz (c); primary vapor inclusions in quartz (d) (c,d)—Ludnaya ore zone). 
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Figure 11. Chemical composition of various types of native gold from the Chudnoe deposit on the ternary diagram Au-Ag-Cu(+ Pd + Hg) from the results of present study (a) and data of other authors (b): 1—[1]; 2—[2]; 3—[5]; 4—[3]; 5 [7,14,15,16]. 
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Figure 12. Isochores of fluids from the Slavnaya zone (solid line) and fluids from the Ludnaya zone (dashed line). Isochores were constructed using the “AqSo-NaCl: computer program” for extreme temperatures and homogenization concentrations [21]. The probable trapping PT conditions of fluid inclusions are highlighted in light gray for the Slavnaya zone (I) and in dark gray for Ludnaya zone (II). 
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Table 1. Chemical composition of light (L) and dark (D) rhyolites from the Chudnoe deposit [14].






Table 1. Chemical composition of light (L) and dark (D) rhyolites from the Chudnoe deposit [14].





	No.
	SiO2
	TiO2
	Al2O3
	Fe2O3
	FeO
	MnO
	MgO
	CaO
	Na2O
	K2O
	P2O5
	LOI
	Σ





	41 L
	77.32
	0.17
	11.63
	0.62
	0.50
	0.02
	0.06
	0.19
	1.99
	6.40
	0.02
	0.21
	99.13



	42 D
	75.08
	0.17
	11.75
	2.40
	0.72
	0.02
	0.09
	0.18
	1.72
	6.60
	0.02
	0.41
	99.16



	43 L
	76.42
	0.17
	12.14
	1.00
	0.65
	0.02
	0.10
	0.16
	1.85
	6.60
	0.02
	0.27
	99.40



	44 D
	73.56
	0.19
	12.64
	2.55
	0.65
	0.04
	0.16
	0.37
	1.45
	6.60
	0.05
	0.74
	99.00



	62 L
	75.44
	0.19
	13.66
	0.50
	1.01
	0.02
	0.04
	0.21
	4.90
	3.60
	0.03
	0.14
	99.74



	63 D
	73.06
	0.19
	14.29
	1.49
	0.79
	0.02
	0.06
	0.23
	4.80
	3.80
	0.04
	0.38
	99.15



	64 L
	74.94
	0.19
	13.91
	0.30
	0.58
	0.02
	0.01
	0.22
	5.70
	3.10
	0.02
	0.05
	99.04



	65 D
	75.34
	0.19
	13.15
	1.86
	0.65
	0.02
	0.05
	0.23
	5.00
	3.20
	0.02
	0.21
	99.92



	21 L
	77.76
	0.17
	12.17
	0.13
	0.60
	0.01
	0.04
	0.15
	2.78
	5.70
	0.02
	0.18
	99.71



	22 D
	75.36
	0.18
	12.68
	1.78
	0.43
	0.01
	0.06
	0.14
	2.90
	5.30
	0.02
	0.27
	99.13



	71 L
	73.42
	0.19
	14.20
	0.21
	0.86
	0.01
	0.06
	0.17
	4.50
	5.70
	0.03
	0.15
	99.53



	72 D
	72.00
	0.19
	14.54
	2.41
	0.29
	0.02
	0.05
	0.16
	5.60
	4.70
	0.02
	0.17
	100.15



	4–2 L
	78.92
	0.10
	10.80
	0.37
	1.22
	0.01
	0.10
	0.18
	3.67
	3.40
	0.02
	0.6
	99.39



	4–1 D
	75.67
	0.12
	12.11
	1.59
	1.08
	0.01
	0.12
	0.20
	4.41
	3.65
	0.02
	0.4
	99.38







Notes: The CO2 content in the samples does not exceed 0.22 wt.%, the F content < 0.02 wt.%. LOI—loss on ignition.
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Table 2. Representative analyses of native gold (type I) and minerals in intergrowth with it in rhyolite No.1 (Figure 2, Figure 3, Figure 4 and Figure 5) from the Ludnaya ore zone (EPMA data in wt.% and formula).






Table 2. Representative analyses of native gold (type I) and minerals in intergrowth with it in rhyolite No.1 (Figure 2, Figure 3, Figure 4 and Figure 5) from the Ludnaya ore zone (EPMA data in wt.% and formula).





