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Preface to ”Mineralogy of Noble Metals and

“Invisible” Speciations of These Elements in Natural

Systems”

This Special Issue book covers a broad range of topics related to the mineralogy of noble

metals (Au, Ag, Pt, Pd, Rh, and Ru) and the occurrence, formation, and distribution of these

elements in natural ore-forming systems. The eleven research articles contained within deal with

various problems and topics, and can be divided into four themes: (1) three articles dedicated

to the study of specific features and genesis of mustard gold; (2) four articles on thermodynamic

and experimental modeling of systems containing noble metals; (3) two articles on research into

Au-bearing arsenopyrite and pyrite; (4) two articles devoted to study of the ages of gold deposits

in China in Nibao and Chaoyangzhai (Southeast Guizhou).

I hope this Special Issue will contribute to a better understanding of the genesis of gold, silver,

and other noble metal deposits as well as the behavior of these elements in endogenic and supergene

environments, and suggest ways forward to solving the problem of their full extraction from ores.

Galina Palyanova

Special Issue Editor
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This Special Issue of Minerals covers a broad range of topics related to the mineralogy of noble
metals (Au, Ag, Pt, Pd, Rh, Ru) and the forms of occurrence, formation and distribution of these
elements in natural ore-forming systems. It contains eleven research articles on various problems and
topics, which can be divided into four parts.

The first part of the issue includes three articles dedicated to the study of the specific features
and genesis of mustard gold [1–3]. The typical features of mustard gold include low reflectivity,
porous or colloform texture, and rusty, reddish, orange-red and brown-yellow colors in reflected light.
The characteristics of mustard gold have been studied by many researchers [4–9], but its genesis is
not fully understood and the mechanism of its formation is not completely clear. Tolstykh, Kalinin,
Anisimova and coauthors [1–3] studied mustard gold from three deposits located in different regions
of Russia: Kamchatka Peninsula (Maletoyvayam Ore Field) [1], Central Aldan district of Yakutia
(Khokhoy ore field) [2], and Kola Peninsula (Oleninskoe Deposit) [3].

The main ore components of gold mineralization of the Gaching high-sulfidation (HS) epithermal
Au–Ag deposit (part of the Maletoyvayam ore field) are native gold, tellurides, selenides, and
sulphoselenotellurides of Au and oxidation products of Au-tellurides [1]. Two types of mustard gold
were identified by Tolstykh et al. [1]: (a) mixtures of Fe-Sb(Te,Se,S) oxides and fine gold particles and
(b) spotted and colloform gold consisting of aggregates of gold particles in a goethite/hydrogoethite
matrix. This study examined different types of native gold in this ore deposit and the mechanisms and
sequential transformation of calaverite (AuTe2) into mustard gold.

Kalinin and coauthors [2] reported the results of the study of mustard gold from the Oleninskoe
intrusion-related gold–silver Precambrian deposit of the Fennoscandian Shield. These authors showed
that micropores in the mustard gold are filled with iron, antimony or thallium oxides, silver chlorides,
bromides, and sulfides. They concluded that halogens (Cl, Br) played an important role in the
remobilization of noble metals in the Oleninskoe deposit.

Anisimova and coauthors [3] investigated the features of native gold in karst cavities at the
newly discovered Au-Te-Sb-Tl occurrence within the Khokhoy gold field of the Aldan-Stanovoy
auriferous province (Aldan shield, East Russia). This was the first time the relationships between
residual monolithic gold and unnamed tellurates, thallium carbonates and avicennite (Te2O3) had been
described. Along with this native gold, secondary (sponge and “mustard”) gold was investigated.
The occurrence of monolithic, spongy and mustard gold was discussed.

The second part of the issue includes four articles on thermodynamic [10] and experimental
modeling [11–13] of systems containing noble metals. Some of these articles were a continuation of
the research [14,15] on the topics covered by the Special Issue “Experimental and Thermodynamic
Modeling of Ore-Forming Processes in Magmatic and Hydrothermal Systems” [16].

Murzin and coauthors [10] constructed physicochemical models for the formation of magnetite–
chlorite–carbonate rocks with copper–gold in the Karabash ultramafic massif (Southern Urals, Russia).

Minerals 2020, 10, 210; doi:10.3390/min10030210 www.mdpi.com/journal/minerals1
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These authors showed that the metasomatic interaction of metamorphic fluid with serpentinites is
responsible for the gold-poor mineralization (1st type), and that the gold-rich mineralization (2nd type)
was formed during the mixing of metamorphic fluid and meteoric water in the open space of cracks
in serpentinites.

Sinyakova and coauthors [11] carried out the crystallization of a Fe-Cu-S melt with the impurities
of Ni, Sn, As, Pt, Pd, Rh, Ru, Ag, Au, Se, Te, Bi, and Sb. The cylindrical crystallized sample consisted
of monosulfide solid solution (mss), nonstoichometric isocubanite (icb), and three modifications
of intermediate solid solution (iss1, iss2, iss3). The simultaneous formation of two types of liquid
separated during the cooling of the parent sulfide melt was observed. Noble metals associated with
Bi, Sb, and Te were concentrated in inclusions in the form of RuS2, PdTe2, (Pt,Pd)Te2, PtRhAsS, and
Ag2Se, doped with Ag, Cu, and Pd, in a monosulfide solid solution. Nobel metals form PtAs2, gold
alloys doped with Ag, Cu, and Pd, Ag2Te and Pd(Bi,Sb)xTe1−x in nonstoichometric isocubanite and
intermediate solid solutions. Rhodium is present in intermediate base metal solid solutions.

The surface species formed upon the contact of the pyrite, pyrrhotite, galena, chalcopyrite and
valleriite with the solutions of H2PtCl6 (pH 1.5, 20 ◦C) were studied using X-ray photoelectron
spectroscopy by Romanchenko et al. [12]. The highest rate of Pt deposition was observed on galena
and valleriite and the lowest, on pyrite and pyrrhotite. Pt(IV) chloride complexes adsorb onto the
mineral surface, and then the reduction of Pt(IV) to Pt(II) and the substitution of chloride ions with
sulfide groups occur, forming sulfides of Pt(II) and then Pt(IV).

Vorobyev and coauthors [13] studied the reactions and species formed at different proportions
of HAuCl4, H2Se and H2S at room temperature. Metal gold colloids arose at the molar ratios
H2Se(H2S)/HAuCl4 less than 2. At higher ratios, pre-nucleation “dense liquid” species followed
by fractional nucleation in the interior and coagulation of disordered gold chalcogenide occurred.
The reactions proceed via the non-classical mechanism involving “dense droplets” of supersaturated
solution which produce AuSe1−xSx/Au nanocomposites.

The third part of the issue contains two articles on Au-bearing arsenopyrite and pyrite [17,18].
A significant number of studies are devoted to Au and other noble metals in these minerals.

Sazonov and coauthors [17] used the Mössbauer spectroscopy method to study the ligand
microstructure of natural arsenopyrites from the ores of major gold deposits of the Yenisei Ridge
(Eastern Siberia, Russia). The elevated gold concentrations typical of arsenopyrites occur with an
elevated content of sulfur or arsenic and correlate with the increase in the occupation degree of
configurations {5S1As}, {4S2As}, {1S5As}, the reduction in the share of {3S3As}, and the amount of iron
in tetrahedral cavities.

Tauson and coauthors [18] studied the forms of occurrence and distribution of “invisible” noble
metals (Au, Ag, Pt, Pd, Ru) in the coexisting pyrite and arsenopyrite from the Natalkinskoe, Degdekan
and Zolotaya Rechka deposits (Magadan region, Russia). They used a combination of methods of local
analysis and statistics of the compositions of individual single crystals of different sizes to analyze the
distribution coefficients of the structural (str) and surficial (sur) forms of noble metals. The data on Ag
mostly indicate its fractionation into pyrite (Dstr Py/Asp = 17). Surface enrichment was considered
a universal factor in the distribution of “invisible” noble metals. A number of elements (i.e., Pt, Ru,
Ag) in pyrite and arsenopyrite tended to increase in abundance with a decrease in the crystallite size.
This may be due to both the phase size effect and the intracrystalline adsorption of these elements at
the interblock boundaries of a dislocation. Arsenopyrite with excess As over S has a tendency to have
greater abundance of Pt, Ru and Pd. Sulfur deficiency was a favorable factor for the incorporation of
Ag and platinoids into the structures of the studied minerals.

The last part of the issue includes two articles [19,20] devoted to the study of ages of gold deposits
in China: Nibao and Chaoyangzhai (Southeast Guizhou). These deposits are an important part of
the Yunnan–Guizhou–Guangxi “Golden Triangle” region. Zheng, Tsang and coauthors [19,20] also
discussed possible sources of gold mineralization.
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The Nibao gold deposit includes both fault-controlled and strata-bound gold orebodies. Zheng and
coauthors [19] determined the mineralization age of these gold orebodies and provided additional
evidence for constraining the formation ages of low-temperature orebodies and their metallogenic
distribution in South China. The results confirm the Middle-Late Yanshanian mineralizing events of
the Carlin-type gold deposits in Yunnan, Guizhou, and Guangxi Provinces of Southwest China.

Tsang and coauthors [20] determined the possible source of the newly discovered medium- to
large-scale turbidite-hosted Chaoyangzhai gold deposit, Southeast Guizhou, South China, using
LA-ICP-MS zircon U–Pb dating, whole-rock geochemistry and in situ sulfur isotopes. Together with the
evidence of similar geochemical patterns between the tuffaceous- and sandy-slates and gold- bearing
quartz, these authors proposed that gold might be sourced from the sandy slates.

Overall, I hope this Special Issue will contribute to a better understanding of the genesis of gold,
silver and other noble metal deposits, the behavior of these elements in endogenic and supergene
environments and suggest ways forward to solve the problem of their full extraction from ores.
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Abstract: The Gaching high-sulfidation (HS) epithermal Au–Ag deposits, part of the Maletoyvayam
ore field, which is located in the volcanic belts of the Kamchatka Peninsula (Russia). The main ore
components are native gold, tellurides, selenides, and sulphoselenotellurides of Au and oxidation
products of Au-tellurides. This study examines the different types of native gold in this ore deposit and
the mechanisms and sequential transformation of calaverite (AuTe2) into mustard gold. The primary
high fineness gold (964%�–978%�) intergrown with maletoyvayamite Au3Te6Se4 and other unnamed
phases (AuSe, Au(Te,Se)) differ from the secondary (mustard) gold in terms of fineness (1000%�) and
texture. Primary gold is homogeneous, whereas mustard is spongy. Two types of mustard gold were
identified: (a) Mixtures of Fe-Sb(Te,Se,S) oxides and fine gold particles, which formed during the
hypogenic transformation stage of calaverite due to the impact of hydrothermal fluids, and (b) spotted
and colloform gold consisting of aggregates of gold particles in a goethite/hydrogoethite matrix. This
formed during the hypergenic transformation stage. Selenides and sulphoselenotellurides of gold
did not undergo oxidation. Pseudomorphic replacement of calaverite by Au-Sb(Te,Se,S,As) oxides
was also observed.

Keywords: Gaching ore deposit; mustard gold; calaverite; maletoyvayamite; Fe-Sb(Te,As,Se,S)-oxides;
Au-Sb(Te,Se,S,As)-oxides

1. Introduction

One of the fundamental tasks in the study of the epithermal deposits is identifying the mechanisms
of gold formation. The traditional gravity method can sometimes give negative results in the identifying
of the cause of the high Au concentrations. Occasionally sample analyses show high concentrations
of Au, while the presence of visible gold is absent or is only represented by single grains where
the amount of Au is not capable the providing such high concentrations. It appears that the finest
fraction (<0.06 mm) is the most enriched in Au, which is almost beyond visible detection. The high
concentrations of Au in the hypergenesis zones of epithermal deposits is due to the presence of so-called
mustard gold, which is difficult to detect.

The term “mustard gold” was introduced by W. Lindgren [1]. Typical features of mustard gold are
low reflectivity, porous or colloform texture, and rusty, reddish, orange-red, and brown-yellow colors in
reflected light. Mustard gold is easily scattered during crushing and the resulting fine powdered fraction
may become progressively enriched in gold. Mustard gold was previously studied by numerous
researchers [2–8] and has been shown to be a characteristic feature in gold-telluride deposits [9,10]

Minerals 2019, 9, 489; doi:10.3390/min9080489 www.mdpi.com/journal/minerals5
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and antimony-gold deposits [11,12]. Mustard gold was also documented in the Ozernovskoye and
Aginskoye deposits (Kamchatka) as rims surrounding primary Au tellurides or as micro-veinlets in
the altered matrix [4,6]. These deposits belong to the alunite-quartz group of the gold-silver deposits
(Figure 1) and are associated with metasomatic rocks (secondary quartzites) that are confined to
the volcanic centers of volcanic-tectonic structures within the Vetrovayam volcanic zone. Mustard
gold is formed due to the oxidation of primary Au minerals and is the result of exposure to acidic
solutions leaching tellurium or their transformation into tellurates [2,3]. This replacement may take
place under hydrothermal conditions, such as during the late-stages of ore deposit formation [5].
The development of microporous gold indicates that the deposits may have experienced overprint
after mineralization [13]. Mustard gold is heterogeneous and represented by multiphase aggregates
consisting of two, three, or more phases, which differ in their chemical composition. Typomorphic
elements in these compounds within the pores of mustard gold include Sb, Te, Pb, Fe, Cu, Ag, Hg, and
others, which are dependent on the composition of the primary mineral assemblage of the deposit.
Mustard gold intergrowths with Au-sulfoselenotellurides, sulfosalts (tetrahedrite, goldfieldite), and
the products of oxidation of Au-tellurides from the Gaching deposit of the Maletoyvayam ore field in
the volcanic belts of the Kamchatka Peninsula (Figure 1) are presented in this study [14].

 

Figure 1. Volcanic belts of the Kamchatka Peninsula [15], the tectonic scheme of the Vetrovayam
volcanic zone [16] and location of Maletovvayam ore field on the base [17] (reproduced with permission
from reference [14]).
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This study presents detailed textural descriptions, chemical compositions and reconstructs the
sequence of replacement of primary minerals in order to understand its origin. Our research shows
a sequential transformation of the primary mineralization, which is represented by calaverite to
mustard gold.

2. Materials and Methods

The studied grains of Au-minerals were obtained by crushing mineralized rocks and panning the
resulting material into a heavy fraction using hydroseparation, followed by concentration in the heavy
liquid. Mustard gold was found in polished sections made from the heavy mineral concentrate, which
was obtained from a 20-kilogram sample of alunite-quartz rock. The chemical compositions of the
minerals, mineral aggregate textures, and separated grains were examined at the Analytical Center for
Multi-Elemental and Isotope Research at the VS Sobolev Institute of Geology and Mineralogy SB RAS
in Novosibirsk (Russia) using a LEO-413VP scanning electron microscope (SEM) with INCA Energy
350 microanalysis system (Oxford Instruments Ltd., Abingdon, UK) equipped with EDS (analysts Dr.
N. Karmanov, M. Khlestov, and V. Danilovskaya), operating at an accelerating voltage of 20 kV, beam
current of 0.4 nA, 50 s measuring time, and beam diameter of ~1 μm. The following standards were
used: Pure substances (Ag, Au, Bi, Se, Sb, Fe, and Cu), pyrite (S), synthetic HgTe (Te), and sperrylite
(As). The detection limit was 0.02%. The following X-ray lines were selected: Lα for Ag, Te, As, Sb,
and Se; Kα for S, Fe, Cu, and O; and Mα for Au and Bi. All the compositions of minerals in this
study were performed using an EDS spectrometer. A compositional comparison Au–Te–Se–S minerals
determined by the EDS and WDS methods is presented in a previous study [14], which shows their
complete convergence.

3. Results

3.1. Types of Mustard Gold

Previous studies of the Gaching ore deposit that refer to the epithermal Au–Ag high-sulfidation
(HS) type have identified native gold, barite, anglesite, quartz, pyrite, Au-telluride (Se-bearing
calaverite), Au-sulphoselenotellurides, sulphosalts (tetrahedrite, goldfieldite, tennantite), and other
rare minerals (famatinite, enargite, watanabeite, senarmontite, tripuhyite, rooseveltite, tiemanite,
antimonsilite, and guanajuatite) in heavy fractions [14]. Over 200 grains of Au–Te–Se–S compounds
were additionally extracted from the ore to obtain new data.

The studied grains of primary Au–Ag alloys (10–50 μm in size) are always found as intergrowths
with sulfosalts or unique unnamed phases of the Au–Te–Se–S system that are potentially new minerals
with unique compositions: Au3Te6(Se,S)4, Au2Te4(Se,S)3, AuSe, Au2TeSe, and other (Figure 2a,b) [14,18].
One of these minerals, Au3Te6Se4, was recently approved by a commission on new minerals and
named maletoyvayamite [19]. The possibility of natural occurrences of compounds of Te, Se, and S
and Ag was previously shown in the Prasolovskoye deposit on Kunashir Island [3,20].

Primary gold in the Gaching deposit occurs in high grades and Ag does not exceed 2.5 wt. % [14].
In the studied samples (Figure 2), Ag-content varied in range 1.47–1.98 wt. % (Tables 1 and 2). Neither
primary gold, nor these compounds undergo replacement or oxidation during hypogene processes. It
should be noted that direct intergrowths of primary gold with calaverite (AuTe2) or mustard gold was
not found. Primary gold (Au–Ag alloys) in the Gaching deposit accounts for no more than 5% when
the porous gold reaches up to 60% of the amount of the Au-bearing minerals in the ore assemblage.
Mustard gold exhibited more yellowish, reddish, and brown colors in reflected light (Figure 3) when
compared to primary gold (Figure 3c) and porous texture gold, as observed in the other deposits
worldwide. Irregular grains of mustard gold are between 10 and 60 μm in size and exhibited spongy
textures, which were either empty or imbedded with microscopic inclusions in the pore spacings
(Figure 4), similar to mustard gold from the Dongping Au-Te deposit [9,10,13]. Mustard gold varied
from microporous (i.e., spongy) to colloform and zoned. However, microporous aggregates of gold
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filled by compounds of Fe, Sb, Te, As, Bi, and S with oxygen (antimonate/tellurate of iron; Figure 4)
were prevalent. The contents of these compounds in microporous gold were due to the weathering of
minerals (mainly sulfosalts). The presence of Ag in these compounds was likely due to inheritance
from primary calaverite. At this stage of mustard gold formation, Ag is a minor element that enters
oxides, since analyses of larger fragments of secondary mustard gold showed the complete absence
of Ag in its composition (Table 3), sample d_9-6). Analyses of these compounds mixed with gold
particles are presented in Table 3. The types of mustard gold were identified by contents of various
antimonate/tellurate/hydroxides in the submicroscopic pores of the mustard gold aggregate. As shown
in Table 1, all elements showed great compositional variation. The oxygen concentration also changed
due to (1) different degrees of oxidation of the primary products, and (2) different ratios of secondary
gold and Fe-Sb(Te,As,Bi,S) oxide. Due to the microscopic size of the particles, it is difficult to determine
whether Au belongs to the native reduced form of mustard gold, or is still is part of the complex
oxides as it suggested by [14]. This type of mustard gold was often associated with iron antimonates
and antimonites, such as tripuhyite Fe2+Sb5+

2O6 or Fe3+Sb5+O4 [21] (Figure 4d). If Au and Ag were
assumed to belong to the native phase, then the total of the remaining elements (Table 4) had variable
ratios forming a trend towards iron oxides/hydroxides, which was most likely limonite (Figure 5).
These compounds were the products of the successive oxidation of tripuhyite.

Table 1. The composition of the primary gold and associated minerals (in wt. %) shown in Figure 2.

No. Sample Sp. Cu Au Ag Bi Sb Te As Se S Total

1 3_3 1 - 98.45 1.86 - - - - - - 100.31
2 3_3 2 - 96.23 1.98 - - - - - - 98.21
3 3_3 3 41.81 - 0.37 - 19.4 - 6.51 4.64 27.76 100.49
4 3_3 4 - 36.25 - - - 49.35 - 5.05 8.6 99.25
5 4_1 1 - 98.54 1.23 - - - - - - 99.77
6 4_1 2 - 100.33 1.61 - - - - - - 101.94
7 4_1 3 - 35.92 - - - 47.67 - 15.35 2.05 100.99
8 4_1 4 - 36.61 - - - 48.48 - 11.16 4.29 100.54
9 13_1 1 - 98.1 1.88 - - - - - - 99.98

10 13_1 2 1.06 34.8 - 1.28 - 47.35 - 12.24 3.38 100.11
11 13_1 3 - 35.41 - - - 45.48 - 15.77 1.03 97.69
12 13_1 4 - 96.05 1.55 - - - - - - 97.6
13 13_1 5 - 35.45 - - - 45.64 - 14.61 1.71 97.41
14 13_1 6 - 37.41 - 0.92 - 46.47 - 9.91 3.94 98.65
15 13_1 7 0.19 35.58 - 0.75 - 46.39 - 13.28 2.65 98.84
16 13_1 8 0.25 35.26 - - - 45.67 - 14.66 1.77 97.61
17 13_1 9 41.89 - - - 19.29 - 4.72 4.36 26.97 98.38
18 11_3 1 - 98.52 1.52 - - - - - - 100.04
19 11_3 2 - 97.6 1.47 - - - - - - 99.07
20 11_3 4 - 35.09 - 0.74 - 45.96 - 14.56 1.32 97.67
21 11_3 5 - 69.91 - - - 1.09 - 26.04 2.37 99.41
22 11_3 6 - 35.93 - - - 47.78 - 13.6 3.32 100.63
23 11_3 7 - 35.53 - 0.81 - 47.12 - 13.23 2.76 99.45
24 11_3 9 - 37.31 - 0.74 - 46.6 - 10.99 3.84 99.48
25 11_3 10 - 66.71 - - - 18.2 - 14.78 - 99.69
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Figure 2. Secondary electron images of scanning electron microscopy (SEM). Primary gold (AuN,
where N is gold fineness) intergrown with the unnamed minerals of Au–Te–Se–S system in an
intergrowth with (a)—unnamed phases Cu4Sb(As,Se)S5 and AuTe2(S,Se)2; (b)—maletoyvayamite
Au3Te6(Se,S)4 and unnamed Au2Te4(Se,S)3; (c)—unnamed Cu4Sb(As,Se)S5 and maletoyvayamite; and
(d)—maletoyvayamite and unnamed AuSe and Au2TeSe. Compositions of minerals and unnamed
phases shown in Table 1. The numbers in microphotographs are analitical spots, here and in other figures.

Table 2. Formulas to Table 1.

No. Formula Abbr. No. Formula Abbr.

1 Au0.97Ag0.03 gd 14 Au3.06Te5.87(Se2.02S1.98 Bi0.07)4.07 Mt
2 Au0.97Ag0.03 gd 15 (Au2.93Cu0.05)2.98Te5.90(Se2.73S1.34 Bi0.06)4.13 Mt
3 Cu3.95Sb0.96(As0.52Se0.35)0.87S5.20 wt 16 (Au2.98Cu0.07)3.05Te5.95(Se3.09S0.92)4.01 Mt
4 Au1.02Te2.14(S1.48Se0.35)1.87 unn 17 Cu4.08Sb0.98(As0.39Se0.34)0.73S5.21 Wt
5 Au0.98Ag0.02 gd 18 Au0.97Ag0.03 Gd
6 Au0.97Ag0.03 gd 19 Au0.97Ag0.03 Gd
7 Au2.91Te5.95(Se3.10S1.02)4.12 mt 20 Au3.02Te6.10(Se3.12S0.70 Bi0.06)3.88 Mt
8 Au1.99Te4.07(Se1.51S1.43)2.94 unn 21 Au0.93(Se0.86S0.19Te0.02)1.07 Unn
9 Au0.97Ag0.03 gd 22 Au1.97Te4.05(Se1.86S1.12)2.98 Unn

10 (Au2.76Cu0.26)3.02Te5.81(Se2.43S1.65
Bi0.10)4.18

mt 23 Au2.91Te5.95(Se2.70S1.39 Bi0.06)4.15 Mt

11 Au3.04Te6.03(Se3.38S0.54)3.92 mt 24 Au3.01Te5.81(Se2.21S1.91 Bi0.06)4.18 Mt
12 Au0.97Ag0.03 gd 25 Au2.03Te0.85Se1.12 Unn
13 Au3.02Te5.99(Se3.10S0.89)3.99 - - - -

Note. Sp—analysis spot in figures, hereinafter. Signs: gd—gold; wt—watanabeite; mt—maletoyvayamite; and
unn—unnamed phase. Abbr.—minerals abbreviation.
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Figure 3. Reflected light photomicrograph of mustard gold (a–c) compared with primary gold (yellow)
and pyrite (white) (c) and with Fe–Sb oxide (gray; b,d).

 

Figure 4. SEM image of mustard (secondary) gold of porous (a,b,d) and colloform (concentrically
banded), (c) textural intergrowth with Fe-(Sb,Te,As,Bi,S)-O compounds. The compositions of
compounds or mixtures in the analyzed sites are presented in Table 3. d_9-6 spot 3 (FeSbO4)—tripuhyite.
The purple square is scan of analytical area.
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Table 3. The mixed compositions of mustard gold and oxides/hydroxides of Fe, Sb, Te, As, Bi, and S
(in wt. and at. %) localized in the pores of mustard gold shown in Figure 4.

Sample Sp. Fe Au Ag Bi Sb Te As S O Total

3_11 2 5.93 76.70 2.33 - 2.23 2.32 1.40 0.59 7.13 98.63
3_11 3 2.18 88.66 0.70 - 1.00 1.28 0.80 - 5.61 100.23
3_11 4 6.81 78.07 0.84 - 1.13 1.72 0.79 - 9.03 98.39
3_11 5 4.76 79.85 0.78 - 1.69 2.06 1.46 - 9.62 100.22
3_12 2 4.45 82.36 0.72 - 2.12 1.97 1.05 - 6.74 99.41
3_12 4 4.62 81.42 1.00 - 2.16 2.12 0.80 - 6.05 98.17
8_7 1 4.58 70.20 1.40 2.60 9.02 1.00 1.43 0.30 9.42 99.95
8_7 2 5.17 69.63 1.47 2.53 9.58 0.70 1.72 0.39 9.53 100.72
8_7 3 6.63 62.91 1.46 2.02 11.42 1.00 2.28 0.41 12.70 100.83
8_7 4 5.73 67.88 1.32 2.58 10.26 1.21 2.01 0.34 9.57 100.90
8_7 5 6.62 63.82 1.32 2.07 11.11 1.10 2.15 0.35 10.58 99.12
8_7 6 5.44 63.65 1.58 2.72 11.41 1.22 2.06 - 11.85 99.93
9_6 1 5.32 86.15 - - - - 0.63 - 6.66 98.76
9_6 2 15.83 41.44 - 1.53 14.45 1.44 2.06 0.33 23.23 100.31
9_6 4 4.34 85.16 - - - - - - 8.78 98.28
9_6 5 1.58 96.52 - - - - - - 2.88 100.98
9_6 6 4.39 85.92 - - 0.70 - 0.61 - 8.80 100.42

Sample Sp. Fe Au Ag Bi Sb Te As S O Total

at. %

3_11 2 9.87 38.18 2.12 - 1.80 1.78 1.83 0.73 43.69 100
3_11 3 4.24 51.55 0.74 - 0.94 1.15 1.22 - 40.16 100
3_11 4 10.34 35.47 0.70 - 0.83 1.21 0.94 - 50.51 100
3_11 5 7.06 35.43 0.63 - 1.21 1.41 1.70 - 52.55 100
3_12 2 7.80 43.18 0.69 - 1.80 1.59 1.45 - 43.50 100
3_12 4 8.48 44.73 1.00 - 1.92 1.80 1.16 - 40.91 100
8_7 1 6.71 30.76 1.12 1.07 6.39 0.68 1.65 0.81 50.81 100
8_7 2 7.42 29.91 1.15 1.02 6.66 0.46 1.94 1.03 50.40 100
8_7 3 8.07 22.92 0.97 0.69 6.73 0.56 2.18 0.92 56.95 100
8_7 4 8.13 28.82 1.02 1.03 7.05 0.79 2.24 0.89 50.02 100
8_7 5 8.92 25.73 0.97 0.79 7.25 0.68 2.28 0.87 52.51 100
8_7 6 7.02 24.58 1.11 0.99 7.13 0.73 2.09 - 56.34 100
9_6 1 9.48 45.93 - - 0.00 0.00 0.88 - 43.71 100
9_6 2 12.76 9.99 - 0.35 5.64 0.54 1.31 0.49 68.94 100
9_6 4 6.98 40.99 - - - - - - 52.03 100
9_6 5 3.85 70.32 - - - - - - 25.83 100
9_6 6 6.93 40.59 - - 0.54 - 0.76 - 51.18 100

Table 4. Compositions (at. %) of oxides/hydroxides of Fe, Sb, Te, As, Bi, and S (after removal of Au and
Ag) localized in the pores of mustard gold (data of Table 3 recalculated to 100%).

Sample Sp. Fe Bi Sb Te As S O Total

3_11 2 16.53 - 3.02 2.98 3.07 1.22 73.18 100
3_11 3 8.89 - 1.97 2.41 2.56 - 84.18 100
3_11 4 16.20 - 1.30 1.90 1.47 - 79.13 100
3_11 5 11.04 - 1.89 2.21 2.66 - 82.20 100
3_12 2 13.89 - 3.21 2.83 2.58 - 77.48 100
3_12 4 15.63 - 3.54 3.32 2.14 - 75.38 100
8_7 1 9.85 1.57 9.38 1.00 2.42 1.19 74.59 100
8_7 2 10.76 1.48 9.66 0.67 2.81 1.49 73.12 100
8_7 3 10.60 0.91 8.84 0.74 2.86 1.21 74.84 100
8_7 4 11.59 1.47 10.05 1.13 3.19 1.27 71.30 100
8_7 5 12.17 1.08 9.89 0.93 3.11 1.19 71.64 100
8_7 6 9.45 1.33 9.60 0.98 2.81 - 75.83 100
9_6 1 17.53 - - - 1.63 - 80.84 100
9_6 2 14.17 0.39 6.26 0.60 1.46 0.54 76.57 100
9_6 4 11.83 - - - - - 88.17 100
9_6 5 12.97 - - - - - 87.03 100
9_6 6 11.66 - 0.91 - 1.28 - 86.15 100
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Figure 5. Ternary plot showing the composition of Fe–Sb–Te–As–Se–S-oxides localized in the pores of
mustard gold, shown in the Figure 4 and Table 4. FeSbO4 and FeSb2O6 are tripuhyite [21]. The blue
circles are analytical data, the red square is stoichiometric composition of minerals.

Less commonly, mustard gold of the Gaching deposit occurred as close intergrowths with
goethite/hydrogoethite/limonite, forming different colloform and spotted textures (Figure 6a,b).
Goethite also sometimes formed a rims on mustard gold microaggregates (Figure 6c,d). Mustard
gold was high fineness in this case and did not contain Ag. The presence of iron in the gold was
the result of the imposition of Fe hydroxides during the analytical procedure (Table 5). Association
of secondary gold and Fe hydroxides was the final oxidation product of the studied parageneses.
Secondary high fineness gold in association with supergene minerals, including goethite, has been
described in Au-bearing regolith in deposits in Kazakhstan [22], where the secondary gold is not the
mustard species, but has a crystal shape and different genesis.

Table 5. The mixed compositions of mustard gold and goethite/hydrogoethite (wt. %) as shown
in Figure 6.

No. Sample Sp. Fe Au O Total

1 3_1 1 - 97.18 - 97.18
2 3_1 2 - 97.62 - 97.62
3 3_1 3 52.57 - 45.39 97.96
4 4_1 1 - 98.62 - 98.62
5 4_1 2 13.26 77.8 9.65 100.71
6 4_1 3 51.19 0.92 45.18 97.29
7 4_2 1 4.95 90.18 3.99 99.12
8 4_5 11 - 97.57 - 97.57
9 4_5 2 14.11 70.06 17.48 101.65
10 4-5a 1 12.87 72.42 15.28 100.57
11 4-5a 2 12.18 72.23 16.12 100.53
12 4-5a 3 13.14 71.36 16.06 100.56
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Figure 6. SEM image of mustard gold of colloform (a,b) and spotted (c–f) textures intergrown
with goethite/hydrogoethite/limonite (FeOOH). The compositions of compounds and mixtures of the
minerals are presented in Table 5. The purple square is scan analytical area.
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3.2. Transformation Sequence from Calaverite to Gold

In addition Au–Te–Se–S system minerals and gold (primary and mustard), multicomponent grains
were found that show the individual stages of the formation of mustard gold from calaverite (Figure 7).
These grains had a vermicular texture, where secondary Fe–Sb–Te oxides with worm-like shapes
developed in a matrix of calaverite. The smallest particles of gold were deposited in the marginal
zones of these oxides (Figure 7, Table 6). All compositions of AuTe2 relate to calaverite, since the
concentration of Ag in these minerals did not exceed the 3.4 wt. % [23]. Krennerite (Au,Ag)Te2 was not
detected in the ore assemblage. At the same time, maletoyvayamite intergrown with calaverite did not
undergo dissolution (Figure 7c,d). Calaverite was the Au-bearing mineral that oxidized due to reaction
with infiltrating fluids containing Fe, Sb ± As, Se, S, Bi, along with the formation of secondary minerals
(complex Au oxides, Fe antimonates, and stibiotellurates in the first stage and goethite/hydrogoetite in
the final supergene stage).

 

Figure 7. SEM images showing the reacted calaverite grains, the surface of microporous
gold (a–d), and boundary between microporous gold and calaverite (a–d). AuTe2—calaverite,
Au3Te6(Se,S)4—maletoyvayamite, and Fe(Sb,Te,As)2O6—tripuhyite. 1–9—the compositions of
compounds or mixtures in the analyzed spots are presented in Table 6.

All analyses of mustard gold from the various samples (Figures 4 and 6–8) on the diagram O–Fe +
Sb + As + Te + Se + S–Au (+Ag) were located along the line connecting the (Fe,Sb,As,Te,Se,S)O3 and
native gold, possibly showing the ratio of particles of fine gold and the matrix of Fe–Sb oxides (Trend I;
Figure 9). The concentration of Fe varied greatly in these compounds and was not correlated with the
sum of Sb, As, Te, Se, and S. This indicates that Fe,Sb ± As,Te,Se,S oxides (tripuhyite) were in turn also
successively oxidized and contain hydroxides in the compound (Figure 5).
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Figure 8. SEM images of complex oxides: zonal Au tellurates in association with mustard gold
(a) and homogeneous Fe-rich auroantimonate Au(Sb,Fe)O3 in association with calaverite (AuTe2)
and maletoyvayamite (Au3Te6(Se,S)4 (b). 1–11—the compositions of compounds or mixtures in the
analyzed sites are presented in Table 7.

 
Figure 9. The composition of mustard gold mixed with Fe–Sb–Te–As–Se–S-oxide matrix (trend I) and
Au-complex oxides (trend II) in O–Fe + Sb + As + Te + Se + S–Au (+Ag) diagram from the various
associations shown in the Figures 2, 4 and 6–8.

The part of the analyses that correspond to homogeneous areas of mineral microaggregates
(Figure 8) formed another compositional trend (Trend II), where the concentration of Au remained
approximately constant, while the ratio of oxygen to the sum of Sb, As, Te, Se, and S (chalcogenides)
varied within certain limits (Figure 9). The composition with the maximum amount of oxygen in this
trend corresponded to the formulae Au(Te,Fe,Se,Sb,S,As)O3 and Au(Fe,Sb)O3 (Figure 9) with variable
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ratios of chalcogenides and Fe. These probably exist as chemical compounds rather than as mixtures
of gold and Fe tellurate/antimonate. The existence of auroantimonate or Au–Sb-oxides in natural
systems is highly questionable according to [24]. However, it is difficult to agree that the numerous
compositions located along trend II were mixtures of gold and oxides, since the concentration of Au
remained almost constant in different spots of the grains (Figure 9). The gray-zoned areas of these
Au oxides (Figure 8a) were due to the different degrees of oxidation of tellurium, antimony, and
other elements structurally related to Au. The Au, Sb-oxides, and auroantimonate were described
by [25–27] also.

4. Discussion

Mustard gold is characteristic in gold-telluride deposits [9,10], antimony-gold deposits [11,12,24,28],
and laterites [7,8]. The stibian mustard gold from the Kriván Au deposit, which formed from Au2Sb
is a composite material consisting of submicroporous sponge of gold with pores infilled by oxidation
products of Sb and Fe [24]. In contrast, the Krásná Hora deposit (Czech Republic) a reverse reaction is
observed in the formation of aurostibite to gold via dissolution-precipitation and solid-state diffusion
processes at temperatures <200 ◦C [29]. In all cases the formation of mustard gold occurred due to the
decomposition of tellurides, antimonides, sulphides, bismuthides of Au(Ag), and low-grade gold under
oxidation conditions. Since the Gaching deposit is gold-telluride, the transformation mechanism of Au
telluride (calaverite) is important to reconstruct. It is likely that there were two mechanisms for the
replacement of primary Au tellurides with different oxidation intensities and different degrees of removal
of Te:

(1) AuTe2 + Fe, Sb, Bi, As, Se, and S-containing solutions + O2 → Au + Te,Se solid solution + TeO2 +

Fe(Sb,As)O3 as a composite of a gold sponge and Sb–Fe oxide ± admixtures.
(2) AuTe2 + Fe, Sb, Bi, As, Se, and S-containing solutions + O2 → Au(Te,Fe,Se,Sb,S)O2.

The appearance of secondary high-grade mustard gold and tellurites/tellurates in the Aginskoye
deposit (Kamchatka) [4,5] and placer region of Northeast Russia [8] are considered to be products of
hypergene processes. Alternatively, mustard gold, Au antimonates/tellurates, and complex oxides
of Au are products of hypogene processes [3,24] that formed from hydrothermal low-temperature
solutions at a high oxidative potential.

Moreover, the auroantimonate (AuSbO3) that was found by Z. Johan and co-authors [27] in Au–Sb
ores of the Krâsnâ Hora gold deposit and by G.N. Gamyanin and co-authors [25] in Eastern Yakutia
was characterized in detail by I.Ya Nekrasov [3], who obtained the compositions and X-ray images of
this oxide. Our data confirmed the presence of Au oxides in the epithermal Gaching deposit, however,
there are doubts regarding its existence [24]. It remains stable in hypogene conditions, but it is not
stable in the hypergenesis zone, where it decomposes into sponge gold and antimony oxides, therefore,
it is rarely found in nature [3].

Experimental studies by [29,30] have identified a diversity of reactionary textures and the transition
mechanism of сalaverite (AuTe2) into metallic gold. During the replacement of calaverite by gold,
there is the coupled calaverite dissolution-gold (re)precipitation (ICDR) mechanism [29,30]. This is
a redox reaction controlled by the solution chemistry. The rate of replacement would be controlled
by such major factors: The pH value, redox, and temperature. Natural mustard gold, which results
from the weathering of Au-tellurides, may form via a similar dissolution-reprecipitation mechanism.
It has been shown that the replacement of krennerite/calaverite by gold occurs only in hydrothermal
solutions, whereas such reactions do not occur in anhydrous conditions [31]. These minerals follow
a simple ICDR reaction path leading to pseudomorphic replacement by gold; and both minerals
transform at similar rates. The presence of Ag in tellurides has an effect on the ICDR reaction path,
since the solid-state reactions in the transformation of sylvanite (Au,Ag)2Te4 is also involved. The
porosity is textural evidence for a CDR reaction, which leads to the negative volume changes [32]. The
reaction is sustained by continuous mass transport through open pathways allowing the influx of
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Fe,Sb,As,Se,Bi-solutes and the removal of oxidized Te from the reaction interface. Au(I) is controlled
by the redox potential of the fluid at the reaction front. The decrease in oxygen activity favors the
precipitation of gold since the oxygen is continuously removed as Te(IV) complexes by the oxidation of
tellurium, and the soluble oxidation product leaves the reaction front by mass transport in the fluid,
and precipitates far from the site of dissolution [31]. The dominant Te aqueous species is H2TeO3(aq),
which occurs under acidic to slightly basic (pH 2–7) conditions [33]. In low-sulfidation environments,
telluride and native tellurium deposition may result from condensation of H2Te(g) and Te2(g) into
saline waters. A minor amount of tellurium will be deposited by cooling or fluid mixing [34]. Native
tellurium and tellurium-selenium solid solutions precipitate out of the mustard gold grains as separate
grains or in intergrowths with the maletoyvayamite [14,19].

Microaggregates of mustard gold can be large in size, but they are unstable in the hypergenic
process due to the loose texture and therefore have weak placer-forming potential. The concentration
of Au increased from large size fractions to small ones, and its greatest value was reached in the finest
grain concentrates (Figure 10). This circumstance requires attention when developing technological
schemes for exploiting such deposits and explains the discrepancy between high concentrations of Au
in samples and the absence (or undetected) of its mineral forms.

 
Figure 10. The graph of increasing Au concentration with decreasing size fraction of rock crushing.

Au(Ag) tellurides in gold deposits are considered refractory ores from a mineral processing
perspective, as they are not efficiently leachable in cyanide solutions. Typically, tellurides are heated
at temperatures ≥ 800 ◦C [35,36]. Au tellurides under hydrothermal conditions can be transformed
into gold relatively fast (within hours) under all conditions at ~200 ◦C. This process can be used in
preliminary ore processing before the addition cyanide instead of the toxic process of ore heating.
This method has an advantage, as the dissolution of a gold telluride occurs over a wider range of
solution conditions than Au–Ag alloys [31]. Porous gold obtained by the replacement of Au tellurides
can present significant technological potential due to its low density, high strength and large surface
area [33].

5. Conclusions

Gold in the epithermal Au–Ag Gaching deposit is present as primary gold (fineness 964%�–978%�)
occurring as intergrowths with a numerous minerals (maletoyvayamite Au3Te6Se4 and other rare
unnamed phases of Au–Te–Se–S system), and as secondary porous mustard gold of fineness 1000%�.

There are two types of mustard gold:
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(a) Mustard gold with inclusions of the oxides of Sb, Te(Se,S), and Fe (Fe-antimonate/tellurate) infilling
the pores of spongy gold—the early (hypogene) transformation stage of calaverite due to the
impact of Fe, Sb, Te, As, Se, and S-containing hydrothermal solutions and high oxidation potential.

(b) Spotted and colloform gold consisting of aggregates of small particles of gold in a
goethite/hydrogoethite matrix—the late (possibly hypergene) transformation stage associated
with the maximum degree of ore oxidation.

Among the numerous compounds of Au, only calaverite was oxidized and transformed into
mustard gold. The other minerals (Au sulfoselenotelluride–maletiyvayamite) remained unchanged.
This process is associated with hypogene conditions and proceeds in two directions: (a) Formation of a
mixture of Fe–Sb oxides (tripuhyite) and gold particles, and (b) formation of Au–Sb(Te,Se,S,As) oxides
by calaverite.