	
N

	
Au

	
Ag

	
∑ wt.%

	
NAu

	
Formula

	
Minerals in Intergrowth






	
p.1a

	
69.54

	
27.6

	
97.14

	
716

	
Au0.58Ag0.42

	
Cr-Ms; U-Mert




	
70.52

	
27.22

	
97.74

	
722

	
Au0.59Ag0.41

	
- “ -




	
p.1b

	
71.44

	
27.29

	
98.72

	
717

	
Au0.58Ag0.42

	
Cr-Ms




	
70.52

	
27.22

	
97.74

	
724

	
Au0.59Ag0.41

	
- “ -




	
p.1c

	
69.91

	
27.12

	
97.03

	
720

	
Au0.59Ag0.41

	
Cr-Ms




	
69.95

	
27.46

	
97.41

	
722

	
Au0.59Ag0.41

	
Aln; Cu-Mert








Abbreviations of minerals: fuchsite (Cr-Ms), allanite (Aln) and U or Cu-mertieite (U- or Cu-Mert).
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Table 3. Representative analyses of native gold (type II) and minerals in intergrowth with it in rhyolites from the Slavnaya ore zone (Nos. 2, 3, Figure 6 and Figure 7) (EPMA data in wt.% and formula).






Table 3. Representative analyses of native gold (type II) and minerals in intergrowth with it in rhyolites from the Slavnaya ore zone (Nos. 2, 3, Figure 6 and Figure 7) (EPMA data in wt.% and formula).





	
N

	
Au

	
Ag

	
Cu

	
∑wt.%

	
NAu

	
Formula

	
Minerals in Intergrowth






	
No.2




	
p.1a

	
85.03

	
11.58

	
1.72

	
98.34

	
865

	
Au0.76Ag0.19Cu0.05

	
Cr-Ms; Ab; Cu,Ag-Mert




	
p.1a

	
84.64

	
12.41

	
1.65

	
98.7

	
858

	
Au0.76Ag0.19Cu0.05

	
- “ -




	
p.2

	
84.55

	
11.51

	
4.12

	
100.19

	
844

	
Au0.71Ag0.18Cu0.11

	
Cr-Ms; Ab; Kfs; AuCu; AuIII840–890




	
p.2

	
84.76

	
12.72

	
1.55

	
99.03

	
856

	
Au0.75Ag0.21Cu0.04

	
- “ -




	
p.6

	
83.68

	
12.24

	
1.61

	
97.53

	
858

	
Au0.75Ag0.20Cu0.04

	
Cr-Ms; Ab; Aln; AuV930–990




	
p.6

	
83.78

	
12.19

	
1.77

	
97.73

	
857

	
Au0.75Ag0.20Cu0.05

	
- “ -




	
p.7

	
85.38

	
11.44

	
1.48

	
98.3

	
869

	
Au0.77Ag0.19Cu0.04

	
Cr-Ms; Ab; Cu,Ag,Au-Mert; AuV990




	
p.7

	
85.73

	
11.87

	
1.62

	
99.23

	
864

	
Au0.77Ag0.19Cu0.04

	
Cr-Ms; Ab; AuV990




	
p.7

	
85.67

	
12.28

	
1.54

	
99.48

	
861

	
Au0.76Ag0.20Cu0.04

	
- “ -




	
p.7

	
84.41

	
12.38

	
1.4

	
98.19

	
860

	
Au0.76Ag0.20Cu0.04

	
Ms; Ab; Aln; AuV990




	
No.3




	
p.1b

	
85.22

	
11.86

	
1.88

	
98.96

	
861

	
Au0.76Ag0.19Cu0.05

	
Ab; Ms; Kfs; Qz; AuV1000–970; AuCu; X1




	
p.1b

	
84.93

	
11.95

	
2.04

	
98.92

	
859

	
Au0.75Ag0.19Cu0.06

	
- “ -




	
p.1b

	
84.21

	
12.57

	
1.51

	
98.29

	
857

	
Au0.75Ag0.21Cu0.04

	
- “ -




	
p.1e

	
83.62

	
11.75

	
4.64

	
100.01

	
836

	
Au0.70Ag0.18Cu0.12

	
Ab; Kfs; Qz; AuIII840–890




	
p.2

	
86.84

	
12.83

	
2.24

	
101.9

	
852

	
Au0.74Ag0.20Cu0.06

	
Ab; Ms; Qz




	
p.2

	
84.57

	
12.9

	
2.11

	
99.58

	
849

	
Au0.74Ag0.21Cu0.05

	
- “ -




	
p.2

	
86.36

	
12.27

	
1.71

	
100.35

	
861

	
Au0.76Ag0.20Cu0.05

	
- “ -




	
p.2

	
85.39

	
12.98

	
2.02

	
100.39

	
851

	
Au0.75Ag0.21Cu0.06

	
- “ -




	
p.2

	
83.16

	
14.85

	
1.35

	
99.36

	
837

	
Au0.73Ag0.23Cu0.04

	
- “ -




	
p.2

	
84.86

	
12.29

	
2.42

	
99.57

	
852

	
Au0.73Ag0.20Cu0.07

	
- “ -




	
p.3b

	
84.13

	
12.21

	
1.67

	
98.01

	
858

	
Au0.75Ag0.2Cu0.05

	
Ab; Ms




	
p.3c

	
84.82

	
12.19

	
1.76

	
98.77

	
859

	
Au0.75Ag0.2Cu0.05

	
Ab




	
p.4a

	
84.54

	
12.33

	
1.93

	
98.81

	
856

	
Au0.75Ag0.2Cu0.05

	
Ab; Kfs; Cu-Mert; X1




	
p.4a

	
84.07

	
12.34

	
2.07

	
98.48

	
854

	
Au0.74Ag0.2Cu0.06

	
- “ -








Abbreviations of minerals: native gold of type II, III and V (AuII, AuIII and AuV), fuchsite (Cr-Ms), muscovite (Ms), allanite (Aln), quartz (Qz), albite (Ab), K-feldspar (Kfs) Cu, Ag, U-mertieite (Cu, Ag, U-Mert), tetra-auricupride (AuCu) and amoeba phase (X1).
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Table 4. Representative analyses of native gold (type III) and minerals in intergrowth with it in rhyolites from Slavnaya ore zone (Nos. 3, 4—Figure 7a and Figure 8a) (EPMA data in wt.% and formula).






Table 4. Representative analyses of native gold (type III) and minerals in intergrowth with it in rhyolites from Slavnaya ore zone (Nos. 3, 4—Figure 7a and Figure 8a) (EPMA data in wt.% and formula).