Mustard gold has a weak placer-forming potential in hypergene conditions because it disintegrates
easily into dust particles that enrich the fine fractions of oxidized ores.
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Abstract: The Oleninskoe intrusion-related gold–silver deposit is the first deposit in the Precambrian
of the Fennoscandian Shield, where mustard gold has been identified. The mustard gold replaces
küstelite with impurities of Sb and, probably, gold-bearing dyscrasite and aurostibite. The mosaic
structure of the mustard gold grains is due to different orientations and sizes of pores in the matrix of
noble metals. Zonation in the mustard gold grains is connected with mobilization and partial removal
of silver from küstelite, corresponding enrichment of the residual matter in gold, and also with the
change in the composition of the substance filling the pores. Micropores in the mustard gold are
filled with iron, antimony or thallium oxides, silver chlorides, bromides, and sulfides. The formation
of mustard gold with chlorides and bromides shows that halogens played an important role in the
remobilization of noble metals at the stage of hypergene transformation of the Oleninskoe deposit.

Keywords: Fennoscandian Shield; Kolmozero–Voronya belt; Oleninskoe deposit; mustard gold;
dyscrasite; chlorargyrite

1. Introduction

Mustard gold (the term is used below regardless of the Au/Ag ratio in it, and terms “electrum”
for Au/Ag = 1/1 and “küstelite" for Au/Ag = 1/3 are used when the composition of Au–Ag alloy
is important) is a relatively rare mineral aggregate, formed in the zone of hypergenesis as a result
of oxidation and decomposition of gold tellurides and antimonides. It represents a lacy network,
or sponge of native gold with very fine (often less than a micrometer) pores either filled with Fe, Te, Pb,
Cu, Au, Ag, Sb, Hg oxides or unfilled. These aggregates were named mustard gold because of their
distinctive appearance—loose texture and yellow–brown to brown color caused by Fe-oxides filling
the pores. Mustard gold has low reflectivity due to high porosity.

The history of the study of mustard gold is not long. The term was first used in geological
literature, following a traditional miners’ lexicon, by Waldemar Lindgren in 1933 [1] in the paragraph
about the oxidation zone in Au–Te deposits. A more extensive study of mustard gold refers to the end
of the XX and the beginning of the XXI century—to the time of fast development of local methods of
mineral analysis.

Mustard gold is often found in oxidized ores of Au–Ag–Sb and Au–Ag–Te deposits [2], mainly in
weathered quartz granular rocks in the zone of secondary sulfide enrichment. Individual mustard
gold grains are rare. More often, mustard gold forms aggregates with native gold: It can grow on the
surface or inside gold grains, or be overgrown by late high-grade gold [3].

The composition of mustard gold can vary within an individual deposit. For example, eight
varieties were determined in the Dongping gold deposit, where 30–50% of Au is concentrated in
the mustard gold [4]. The mustard gold grains in the Dongping deposit differ in the composition

Minerals 2019, 9, 786; doi:10.3390/min9120786 www.mdpi.com/journal/minerals23
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of gold, which makes the sponge—it can be high-grade gold and/or gold alloys with lead and with
silver. The pores are filled either by goethite, or various tellurites and tellurates or remain unfilled [4].
Six varieties of mustard gold are described in Sb–Au deposits in Sakha–Yakutia [5].

The structure of individual mustard gold grains is often heterogeneous. Many grains are zonal or
concentrically banded, other display spotted, or mosaic textures [6,7]. The heterogeneity appears due
to gradual decomposition and re-deposition of the material.

As the size of the pores is usually less than 1 micrometer, and thickness of gold filaments ranges
from 200 to 500 nm, the microprobe analysis of the mustard gold gives some summary results, averaging
data on gold filaments and the substance filling the pore, and shows a presence of Au, Ag, Fe, Te,
Pb, Cu, Sb, Hg, etc. It can be difficult to define mineral phases correctly, and microprobe analysis
appears rather qualitative than quantitative. Total estimates from the microprobe analyses are often
significantly less than 100%. The deficit appears due to unfilled pore space and the presence of oxides.

Mustard gold was found and studied in the deposits in the Far East in Russia (in the Aginskoe,
Ozernovskoe, Asachinskoe deposits and Gaching ore occurrence in the Kamchatka Peninsula [6–9],
in the Nizhne–Myakitskoe ore field in the Magadan Region [3], in the Tumannoe deposit in
Chukotka [10], in the Kuranah ore field, and in the Sarylahskoe and Sentachanskoe gold–antimony
deposits in Sakha–Yakutia [9,11]), in China (the Dongping [4,12] and Sandaowanzi [12], gold deposits),
in Slovakia (the Kriváň deposit in the High Tatra Mts.) [13], and in Bolivia (Au–Sb deposit Kharma) [14].
All these deposits are located in the areas of Mesozoic–Cenozoic volcanism with numerous epithermal
Au–Te and Au–Sb gold deposits. Mustard gold was not described earlier in the Precambrian gold
deposits, and, probably, our finding in the Oleninskoe deposit is the first such occurrence described.

2. Geological Setting of the Oleninskoe Deposit

The Oleninskoe is a small gold deposit (~10 t or 0.32 Moz @ 7.6 g/t Au [15,16]), located in the
Neoarchean Kolmozero–Voronya greenstone belt, which separates two major tectonic units of the
Fennoscandian Shield—the Murmansk craton and the Kola Province (Figure 1A). The geological
position and structure of the Oleninskoe deposit are described in [15–18], and here is a summary of the
published data.

The location of the deposit is controlled by a shear zone of the NW strike in the amphibolite of the
Oleny Ridge sequence (Figure 1) [15,16]. The amphibolite and high-alumina metasedimentary schist in
the area of the deposit contain numerous granodiorite quartz porphyry sills 0.1–6.0 m thick (Figure 1).
The rocks were low amphibolite (T = 600 ◦C, P = 3–4 kbar) metamorphosed in Neoarchean. The
youngest rocks (2.45 Ga [19]) in the deposit area are granite–pegmatite veins, which cut all metamorphic
rocks, including those hosting gold mineralization (Figure 1).

Amphibolite and granodiorite porphyry are intensely altered, the alteration zone is ~50 m thick and
traced along the strike for 200–250 m. The whole zone of alteration is covered with early biotitization
(potassium metasomatism) and formation of diopside–zoisite–carbonate mineral assemblage (calcium
metasomatism) in the amphibolite [15,16]. Quartz-rich metasomatic rocks (quartz–muscovite–albite,
quartz–tourmaline, and quartz rocks) formed later, replacing amphibolite and granodiorite porphyry as
an echelon-like series of three lens bodies, cutting general schistosity in the host rocks at an acute angle
of 10–15◦ (Figure 1): We interpret the structure of the deposit [15] as a strike-slip fault bridge structure
(this kind of structures is described in [20]). The lenses are up to 3.5 m thick (1.5 m on the average) with
the length up to 50 m. These quartz-rich rocks control the distribution of the gold–silver mineralization.

The thickness of the Quaternary glacial sediments is 0–2 m. The mineralized lenses are exposed
with a number of trenches and drill holes (Figure 1). The zone of ore oxidation is less than 1 m thick.
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Figure 1. Schematic geological map of the Oleninskoe gold deposit (A) and the position of the Oleninskoe
deposit in the tectonic map of the Fennoscandian Shield (B). KP—Kola province; BMB—Belomorian
mobile belt; LGB—Lapland granulite belt; KUTB—Kolvitsa–Umba–Tersk belt; IT—Inari terrane;
ST—Strel’na terrane.

Arsenopyrite, pyrrhotite, and ilmenite are the most abundant ore minerals, which are present
in all altered rocks. Quartz–tourmaline and quartz metasomatic rocks in lens #2 (Figure 1) contain
rich Pb–Ag–Sb mineralization (galena, freibergite, dyscrasite, boulangerite, semseyite, diaphorite,
pyrargyrite, and other Sb-sulfosalts of Pb, Ag, and Cu—totaling more than 40 mineral species [21]).

The age of mineralization is probably Neoarchean because mineralized rocks are cut by 2.45 Ga
pegmatite veins, although Volkov and Novikov [17] reported some signatures of overprinting
hydrothermal events of Paleoproterozoic age (1.9 Ga) in the deposit. The temperature of the formation
of mineralization was estimated at 550–300 ◦C [18,22] with arsenopyrite geothermometer.
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Four types (generations) of minerals from the Au–Ag series were recognized in the deposit [21]:
(1) küstelite 25–32 wt% Au in association with arsenopyrite, löllingite, and pyrrhotite; (2) electrum
33–47 wt% Au in intergrowths with galena, dyscrasite, and sulfosalts; (3) gold (78–95 wt% Au) in
quartz; (4) native silver (<7 wt% Au). Types 1 and 3 are widespread in the deposit, 2 and 4 relate only
to the quartz and quartz–tourmaline rocks rich in Pb–Ag–Sb. Other gold minerals in the Oleninskoe
deposit are gold-bearing dyscrasite (grains up to 1 mm), aurostibite, petzite, calaverite (inclusions
<10 μm in electrum of the 2nd type), and yutenbogaardtite. The latter forms rims around the grains of
küstelite and electrum. The gold content in dyscrasite varies from 0 to 17 wt.%, some grains are zonal
with the outer parts enriched in S and poor in Au.

The genetic type of the Oleninskoe deposit is debatable. It was classified earlier as a greenstone
orogenic deposit [23], but its geochemical characteristics, mineral composition of the ore [15,21], and the
composition of fluid inclusions [24] correspond better to the class of intrusion-related deposits.

3. Materials and Methods

Gold and silver mineralization was studied in the specimens, collected by the authors in 1981–1983
and again in 2017. The collection included specimens of metasomatic rocks, formed after amphibolite
and quartz porphyry, and heavy mineral concentrates from crushed samples of the mineralized rocks
and from the glacial deposits, overlaying the ore bodies. Polished sections of mineralized specimens
and of heavy mineral concentrates were studied with reflected light microscopy (optical microscope
Axioplane) in the Geological Institute of the Kola Science Center.

Preliminary estimation of composition of mineral species, the study of element distribution
and intraphase heterogeneity were conducted with LEO-1450 scanning electron microscope (SEM)
(Carl Zeiss, Oberkochen, Germany) equipped with a Bruker XFlash-5010 Nano GmbH (Bruker, Bremen,
Germany) energy-dispersive spectrometer (EDS). Microprobe analyses were performed for grains
larger than 20 μm with MS-46 CAMECA, operating at an accelerating voltage 22 kV, beam current
30–40 nA. The following standards and analytical lines were used: Fe10S11 (FeKα, SKα), Bi2Se3 (BiMα,
SeKα), LiNd(MoO4)2 (MoLα), Co (CoKα), Ni (NiKα), Pd (PdLα), Ag (AgLα), Te (TeLα), Au (AuLα).

The specific features of analysis of mustard gold, described in the Introduction, made it possible to
characterize the chemical composition of the mustard gold not only with the microprobe analysis but
with qualitative data obtained using an energy-dispersive system Bruker XFlash-5010 (Tables 1 and 2).

Visually homogenous material from the areas close to the points of microprobe analysis, 50 × 10
μm or more in size, was extracted from the polished sections and examined with the X-ray powder
diffraction (Debye–Scherer) on URS-1 operated at 40 kV and 16 mA with RKU-114.7 mm camera and
FeKα-radiation to identify mineral phases making the mustard gold grains.

26



Minerals 2019, 9, 786

T
a

b
le

1
.

Es
ti

m
at

io
n

of
co

m
po

si
ti

on
of

m
us

ta
rd

go
ld

in
w

ei
gh

tp
er

ce
nt

w
it

h
an

en
er

gy
-d

is
pe

rs
iv

e
sp

ec
tr

om
et

er
.

P
o

in
t

#
1

2
3

4
5

6
7

8
9

P
o

in
t

#
1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

M
g

n.
a.

n.
a.

0.
18

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

S
0.

42
7.

67
1.

33
1.

07
1.

28
0.

71
8.

84
4.

52
0.

48
0.

53
Si

n.
a.

n.
a.

1.
18

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

C
l

9.
23

0.
09

0.
36

0.
13

0.
32

0.
13

0.
15

0.
11

11
.3

3
0.

09
S

n.
a.

n.
a.

0.
99

n.
a.

0.
44

0.
76

n.
a.

0.
61

0.
75

Fe
0.

14
0.

62
n.

a.
n.

a.
n.

a.
0.

47
1.

33
0.

68
n.

a.
n.

a.
C

l
n.

a.
n.

a.
n.

a.
n.

a.
0.

05
0.

08
n.

a.
0.

18
0.

13
A

s
n.

a.
1.

22
n.

a.
n.

a.
n.

a.
0.

26
0.

75
0.

31
n.

a.
n.

a.
Fe

n.
a.

n.
a.

18
.7

6
n.

a.
0.

34
3.

20
n.

a.
0.

42
5.

43
Br

0.
59

0.
41

3.
29

5.
74

2.
13

1.
40

1.
19

1.
78

0.
67

14
.5

6
A

s
n.

a.
n.

a.
n.

a.
n.

a.
0.

21
2.

00
n.

a.
0.

21
1.

19
A

g
46

.5
0

44
.3

5
43

.8
4

50
.8

5
28

.8
9

24
.4

9
54

.7
6

26
.0

3
46

.5
3

43
.1

2
Br

n.
a.

n.
a.

n.
a.

n.
a.

2.
46

3.
42

n.
a.

1.
41

1.
37

Sb
n.

a.
n.

a.
1.

79
1.

00
0.

66
0.

50
n.

a.
n.

a.
n.

a.
n.

a.
A

g
58

.5
3

51
.1

7
7.

60
63

.5
9

52
.6

7
33

.0
0

64
.8

8
46

.4
3

35
.7

4
A

u
30

.2
4

31
.5

4
43

.7
2

28
.4

4
54

.3
0

59
.7

7
22

.4
2

53
.0

2
29

.1
6

30
.9

0
Sb

2.
60

1.
60

17
.2

3
2.

30
1.

87
0.

76
1.

68
0.

85
0.

88
C

n.
a.

n.
a.

n.
a.

n.
a.

3.
64

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

A
u

27
.8

4
35

.3
2

21
.9

7
23

.7
6

33
.4

6
47

.9
7

25
.7

3
40

.3
5

45
.1

7
To

ta
l

87
.1

2
85

.9
0

94
.3

3
87

.2
3

91
.2

2
87

.7
3

89
.4

4
86

.4
5

88
.1

7
89

.2
0

Pb
n.

a.
n.

a.
3.

28
n.

a.
n.

a.
n.

a.
n.

a.
n.

a.
n.

a.
To

ta
l

88
.9

7
88

.0
9

71
.2

9
*

89
.6

5
91

.5
0

91
.1

9
92

.2
9

90
.4

6
90

.6
6

A
to

m
ic

qu
an

ti
ti

es
(%

)

P
o

in
t

#
1

2
3

4
5

6
7

8
9

P
o

in
t

#
1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

M
g

n.
a.

n.
a.

1.
0

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

S
1.

5
28

.3
5.

6
4.

6
4.

3
3.

8
29

.0
20

.3
1.

6
2.

2
Si

n.
a.

n.
a.

5.
5

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

C
l

30
.0

0.
3

1.
4

0.
5

1.
0

0.
6

0.
4

0.
4

34
.7

0.
3

S
n.

a.
n.

a.
4.

1
n.

a.
1.

9
3.

3
n.

a.
2.

7
3.

2
Fe

0.
3

1.
3

n.
a.

n.
a.

n.
a.

1.
4

2.
5

1.
8

n.
a.

n.
a.

C
l

n.
a.

n.
a.

n.
a.

n.
a.

0.
2

0.
3

n.
a.

0.
7

0.
5

A
s

n.
a.

1.
9

n.
a.

n.
a.

n.
a.

0.
6

1.
1

0.
6

n.
a.

n.
a.

Fe
n.

a.
n.

a.
44

.2
n.

a.
0.

8
8.

1
n.

a.
1.

1
13

.4
Br

0.
9

0.
6

5.
6

9.
8

2.
9

3.
0

1.
6

3.
2

0.
9

24
.0

A
s

n.
a.

n.
a.

n.
a.

n.
a.

0.
4

3.
8

n.
a.

0.
4

2.
2

A
g

49
.7

48
.6

55
.2

64
.3

28
.9

38
.5

53
.4

34
.8

46
.8

52
.7

Br
n.

a.
n.

a.
n.

a.
n.

a.
4.

2
6.

0
n.

a.
2.

5
2.

4
Sb

n.
a.

n.
a.

2.
0

1.
1

0.
6

0.
7

n.
a.

n.
a.

n.
a.

n.
a.

A
g

76
.9

71
.1

9.
3

80
.9

67
.0

43
.2

80
.6

62
.0

45
.7

A
u

17
.7

18
.9

30
.2

19
.7

29
.7

51
.4

12
.0

38
.8

16
.1

20
.7

Sb
3.

0
2.

0
18

.6
2.

6
2.

1
0.

9
1.

8
1.

0
1.

0
C

n.
a.

n.
a.

n.
a.

n.
a.

32
.7

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

A
u

20
.0

26
.9

14
.7

16
.5

23
.3

34
.4

17
.5

29
.5

31
.6

Pb
n.

a.
n.

a.
2.

1
n.

a.
n.

a.
n.

a.
n.

a.
n.

a.
n.

a.

N
ot

e:
*—

in
cl

ud
es

A
l0

.1
0

w
t.

%
;n

.a
.—

no
ta

na
ly

ze
d.

27



Minerals 2019, 9, 786

Table 2. Electron microprobe data in weight percent for the mustard gold.

Point # 20 21 22 23 24 25 26 27 28 29 30

S n.a. n.a. n.a. n.a. 0.27 0.24 0.22 0.21 0.23 0.04 11.15
Cl n.a. n.a. n.a. n.a. 11.16 11.44 11.49 11.48 11.61 10.72 0.00
Fe 13.5 11.16 1.71 2.08 0.04 0.10 0.14 0.00 0.05 0.00 0.15
Al 0.19 0.21 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cu n.a. n.a. 0.25 0.24 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
As 1.16 1.26 0.61 0.74 0.13 0.00 0.00 0.00 0.00 0.00 0.00
Ag 0.81 0.52 12.22 10.38 49.90 47.38 49.15 48.11 47.37 81.49 59.86
Sb 0.11 0.18 0.42 0.32 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Au 66.27 72.33 73.19 65.88 38.51 36.45 35.72 37.39 36.25 1.20 26.88
Tl n.a. n.a. 5.02 6.34 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Total 82.04 85.66 93.43 85.97 100.00 95.60 96.72 97.20 95.51 93.45 98.04

Atomic quantities (%)

S n.a. n.a. n.a. n.a. 0.8 0.8 6.7 0.7 0.8 0.1 33.4
Cl n.a. n.a. n.a. n.a. 32.0 33.7 31.4 33.5 34.2 28.4 0.0
Fe 40.2 25.3 5.5 7.2 0.1 0.2 0.2 0.0 0.1 0.0 0.3
Al 1.2 1.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cu n.a. n.a. 0.7 0.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
As 2.6 25.3 1.5 1.9 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Ag 1.2 2.1 20.4 18.7 47.0 45.9 44.1 46.2 45.8 70.9 53.3
Sb 0.2 0.6 0.6 0.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Au 55.9 46.6 66.9 64.9 19.9 19.4 17.5 19.7 19.2 0.6 13.1
Tl n.a. n.a. 4.4 6.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Note: n.a.—not analyzed.

4. Results

Mustard gold was found in quartz-rich metasomatic rocks with rich Au–Ag–Sb–Pb mineralization
in lens #2 (Figure 1) and in the overlaying glacial deposits. The first grain of mustard gold forms an
intergrowth with küstelite (Au 28–35 wt%); the mustard gold comprises the central part of the grain,
but is overgrown by küstelite, and forms a thin rim around the küstelite (Figure 2).

The mustard gold is brown-gray under reflected light, strongly anisotropic, with a yellow color
effect under crossed polars. The mosaic structure of this mustard gold can be easily seen even with
an optical microscope (Figure 2A), and with an SEM we see that the blocks differ in size of pores,
which varies from the nanoscale to 8 μm, and in the direction of the gold filaments (Figure 2C–E). This
mustard gold contains Au, Fe, Sb, Ag, Pb, and O (17.0 wt%) as the main components, and minor S, Si,
Al, Mg (Table 1, #3). X-ray analysis of the mustard gold shows the presence of Ag–Au alloy, but Fe and
Sb oxides are not identified.

Another grain of mustard gold ~0.1 mm in size was noted in association with electrum (wt%:
Au 61.2%, Ag 34.6%, Sb 0.5%, total 96.3%). The grain is brick red, strongly anisotropic, with a bright
yellow color effect in reflected light under crossed polars. This grain exhibits block structure, the size
of the particles is 0.1–0.3 μm. Microprobe analysis shows that the main elements are Au and Fe, and
minor elements (<1 wt%) are As, Ag, Sb, and Al (Table 2, #20 and 21). The low “Total” values are due
to porosity and oxides. This mustard gold grain is coated with a thin rim of sulfur-rich simplesite
(wt%: Fe 30.62%, As 15.11%, S 4.24%, Sb 0.10%) 5–10 μm thick.

One of the studied grains of mustard gold contains 5–6 wt% of Tl (Table 2, #22, and #23). This
grain has brick red color, and its appearance is very similar to native copper (Figure 3). The backscatter
electron image shows fine intergrowth of different mineral phases. Except for Au, Ag, and Tl, the
substance contains Fe (~2%), minor As, Cu, Sb (Table 2). Zonation in the grain reflects the change in
gold, silver, iron, and thallium content. The low “Total” values are due to oxides and porosity.
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Figure 2. Mustard gold with küstelite. (A) Polished section of the mineralized quartz metasomatic
rock under plane polarized light: Ku—küstelite; Gal—galena; MG—mustard gold; Po—pyrrhotite;
(B–E) back scattered electron (BSE) images. (B) Heterogeneity of küstelite with channels of migration
of electrum across küstelite; (C–E) mustard gold grain, images at different scales. Red figures (and also
in Figures 3–8) are the points of analyses presented in Tables 1 and 2.

 
Figure 3. A grain of mustard gold with thallium. (A) Polished section under plane polarized light; (B)
BSE-image with the points of microprobe analysis.
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Figure 4. A grain of küstelite, partly replaced by mustard gold with silver chlorides and bromides.
(A) Polished section under plane polarized light; (B) BSE-image of the same grains. The darkest parts
of the mustard gold grains contain >3 wt% Fe.

 
Figure 5. A grain of küstelite, partly replaced by mustard gold with silver chlorides and bromides.
(A) Polished section under plane polarized light; (B–D) BSE-images of different parts of the grain,
illustrating fine intergrowths of different mineral phases.
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Figure 6. A grain of küstelite, with a rim of mustard gold with silver chlorides, bromides, and sulfides.
(A) Polished section under plane polarized light; (B–D) BSE-images of different parts of the grain.
Spongy dark-gray mineral, overgrowing the grain, is chlorargyrite.

 
Figure 7. (A) Mustard gold with Br, Cl, Sb, C, and S in different ratios; the grain is overgrown with
chlorargyrite; BSE-image; (B) zoning in the grain of mustard gold, connected with zonal distribution of
Au and Ag, Cl and Br, halogens and S; the grain is overgrown with chlorargyrite; BSE-image.

31



Minerals 2019, 9, 786

 

Figure 8. Zonal grain of mustard gold with gold and silver chlorides and sulfides. (A) Polished section
under plane polarized light; (B–E) BSE-images of different parts of the grain with points of analysis.

Heavy mineral concentrates from crushed mineralized samples and from the glacial deposits
overlaying the mineralized rocks contain küstelite grains, which are partly altered to mustard gold
with S, Cl, and Br in its composition. The “primary” küstelite contains ~25 wt% Au, ~65 wt% Ag,
and ~2 wt% Sb (Table 1, #4 and #7). Altered parts of the grains are of yellow-brown color, with dull
luster (Figures 4–6). Contents of Au increase, Ag decrease, and Br, Cl, S, Fe, As (and C in one case)
appear in different proportions in the altered parts of the grains (Table 1, #4–12). The substance is
heterogeneous, and we see in the BSE-images (Figures 4 and 5) that it is a fine intergrowth of Au–Ag
alloy with other phases.

Many grains of mustard gold are zonal (Figures 4–7) due to zoning in the distribution of Ag and
Au, Br and Cl, halogens, and S. Transition from one zone to another is more often sharp, but in some
grains it is gradual. Zones with chlorides and bromides of Ag and Au are yellow–brown, and those
rich in S are blue-gray. Some grains are coated with chlorargyrite or goethite.
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Some grains do not preserve relics of “primary” küstelite, and their cores consist of creamy-colored
material (Figures 7B and 8), containing Au, Ag, Cl, and rarely, some Br and S (Table 1, #17, Table 2,
#24–#28). This mustard gold is a fine intergrowth of Ag–Au alloy and chlorargyrite, the presence of
both phases was verified with X-ray analysis. Conversion of the results of microprobe analysis from
weight percent to atomic quantities (Table 1, #18, Table 2, #24, #25) shows that (Ag + Au)/Cl ratio is
close to 2, i.e., the content of Ag–Au alloy and chlorargyrite in the intergrowth is near equal.

Mustard gold grains (intergrowths of Ag–Au alloy and chlorargyrite) are fringed with a strip,
enriched in very fine (<1 μm) re-deposited electrum grains (Figure 8A,C,E).

The grains of mustard gold are surrounded by a zone of silver-rich minerals (gray in Figure 8A).
This zone is of banded texture, up to 0.2 mm thick. It consists of strips of gray material with a dull
luster and light blue-gray with metallic luster (Figure 8A,D). The gray, with the dull luster material
contains Ag, Cl, and a little (1.2 wt%) Au, (Ag + Au)/Cl ratio is 2 (Table 2, #29). This is a very fine
intergrowth of metallic Ag and chlorargyrite in equal quantities. The presence of both mineral phases
was confirmed with X-ray analysis.

The composition of the light blue-gray with metallic luster mineral (Table 2, #30) corresponds to
formulae Ag3.2Au0.8S2, i.e., this is probably silver–gold sulfide yutenbogaardtite.

Chlorargyrite makes the outermost zone of loose material with a dark-gray color (better seen in
Figure 7B). The thickness of this zone is up to 20 μm.

5. Discussion

The mustard gold forms in a process of decomposition of Au–Te and Au–Sb compounds [6,8,10,11]
mainly in the zone of oxidation and disintegration of Au–Te and Au–Sb ore, and in residual placers,
not actively reworked by alluvial processes [3]. Findings of mustard gold are numerous in the zones
of hypergenesis of epithermal low-depth Au–Ag–Te and Au–Ag–Sb deposits in the Mesozoic and
Cenozoic volcanic belts [2–14], which got to the surface and are actively denudated at present.

The Oleninskoe gold deposit differs from all other gold deposits in the Fennoscandian Shield in
its geochemical and mineralogical characteristics: It is rich in Sb-sulfosalts of silver, lead, and copper,
contains Au–Sb minerals gold-bearing dyscrasite and aurostibite, gold is low-grade (küstelite makes
three of four generations of Ag–Au alloys), and contains 1–2 wt% Sb [22]. These specific features of
the Oleninskoe deposit, similar to those in Au–Ag–Sb epithermal deposits, favored the formation of
mustard gold after küstelite and Au–Ag–Sb minerals in the zone of ore oxidation.

A hydrothermal origin of mustard gold was considered to be possible along with hypergene
genesis after the findings of mustard gold in the deep horizons of Au–Sb deposits in Sakha–Yakutia
in aggregates with non-altered arsenopyrite, pyrite, chalcostibite, and fahlore [2,5]. The possibility
of the hydrothermal genesis of mustard gold is confirmed by the results of the experiment with the
decomposition of gold telluride (calaverite) in fluids with alkaline and normal pH, and the formation
of mustard gold in the temperature interval 140–220 ◦C [25].

All samples with mustard gold in the Oleninskoe deposit were taken from the surface of bedrocks
in the trenches or from the bottom of glacial deposits, overlaying the mineralized rocks. This indicates
that the mustard gold formed in the zone of hypergenesis. Only one mustard gold grain in the
aggregate with küstelite, non-altered galena, and pyrrhotite (see Figure 2) looks like a mineral of
hydrothermal genesis.

Mustard gold is usually a product of decomposition of gold tellurides and antimonides, but it
can form after Ag-rich Au–Ag alloys as well [2,3,5]. Replacement of Ag–Au alloys with impurities of
Sb by mustard gold was described in one of Au–Sb epithermal deposit in Sakha–Yakutia [5]. In the
Oleninskoe deposit, Ag-rich Au–Ag alloy küstelite with 1–3 wt% of Sb is the main mineral, which
is replaced by mustard gold. Another mineral, which is supposed to produce mustard gold, is
gold-bearing dyscrasite (up to 17 wt% of Au). Many dyscrasite grains in the Oleninskoe deposit
have the porous structure of decomposition of the mineral (Figure 9), very similar to that one in the
mustard gold.
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Figure 9. Altered Au-bearing dyscrasite with a porous structure, BSE-images. Po—pyrrhotite,
Gal—galena, Dys—dyscrasite.

As is shown in [26,27], silver is more mobile than gold in low-temperature processes, and acid or
neutral fluids can easily mobilize silver in complexes with Cl− or Br− from the Ag–Au alloys. This
process is realized during the process of the formation of mustard gold in the Oleninskoe deposit.
A “gold sponge” in the mustard gold grains forms through mobilization and partial removal of Ag with
a corresponding increase in gold content in the residual material: The composition of the “primary”
alloy corresponds mainly to küstelite with Au/Ag ratio ~1/3, but in the mustard gold Au/Ag ratio is
more than 1, i.e., close to that one in electrum. The mobilized silver is partially removed and can be
re-deposited in the outer parts of the mustard gold grains in the form of chloride and sulfide minerals.

The substance filling the pores in the “gold sponge”, is of different composition. As a rule,
it contains some Fe oxides (or hydroxides)—probably it is goethite with impurities of As, Sb, Al, Si.
Generally, Fe-oxide/hydroxide is the most common substance to fill the pores [2,9], and it determines
the brown color of the mustard gold grains. Except for the Fe oxide, we found high content of Sb
(>17 wt%) in one of the studied grains. This gave us a reason to suppose that the grain was a product
of decomposition of Au-bearing dyscrasite, not küstelite.

Thallium is not mentioned in the list of elements, typical for mustard gold [8,9], and it is the
first finding of mustard gold with Tl. Thallium was reported earlier as an impurity in late sulfides
and oxides, which form thin (1–3 μm) rims around Ag–Au grains and, rarely, around pyrite and
arsenopyrite [28] in the Oleninskoe deposit. Thallium-bearing minerals were crystallized, by all
indications, at the very late stages of hydrothermal ore alteration [28].

The mustard gold with silver chlorides and bromides filling the pores has not been described
earlier. In the zone of ore oxidation in the Oleninskoe deposit, we can see the gradual replacement of
küstelite by mustard gold with the formation of zonal grains. Silver, mobilized from küstelite during
its decomposition, filled the pores in the form of chlorargyrite and bromargyrite, and it was partially
removed and re-deposited in the outer parts of the mustard gold grains.

Silver is a metal less stable than gold under the conditions of ore oxidation [26,27,29]. Hence,
it hardly can form structures similar to mustard gold. Nevertheless, native silver can form aggregates
of very thin filaments, as was described for the process of removal of extra silver from freibergite [30].
Fine intergrowth of native silver with chlorargyrite, structurally similar to mustard gold, was found in
the Oleninskoe (Figure 8, outer zone of the grain). But mechanism of formation of this intergrowth
differs from that one of mustard gold: The native silver–chlorargyrite intergrowth formed in the outer
parts of the mustard gold grains of the elements, mobilized from the “primary” küstelite, whereas the
mustard gold formed in situ of the residual substance of the “primary” grain.

6. Conclusions

Mustard gold is a rare mineral formation, and finding it in the Oleninskoe deposit is the first
finding in the Precambrian Fennoscandian Shield. In the Oleninskoe deposit, the mustard gold formed
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as a product of decomposition of the Ag–Au–Sb minerals—küstelite with an impurity of Sb and,
probably, gold-bearing dyscrasite.

The studied mustard gold is composed of a net of very fine gold filaments (“gold sponge”) with
pores filled with Fe and Sb oxides or Ag chlorides. Mustard gold grains are non-homogenous. Some of
them are a mosaic structure, connected with change in pore size and orientation of the gold filaments
in different microblocks. Many mustard gold grains are zonal, and zonation formed due to partial
removal of Ag and corresponding enrichment in gold of the residual material and due to uneven
distribution of the substance filling the pores.

Thallium oxides, silver chlorides, bromides, and sulfides have not been mentioned earlier as a
substance to fill the pore in mustard gold. Tl, Cl, Br, and S extend the list of elements found in the
mustard gold.

Native silver–chlorargyrite fine intergrowths, structurally similar to mustard gold, were found
in the outer parts of the mustard gold grains. These intergrowths probably formed of the elements,
mobilized from altered küstelite during the formation of mustard gold.
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Abstract: Typomorphic features of supergene gold in karst cavities were studied in the recently
discovered Au–Te–Sb–Tl deposit within the Khokhoy gold ore field of the Aldan-Stanovoy auriferous
province (Aldan shield, East Russia). Two morphological types of supergene gold, massive and
porous, are recognized there. The first type is represented by gold crystals and irregular mass,
with the fineness ranging from 835 to 1000%�. They are closely associated with goethite, siderite,
unnamed Fe, Te, and Tl carbonates, Tl tellurites/tellurates and antimonates, as well as avicennite
with a Te impurity. The second type is represented by mustard gold of two types with different
internal structure: microporous and dendritic. The supergene gold is characterized by persistently
high fineness. Along with Ag, it invariably contains Hg (up to 5.78 wt%) and Bi, and, rarely, Pb, Cu,
and Fe. The supergene gold is chemically homogeneous, and its particles are all marked by high
fineness, without any rims or margins. The obtained characteristics made it possible to prove the
existence of two genetic types of supergene gold. Mustard microporous gold is the result of the
decomposition of the associated minerals—goethite, Tl oxides, tellurium, Fe, Mn and Tl carbonates
and antimonates, containing microinclusions of gold. Massive gold and dendrites are newly formed.
The decomposition, remobilization, and reprecipitation of residual gold nanoparticles and their
aggregation led to the formation of dendrites, and with further crystal growth and filling of pores, to
gold of massive morphology. In terms of morphology, internal structure, fineness, and trace element
composition, supergene gold of the Khokhoy gold ore field is comparable to gold from the Kuranakh
deposit (Russia) and the Carlin-type gold deposits. It also is similar to spungy and mustard gold
from Au–Te and Au–Sb deposits, weathering crusts, and placers. Its main characteristic feature is a
close paragenesis with Tl minerals.

Keywords: gold ore field; karst cavities; monolithic and porous gold; Tl oxides (avicennite); Tl
carbonates; Tl tellurates and antimonates

1. Introduction

The importance of gold-bearing supergene zones increased significantly in relation to the discovery
and commercial exploitation of the Carlin-type gold deposits (USA) [1–5]. In Russia, assigned to this type
are deposits localized in karst cavities such as the Kuranakh deposit within the Central Aldan district
of Yakutia and the Vorontsovskoe deposit in the Urals [6–9]. The question of native gold formation in
supergene conditions, including in karst cavities, remains are as yet poorly investigated. Supergene
gold in karst cavities has specific features, exhibits various textural and chemical characteristics that
can help in elucidating the process of formation of supergenic gold.

That’s why studies on the typomorphic features of the recently discovered supergene gold from
the Khokhoy gold ore field within the Aldan-Stanovoy auriferous province are quite topical now.

Minerals 2020, 10, 139; doi:10.3390/min10020139 www.mdpi.com/journal/minerals37
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Brief Geological Characteristics of the Khokhoy Ore Field

The Khokhoy gold ore field is located in the Verkhneamginskaya auriferous zone, in the up-stream
basin of the river Khokhoy, a right tributary of the river Amga [10]. The territory is a part of
the Aldan-Stanovoy shield, in the basemen subsidence and sedimentary cover enlargement areas
(Aldan shield, East Russia) (Figure 1). The majority of the sediments are those of Lower Cambrian
terrigenous-carbonate sediments (predominantly dolomitic ones) with stratigraphic mismatches of
closed Lower Jurassic terrigenous sandstone sediments. Mesozoic magmatism resulted in little stratified
intrusions, monzonite lakkolithes and syenite-porphyries as well as in alkaline gabbroides. The ore
field is structured by a vast faulted area with the North-Eastern strike. The faults’ kinematics implies
them being normal faults and slip faults with the amplitude of more than 100 m with echelon faults
of the North-Western strike forming a ladder-shaped block structure of the ore field. Mineralization
takes place where the echelon strippings intersect each other within the tectonized contact of Cambric
and Jurassic sediments. Ores are accumulated in the karst cavities forming a vast zone with the
North-Western strike of more than 10 km crossing the ore field from the South to the North. Almost
the whole anomalous zone consists of karst holes of various size and mineralization extent, open as
well as closed with sandstones. The latitude of the karst cavities opened during the mine working
ranges from 5–15 to 50 more than 50 m, the depth is 15–45 m or more. Karst cavities are formed
of intensive limonitized argillaceous-sandy fulvous matter with primary ores and enclosing rocks
fragments of various size. According to X-ray phase and thermal analyses, karst include quartz,
potassium feldspars, muscovite, goethite, and less often calcite, hematite, and fluorite. Clinochlor,
Fe-clinochlor, lepidocrocite, jarosite and kaolinite also attested. Primary ores exist as fragments of
jasperoids, pyrite-adular-quartz metasomatites (Figure 2). The metasomatites contain 93.53–94.45%
of SiO2, 1.41–1.91% of Al2O3 and 0.88–1.56% of К2О. The primary ores almost exclusively consist of
fine-grain quartz with some adular in the form of little, frequently idiomorphic interpositions with late
druse quartz lenses, often with chalcedony rim.

The geochemical association of the Khokhoy gold ore field elements is the following Au, Sb, Te
and Tl. The main minerals of karst cavities are of fine grain quartz, chalcedony, opal, adular, sericite,
calcite, barite, fluorite, goethite, limonite, hematite. Unnamed Fe, Mn, Te, and Tl carbonates, galena,
weissbergite, berthierite, arsenopyrite, chalcocite, unnamed sulfide Re and W, avicennite, hollandite,
chalcopyrite, acanthite, chlorargyrite, fine grain native gold and silver are rarely. Gold mineralization
of the Khokhoy gold ore field has a hypogene-supergene nature. The loose gold-bearing rocks here are
secondary formations, which originated from oxidation, disintegration, and redeposition in the karst
cavities of primary ores such as pyrite–adular–quartz metasomatites that resulted from silicic-potassic
metasomatism of carbonate rocks. Strong Tl enrichment occurs during potassic metasomatism, in the
fault zones, as is well seen in the Khokhoy gold ore field. The Au–Tl–As–Sb–Te–Ba geochemical profile
of the mineralization and its low-temperature formative conditions suggest the epithermal origin of
the ores. With regard to structural-morphological and mineralogical-geochemical parameters, gold
mineralization of the Khokhoy gold ore field is comparable to the Kuranakh-type gold deposits of the
Central Aldan district of Yakutia, representing unique supergene, shallow-depth, friable ores with
free gold localized in karst cavities. They are characterized by large reserves with a relatively low
gold grade.
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Figure 1. Structure of the Khokhoy gold ore field (Aldan shield, East Russia).
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Figure 2. Ore bearing karst, (a) general look, (b) pyrite-adular-quartz jasperoids, (c) section of b.

2. Materials and Methods

We used grab samples and friable materials of argillaceous and sandy fragments, taken from the
surface mines and the core drilling holes of the Khokhoy gold ore field karst (Table 1). The grab samples
of 0.3–0.5 kg taken from the karst fragments were used for making polished slides. The friable materials
of 3 kg, on the other hand, were hydroseparated and to get the heavy residue. All samples were
investigated with the use of binocular microscope, then we detected individual gold lumps and the
associated minerals, which we forced together under pressure, made solid with epoxide and polished.
All the polished samples were investigated with the use of Jenavert microscope in the reflected
light, photographed and made ready for microprobe analysis. In order to investigate the chemical
composition of the native gold and the associating minerals (ore, vein, and supergene minerals) as
well as to detect unknown minerals we used microprobe analysis. The samples were analyzed with
Camebax microanalyzer (Cameca, Courbevoie, France). We investigated the composition of gold
making 3–5 probes in the center and on the edges of the gold lumps (the analysis was performed
by N. Khristoforova). The majority of the samples were analyzed with the use of scanning electron
microscope JEOL JSM-6480LV and energy spectrometer by Oxford (JEOL, Tokyo, Japan), which was
used for taking the picture (the analysis was performed by S. Popova and S. Karpova). We made
the quantitative XPP analyses using OXFORD INCA ENERGY 350 (Oxford Instruments, UK). The
analysis conditions are as follows, the accelerating voltage of 20 kV, the measuring current flow is
1.08 nA, the measurement time is 10 s. The photographing conditions are as follows, voltage is 20 kV,
the current flow is 17 nA. The analytic lines are Cu, Fe, Zn—Kα; Sb, S—Lα. The standards are gold
750%�—Au, Ag; HgTe (coloradoite)—Hg, Te; CuSbS2 (chalcostibite)—Cu, Sb, S; ZnS (sphalerite)—Zn;
CuFeS2 (chalcopyrite)—Fe; PbS (galena)—Pb; FeAsS (arsenopyrite)—As; BaSO4 (barite)—Ba; ZrSiO4

(zircon)—Zr; manganese 100%—Mn.
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Table 1. Details of samples studied.

No. Sample Label
Grid

No. Grains Primary Gold
Secondary Gold

Easting Northing Massive Porous

1 4004 6555710 21514040 2 2 0 0
2 3237 6550789 21510138 1 1 0 0
3 К-21 6556300 21513025 1 1 0 0
4 12014 6556295 21501333 1 2 0 0

5

5-15-53, 54, 57-60, 64,
65, 67-74, 76-78, 80-82,
84-87, 90, 94-95, 97-98,

100-103, 105-108,
110-113, 115-118, 6-15

6555705 21514030 82 0 72 10

6 1-17-1-7 6556046 21513843 7 0 0 7
7 1-17-8-14 6555603 21514221 7 0 0 7
8 1-17-15 6552872 21511211 1 0 0 1
9 1-17-16-21 6556022 21513960 6 0 0 6

Limits of element detection (wt%) X-ray spectral microprobe analysis: Au 0.117, Ag 0.061, Hg
0.083, Cu 0.031, Fe 0.019, Pb 0.066, Bi 0.095. Limits of element detection (wt%) scanning electron
microscope equipped with energy spectrometer: Au 1.84, Ag 0.96, Hg 1.6, Cu 1.22, Fe 1.04, Pb 1.78,
Bi 2.7.