	
N

	
Au

	
Ag

	
Cu

	
Pd

	
∑wt.%

	
NAu

	
Formula

	
Minerals in Intergrowth






	
No.3




	
p.1a

	
83.35

	
12.76

	
1.92

	
0.96

	
98.98

	
842

	
Au0.73Ag0.20Cu0.06Pd0.01

	
Qz; Ab; Kfs; Ath; AuCu; AuV950; X2




	
p.1a

	
83.46

	
13.05

	
2.21

	
0.67

	
99.39

	
840

	
Au0.72Ag0.21Cu0.06Pd0.01

	
- “ -




	
p.1c

	
82.71

	
7.77

	
6.46

	
1.01

	
97.96

	
844

	
Au0.70Ag0.12Cu0.16Pd0.02

	
Qz; Ab; Kfs; X2




	
p.1c

	
84.79

	
12.9

	
1.92

	
0.47

	
100.08

	
847

	
Au0.74Ag0.20Cu0.05Pd0.01

	
- “ -




	
p.1c

	
84.63

	
12.56

	
2.05

	
1.03

	
100.28

	
844

	
Au0.73Ag0.20Cu0.05Pd0.02

	
- “ -




	
p.1c

	
89.11

	
9.17

	
1.15

	
1.14

	
100.56

	
886

	
Au0.80Ag0.15Cu0.03Pd0.02

	
- “ -




	
p.1c

	
84.5

	
12.37

	
2.46

	
0.88

	
100.21

	
843

	
Au0.73Ag0.19Cu0.07Pd0.01

	
- “ -




	
p.3a

	
83.87

	
12.46

	
1.76

	
0.62

	
98.71

	
850

	
Au0.74Ag0.2Cu0.05Pd0.02

	
Qz; Ab; Cr-Ms; Ath; AuV930




	
p.3a

	
83.93

	
12.73

	
1.61

	
0.57

	
98.84

	
849

	
Au0.73Ag0.21Cu0.05Pd0.02

	
- “ -




	
p.3a

	
82.19

	
8.88

	
7.64

	
0.41

	
99.12

	
829

	
Au0.67Ag0.13Cu0.19Pd0.01

	
- “ -




	
p.4b

	
82.42

	
8.43

	
7.24

	
1.2

	
99.3

	
830

	
Au0.67Ag0.13Cu0.18Pd0.02

	
Qz; Ab; Kfs




	
p.4b

	
82.6

	
12.81

	
1.9

	
0.98

	
98.29

	
840

	
Au0.73Ag0.21Cu0.05Pd0.02

	
- “ -




	
p.4b

	
82.03

	
13.41

	
1.54

	
1.11

	
98.09

	
836

	
Au0.73Ag0.21Cu0.05Pd0.02

	
- “ -




	
No.4




	
p.2

	
83.64

	
12.3

	
2.16

	
1.14

	
99.24

	
843

	
Au0.74Ag0.2Cu0.06Pd0.02

	
Qz; Ab; Kfs; Cr-Ms




	
p.2

	
83.64

	
11.97

	
1.41

	
0.75

	
97.78

	
855

	
Au0.75Ag0.2Cu0.04Pd0.01

	
- “ -




	
p.2

	
82.57

	
11.21

	
3.05

	
1.2

	
98.03

	
842

	
Au0.73Ag0.19Cu0.06Pd0.02

	
- “ -




	
p.2

	
84.02

	
11.18

	
2.69

	
1.07

	
98.96

	
849

	
Au0.73Ag0.18Cu0.07Pd0.02

	
- “ -








Abbreviations of minerals: native gold (type II, V) (AuII, AuV), fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs), atheneite (Atn), tetra-aucupride (AuCu) and amoeba phase (X2).
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Table 5. Representative analyses of native gold (type IV) and minerals in intergrowth with it in rhyolite from the Slavnaya ore zone (No.4; Figure 8a) (EPMA data in wt.% and formula).






Table 5. Representative analyses of native gold (type IV) and minerals in intergrowth with it in rhyolite from the Slavnaya ore zone (No.4; Figure 8a) (EPMA data in wt.% and formula).





	N
	Au
	Ag
	Cu
	Pd
	Hg
	∑wt.%
	NAu
	Formula
	Minerals in Intergrowth





	p.1
	81.41
	11.92
	2.32
	0.70
	0.79
	97.43
	866
	Au0.72Ag0.19Cu0.07Pd0.01Hg0.01
	Qz; Ab; Kfs; AuCu; AuV930; U-Mert



	p.1
	82.42
	12.02
	2.46
	0.82
	0.96
	98.9
	865
	Au0.72Ag0.19Cu0.07Pd0.01Hg0.01
	- “ -



	p.5
	81.77
	12.2
	1.69
	0.55
	0.76
	96.97
	843
	Au0.74Ag0.2Cu0.04Pd0.01Hg0.01
	Qz; Cr-Ms; AuCu



	p.5
	82.23
	12.41
	1.8
	0.52
	0.65
	97.61
	842
	Au0.73Ag0.2Cu0.05Pd0.01Hg0.01
	- “ -



	p.5
	83.03
	12.5
	1.89
	0.72
	0.86
	99.00
	839
	Au0.73Ag0.2Cu0.05Pd0.01Hg0.01
	- “ -







Abbreviations of minerals: fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs), tetra-auricupride (AuCu), U-mertieite (U-Mert).
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Table 6. Representative analyses of high-fineness gold 930–1000‰ (type V) and minerals in intergrowth with it in rhyolites from the Slavnaya ore zone (Nos. 2–4, Figure 6a, Figure 7a and Figure 9a) (EPMA data in wt.% and formula).






Table 6. Representative analyses of high-fineness gold 930–1000‰ (type V) and minerals in intergrowth with it in rhyolites from the Slavnaya ore zone (Nos. 2–4, Figure 6a, Figure 7a and Figure 9a) (EPMA data in wt.% and formula).