3. Results

3.1. Supergene Gold of the Khokhoy Gold Ore Field

Primary Native Gold

Visually native gold in primary ores is extremely rare [10]. It is assumed that there is invisible
finely divided gold, as evidenced by the gold content in the ore. Native gold is largely attested in
porous oxidized pyrite relics or in quartz associated with barite and galena as submicroscopic cloddy
effusions of the size up to 5 μm, which is why we could not make conditional analysis. The native gold
on the whole barely contains any impurities (970–999%�), which is consistent with the ratio of Au/Ag
in ores 100/1. Very rarely, grains with up to 15 wt% of silver are attested.

3.2. Supergene Gold of the Karst Cavities

The physicochemical processes that have taken place during the development of the karst have
influenced the typomorphic characteristics of gold. The karst cavities gold is most frequently attested
in loose condition. At the same time, it is bigger in its size than that of primary ores. The Khokhoy
gold ore field gold is represented by two types: massive and porous.

3.2.1. Massive Gold

Massive gold is represented by crystals and irregular mass (Figures 3 and 4). Crystals are rarely
attested in karst holes and make 1–2% of the total mass. They are represented by individuals of
dodecahedral (Figure 3a) and octahedral (Figure 3b) shapes with clear cut facets, and rarely with
smooth edges. On the surface of the facets some dints and dents indicating sliding processes are
attested. The size of the crystals and irregular mass of gold is reaches 0.2 mm. The fineness of the gold
is very high, namely 950–1000%� (Table 2; Nos. 1 and 2).
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Figure 3. The dodecahedral (a) and octahedral (b) crystals of Khokhoy ore field. Mounted
polished sections, scanning electronic microscope in back-scattering electron mode. The numbers in
microphotographs are analitical spots, here and in other figures.

 
Figure 4. Massive gold. (a) gold with Hg alloy, (b,c) pure gold, (d) gold with Ag alloy. Mounted
polished sections, scanning electronic microscope in back-scattering electron mode.
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Table 2. The composition (in wt%) and fineness (in %�) of the supergene gold shown in Figures 3, 4, 8
and 10.

No. Sample * Sp. Ag Au Hg Total Fineness

1
К_12

1 - 98.31 - 98.31 1000
2 2 4.73 94.28 - 99.01 952
3

5_15-64
1 - 94.01 3.61 97.62 963

4 2 - 95.90 2.92 98.82 970
5

5_15-74
1 - 100.48 - 100.48 1000

6 2 0.64 99.11 - 99.75 993
7

5_15-84
1 - 98.16 - 98.16 1000

8 2 - 98.39 - 98.39 1000
9

5_15-85
1 4.42 95.13 - 99.55 956

10 2 - 101.40 - 101.40 1000
11

1_17-5

1 - 101.78 - 101.78 1000
12 2 - 98.71 - 98.71 1000
13 3 - 99.08 - 99.08 1000
14 4 - 99.35 - 99.35 1000
15

1_17-15

1 - 95.56 4.57 100.13 954
16 3 0.28 96.64 3.54 100.47 962
17 4 - 100.29 - 100.29 1000
18 5 - 100.91 - 100.91 1000
19 6 0.37 96.37 2.85 99.59 967
20 7 - 95.50 4.74 100.24 953
21 8 - 96.75 3.08 99.83 969
22 9 - 98.85 1.56 100.41 984
23 10 - 93.91 4.33 98.24 956
24

1_17-13

1 - 98.45 - 98.45 1000
25 4 - 100.57 - 100.57 1000
26 5 - 99.77 - 99.77 1000
27 6 - 97.90 - 97.90 1000
28 7 - 97.25 - 97.25 1000
29 8 - 101.06 - 101.06 1000
30 9 - 99.11 - 99.11 1000
31

1_17-18

1 - 99.01 - 99.01 1000
32 2 5.98 92.21 - 98.19 939
33 3 - 100.12 - 100.12 1000
34 4 2.77 95.59 - 98.36 972
35 5 - 97.49 - 97.49 1000
36 6 6.08 92.56 - 98.64 938
37

1_17-7

2 0.59 95.41 2.57 98.57 968
38 6 1.25 98.76 0.61 100.62 982
39 8 0.95 97.18 2.68 100.81 964
40 9 2.03 95.51 3.04 100.58 949
41

1_17-14

1 1.97 97.67 1.54 100.18 975
42 2 - 100.08 - 100.08 1000
43 3 - 99.78 - 99.78 1000
44 4 3.14 92.32 3.01 98.48 937
45 5 100.20 - 100.20 1000
46 7 2.95 95.42 1.17 99.54 958
47 8 - 95.05 4.33 99.38 956
48

1_17-20

2 5.40 93.43 - 98.83 945
49 4 3.99 97.98 - 101.97 961
50 5 3.13 96.10 - 99.24 968
51 6 2.18 98.61 - 100.78 978
52 7 2.54 96.86 - 99.40 974
53

1_17-6

3 - 98.02 - 98.02 1000
54 6 - 98.74 - 98.74 1000
55 7 - 98.78 - 98.78 1000
56 8 - 99.82 - 99.82 1000

Notes: * Nos. 1–10—massive gold; 1–2—crystals; 3–10—irregular mass gold; 11–55—porous gold. Sp.—analysis
spot in figures. The analyzes were performed on a scanning electron microscope equipped with energy spectrometer.
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The most widespread are cloddy gold particles of massive structure (Figure 4). In terms of morphology,
they belong to the irregularly-shaped type, and associate closely with various minerals formed from the
weathering of primary ores (Figure 5). The supergene gold often occurs in association with unnamed
Fe, Te, and Tl carbonates (Figure 5a, Table 3; Nos. 1–8). Aggregates of intimately intergrown unnamed
tellurates of Tl and native gold are occasionally observed along cracks in the gold particles (Figure 5b,
Table 3; Nos. 9–15). In the interstices between massive gold there are found dendritic gold particles closely
interwoven with goethite (Figure 5c, Table 3, Nos. 16–23). The most intricate forms of gold are seen in a
very rare mineral avicennite (Tl2O3), an oxide of thallium with a Te impurity (Figure 5d, Table 3; Nos.
24–39). Sometimes massive gold occurs in assemblage with siderite (Figure 5e,f, Table 3; Nos. 40–43) and
goethite (Figure 6, Table 3, Nos. 14–15). At a higher magnification, micron gold inclusions are visible
in associating minerals (Figure 5f, Table 3, Nos. 44–55; Figure 6, Nos. 9–13). At a higher magnification,
micron-sized gold grains are seen in siderite (Figure 5f, Table 3; Nos. 44–55). Fineness of the monolithic
gold varies from 835 to 1000%�, with the high-fineness particles prevailing (Tables 2 and 3). Along with Ag,
trace elements include mercury (up to 3.61 wt%), bismuth, and, more rarely Fe, Cu, Zn, and Pb (Table 4).

 

Figure 5. Massive gold in association with various supergene minerals. (a) massive gold in association
with unnamed carbonates Te, Fe, Tl, (b) massive gold with inclusions of unnamed tellurates Tl, (c)
honeycomb gold at the edges, sponge gold in the center in close association with goethite, (d) inclusion of
massive and sponge gold in avicennite, (e) massive gold in association with siderite, (f) enlarged fragment
of e. Mounted sections, scanning electron microscope, image in the back-scattering electron mode.
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Table 3. The composition of the massive gold and associated minerals (in wt%) shown in Figures 5
and 6.

No. Sample Sp. Au Ag Hg Te Fe Tl Si O Total

1 5_15_73 1 99.61 - 1.48 - - - - - 101.09
2 5_15_73 2 101.61 - - - - - - - 101.61
3 5_15_73 6 96.87 1.38 2.6 - - - - - 100.85
4 5_15_73 7 - - - 13.73 11.23 22.78 1.53 17.78 67.05
5 5_15_73 8 - - - 10.97 12.29 15.58 0.92 15.1 54.86
6 5_15_73 9 - - - 13.13 12.44 20.99 2.51 17.26 66.33
7 5_15_73 10 - - - 16.08 14.58 24.42 16.08 71.16
8 5_15_73 11 - - - 14.93 11.82 20.9 1.39 14.51 63.55
9 5_15_101 1 50.27 3.62 - - 23.15 - - 23.06 100.1
10 5_15_101 2 50.45 2.56 - - 20.81 - - 25.94 99.76
11 5_15_101 3 52.45 2.6 - - 20.57 - - 23.26 98.88
12 5_15_101 4 53.02 3.95 - - 21.93 - - 19.83 98.73
13 5_15_101 5 51.43 1.64 - - 24.96 - - 30.32 108.35
14 5_15_101 6 92.07 7.39 - - - - - - 99.46
15 5_15_101 7 93.01 6.74 - - - - - - 99.75
16 1_17_11 1 93.41 5.64 - - - - - - 99.05
17 1_17_11 2 98.17 - - - - - - - 98.17
18 1_17_11 3 94.18 6.00 - - - - - - 100.18
19 1_17_11 4 93.28 - - - 1.68 - - 4.01 98.97
20 1_17_11 5 98.79 - - - - - - - 98.79
21 1_17_11 6 97.45 2.33 - - - - - - 99.78
22 1_17_11 7 - - - 4.67 60.42 - - 35.45 100.54
23 1_17_11 8 - - - 5.48 58.33 - - 35.23 99.04
24 5_15_3 1 99.39 - - - - - - - 99.39
25 5_15_3 2 99.39 - - - - - - - 99.39
26 5_15_3 3 94.79 6.28 - - - - - - 101.07
27 5_15_3 4 93.91 6.42 - - - - - - 100.33
28 5_15_3 5 93.39 4.44 - - - - - - 97.83
29 5_15_3 6 91.78 5.77 - - - - - - 97.55
30 5_15_3 7 93.87 5.91 - - - - - - 99.78
31 5_15_3 8 93.13 4.56 - - - - - - 97.69
32 5_15_3 9 - - - 4.93 - 75.65 - 17.25 97.83
33 5_15_3 10 - - - 3.96 - 81.6 - 13.65 99.21
34 5_15_3 11 - - - 7.5 - 79.55 - 13.49 100.54
35 5_15_3 12 - - - 5.15 - 83.25 - 13.37 101.77
36 5_15_3 13 - - - 5.53 - 78.79 - 13.41 97.73
37 5_15_3 14 - - - 3.85 - 81.09 - 13.04 97.98
38 5_15_3 15 - - - 7.74 - 76.21 - 15.31 99.26
39 5_15_3 16 - - - 4.87 - 81.91 - 16.16 102.94
40 5_15-115 1 93.99 5.07 - - - - - - 99.06
41 5_15-115 2 92.51 6.95 - - - - - - 99.46
42 5_15-115 3 - - - - 45.22 - 3.20 30.85 79.27
43 5_15-115 4 - - - - 45.28 - 2.23 30.24 77.75
44 5_15-115f 1 90.63 7.02 - - - - - - 97.65
45 5_15-115f 2 91.13 6.80 - - - - - - 97.93
46 5_15-115f 3 92.50 6.65 - - - - - - 99.15
47 5_15-115f 4 90.57 7.56 - - - - - - 98.13
48 5_15-115f 5 - - - - 48.28 - 2.24 28.48 79.00
49 5_15-115f 6 - - - - 47.20 - 2.10 27.50 76.80
50 5_15-115f 7 - - - - 46.93 - 2.27 30.94 80.58
51 5_15-115f 8 - - - - 48.23 - 2.32 30.48 81.03
52 5_15-115f 9 - - - - 47.95 - 2.42 28.68 79.06
53 5_15-115f 10 - - - - 48.55 - 2.07 30.76 81.38
54 5_15-115f 11 15.33 2.87 - - 38.46 - 1.89 37.28 95.84
55 5_15-115f 12 15.66 - - - 41.85 - 2.23 36.90 96.64

Note: The analyzes were performed on a scanning electron microscope.
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Figure 6. Massive gold with goethite: (a) general view, (b) enlarged goethite fragment with
microinclusions of gold in backscattered electrons, (c–f) in X-rays of O, Fe, Au and Ag.
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Table 4. The composition (in wt%) and fineness (in %�) of the massive gold (in wt%) shown in Figure 11.

No. Sample Fe Cu Pt Ag Au Hg Pb Bi Total Fineness

1 5-15-53 0.01 - - 1.29 100.15 0.01 0.10 0.17 101.73 984
2 5-15-54 0.05 - - 3.18 94.70 0.10 0.03 - 98.06 965
3 5-15-57 0.06 0.00 0.11 0.28 97.43 0.08 0.21 0.19 98.35 990
4 5-15-58 0.04 - 0.07 1.56 97.17 0.10 0.08 0.12 99.14 980
5 5-15-59 0.03 - 0.08 4.71 93.17 - 0.10 0.18 98.27 947
6 5-15-60 0.02 - 0.01 1.59 98.26 0.02 0.07 0.08 100.05 981
7 5-15-64 0.01 - 0.01 1.40 96.88 0.02 0.07 0.18 98.57 982
8 5-15-65 - - - 0.93 99.64 0.10 0.10 0.13 100.89 987
9 5-15-67 0.01 - 0.04 1.58 97.67 0.07 0.02 0.06 99.45 981
10 5-15-68 - - - 1.13 97.37 0.14 0.10 0.23 98.97 983
11 5-15-69 0.01 0.00 0.09 0.83 96.84 0.14 0.10 0.18 98.19 985
12 5-15-70 0.01 0.02 - 1.48 99.47 0.08 0.20 0.22 101.48 980
13 5-15-71 - 0.01 0.16 1.11 99.05 - 0.11 0.21 100.66 984
14 5-15-72 0.01 - 0.01 1.02 100.11 0.08 0.06 0.12 101.39 987
15 5-15-73 - 0.01 0.05 0.73 99.35 0.03 0.05 0.15 100.38 990
16 5-15-74 0.01 - - 0.60 100.57 0.01 0.06 0.12 101.38 992
17 5-15-76 - 0.00 0.14 1.33 96.65 0.05 0.03 0.10 98.30 982
18 5-15-77 - - - 1.46 97.81 0.13 0.03 0.06 99.48 983
19 5-15-78 0.00 0.01 - 0.71 99.74 - 0.12 - 100.58 992
20 5-15-80 0.01 0.01 0.13 0.92 97.97 0.11 0.05 0.19 99.38 986
21 5-15-81 0.02 0.02 0.13 0.90 97.48 0.10 - 0.14 98.78 986
22 5-15-82 0.04 0.02 0.05 0.91 98.35 0.03 0.12 0.17 99.68 987
23 5-15-84 0.00 0.02 0.15 0.88 98.13 0.01 - 0.19 99.38 987
24 5-15-85 - 0.01 0.01 7.46 90.65 0.04 - 0.03 98.20 923
25 5-15-86 0.07 0.02 0.05 5.13 92.93 0.26 0.06 0.03 98.55 942
26 5-15-87 0.01 0.01 0.04 1.00 98.02 0.19 0.13 0.09 99.47 985
27 5-15-90 - 0.01 0.02 1.45 96.79 0.02 0.05 0.19 98.53 982
28 5-15-94 - 0.01 - 1.29 99.27 0.12 0.08 0.25 101.02 983
29 5-15-95 0.12 - 0.05 8.14 92.21 - 0.05 0.02 100.60 917
30 5-15-97 0.01 0.11 0.08 2.99 97.31 0.09 0.03 0.10 100.79 965
31 5-15-98 - 0.13 0.06 2.62 98.32 - 0.00 - 101.20 972
32 5-15-100 - 0.09 0.10 3.20 94.78 0.04 0.02 0.06 98.30 964
33 5-15-101 - 0.08 0.08 7.27 90.71 0.11 - 0.05 98.35 922
34 5-15-102 0.00 0.03 0.01 7.41 90.18 0.01 0.07 0.04 97.88 921
35 5-15-103 0.00 0.08 0.04 4.12 93.65 0.05 0.07 0.10 98.13 954
36 5-15-105 - 0.07 0.07 7.39 91.03 - 0.02 0.23 98.84 921
37 5-15-106 - 0.06 0.09 7.16 91.45 - - - 98.79 926
38 5-15-107 0.15 0.01 0.08 15.95 81.64 - 0.05 0.01 97.93 834
39 5-15-108 0.00 0.09 0.14 3.77 94.80 - 0.04 0.17 99.09 957
40 5-15-110 0.11 0.04 0.17 8.49 87.04 0.16 0.77 0.17 96.96 898
41 5-15-111 - 0.04 0.06 7.17 91.49 0.06 0.04 0.20 99.08 923
42 5-15-112 0.00 0.05 0.01 6.88 92.73 - 0.02 0.14 99.82 929
43 5-15-113 0.01 0.01 - 7.36 92.62 0.06 0.06 0.15 100.28 924
44 5-15-115 - 0.08 0.05 3.68 97.45 - 0.01 0.15 101.42 961
45 5-15-116 - 0.08 0.03 3.37 97.24 - 0.04 0.09 100.86 964
46 5-15-117 0.00 0.07 0.07 7.09 91.55 - - 0.14 98.96 925
47 5-15-118 0.11 0.01 0.05 6.47 93.29 0.06 - - 100.04 933

Note: Analyzes performed on an X-ray microanalyzer.

3.2.2. Porous Gold

Besides the massive gold, porous gold particles can be found. Prevalent are irregular mass, with
lesser flattened forms. Both varieties are characterized by microporosity and a mustard color, indicating
a wide occurrence of mustard gold in the Khokhoy gold ore field (Figure 7). The term “mustard gold”
was got in by W. Lindgren [11]. Typical features of mustard gold are low reflectivity, porous or colloidal
texture and rusty, reddish, orange-red and brown-yellow colors in reflected light. It is characteristic of
gold-telluride and gold-antimony deposits.
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Figure 7. Native gold of the Khokhoy gold ore field, (a) microporous spongy-mustard gold,
(b) framework gold with massive gold in the center, (c,d) dendritic mustard gold. Mounted sections,
ore microscope, image in reflected light.

“Mustard” gold in the ore field according to the internal structure is microporous and dendritic.
Porous irregular mass and flattened gold are friable aggregates of fulvous color. The porosity of gold
is clearly reflected in the investigation of gold in a scanning electron microscope. The closeness of
mustard and sponge gold is often observed (Figure 8a,b). Sometimes, massive gold grains occur
with the development of hollow spongy and mustard gold closer to the center (Figure 8c). Less
commonly observed is microporous mustard gold with elongated massive gold fibers in the central
part (Figure 8d). The mustard gold micropores can be hollow or filled with various chemical elements
Fe, Te, Cu, Mn, Sb, and Tl.
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Figure 8. Mustard and sponge gold of microporous structure: (a,b) closely located mustard and sponge
gold, (c) massive gold with spongy and mustard gold close the center, (d) microporous mustard gold
with elongated fibers of massive gold in the center. Mounted sections, scanning electron microscope,
image in the backscattering electron mode.

Mustard gold of dendritic structure is more widespread (Figure 9). Dendrites are represented in
the center by dendritic-branched lumps of gold surrounded by spongy mustard gold (Figure 9a) in
close association with iron hydroxides. Sometimes there are looped massive gold grains interspersed
with mustard-sponge gold (Figure 9b). Varieties of mustard twiggy gold prevail, the pores of which
are mostly hollow (Figure 9c,d).

According to microprobe analyses, in individual grains one can assume the presence of iron oxides
(hydroxides) in the pores. Figure 10 shows the internal structure of the enlarged fragments of dendritic
mustard gold.
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Figure 9. Mustard gold of dendritic structure, (a,b) dendritic gold in the center, meandering massive
golds, mustard porous gold along the edges in close association with iron hydroxides, (c–f) varieties
of twiggy gold. Mounted sections, scanning electron microscope, image in the backscattering
electron mode.
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Figure 10. The internal structure of mustard-spongy (a,b,h) and dendritic mustard (c–g) gold. Fragments
of the gold shown in Figures 6–8. (a,b) brain structure; (c,d) massive golds are cemented with
microporous mustard gold; (e,f) tortuous gold in the cement of microporous mustard-sponge gold; (g)
streaky-meandering golds in the center are bordered with brain-shaped golds; (h) a lump of gold of the
brain-structure. Mounted sections, scanning electron microscope, back-scattering electron mode.
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Sponge and mustard gold fineness is above >900%�. Among impurities, in addition to silver, Hg
(up to 5.48 wt%) and Bi (up to 0.42 wt%) are constantly present, the remaining elements Fe, Zn, Pb, Cu,
and Pt are found sporadically (Table 2, Nos. 11–56, Table 5).

Table 5. The composition (in wt%) and fineness (in %�) of the porous gold shown in Figure 11.

No. Sample Sp. Fe Cu Zn Ag Au Hg Pb Bi Total Fineness

1 1-17-1 1 - 0.02 - 4.79 94.29 0.15 - 0.15 99.40 949
2 1-17-1 2 0.06 - 0.01 1.01 96.85 0.07 0.08 0.10 98.17 986
3 1-17-2 1 0.05 0.02 - 8.86 89.44 - 0.08 0.05 98.50 908
4 1-17-6 1 0.05 0.02 - 0.852 97.14 0.02 0.01 0.16 98.25 989
5 1-17-6 2 0.03 0.02 0.02 0.717 99.28 0.17 - 0.22 100.46 988
6 1-17-6 3 0.03 0.01 - 2.52 94.86 0.22 0.01 0.08 97.73 971
7 1-17-7 1 - 0.04 - 0.752 98.68 0.09 0.03 0.15 99.74 989
8 1-17-7 2 - 0.02 - 0.092 99.74 0.25 0.08 0.16 100.34 994
9 1-17-7 3 0.05 0.01 0.01 0.194 99.6 0.26 0.04 0.26 100.42 992
10 1-17-7 4 0.06 0.02 - 0.627 97.98 0.14 - 0.12 98.945 990
11 1-17-8 1 - - - 5.17 95.24 - 0.02 0.10 100.54 947
12 1-17-8 2 - - - 5.67 95.96 0.07 0.04 0.09 101.84 942
13 1-17-8 3 - 0.02 - 6.07 94.35 0.27 - 0.07 100.77 936
14 1-17-8 4 - 0.02 0.01 5.09 91.64 0.18 0.04 0.12 97.1 944
15 1-17-8 5 - - - 4.89 95.79 0.29 0.02 0.14 101.13 947
16 1-17-9 1 - - - 6.04 92.1 0.27 - 0.01 98.42 936
17 1-17-9 2 0.01 0.01 - 3.28 96.79 0.17 - 0.14 100.40 964
18 1-17-10 1 - 0.01 - 1.07 98.75 0.02 0.11 0.16 100.11 986
19 1-17-10 2 - 0.01 - 1.16 99.94 0.32 0.09 0.13 101.66 983
20 1-17-10 3 - - - 1.19 99.93 0.10 - 0.28 101.50 985
21 1-17-11 1 - - - 1.42 98.56 0.24 0.02 0.25 100.49 981
22 1-17-11 2 - 0.01 0.012 3.99 96.46 0.19 - 0.17 100.83 957
23 1-17-11 3 - 0.01 - 3.95 96.14 0.35 0.03 0.18 100.66 955
24 1-17-12 1 - - - 2.56 97.78 0.20 0.07 0.02 100.63 972
25 1-17-13 1 - 0.03 - - 99.62 - - 0.24 99.89 997
26 1-17-14 1 0.07 - - 0.79 98.82 0.1 0.05 0.22 100.04 988
27 1-17-15 1 0.03 - 0.03 0.30 96.62 0.30 0.10 0.24 97.62 990
28 1-17-17 1 - - 0.02 0.29 99.72 0.27 0.01 0.24 100.56 992
29 1-17-18 1 - - - 3.87 90.87 4.63 - 0.18 99.55 913
30 1-17-19 1 0.04 - - 6.78 91.49 2.97 - 0.066 101.35 903
31 1-17-21 1 - - - 1.88 97.46 0.22 0.03 0.42 100.01 975
32 1-17-21 2 0.02 0.02 0.01 4.00 93.29 0.04 - 0.18 97.56 956

Note: Analyzes performed on an X-ray microanalyzer.

All gold varieties are chemically homogeneous and characterized by high fineness of the gold
particles without any rims or margins. The distribution patterns of fineness in both types of native
gold massive and porous, do not differ essentially. The high-fineness gold (>950%�) makes up 64%, the
amount of particles of lower fineness (800–950%�) comes to only 36% of the total. Along with Ag, the
porous native gold invariably contains mercury (up to 5.78 wt%) and bismuth, and, less frequently,
lead, copper, and iron.

Cumulative diagrams clearly show high concentrations of Pb and Cu in the massive gold, and of
Hg in the porous one (Figure 11). The amount of Fe and Bi impurities in both types of supergene gold
is similar.
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Figure 11. Cumulative plots of trace element ((a) Au, (b) Pb, (c) Cu, (d) Fe, (e) Bi, (f) Hg) vs. silver
concentrations in massive (green triangle) and porouse (blue rombus) gold of the Khokhoy gold
ore field.

4. Discussion

Two genetic types of supergene gold, massive and porous, are recognized there.
The first type is represented by gold crystals and irregular mass, with the fineness ranging from

835 to 1000%�. They are closely associated with goethite, siderite, unnamed Fe, Te, and Tl carbonates,
Tl tellurites/tellurates and antimonates, as well as avicennite with a Te impurity.

The second type is represented by mustard gold with different internal structure: microporous
and dendritic.

Evidentially, mustard gold is characteristic of gold-telluride [12–15] and gold-antimony [16–18]
deposits, weathering crust [19–21] and placers [22,23]. Recently, mustard gold, sometimes with
an admixture of Tl (up to 6.34 wt%), was found in the Oleninsky Au–Ag deposit (Kola Peninsula,
Russia) [24]. In all the cases, mustard gold was developed in the oxidation zone as a result of the
decomposition of tellurides, antimonides, sulfides, bismuthides Au (Ag) and low-fineness gold [14]. In
the Kuranakh deposit, mustard gold is the product of the decomposition of tellurates [25]. Researchers
consider the occurrence of mustard gold a result of hypogenous as well as supergenous processes.
The proponents of its hypogenic origin believe that mustard gold, Au tellurates/antimonates, and
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complex gold oxides were formed from hydrothermal low-temperature solutions with a high oxidation
potential [16]. Supergene processes explain the origin of the secondary mustard gold of high fineness
of placers in the North-East of Russia [23].

The formation of mustard gold at the Dongping mines (Hebei province, China) has been related
to decomposition of calaverite by selective leaching of tellurium while leaving the gold alloy in the
cavity formed by the alteration reaction [12,13]. This type of pseudomorphic alteration was also
documented by Palache et al. [26]. The occurrence of microporous gold has also been observed under
cold climatic conditions, such as at the Aginskoe low-sulfidation ephithermal deposit in Central
Kamchatka, Russia [27]. In this deposit, calaverite is the main Au telluride mineral and it has been
partially replaced by porous gold. By comparing the textures of microporous gold from this natural
occurrence with those obtained experimentally via the dealloying of gold–(silver) tellurides [28–30],
Okrugin et al. [31] confirmed that natural microporous gold can form via the replacement of telluride
minerals and assessed the role that hydrothermal fluids may play in the formation of microporous
gold. The formation of the secondary high-fineness mustard gold from placers in northeast Russia
is interpreted to be due to supergene processes. Although no antimonides, nor tellurides, or gold
bismuthides were found in the ores of the Khokhoy gold ore field, their presence is assumed by the
minerals associated with supergenic gold and the microchemical composition. They are represented
by Fe, Mn and Tl tellurates and carbonates, as well as avicennite, Tl antimonates, goethite, limonite,
hydrogoethite, and siderite of which the breakdown contributes to the formation of microporous gold
particles of spungy habit.

So, what is the formation mechanism of dendrites? Interesting data on the formation of native
gold dendrites in epithermal ores are presented by Saunders [32–34]. Author showed a scanning
electron microscope (SEM) image of electrum dendrites that appeared to have formed from aggregation
of smaller colloid-sized particles. Metallic nanoparticles appear to form from supersaturated solutions
and can form dendrites by the self-assembly and aggregation of the nanoparticles. These dendrites
are typically an intermediary stage to more traditional crystal formation as the infilling of branches
of the dendrites occurs. In epithermal ores, the dendrites of electrum appear to be preserved due to
the infilling of other nanoparticles between the branches, such as silica nanoparticles. The ‘fractal’
electrum dendrites have been observed in many the Tertiary bonanza epithermal ores in northern
Nevada, and have been interpreted to be evidence of nanoparticle nucleation and aggregation in
ore formation. More recently, similar textures and genetic interpretations have been made from ores
from the southeastern USA [33] and Bulgaria [35]. Finally, disseminated electrum nanoparticles have
recently been discovered in the epithermal Round Mountain (Nevada) deposit and have been proposed
to be precursors for coarser electrum crystals there [36,37].

We believe that this is a more suitable mechanism of formation for the supergene gold of the
Khokhoy gold ore field. The colloidal gold transfer is thought to be possible not only in hydrothermal
conditions but in supergene zones too [38]. In the oxidation zone of low-sulfidation ores, to which
group the Khokhoy ores belong, the role of gold colloids could be significant. Nanoparticles or colloids
of gold with nanoparticles of silica (opal, chalcedony) could form dendrites by the self-assembly and
aggregation of the nanoparticles. These dendrites were an intermediary stage to the formation of
massive gold particles and crystals by the infilling of the dendrite branches. The massive gold type
occurs in the most hypsometrically high levels of karst formations of the Khokhoy gold ore field.

The style of mineralization is among the main factors defining the microchemical composition of
native gold, particularly the placer gold [39]. In the Khokhoy gold ore field, the main ore minerals
associated with primary gold are pyrite, hematite, galena, and chalcosine. Supergene gold occurs in
paragenesis with goethite, siderite, oxides, carbonates, tellurates, and antimonates of thallium. The set
of trace elements (Cu, Pb, Fe), both in the massive and porous gold, corresponds to main elements of
the associated minerals. The constant presence of Bi in both gold types suggests an intrusive source for
them. The preferential accumulation of Hg in porous gold may be explained by its friable texture.
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The lack of gold placers in the Khokhoy gold ore field may be due to that microaggregates of
mustard gold are instable in supergene process because of friable texture, thus having a weak potential
for placer formation.

The fact that native gold is unvisible and fine-grained in primary ores and visible in the karst
cavities indicates that it grew larger in size in the oxidation zone of karst formations.

5. Conclusions

Relationships of massive gold with unnamed tellurates and carbonates of thallium and with
avicennite (Te2O3) are first described for the Khokhoy gold ore field. Along with massive gold
closely associated with Tl minerals, there are abundant porous particles, the so called spungy and
mustard gold.

The research has shown that the Khokhoy gold ore field, according to its mineralogical and
geochemical features, should be classified as a deposit of Au–Te–Sb–Tl mineral composition localized
in karst cavities. A typical gold ore deposit in karst cavities is the Kuranakh deposit of Central Aldan
district of South Yakutia [6], with which our data is being compared. It should be noted that in the
Kuranakh deposit one of the typomorphic geochemical elements is thallium, but its mineral form has
not been identified. In the Khokhoy ore field, a diverse spectrum of thallium minerals is attested.
This fact makes closer to Carlin-type gold deposits in the West of the USA [1–5], Alshar epithermal
Au–As–Hg–Tl deposit in Macedonia [40,41], Vorontsovskoe deposit in the Urals, Russia [7–9,42] etc.
The main difference between the Khokhoy gold ore field and these deposits at this stage of research is
the absence of As and Hg minerals—realgar, auripigment, cinnabar. In addition to thallium minerals,
Sb and Te minerals (weissbergite, antimonite, berthierite, and unnamed antimonates and tellurates of
thallium) are widespread in the ores.

Supergene gold in karst cavities has specific features: (1) morphology—massive (gold crystals and
cloddy particles of monolithic structure) and porous (microporous and dendritic); (2) associated
minerals—goethite, limonite, avicennite, hydrogoethite, and siderite, Fe, Mn and Tl tellurates
and carbonates, Tl antimonates; (3) persistently high fineness and chemically homogeneous; (4)
microchemical elements Hg, Bi, Fe. The obtained characteristics made it possible to prove the
existence of two genetic types of supergene gold. Mustard microporous gold is the result of the
decomposition of the associated goethite minerals, Tl oxides, tellurates, carbonates and antimonates
Fe, Mn and Tl containing microinclusions of gold. Massive gold and dendrites are newly formed. The
decomposition, remobilization, and reprecipitation of residual gold nanoparticles and their aggregation
led to the formation of dendrites, and with further crystal growth and filling of pores, to gold of
massive morphology.

The supergene gold of the Khokhoy gold ore field is comparable in its typomorphic characteristics
to that of the Kuranakh deposit, as well as with to that of Carlin-type gold deposits in the West of the
USA, to that of the Alshar epithermal deposit in Macedonia, to that of the Vorontsovskoe deposit in the
Urals, Russia, and also have similarities with those of sponge and mustard gold of gold-telluride and
gold-antimony deposits, weathering crusts and placers.

However, at the same time, the gold has certain uniqueness, namely the paragenesis with thallium
minerals. To date, no such relationship has been cited in the literature.
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Abstract: We constructed thermodynamic models of the formation of two types of gold-ore
mineralization at the Kagan ultramafic massif in the Southern Urals (Russia). The first type of
gold-mineralization is widely spread at the massif in the tectonic zones of schistose serpentinites
containing typically ≤ 0.1 ppm Au. The second type of gold-ore mineralization is represented by
veined massive, streaky and impregnated magnetite ores in contact with serpentinites. It contains to
5 vol.% sulfides and 0.2–1.2 ppm Au. Our thermodynamic calculations explain the formation of two
types of gold-ore mineralization in the bedrocks of ultramafic massifs. Metamorphic water, which is
the result of the dehydration of early serpentinites (middle Riphean) during high-temperature regional
metamorphism (700 ◦C, 10 kbar) (late Precambrian), is considered as the source of ore-bearing fluid
in the models. The metasomatic interaction of metamorphic fluid with serpentinites is responsible for
the gold-poor mineralization of the 1st type at T = 450–250 ◦C and P = 2.5–0.5 kbar. The hydrothermal
gold-rich mineralization of the 2nd type was formed during mixing of metamorphic and meteoric
fluids at T = 500–400 ◦C and P = 2–3 kbar and discharge of mixed fluid in the open space of cracks in
serpentinites. The model calculations showed that the dominant forms of gold transport in fluids
with pH = 3–5 are AuCl2− complexes (≥450 ◦C) and, as the temperature decreases, AuHS0, or AuOH0.
Mineral associations obtained in model calculations are in general similar to the observed natural
types of gold mineralization.

Keywords: Kagan ultramafic massif; Southern Urals; antigorite serpentinites; magnetite veins; gold
mineralization; native gold; thermodynamic modeling; fluid regime

1. Introduction

The Urals is one of the most important gold provinces in the Russia and in the world [1,2]. By the
end of the 20th century, the Urals was one of the five largest regions in the world in gold mining. By that
time, about 500 gold deposits of various scales were known [3]. Nowadays, the main proportion of
gold is extracted as an accessory component from volcanogenic massive sulfide deposits localized in
the Tagilo–Magnitogorskian zone (Figure 1A). These deposits are associated with the upper mantle
basaltoid magmatism. The largest gold-ore deposits (Kochkarskoe, Berezovskoe, Svetlinskoe, etc.)
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belong to the quartz veined and sulfide disseminated types, occuring within the East Uralian zone,
and are related to the products of crustal granitoid magmatism [4]. Haloes of gold-bearing placers are
widespread there owing to primary deposits. Massifs of ophiolite mafic-ultramafic rock complexes
occur in the Main Uralian Fault zone (MUF). The long-term occurrence of tectonic, metamorphic,
and metasomatic processes resulted in a deep transformation of these complexes and the origin of
various types of gold-bearing rocks: antigorite serpentinites, rodingites, magnetite-chlorite-carbonate,
and other varieties [5–7].

Deposits and ore occurrences in ultramafic massifs (Karabash, Verh-Neivinsk, Talovsk, Kagan,
etc.) are scarce. They contain small amounts of the gold, but industrial placers of these occuring
metals are widespread throughout the massif. Native gold in these placers is represented by Au–Cu
intermetallides, as well as Au–Ag–Cu, Au–Ag, and Au–Ag–Hg solid solutions. Placer gold is larger
in size and is frequently intergrown with magnetite, chlorite, pyroxene, and serpentine. The genetic
aspects of formation of gold mineralization in ultramafic rocks are problematic and their discussion
has started quiet recently [8–13]. This work continues the discussion.

Figure 1. Location of the Kagan massif on the scheme for tectonic structure of the Urals from [4] (A);
and its geologic structure from [14] (B). A—Tectonic zones of the Urals; I—East European platform;
II—Preuralian foredeep; III—West Uralian zone; IV—Central Uralian zone; V—Tagilo–Magnitogorskian
zone; VI—East Uralian zone; VII—Transuralian zone. MUF—Main Uralian Fault.

The object of our study is gold-bearing serpentinites and their sulfide–magnetite ores at the Kagan
ultramafic massif in the Southern Urals (Russia) (Figure 1A). The massif occurs in the Main fault
zone within the Sysert–Vishnevogorsk metamorphic complex. Gold-bearing ultramafic rocks and
sulfide–magnetite ores of the Kagan massif occur in antigorite serpentinites and were referred to a
gold-productive serpentinite (antigorite) metasomatic formation [7]. Gold-magnetite ore occurrences
were exploited in the middle of the 20th century by two small mines.
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Based on the results of the previous study [9] of altered rocks from the Kagan massif and
gold–sulfide–magnetite ores, a suggestion was made that the metamorphic fluid, which mobilized
metals from ultramafic rocks, could be the source of gold and other metals (Fe, Cu, Ag). The aim
of this work is to develop physicochemical models of the formation of gold mineralization in the
processes of metamorphogenic–metasomatic transformation of ultramafic substance, using computer
thermodynamic modeling with the help of the Selektor-C software and available geological, geochemical,
mineralogical, and other data on the object under study. Further, in the following section we provide a
review of literature data on the studied model object, including published and unpublished results
obtained by us. These data were used to construct a thermodynamic model of the object under study.

2. Geological and Metallogenic Overview

2.1. Geological Setting and Types of Gold Mineralization of the Kagan Massif

Premetamorphic ultramafic rocks in the Vishnevogorsk and other metamorphic complexes
of the Middle (Sysert) and South (Ilmenogorsk) Urals are distinquished as part of the Riphean
ophiolite association developed on the Archean–early Proterozoic basement [14]. Ultramafic and
volcano–sedimentary rocks of ophiolite association were metamorphosed under the conditions
of subgranulite to upper green–schist facies. A several stages of metamorphic and metasomatic
alterations of ultramafic rocks are identified (Table 1). Gold and anthophyllite mineralization occur
with them [9,15,16].

Table 1. Stages of metamorphism and metasomatism of ultramafic rocks in the Sysert–Ilmenogorsk
metamorphic complex [14] and the types of mineralization associated with them [9,15,16].

Stages of Metamorphism and
Metasomatism, Age

Composition of Metamorphic and Metasomatic
Rocks (From High to Low Temperature)

Type of Mineralization

Regional zonal dynamothermal
metamorphism, Late Precambrian

Enstatite–olivine
Talc–olivine

Antigorite–olivine

Antigorite Gold–sulfide–magnetite,
Gold–antigorite

Tremolite–chlorite
Regional silicic acid

metasomatism, O2–S1

Enstatite
Anthophyllite, tremolite–anthophyllite Gold–sulfide

Local silicic acid metasomatism,
P3–T

enstatite–anthophyllite, talc–carbonate–anthophyllite Anthophyllite–asbest
chlorite-biotite, chlorite–actinolite

The Kagan massif is a concordant tabular body 400–600 m thick and 16 km long. It occurs in the
plagioschists and amphibolites of the middle Riphean in the northwestern wing of the Vishnevogorsk
anticline (Figure 1B). To the west of the massif, among metamorphic rocks, there are dikes of plagioclase
and two-feldspar granites. In the east, metamorphic rocks make contact with the Vishnevogorsk
syenite–miaskite intrusion in the Ilmenogorsk alkaline complex. The metamorphism of the rocks
of the Kagan massif is associated with the late Precambrian stage and is manifested in the zoning
of the massif. Talc–olivine and olivine–antigorite rocks are developed in the southern part of the
massif; to the north they are replaced by antigorite serpentinite with the sites of olivine–antigorite
rocks and talc–carbonate rocks (Figure 1B). Silica–acid metasomatism in the Kagan massif is weakly
expressed and is manifested in the development of anthophyllite in talc–olivine rocks and talc in
olivine–antigorite and antigorite rocks. The periphery parts of the Kagan massif in its narrow zones
are transformed into tremolite–anthophyllite rocks [14].

Gold-ore mineralization occurs among antigorite serpentinites in the central and northern parts
of the Kagan massif. Its two types are distinguished.

The first type of gold-ore mineralization is widely spread at the massif in the tectonic zones
of schistose serpentinites. During the prochispecting and mapping works for gold in 1991, it was
revealed that schistose serpentinites of the Kagan massif, tested on drill holes, pits, and ditches, have

60



Minerals 2019, 9, 758

low contents of gold, typically ≤ 0.1 ppm. Nevertheless, crushed samples frequently contain grains of
native gold with a size of 0.05–0.1 mm, less often 0.2–0.35 mm. The mechanisms of enlargement of
native gold particles in natural migration processes (dissolution, transfer, and deposition) of noble
metal are interpreted in many works [17–21].

The second type of gold-ore mineralization is represented by veined massive, streaky and
impregnated magnetite ores (Figure 2) containing to 5 vol.% sulfides. Gold–sulfide–magnetite ores
occur in the tectonic zone stretching along the eastern contact of the northern part of the massif for
2 km (Figure 1B). Magnetite lenses are to 5–6 m long and to 0.2 m thick and arranged in chains along
the tectonic zone. Assay analysis shows that Au content in such ores is 0.2–1.2 ppm, and it drastically
increases in the areas with visible gold. Chemical–spectral analysis also showed the presence of
platinum group elements (PGE) (in ppm): to 0.77 Pd, to 0.02 Pt, and to 0.01–0.02 Rh, Ir, Os, and Ru [22].
PGE anomalies are common for many serpentinites [23].

Figure 2. Magnetite ores from Kagan deposit: (A) banded ore composed of magnetite and serpentinite
bands (brown); (B) disseminated ore with oxidation products of copper sulfides (green); (C) banded
massive ore with bands of serpentinite; (D) massive ore (black) in contact with serpentinite.

2.2. Mineralogy of Gold-Bearing Antigorite Serpentinites and Gold–Sulfide–Magnetite Ores

Serpentinites containing native gold are composed of a lamellar aggregate of antigorite with a
small amount of talc, chlorite, tremolite, metamorphic olivin (Mg/(Mg + Fe) = 0.96–0.98) as well as
relict olivine (Mg/(Mg + Fe) = 0.92–0.93), clinopyroxene, and loop-shaped serpentine. Mg/(Mg + Fe) of
relic olivine corresponds to the typical composition of accessory olivine in dunites and harzburgite.
Antigorite contains 6.4–12.3 wt % FeO. Its laths are zoned, with its edges richer in iron than the central
parts. Talc and chlorite replace antigorite. In serpentinites one can observe scattered grains of Cr–spinel
up to 2 mm in size, tiny crystals of magnetite, and rare particles of pentlandite (to 0.5 mm). Cr–spinel is
replaced by Cr–magnetite and Cr–clinochlore. Magnetite contains 0.9–1.5 wt % MgO and 0.4–2.0 wt %
Cr2O3. It is typical for most other serpentinites [24–26].

Tremolite (Mg/(Mg + Fe) = 0.95–0.96) is likely synchronous to antigorite. It develops after
clinopyroxene and is actively replaced through the net of thin veinlets by late serpentinite and chlorite
of clinochlore–pennine series.
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The grains of native gold from antigorite serpentinites have flattened, less often, isometric shapes
and sizes up to 0.35 mm. Their chemical composition is given in Table 2 and in Figure 3A. Native gold
is characterized by content up to 22.23 wt % Ag and small amounts of 0.2–0.4 wt % Cu. Individual
grains contain 0.29–0.78 wt % Cu (average 0.42), one grain 6.5 wt % Cu and 0–1.7 (average 0.17) wt %
Hg. The fineness of native gold varies from 772 to 996%�.

Table 2. Chemical composition and fineness of native gold from zones of schistose serpentinites of
Kagan massif.

No. Sample/
Grain

Au
wt %

Ag
wt %

Cu
wt %

Hg
wt %

Total,
wt %

Fineness,
%� *

K-10/1 99.06 0.04 0.63 0.0 99.73 993
K-10/2 98.98 0.09 0.59 0.0 99.66 993
K-10/10 92.21 0.43 6.52 0.0 99.16 930
K-5/11 85.86 13.93 0.34 0.0 100.13 857
K-6/12 77.41 22.23 0.60 0.0 100.24 772

C-437/13 92.55 5.44 0.21 1.72 99.92 926
Sp-207/14 92.17 8.13 0.26 0.11 100.67 916
Sp-207/15 95.10 4.23 0.36 0.03 99.72 954
Sp-207/16 99.13 0.92 0.31 0.0 100.36 988
Sp-207/17 97.70 2.43 0.78 0.0 100.91 968
Sp-201/18 90.74 9.66 0.29 0.0 100.69 901
Sp-212/19 99.90 0.16 0.47 0.0 100.53 994
Sp-212/20 89.03 9.17 0.33 0.53 99.06 899
Sp-212/21 99.14 0.0 0.41 0.0 99.55 996
Sp-212/22 91.96 8.18 0.29 0.0 100.43 916
Sp-212/23 97.72 1.74 0.78 0.0 100.24 975
Sp-328/1 94.05 5.52 0.42 0.0 99.99 941

Sp-328/25 92.87 6.79 0.41 0.0 100.07 928
Sp-328/26 95.70 4.11 0.52 0.0 100.33 954

Note. * Au × 1000/(Au +Ag + Cu +Hg). Composition was determined in the Institute of Geology and Geochemistry,
Ural Branch of RAS on the electron-probe micro analyzer JXA-5a (analyst V.A. Vilisov). Analytical conditions: U =
20 kV, standards are pure metals and HgTe. The average measurement accuracy is 0.3 wt % for Au, Ag, Cu, Pd,
and 1 wt % for Hg (which is associated with the possible migration of mercury from the analysis zone).

Figure 3. Composition of native gold from Kagan massif on the Au–Ag–Cu diagram: (A) from schistose
antigorite serpentinites; (B) various generations of native gold from magnetite ores. The diagram
contains the isotherms (◦C) of ternary solid solution from experimental data [27].

Disseminated and massive ores are composed of polygonally grained aggregates of magnetite
with grains smaller than 1 mm and a low content of sulfides (no less than 2–5 vol.%). Accumulations of
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magnetite are cemented with antigorite and minor talc (Mg/(Mg + Fe) = 0.97–0.98), chlorite (Mg/(Mg
+ Fe) = 0.91–0.95), and tremolite (Mg/(Mg + Fe) = 0.95–0.96). Talc is developed after serpentine
(Figure 4A).

Figure 4. Relationships of minerals in gold–sulfide–magnetite ores: (A) development of talc (Tc) after
relict olivine (Ol) and serpentine (Srp); (B) rim of magnetite (Mag) replacing a grain of relict Cr–spinel
(Chr); (C,D) sulfides of early paragenesis: (C) grain of talnakhite (Tal) with plates of chalcopyrite (Ccp)
and mackinawite (Mac) inclusion in magnetite, (D) chalcopyrite inclusions (one of them with plates of
cubanite (Cub)) in magnetite; (E,F) sulfides of late paragenesis: (E) inclusion composed of chalcopyrite
and bornite (Bn) in magnetite; (F) pentlandite (Pn) and pyrrhotite (Po) in magnetite. Here and in
Figure 5 are electronic-microscopic images in the regime of back-scattered electrons (BSE).

Among aggregates of antigorite one can also observe Cr–spinel (Cr/(Cr + Al) = 0.56–0.67), olivine
(Mg/(Mg + Fe) = 0.92–0.98) and loop-shaped serpentine.

The whole mass of magnetite ore is penetrated by a net of thin veinlets of chrysotile (Mg/(Mg +
Fe) = 0.94–0.99), chlorite (Mg/(Mg + Fe) = 0.93 to –0.94) and dolomite.

The groundmass of magnetite from massive and disseminated ores contains 1.0–2.4 wt % MgO.
The grains of Cr–spinel present in magnetite ore are replaced by Cr–magnetite and Cr–clinochlore
(Figure 4B). The composition of Cr–spinel and Cr–magnetite is uncommon and contains a high amount
of MnO (0.4–5.2 wt %) and ZnO (0.1–3.5 wt %).

Sulfides are represented by early and late parageneses. Sulfides of early paragenesis are
chalcopyrite CuFeS2, pyrrhotite Fe1−xS, talnakhite Cu9(Fe,Ni)8S16, cubanite CuFe2S3, and Cu-,
Co-bearing mackinawite (Fe,Ni)9S8 (Figure 4C,D). These sulfides form rounded inclusions less
than 50 μm in size in magnetite. Sulfides of late paragenesis are chalcopyrite CuFeS2, bornite
Cu5FeS4, pyrrhotite Fe1−xS, Co-pentlandite (Fe,Ni)9S8, and Fe-sphalerite ZnS. They are localized in
the intergranular space among aggregates of magnetite and form segregations to 2–3 mm in size
(Figure 4E,F). Sulfides of both parageneses contain inclusions of native gold.
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Figure 5. Native gold of generations I–V from magnetite ores of Kagan massif: (A) inclusions of native
gold of generation I and copper sulfides in magnetite (Mag) replacing Cr–spinel (Chr); (B) fragments on
“a”; (C) aggregates of zoned grains of gold of generations II and III; (D) thin gold veinlets of generation
IV in grained aggregate of generation III; (E,F) zoned grain of gold of generations II and III with a gold
rim of generation V and fine-grained aggregate of hypergenic, tenorite, and carbonate (Gip); (F) bornite
inclusions (Bn) in gold of generation III.

We distinguish five generations of native gold [28]. Native gold of generation I occurs together
with early paragenesis sulfides and forms 1–10 μm inclusions in magnetite, including that replacing
the grains of Cr-spinel (Figure 5A,B). Its fineness varies in a wide range (580–960%�) even when gold
particles are within a single cluster. It contains 0.4–1 wt % Pd and 0.1–1.3 wt % Cu (Table 3, Figure 3B).

Native gold of II–IV generations was deposited in the intergranular space of magnetite aggregates
of late paragenesis. Gold grains attain 1–2 mm and are composed of polygrained aggregate of its
various generations. Gold of generation II makes up the central parts of individual grains in such
aggregates (Figure 5C) and is represented by Au–Ag–Cu–(Hg) solid solutions. Gold of this generation
is characterized by considerable variations in the contents of Ag (2.8–26.7 wt %), Cu (6.6–24.2 wt %) and
Hg (0–2.0 wt %) and rather stable fineness (648–744%�) (Table 2). Gold of generation III makes up the
major volume of polygrained aggregates (Figure 5C,D). Its composition corresponds to Cu-bearing (to
2.9 wt % Cu) kustelite and electrum (fineness 280–514%�) or Au–Ag solid solution (fineness 810–853%�).

Gold of generation IV makes up a small part in the total mass of gold. It includes veinlet-like zones
no more than 5–10 μm in thickness, developed in the intergranular space of polygrained gold aggregate
(Figure 5D). The fineness of gold of generation IV is 740–853%� and it contains Cu (1.4–3.8 wt %) and
Hg (to 1.4 wt %) (Table 2).

Gold of generation V has the appearance typical of hypergenic gold. It replaces gold of earlier
generations and has the highest fineness (933–976%�). Gold of generation V is also present in the
fine-grained aggregate of minerals of hypergenic origin (iron hydroxides, tenorite, Cu–Mg carbonate,
etc.) together with oxidized copper sulfides (Figure 5E,F). Its chemical composition corresponds to
Au–Ag solid solution containing to 5 wt % Ag and 2.2 wt % Cu.
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Table 3. Typical chemical composition and fineness of native gold of different generations from
magnetite ores.

No.
Sample/Grain

Generation
Au

wt %
Ag

wt %
Cu

wt %
Hg

wt %
Pd

wt %
Total
wt %

Fineness
%�

888/23
I

93.99 2.00 1.33 0.00 0.44 97.76 961
888/24 81.58 13.79 0.20 0.00 0.75 96.33 847
888/25 55.24 40.11 0.12 0.00 0.97 95.44 579

KAG-3/16

II

67.51 19.70 13.48 0.26 0.00 100.95 669
KAG-3/20 74.18 2.82 24.19 0.04 0.00 101.23 733
KAG-3/31 73.81 4.84 20.57 0.00 0.00 99.22 744
KAG-3/33 73.51 9.10 16.68 0.32 0.00 99.61 738
KAG-3/35 71.94 8.02 19.41 0.00 0.00 99.37 724

890b/42 64.86 26.70 6.58 2.00 0.00 100.14 648
KAG-3/5 65.82 20.36 11.91 0.00 0.00 98.09 671

890s/1

III

31.73 67.93 0.08 0.49 0.00 100.23 317
890s/6 28.22 72.28 0.56 0.00 0.00 101.06 279
890s/7 43.51 53.86 2.89 0.32 0.00 100.58 433

KAG-3/27 84.66 13.19 1.94 0.00 0.00 99.79 848
KAG-3/38 51.45 46.82 0.98 0.82 0.00 100.07 514

890/13 33.35 65.60 1.08 0.00 0.00 100.03 333

890s/9

IV

78.43 19.88 1.51 1.38 0.00 101.20 775
890s/4 74.11 22.35 2.31 1.43 0.00 100.20 740
890/7 84.88 10.85 3.79 0.00 0.00 99.52 853

890/14 74.09 24.26 1.38 0.00 0.00 99.73 743

KAG-3/29
V

95.60 2.99 0.45 0.00 0.00 99.04 965
KAG-3/45 96.46 0.20 2.21 0.00 0.00 98.87 976
KAG-3/47 92.24 4.99 1.62 0.00 0.00 98.85 933

Note. Microanalysis was performed in the IEM RAS (Institute of Experimental Mineralogy, Russian Academy
of Sciences, Chernogolovka, Moscow Region, Russia), using electron scanning microscope CamScan MV2300
with energy-dispersive X-ray microanalyzer Link INCA Energy 300 (analyst D.A. Varlamov). Values of element
concentration below 2σ (mean square error of analysis) are shown in italics. The reduced sum of elements in sample
888 is due to the small sizes of gold particles and partial entrapment of host magnetite (iron is excluded from the
sum). The average measurement accuracy is 0.3 wt % for Au, Ag, Cu, Pd, and 1 wt % for Hg (which is associated
with the possible migration of mercury from the analysis zone).

2.3. Physico-Chemical Conditions, Sources of Substance and Fluid and the Sequence of Formation of Gold
Mineralization

Data on the research and estimation of P–T–X-parameters, sources of ore substance and fluid
during the formation of gold mineralization veins at the Kagan ultramafic massif are reported in [7,9].
The isotopic composition of antigorite serpentinites is characterized by highly lightweight hydrogen
-δ18O = +5.2%�, δD = −127.7%� [9]. This isotopic composition corresponds to continental serpentinites
of lizardite–chrysotile type [29,30]. It is obvious that the studied antigorite serpentinites inherited the
isotopic composition of earlier loop-shaped serpentinites. The lightweight isotopic composition of
hydrogen includes talc from magnetite ores (δ18O = +7.4%�, δ D = −132.7%�) and amphibole from
amphibole–pyroxene (δ18O = +9.3%�, δ D = −124.6%�) and pyroxene-amphibole rocks (δ18O = +7.1%�,
δ D = −126.2%�) from the Kagan massif. All these facts suggest a metamorphic origin of the fluid that
takes part in the formation of gold mineralization. Such a fluid could result from the release of water
(deserpentinization) during progressive metamorphism of early continental serpentinites and their
replacement by olivine, enstatite, anthophyllite, and talc. Ultramafic rocks composed of these minerals
are widespread at the Kagan massif, particularly in its southern part.

Study of the gas composition of fluid released during the thermal decrepitation (method gas
chromatography) of primary inclusions at 300–600 ◦C in the minerals of antigorite serpentinite and
magnetite ore showed that the composition of fluid has a XH2O = 0.975–0.978 and fraction of carbon
dioxide XCO2 = 0.019–0.020. To estimate the redox conditions of gold mineralization, we used the
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indicator of the oxidation degree of volatiles CO2/(CO2 + CO +H2 + CH4), which takes into account
the ratio of oxidized and reduced gasses in the composition of inclusions [31]. This indicator was 0.84
during antigorization and 0.86 during the deposition of magnetite, which is the evidence that the gold
mineralization of the studied types was formed under oxidizing conditions.

On the basis of available information on this object we propose the following scheme of the
formation sequence of gold mineralization:

1. Upward movement of ultramafic rocks (harzburgites, dunites) to the surface, their serpentinization
with the formation of early loop-shaped lizardites and/or chrysotile serpentinites with disseminated
magnetite. Lizardite serpentinites at the Kagan massif only occur as small relics, whereas at the other
ultramafic massifs of the Vishnevogorsk metamorphic complex (Nyashevskii, Ishkelskii, Borzovskii,
etc.) they are widespread [14]. The presence of relicts of early loop-shaped serpentine (lizardite,
chrysotile) in association with magnetite indicates that their formation temperatures were 100–300 ◦C.

2. Formation of the initial ore-forming fluid as a result of zonal metamorphism of early serpentinites
and, probably, host rocks under the conditions of subgranulite-amphibolites facies (T = 60–700 ◦C and
P = 5–10 kbar). Fluid is the result of release of water during deserpentinization of early serpentinites
and transition of some ore components, such as Cu, Ag, Au, Zn, Mn, and S to solution.

3. Manifestation of fault tectonics within the massif and movement of the ore-bearing initial fluid
along faults from the high-temperature zone to the lower-temperature zone of stability of antigorite
and its discharge. In this zone the early loop-shaped serpentinite transforms into antigorite serpentinite
with the growth of magnetite grains and formation of zoned magnetite rims on accessory Cr–spinel.
Simultaneously, gold-ore mineralization of the first type is deposited along the thin cracks in schistose
antigorite serpentinites. The formation of antigorite serpentinites took place under the upper degrees
of green schist facies at the temperature of antigorite stability of 350–500 ◦C.

4. Continuation of the arrival of initial fluid into the open space of cracks and its mixing with
meteoritic waters. The subsequent discharge of mixed fluid leads to the formation of the second type
magnetite ores which carry sulfides and native gold of generation I of early paragenesis. Results of
study of the composition of native gold with impurity of copper (II and III generations), combined with
the diagram of the Au–Ag–Cu system [27], show that the temperature of gold deposition in magnetite
ores could reach 350–450 ◦C (Figure 3B).

5. Cooling of the massif to conditions when antigorite becomes unstable and is replaced by
chrysotile, chlorite, and talc. Recrystallization of rocks and gold-magnetite ores results in larger
particles of copper sulfides and native gold of II–IV generations of late paragenesis. The temperature
deposition conditions of minerals of late paragenesis were estimated using a chlorite geothermometer
and were 310–210 ◦C [28].

6. In the conditions of hypergenesis zone, oxidation of copper and iron sulfides takes place
with the formation of fine-grained aggregates of iron hydroxide (FeO(OH)), tenorite (CuO), Cu–Mg
carbonate, and native gold of V generation.

3. Research Methods

3.1. Software and Thermodynamic Dataset for Modeling

Thermodynamic modeling of the first and second types of gold-ore mineralization was carried
out using the Selektor-C software package (version 3.01, A.P. Vinogradov Institute of Geochemistry,
Irkutsk, Russia), which implements the Gibbs energy minimization method based on the convex
programming approach [32,33]. A detailed description of computational algorithms was given
in [34]. The models used thermodynamic databases in the range of specified T–P parameters: for
minerals [35–42], gases [43], and components of aqueous solution [44–52].

This method was widely used in the modeling of the formation of native gold: hypogene and
hypergene models of the Kyuchyus Au–Sb–Hg deposit (Yakutia, Russia), including mercuric gold [53];
models of quaternary solid solutions in hydrothermal conditions at the Aitik Au–Ag–Cu porphyry
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deposit (Sweden) and the hydrothermal-hypergene model of formation of Au–Cu intermetallics
at the Wheaton Creek placer deposit (Canada) [54]; the model of the Au–Ag, Ag–Pb, and
Ag–Au–Pb mineralization at the Rogovik epithermal gold–silver deposit in the Omsukchan ore
district (northeastern Russia) [55].

In the study we used the method of multi-reservoir dynamics, which involves separation of
the complex system into a series of individual subsystems–reservoirs. The initial aqueous solution
subsequently interacts with the rock in the first reservoir at temperature T1 and pressure P1, altered
solution passes to the second reservoir and interacts with the rock at T2 and P2 etc. Thus, the alternating
aqueous solution passing through a series of reservoirs changes the rock composition in the reservoirs.
The introduction of the mode of successive passing of a certain amount of portions of the solution
allows us to form an equilibrium-dynamic model which can be used for studying the processes of
formation and alteration of ore mineralization. A similar approach was earlier used by us for modeling
the formation of magnetite–chlorite–carbonate rocks with copper-bearing gold–silver solid solution at
the Karabash ultramafic massif [11].

Modeling was completed for the K–Mg–Mn–Ca–Al–Si–Ti–Fe–Cu–Ag–Au–Cr–Hg–S–Cl–C–H–O
system. The thermodynamic properties of minerals, binary, ternary and quaternary solid solutions,
aqueous, and gaseous species considered in the models were the same as in [11] (Tables S2 and S3 of
the Supplementary Materials from [11]). Thermodynamic constants for chlorites, ilmenites, pyroxenes,
carbonates, olivines, and plagioclases, which are natural binary and ternary solid solutions, as well
as solid solutions of quaternary system Ag–Au–Cu–Hg, were calculated considering the activity
coefficients of end members for the accepted models of solid solutions [33,35,54,56]. Serpentinite was
introduced as an ideal solid solution consisting of antigorite and lizardite. Cr–spinel is represented by
an ideal model of solid solution FeCr2O4–MgAl2O4–MgFe2O4–MgCr2O4 [57].

3.2. Initial Data for Thermodynamic Modeling

The formation of the gold-ore mineralization begins with the generation of initial metamorphic
ore-forming fluid as a result of the high-temperature zonal metamorphism of early serpentinites.
The composition of these serpentinites was specified from the average composition of 19 samples of
serpophite–lizardite serpentinites of the Vishnevogorsk–Ilmenogorsk metamorphic complex (Table 4).

Table 4. The composition of serpophite–lizardite (1) and antigorite (2) serpentinites (in wt %).

Components 1 * 2 **

SiO2 38.93 39.0
TiO2 0.01 0.025

Al2O3 1.39 1.49
Cr2O3 0.38 0.197
Fe2O3 5.33 5.90
FeO 2.2 2.4
MnO 0.07 0.07
MgO 36.98 38.0
CaO 0.82 0.04
K2O - 0.01
H2O 1.15 -
LOI 13.23 12.5
CO2 1.15 -
CuO - 0.03

S - 0.02
Au (ppm) 0.010
Ag (ppm) 0.888

* data from [14]; ** we used the data of X-ray spectral fluorescent (CPM-35 and XRF 1800), chemical (FeO, CuO, S),
ICP-MS (Ag) and chemical spectral (Au) analyses conducted in the CKP Geoanalysist in the Institute of Geology
and Geochemistry, UrB RAS (analysists N.P. Gorbunova, L.A. Tatarinova, G.S. Neupokoeva, I.I. Neustroeva, and
G.A. Avvakumova).
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The calculation of the composition of initial metamorphic fluid was performed for T = 700 ◦C,
P = 10 kbar. In these P–T conditions early serpentinites transform into rocks composed of mainly
olivine and enstatite. The calculated composition of the metamorphic water fluid separated during
dehydration is given in Table 5. This composition was used in further calculations in the 14-reservoir
model. All 14 reservoirs of the model are represented by antigorite serpentinite. The chemical
composition of a typical sample of antigorite serpentinite, containing gold mineralization, used in the
calculations, is reported in (Table 4). Amount of volatiles: HCl = 0.01 mole.

Table 5. Calculated composition of initial metamorphic fluid at 700 ◦C and 10 kbar.

Components Composition, mol/kg H2O

C 1.811
Mg 3.980 × 10−3

Mn 6.682 × 10−2

Al 6.552 × 10−8

Si 1.947 × 10−1

S 4.323 × 10−2

Cl 6.932 × 10−1

Ca 2.404 × 10−1

Fe 3.326 × 10−2

Cu 7.608 × 10−3

Ag 5.705 × 10−5

Au 3.519 × 10−7

Cr 6.904 × 10−10

H 4.199 × 10−1

O 4.092

pH 4.357

log f O2 –15.05
log f S2 0.829

3.3. Scenarios of Thermodynamic Modeling

We have modeled two scenarios of formation of gold-ore mineralization: metasomatic interaction
of metamorphic fluid with serpentinites (scenario 1) and mixing of two fluids: ascending metamorphic
and descending meteoric and their discharge in the free space of cracks of schistose serpentinites
(scenario 2).

In the calculations under scenario 1, we obtained interaction products of 20 portions of deep-seated
metamorphic fluid flowing consistently through nine serpentinite reservoirs at total drop of T from
650 to 250 ◦C and P from 4.5 to 0.5 kbar (Figure 6). From one reservoir to another, temperature
drops by 50 ◦C and pressure by 0.5 kbar. The simulation was carried out at the rock/water ratio
(R/W) = 10. The weight of a portion of metamorphic fluid is 100 g, the weight of each reservoir is 1 kg
of serpentinites.

The model for scenario 2 involves two flows: ascending deep-seated metamorphic and descending,
resulting from the interaction of meteoric waters with antigorite serpentinites at corresponding
temperatures and pressures (Figure 6).
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Figure 6. Scheme for calculation of 14-reservoir model in scenarios of metasomatic interaction of
metamorphic fluid with serpentinite (Scenario 1) and mixing of metamorphic and meteoric fluids
(Scenario 2).

The initial data of the model: 100 g of metamorphic fluid, 1 kg of meteoric water, weights of
serpentinites are 100 g (reservoirs 1, 2, 8–14) and 5 g (reservoirs 3–7). The increase in the amount of
rocks in reservoirs 3–7 is related to the imitation of fluid interaction with the walls of the open crack or
weakened zone.

The P, T parameters for two models given in Table 6.

Table 6. T, P parameters of reservoirs.

Reservoir T, ◦C P, kbar

1 650 4.5
2 600 4
3 550 3.5
4 500 3
5 450 2.5
6 400 2
7 350 1.5
8 300 1
9 250 0.5
10 250 0.5
11 300 1
12 350 1.5
13 400 2
14 450 3

4. Results of Thermodynamic Modeling

Scenario of metasomatic interaction of metamorphic fluid with serpentinites simulated the
formation of the first type gold-ore mineralization in schistose serpentinites. Figures 7 and 8 show the
calculation results after passing of 20 portions of fluid in the flow regime reactor at R/W = 10.
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Figure 7. Mineral composition of reservoirs after passing of 20 portions of metamorphic fluid (A) and
composition of Ag–Au–Cu solid solutions (B) in the model under scenario 1.

Figure 8. Mineral composition of reservoir 6 (T = 400 ◦C, P = 2 kbar). (A) major minerals; (B)
minor minerals.

At T below 550 ◦C, olivine–enstatite rock transforms into serpentinites with a small amount of talc
and magnetite, and below 400 ◦C, carbonate appears in serpentinite and the content of talc increases
(Figure 7A). The content of accessory minerals in serpentinites is no more than 1 wt %. Among them,
at T above 400 ◦C, anhydrite is formed and at lower temperature, chalcopyrite and pyrite.

In the range of 450–250 ◦C (reservoirs 5–9) the solid solution Ag–Au–Cu (<0.1 wt % Cu) is
deposited. Its fineness varies depending on temperature conditions in the reservoirs and has a tendency
to decrease from 950%� at 450 ◦C to 700%� at 250 ◦C, which corresponds the content of Ag from 0 to 30
wt % (Figure 7B).

A minor amount of gold (to 0.1 ppm) is formed in reservoir 6 at T = 400 ◦C. The supply of the first
portions of fluid does not influence the content of rock-forming minerals (serpentine, talc, magnetite,
ilmenite) in this reservoir (Figure 8A). At the same time, secondary carbonate and anhydrite, deposited
with the first portions of fluid, with the arrival of additional portions are replaced by bornite and
thereafter by chalcopyrite and pyrite (Figure 8B). Further arrival of new portions of fluid increases the
content of the Ag–Au–Cu solid solution to 0.1 ppm.
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Modeling for the scenario on discharge of metamorphic and meteoric fluids in the open space of
cracks reflects the formation of gold-ore mineralization of the second-type in veined magnetite ores.
The model involves mixing and further discharge of two types of fluids, metamorphic and surface
meteoric, in the open space of cracks. Metamorphic fluid is formed during deserpentinization of
lizardite–chrysotile serpentinites, and its initial composition is similar to the fluid from scenario 1.
The fluid of meteoric origin is formed during the interaction of submerging meteoric waters [53] with
antigorite serpentinites. Oxygen of meteoric fluid is a strong exogenous oxidizer of deep-seated iron in
the formation of magnetite ores [58].

Results of the mineral composition modeling for altered serpentinites after passing of 20 portions
of fluid through a sequence of reservoirs in the flow reactor regime are given in Figures 9 and 10.

Figure 9. Results of the ascending branch of the model in scenario 2. (A) mineral composition of
reservoirs; (B) composition of Ag–Au–Cu solid solutions.

Figure 10. Results of descending branch of the model in scenario 2. (A) mineral composition of
reservoirs; (B) composition of Ag–Au–Cu solid solutions.
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The high temperature reservoirs (1–3) of the ascending branch of the model are represented
by olivine–enstatite rocks containing serpentine (Figure 9A). When the temperature decreases from
700 to 550 ◦C, olivine and enstatite are replaced by anthophyllite and tremolite. Further decrease
in temperature leads to the formation of magnetite together with talc and chlorite (500 ◦C), and at
350–450 ◦C magnetite becomes the main mineral with minor chlorite, chalcocite, and Cr–spinel. In the
range of 500–250 ◦C, Ag–Au solid solution also forms and its maximum content in the rock amounts to
0.1 wt % at 350 ◦C. In this solid solution gold dominates over silver at 400–500 ◦C, and with decreasing
temperature, gold content reduces and becomes mainly silver (Figure 9B). At temperatures below
350 ◦C, one can observe a mineral association of serpentine with talc, to which at 250 ◦C carbonate
is added.

Mineral composition of rocks of the descending branch of the model (reservoirs 10–14) is
represented by serpentinites and small amounts (less than 10 wt %) of Cr–spinel, magnetite and
hematite–ilmenite (Figure 10A). At 350–300 ◦C, accessory chalcocite is present in the rock. In the
descending branch of the model Au is absent in the composition of solid solutions. Here they contain
only Ag (reservoir 12) and Cu (reservoir 11) (Figure 10B).

In scenario 1, imitating the influence of metamorphic deep-seated fluid on serpentinites,
the solution equilibrated with rocks becomes more acidic (pH decreases) with the arrival of the
new portions of fluid. After the arrival of 10 portions, pH of the solution attains the steady state. In this
state the minimum value of pH = 4 is attained at 450 ◦C. When the temperature increases to 650 ◦C or
decreases to 250 ◦C, pH of the solution equals 4.5 (Figure 11A).

Figure 11. Change in pH of reservoirs after the arrival of various amounts of portions of fluid.
(A) scenario 1; (B) scenario 2.

In scenario 2 the behavior of pH in general shows the same tendency as in scenario 1, but here the
contribution of the oxidative meteoric fluid supplied to reservoir 5 plays a significant part. The system
attains a stationary state after the arrival of more than 20 portions of the solution and minimum value
of pH = 3.4 at 400 ◦C (Figure 11B).

Fugacity values of oxygen and sulfur in both scenarios of modeling have a tendency to reduce
with decreasing temperature in the reservoirs (from reservoir 1 to 9) (Figure 12).
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Figure 12. Changes in fugacities of oxygen and sulfur in scenarios 1 and 2 after the arrival of 20 portions
of fluid.

In reservoirs with T > 450 ◦C, the fluid is dominated by the chloride complex of gold AuCl2- [59]
(Figure 13). As the temperature decreases, the dominant role of chloride complex is replaced by
hydrosulfide AuHS0 (scenario 1) or hydroxide AuOH0 complexes (scenario 2) [60]. The predominance
of gold hydroxide in scenario 2 is related to a more oxidized state of fluid owing to the arrival of
meteoric waters.

Figure 13. Forms of Au transfer in scenarios 1 (A) and 2 (B).

The content of gold deposited in the rocks under scenarios 1 and 2 differs considerably. In scenario
1 the amount of gold in serpentinites is no more than 0.1 ppm, whereas in scenario 2 its content in
magnetite ore amounts to 10–13 ppm (Figure 14A). At the same time, the maximum gold contents in
both scenarios are achieved at T = 400 ◦C (reservoir 6). Consistent accumulation of gold in reservoir 6
with the arrival of new portions of fluid is shown in Figure 14B.
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Figure 14. The amount of gold in scenarios 1 and 2. (A) after the arrival of 20 portions of fluid at
different temperatures in reservoirs; (B) with the arrival of new portions of fluid in reservoir 6 (400 ◦C
and 2 kbar).

5. Discussion

5.1. Comparative Analysis of Agreement of Model and Natural Mineral Associations

Our calculations of the formation of gold-ore mineralization can explain some questions that
arise when studying serpentinite massifs of ultramafic rocks, including the object of the present study.
In particular, calculations for scenario 1 contribute to the solution of the earlier stated problem [61]
about the discrepancy of the scales of primary and placer gold content in the areas where ultramafic
rocks are spread. Although the placers of streams draining ultramafic massif are of commercial value,
findings of native gold in serpentinites are scarce [62–64]. The above-given calculations for scenario 1
show that, in the model of formation of gold mineralization from cooling metamorphic fluid, gold is
concentrated from relatively low concentrations of no more than 0.1 ppm (Figure 14). Nevertheless,
the washout of extended zones of schistose antigorite serpentinites by streams can lead to the formation
of placers with considerable reserves.

Comparative analysis of mineral associations in the first type gold mineralization at the Kagan
massif and those obtained in scenario 1 (Table 7) indicates similarities in the low gold content in rocks
(to 0.1 ppm).

Moreover, the rocks contain small amounts of magnetite and talc which replaces serpentine.
The fineness of Au–Ag solid solutions in calculated and natural associations is no more than 750%� and
they have similar deposition temperatures (300–500 ◦C). At the same time, accessory chalcopyrite and
pyrite occur in paragenesis with Au–Ag solid solutions in scenario 1, but these sulfides were absent in
natural samples. Most likely, this difference is due to the very low content of sulfides in antigorite
serpentinites of the Kagan massif.

Rocks with a high magnetite content within the model of cooling metamorphic fluid (scenario 1)
in the processes of its metasomatic interaction with host serpentinites or discharge in the open space
of cracks in the whole range of temperatures and pressures have not been obtained. The mineral
association of magnetite, the content of which drastically prevails over serpentine, talc, amphibole
and chlorite, was obtained only by strong dilution of metamorphic fluid with weakly mineralized
waters in scenario 2. The diluting fluid in this scenario is meteoric water seeping through the bed of
serpentinites to the depth.
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Table 7. Comparative characteristics of minerals and mineral associations of gold mineralization from
Kagan massif and model calculations for scenarios 1 and 2.

Characteristics
Kagan Massif Calculated Data

1 Type of Gold
Mineralization

2 Type of Gold
Mineralization

Scenario 1 Scenario 2

Quantitative ratios of
main minerals *

Atg > Ctl, Tc > Chl
> Tr, Mag

Mag >> Atg > Tc > Tr,
Chl, Ctl, Dol

Srp >> Tc, Mag >
Ilm–Hem

Mag >> Srp > Tc > Tr,
Chl

Quantitative ratios of
accessory minerals Pn > Au(ss) Ccp > Po, Pn > Cub, Bn,

Tal, Sp > Au(ss) Ccp, Py >> Au(ss) Ilm–Hem > Cct > Bn,
Au(ss)

Sequence of mineral
deposition **

Atg, Tr, Mag, Pn,
Au(ss)→ Tc, Chl,

Ctl

Mag, Atg, Ccp, Po, Cub,
Tal, Pn, Au(ss)→ Tr, Tc,
Ctl→ Ccp, Bn, Po, Sp,
Au(ss)→ Chl, Srp, Dol

Srp, Mag, Tc, Ccp,
Py, Au(ss)→ Srp,
Tc, Cb, Ilm–Hem,

Au(ss)

Ol, Srp, Ath, Tr→Mag,
Chl, Tc, Ilm–Hem, Au(ss)
→Mag, Chl, Cct, Au(ss)
→ Srp, Tc, Cb, Bn, Au(ss)

T ◦C of gold deposition 500–300 450–250 500–350

Composition of solid
solutions gold/fineness

%�
ss(Au,Ag)/772–996

ss(Au,Ag)/580–960,
ss (Au,Ag,Cu)/648–744
ss (Au,Ag,Cu)/280–853

ss(Au,Ag)/900–950
ss(Au,Ag)/700–800

ss(Au,Ag)/600–900
ss(Au,Ag)/600

ss(Ag,Au)/0–600

Gold content in
rock/ore, ppm To 0.1 0.2–1.2 and more To 0.1 To 10

* For calculated data at P, T of gold deposition; ** for calculated data from high- to low-temperature
reservoir. Ath—anthophyllite; At—gantigorite; Au(ss)—Au–Ag–Cu solid solution; Bn—bornite;
Cb—carbonate; Ccp—chalcopyrite; Cct—chalcocite; Chl—chlorite; Ctl—chrysotile; Cub—cubanite; Dol—dolomite;
Ilm–Hem—ilmenite–hematite; Mag—magnetite; Ol—olivine; Pn—pentlandite; Po—pyrrhotite; Py—pyrite;
Sp—sphalerite; Srp—serpentine; Tal—talnakhite; Tc—talc; Tr—tremolite.

Comparative analysis of mineral associations in the second type of gold mineralization and those
obtained in scenario 2 showed both a good similarity of natural and calculated ratios of main and
accessory minerals of rocks and identical sequence of their deposition in the open space of cracks (see
Table 5). The contents of gold in the model calculations in scenario 2 attain 10–13 ppm and correspond
to their level in magnetite ores from the Kagan massif. Calculations for this scenario support the
probability of formation of several generations of Au–Ag solutions, covering the whole range of
compositions from pure gold to pure silver. However, in the calculations we did not obtain Au–Ag
solid solutions with elevated copper content typical of native gold of generation II in magnetite ores.

5.2. The Possible Sources of Gold, Silver, and Other Metals

Previous studies of the massifs of ultramafic rocks revealed spatial overlapping of many placers
of the Urals with antigorite serpentinites as well as considerable redistribution and concentration
of gold during antigoritization [6,7,9]. On the basis of these facts a conclusion was made about the
origin of gold-ore mineralization in the crustal period of the history of the formation of ultramafic
massifs during regional and local metamorphism, and the gold-productive serpentinite (antigorite)
metasomatic formation was also distinguished [7].

Magnetite ores in ultramafic rocks in world literature were described in [65–69]. They are
suggested to be of different genesis—magmatic [67], metamorphic [65,69], and hydrothermal [68].

Rare cases of elevated gold contents in magnetite ores are known [70,71]. In the Bou–Azzer
mantle ophiolite complex (Anti-Atlas, Morocco), strongly serpentinized periodite is known to contain
magnetite veins formed by filling the open space of cracks [71]. Magnetite in the veins is associated
with serpentine, magnesite, clinochlore, talc, and andradite. The relatively minor enrichment of
magnetite in gold (to 8–14 mg/t) is attributed to the hydrothermal process, and the high mobility of
iron is explained by the high water/rock ratio during serpentinization [71].

Magnetite ores in ultramafic rocks enriched with Au and Ag (a few tens of ppb) are widely spread
within the massifs of West Mongolia [70]. Veins of massive magnetite ores up to 10 cm thick syngenetic
to the processes of serpentinization occur there. Gold and silver are considered to be brought by
serpentinized solutions borrowing these elements from chromitites or volcano–sedimentary rocks.
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In this work we propose hydrothermal–metasomatic models of the formation of gold mineralization
in which deserpentinizing early lizardite-chrysotile serpentinites are the source of metal and water.
Metals and water are separated from early serpentinites during high-temperature metamorphism, and
the metamorphic fluid moves to the lower temperature discharge region along the schistosity zones in
the massif of ultramafic rocks. Metasomatic interaction of the metamorphic fluid with serpentinites in
the discharge zones can result in poor gold-ore mineralization in the form of native gold disseminated
in schistose serpentinites. A necessary condition for the formation of hydrothermal rich gold-ore
mineralization in magnetite veins is mixing of metamorphic and meteoric fluid at T = 500–400 ◦C
and P = 2–3 kbar and discharge of deep-seated and meteoric fluids in the open space of cracks.
The mechanism of mixing of the deep-seated and meteoric fluids was used earlier in modeling of
the formation of Au–REE mineralization in magnetite–chlorite–carbonate rocks from the Karabash
ultramafic massif [11].

5.3. Sulfur Fugacity Evolution During Gold-Ore Mineralization Formation in Ultramafic Rocks and
Magnetite Ores

The composition of Au–Ag solid solutions deposited under both scenarios at 500–300 ◦C depends
on sulfur fugacity (f S2) in the specified range of temperatures. In the model under scenario 1, Au–Ag
solid solutions form in the field of high and very high values of f S2 and are arranged along the covellite
(Cv)–digenite (Dg) equilibrium line (Figure 15). The molar fraction of silver in Au–Ag alloys (XAg)
in this model, according to experimental data [72], is less than 0.2 (12 wt % Ag). This composition
agrees well with that of native gold in schistose serpentinites from the Kagan massif (see Table 2 and
Figure 3A).

Figure 15. Sulfur fugacity versus temperature diagram (modified from [72]) showing the formation
conditions of Au–Ag solid solutions at 300–500 ◦C in Scenarios 1 and 2. Dotted lines show sulfidation
of silver in Au–Ag melts with a varying molar fraction of Ag (XAg) from data [73]. Field of Au–Cu
intermetallids in rodingites from Zolotaya Gora deposit of Southern Urals is shown [12].

In the model for scenario 2, Au–Ag solid solutions are formed in the field of low values of f S2

below the pyrrhotite–pyrite on the T–log f S2 diagram (see Figure 15). The formation conditions of
these solid solutions partially coincide with those of Au–Cu intermetallides from rodingites at the
Karabash massif in the Southern Urals [12]. The composition of Au–Ag solid solutions in scenario 2 is
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XAg > 0.4 (26.7 wt % Ag) and is in general similar to that of native gold from magnetite ores of the
Kagan massif (see Table 3 and Figure 3B).

6. Conclusions

1. We have constructed thermodynamic models of the formation of two types of gold-ore
mineralization at the Kagan ultramafic massif in the Southern Urals. Metamorphic water which
results from dehydration of early serpentinites during high-temperature zonal regional metamorphism
(700 ◦C, 10 kbar) is considered the source of ore-bearing fluid. This water extracts metals from rocks in
the high-temperature zones and moves along the faults to the lower temperature region. Metasomatic
interaction of the metamorphic fluid with serpentinites in the transit zone in scenario 1 is responsible
for the formation at T = 450–250 ◦C and P = 2.5–0.5 kbar of gold-poor mineralization (to 0.1 ppm)
of type 1 disseminated in schistose rocks. A necessary condition for the formation of hydrothermal
gold-rich mineralization (to 10–13 ppm and more) in magnetite veins of type 2 in scenario 2 is mixing
of metamorphic and meteoric fluid at T = 500–400 ◦C and P = 2–3 kbar and discharge of mixed fluid in
the open space of cracks in schistose serpentinites.

2. The mineral associations, quantitative ratios, and sequence of deposition of the main minerals
and composition of Au–Ag solid solutions obtained in scenarios 1 and 2 are, on the whole, similar to
the natural types of gold mineralization at the Kagan massif. In mineralization of type 1, serpentinite
contains small amounts of magnetite and talc which replaces antigorite that prevails over chrysotile
and lizardite. Calculated and natural associations are characterized by Au–Ag solid solutions with the
fineness higher than 750%� and close deposition temperatures (300–500 ◦C). In type 2, association of
magnetite occurs, which drastically dominates over serpentine, talc, amphibole, and chlorite. In this
association several generations Au–Ag solid solutions are formed, which cover the whole range of
compositions from virtually pure gold to pure silver.

3. The model calculations show that at temperatures higher than 450 ◦C the fluid with pH =
3.5–4.5 is dominated by the gold chloride complex AuCl2−, and with decreasing temperature the
dominant role of chloride complex is replaced by hydrosulfide AuHS0 (scenario 1) or hydroxide
AuOH0 (scenario 2). The predominance of gold hydroxide in scenario 2 is related to a more oxidized
state of fluid owing to the arrival of meteoric waters.