	
N

	
Au

	
Ag

	
Cu

	
Pd

	
∑wt.%

	
NAu

	
Formula

	
Minerals in Intergrowth






	
No.2




	
p.6

	
93.41

	
1.23

	
0.93

	
1.12

	
96.7

	
966

	
Au0.93Ag0.02Cu0.03Pd0.02

	
AuII860




	
p.6

	
89.02

	
2.14

	
1.76

	
1.28

	
94.2

	
945

	
Au0.88Ag0.04Cu0.05Pd0.02

	
- “ -




	
p.6

	
87.08

	
2.18

	
2.27

	
1.95

	
93.49

	
932

	
Au0.86Ag0.04Cu0.07Pd0

	
- “ -




	
p.7

	
99.15

	
0.46

	
0

	
0.94

	
100.55

	
986

	
Au0.97Ag0.01Pd0.02

	
- “ -




	
No.3




	
p.1a

	
94

	
0.43

	
2.34

	
2.42

	
99.19

	
948

	
Au0.88Ag0.01Cu0.07Pd0.04

	
AuIII840




	
p.1a

	
95.85

	
0

	
2.78

	
2.24

	
100.87

	
950

	
Au0.88Cu0.08Pd0.04

	
- “ -




	
p.1b

	
97.03

	
0

	
1.85

	
1.08

	
99.97

	
971

	
Au0.93Cu0.05Pd0.02

	
AuII860




	
p.1b

	
97.88

	
0

	
0

	
0

	
97.88

	
1000

	
Au1.0

	
- “ -




	
p.1b

	
99.04

	
1.65

	
0.23

	
0

	
100.91

	
981

	
Au0.96Ag0.03Cu0.01

	
- “ -




	
p.3a

	
93.49

	
5.64

	
0.55

	
1.04

	
100.72

	
928

	
Au0.86Ag0.1Cu0.02Pd0.02

	
AuIII860




	
p.4b

	
97.02

	
0

	
1.16

	
2.78

	
100.96

	
961

	
Au0.92Cu0.05Pd0.03

	
AuII840




	
No.4




	
p.1

	
97.68

	
0

	
1.66

	
1.33

	
100.17

	
930

	
Au0.95Cu0.03Pd0.02

	
AuIV860








Abbreviations of minerals: native gold (type II, III, IV) (AuII, AuIII, AuIV).
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Table 7. Representative analyses of AuCu phases and mineral matrix (EPMA data in wt.% and formula).






Table 7. Representative analyses of AuCu phases and mineral matrix (EPMA data in wt.% and formula).





	
N

	
Au

	
Ag

	
Cu

	
Pd

	
∑wt.%

	
NAu

	
Formula

	
Minerals in Intergrowth






	
No.3




	
p.1a

	
76.58

	
0

	
21.26

	
0.75

	
98.59

	
777

	
Au1.06Cu0.92Pd0.02

	
AuIII840




	
p.1a

	
76.35

	
0

	
21.4

	
1.1

	
98.85

	
772

	
Au1.06Cu0.92Pd0.02

	
- “ -




	
p.1b

	
76.96

	
0

	
21.28

	
0.63

	
98.87

	
778

	
Au1.07Cu0.91Pd0.02

	
AuIII860




	
p.1b

	
77.04

	
0

	
21.29

	
0.73

	
99.06

	
778

	
Au1.07Cu0.91Pd0.02

	
- “ -




	
p.1b

	
77.01

	
0

	
19.80

	
0.62

	
97.43

	
790

	
Au1.1Cu0.88Pd0.02

	
-“ -




	
No.2




	
p.2

	
77.20

	
0.29

	
22.37

	
0.36

	
100.23

	
770

	
Au1.04Cu0.94Pd0.01Ag0.01

	
AuII830–860




	
p.2

	
77.12

	
0.84

	
21.52

	
0

	
99.48

	
775

	
Au1.06Cu0.92Ag0.02

	
- “ -








Abbreviations: native gold of types II and III (AuII, AuIII).
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Table 8. Results of primary two-phase fluid inclusion study by cryo- and thermometry.






Table 8. Results of primary two-phase fluid inclusion study by cryo- and thermometry.





	
Sample

	
Mineral

	
Th °C

	
Teu °C

	
Tice °C

	
Salinity (wt.% NaCl eq.)






	
Rhyolite from Ludnaya ore zone




	
3p-1154–2 (4)

	
albite

	
155–139

	
−39

	
−0.3 to −0.1

	
0.5–0.2




	
3p-1154–2 (5)

	
quartz

	
186–178

	
−39

	
−1.2 to −0.7

	
2.1–1.2




	
Rhyolite from Slavnaya ore zone




	
3p-1122-1 (10) *

	
albite

	
130–113

	
−39 to −38

	
−15 to −7.5

	
18.6–11




	
3p-1122-1 (5)

	
quartz

	
165–105

	
−55

	
−10 to −7.5

	
13.9–11




	
3p-1122-13 (4)

	
albite

	
133–125

	
−49

	
−17 to −13

	
20.2–16.9








Note: * —number of fluid inclusions; Th—homogenization temperature, Teu—melting of eutectic and Tice—melting of ice.
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