4. The composition of Au–Ag solid solutions deposited in both scenarios at 500–300 ◦C is
determined by the value of sulfur fugacity (f S2). In the model for scenario 1, Au–Ag solid solutions are
formed at high f S2 values (10−0.4–10−6) that correspond to the lines of buffer reaction covellite–digenite,
and in scenario 2, at low values of f S2 (10−5.5–10−14) below the buffer line pyrrhotite–pyrite on the
T–f S2 diagram.
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Abstract: We carried out a directed crystallization of a melt of the following composition (in mol. %):
Fe 31.79, Cu 15.94, Ni 1.70, S 50.20, Sn 0.05, As 0.04, Pt, Pd, Rh, Ru, Ag, Au, Se, Te, Bi, and Sb by
0.03. The obtained cylindrical sample consisted of monosulfide solid solution (mss), nonstoichometric
isocubanite (icb*), and three modifications of intermediate solid solution (iss1, iss2, iss3) crystallized
from the melt. The simultaneous formation of two types of liquids separated during cooling of the
parent sulfide melt was revealed. In the first, concentrations of noble metals associated with Bi, Sb, and
Te were found. The second is related to Cu and was found to contain a large amount of S in addition
to Bi and Sb. We established the main types of inclusions formed during fractional crystallization of
Pt-bearing sulfide melt. It was shown that noble metals are concentrated in inclusions in the form of
RuS2, PdTe2, (Pt,Pd)Te2, PtRhAsS, and Ag2Se, doped with Ag, Cu, and Pd, in mss and in the form of
PtAs2; Au-doped with Ag, Cu, and Pd; Ag2Te; and Pd(Bi,Sb)xTe1−x in icb* and iss. As solid solutions
in the base metal sulfides, Rh is present in mss, Sn in iss.

Keywords: Cu-Fe-Ni-S system; platinum-group elements; Au; Ag; metalloid elements; fractional
crystallization; drop-shaped inclusions

1. Introduction

Massive ore bodies of copper-nickel deposits are formed from zones with various phases and
chemical compositions. When passing from one zone to another, their phase and chemical composition
changes abruptly [1–4]. Such a structure suggests that they resulted from fractional crystallization
of magmatic sulfide melt [5–9]. For the Noril’sk deposit, no less than two main types of zonality are
observed, in one of which the fugacity of sulfur increases, and in the second, it decreases [1,2,10].
The possibility of several types of zonality is shown in the experiments on directed crystallization of
Cu-Fe-Ni-sulfide melts [11–19] (The terms “directed crystallization” and “fractional crystallization”
describe the process of gradual solidification of the melt in the absence of mixing in the solid ingot
and complete or partial mixing in the melt. From the physicochemical point of view, when modeling
the solidification of a cylindrical ingot in laboratory or industrial equipment, the term “directed
crystallization” is more acceptable).

The Noril’sk ores contain a wide variety of geochemically important trace elements. The most
significant are noble metals (Pt, Pd, Rh, Ru, Ir, Au, Ag), heavy metals (Zn, Sn, Pb), and anion-forming
elements (As, Sb, Bi, Se, Te). Noble metals can enter the lattice of the main ore-forming minerals or form
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independent phases both with the main elements and with other trace elements. Since the Noril’sk
ores are an important industrial source of the platinum group elements (PGE), intense research on the
regularities of Ag-Au-PGE mineralization has been carried out [1–4,20–24].

Most geologists assume that magmatic sulfide liquids are the source of PGE [2,4,10,25]. In [24],
a hypothesis is presented about the pneumatolytic genesis of compounds of noble metals. Both hypotheses
are based on the results of geochemical observations and on experimental data [1,2,4,10,17–19,26–35].
Fundamental knowledge about the behavior of noble metals is contained primarily in the phase diagram
of the systems related to this problem (see the review in [36–41]). Useful information is contained
in experimental data on the composition and structure of samples obtained by prolonged isothermal
annealing of partially crystallized samples and further quenching to room temperature [30–32,36–41]. For
example, in [36], diagrams of the following systems were described: Pd-Fe-S, Pd-Ni-S, Pd-Cu-S, Pd-Pt-S,
Fe-Pt-S, Pt-Fe-As-S, Pt-Pd-As-S, Pd-Ni-As, Pd-Sb-Te, Pt-Pd-Sb, Pd-Bi-Te, Pd-Pt-Sb, and so on. In this case,
the composition of the samples is chosen by the experimenter. By contrast, in our works, we studied
samples obtained by directed crystallization of melts of a given composition [11–19]. Usually, this method
is applied in the case of gradual solidification of a cylindrical sample from one end to another. In this
process, the melt is separated from the crystallized mass by a single interface—the crystallization front.
The difference in the compositions of the melt and coexisting solid phases leads to fractionation of the
components during crystallization, i.e., to a gradual change in the compositions of the melt and solid
phases. With a particular melt composition, a phase reaction can run at the crystallization front, in the
course of which some of the phases produced from the melt can disappear and new phases can appear.
Therefore, crystallization of a multicomponent melt usually produces a sample consisting of several zones
with different phase compositions. A similar zoning is also observed in sulfide orebodies.

Below, we describe the main advantage of the directional crystallization method in a
quasi-equilibrium regime to study the behavior of elements during the fractional crystallization
of sulfide melts. First, an experiment with this process permits a large set of data on the equilibrium
phase diagram of a multicomponent (the main and minor elements) system to be obtained. Second,
the experiment helps to study the behavior of the main and minor elements both during crystallization
and during a subsequent cooling of the crystallized sample. Third, with this method, it is possible to
determine the sequence of phase formation during fractional crystallization, which is rather difficult to
do using the results of the study of annealed samples.

During the directed crystallization of a sample of a given composition, the “chemical system
itself chooses” the crystallization path. This path in the quasi-equilibrium process uniquely depends
on the composition of the initial sample and the liquid–solid diagram. This method can be used for
systems with an arbitrary number of components, and its results, for constructing both simple and
complex diagrams. In experiments on isothermal annealing, the set of quenched samples is studied,
the composition of which is determined by the experimenter.

The crystallized zone of the ingot imitates the structure of the ore body. The ingot is used for
preparing genetically related samples, the composition of which is determined by the rules of directed
crystallization. Thus, we simulated the formation of pyrrhotite-cubanite, pentlandite-bornite, and
other mineral varieties of massive ore bodies from the Noril’sk deposit and also studied the behavior
of ensembles of minor elements [11–14,16–18,33,42]. In particular, Cu-Fe-Ni sulfide melts with the
following ensembles of impurities were crystallized by this method: Pt, Pd, Rh, Ru, Ir, Au, Ag [42], Pt,
Pd, Rh, Ru, Ir, Au, Ag, Co, As [17], Pt, Pd, Au, As, Te, Bi, and Sn [18,19,33]. The distribution curves of
components were constructed, and phase and chemical compositions of inclusions containing PGE
(drop-shaped included) were analyzed.

Results of the geochemical and experimental studies described in the literature are insufficient for
the verification of two hypotheses (magmatic and pneumatolytic) about the impurity mineralization of
the Noril’sk deposits. To understand the role of these processes, additional results are required. In this
paper, we carried out experimental modeling of fractionation crystallization of melt formed from Cu,
Ni, S, Pt, Pd, Rh, Ru, Ag, Au, As, Se, Sn, Te, Bi, and Sb, in a closed system, which corresponds to the
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magmatogenic mechanism of formation of solid ore bodies. New data on the evolution of the studied
physicochemical system in this process were obtained.

2. Experimental

2.1. Sample Preparation

We carried out a directed crystallization of a melt of the following composition (in mol. %): Fe
31.79, Cu 15.94, Ni 1.70, S 50.20, Sn 0.05, As 0.04, Pt, Pd, Rh, Ru, Ag, Au, Se, Te, Bi, and Sb by 0.03. This
composition imitates the composition of representative ore samples from the Octyabr’sky mine [26].
The initial sample, 20 g in weight, was prepared from sulfur (99.9999%), additionally purified by
vacuum distillation, and other elements with a purity grade of 99.99%. The mixture was heated at a
rate of about 100 deg/day up to 700 ◦C and then for a day up to 1050 ◦C. The melted sample was kept
for 2 days and then quenched in a switched-off furnace. After dry grinding, the powdered sample was
replaced into the ampoule, with an 8 mm diameter and a conical end, which was then evacuated and
sealed. A scheme showing the experimental apparatus and the procedure of preparing the sample
were described in detail in [18]. Crystallization was performed using the Bridgman method in a
vertical two-zoned furnace, with a diaphragm, by lowering the ampoule with a homogeneous melt
from the hot zone to the cold zone at a rate of 2.3 × 10−8 m/s. This regime provided quasi-equilibrium
conditions for directed crystallization. The temperature in the lower end of the quartz container was
1025 ◦C at the beginning of crystallization, and 825 ◦C at the end. After crystallization, the ampoule
was cooled in air at an average rate of ~100 deg/min.

2.2. Investigation of Crystallized Samples

The obtained ingot, about 120 mm in length and 8 mm in diameter, was cut perpendicular to
the longitudinal axis into 19 parts. These were weighed and the fraction of crystallized melt, g, was
determined. Seventeen fragments were used to prepare polished sections, which were studied by
microscopic and chemical analysis.

Results of the sample study showed that the crystallization front was flat, perpendicular to the
axis of the ingot, and homogenous in the averaged chemical composition of components. The average
chemical composition of the ingot and inclusions, as well as the local composition phases, were
measured using energy dispersion spectrometry (SEM-EDS) on a high-resolution microscope MIRA 3
LMU (Tescan Orsay Holding, Brno–Kohoutovice, Czech Republic), combined with X-ray microanalysis
systems INCA Energy 450+ X-Max 80 and INCA Wave 500 (Oxford Instruments Nanoanalysis Ltd,
Abingdon, UK) in the Analytical Center for multi-elemental and isotope research SB RAS (analyst N.S.
Karmanov, Novosibirsk, Russia). For the analysis, K-series (S, Fe, Cu, Ni) and L-series (Pt, Pd, Rh, Ru,
Au, Ag, As, Te, Se, Bi, Sb, Sn) of X-ray radiation were used. As the standards, we used FeS2 (on S),
PbTe (on Te), PtAs2 (on As), and the pure elements of Fe, Ni, Cu, Se, Ru, Rh, Pd, Ag, Sn, Sb, Pt, Au, and
Bi. Phases smaller than 5 μm were analyzed using a point probe, and larger phases were analyzed in a
small raster mode with the size of the scanned area up to 100 μm2. The measurements were conducted
at an accelerating voltage of 20 kV, electron beam current of 1.5 nA, and live acquisition time of spectra
of 30 s. Under these conditions of analysis, the limit of detection (LOD) was 0.4 to 0.5 wt. % for Pt, Au,
and Bi, and 0.1 to 0.2 wt. % for the others. The error in determining was no more than 1 to 1.5 relation
% for the major components and 2 to 5 relation % for minor. To estimate the average composition of
multi-phase areas, we used the total spectrum obtained by scanning the areas of up to 1.5 mm2. To
reduce the limit of detection to about 2 times, the accumulation time of spectra was increased to 120 s.
The average composition of phase mixtures was calculated by 3 to 5 analyses from various areas of
each section along the ingot. The error in determining the major components was 1 to 2 relation % [18].

Some specific features of determining the composition of analyzed phases by the SEM-EDS
method are noteworthy. As a result of the low-resolution ability of EDS, the peaks of Au M-series
lines significantly overlap the peaks of M-series lines of heavy platinoids and K-series of sulfur.
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Unfortunately, the software of the spectrometer in this spectral region (1.9–2.5 keV) does not properly
perform the deconvolution of the spectrum, which is probably due to the discrepancy between the
model and the real shape of the lines. This leads to a distortion of the analysis results. Therefore, we
used the L-series of radiation for these elements, though the lower LOD is 2-fold higher compared to
the M-series. In this region of spectra (9–11 keV), we also observed a significant overlapping of lines of
the L-series of PGE and Au, but the effect of the deconvolution error of the spectra was much smaller.
It is noteworthy that the lack of spectrometer software can lead to a false detection of sulfur in the
amount of 0.8 wt. % in gold-bearing phases, as the peak of the S Kα line is located on the “tail” of the
Au Mα peak. Additional difficulties arise in the analysis of microphases, the typical size of which is
smaller than the X-ray generation region. Errors in the determination of gold-bearing alloys can be
related to the possible contamination of low hardness phases during preparation of the samples. These
features were taken into account when processing and interpreting data.

The change in melt composition during crystallization was calculated by the formula:

cL
i =

ci0 −
g∫

0
cS

i dg

1− g
(1)

Here, g is the fraction of crystallized melt, ci0 is the concentration of the i-th component in the
initial ingot, cS

i is the average concentration of the i-th component on the surface of the polished section,
and the g coordinate is the concentration of the i-th component in the melt. The obtained results were
used to determine the average distribution coefficients of components between solid phases and the
sulfide melt:

kj
i = cj

i /cL
i (2)

where cj
i is the average concentration of the i-th component in the j phase.

3. Results

3.1. Behavior of Base Components

Visually, the ingot consists of five zones with different chemical and mineral compositions. Primary
zones appeared during the successive crystallization of base metal sulfides (BMS) in accordance with
the solid–liquid diagram of the system Cu-Fe-Ni-S [6,43,44]. On cooling of the ingot, the primary
minerals completely or partially decayed to form secondary low-temperature minerals. Their sequence
formed a second zonality of the crystallized ingot. The examples of microstructures in the cooled
sample are shown in Figure 1.

Figure 1. Structure of the directly crystallized sample. (A) Scheme of zonality. The coordinate of
the process is a fraction of the crystallized melt g. (B) Back-scattered electron images of the polished
sections belonging to different zones at g 0.30 (I), 0.32 (II), 0.81 (III), 0.96 (IV), and ~1 (V). Designations
of phases: mss is monosulfide solid solution Fe43.0Ni2.3Cu1.1S53.5, icb is isocubanite CuFe2S3, icb* is
non-stoichiometric isocubanite Cu1.1Fe1.9S3, pn is pentlandite (Fe,Ni)9S8, cp is chalcopyrite CuFeS2, put
is putoranite (Cu,Ni)1.1Fe1S2, tal is talnakhite (Cu,Ni)18Fe16S32, bn is bornite Cu4.3Fe1.5S4.2.

85



Minerals 2019, 9, 531

The change in the composition of the ingot along its length is presented in Table S1. To determine
the primary zonality of the sample, we constructed the distribution curves of the components along
the ingot and calculated their solid/liquid distribution coefficients. Data for Ni, Cu, and S are shown
in Figure 2. Using these data, similar curves for Fe can easily be constructed. The distribution of
components in the solid ingot along the zone was described by curved segments, and at the boundary
between the zones there is a gap. The dependencies of component concentrations in the melt were
described by piecewise continuous curves.

 

Figure 2. Primary chemical zoning of the sample. (A) Dependence of the average concentration of Ni,
Cu, and S in the solid sample (open circles) and in the melt (closed circles). The composition of the
initial ingot is shown by a horizontal dashed line. (B) Dependence of the distribution coefficients of Ni,
Cu, and S on g. Open circles are κ (mss/L), closed circles are κ (icb*/L), open squares are κ (iss1/L), and
closed squares are κ (iss2/L). Dashed vertical lines divide the zones.

The average chemical composition of the substance in zone I (0 ≤ g ≤ 0.3) varies from
Fe40.54Ni1.89Cu4.38S53.19 to Fe39.86Ni2.05Cu5.22S52.87. These data demonstrate that a monosulfide solid
solution (mss) crystallizes from the melt. During crystallization, Fe and Ni mostly pass into mss (kFe =

1.27). Sulfur has a tendency to be concentrated in the solid ingot (kS = 1.05–1.07), and Cu intensely
enriches the melt. (kCu = 0.25–0.28).

Zone II (0.3 ≤ g ≤ 0.32) occupies 2 vol. % of the sample, but it is clearly reflected in the distribution
curves (Figure 2) The average chemical composition of substance in this zone is Cu17.96Fe30.59Ni0.86S50.58.
It corresponds to nonstoichiometric isocubanite (icb*) with an idealized formula Cu1.1Fe1.9S3 [13]. The
distribution coefficients are kNi = 0.53 and kCu = 0.86.
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Zone III (0.32 ≤ g ≤ 0.87) occupies most of the ingot. The average composition varies from
Fe27.62Ni1.65Cu20.90S49.83 to Fe28.57Ni1.52Cu20.26S49.65. We attributed this solution to the Ni-containing
intermediate solid solution iss1, described by Fleet and Pan (1994). It is worth noting that different
forms of the existence of iss were found in the Noril’sk ores [24]. The distribution coefficients of Ni and
Cu are close to 1.

The average composition of substance in zone IV (0.87 ≤ g ≤ 0.96)
Fe25.44–25.25Ni1.51–1.38Cu24.00–24.32S49.04–49.05 corresponds to iss2. An intermediate solid solution
of a similar composition is reported in [43]. During crystallization, the iss2 melt becomes enriched with
Fe (kFe = 0.82–0.68) and Ni (kNi = 0.79–0.56), and the solid phase, in Cu (kCu = 1.15–1.40) and S (kS =

1.06–1.13).
The average composition of the substance in zone V (0.96 ≤ g < ~1) corresponds to

Fe23.65Ni2.00Cu26.19S48.16. One can see that the composition of this substance is similar to iss1 and iss2

but is highly enriched with copper. We designated it as iss3. This zone is small and crystallized at the
very end of the ingot. This complicates the exact construction of the distribution curves in zone V under
quasi-equilibrium conditions. This is the reason why zone V is not shown on the distribution curves.

The micrographs shown in Figure 1 characterize the secondary zonality of the sample. The
microstructure of the sample in zone I consists of the matrix of mss Fe43.0 ± 0.2Ni2.3 ± 0.1Cu1.1 ± 0.1S53.5 ± 0.1

and lamellar inclusions of nonstoichiometric isocubanite Cu1.1Fe1.9S3 (icb*). On cooling, icb*
decomposed into a mixture of two phases. The main phase is isocubanite of stoichiometric composition
(icb) with 0.4 mol. % Ni. Thin oriented lamellas of the second phase Cu3Fe4S7.1 are contained in the
matrix of icb.

Zone II contained the exsolution products of primary icb*: Oriented lamellas from CuFe2S3, phases
of composition similar to Cu2Fe3S5, and small grains with a content of Ni of 8 mol. %. Most likely,
these are inclusions of pentlandite pn (Fe,Ni)9S8.

The microstructure of the sample in zone III consists of a two-lamellar phase and small light
inclusions (see Figure 1). We could not determine the exact composition of the phases. The light
inclusions contain 18 mol. % Ni and about 48 mol. % S. Most likely, they are pentlandite.

Zone IV is formed of exsolution products of iss2. It contains Ni-bearing chalcopyrite
Fe24.1Ni0.8Cu24.6S49.9 and putaronite Fe24.8Ni1.9Cu24.2S49.1.

Exsolution products of iss3 in zone V are bornite Fe14.5Ni0.2Cu42.2S43.1, talnakhite
Fe24.1Ni1.1Cu26.4S48.4, and chalcopyrite Fe24.1Ni0.8Cu26.1S49.0.

3.2. Behavior of Microcomponents

3.2.1. Solid Solutions of Impurities in BMS

During crystallization of the melt, the impurities may pass into the solid ingot in the form of
solid solutions in primary BMS or form independent minerals. In the former case, the distribution of
impurities between the solid and liquid is characterized by the values of the distribution coefficients
(k). In this work, we determined the k for Rh in mss and for Sn in iss. The contents of other impurities in
mss and in iss in our experiment were below the LOD of the EDS. It is noteworthy that in [37,39,44–46],
laser ablation was used to measure the distribution coefficients of Pt, Pd, Ru, Au, As, Te, Bi, Sb, Sn, and
Se between mss and melt. All of them, besides Ru, were <1.

Figure 3 shows the distribution curves of Rh in mss in zone I. The calculated distribution coefficient,
kRh, is 5.2 ± 0.5, i.e., this element is concentrated in mss. In the studies on crystallization of mss of
another composition, kRh (mss/L) is also greater than 1 and ranges from 1.5 to 6.6 [37,44,46]. We
measured the dependence of kRh on melt composition in the system of Fe-Ni-S in the crystallization
region of mss [47]. It was shown that the region is separated into two sites, one of them enriched with
Ni, kRh > 1, and in the other site, kRh < 1.
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Figure 3. Distribution curves of Rh in zone I of the directly crystallized sample. Light circles correspond
to the concentration of Rh b mss, and dark circles, in the melt. Dashed horizontal line shows the
concentration of Rh in the initial melt.

The average concentration (mol. %) of Sn is 0.20 in iss1, 0.25 in iss2, and 0.30 in iss3. Dependence of
the distribution coefficient of Sn between iss1 and melt on the fraction of crystallized melt, g, is shown
in Figure 4.

 

Figure 4. Dependence of the distribution coefficient of Sn between iss1 and the melt on the fraction of
crystallized melt, g.

3.2.2. Inclusions of Minor Phases in BMS

The main part of the impurities is present in inclusions smaller than ~100 μm. Most of them are
formed from several phases.

Inclusions in mss (zone I): It was shown above that in zone I, a primary mss partly decomposes
on cooling to form lamellas of icb*. Microphases are present in the matrices of icb*, mss, and at the
grain boundaries of icb* and mss, as well as on the surface of pores. We analyzed 147 single-phase
inclusions. It was found that these were laurite RuS2, tsumoite BiTe, nevskite Bi(Se,S), naumannite
Ag2Se, merenskyites PdTe2, moncheites (Pt,Pd)Te2, minerals of the Pt-Rh-As-S system, most likely
platarsite [27], as well as two-phase intergrowths of Au** and (Pt,Pd)Te2 (Table S2). Typical samples of
inclusions are shown in Figure 5.

Laurite RuS2 forms numerous faceted crystals <40 μm in size (Figure 5A,B). These contain about 1
mol. % Rh and Fe. The crystals are concentrated near the sample surface. Inclusions of merenskyites,
moncheites, and platarsite are present in a large number and are evenly distributed in the cross
section of the sample. They have typical sizes of <1–3 μm, which may lead to an increase in the
inaccuracy of determining their composition. The inclusions of platinum and palladium tellurides are
irregular-shaped and are associated with lamellas of icb* (Figure 5C,D). Platarsite forms two types of
inclusions: Weakly faceted crystals and rosettes (Figure 5G,H). It is worth noting that rosettes have
the fifth-order symmetry axis, i.e., can form quasi-crystals. The number of inclusions of naumannite,
nevskite, and tsumoite are small. They have a weakly faceted form and are localized in the intergranular
cracks in the edge of the sample section (Figure 5B,E,F). Intergrowths of Au and (Pt, Pd)Te2 are <1 μm
in size (Figure 5I). They are localized on the surface of the pores.
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Figure 5. Back-scattered electron images of microphases in the mss zone. A primary mss partly
decomposes on cooling to form lamellas of icb. Microphases (bright) are present in the matrices of icb,
mss, and at the grain boundaries of icb and mss, as well as on the surface of pores. Coordinate g equals
0.002 (A,B,F), 0.09 (H), 0.14 (D,G), 0.15 (C,E), and 0.23 (I). Black is pores.

Inclusions in Fe-Cu sulfides (zones II–V): This part of the ingot is formed from Fe- and Cu-rich
sulfides (isocubanite, chalcopyrite, talnakhite, putoranite, bornite) and pentlandite. These zones
contain numerous small (<20 μm) and large (to 1 mm) pores. As an example, Figure 6 shows the
cross section of the sample at g = 0.38 (zone III). The small pores are seen to be arranged in parallel
rows, which is due to the specific trapping mechanism of gas bubbles, present in the sulfide melt, by a
single crystal of iss1. These rows, probably, resulted from the entrapment of bubbles by nanosteps
during the layer-by-layer growth of the single crystal from the melt. Large pores are formed by another
mechanism. The average size and number of pores increases to the end of the ingot.

Minor minerals form multiphase inclusions. The exception is sperrylite PtAs2 crystals, which
may be present in the form of both single-phase inclusions and polyphase intergrowths. The main
quantity of minor elements is concentrated in the irregular-shaped inclusions of up to 100 μm in
size at the interfaces (Figure 7). These inclusions were found to contain the following minerals:
Sobolevskite-kotulskite solid solution Pd(Bi,Sb)xTe1−x, Au with minor Ag, Cu, Pd, hessite Ag2Te, S-rich
sperrylite PtAs2, wittichenite Cu3BiS3, stibiowittichenite Cu3SbS3, parkerite Ni3Bi2S2, tetradymite
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Bi2Te2S, nevskite Bi(Se,S), gersdorffite NiAsS, emplectite CuBiS2, and tsumoite BiTe. In addition, the
matrix of BMS contains small (≤20 μm) single multiphase drop-shaped inclusions, and faceted and
non-faceted inclusions of PtAs2. The inclusions of minor minerals are also present in some pores.

Figure 6. Microphotograph of the cross section of the ingot at g = 0.38. Light-gray matrix consists of
iss1. Small light inclusions are minor phases. Dark inclusions are pores.

Figure 7. Backscattered electron image. The typical microstructure of the sample at g = 0.47. Minor
minerals form multiphase inclusions in the iss1 matrix. Black is pores.

Figure 8 shows the pore with multiphase inclusions of minor minerals and sperrylite. It was
found that the inclusions in the matrix of BMS and the inclusions associated with pores have similar
chemical and mineral compositions, i.e., were formed by the same mechanism.

90



Minerals 2019, 9, 531

 
Figure 8. Microphotograph of the cleavage surface of the sample from zone II at g = 0.3 in reflected
electrons on the left and in secondary electrons on the right. There are inclusions of microphases in the
gas cavity.

In the matrixes of BMS, there are a great number of drop-shaped multiphase inclusions (of oval
and irregular shape with a smooth contour). We analyzed 132 inclusions and divided them into three
classes according to their chemical and phase composition: 39 inclusions of class I, 21 of class II,
and 72 of class III. Examples of microstructures are shown in Figures 9–11. The phase and chemical
compositions are described in Tables S2 and S3.

Figure 9. Backscattered electron images of the typical microphases of class I inclusions, located in the
matrix of iss1 (A,B) and iss3 (C,D). Drop-shaped inclusions consist of sobolevskite-kotulskite solid
solution Pd(Bi,Sb)xTe1−x and Au alloys (Au* and Au**).
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Figure 10. Backscattered electron images. Typical microstructure of class II polyphase inclusions,
located in the matrix of iss1 (B–D) and iss3 (A,E,F). Drop shape or more complicated shape inclusions
consist of Cu3BiS3, Cu3SbS3, Bi(Se,S), Ni3Bi2S2, and CuBiS2 sulfosalts. Inside the inclusions Au*, Ag2Te,
Bi, and fine-dispersed unknown phases occur.

Figure 11. Backscattered electron images. Typical structure of composite inclusions of class III in iss3

(A), iss2 (B–E), and iss1 (F). Class III contains composite inclusions from the fragments of I and II classes
and refractory microcrystals of PtAs2.

Class I. The matrix of inclusions was formed from sobolevskite-kotulskite solid solution
Pd(Bi,Sb)xTe1−x described in [27,48]. When cooled, the solution separates into phases on the basis of
sobolevskite PdTe and kotulskite PdBi (Figure 9). This two-phase matrix contains numerous inclusions
≤1 μm in size from Au alloy (Au*, 84 wt. % Au) (Table S2). The structure in Figure 9A,B was, most
likely, formed during eutectic crystallization. The drop-shaped inclusion in Figure 9C has the same
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composition and structure as in Figure 9A,B. However, on its surface, large (3–5 μm) crystals of
high-fineness Au alloy (Au**, 97 wt. % Au) are localized. The melting temperature (Tm) of Au** is
higher than that of Au*. Figure 9D shows another type of inclusion: Au** crystal of ~10 μm in size has
two neighboring drop-shaped inclusions.

Determination of the average chemical composition showed that the inclusions of class I do not
contain S and concentrates of Pd, Au, and Ag (Table S3).

Class II. The examples of this class of inclusions of a drop shape or a more complicated shape are
shown in Figure 10. They were formed from sulfosalts with idealized formulas of Cu3BiS3, Cu3SbS3,
Bi(Se,S), Ni3Bi2S2, and CuBiS2 (Table S2). Most drop-shaped inclusions are located inside the shell
of Cu3SbS3. Frequently, whiskers were observed on the surface of the shell. Inside the inclusions,
fragments of Cu3BiS3 with a fine-dispersed unknown phase, Au*, Ag2Te, and Bi, occurs.

The inclusions of class II contain a large amount of S and Cu and minor quantities of Sb and Te.
Moreover, they contain minor silver and gold and lack Pd. The average composition of inclusions of
class II and their phase composition changes along the ingot (Table S3). The constancy of the average
chemical composition of inclusions of classes I and II along the ingot is noteworthy.

Class III. The matrix of Fe-Cu sulfides contains compound inclusions of various shapes. Their
typical sizes range from ~10 to ~100 μm. The average composition of inclusions varies in a wide range
(Table S2). The inclusions in Figure 11A–E consist of fragments that belong to classes I and II. Less
frequent are inclusions consisting of combinations of (I + PtAs2) and (I + II + PtAs2) (Figure 11E,F).

Let us consider in more detail the behavior of some microminerals of noble metals.
Sobolevskite-kotulskite solid solution Pd(Bi,Sb)xTe1−x is the main concentrator of Pd. This phase

together with Au* and Au** forms, most likely, the eutectic-like structure. It is typical of drop-shaped
inclusions of class I. The composition of solid solution varies in a wide range: Pd from 30 to 44 mol. %,
Bi from 3 to 20 mol. %, Sb from 11 to 29 mol. %, and Te from 8 to 38 mol. %. The systems of Pd-Te-Bi and
Pd-Te-Sb contain continuous regions of solid solutions between PdTe-PdBi and PdTe-PdSb [27,36,48].

The Au alloys are presented in drop-shaped inclusions as numerous non-faceted or weakly faceted
crystallites ranging from <1 to ~10 μm in size in the matrix of Pd(Bi,Sb)xTe1-x. Analysis showed that
the content of Ag in Au alloys ranges from 3.2 to 18.0 mol. %. Additionally, Au can dissolve copper
(4.3–7.6 mol. %) and palladium (0.8 mol. %) (Table S2). These results are consistent with the state
diagrams of binary systems, Au-Ag, Au-Cu, and Au-Pd, and the ternary system, Au-Ag-Cu, whose
phase diagrams show the presence of wide regions of solid solutions [49,50].

Hessite Ag2Te is associated mainly with sulfosalts in the inclusions of classes II and III. It is
worth noting that in the Ag-Te system, tellurium-rich phases with low melting temperatures are also
present [49].

S-rich sperrylite is the main Pt carrier in the crystallized sample. It is the only compound that
forms single-phase inclusions. Besides, it is a fragment of compound inclusions. Owing to the different
genesis, these varieties differ in the content of sulfur (about 17 and 25 mol. % S, respectively). In
addition, all inclusions contain minor contents of Cu, Pd, Sb, and Bi (Table S2). High solubility of S in
PtAs2 was found in [36].

There are more than 100 mineral types of sulfosalts (Godovikov, 1992). In our samples, the major
sulfosalts are Cu3BiS3 and Cu3SbS3. Moreover, they contain Ni3Bi2S2, Bi2Te2S, Bi(Se,S), NiAsS, and
CuBiS2. The presence of other finely dispersed sulfosalts is also probable. It is noteworthy that the
grains of elementary Bi with minor Cu, Fe, Sb, and Te were observed.

4. Discussion

As described above, a crystallized ingot consists of five primary zones with different chemical
and phase compositions: mss (zone I), icb* (zone II), iss1 (zone III), and iss2 (zone IV). Zone V is not
described in detail. These zones are sequentially formed with a gradual decrease in the temperature
of the melt. In zone I, a phase reaction proceeds with the formation of a monosulfide solid solution
from the melt: L→ mss. At the boundary of zones I and II, non-stoichiometric isocubanite is formed
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by reaction: L + mss → icb*. When zone III occurs, the peritectic reaction of the formation of the
intermediate solid solution iss1 proceeds: L + icb*→ iss1. At the boundary between zones III and IV,
iss2 is formed by reaction: L + iss1 → iss2. At the end of the ingot, iss3 is formed, presumably by the
reaction: L + iss2 → iss3. We carried out differential thermal analysis studies of samples from different
zones of the sample. According to these data, the onset crystallization temperature is 1025 ◦C for mss,
953 ◦C for icb*, 947 ◦C for iss1, and 910 ◦C for iss2.

In the experimental samples, minor amounts of noble metals were dissolved in BMS (Rh b mss,
Sn in iss) and in other phases (Ag in Au*, Au**; Au, Pt, Pd in Bi). Such forms were observed both in
Noril’sk ores and in synthetic samples [2,4,10,18,23,26,33,34,37,51]. However, most parts of the noble
metals are present in the inclusions in the form of their own minerals—alloys and compounds with
metalloid admixtures (Au*, Au**, PtAs2, Pd(Bi,Sb)xTe1−x, Ag2Te). In addition, inclusions of sulfosalts
also exist that do not contain noble metals of Cu3BiS3, Cu3SbS3, Ni3Bi2S2, Bi2Te2S, Bi(Se,S), NiAsS, and
CuBiS2. Using the obtained experimental data, the classification scheme of inclusions in the sample
was constructed (Figure 12).

 
Figure 12. Classification scheme of inclusions of minor minerals.

The refractory compounds RuS2, (Pt,Pd)Te2, PtRhAsS, Ag2Se, and PtAs2 have melting temperatures
higher than the liquidus temperature in the Cu-Fe-Ni-S system. Therefore, they crystallize in
sulfide melt and then are trapped during the crystallization of BMS. The existence of two types of
drop-shaped inclusions suggests that they resulted from the solidification of liquid drops of different
compositions. Most likely, these drops separated as a result of the immiscibility of the parent sulfide
melt with impurities.

The main amount of minor minerals is present in composite inclusions in the matrix of Fe-Cu
sulfides. The inclusions of class I are formed from a refractory Au* that melts at ~1000 ◦C and a
low-melting Pd(Bi,Sb)xTe1−x with an estimated melting point of <750 ◦C (for PdTe Tm = 746 ◦C [52].
It is likely that at liquidus temperatures, drops of this compound with minor Au are present in the
sulfide melt. On cooling, these drops are trapped during the crystallization of the BMS matrix. On
further cooling, gold crystals are separated from the drops, and solid inclusions are formed during the
solidification of Pd(Bi,Sb)xTe1−x.
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Sulfosalts of copper form low-melting crystals. For example, the temperature of incongruent
decomposition of stibiowittichenite Cu3SbS3 is 613 ◦C [53], wittichenite Cu3BiS3 is 535 ◦C [54], and
tetrahedrite is 574 ◦C [55]. Au, Ag, and Te are dissolved in sulfosalt drops. On cooling, at first Au* and
Ag2Te (Tm ~ 960 ◦C [56]) crystallize, then sulfosalts solidify.

Class III contains composite inclusions from the fragments of I and II classes and refractory
microcrystals of PtAs2. It can be assumed that associations of microcrystals PtAs2 and drops I and II
are in the sulfide melt. They solidify to form inclusions of class III.

The system under investigation contains Au* and Au** phases, Tm of which is above the liquidus
temperature. Nevertheless, these do not form inclusions. We assume that the gold content in sulfide
melt is low at liquidus temperature, and the main amount of Au is concentrated in liquid drops and
during solidification is separated as independent phases of Au* and Au**.

During solidification of BMS, small droplets can be trapped on flat areas of the crystallization
front. Large liquid drops can fall on the region of the crystallization front with the boundary between
the crystallites. In the process of crystallite growth, the drops are trapped, and inclusions of an intricate
shape are formed at interfaces (Figure 11B).

Similar inclusions of minor phases were observed in the ores from the Noril’sk and Sudbury
deposits [4,23,24,28,57–60] and in synthetic samples [17,18,34,38,39,45]. However, we did not find
any results of modeling of fractional crystallization of melts with the formation of two types of
PGE–metalloid liquids. Theoretical substantiation of the described phenomena is the data on the phase
diagrams of binary, ternary, and more complex systems (e.g., review in [36]).

In this study, we once again demonstrated that in the directed crystallization an ingot is obtained
in which phases and phase associations are spatially separated. This makes it possible to reliably
and unambiguously determine the sequence of separation of primary phases during fractionation
crystallization of a multicomponent sulfide melt and the change in melt composition and phase
reactions when passing from one zone to another. As a result of crystallization, one can obtain a
number of genetically related samples, allowing determination of the behavior of impurities at different
stages of the process. It is difficult to obtain this information of phase processes by other methods.
This is especially true of multiphase systems. It is worth noting that laboratory experiments imitate
the continuous process of fractionation crystallization of natural sulfide liquids. Nevertheless, the
methods of directional crystallization and isothermal annealing and quenching supplement each other.

Many researchers believe that the formation of massive ore bodies during fractionation
crystallization takes place in the intrusive cavity in a closed system (for example, [1,2]). We modeled this
process. Nowadays, there is also a hypothesis about a significant effect of hydrothermal sulfur-bearing
liquids on this process (e.g., [24]). To determine the role of this or that process, additional experimental
and theoretical research is necessary.

5. Conclusions

On the basis of our experimental data on the directed crystallization of the multicomponent
Cu-Fe-Ni sulfide liquid with minor noble metals and As, Te, Se, Bi, Sb, and Sn, the following conclusions
can be made:

1. It was shown that, in directed crystallization of melt, inclusions formed, which are similar to
those observed in isothermal experiments and in sulfide ores. This is additional evidence that
the minor contents of noble minerals and metalloids were present in the initial sulfide melt
after its separation from the silicate melt. There is a probability of low-temperature platinum
mineralization of sulfide ores as a result of hydrothermal processes but, most likely, it is realized
in the aureoles of disseminated ores surrounding the massive ore bodies.

2. For the first time, simultaneous formation of two types of liquids separated during cooling of
the parent sulfide melt was revealed. In the first, noble metals associated with Bi, Sb, and Te
are concentrated. The second is related to Cu and contains a large amount of S in addition to Bi
and Sb.
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3. We established the main types of inclusions formed during fractional crystallization of Pt-bearing
sulfide melt. It was shown that noble metals are concentrated in inclusions in the form of RuS2,
PdTe2, (Pt,Pd)Te2, PtRhAsS, and Ag2Se, Au** in mss and in the form of PtAs2, Au*, Au**, and
Ag2Te, Pd(Bi,Sb)xTe1−x in icb* and iss. As solid solutions in the BMS sulfides, Rh is present in mss
and Sn in iss.

Thus, our experiment showed a more complex behavior of noble metals and metalloid elements
during the crystallization of multicomponent sulfide-metalloid melts compared to the earlier reported
data of isothermal experiments.
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Abstract: The interaction of aqueous solutions bearing platinum-group elements (PGEs) with sulfides
is important for understanding the formation and weathering of PGE ore deposits, mineral processing,
and synthesis of nanomaterials. Here, the surface species formed upon the contact of the main
sulfide minerals (pyrite, pyrrhotite, galena, chalcopyrite and valleriite) with the solutions of H2PtCl6
(pH 1.5, 20 ◦C) have been studied using X-ray photoelectron spectroscopy (XPS). Uptake of Pt
increased gradually with increasing interaction time, and depended, as well as the composition
of immobilized products, on the mineral nature and the state of its surface, e.g., the chemical
pre-treatment. The highest rate of Pt deposition was observed on galena and valleriite and the lowest
on pyrite and pyrrhotite. The preliminary moderate oxidation of pyrrhotite promoted Pt deposition,
which, however, was hindered under harsh reaction conditions. The pre-oxidation of pyrite in all
cases resulted in a decrease of the Pt deposition. Initially, Pt(IV) chloride complexes adsorb onto
the mineral surface, and then the reduction of Pt(IV) to Pt(II) and substitution of chloride ions with
sulfide groups occur forming sulfides of Pt(II) and then, Pt(IV). The reduction of Pt species to the
metallic state was observed at valleriite after 24 h, probably due the negative charge of the sulfide
nanolayers of this sulfide-hydroxide composite mineral.

Keywords: XPS; sulfide minerals; platinum; deposition; valleriite; chloride complexes

1. Introduction

Platinum-group elements (PGEs) are widely used in various areas, first of all in catalysis;
their chalcogenides are also of interest for electrocatalysis [1–3]. The increasing industrial demand
for PGEs and their limited natural sources require the investigation of the genesis of PGE ores
and new approaches to the recovery technologies [4], secondary processes and environmental
behavior of engineered PGE species [5,6]. Platinum-group element ores are mainly associated
with ultramafic-mafic rocks and, little is known about the interaction of Pt-bearing aqueous
solutions with sulfide minerals [7–20]. Platinum-group element deposits of hydrothermal origin exist,
and mechanisms of hydrothermal transportation of PGEs [9–12], including the biological transport
and transformation [21–24] have been studied since the end of the 1980s.

Platinum-group elements are commonly associated with base metal sulfides, particularly
pentlandite, pyrrhotite, chalcopyrite, pyrite [15,25,26]. Palladium is hosted in base metal sulfides
(mainly pentlandite) and occurs both within the crystal lattice and as nanometer-sized inclusions of
discrete PGE minerals [27]. Platinum usually has low concentrations within base metal sulfides
and mainly forms discrete platinum-group minerals (PGMs). Most work has been focused on
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the experimental study and mathematical modeling of Pt dissolution, and stability of its complex
compounds with ligands such as HS−, Cl−, S2O3

2−, OH−, NH3 [11,12,17,18,22,28,29]. At low
temperature conditions, acidic pHs and high redox potential, Pt transport by chloride ions is the
most suitable [18,30].

In addition to the understanding of mobilization and deposition of PGEs, the interaction of
Pt-bearing solutions with base metal sulfides is important for mineral processing of PGEs by heap
leaching [31–37] and concentrator plants [35]. Platinum-group elements transfer into solution by
leaching (both under technological and natural conditions) can then be taken up on the surface of
sulfide minerals. However, in contrast to the vast literature devoted to the interaction of aqueous
solutions of gold and silver with sulfides (see, e.g., [38–40] and references therein), only limited
studies describe the deposition of PGEs, on the surface of pyrite, galena and sphalerite by X-ray
photoelectron spectroscopy (XPS) [16,41]. By the interaction of the Na2PdCl4 solution (pH 4) with
pyrite, sulfide species of Pd(II) are formed at room temperature along with retaining mixed aqua-
and hydrochloride complexes of Pd(II) [16]. Recently [41], the interaction of the acidic solution of
H2PdCl4 solution with pyrrhotite and pyrite before and after their preliminarily leaching under
different conditions was studied. Palladium-oxyhydroxides are not formed, though it is not completely
proved since the differences in the binding energies of the Pd 3d line of oxides and sulfides are not
significant [42,43]. So far, no studies analyzing Pt species immobilized from aqueous solutions onto
sulfide minerals, and kinetics of their interaction have been carried out yet.

The aim of this study to investigate the chemical species of Pt formed on the surface of sulfide
minerals, including the preliminarily oxidized ones, upon their contact with aqueous Pt(IV)-chloride
complexes. This knowledge is important for understanding processes leading to the loss of PGEs
in the processing of sulfide ores, affinage, and the behavior of PGEs in tailing ponds where they are
leached under near-surface conditions [5,6]. The interaction of metal sulfides with the solutions of
Pt-containing complex compounds is of interest for preparation of composite nanomaterials and their
potential use in (electro)catalysis, electronics [1–3].

2. Materials and Methods

For this study, natural sulfide minerals from Noril’sk are studied, i.e., pyrrhotite, [Fe9S10],
containing impurities of pentlandite, [(Ni,Fe)9S8] (up to 3 wt.%) and chalcopyrite, [CuFeS2] (1–2 wt.%),
and chalcopyrite. Pyrite, [FeS2], and galena, [PbS], originated from the Sukhoi Log deposit, and the
Sanzheevskoe deposit, respectively. Specimens of valleriite, [(CuFeS2)·1.5[(Mg,Al)(OH)2]] from the
Nadezhda deposit (Noril’sk provenance) contained about 50% of the target mineral and varying minor
quantities of pyrrhotite, chalcopyrite, magnetite, serpentine, pyrite; in more detail this material was
characterized in refs. [39,44–50]. Plates with the size of approximately 2 × 4 × 5 mm were cut from
the minerals, and the surface was polished with sandpaper, washed with distilled water and wiped
with wet filter paper to remove fine particles directly before Pt deposition. Further, the sample was
conditioned in the solution of 1 mmol/L H2PtCl6 + 30 mmol/L HCl, pH 1.5, unless otherwise stated,
without stirring at 20 ◦C for a time varying from 1 h to 48 h, then washed with distilled water and
transferred into the photoelectron spectrometer chamber. The Pt solutions were prepared by dissolving
of crystalline H2PtCl6 (Dragcvetmet, Moscow, Russia) in a HCl solution. All solutions were prepared
using analytical grade reagents and deionized water (Millipore).

For the preliminary oxidation the minerals were prepared in the same manner as for XPS.
To oxidize, leaching was made using the solution of 0.25 M FeCl3 + 1 M HCl during 30 min at
50 ◦C, and then, the sample was rinsed with the solution of 1 M HCl to remove Fe ions and,
consequently, to prevent the formation of the products of Fe(III) hydrolysis. Then, the sample was
rinsed with distilled water and placed into the H2PtCl6 solution for a specified period of time, usually,
2–4 h. The electrochemical oxidation was carried out using an Elins P30 SM potentiostat (Elins,
Moscow, Russia) in the 1 M HCl solution at a constant potential over 10 minutes. A Pt wire was
used as a counter electrode and a saturated Ag/AgCl electrode was used as the reference electrode;
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all potentials are given relative to that. After the electrochemical oxidation the mineral sample was
rinsed with distilled water and used further for depositing Pt.

The XPS were acquired using a SPECS spectrometer equipped with a PHOIBOS 150 MCD-9
analyzer (SPECS, Berlin, Germany) at an electron take-off angle of 90◦ employing monochromatic
Mg Kα radiation (1253.6 eV) of an X-ray tube operated at 180 W. The analyzer pass energy was
10 eV for narrow scans, and 20 eV for survey spectra. The C 1s peak at 284.45 eV from hydrocarbon
contaminations was used as a reference. The Pt 4f7/2,5/2, S 2p3/2,1/2 doublets were fitted, after the
subtraction of the Shirley-type background, with the coupled peaks with the Gaussian–Lorentzian
peak profiles, the spin–orbit splitting of 3.30 eV and 1.19 eV, and the branching ratios of 0.75 and 0.5,
respectively, using the CasaXPS software package (version 2.3.16, Casa Software, Teignmouth, UK).
The element concentrations on the surface were determined from the wide scan using the empirical
sensitivity coefficients. Some photoelectron spectra were measured at the Russian–German laboratory
at the dipole magnet beamline of the synchrotron radiation facility BESSY II (Berlin, Germany).
Tapping-mode atomic force microscopy (AFM) studies were conducted using a Solver P-47 multimode
scanning probe microscope (Nanotekhnologiya MDT, Moscow, Russia) in air at room temperature.
A silicon cantilever with the resonance frequencies of 150–250 kHz was used as a probe.

3. Results

3.1. Analysis of the Surface of Pyrite and Pyrrhotite Using X-ray Photoelectron Spectroscopy and Atomic
Force Microscopy

The XPS spectra show that both Pt and Cl can be detected on the surface of sulfide minerals after
the aqueous media treatment (Figure 1). Typically, Cl− ions are weakly adsorbed on the metal sulfide
surface and/or can easily be removed by washing with water [39]. Thus, Cl observed in the spectra
largely belongs to adsorbed Pt–Cl complexes.

Figure 1. Fragments of the X-ray photoelectron survey spectra of pyrite and pyrrhotite after the
interaction with 1 mmol/L H2PtCl6 + 0.03 mol/L HCl solution for 4 h.

Atomic force microscopy (AFM) is used to visualize immobilized Pt products and shows strong
changes of the mineral substrate relief due to surface etching. Platinum species are hardly distinguished,
especially after the short periods of Pt deposition. Pyrite is a more convenient mineral for the AFM
study since its surface is to a lower extent subjected to changes by chemical attack. Figure 2 illustrates
regions with the particles of Pt-containing products, in which particles with the lateral size of 50–150 nm
cover about 50% of the surface area.
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Figure 2. Atomic force microscopy images of the pyrite surface after the interaction with the solution
of H2PtCl6 for 14 h; (a) relief, (b) phase contrast.

3.2. Deposition of Platinum Revealed by XPS

3.2.1. Pyrrhotite and Pyrite

Figure 3a,b presents the data on atomic concentrations of Pt, S, Cl, Fe and O on the surface of
pyrite and pyrrhotite after the interaction with 1 mmol/L H2PtCl6 solutions. The concentrations of Cl
and Pt increase with time. The Fe concentration on pyrrhotite gradually decreases with time but it
insignificantly changes on pyrite during 24 h.; this is due to various rates of oxidation of these minerals.

Figure 3. Atomic concentrations of Pt, Cl, S, O and Fe on the surface of (a) pyrrhotite and (b) pyrite
and the atomic concentration ratios of (c) Pt/S and (d) Cl/Pt on pyrrhotite and pyrite after different
interaction time with the 10−3 M H2PtCl6 solution.
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Figure 3c shows that an increase of Pt concentration with time is similar on the surfaces of pyrite
and pyrrhotite. The deposition rate is relatively high over 3–5 h, and it gradually decreases but does
not drop to zero, so the Pt concentration does not reach saturation. The ratios Cl/Pt show the rate of
substitution of Cl− ions with sulfide ions and on the influence of this process on the Pt accumulation
on the mineral surface. The atomic ratio Cl/Pt is about 1.8 in the initial deposition stage and slightly
decreases to 1.5 after 48 h at pyrite. At pyrrhotite, the value of Cl/Pt of approximately 4.3 is apparently
higher in the initial stage, and it decreases down to 1.5 over 24 h.

3.2.2. Galena, Chalcopyrite and Valleriite

The results of the surface analysis for galena, chalcopyrite and valleriite are presented in Figure 4
and also in Table S1 (Supplementary materials). The deposition of Pt on galena and valleriite is
considerably higher than at pyrite and pyrrhotite. The amounts of the Pt normalized to the sulfide
phase, that is the ratios Pt/S (Figure 4b), suggest that valleriite accumulates Pt faster than galena and
other minerals. The deposition of Pt on chalcopyrite is 1.5 times slower than on galena, while it is
2 times slower on pyrite and pyrrhotite. The Cl/Pt ratios presented in Figure 4c implies a negative
correlation between the surface amount of Cl and the accumulation of Pt on the minerals.

Figure 4. Atomic concentrations of (a) Pt, and the ratios (b) Pt/S, and (c) Cl/Pt at the surface of sulfide
minerals after 2 h interaction with 1 mmol/L H2PtCl6 solution.

3.3. Species of the Deposited Platinum

3.3.1. XPS of the Reference Materials

Photoelectron spectra from reference samples Pt (chloride complexes, Pt sulfide and metallic
nanoparticles) precipitated onto highly oriented pyrolytic graphite (HOPG) were preliminarily
measured for the reliable assignment of components of Pt 4f spectra. Two components can be revealed
in the Pt 4f spectra of pure aqueous H2PtCl6 dried at HOPG, with the component at the binding
energy of 72.9 eV being attributable to Pt(II) binding Cl− anions, and the high-energy component at
75.0 eV corresponding to PtCl62− ions (Figure 5a). For the samples of Pt-sulfide hydrosol obtained by
mixing the solutions of Na2S and H2PtCl6, two signals with the binding energy of ~74 eV and 72.6 eV
can be assigned to Pt(IV)–S and Pt(II)–S compounds [51–53], respectively (Figure 5b). The binding
energies can vary in a small range, depending on the S species bound to Pt. Along with minor lines of
sulfite and sulfate which are likely to be products of Na2S oxidation, two low-energy doublets with
S 2p3/2 at 162.6 eV and 163.3 eV are found in the S 2p spectra (Figure S1, Supplementary materials).
These binding energies are typical for disulfide and polysulfide anions, respectively, or other S species
carrying similar local negative charges. In its turn, Pt bound with polysulfide could have the binding
energy by several tenth eV lower than Pt-sulfide species; this may result in a shift or broadening in the
corresponding Pt 4f spectra. The Pt 4f spectra of the metallic Pt particles obtained via the reduction by
formaldehyde show the binding energy of Pt0 metallic nanoparticles to have the value of about 71.5 eV
(Figure 5c). The same energy was found for these Pt nanoparticles deposited on pyrite, indicating
the absence of the substrate influence on the chemical shift (Figure 5d). The spectra also contain a
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minor component from Pt(II)–Cl complexes (73 eV) and a signal at ~72 eV, which is probably due to
unidentified product of incomplete reduction of H2PtCl6.

Figure 5. X-ray photoelectron spectroscopy (XPS) Pt 4f7/2,5/2 spectra from reference Pt compounds
deposited on highly oriented pyrolytic graphite (HOPG): (a) H2PtCl6, (b) H2PtCl6 + H2S, (c) metallic
particles, and on pyrite, (d) metallic particles.

3.3.2. Change of Platinum Species in the Deposition Process on Pyrite

Figure 6 shows Pt 4f spectra for pyrite interacted with the 1 mmol/L H2PtCl6 solution. The fitting
of the spectra suggests that Pt on the surface is in the form of Pt(II) and Pt(IV) bound both with S and
Cl, the proportions of which depending on the deposition duration. The high energy component with
the binding energy of 75.2 eV corresponding to the adsorbed complexes of tetravalent Pt is present
during the first two hours of the reaction (~25% of total Pt), and then it almost vanishes. Amount
of the Pt(IV) species is significantly lower on pyrite than on pyrrhotite (Figures 6 and 7). The share
of Pt(II)–Cl species having the binding energy of about 73 eV stays in the range of 30–40%, and thus
adsorbed chloride complexes prevail during a 24 h reaction. The Pt 4f7/2 component arising afterwards
at 74.1 eV can be attributed to Pt(IV) sulfide, possibly PtS2 (about 18% of total Pt). The further course
of the reaction results in a noticeable decrease of the Pt-chloride species and increase in the amount of
Pt(II) sulfide (~72.5 eV). However, the photoelectron spectra acquired using synchrotron radiation with
the photon excitation energy of 250 eV (Figure S2, Supplementary materials) having a higher surface
sensitivity show slightly different composition of the surface products. The main difference consisting
in the presence of the component at 75.0 eV from Pt(IV)–Cl species with the relative intensity up to
8%. Thus, independent of the reaction time, a small amount of the adsorbed PtCl62− ions seems to be
always present on the mineral surfaces.
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Figure 6. (a) Normalized Pt 4f spectra of pyrite treated with 1 mmol/L H2PtCl6 solution for 2 h, 4 h,
24 h and 48 h, and (b) distribution of the surface Pt species.

3.3.3. Change of Platinum Species in the Deposition Process on Pyrrhotite

About 80% of Pt immobilized on the pyrrhotite surface (Figure 7) is represented by divalent Pt
bound to Cl and S, with the former being dominant for short deposition (e.g., 60% vs. 22% after 2 h),
and the latter increasing with time and prevailing after 24 h reaction (36% vs. 40%). The amount
of Pt(IV) tends to decrease within the range of 30% to 20% with increasing the interaction time.
Concurrently, the component at 75.2 eV shifts towards 74.1 eV, suggesting that the Pt(IV)–Cl adsorbates
transform to Pt(IV)–S species.

Figure 7. (a) Normalized Pt 4f spectra for pyrrhotite samples after 2, 4, 12 and 24 h of the interaction
with 1 mmol/L H2PtCl6 solution, and (b) corresponding distribution of the Pt species.
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Both the reduction and sulfidization of immobilized Pt(IV)–Cl species are faster on pyrite than
pyrrhotite, despite pyrite being much more chemically inert. At the same time, it should be taken in
mind that the total uptake of Pt is somewhat higher at pyrrhotite.

3.4. Influence of the Preliminary Modification of the Mineral Surface on the Platinum Deposition

One can expect that the state of a mineral surface is modified, for example, the weathering and
mineral processing could affect the interaction with Pt-bearing solutions. The preliminary oxidative
leaching of pyrrhotite in the 0.25 M FeCl3 + HCl solution (30 min at 50 ◦C) leads to a significant
increase in the amount of the deposited Pt (Figure 8a). The pre-treatment in 1 M HCl under the
non-oxidative dissolution conditions (−50 mV, 10 min), which produces a massive metal-deficient
layer on the pyrrhotite surface [44], also results in an increased amount of Pt on the surface but to a
smaller extent than after the oxidative treatment (Figure 8). After the anodic pre-oxidation at 0.5 V
(region of potentials of the passive dissolution of pyrrhotite) a significant decrease in the Pt deposition,
with Pt/S being two times lower as compared to unreacted pyrrhotite is observed.

Figure 8. Pt/S and Pt/Cl atomic ratios for pyrrhotite (left panels) and pyrite (right panels) after
various chemical pre-treatment followed by 2 h interaction with 1 mmol/L H2PtCl6 solution.

Figure 9 shows the Pt 4f spectra and forms of Pt deposited on the preliminarily oxidized pyrrhotite;
the Pt concentration on the oxidized pyrite is low, so the spectra were of poor quality and are not
shown here. On the base of these data, we hypothesize that the enhanced uptake of Pt at pyrrhotite
mainly as the sulfide species is due to excessive S in the Fe-depleted surface layers produced by the
chemical pre-treatment [44,45]. The Fe depletion and S enrichment of the reacted pyrite are much
lower [44], and the oxidation promotes mainly increasing surface concentration of adsorbed chloride
ions, which probably retard the adsorption of the Pt complex ions.
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Figure 9. (a) Normalized XPS Pt 4f spectra of pyrrhotite after the deposition of Pt from 1 mmol/L
H2PtCl6 solution onto unreacted surface and onto the surface preliminarily treated in 0.25 mol/L FeCl3
+ HCl during 30 min, 1 mol/L HCl at the potential of −50 mV, and at the potential of 500 mV (10 min),
and (b) corresponding diagram of the distribution of the Pt forms.

3.5. Platinum Species on Different Sulfide Minerals

In the Pt 4f spectra of galena (Figure 10) two distinct components are shown one with the
binding energy of 72.3 eV and contribution of 65%, and another at 73.4 eV amounting of 35%,
almost independent of the deposition time. The first component corresponds to Pt(II)–S species,
and the second originates from Pt(II) atoms bound to Cl−, apparently in adsorbed PtCl42− ions.
Neither tetravalent Pt nor metallic Pt were observed on galena under the given conditions.

Figure 10. (a) XPS Pt 4f spectra of the sulfide minerals reacted with 1 mmol/L H2PtCl6 solution and
(b) corresponding distribution diagrams of the platinum forms.
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The spectra of Pt collected from valleriite after 4 h of interaction with the H2PtCl6 solution are
rather similar to galena, with the two doublets being somewhat wider and contribution of the chloride
complex being lower. Surprisingly, metallic Pt of ~60% from the entire amount of Pt, is found to form
on valleriite as the reaction progresses, which is evidenced by the appearance of the Pt 4f7/2 peak at
71.5 eV. The remainder is Pt(II) bound with sulfur (the binding energy of 72.3 eV), while contributions
of Pt–Cl species is lower. Noteworthy, the Pt 4f bands are overlapped with Cu 3p band at ~75 eV,
which is weak for valleriite. Chalcopyrite, has almost the same composition as sulfide nanolayers in
valleriite, but the uptake of Pt is much lower, with Pt–Cl species dominating and Pt(IV) species notably
contributing especially in the initial stages; rather intense Cu 3p line overlaps the Pt 4f spectra, making
difficult their unanimous fitting.

4. Discussion

The process of Pt immobilization onto sulfide minerals appears to proceed via a sequence of stages.
The first is the adsorption of Pt-chloride complexes. The following stages include the substitution
of chloride ions with sulfide (and, maybe, di- and polysulfide) anions and reduction of tetravalent
Pt to divalent Pt, and to metallic state in the case of valleriite. It is possible that there exist more Pt
products in addition to those described above, including intermediates of the substitution reactions,
involving some OH− or/and H2O ligands, etc. However, exact compositions of the Pt species cannot
be unequivocally derived from the above XPS data because of contributions of numerous surface S-,
Cl-, O-bearing entities at the sulfide substrates and errors of the fitting procedures.

As it was demonstrated for pyrrhotite and pyrite, the total and relative contents of Pt products
differ as a function not only of the reaction time but also of mineral nature, the state of its surface,
in particular, a measure of oxidation and composition of the modified metal sulfide. The key factor
seems to be the activity of the surface sulfur anions involved in the reduction of Pt(IV) and the
substitution of Cl− ions in the coordination sphere of Pt. In a number of cases, e.g., for galena and
pyrrhotite, Pt complexes may be reduced by aqueous bisulfide ions (hydrogen sulfide) formed due to
acidic dissolution of the metal sulfides. Both these effects are related with reactivity of metal sulfide
minerals, which is commonly known to increase in the order pyrite < chalcopyrite < valleriite < galena,
pyrrhotite, that generally agrees with increasing the uptake of Pt (Figure 5). Furthermore, oxidation of
pyrrhotite, including in ambient air, results in its passivation [54–56], while both non-oxidative and
oxidative preliminary leaching causes the formation of more active over-stoichiometric sulfide, di- and
polysulfide anions, which facilitate the fixation of Pt via the reduction and sulfidization reaction.

The formation of Pt(IV)–S species in the next stages can be explained by oxidation of the Pt(II)–S
by di- and polysulfide groups as reported in refs [57,58]. The oxidative capability of the -S–S- species
arising at the sulfide mineral surfaces upon their prolonged oxidation seems to be in fact mediated by
Fe(III) entities and oxygen.

The largest uptake of Pt was observed at valleriite, the most important mineral of so-called
“coppery” ores of the Noril’sk deposits (about 7% of the total resources), which form veins in
sedimentary and metamorphic rocks on the margins of the massive magmatic ores and is known
for increased contents of PGEs [59,60]. Valleriite is a sulfide-hydroxide composite mineral where
the sulfide nanolayers with the composition CuFeSn close to chalcopyrite alternate with brucite-like
hydroxide nanolayers [Mg,Al(OH)2] [61–63]. The hydroxide layers are believed to have positive
charge due to the substitution of Mg2+ for Al3+, and so the sulfide nanolayers are negative to support
electro neutrality [54], but this has not been confirmed experimentally yet. We believe that the
localization of electron density at the sulfide layers makes them a strong reducing agent, which is
capable of transforming Pt compounds to the metallic state over its immobilization. This mechanism
corroborates with the fact that chalcopyrite being the structural analogue of the sulfide nanolayers
and a precursor of valleriite in the geochemical processes, exhibits much weaker reducing properties
towards Pt(II,IV) species.
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5. Conclusions

1. The interaction of the aqueous solutions of H2PtCl6 with the surface of sulfide minerals results in
the deposition of Pt on their surface. The amount of the deposited Pt increases with time.

2. The highest rate of Pt uptake is observed on galena and valleriite.
3. The preliminary moderate oxidation and non-oxidative leaching of pyrrhotite creating

metal-deficient surface layers usually promotes Pt deposition. In the case of pyrite, the preliminary
oxidation decreases the amount of the deposited Pt.

4. The main Pt phases immobilized on sulfide minerals are sulfides and chloride complexes of
Pt(II), and, to a smaller extent, chloride complexes of tetravalent Pt; no Pt(IV) was observed on
galena and valleriite. As the reaction progresses, the amount of Pt(IV) usually decreases while
the amount of the sulfide forms increases.

5. Metallic Pt was found to form only on valleriite, probably owing to the negative charge localized
at sulfidic nanolayers.

6. The di- and polysulfide surface species arising on sulfide minerals upon their oxidation are
capable of oxidizing immobilized Pt(II)–S to Pt(IV)–S species.
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graphite, Figure S2: SR photoelectron Pt 4f spectra of the surfaces of pyrrhotite (a) and pyrite (b) after the
interaction with solution of 1 mmol/L H2PtCl6 + 0.03 mol/L HCl for 12 h. Table S1: Atomic concentrations of the
elements on the surfaces of different sulfide minerals after 2 h interaction with 1 mmol/L M H2PtCl6.
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23. Pawlak, J.; Łodyga-Chruścińska, E.; Chrustowicz, J. Fate of platinum metals in the environment. J. Trace
Elem. Med. Biol. 2014, 28, 247–254. [CrossRef] [PubMed]

24. Reith, F.; Shuster, J. Geomicrobiology and Biogeochemistry of Precious Metals; MDPI: Basel, Switzerland, 2018;
pp. 114–131; ISBN 978-3-03897-347-8.

25. Piña, R.; Gervilla, F.; Barnes, S.-J.; Oberthür, T.; Lunar, R. Platinum-group element concentrations in pyrite
from the Main Sulfide Zone of the Great Dyke of Zimbabwe. Miner. Depos. 2016, 51, 853–872. [CrossRef]

26. Dare, S.A.S.; Barnes, S.-J.; Prichard, H.M.; Fisher, P.C. Chalcophile and platinum-group element (PGE)
concentrations in the sulfide minerals from the McCreedy East deposit, Sudbury, Canada, and the origin of
PGE in pyrite. Miner. Depos. 2011, 46, 381–407. [CrossRef]

27. Junge, M.; Wirth, R.; Oberthür, T.; Melcher, F.; Schreiber, A. Mineralogical siting of platinum-group elements
in pentlandite from the Bushveld Complex, South Africa. Miner. Depos. 2015, 50, 41–54. [CrossRef]

28. Kubrakova, I.V.; Tyutyunnik, O.A.; Koshcheeva, I.Y.; Sadagov, A.Y.; Nabiullina, S.N. Migration behavior of
platinum group elements in natural and technogeneous systems. Geochem. Int. 2017, 55, 108–124. [CrossRef]

29. Torres, R.; Lapidus, G.T. Platinum, palladium and gold leaching from magnetite ore, with concentrated
chloride solutions and ozone. Hydrometallurgy 2016, 166, 185–194. [CrossRef]

30. Fuchs, W.A.; Rose, A.W. The geochemical behavior of platinum and palladium in the weathering cycle in the
Stillwater complex, Montana. Econ. Geol. 1974, 69, 332–346. [CrossRef]

31. Adams, M.; Liddell, K.; Holohan, T. Hydrometallurgical processing of Platreef flotation concentrate.
Miner. Eng. 2011, 24, 545–550. [CrossRef]

111



Minerals 2018, 8, 578

32. Liddell, K.S.; Adams, M.D. Kell hydrometallurgical process for extraction of platinum group metals and
base metals from flotation concentrates. J. S. Afr. Inst. Min. Metall. 2012, 112, 31–36.

33. Liddell, K.; Newton, T.; Adams, M.; Muller, B. Energy consumption for Kell hydrometallurgical refining
versus conventional pyrometallurgical smelting and refining of PGM concentrates. J. S. Afr. Inst. Min. Metall.
2011, 111, 127–132.

34. Mpinga, C.N.; Eksteen, J.J.; Aldrich, C.; Dyer, L. Direct leach approaches to Platinum Group Metal (PGM)
ores and concentrates: A review. Miner. Eng. 2015, 78, 93–113. [CrossRef]

35. Mwase, J.M.; Petersen, J.; Eksteen, J.J. A conceptual flowsheet for heap leaching of platinum group metals
(PGMs) from a low-grade ore concentrate. Hydrometallurgy 2012, 111, 129–135. [CrossRef]

36. Mwase, J.M.; Petersen, J.; Eksteen, J.J. Assessing a two-stage heap leaching process for Platreef flotation
concentrate. Hydrometallurgy 2012, 129, 74–81. [CrossRef]

37. Mwase, J.M.; Petersen, J.; Eksteen, J.J. A novel sequential heap leach process for treating crushed Platreef ore.
Hydrometallurgy 2014, 141, 97–104. [CrossRef]

38. Mikhlin, Y.L.; Romanchenko, A.S. Gold deposition on pyrite and the common sulfide minerals: An STM/STS
and SR-XPS study of surface reactions and Au nanoparticles. Geochim. Cosmochim. Acta 2007, 71, 5985–6001.
[CrossRef]

39. Mikhlin, Y.L.; Romanchenko, A.S.; Likhatski, M.N.; Karacharov, A.; Erenberg, S.B.; Trubina, S.V.
Understanding the initial stages of precious metals precipitation: Nanoscale metallic and sulfidic species of
gold and silver on pyrite surfaces. Ore Geol. Rev. 2011, 42, 47–54. [CrossRef]

40. Mycroft, J.R.; Bancroft, G.M.; McIntyre, N.S.; Lorimer, J.W. Spontaneous deposition of gold on pyrite from
solutions containing Au (III) and Au (I) chlorides. Part I: A surface study. J. Electroanal. Chem. 1990, 292,
139–152. [CrossRef]

41. Romanchenko, A.S.; Mikhlin, Y.L. An XPS study of products formed on pyrite and pyrrhotine by reacting
with palladium(II) chloride solutions. J. Struct. Chem. 2015, 56, 531–537. [CrossRef]

42. Gulyaev, R.V.; Stadnichenko, A.I.; Slavinskaya, E.M.; Koscheev, S.V.; Ivanova, A.S.; Boronin, A.I. In situ
preparation and investigation of Pd/CeO2 catalysts for the low-temperature oxidation of CO. Appl. Catal.
A Gen. 2012, 439, 41–50. [CrossRef]

43. Kibis, L.S.; Stadnichenko, A.I.; Koscheev, S.V.; Zaikovskii, V.I.; Boronin, A.I. Highly oxidized palladium
nanoparticles comprising Pd4+ species: Spectroscopic and structural aspects, thermal stability, and reactivity.
J. Phys. Chem. C 2012, 116, 19342–19348. [CrossRef]

44. Mikhlin, Y.L.; Tomashevich, Y.V.; Pashkov, G.L.; Okotrub, A.V.; Asanov, I.P.; Mazalov, L.N. Electronic
structure of the non-equilibrium iron-deficient layer of hexagonal pyrrhotite. Appl. Surf. Sci. 1998, 125, 73–84.
[CrossRef]

45. Mikhlin, Y. Reactivity of pyrrhotite surfaces: An electrochemical study. Phys. Chem. Chem. Phys. 2000, 2,
5672–5677. [CrossRef]

46. Mikhlin, Y.; Romanchenko, A.; Shagaev, A. Scanning probe microscopy studies of PbS surfaces oxidized in
air and etched in aqueous acid solutions. Appl. Surf. Sci. 2006, 252, 5245–5258. [CrossRef]

47. Mikhlin, Y.; Kuklinskiy, A.; Mikhlina, E.; Kargin, V.; Asanov, I. Electrochemical behaviour of galena (PbS) in
aqueous nitric acid and perchloric acid solutions. J. Appl. Electrochem. 2004, 34, 37–46. [CrossRef]

48. Mikhlin, Y.L.; Tomashevich, Y.V.; Asanov, I.P.; Okotrub, A.V.; Varnek, V.A.; Vyalikh, D.V. Spectroscopic and
electrochemical characterization of the surface layers of chalcopyrite (CuFeS2) reacted in acidic solutions.
Appl. Surf. Sci. 2004, 225, 395–409. [CrossRef]

49. Mikhlin, Y.L.; Romanchenko, A.S.; Tomashevich, E.V.; Volochaev, M.N.; Laptev, Y.V. XPS and XANES study
of layered mineral valleriite. J. Struct Chem. 2017, 58, 1137–1143. [CrossRef]

50. Laptev, Y.V.; Shevchenko, V.S.; Urakaev, F.K. Sulphidation of valleriite in SO2 solutions. Hydrometallurgy
2009, 98, 201–205. [CrossRef]

51. Muhler, M.; Paal, Z. Sulfided platinum black by XPS. Surf. Sci. Spectra 1996, 4, 125–129. [CrossRef]
52. Dembowski, J.; Marosi, L.; Essig, M. Platinum disulfide by XPS. Surf. Sci. Spectra 1994, 2, 133–137. [CrossRef]
53. Karhu, H.; Kalantar, A.; Väyrynen, I.J.; Salmi, T.; Murzin, D.Y. XPS analysis of chlorine residues in supported

Pt and Pd catalysts with low metal loading. Appl. Catal. A 2003, 247, 283–294. [CrossRef]
54. Mikhlin, Y.; Tomashevich, Y.; Vorobyev, S.; Saikova, S.; Romanchenko, A.; Félix, R. Hard X-ray photoelectron

and X-ray absorption spectroscopy characterization of oxidized surfaces of iron sulfides. Appl. Surf. Sci.
2016, 387, 796–804. [CrossRef]

112



Minerals 2018, 8, 578

55. Mikhlin, Y.; Nasluzov, V.; Romanchenko, A.; Tomashevich, Y.; Shor, A.; Félix, R. Layered structure of
the near-surface region of oxidized chalcopyrite (CuFeS2): Hard X-ray photoelectron spectroscopy, X-ray
absorption spectroscopy and DFT+U studies. Phys. Chem. Chem. Phys. 2017, 19, 2749–2759. [CrossRef]
[PubMed]

56. Mikhlin, Y.; Romanchenko, A.; Tomashevich, Y.; Shurupov, V. Near-surface regions of electrochemically
polarized chalcopyrite (CuFeS2) as studied using XPS and XANES. Phys. Procedia 2016, 84, 390–396.
[CrossRef]

57. Bonnington, K.J.; Jennings, M.C.; Puddephatt, R.J. Oxidative addition of S-S bonds to dimethylplatinum(II)
complexes: Evidence for a binuclear mechanism. Organometallics 2008, 27, 6521–6530. [CrossRef]

58. McCready, M.S.; Puddephatt, R.J. Oxidative addition of functional disulfides to platinum(II): Formation of
chelating and bridging thiolate–carboxylate complexes of platinum(IV). Inorg. Chem. Commun. 2011, 14,
210–212. [CrossRef]

59. Yakubchuk, A.; Nikishin, A. Noril’sk-Talnakh Cu-Ni-PGE deposits: A revised tectonic model. Miner. Depos.
2004, 39, 125–142. [CrossRef]

60. Harris, D.C.; Cabry, L.J.; Stewart, J.M. A “valleriite-type” mineral from Noril’sk, Western Siberia. Am. Mineral.
1970, 55, 2110–2114.

61. Evans, H.T.; Allman, R. The crystal structure and crystal chemistry of valleriite. Zeitschrift fur Kristallographie
1968, 127, 73–93. [CrossRef]

62. Hughes, A.E.; Kakos, G.A.; Turney, T.W.; Williams, T.B. Synthesis and structure of valleriite, a layered Metal
Hydroxide/Sulfide Composite. J. Solid State Chem. 1993, 104, 422–436. [CrossRef]

63. Li, R.; Cui, L. Investigations on valleriite from Western China: Crystal chemistry and separation properties.
Int. J. Miner. Process. 1994, 41, 271–283. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

113



minerals

Article

Colloidal and Deposited Products of the Interaction
of Tetrachloroauric Acid with Hydrogen Selenide and
Hydrogen Sulfide in Aqueous Solutions

Sergey Vorobyev 1, Maxim Likhatski 1, Alexander Romanchenko 1, Nikolai Maksimov 1,

Sergey Zharkov 2,3, Alexander Krylov 2 and Yuri Mikhlin 1,*

1 Institute of Chemistry and Chemical Technology of the Siberian Branch of the Russian Academy of Sciences,
Krasnoyarsk 660036, Russia; yekspatz@yandex.ru (S.V.); lixmax@icct.ru (M.L.); romaas82@mail.ru (A.R.);
burmakina@ksc.krasn.ru (N.M.)

2 Kirensky Institute of Physics of the Siberian Branch of the Russian Academy of Sciences,
Krasnoyarsk 660036, Russia; zharkov@iph.krasn.ru (S.Z.); shusy@iph.krasn.ru (A.K.)

3 Electron Microscopy Laboratory, Siberian Federal University, Krasnoyarsk 660041, Russia
* Correspondence: yumikh@icct.ru; Tel.: +7-391-205-1928

Received: 11 October 2018; Accepted: 29 October 2018; Published: 31 October 2018

Abstract: The reactions of aqueous gold complexes with H2Se and H2S are important for
transportation and deposition of gold in nature and for synthesis of AuSe-based nanomaterials
but are scantily understood. Here, we explored species formed at different proportions of HAuCl4,
H2Se and H2S at room temperature using in situ UV-vis spectroscopy, dynamic light scattering (DLS),
zeta-potential measurement and ex situ Transmission electron microscopy (TEM), electron diffraction,
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. Metal gold
colloids arose at the molar ratios H2Se(H2S)/HAuCl4 less than 2. At higher ratios, pre-nucleation
“dense liquid” species having the hydrodynamic diameter of 20–40 nm, zeta potential −40 mV
to −50 mV, and the indirect band gap less than 1 eV derived from the UV-vis spectra grow into
submicrometer droplets over several hours, followed by fractional nucleation in the interior and
coagulation of disordered gold chalcogenide. XPS found only one Au+ site (Au 4f7/2 at 85.4 eV) in
deposited AuSe, surface layers of which partially decomposed yielding Au0 nanoparticles capped
with elemental selenium. The liquid species became less dense, the gap approached 2 eV, and gold
chalcogenide destabilized towards the decomposition with increasing H2S content. Therefore,
the reactions proceed via the non-classical mechanism involving “dense droplets” of supersaturated
solution and produce AuSe1−xSx/Au nanocomposites.

Keywords: gold selenide; gold sulfoselenide; colloids; nanoparticles; nucleation; liquid
intermediates; deposition

1. Introduction

Mixed silver–gold sulfides and selenides, including nanoparticulate ones, have attracted
intense interest as minerals and natural sources of precious metals [1–14] and due to high ionic
conductivity, tunable optical characteristics, thermoelectric and other properties promising for
materials applications [15–19]. Gold chalcogenides, in particular gold selenide, are much less
examined, despite aqueous Au chalcogenide-derived complexes play the crucial role as carriers
of gold in hydrothermal fluids and brines (e.g., [20–25] and references therein), and AuSe, Au(Se,S) and
Au(Te,Se,S) phases in intergrowths with native gold have been found in the high-sulfidation epithermal
deposits formed from acidic fluids[14]. Solid gold sulfide Au2S is metastable [2,5,26,27]. Gold selenide
that is the only thermodynamically stable compound in the binary Au–Se system [3,11,28–37] has two
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crystallographic modifications α-AuSe and β-AuSe, which crystallize in the monoclinic space group
C2/m with different lattice constants. In both structures, a half of Au atoms are in a square-planar
coordination to four Se atoms, and the others are linearly bound to two Se neighbors. Rabenau
and Schulz [31] and then other authors [34,35] have assumed that the gold in the first sites is Au3+,
while Au+ is located in the linear environment, and each Se atom is linked with one Au+ and two Au3+

cations. On the other hand, X-ray absorption spectroscopy [36] and the theoretical calculations [37]
have found fully occupied Au 5d bands and therefore only monovalent Au+ atoms.

It is known from chemistry textbooks (for example [38]) that direct interaction between aqueous
gold complexes and selenide ions results in precipitation of unstable gold selenides with unclear
compositions. Preparation of nanoscale materials containing gold selenide have been described in
a few publications [17,39–45]. Nath and co-workers [39] have synthesized “AuSe nanoalloys” via
fusion of elemental Au and Se nanoparticles in a micellar solution, typically with an excess of Au
NPs. Prokeš et al. [40] have used mixed dispersions of gold nanoparticles and elemental selenium,
or Se powder suspended in HAuCl4 solutions in various proportions as precursors for laser ablation,
and detected in gas phase, by using mass-spectrometry, numerous gold-selenide nanoclusters AumSen

leaning to compositions with Au/Se = 2 and Au/Se = 1. Machogo et al. [42] have recently reported the
preparation of AuSe nanostructures mixed with metallic nanogold and unreacted Se by the reaction
of HAuCl3·3H2O with elemental Se in oleylamine. It has been found in several studies aimed at
synthesis of hybrid nanostructures that gold commonly deposits onto metal selenide nanoparticles
in elemental form [43–45]. Particularly, Cueva et al. [45] have concluded from X-ray photoelectron
spectroscopy (XPS) analysis that the shells deposited on CdSe NPs are most probably composed of
AuSe or AuSeCl, which are instable and transform into dot-shaped Au0 particles under the electron
beam in Transmission electron microscopy (TEM). Several studies on adsorption of selenium [46,47]
and alkylselenides on gold and Au NPs [48,49] have revealed no AuSe phases and, for example,
demonstrated that alkylselenides replace alkylsulfides due to favored Au–Se bonding.

The products of the reaction of sulfide ions with gold tetrachloride depend on the initial ratio
of the reagents [50–55]. Metallic Au NPs emerging at the molar ratios from 0.5 to 1.5 show a second
localized surface plasmon resonance (LSPR) in the near-infrared region, which has been suggested to
assign to gold-sulfide/gold core/shell particles [50], aggregation of gold nanoparticles [54], or, and this
is most likely, to longitudinal plasmon resonance in non-spherical Au NPs [55]. Gold sulfide is the
main final product at the Na2S/HAuCl4 ratio higher than 2 but its formation is retarded, probably by
slow nucleation and crystal growth of a metastable Au2S phase [55–58]. The reaction was concluded
to proceed via non-classical pathway involving a series of pre-nucleation intermediates (10–40 nm
“clusters” and submicrometer droplets made up of “dense liquid” due to spinodal decomposition
of supersaturated solutions), whose existence was confirmed using in situ atomic force microscopy,
dynamic light scattering (DLS) and other techniques [57,58]. The question arises as to whether
similar mechanisms occur in the selenide solutions, considering the stronger Au–Se bonding and
thermodynamic stability of AuSe.

Here, we studied the interaction of aqueous tetrachloroauric acid with hydrogen selenide and
their mixtures with hydrogen sulfide with focus on the media with initial molar chalcogenide-to-gold
ratio of 3, when the reaction may be expected to proceed via the formation of the liquid intermediates.
We employed XPS, TEM, electron and X-ray diffraction and other techniques to shed light onto
morphology, composition, and chemical bonding in gold-selenide and sulfoselenides deposited from
the solutions. The results of the research are important for understanding the fundamentals of
nucleation, transportation, and deposition of noble metals in the nature, and in a future synthesis of
gold chalcogenide nanomaterials.

2. Materials and Methods

The gold precursor was prepared by diluting the 0.1 mol aqueous stock solution of hydrogen
tetrachloroaurate (98% purity, the Krasnoyarsk Plant of Non-Ferrous Metals) with deionized water to
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obtain 0.3 mmol/L HAuCl4 directly before the reaction. Hydrogen selenide and hydrogen sulfide were
obtained via hydrolysis of Al2Se3 and Al2S3 prepared by sintering Al powder with elemental selenium
or sulfur in a quartz crucible. The gaseous hydrogen chalcogenides were absorbed by deionized water
preliminary de-aerated by purging with Ar (grade 5.5) for 30 min; the saturated solutions were sealed
and kept at 5 ◦C for several days before application. The H2Se (or H2S) solutions were diluted with
de-aerated water to a desired concentration, which was verified by titration with elemental iodine and
starch as indicator. In a typical procedure, a required volume (0.075–0.75 mL) of about 50 mmol/L H2Se
or H2S, or their mixture was quickly added to 0.3 mmol/L HAuCl4 solution (25 mL) under vigorous
agitation during 2 min and then left still at room temperature. In several experiments, 1 mmol/L
cetyltrimethyl ammonium bromide (CTAB) was added afterwards in an attempt to stabilize the colloids
formed. After predetermined time intervals, a portion of the solution was taken for examination.

UV-vis absorption spectra were collected in the range 200–1600 nm from the reaction mixtures
loaded in a quartz cell with the light pass length of 2 mm using a Shimadzu UV 3600 spectrometer
(Shimadzu, Kyoto, Japan). Hydrodynamic diameter (volume weighted mean size Zav) and
zeta-potentials of colloidal products were determined using a Zetasizer Nano ZS spectrometer
(Malvern, Cambridge, UK) at scattering angle of 173◦ in a folded polystyrene cell or polycarbonate cell
with Pd electrodes.

TEM, energy dispersive X-ray analysis (EDS), and selected area electron diffraction (SAED)
studies were performed using a JEOL JEM 2100 instrument (JEOL, Tokyo, Japan) operating at an
accelerating voltage of 200 kV. To prepare a sample for examination, a droplet of the reaction solution
was placed onto a Cu grid covered with a layer of amorphous carbon and allowed to dry in air at
room temperature.

For XPS studies, a reaction solution droplet was dried at highly oriented pyrolytic graphite
(HOPG). Generally, the spectra were taken both without washing and after water washing the residue;
the results were essentially the same, and only those from washed specimens are presented here.
The spectra were acquired using a SPECS spectrometer (SPECS, Berlin, Germany) equipped with
a PHOIBOS 150 MCD-9 analyzer at electron take-off angle 90◦ employing monochromatic Al Kα

radiation (1486.6 eV) of an X-ray tube operated at 200 W. The analyzer pass energy was 10 eV for narrow
scans, and 20 eV for survey spectra. C 1s peak at 284.45 eV from HOPG was used as a reference. The
Au 4f7/2,5/2, Se 3d5/2,3/2, S 2p3/2,1/2 doublets were fitted, after subtraction of Shirley-type background,
with coupled peaks with Gaussian-Lorentzian peak profiles, the spin-orbit splitting of 3.67 eV, 0.88
eV, and 1.19 eV, and the branching ratios of 0.75, 0.667, and 0.5, respectively, using CasaXPS software
(version 2.3.16, Casa Software, Teignmouth, UK).

X-ray diffraction was measured from residues precipitated from the solutions, rinsed with
water, and deposited on Si support employing XPERT-PRO diffractometer (PANalytical, Almelo,
The Netherlands) using Cu Kα radiation (30 mA, 40 kV). The Raman spectra in the backscattering
geometry were recorded on a Horiba Jobin-Yvon T64000 spectrometer (Horiba, Kyoto, Japan) equipped
with a liquid nitrogen cooled charge-coupled device detection system in subtractive dispersion mode.
Ar+ ion laser Spectra-Physics Stabilite 2017 with λ = 514.5 nm and power of 1 mW on a sample was
used as an excitation light source.

3. Results

3.1. UV-Vis Absorption Spectroscopy

Figure 1 shows UV-vis spectra of the solutions with various initial molar ratios of H2Se to HAuCl4,
and also H2S to HAuCl4 after 1 h reaction. As the quantity of H2Se increased, absorption peaks of
tetrachloroaurate at 228 nm and 315 nm disappeared and the surface plasmon resonance of metallic
gold nanoparticles arose near 530 nm, but, in contrast to the reduction of HAuCl4 with sodium sulfide
solution [50–57], no LSPR was observed in the near-IR spectral region. The LSPR vanished as the
H2Se/HAuCl4 ratio approached 2, and the spectra only slightly varied at the ratios of 3 and higher.
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The effect of the relative concentration of H2S was similar but the absorption was notably lower than
for the selenide systems in all the wavelength range. Previously, we found that the absorption (α) of
the solutions with high Na2S/HAuCl4 ratios plotted as (αhν)1/2 vs. photon energy (hν) was linear,
such as that of amorphous semiconductors with an indirect band gap. The gap width (Eg) of 1.43 eV
determined from the UV-vis spectra [55–57] was attributed to Au2S-like species in “dense droplets” of
supersaturated solutions, although the exact nature of this soft material is obscure. The effect of the
ratios of H2Se and H2S to HAuCl4 on the band gap is shown Figure 1c. The Eg values increased up to
1.07 eV and 2.0 eV for H2Se and H2S, respectively, as the initial chalcogen/gold ratios changed from
2 to 3.5, and then slowly decreased. The gap widths are in reasonable agreement with the values of
0.6 eV and 0.7 eV reported for bulk α- and β-AuSe, respectively [37], and those ranged from 1.3 eV to
2.6 eV for Au2S [50–57]. Therefore, this parameter has a physical meaning related to Au–Se and Au–S
bonding and can be used at least for monitoring the reaction.

Figure 1. UV-vis absorption spectra of the reaction solutions measured after 1 h reaction at various
molar ratios (a) H2Se to HAuCl4 and (b) H2S to HAuCl4 shown in the legend. (c)The indirect band
gaps determined from (αhν)1/2 vs photon energy (hν) plots for the UV-vis spectra as a function of the
ratio of H2Se (H2S) to HAuCl4.

The spectra of the reaction mixtures with the molar ratio (H2Se + H2S)/HAuCl4 = 3 presented in
Figure 2 demonstrate that the optical absorption increased and the Eg magnitude gradually reduced
upon increasing the proportion of H2Se, and the Eg vs. H2Se/(H2Se + H2S) is asymmetric due to
stronger Au–Se bonding in comparison with Au–S bonding.

 
Figure 2. (a) UV-vis absorption spectra of the mixed H2Se/H2S reaction media with the total molar
ratio hydrogen chalcogenide to HAuCl4 of 3 and (b) the indirect band gaps determined from the UV-vis
spectra as a function of the ratio H2Se/H2S after 1 h reaction.
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The media formed are stable at least for several hours, depending on the composition, with the
absorption increasing and the Eg parameter slowly decreasing with the reaction time (Figure 3).

 

Figure 3. (a) UV-vis absorption spectra of the reaction solutions with the molar ratios H2Se/HAuCl4 = 3
and H2S/HAuCl4 = 3, and (b) the in direct band gaps calculated from the UV-vis spectra as a function
of reaction time.

3.2. Dynamic Light Scattering and Zeta-Potential Measurement

DLS and zeta-potential measurements (Figure 4) reveal nanoscale entities with the average
hydrodynamic diameter (Zav) of 20–40 nm and negative surface charges after 1 h reaction at the ratios
of H2Se (or H2S) to HAuCl4 below 2. The above UV-vis spectra and previous results [50–57] suggest
that these values correspond to gold nanoparticles, although the reaction seems to be not completed and
Au+-chalcogenide intermediates are also present. Both Zav and zeta potential (ranged from −50 mV
to −40 mV) moderately varied with the H2Se/HAuCl4 ratio. On the contrary, the hydrodynamic
diameter gradually decreased with increasing concentration of H2S and sharply enhanced from 20 nm
to about 300 nm as the H2S/HAuCl4 ratio reached 3; correspondingly, zeta-potential magnitude
altered from −40 mV to −10 mV and then to −55 mV. Such behavior can be explained in terms of a
lower stability of Au–S intermediates and a higher rate of the reaction yielding Au0 with sulfide than
selenide (see Discussion below). In both the selenide and sulfide media with the chalcogenide-to-gold
proportion of 3 and higher, the values of zeta potential are close to −50 mV, which may be considered
as a signature of the “dense” liquid intermediates.

 

Figure 4. Hydrodynamic diameters Zav and zeta-potentials of the colloidal species at various ratios
H2Se and H2S to HAuCl4 determined in 1 h after mixing the reactants.

Figure 5 shows evolution of Zav with time after addition of H2Se or H2S to aqueous HAuCl4 at
the molar ratio of 3 to 1. The hydrodynamic diameter rather slowly increased in the gold-selenide
medium during 6–8 h, and rapidly afterwards (the big species observed in the first minutes and then
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dissolved likely originate from local supersaturation immediately after mixing the reactants). Similar
behavior was previously found for the interaction of tetrachloroaurate with sodium sulfide solutions
and interpreted in terms of slow coalescence of dense liquid nanoscale droplets (“clusters”) into
submicrometer droplets [57,58]. However, in the reaction involving H2S, the sulfide-containing species
rapidly grew up to approximately 500 nm in less than 2 h. Nucleation (within the submicrometer
droplets) and precipitation of both gold chalcogenides is not instant but gradual and poorly
reproducible, unless very high concentrations of chalcogenide ions or an injection of electrolyte
were applied; this is illustrated in Figure 4 for the case of H2S. Some insight into the nucleation and
coagulation in Na2S + HAuCl4 solutions was reported elsewhere [58] but the phenomena require
further investigation.

 

Figure 5. Evolution of average hydrodynamic diameter (Zav) with time after mixing aqueous solutions
of H2Se or H2S with HAuCl4 at the molar ratio 3 to 1.

The effect of substitution of H2S for H2Se on the properties of colloidal products is difficult to
elucidate because of very different reaction rates. In the initial stages, when smaller dense liquid
species are believed to arise and submicrometer droplets are absent yet [55–58], a steady increase in
Zav from 20 nm to 40 nm and zeta-potential magnitude from about −35 mV to −50 mV as the relative
concentration of H2Se increased (Figure S1, Supplementary data).

3.3. TEM

The reaction products were further examined using ex situ TEM, electron diffraction, XPS, XRD,
Raman scattering. These techniques are commonly employed, in particular, in wet chemical synthesis
to characterize nanoscale materials, which, however, may be modified by immobilization and drying.

Representative TEM images of the species formed via the interaction of tetrachloroauric acid with
hydrogen selenide, hydrogen sulfide and their 1-to-1 mixture at the initial molar ratio hydrogen
chalcogenide/HAuCl4 of 3 are given in Figure 6. The products of the reaction with hydrogen
selenide are about 40 nm aggregates composed of irregular 5–10 nm particles of two sorts, dense and
low-contrast, along with lesser contrast loose material. High-resolution TEM (HR-TEM) (Figure 6b)
and the relevant Fourier transforms from the less dense species revealed interplanar distances of
3.2–3.3 Å. At the same time, electron diffraction (Figure 6c) showed diffuse circles from elemental
gold (d = 2.33 Å, 2.02 Å, 1.43 Å, etc., PDF 00-004-0784), which is present as the larger dense NPs.
The circles corresponding to d = 3.29 Å, 1.72 Å, 1.31 Å likely originate from a gold-selenide compound;
meanwhile, the strongest reflections from either α-AuSe (d310 = 2.70 Å, d003 = 2.74 Å, d313 = 1.79 Å,
PDF 00-020-0457), or β-AuSe (d111 = 2.79 Å, d002 = 4.02 Å, etc., PDF 00-020-0458) are absent.

In the case of the mixture of H2Se and H2S, TEM shows (Figure 6d,e) preferentially separated
Au NPs of 5–6 nm in size with the interplanar distances of ~2.2–2.3 Å (observed in HR-TEM),
and low-contrast species with the distances of 3.2–3.3 Å and 3.0–3.1 Å. Electron diffraction revealed,
in addition to gold, weak reflections at 3.48 Å, 3.10 Å, 1.72 Å. The products of the reaction with H2S
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(Figure 6g–i) represented a network-like structure formed by low-contrast wires and ~3 nm Au NPs,
the quantity of which visibly grew under the electron beam; very similar images were obtained with
Na2S solution [55]. In addition to metallic gold, electron diffraction shows very weak diffuse reflections
at 2.83 Å and possibly some others attributable to gold sulfide (i.e., d111 = 2.89 Å, PDF 04-007-4652).

 

Figure 6. TEM images and selected area electron diffraction patterns of the air-dried solutions of
(a–c) 0.3 mmol/L HAuCl4 + 0.9 mmol/L H2Se, (d–f) 0.3 mmol/L HAuCl4 + 0.45 mmol/L H2Se +
0.45 mmol/L H2S; (g–i) 0.3 mmol/L HAuCl4 + 0.9 mmol/L H2S after about 1 h reaction. The data
illustrate the formation of gold nanoparticles via post-synthetic decomposition of disordered gold
chalcogenides (less contrast material), see the text for detail.

EDS analysis (Figure S2, Supplementary data) of the Au–Se products found average atomic Se/Au
ratios an order of 2, with essentially inhomogeneous spatial distribution of the elements that varied
from less than 1 at the dense nanoparticles attributable to Au0 to ~3 for the low-contrast material;
a small amount of Cl (atomic proportion Cl/Au of ~0.1) was also detected. For the mixture (1:1) of
H2Se and H2S, the average composition of the products approached (Se + S)/Au~1, and also was
spatially inhomogeneous. The products formed with H2S had the atomic S/Au proportion less than 1
that decreased with time due to rapid decay and volatization of S.

The results suggest that some share of Se and especially S might evaporate in vacuum under
electron beam, but gold-selenide species observed with TEM/SAED/EDS still contain excessive
selenium relative to AuSe. The interplanar distance of ~3.2 Å is a signature of the Au–Se-based
structures, and this parameter decreases to 3.0 Å for Au–(Se,S) and 2.9 Å for Au–S; these values may be
close to Au–Au distances [11,12,30–32] but different from d values in the gold chalcogenides. The data
describe immobilized intermediates somewhat distorted due to drying and evaporation of chalcogens,
density of which decreased with substitution of Se for S, as it is seen in TEM images. Furthermore,
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decomposition of the gold chalcogenide species yielded gold nanoparticles, the dimensions of which
decreased from Au–Se to Au–S systems, probably because of more stable Au–Se bonding, slower
nucleation, and smaller number of Au nuclei, and then larger Au NPs, or denser liquid species, or both
factors, which can be in fact interrelated.

3.4. X-ray Diffraction Analysis and Raman Scattering

XRD patterns (Figure 7a) show a very wide maximum and a shoulder corresponding to interplanar
distances of roughly 2.8 Å and 1.8 Å, respectively, which are near to d310 and d313 planes in α-AuSe
(PDF 00-020-0457), or to d111 (and d200) plane in Au2S. At the same time, reflections of elemental
gold are absent. This means that highly are bulk products of the reactions with high contents of
hydrogen chalcogens, whereas Au0 NPs disordered gold chalcogenides observed in TEM, SAED,
and XPS (below) is surface species formed ex situ.

Figure 7. X-ray diffraction patterns (left panel; the reflections of Au0, Au2S, and α-AuSe are shown for
comparison) and Raman scattering (right panel) of the products deposited from aqueous solutions of (a)
0.3 mmol/L HAuCl4 + 0.9 mmol/L H2Se, (b) 0.3 mmol/L HAuCl4 + 0.45 mmol/L H2Se + 0.45 mmol/L
H2S; (c) 0.3 mmol/L HAuCl4 + 0.9 mmol/L H2S after 1 h reaction and dried in air.

Raman spectra of the residue obtained from the HAuCl4 + 3H2Se medium detected a set of Au–Se
stretches (174 cm−1, 195 cm−1, 205 cm−1, 226 cm−1) characteristic of AuSe crystals overlapped with a
broad band attributable to a disordered material. The lines widened and slightly shifted if the mixture
of H2Se and H2S was used, suggesting further disordering of gold chalcogenide phase. The Se–Se
stretching that is expected to be around 290–330 cm−1 [59] was not detected. The spectrum from
the products of the reaction HAuCl4+ 3H2S showed a broad band near 490 nm that is due to S–S
stretching frequencies, probably from S adsorbed at Au NPs, while Au–S stretches near 270 cm−1 [55,59]
are absent. This agrees with previous findings of a range of Au–S and S–S vibrations at lower
concentrations of sulfide when metallic nanogold formed, and disappearance of the bands at the
molar ratio 1-to-3 [55]. As the Raman spectra are in fact surface-enhanced due to an intimate contact
of chalcogenides with gold nanoparticles, no enhancement of Raman spectra of Au2S was observed
with H2S because the contact between Au2S and Au NPs was insignificant, in contrast to the systems
containing H2Se (see TEM images in Figure 6).

3.5. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectra (Figure 8, see also Table S1, Supplementary data) characterize the
net composition and chemical state of atoms in surface layers of roughly 2 nm thick, which, though,
may be modified in the ultra-high vacuum conditions and under X-ray irradiation. The binding energy
(BE) of the main peak Au 4f7/2 (84.14 ± 0.05 eV) is slightly higher than that of bulk metal (84.0 eV);
this may be due to either the final state effect that is characteristic of nanoparticles less than about
5 nm, or the chemical shift caused by the transfer of electrons from Au to chalcogen atoms [60,61].
A second, less intense peak at 85.4 ± 0.1 eV decreased several times and slightly shifted to a higher BE
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upon substitution of H2Se for H2S in the reaction media. Also, there is a minor signal at 86.4 eV from
Au3+–Cl species.

 

Figure 8. X-ray photoelectron spectra from sols produced via the reaction of aqueous HAuCl4
(0.3 mmol/L) with hydrogen selenide and sulfide, dried at HOPG and washed with water (a) 3H2Se,
(b) 1.5H2Se + 1.5H2S, (c) 3H2S, (d) 3H2S and then H2Se, and from elemental Se powder. The lower
right panel shows percentage of Au+ (BEs about 85.4 eV) and selenide (54.2 eV) for these products.

The Se 3d spectra, which are partially overlapped with Au 5p3/2 bands, can be fitted using
two doublets at 54.9 eV (more intense) and 54.1 ± 0.1 eV, with the relative intensity of the weaker
low-energy component decreased and its position slightly shifted to lower BEs with increasing share of
H2S in the reaction media. For comparison, the Se 3d spectrum of a commercial powder of elemental
Se was fitted using two doublets with the Se 3d5/2 peaks at 54.7 eV and 55.3 eV and 55.3 eV, which may
be assigned to mono- and polymeric Se0 species [59].

The BE of the main maximum S 2p3/2 at about 163 eV (note that S 2p spectra are overlain by Se 3p
bands in case of H2Se/H2S mixture) can be ascribed to polysulfide anions or polymeric S adsorbed at
gold. A smaller component at 161.8 eV originates from monosulfide ions in gold chalcogenide phases
or/and chemisorbed atomic S [56]; the proportion of monosulfide is higher in a blend with H2Se.
Insignificant contributions of oxysulfur compounds are observed around 168 eV.

The atomic chalcogen/Au ratio is close to 1 for the reaction H2Se + HAuCl4 and somewhat
increases with growing content of H2S, while the intensities of the smaller Au 4f component at 85.5 eV
and the Se 3d band at 54.2 eV enhance with increasing the relative concentration of H2Se and retain
their atomic ratio of about 1 under various conditions (Figure 8). The findings, which seemingly
disagree with an excess of chalcogens found with EDS and also with a higher volatility of sulfur as
compared with selenium, can be rationalized in terms of surface decomposition of gold chalcogenides,
and different lateral resolution and probing depths of the techniques. The assignment of the Au
4f components is not straightforward, particularly, since AuSe contains two sorts of Au atoms,
the oxidation state of which is a matter of dispute [35–45]. The Au 4f7/2 peaks at 84.0–84.4 eV reported
for gold–gold selenide [39–41], gold-CdSe [44,45]), adlayers of Se or alkyl selenides at Au [45–49,59],
etc., originate from Au0 surfaces but not AuSe phases. In nanostructured AuSe with admixture of
Au [42], the values of 83.7 eV and 84.9 eV have been found, along with Se 3d5/2 line at 54.5 eV,
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and ascribed to Au0 and Au+, respectively; nevertheless, the authors assert the mixed valence state
of gold (Au+Au3+Se2). The BEs from 84.2 eV to 84.7 eV attributed to Au+ in a series Ag–Au sulfides,
selenides and sulfoselenides increase with decreasing content of Ag and the transfer of electron density
from Ag to Au atoms [60,61]. These values should be higher in AuSe and AuSe1−xSx compounds
where silver is absent, so we assign the component at 85.4 eV and the Se 3d doublet at 54.2 eV to Au+

and Se2− centers, respectively. The valence band spectra (Figure 8) are similar for the products of
the reactions of HAuCl4 with H2Se and H2S, with low if any density of Au 5d states near the Fermi
level, suggesting that the Au 5d band is completely occupied, and Au3+centers do not occur in the
AuSe phases.

The largest contribution to the VB and Au 4f spectra comes from metallic Au NPs (BE of 84.1 eV)
capped with elemental selenium (BE of 54.8 eV) or a mixture of Se and S and formed via decomposition
of AuSe(S) phases and partial evaporation of chalcogens. The yield of Au0 is lower in the Au–Se
system and increases with addition of H2S because of stronger Au bonding to Se than S. This is mainly
surface phenomena as UV-vis spectra show no plasmon peaks from metallic gold NPs in the solutions
with the ratio H2Se(H2S) to HAuCl4 of 3 or larger, and XRD revealed no gold reflections for bulk
precipitates. Capping ligands, in particular, CTAB (see Table S1, Supplementary data) to some extent
inhibited decomposition of AuSe, and their effect is worthy of further investigation.

4. Discussion

The reaction H2Se(H2S) + HAuCl4 proceeds similarly to the Na2S + HAuCl4 [50–58], and we
assume an analogous mechanism involving pre-nucleation dense liquid intermediates at the molar
ratios of hydrogen chalcogenide to HAuCl4 of 3 and higher. The Au–Se bonding is more favorable
than the Au–S so one could expect a higher rate of nucleation of AuSe and shorter lifetime of liquid
intermediates. Instead, we observed much slower growth of the nanoscale clusters, subsequent
nucleation of gold chalcogenides in the interior of the droplets, and their coagulation in the reaction
with H2Se than with H2S. This likely relates with a denser gold chalcogenide material as seen in TEM,
larger concentrations of chalcogenide (Se), and a higher magnitude of the negative zeta-potentials of
the nanoscale fluid clusters in the initial stages; these factors appeared to impede coalescence of the
clusters into submicrometer droplets. At the same time, the stronger Au–Se bonding retards ex situ
surface decomposition of AuSe yielding Au0NPs, in comparison with gold-sulfide system. Noteworthy,
the reaction is faster with H2S than with Na2S [55–58] probably due to lower pH and so concentration
of S2− anion. The substitution of selenium for sulfur also causes gradual increase of the band gap
derived from UV-vis absorption spectra. Such parameters as interplanar distances in HR-TEM and
electron diffraction, the binding energies of photoelectron Se and Au lines change steadily too, so it
seems likely, but not certain, that S can partially replace Se in the dense liquid intermediates; the effect
was observed for any order of mixing the reactants.

The crystal structures of α- and β-AuSe are well understood [30–32], but their electronic structure,
particularly, the oxidation state of gold is a matter of dispute. The X-ray photoelectron Au 4f and
valence band spectra (Figure 8) imply only one form of Au+ and Se2− both in linear and plain-square
coordination of Au with Se (see also [42]). These findings agree with the results of quantum chemical
calculations [37] and X-ray absorption spectra [36], but contradict 197Au Mössbauer spectra [35],
in which two types of Au atoms have been found both in α-AuSe and β-AuSe. The discrepancy
is likely due to liquid helium temperature used in the Mössbauer experiment. The spectra of bulk
crystalline materials [60,61], including those measured from gold selenides and sulfoselenides (will be
published elsewhere), support the above interpretation. On the other hand, XPS, as well as TEM and
other techniques evidenced the formation of elemental gold via decomposition of surface layers of
disordered gold selenides in air and vacuum, so adjacent gold–selenide phase might be distorted.

The non-classical pathway of gradual nucleation within a dense droplet and crystal growth,
arrested possibly due to a lack of solutes accumulated within other liquid species, is believed to
prevent crystallization of gold chalcogenides and results in their compromised structure inclined
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to decompose to metallic gold. Such reactions can play a role in the deposition of gold colloids in
several types of ores [62,63], even although the hydrothermal processes proceed at higher temperatures
and in a different time scale, resulting, in particular, in crystallization and annealing of the solid
phases. The formation of crystalline gold selenide, including the nanoparticles which are interesting
also for materials science, is possible under ambient conditions but it may require stabilizing agents.
This was not a target of this research, and we just demonstrated here that, for example, addition of
CTAB stabilizes AuSe, although not very effectively. It is likely that CTAB reacts with surfaces of
dense liquid intermediates rather than solid AuSe NPs, and it is necessary to find out conditions,
possibly the moment for injection of capping ligands, in order to bypass the formation of long-live
liquid intermediates.

5. Conclusions

The products of the room-temperature reaction of HAuCl4with H2Se and H2S in aqueous solutions
depend on relative concentrations of the reactants. Colloidal gold nanoparticles showing plasmon
maxima near 530 nm form at the molar ratios of hydrogen chalcogenide to gold of less than 2. At the
ratios higher than 3, pre-nucleation dense liquid entities of 20–40 nm in the average hydrodynamic
diameter and negative zeta potential grow into submicrometer droplets with time; gradual nucleation
and coagulation of disordered gold chalcogenide within the droplets were faster with H2S. The soft
species can be characterized from UV-vis absorption spectra as having an indirect band gap less
than 1 eV in H2Se media and 2 eV in the case of H2S; the gap reduces as the reaction proceededor
H2Se was partially substituted for H2S. Surface layers of amorphous gold–selenide AuSe, which form
upon drying the reaction media, tend to decompose yielding metallic gold nanoparticles capped with
elemental selenium; meanwhile, no metal gold was found in the bulk precipitate using XRD diffraction.
As H2Se was replaced with H2S, the products became less stable towards the surface decomposition,
and the size of Au0 nanoparticles decreased. UV-vis spectra, XPS, TEM and electron diffraction offer
hints that sulfur can partially replace selenium both in dense liquid species and precipitated gold
chalcogenide phases. XPS Au 4f and valence band spectra suggest that AuSe phase contains only
one state of Au+ with the BE of 85.4 eV. Introduction of a capping ligand (CTAB) somewhat retards
decomposition of AuSe. The reaction is an example of the non-classical mechanism of nucleation
and crystal growth of inorganic materials involving dense liquid intermediates, which can contribute
to the transfer and deposition of gold in the nature. The process can be also employed to prepare,
in particular, thin films of AuSe1−xSx/Au0 nanohybrides with varying contents of Au0and the band
gap of gold chalcogenide.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/11/492/
s1, Figure S1: Hydrodynamic diameters Zav and zeta-potentials of the colloidal species at various ratios H2Se and
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Table S1: Atomic ratios and fitting parameters derived from XPS.
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Abstract: The Mössbauer spectroscopy method was used to study the ligand microstructure of
natural arsenopyrite (31 specimens) from the ores of the major gold deposits of the Yenisei Ridge
(Eastern Siberia, Russia). Arsenopyrite and native gold are paragenetic minerals in the ore; meanwhile,
arsenopyrite is frequently a gold carrier. We detected iron positions with variable distribution of
sulfur and arsenic anions at the vertexes of the coordination octahedron {6S}, {5S1As}, {4S2As},
{3S3As}, {2S4As}, {1S5As}, {6As} in the mineral structure. Iron atoms with reduced local symmetry
in tetrahedral cavities, as well as iron in the high-spin condition with a high local symmetry of the
first coordination sphere, were identified. The configuration {3S3As} typical for the stoichiometric
arsenopyrite is the most occupied. The occupation degree of other configurations is not subordinated
to the statistic distribution and varies within a wide range. The presence of configurations {6S},
{3S3As}, {6As} and their variable occupation degree indicate that natural arsenopyrites are solid pyrite
{6S}, arsenopyrite {3S3As}, and loellingite {6As} solutions, with the thermodynamic preference to the
formation of configurations in the arsenopyrite–pyrite–loellingite order. It is assumed that in the
variations as part of the coordination octahedron, the iron output to the tetrahedral positions and
the presence of high-spin Fe cations depend on the physical and chemical conditions of the mineral
formation. It was identified that the increased gold concentrations are typical for arsenopyrites with
an elevated content of sulfur or arsenic and correlate with the increase of the occupation degree of
configurations {5S1As}, {4S2As}, {1S5As}, reduction of the share of {3S3As}, and the amount of iron in
tetrahedral cavities.

Keywords: arsenopyrite; crystal lattice; ligand surroundings; non-equal positions; Mössbauer Effect;
gold; “invisible” gold; gold ore deposits

1. Introduction

Arsenopyrite is a quasistoichometric mineral with the chemical formula FeAsS. The chemical
composition of the mineral is sensitive to the physical and chemical conditions of formation and is
used for studying the thermodynamic parameters of hydrothermal ore formation [1–6]. In most gold
ore deposits, arsenopyrite is present in significant quantities. The interrelation of the S/As ratio with
the gold content in arsenopyrite ores has been noted; however, unambiguous dependence has not
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been demonstrated [6–10]. It is assumed that gold in arsenopyrite can be present in a metal and/or
chemically bound states [11–22].

The crystal structure of stoichiometric arsenopyrite (FeAsS) demonstrates that the mineral is of
monoclinic symmetry (space group P21/c); the parameters of the elementary cell have been identified as
a = 5.7612(8), b = 5.6841(7), c = 5.7674(8) Å, β = 111.72◦ [23–25]. Iron in the crystal lattice of arsenopyrite
is located in the center of distorted octahedrons formed by sulfur and arsenic atoms. Meanwhile, the S
and As atoms occupy the vertexes of the opposite planes of the octahedron [26,27].

Moreover, the Mössbauer spectroscopy of natural arsenopyrites [4,26] shows three quadrupole
doublets, the chemical shift (IS = 0.34 mm/s), and quadrupole splitting (QS = 1.05 mm/s)
of which is close to the parameters of pyrite—FeS2 (IS = 0.314 mm/s, QS = 0.614 mm/s);
marcasite—FeS2 (IS = 0.27 mm/s, QS = 0.50 mm/s); arsenopyrite—FeAsS (IS= 0.34 mm/s, QS = 1.05 mm/s);
loellingite—FeAs2 (IS = 0.39 mm/s, QS = 1.68 mm/s) [28,29]. Iron in these structural motives is in
the low-spin condition [26,30,31]. Some arsenopyrite specimens contain additional iron positions
explained by the occurrence of high-spin cations of Fe2+ and the formation of the nearest ligand
surroundings (2S + 4As). Recently, an attempt was made to explain the occurrence of non-equivalent
iron positions in arsenopyrites with different sulfur and arsenic distribution by vertexes of the
coordination octahedron [6,25]. Natural arsenopyrite is heterogeneous in terms of the sulfur and
arsenic content, which can be observed even within a single crystal grain [6,9,13]. This agrees with the
variations of the ligand surroundings of iron and can cause the occurrence of gold in the arsenopyrite
structure [6,9].

Arsenopyrite is characterized by a wide range of chemical compositions and variations in the
crystalline structure, which explains presence of “invisible” gold in it. Despite a large number of
publications dedicated to the arsenopyrite structure, such studies have been performed for a limited
number of specimens. In this paper, the results of studies of the chemical and structural heterogeneity of
arsenopyrite associated with gold and as one of the main carriers of gold are given. The representative
selection of the samples consisting of 31 arsenopyrite specimens from the ores of 13 gold deposits of
the Yenisei Ridge (Siberia, Russia) was studied.

2. General Data on Geology of Gold-Arsenopyrite Mineralization of the Yenisei Ridge

The Yenisei Ridge, as a unique geological province in terms of gold reserves, is located in Eastern
Siberia (Russia) and is confined to the junction of the West Siberian Plateau and the Siberian Platform
(Figure 1). Two geological-structural elements, Anagara–Kan Archaean and Lower Proterozoic offset
(interfluve of the Kan and Angara Rivers) and the Zaangarskoye folding structure of the Baikal age
(from the lower reaches of the Angara River to the estuary of the Podkamennaya Tunguska River),
form the structure of the Yenisei Ridge. The boundary between the structural elements of the ridge
coincide with the valley of the Angara River, which is confined to the broadly West–East fault zone.
The multiple gold ore units are grouped in the eastern part of the structure of the ridge in the form of
an extended (350 km) belt called the Eastern gold-bearing belt of the Yenisei Ridge.
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Figure 1. (a) Geographic position of the Yenisei Ridge (gray) and Eastern gold-bearing belt
(dark gray); (b) map of geological structure of the Eastern gold-bearing belt of the Yenisei Ridge
(compiled by A.M. Sazonov): 1—stratified Upper Riphean-Cambrian deposits; 2—Middle Riphean.
Aladyinskaya, Pogoryuy, Uderey, and Gorbilok suites (dolomites, clay slates, siltstone, sandstone,
carboniferous phyllites, chlorite–micaceous slates, and phyllites); 3—Lower Riphean. Kordinskaya
suite—quartzite-like two-mica slates, gravelites, limestones; 4—Lower Proterozoic. Penchenginskaya
suite and suite of the Karpinsky Ridge (quartzites, amphibolites, aluminous slates, and gneiss);
5—Proterozoic granitoid; 6—Proterozoic intrusions of mafic composition; 7—geological borders;
8—anticline axes of: a—Teya series; b—Kordinskaya suite; c—anticline axes within granite intrusions;
9—faults: a—major, b—other.

The gold ore deposits are located in the metamorphosed deposits of the Sukhopitskaya Riphean
series. The thickness of the stratified layers in the region was 17.25 km at the final stages of ore
formation (approximately 600 Ma). The vertical span of mineralization distribution is about 3.25 km in
the lower part of the section of Vendian–Riphean deposits. The lithostatic pressure in this interval of the
ore-hosting stratum was 3.6 kbar in the upper part of the ore shoot and 4.4 kbar in the lower part, and the
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temperature was 450 and 560 ◦C, respectively, at a gradient of 33 ◦/km [32]. The host rocks of the deposits
are represented by meta-aleuropelites, less often carbonate rocks and metasandstones metamorphosed
in the conditions of the greenschist up to epidote–amphibolite facies. Granite intrusions, which the
genesis of the deposits is associated with, are located at a distance of 1.5 to 18 km. The wide range of
distribution of deposits in relation to the granitoid massifs and a significant distance of some deposits
from granites defines the negotiable nature of the genetic relationship between granitoid magmatism
and mineralization. The deposits are classified as a gold–quartz–sulfide type. The ore bodies are
represented by quartz veins with variable thickness, with sulfide mineralization and zones of sulfidized,
silicified, and sericite-altered schists. The ore bodies have been formed in various temporal stages:
quartz-vein (I), gold-arsenopyrite (II), sulfide-polymetal (III), ulmanite–gersdorffite (IV), and stibnite
(V) [33–37]. The main volume of gold in the ores was formed in connection with the occurrence of the
arsenopyrite stage. In the later stages of the hydrothermal process, as a result of metamorphism of
early formations and telescoping of ore deposition, arsenopyrite, gold, and other early minerals of the
ores were recrystallized and redeposited with consolidation or disintegration of particles. Functioning
of the hydrothermal system, which led to the formation of gold ore deposits, is estimated to last about
150 Ma [37,38].

3. Preparations and Research Methods

In this work, we studied the composition, ligand surroundings of iron, and features of microparticle
and gold distribution in 31 arsenopyrite specimens from the ores of 13 gold deposits at the Yenisei Ridge.

Arsenopyrite was collected from ores of the Sovetskoye, Polyarnaya Zvezda, Blagodatnoye,
Eldorado, Olginskoye, Olimpiada, Panimba, Veduga, Nikolayevskoye, Gerfed, Uderey, Arkhangelskoye,
and Vasilyevskoye deposits (Figure 1). The features of geology, ore composition, and formation conditions
have been discussed in the early works of the authors [37,39]. The ore samples containing arsenopyrite
were exposed to soft crushing in the metal mortar up to the fraction size of −1 to +0.5 mm. This fraction
further was processed with the water-gravity method. The selection of arsenopyrite grains was carried
out manually under the binocular magnifier. Twenty mineral grains were selected and sealed into epoxy
pellets (each) from the obtained arsenopyrite weighted portions for the electron microscopic study and
determination of the Fe, As, and S. The remaining part of the weighted portions was ground in the
agate mortar for the Mössbauer study, as well as for determination of concentrations of gold and other
impurities with the ICP-MS method.

Monomineral arsenopyrite powders with a particle size of no more than 10 microns were used
for the Mössbauer study. The purity of the samples analyzed was controlled by a parallel X-ray
analysis, which did not demonstrate the presence of other mineral phases (e.g., pyrite, pyrrhotite,
and lollingite) [6,25]. The thickness of the specimens was 5–10 mg/cm2. The Mössbauer spectra of
arsenopyrites were measured at room temperature in the MC-1104Eмspectrometer in the transmission
geometry with the Mössbauer source of Co57(Cr), at the natural iron content. The analysis was
performed at the Institute of Physics, Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk.

Determination of the main mineral-forming elements (Fe, As, S, Au) in the local areas of mineral
grains was performed using a TESCAN VEGA II LMU scanning electron microscope with an integrated
system of X-ray energy-dispersive microanalysis OXFORD INCA ENERGY 350. Minerals were
analyzed at 20 kV and 1.2 nA. Pure elements (Au, Ag, Cu), as well as FeS2 (for S and Fe) and InAs
(for As), were used as standards.

Impurity elements (Au, Ag, Ru, Pd, Pt) in arsenopyrite were determined with the ICP-MS method
in the Agilent 7500cx device manufactured by Agilent Technologies. The sulfide sample weighted
portion was preliminarily transferred by progressive digestion into nitric acid and aqua regia solutions,
which allowed it to be kept in the liquid phase and for the maximum possible set of elements to be
analyzed. The quality of the obtained results was estimated on the basis of rock and ore standards
BCR-2, BHWO, SSL-1. The analyses to determine the main mineral-forming elements and impurities
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were performed in the common-use center “Analytical Center of Geochemistry of Natural Systems” of
the Tomsk State University, Tomsk, Russia.

4. Results and Discussion

4.1. Mössbauer Spectroscopy

The Mössbauer arsenopyrite spectra represent quadrupole doublets with asymmetric absorption
lines. This asymmetry indicates that the spectra can be the sum of several doublets (Figure 2a).
The spectra were interpreted in two stages. First, the distribution of the probability of quadrupole
splittings in the experimental spectrum was determined. This made it possible to determine probable
non-equivalent crystallographic positions of iron. For this purpose, a model spectrum was formed,
which is the sum of three groups of doublets with a natural line of absorption. These groups represented
a set of quadrupole doublets with the quadrupole splitting (QS) values from 0.0 to 2.0 mm/s, with
a space of 0.01 mm/s. Each group of doublets has a certain chemical shift (IS) (Figure 2b). Then,
the isomer shift and intensity of Mössbauer lines were varied. As a result, we obtained a set of
intensities corresponding to each group. These data conform to the probability of each doublet’s
existence in the experimental spectrum. The result of processing at the first stage was distributions of
probability P(QS) for each group.

Figure 2. (a) Mössbauer spectra of arsenopyrites of the Sovetskoye deposit (18) and Blagodatnoye
deposit (35), the difference between the theoretical and experimental spectra is shown under the spectra;
(b) distribution of the probability of quadrupole splittings (QS) in the spectra of these specimens.
The solid lines show the approximation of the calculated data.

The peaks and features of the P(QS) distribution obtained are the occurrences of possible
nonequivalent iron positions and/or states with different distortion of the local surroundings and
electronic density. However, the occurrence of false peaks is possible.

The second stage of spectra interpretation was performed taking into account the detected
peculiarities of the P(QS) distribution. A preliminary spectrum contained a set of Mössbauer doublets,

132



Minerals 2019, 9, 737

corresponding to possible nonequivalent positions and modeling as a group of the analytical functions.
Mössbauer absorption lines were represented by the pseudo-Voigt function, following the Equation

I = I
W2

W2 + 4 · (IS− i)2 (1)

Here, xi = 2 ·
(

IS−i
W

)
, i is a channel number. I, IS, and W are hyperfine parameters (line intensity,

isomer shift, and line-width, respectively).
The model spectrum was fit to the experimental spectrum with variation of the whole set of

hyperfine parameters. Meanwhile, in the course of spectra fitting, the amplitudes and widths of false
doublets tended to zero, and the parameters of actual doublets were consolidated.

To reveal the nature of occurrence of non-equivalent iron positions in arsenopyrites, the preliminary
evaluation of the main component of the electric field gradient (EFG) was performed in the
pyrite–arsenopyrite–loellingite series with the use of the X-ray structural data on inter-ion
distances [27,40,41]. The observed quadrupole splittings for pyrite, arsenopyrite, and loellingite
“phases” marked in Figure 3 with crosses reflect the linear dependence.

Figure 3. Dependence of quadrupole splitting (QS) and electric field gradient (EFG) on the number of
arsenic atoms in the coordination ligand octahedron around the iron cation. Crosses are experimental
QS values for pyrite, arsenopyrite, and loellingite [28,30]. n(As) is the number of As atoms in the
coordination octahedron; r, Å is the average interionic distance.

The electronic envelope of the low-spin Fe2+ cation has spherical symmetry similar to the S ion;
therefore, it is assumed that the EFG at the core of this cation is preconditioned mainly by the lattice
contribution. The result of the EFG evaluation at the iron cation formed by ligands of the coordination
octahedron at a different number of S and As atoms in the octahedron is shown by squares (Figure 3).
In the EFG evaluation, only the change of the Fe–S and Fe–As inter-ion distances at the replacement of S
with As was taken into account. The calculated EFG values repeat the linear dependence of quadrupole
splitting (degree of octahedron deviation) on the ligand composition. The noticeable deviation of the
EFG calculated value on the linear dependence for n(As) = 3 is probably associated with the features of
the ligand ordering and change in the covalent contribution to EFG at the change of inter-ion distances
for this composition. The dependence of the average inter-ion distance on n(As) is shown in the insert
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in Figure 3. The monotonic dependence of the quadrupole splitting on the As content in the nearest
surroundings of the iron cation was used for the identification of ligand configurations.

According to the spot microprobe tests, the contents of sulfur and arsenic in the studied
arsenopyrites varies. The S/As ratio varies from 0.79 to 1.24 both for different deposits and for
grains in one sample. The estimated distribution of P(QS) using a single group of doublets with a
general chemical shift is shown in Figure 2b and demonstrates the main peak, the position of which
corresponds to the quadrupole splitting of arsenopyrite. However, in addition to the main peak, there
are also additional peaks; the quadrupole splittings of which are close to the parameters of pyrite FeS2

and loellingite FeAs2.
Processing of experimental spectra of the majority of the studied arsenopyrites using three

doublets gives an unsatisfactory result, which testifies to the presence of additional unaccounted
iron positions. The analysis of the spectrum—taking into account the three electronic iron conditions
(three chemical shifts)—helped to reveal the additional nonequivalent iron positions both as a part of
the main arsenopyrite phase leading to the smearing of the P(QS) distribution of main peaks, and the
iron position with a minor and major value of chemical shifts not typical for arsenopyrites (Figure 2b).
The result of the two-stage interpretation of the arsenopyrite spectra is given in Table 1.

Table 1. Mössbauer parameters of the studied specimens of arsenopyrite.

Specimen Number, Deposit, Morphology of
Arsenopyrite Grains (Mineralization Stage)

IS, mm/s
(±0.005)

QS, mm/s
(±0.02)

W, mm/s
(±0.02)

A, %
(±3)

Configuration
of Ligands

1. Olimpiada, isometric pseudopyramidal
grains (IV)

0.26 0.58 0.33 8 {6S}
0.25 1.11 0.33 68 {3S3As}
0.25 1.20 0.27 15 {2S4As}
0.11 0.97 0.23 3 Fe-LC-1
0.21 1.56 0.28 4 Fe-LC-2
1.00 0.11 0.24 2 Fe-HS

2. Olimpiada, isometric pseudopyramidal
grains (IV)

0.29 0.58 0.28 8 {6S}
0.25 1.14 0.35 69 {3S3As}
0.28 1.28 0.36 18 {2S4As}
0.13 0.94 0.26 2 Fe-LC-1
0.15 1.28 0.22 3 Fe-LC-2

3. Olimpiada, prismatic grains (IV)

0.26 0.64 0.36 13 {6S}
0.24 1.11 0.33 66 {3S3As}
0.26 1.30 0.26 8 {2S4As}
0.26 1.66 0.40 11 {6As}
0.90 0.11 0.22 2 Fe-HS

4. Olimpiada, needle-like grains (IV)

0.28 0.53 0.32 14 {6S}
0.25 0.75 0.24 6 {5S1As}
0.25 1.10 0.35 65 {3S3As}
0.26 1.27 0.23 5 {2S4As}
0.24 1.58 0.24 3 {6As}
0.15 1.14 0.28 5 Fe-LC-1
1.00 0.14 0.22 2 Fe-HS

5. Olimpiada, prismatic grains (III)

0.26 0.62 0.38 18 {6S}
0.26 1.10 0.29 54 {3S3As}
0.25 1.22 0.26 11 {2S4As}
0.24 1.55 0.29 7 {6As}
0.16 1.04 0.29 9 Fe-LC-1
0.92 0.15 0.28 2 Fe-HS

6. Olimpiada, isometric pseudopyramidal
grains (V)

0.25 0.58 0.33 10 {6S}
0.26 1.10 0.27 63 {3S3As}
0.25 1.32 0.23 8 {2S4As}
0.25 1.64 0.36 6 {6As}
0.15 1.06 0.22 8 Fe-LC-1
0.20 1.61 0.23 3 Fe-LC-2
0.92 0.16 0.22 2 Fe-HS
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Table 1. Cont.

Specimen Number, Deposit, Morphology of
Arsenopyrite Grains (Mineralization Stage)

IS, mm/s
(±0.005)

QS, mm/s
(±0.02)

W, mm/s
(±0.02)

A, %
(±3)

Configuration
of Ligands

7. Olimpiada, prismatic grains (II)

0.27 0.61 0.32 8 {6S}
0.25 1.10 0.29 70 {3S3As}
0.23 1.21 0.24 12 {2S4As}
0.20 1.58 0.23 2 {6As}
0.18 0.95 0.22 4 Fe-LC-1
0.18 1.36 0.21 2 Fe-LC-2
1.04 0.10 0.29 2 Fe-HS

18. Sovetskoye, aggregates of coalescent
pseudopyramidal grains (III)

0.31 0.60 0.31 12 {6S}
0.26 0.81 0.29 10 {4S2As}
0.26 1.13 0.33 59 {3S3As}
0.23 1.56 0.22 8 {6As}
0.12 0.80 0.23 5 Fe-LC-1
0.15 1.40 0.28 4 Fe-LC-2
1.02 0.09 0.22 2 Fe-HS

19. Sovetskoye, aggregates of coalescent
pseudopyramidal grains (II)

0.29 0.58 0.33 14 {6S}
0.27 1.11 0.28 58 {3S3As}
0.26 1.15 0.22 8 {2S4As}
0.29 1.58 0.22 6 {6As}
0.14 1.05 0.26 13 Fe-LC-1
0.97 0.20 0.22 1 Fe-HS

28. Eldorado, aggregates of coalescent
pseudopyramidal grains (II)

0.28 0.61 0.33 13 {6S}
0.25 1.12 0.34 70 {3S3As}
0.17 0.99 0.36 14 Fe-LC-1
0.92 0.12 0.24 2 Fe-HS

29. Eldorado, aggregates of coalescent
pseudopyramidal grains (III)

0.27 0.62 0.37 15 {6S}
0.30 1.11 0.32 66 {3S3As}
0.12 1.06 0.28 7 Fe-LC-3
0.19 1.11 0.22 8 Fe-LC-1
0.19 1.70 0.24 4 Fe-LC-2

30. Eldorado, aggregates of coalescent
pseudopyramidal grains (II)

0.29 0.62 0.30 12 {6S}
0.25 1.14 0.30 68 {3S3As}
0.27 1.58 0.27 6 {6As}
0.18 0.78 0.34 12 Fe-LC-1
0.87 0.25 0.23 2 Fe-HS

31. Olginskoye, aggregates of coalescent
pseudopyramidal grains (III)

0.28 0.58 0.32 12 {6S}
0.25 1.08 0.33 71 {3S3As}
0.26 1.25 0.22 6 {2S4As}
0.17 1.03 0.31 8 Fe-LC-1
0.92 0.18 0.28 2 Fe-HS

32. Olginskoye, aggregates of coalescent
pseudopyramidal grains (III)

0.27 0.58 0.32 12 {6S}
0.25 1.09 0.34 70 {3S3As}
0.28 1.27 0.25 10 {2S4As}
0.18 1.61 0.26 5 {6As}
0.85 0.41 0.22 2 Fe-HS

35. Blagodatnoye, disseminated aggregates of
pseudopyramidal grains (III)

0.27 0.63 0.26 8 {6S}
0.28 1.12 0.30 54 {3S3As}
0.26 1.56 0.27 23 {6As}
0.17 1.14 0.26 12 Fe-LC-1
1.03 0.07 0.23 3 Fe-HS

37. Blagodatnoye, disseminated aggregates of
pseudopyramidal grains (III)

0.29 0.64 0.33 13 {6S}
0.28 0.96 0.25 8 {4S2As}
0.27 1.12 0.29 50 {3S3As}
0.28 1.40 0.22 8 {2S4As}
0.26 1.67 0.28 9 {6As}
0.18 0.80 0.25 7 Fe-LC-1
0.17 1.33 0.26 5 Fe-LC-2
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Table 1. Cont.

Specimen Number, Deposit, Morphology of
Arsenopyrite Grains (Mineralization Stage)

IS, mm/s
(±0.005)

QS, mm/s
(±0.02)

W, mm/s
(±0.02)

A, %
(±3)

Configuration
of Ligands

40. Gerfed, aggregates of coalescent
pseudopyramidal grains (III)

0.26 0.61 0.32 13 {6S}
0.27 1.12 0.32 69 {3S3As}
0.26 1.59 0.26 8 {6As}
0.14 1.07 0.22 8 Fe-LC-1
0.97 0.09 0.22 2 Fe-HS

41. Arkhangelskoye, aggregates of coalescent
pseudopyramidal grains (III)

0.29 0.56 0.33 18 {6S}
0.27 0.97 0.33 33 {4S2As}
0.27 1.23 0.31 36 {3S3As}
0.26 1.66 0.29 7 {6As}
0.10 1.08 0.21 6 Fe-LC-1

42. Nikolayevskoye, flattened
pseudopyramidal grains (III)

0.28 0.57 0.31 10 {6S}
0.27 1.12 0.32 76 {3S3As}
0.25 1.52 0.27 6 {1S5As}
0.16 1.08 0.24 8 Fe-LC-1

43. Nikolayevskoye, flattened
pseudopyramidal grains (III)

0.27 0.65 0.34 15 {6S}
0.24 1.11 0.28 70 {3S3As}
0.26 1.33 0.23 9 {2S4As}
0.24 1.56 0.24 6 {6As}

44. Veduga, aggregates of coalescent
pseudopyramidal grains (III)

0.26 0.66 0.34 18 {6S]
0.25 1.10 0.34 59 {3S3As}
0.28 1.44 0.35 22 {2S4As}

45 Polyarnaya Zvezda, aggregates of coalescent
pseudopyramidal grains (II)

0.27 0.62 0.31 16 {6S}
0.25 1.09 0.37 66 {3S3As}
0.28 1.31 0.26 11 {2S4As}
0.28 1.57 0.24 6 {6As}

46. Uderey, needle-like grains (III)

0.29 0.57 0.31 19 {6S}
0.25 0.98 0.31 36 {4S2As}
0.26 1.20 0.26 30 {3S3As}
0.26 1.52 0.30 15 {1S5As}

47. Uderey, needle-like grains (II)

0.29 0.54 0.28 11 {6S}
0.26 0.95 0.36 45 {4S2As}
0.25 1.18 0.23 22 {3S3As}
0.27 1.37 0.22 14 {2S4As}
0.25 1.64 0.32 8 {6As}

49. Uderey, needle-like grains (V)

0.29 0.59 0.32 22 {6S}
0.24 0.93 0.31 26 {4S2As}
0.25 1.13 0.23 22 {3S3As}
0.26 1.33 0.29 26 {2S4As}
0.26 1.66 0.24 5 {6As}

56. Vasilyevskoye, prismatic grains (III)

0.29 0.56 0.34 21 {6S}
0.25 0.90 0.30 23 {4S2As}
0.25 1.16 0.28 32 {3S3As}
0.27 1.42 0.31 20 {2S4As}
0.22 1.71 0.38 4 {6As}

57. Vasilyevskoye, prismatic grains (III)

0.29 0.50 0.34 19 {6S}
0.28 0.79 0.24 13 {5S1As}
0.28 1.00 0.22 12 {4S2As}
0.28 1.21 0.28 34 {3S3As}
0.26 1.57 0.31 16 {6As}
0.12 1.01 0.24 6 Fe-LC-1

58. Vasilyevskoye, prismatic grains (III)

0.28 0.51 0.35 18 {6S}
0.28 0.80 0.28 14 {5S1As}
0.28 0.99 0.23 14 {4S2As}
0.28 1.21 0.29 32 {3S3As}
0.26 1.59 0.36 16 {6As}
0.11 1.01 0.22 6 Fe-LC-1

61. Panimba, isometric pseudopyramidal
grains (III)

0.28 0.58 0.33 16 {6S}
0.25 1.1 0.33 74 {3S3As}
0.27 1.43 0.27 10 {2S4As}
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Table 1. Cont.

Specimen Number, Deposit, Morphology of
Arsenopyrite Grains (Mineralization Stage)

IS, mm/s
(±0.005)

QS, mm/s
(±0.02)

W, mm/s
(±0.02)

A, %
(±3)

Configuration
of Ligands

62. Panimba, isometric pseudopyramidal
grains (III)

0.32 0.67 0.39 21 {6S}
0.26 1.13 0.32 66 {3S3As}
0.33 1.35 0.22 5 {2S4As}
0.06 1.08 0.28 8 Fe-LC-3

63. Panimba, isometric pseudopyramidal
grains (II)

0.28 0.60 0.32 14 {6S}
0.25 1.09 0.33 70 {3S3As}
0.27 1.32 0.31 16 {2S4As}

Notes: IS, mm/s is a chemical isomeric shift; QS, mm/s is quadrupole splitting; W, mm/s is the width of absorption line;
A, % is a fraction of iron population of a particular crystallographic position; I–IV are stages of mineral formation.

The last column in Table 1 provides the identification of ligand surroundings of iron cations
on the basis of the monotonic dependence of quadrupole splitting on the number of arsenic atoms
in the coordination ligand octahedron (see Figure 3), i.e., reference to a specific configuration of
ligands was made on the basis of the values of quadrupole splittings detected in the iron positions
spectrum. The determination of configurations is qualitative because the value of quadrupole splitting
is influenced specifically by the nature of atom distribution in the following coordination spheres.
Table 1 includes the iron positions with an occupation of over 1% of the total iron content in the specimen.

In some specimens, there are iron positions marked in Table 1 as Fe-HS (high spin), with a high
value of the chemical shift ≈1 mm/s typical for the high-spin state of Fe2+. The occupation of these
positions is minor and constitutes < 2%. These positions can be referred to as local areas in the
mineral with increased sulfur concentrations. Meanwhile, it is worth noting that the presence of the
subspectrum of these positions in the general spectrum of the specimen increases the area of the right
line of the doublet. The Goldansky–Karyagin effect can also lead to the doublet asymmetry [42].

The specimens of some deposits contained iron positions marked in the Table 1 as Fe-LC
(low-coordinated iron), with a minor chemical shift typical for iron cations with reduced coordination
by ligands. It is known that the elementary arsenopyrite cell contains 24 free tetrahedron positions
(Figure 4); therefore, it can be assumed that they can be occupied by iron at specific crystal formation
conditions. The maximum iron output to tetrahedral positions was detected in arsenopyrites of the
Blagodatnoye and Sovetskoye deposit was up to 13%, and the Eldorado was up to 19% of the total
iron content.

Figure 4. Tetrahedral cavities in the arsenopyrite structure. Thick lines show two of 24 tetrahedral iron
positions in the elementary cell of arsenopyrite.
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Therefore, in the studied arsenopyrites, the ligand configurations of the nearest surroundings
are formed at almost equal contents of sulfur and arsenic. The maximum occupied configuration is
{3S3As}. The occurrence of other configurations testifies to the concentration heterogeneity of ligands
with variable composition in the specimen and suggests that arsenopyrites are solid solutions of pyrite,
arsenopyrite, and loellingite.

Figure 5 shows diagrams of occupation of ligand configurations in arsenopyrite of different
deposits, where the preference of the configuration {3S3As} in the studied mineral samples is evident.
The continuous lines show the distribution of configurations expected upon the chaotic distribution
in the crystal of ligands of two structural motives accounting for the span of the S/As ratio in the
specimens of this deposit. The evident deviation of the real situation from the statistic distribution of
structural motives {6S}, {3S3As}, {6As} in the studied specimens speaks to the fact that the arsenopyrite
lattice is thermodynamically more favorable as compared to pyrite or loellingite lattices.

Figure 5. Occupation of ligand configurations in arsenopyrites from different deposits.

Excess of occupation of the ligand configuration {6S} over occupation of the {6As} configuration in
arsenopyrite from almost all deposits draws attention. The pyrite “phase” is probably more favorable
thermodynamically than the loellingite “phase” for the studied mineral selection. The red column
in the background of the configuration {3S3As} of the diagrams (Figure 5) shows the population of
low-coordinated iron (Fe-LC). The average ratio of the S/As grades is indicated by the numbers of the
deposits in brackets. As is seen, there is no strict correlation between the S/As ratio and the occupation
of ligand configurations. The physicochemical conditions of mineral formation probably significantly
influence the set of the implemented ligand configurations of a specific structural motive.

The impact of the geological environment of ore formation on the ligand microstructure of the
studied arsenopyrites shall be summarized as follows. The Olimpiada and Panimba deposits located
in close proximity to the parent granitoid intrusions (1.5–2.0 km) and occupying the lower part of the
ore shoot have the most ordered arsenopyrites ({3S3As} > 70%). They are characterized by a frequent
predominance of arsenic ligands ({6As}, {2S4As}, {1S5As}) over sulfuric ligands ({6S}, {5S1As}, {4S2As})
in the crystal lattice. Arsenopyrites of low structural ordering ({3S3As} = 36–22%) are developed at

138



Minerals 2019, 9, 737

the Vasilievskoye and Uderey deposits, which are the most distant ones from granitoids (16–18 km)
and occupy the upper part of the ore shoot. Sulfuric and arsenic ligands distributed in approximately
equal quantities predominate in the crystal lattice of the mineral from these deposits, and there is no
Fe in tetrahedral positions (see Table 1). The presence of such regularities may be associated with an
inhomogeneous temperature field in the mineral formation environment, contributing to the formation
of chemical and structural varieties of the mineral. The reflection of regular variability of the ligand
microstructure in arsenopyrite generations has not been revealed in this study, which can probably be
explained by the abrupt change in the parameters of formation and recrystallization of the mineral in
the ore formation process.

4.2. Arsenopyrite Composition and Distribution of Impurities of Precious Metals

Concentrations of the main mineral-forming and impurity elements—Au, Ag, Ru, Pd, Pt—were
determined in arsenopyrite samples (Table 2). The content of mineral-forming elements in arsenopyrite
varies within the limits (wt. %): Fe—(32.8–34.7); As—(43.3–49.1); S—(17.8–21.9) at the theoretical
composition of the mineral Fe—34.3; As—46.0; S—19.7. Arsenopyrites under study are deficient in
iron ((S + As)/Fe > 2), with a variable ratio of 0.85 ≤ S/As ≤ 1.18 (Table 2). The observed variability in
concentrations of the main mineral-forming elements is reflected in the physicochemical conditions of
mineral crystallization [1,5,6,43].

The highest concentrations of precious elements are characteristic of gold and silver. The platinoid
grade does not exceed 1 ppm. The optical and electron microscope study of the samples showed
the presence of native gold inclusions of various fineness and aurostibite in arsenopyrite. No Ag,
Ru, Pd, and Pt minerals were found in arsenopyrite. Gold particles are observed on the surface
of arsenopyrite crystals, in fractures, in the form of isometric inclusions, confined to fractures and
microdroplet particles outside the cataclasis fractures (Figure 6).

Figure 6. Back-scattered electron (BSE) images of distribution of gold mineral particles in arsenopyrite.
Arsenopyrite associations (stages): (II)—sulfide–polymetallic; (III)—ullmannite–gersdorffite; (IV)—stibnite.
Abbreviations of minerals: Apy—arsenopyrite; AuSb—aurostibite; Au—native gold (fineness ≥
900%�); Fsp—alkaline feldspar; AuAg—native gold (fineness 800%�–899%�); Po—pyrrhotite;
Cal—calcite; Lo—loellingite.

The observed particles of gold minerals were found in samples with minimal concentrations
of the element in the samples, and, on the contrary, in some arsenopyrite samples, no gold mineral
inclusions were found at high concentrations of gold, according to the ICP tests. Usually, visible gold
and aurostibite particles occur in cataclased and recrystallized arsenopyrite grains in association with
minerals of the stage of mineral formation following the arsenopyrite stage. The concentration of gold
reveals a nonlinear dependence on the composition of the mineral (S/As) (Figure 7).
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Figure 7. Distribution of gold in arsenopyrite depending on S/As ratio.

The revealed tendency of correlation between gold, sulfur, and arsenic concentrations suggests the
presence of gold in arsenopyrite in the form of isomorphic impurity or solid solution. Thermodynamic
calculations [44] confirm this assumption, since the fields of existence of complex gold with sulfur and
arsenic ions in solutions coincide with the fields of pyrite and arsenopyrite stability. In this case, it is
assumed that there are atoms of gold introduction in the mineral structure along with the observed
crypto-inclusions of native gold.

Crystallization of arsenopyrite of the studied samples took place in the range of 300–520 ◦C and
sulfur activity log f S2 = −5.8–−14.6 [32]. Increased concentrations of precious metals were revealed in
nonstoichiometric mineral varieties formed at temperatures 385–410, 430, 445–450, and 510 ◦C and
sulfur activity log f S2 = −7.4–−7.0, −6.5, −6.3–−6.1 and −8.0, respectively. The previous work on
studying the stability of minerals of the Fe–As–S system, as well as the behavior of gold and silver in
hydrothermal solutions, indicate that the formation of various parageneses and stability of Au and
Ag complexes depend on many factors—partial pressure of sulfur and arsenic, acidity–alkalinity and
redox potential of the medium, temperature, and pressure [44–55].

Gold concentrations (<1 wt. %) are not recorded in the Mössbauer spectra. In the studied
arsenopyrite samples, the gold content does not exceed 0.01 wt. %, which does not allow the Mössbauer
spectra to confirm the possibility of the element entering the crystal lattice in the form of isomorphic
impurity or introduction atoms. A collection of a series of arsenopyrite samples with discrete values of
the content of “invisible” gold over 1 wt. % is required to determine the forms of gold and the nature
of the bond in the crystal lattice. The conclusion made earlier by Genkin et al. [9,17] on the presence of
chemically bound gold in arsenopyrite suggests it is located in the coordination octahedra instead
of iron. High symmetry of gold allowed Genkin [9] to refer the observed singlet characterizing high
local symmetry to gold. Only the octahedron has high symmetry among tetrahedral and octahedral
structural chains in arsenopyrite, but the explanation of the charge state of gold and its covalent
bond with S and As remains to be determined conclusively. Moreover, the study of gold forms in
arsenopyrite with the Mössbauer spectroscopy method should be carried out on the 197Au nuclei
more diligently than in the paper [17]. Without the knowledge of the charge state of gold and the
nature of covalent effects, it is impossible to draw conclusions about the method of chemical binding of
gold in arsenopyrite. The results of the study of the mineral ligand microstructure show regularities,
which indicate that the increased gold grades in arsenopyrite are typical upon the reduction of its
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structural stoichiometry and are accompanied by the occurrence of the configurations {5S1As}, {4S2As},
{1S5As}. The tendency of the gold grade to increase upon the reduction of the share of the {3S3As}
configurations and iron in the low-coordinated condition (Fe-LC) was also identified.

Trigub et al. [56,57] demonstrated the possibility of replacing iron atoms in the structure of
arsenopyrite and pyrite with gold atoms using synthetic minerals of the Fe–As–S system. However,
in our case, there is no correlation between the iron and gold grades, which may indicate a different
mechanism of gold entry into the mineral structure. On the other hand, the same paper [56,57]
demonstrates the extraction of isomorphic gold in pyrite into metallic, nanoscale gold, upon thermal
metamorphism of the mineral. Recently, we [58,59] found gold enrichment of pyrite varieties with an
increase and decrease of the S/Fe ratio from the stoichiometric one—S/Fe = 2. D. Fougerouse et al. [60]
showed the possibility of remobilization and redeposition of gold from arsenopyrite under the influence
of late fluids. It is possible that some of the gold in the arsenopyrite samples we have determined was
redeposited due to thermal metamorphism or late fluid impact, and hides the existing correlations.
In this case, the occurrence of the later pyrite–pyrrhotite–chalcopyrite–sphalerite–galena mineral
association in the ores has a significant impact on the morphological features of gold particles, with
their usual significant increase in sizes (Figure 8). Observations indicate a late generation of visible gold,
and early gold, which is in association with early arsenopyrite, pyrrhotite, and pyrite, is an invisible
form representing isomorphic gold, or a group of atoms of introduction [6,59,61,62]. Arsenopyrite
in association with Cu, Pb, and Zn sulfide minerals is characterized by the poikiloblastic structure
(Figure 8a), with numerous inclusions of galena among non-ore minerals. Native gold forms continuous
edges around arsenopyrite. Gold inclusions in pyrite are sometimes geometrically ordered, reminiscent
of the structure of decay or helicite structure, which occurs in the form of linear (in the polished section)
distribution of gold particles in the host mineral (see Figure 8c). The spine-like-grained gold aggregate
in cataclased vein quartz (see Figure 8d) is spatially distant from the sulfide aggregates and occupies
the intergranular space in vein quartz and thin wedge-shaped cataclasis fractures, characterizing the
final stage of gold deposition [6,62].

Figure 8. BSE (a,b,d) and optical (c) photo of structural and textural features of associations of the
sulfide–polymetallic ore-formation stage: (a) arsenopyrite (Apy) poikiloblast with galena (Gn) inclusions;
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(b) margin of native gold (Au) growth around arsenopyrite with calcite (Cal) inclusion; (c) strip distribution
of native gold (Au) inclusions in pyrite (Py) crystalloblast; (d) morphology of intergranular-fractured
native gold (Au) aggregate in cataclased quartz (Qz).

5. Conclusions

The Mössbauer studies of arsenopyrite specimens from gold ore deposits of the Yenisei Ridge
were carried out. In the mineral, the ligand configurations of the coordination octahedron around the
iron cation, differing from the configuration {3S3As} typical for the stoichiometric arsenopyrite FeAsS,
were detected. The occupation of configurations with other compositions of the ligand surroundings is
not subordinated to the statistic distribution. Natural arsenopyrites can be considered a solid pyrite,
loellingite, and arsenopyrite solution with the physicochemical preference to the formation in the
arsenopyrite–pyrite–loellingite order.

Iron output to tetrahedral positions was detected in arsenopyrites of some deposits. It is assumed
that the nature of ligand disordering and the occupation of tetrahedral iron positions are preconditioned
by the features of thermodynamic and geological conditions of mineral formation.

The composition of arsenopyrite is characterized by variability in the concentrations of main and
impurity elements in different parts of grains, neighboring grains of disseminated aggregates, and in
the ores of different deposits. The elevated gold and other precious elements’ concentrations are typical
for the mineral, with the predominance of sulfur or arsenic in relation to the stoichiometric composition
(0.85 ≤ S/As ≤ 1.18), reduced structural stoichiometry for ligand configurations {5S1As}, {4S2As},
{1S5As} and reduction of the share of the configurations {3S3As} and iron in the low-coordinated
condition (Fe-LC). The structure of arsenopyrite assumes that gold atoms have been incorporated.
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Abstract: The study focused on the forms of occurrence and distribution of hidden (“invisible”) noble
metals (NMs = Au, Ag, Pt, Pd, Ru) in the coexisting pyrites and arsenopyrites of four samples of
mineral associations from three Au deposits in the north-east of Russia. The unique nature of our
approach was the combination of methods of local analysis and statistics of the compositions of
individual single crystals of different sizes. This allowed us to take into account the contribution
of the surface component to the total NM content and to distinguish the structurally bound form
of the elements. The following estimates of the distribution coefficients of the structural (str) and

surficial (sur) forms of elements were obtained: D
str
Py/Asp = 2.7 (Au), 2.5 (Pd), 1.6 (Pt), 1.7 (Ru) and

D
sur
Py/Asp = 1.6 (Au), 1.1 (Pd), 1.5 (Pt and Ru). The data on Ag in most cases indicated its fractionation

into pyrite (D
str
Py/Asp = 17). Surface enrichment was considered as a universal factor in “invisible”

NM distribution. A number of elements (i.e., Pt, Ru, Ag) tended to increase their content with a
decrease in the crystallite size in pyrite and arsenopyrite. This may be due to both the phase size effect
and the intracrystalline adsorption of these elements at the interblock boundaries of a dislocation
nature. The excess of metal (or the presence of S vacancies) in pyrite increased Ag and Pt content
in its structure and, to a lesser extent, the content of Ru, Pd and Au. Arsenopyrite exhibited a clear
tendency to increase the content of Pt, Ru and Pd in samples with excess As over S. Sulphur deficiency
was a favourable factor for the incorporation of Ag and platinoids into the structures of the mineral
associations studied. Perhaps this was due to the lower sulphur fugacity. Pyrite with excess Fe was
associated with higher contents of some NMs. The presence of other impurity elements was not an
independent factor in NM concentration.

Keywords: noble metals; invisible species; distribution; pyrite; arsenopyrite; structural and
surficial modes

1. Introduction

The distribution of noble metals (NMs) between sulphide and arsenide minerals, particularly,
pyrite and arsenopyrite, is of interest from several aspects. These minerals play an important role
as concentrators of platinum group elements (PGEs) and Au in magmatic and high-temperature
hydrothermal systems [1,2]. Although pyrite is unstable above 742 ◦C and arsenopyrite above 702 ◦C,
these minerals are, in principle, capable of forming at the magmatic stage from sulphide melts
containing low-melting-point chalcophile elements. It has been experimentally proven that pyrite can
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crystallise as a primary magmatic phase resulting from subsolidus reactions with the participation of
monosulphide solid solution (mss) and intermediate solid solution (iss), and its formation does not
require obligatory participation of hydrothermal processes [3]. However, pyrite and As-containing
sulphides in Ni–Cu–PGE deposits are mainly considered as substitution products that inherit the
rare-element composition of primary ores [4]. In Au deposits of different types, pyrite and arsenopyrite
are common ore components, but, as a rule, of NMs, only Au is usually considered and analysed
in their associations. Elevated PGE contents are associated with sulphides of metal-bearing black
shales [5]; however, we were unable to find data for them concerning the platinoids contents in the
coexisting pyrite and arsenopyrite.

The distribution of NMs between pyrite and arsenopyrite is directly related to the issues of
the forms and limits of NM incorporation into these minerals. For example, if we consider Au,
then according to Reich et al. [6], the maximum Au content in pyrite is related to its As content by
linear dependence. It is assumed that this dependence satisfies the low-temperature conditions of
pyrite crystallisation, Au solubility in pyrite being of retrograde nature and increasing with decreasing
temperature [7]. If this is true, then the low-temperature pyrite–arsenopyrite associations are of great
interest for assessment of the limit of Au incorporation into pyrite. In pyrite coexisting with arsenopyrite,
the chemical potential of As and its content must be extremely high for the given combination of
temperature and sulphur fugacity (f S2) in which this paragenesis is stable. Arsenopyrite is a mineral
of variable composition, and its As content depends on these parameters. In addition, it is believed
that the PGE–As bond in pyrite, which is characterised by the presence of As, is energetically more
advantageous as compared to the PGE–S bond in monosulphide–pyrrhotite and pentlandite [8].
Consequently, the highest concentrations of PGE can be observed in As–pyrite, which is in association
with arsenopyrite. Most recently, experimental data on the unexpectedly high isomorphic capacity of
pyrite with respect to platinum have appeared: pyrite crystals synthesised at 580 and 590 ◦C contained
up to 4 wt % Pt [9]. X-ray absorption spectroscopy demonstrated that it replaces Fe in the form of Pt2+

in the structure of pyrite. In this regard, there arises the question of why these opportunities are not
realised in the natural environment, and what parameters and conditions determine the occurrence of
NMs in these minerals.

PGEs exhibit bimodal distribution, forming discrete inclusions of the metal and its compounds with
chalcogenides and pnictides, as well as solid solutions in sulphides, arsenides and sulpharsenides [10,11].
The form of PGE dissolved in the crystal lattices of these minerals is called the hidden form of the
element [11]. This is one of the forms of occurrence of the element that is considered “invisible”,
i.e., beyond the possibility of diagnosis by optical microscopy. Such forms also include submicron
inclusions of inherent phases of microelements (including nanoparticles), as well as elements present
in the surface layers of minerals in the composition of surface non-autonomous phases or on the
surface itself in the adsorbed state [12–14]. Invisible forms are related by mutual transformations. Thus,
nanoparticles of Ag2S arise during quenching from 500 ◦C of pyrite crystals containing a structural
admixture of Ag [14]; nanoparticles of PtS2 are released upon cooling pyrite crystals that contain
an isomorphic admixture of Pt [9]. The same processes are likely to lead to the formation of NM
nanoparticles (<100 nm) in minerals from deposits of magmatic genesis [15]. Gold nanoparticles can
be formed under conditions of pyrite undersaturation with Au due to the intracrystalline reduction
reactions associated with changes in the chemical state of other elements (for example, As [16]).
Similarly, elements chemically bonded in surface nanoscale phases can transform into nanoparticles
when external physical and chemical conditions change, which also results in bimodal distribution of
the element, but only on the mineral surface. In this case, Au nanoparticles (~5 nm) on the surface of
sulphide minerals (e.g., arsenopyrite and chalcopyrite) are prone to aggregation by the self-assembly
mechanism with the formation of microparticles smaller than 10 μm [17].

It is easy to understand that the distribution of invisible NM forms is influenced by many factors,
including various types of crystal imperfections in mineral phase-point defects, boundaries of blocks and
grains in crystals and their surfaces. For example, elevated levels of Au and other NMs in arsenopyrite
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are associated with its non-stoichiometry, or excessive S or As [18], and in pyrite, with the formation of
a block submicroscopic structure at relatively low temperatures (≤300 ◦C) [19]. These factors might
be responsible for the appearance of invisible PGE forms even under low-temperature conditions,
for example, in ores formed at temperatures around 100 ◦C and associated with sedimentary-diagenetic
processes [11].

2. Previous Studies and Problem Statement

It is commonly believed that arsenide minerals are the best collectors of platinoids and Au compared
to sulphides. However, this applies mainly to ores of magmatic genesis [20] or ore assemblages formed as
a result of remobilisation of primary late magmatic arsenide-rich ores [1]. In these cases, the distribution
coefficients of platinoids and Au between arsenides and sulphides are large enough, although they
vary greatly for different elements. For example, calculations performed by Pina et al. [20] for the
assumed equilibrium of maucherite (Ni11As8) with sulphides–pyrrhotite, pentlandite and chalcopyrite
yielded the following values of the DAs/sul f

i distribution coefficient: 330 (Pt), 250 (Pd), 50 (Ru), 310
(Au), 4 (Ag). Here As denotes arsenide, sulf-sulphide phases. However, if we consider other mineral
occurrences that do not have a direct connection with magmatism, the picture will be somewhat
different. For example, for the mineralisation of Mo–Ni–PGE in black shales [5], the distribution
coefficients of invisible forms of Pt and Pd between pyrite and gersdorffite (NiAsS), which is the
Ni-analogue of arsenopyrite, on average amount to ~0.9; that is, no significant fractionation of these
elements in the sulpharsenide phase is detected. On the other hand, Kravtsova et al. [21] suggested that
the increased content of PGEs and Au are typical of arsenopyrites formed at the hydrothermal stage,
at the deposit of metamorphogenic–hydrothermal genesis, as confirmed by the rather high content
of the structural forms of Pt and Pd in arsenopyrite. However, no data on the composition of pyrite
coexisting with arsenopyrite were presented in this work.

A significant number of studies are devoted to Au in pyrite and arsenopyrite. We have undertaken
generalisation of the selected data on the invisible Au in the coexisting pyrite and arsenopyrite [22–35].
The data we collected are presented in Table 1. It is believed that arsenopyrite contains more chemically
bound Au than the pyrite formed together with it [36]. However, there is an opinion that “...there
may be an as-yet undefined partitioning of Au between the two minerals when at equilibrium” ([22],
p. 1279). As we mentioned in the Introduction, some authors believe that the solubility of Au and As
in pyrite is retrograde: Au and As contents increasing with decreasing temperature [7]. The same
effect is assumed for Au in arsenopyrite, based on the fact that Au is released from the arsenopyrite
matrix when heated to form native Au [37]. As the experiment shows, at temperatures of 450–500 ◦C,
the solubility of Au in pyrite with low As content (30–120 ppm) is 1–3 ppm, and only at high Mn
content (~3000 ppm) does it increase to 7.3 ppm, possibly due to the heterovalent substitution 2Fe2+ =

Mn3+ + Au+ [38,39].
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This temperature range is close to the conditions of mineral formation in a number of orogenic
and volcanogenic-hosted massive sulphide (VHMS) deposits. But, if in most of these relatively
high-temperature deposits the content of invisible Au in pyrite is fully consistent with the above
experimental data (Nos. 2, 3, 4, 6, 7, 10, 11 in Table 1), in several others they completely contradict
them (Nos. 5, 8). Unrealistically high in comparison with experimental data, Au contents in pyrite
are observed for the Carlin-type deposits and even for massive sulphide, non-Au ore deposits
(Nos. 1, 12–14). The occurrence of Au in pyrite is unequivocally associated with the presence of As [6,7],
but the data in Table 1 do not detect such an unambiguous relationship. Very high contents of invisible
Au in pyrite are registered both at ordinary contents of As (No. 8) and at elevated ones (Nos. 1, 5).
On the other hand, low Au contents can also be observed with rather high As contents (Nos. 4, 9, 11).
As for arsenopyrite, it does show in most cases higher levels of invisible Au compared to the coexisting
pyrite. Nevertheless, there are exceptions. At high Au contents in both minerals, the coefficient of its
distribution between arsenopyrite and pyrite may be close to unity (Nos. 1, 5, 8), this being the case for
significantly different types of deposits (Carlin and orogenic) and the conditions of their formation.
At lower Au contents, this coefficient sometimes becomes even less than unity (No. 12: Rocky Turn,
Murray Brook). In other cases, we have to state very large variations of its values—from one to three
and even four orders of magnitude in favour of arsenopyrite (Nos. 10, 11).

The review of published data presented above shows that NM distribution between pyrite and
arsenopyrite and the factors affecting it are poorly understood. More or less certain data are presented
for Au only, although they are quite contradictory. As for PGEs, the available information suffices
for qualitative analysis only, at the level of trends, and is not directly related to a specific mineral
assemblage. The goal of this work is to study the NM speciation and distribution in coexisting pyrite
and arsenopyrite from several orogenic Au deposits. The specific feature of our approach is the
combination of methods of local analysis and statistics of the compositions of individual single crystals
of different sizes. This allows us to take into account the contribution of the surface component to
the total NM content and to distinguish the structurally bound form of the element according to the
previously proposed analytical data selections for single crystals (ADSSC) technology [13].

3. Objects

Pyrite and arsenopyrite crystals for the study were collected from three Au objects: the Natalkinskoe,
Degdekan and Zolotaya Rechka deposits. The deposits are located in the north-east of Russia
(Magadan region, Tenkin ore district), are part of the Au-bearing Yano–Kolyma fold belt and are
confined to its orogenic zones of collision origin. In terms of metallogenic properties, all of them are of
the same type and belong to the Au–quartz low-sulphide formation of ores deposited in the upper
Permian age carbonised strata. Figure 1 shows the location of the deposits within the territory of the
Magadan region together with a simplified scheme of geologic aspects of the area of investigations.
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Figure 1. The Natalkinskoe, Degdekan and Zolotaya Rechka deposits on a simplified scheme of
geologic aspects of the area of investigations. Compiled by the authors of the present paper using the
data by Goncharov et al. [40]. The inset map shows the location of the deposits within the territory of
the Magadan region. 1—granitoid massifs; 2—Triassic siltstones and mudstones; 3—upper Permian
aleuropelitic shales with fragments of different composition rocks, aleuropelitic and carbono-argillaceous
shales, carbonaceous siltstones, siltstones, sandstones, tuff sandstones and gravelites; 4—lower Permian
mudstones, siltstones and sandstones; 5—faults.

Pyrite and arsenopyrite are the most common sulphide minerals in these deposits. We studied
crystals from the widely distributed gold-bearing ores relatively rich in sulphides and belonging to the
streaky-vein and veinlet-disseminated types (Figure 2). The mineral composition of ores was relatively
constant (see below).

 

Figure 2. Gold-bearing streaky-vein and veinlet-disseminated ores. (a) Sample Nat-10 of the Natalkinskoe
deposit, central area, quarry (level 787.5 m). Intensively sulphidized and carbonized aleuropelitic shales
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with the inclusions of grey tufogenic material dissected with a dense network of quartz and
quartz–carbonate veinlets of different widths, from hair like to 5 mm. Sulphide minerals are represented
by disseminated pyrite and arsenopyrite. Pyrite crystals are cubes, pentagon dodecahedrons and
cuboctahedrons, mainly up to 2 mm along an edge. Arsenopyrite crystals are represented by rhombic
prisms and bipyramids, usually up to 0.5 mm along an edge. The combinations of simple forms
are typical for both minerals. (b) Sample UV-3/13 of the Natalkinskoe deposit, south-eastern area,
well DH70/5n, depth 160.1–163.1 m, level 590 m. Heavily sulphidized and carbonized siltstones
and aleuropelitic shales with interlayered sandstones dissected with a network of quartz and
quartz–carbonate veinlets of different width. The characteristics of ore minerals are the same as for
Nat-10 except that pyrite predominates over arsenopyrite and the crystals of the later are coarser (up to
3 mm). (c) Sample DG-10/14 of the Degdekan deposit, Vernyi area, well DH221n, depth 231.9–233.9 m
(level 470 m). Quartz veins and veinlets occur in heavily carbonized and sulphidized siltstones and
characterized by a few centimetres and a few millimetres (up to 8 mm) width, accordingly. The sulphides
are represented by impregnations, patches and fine stringers of pyrite. The coarse cubic crystals prevail
(more than 2 mm in size). Arsenopyrite, mostly confined to veins and veinlets, is less common and
represented by small rhombic-prismatic crystals (up to 0.5 mm). (d) Sample ZR-10/13 of the Zolotaya
Rechka deposit, well DH444n, depth 307.4–310.3 m (level 310 m). Heavily fractured aleuropelitic shales
dissected with a dense network of quartz veinlets of different widths, from hair like to 8–10 mm.
Sulphides are represented by impregnations and patches of pyrite and arsenopyrite. Pyrite crystals
are cubes and cuboctahedrons, mainly up to 2 mm along an edge. The combined forms are often
observed. Arsenopyrite crystals are usually smaller (up to 0.5 mm) and have the habits of rhombic
prisms and bipyramids.

The study here of PGEs, in addition to Au and Ag, the determination of their contents and forms
of occurrence in ores and minerals, holds a special place in the research and is important not only
theoretically but also practically. The presence in the ores of these NMs and the possibility of their
extraction can supplement significantly the range of already known platinum-bearing ore formations
and essentially increase the value of the extracted Au ore raw materials in the deposits where platinoids
accompany Au mineralisation. The geological setting and mineralogical features of these objects are
given in detail elsewhere [13,40–45]. Their brief characteristics are presented below.

3.1. The Natalkinskoe Deposit

The Natalkinskoe Au deposit is one of the largest in Russia by Au reserves. The deposit is
embedded in stratified upper Permian sediments composed mainly of aleuropelitic shales with
fragments of different composition rocks, carbono-argillaceous shales, siltstones, sandstones and
gravelites. The ores belong to the Au-sulphide-impregnated type and is characterised by a complex
metamorphogenic–hydrothermal genesis [40]. They make up a uniform in the internal structure load,
consisting of a framework of extended linear zones of quartz, carbonate–quartz and sulphide–quartz
veins and veinlets surrounded by a wide halo of sulphidized rocks. In general, the deposit is traced
along the strike at a distance of 5 km, with a width of 1 km. According to K/Ar dating, the age of Au
mineralisation is estimated to be from 135–130 m.y. up to 110–100 m.y., i.e., as early Cretaceous [40].
However, according to Ar–Ar sericite dating, the age of Au ores of the Natalkinskoe deposit is
135.2 m.y. [41].

Arsenopyrite and pyrite are the most common sulphide minerals in the deposit. In the ore samples
Nat-10 and UV-3/13 from which they were selected, non-metallic minerals such as quartz, carbonates,
feldspars, sericite and chlorite were identified. Of the ore minerals, along with arsenopyrite and pyrite,
the amount of which was about 4–7%, galena, sphalerite, chalcopyrite, native Au and rutile (less than
1%) were detected. The difference between these two samples lies in the proportion of arsenopyrite and
pyrite: domination of arsenopyrite over pyrite in Nat-10 and vice versa in UV-3/13. Native gold with a
fineness of 750–900%�, less often low-grade (electrum), mainly coarse-grained, occurs in vein quartz
and in agglomerates with sulphide minerals. Silver in its own mineral form is very rare. The most
productive are pyrite–arsenopyrite mineral assemblage with Au and galena [40]. Commercial ores
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emerged in the interaction of host rocks with low- and moderate-salinity water–bicarbonate fluids in
the salinity range of 3–12 wt % NaCl-eq., at temperatures of 360–280 ◦C and pressures of approximately
2.4–1.1 kbar [42]. Two samples of coexisting pyrite and arsenopyrite are considered below. The first
(Nat-10) was collected in the “altarnativnyi” area of the deposit, the second (UV-3/13) in the “south-east”
area. Both originated from veinlet-impregnated ores and contained from 0.5 up to 22.0 ppm of Au.

3.2. The Degdekan Deposit

The Degdekan Au deposit is an example of the localisation of zones of vein and veinlet-impregnated
sulphide ores in stratified upper Permian sediments, composed mainly of carbonaceous siltstones
and shales with a large number of interlayers of graphitised host rocks. Ore mineralisation is formed
in two stages: hydrothermal–metamorphogenic and hydrothermal [43]. The absolute age of Au
mineralisation by U-Pb-SHRIMP is estimated at 133–137 m.y., and by the Ar–Ar method at 137 m.y.,
i.e., the formation of ore refers to the beginning of the early Cretaceous [44,45]. The main vein
mineral is quartz. In the host rocks, besides silification, albitisation and sericitisation are observed,
carbonates (ankerite, calcite) and chlorite are found. The main ore minerals are pyrite and arsenopyrite
subordinate to it, forming a small (1–2 mm) impregnation in the altered sedimentary rocks. The content
of these sulphides amounts on average to about 3%. In addition to these minerals, sphalerite, galena,
pyrrhotite and chalcopyrite are found, gersdorffite is rare. Native gold forms the grains varying in
size from 0.1 to 0.5 mm. Its fineness varies within the range 740–800%�. Electrum and kustelite are
extremely rare [43,44]. The Au–arsenopyrite–polymetallic (with pyrite) mineral assemblage stands
out as a productive one [43]. The temperature interval of its formation (according to the study
of fluid inclusions) is estimated at 200–230 ◦C, the pressure is about 1 kbar. The solutions were
weakly mineralised (25 g/L) and were mostly of sodium hydrocarbonate composition, which indicates
their amagmatogenic (metamorphogenic–hydrothermal) origin. The sample containing pyrite and
arsenopyrite in the Degdekan deposit was collected from the veinlet-impregnated ores with an Au
content from 1.4 to 15.2 ppm.

3.3. The Zolotaya Rechka Deposit

The Zolotaya Rechka deposit is insufficiently explored. There are no data in the published sources.
The geological description and mineralogy of the deposit are presented here on the basis of the
materials of unpublished geological foundations; the material collection is supplemented with data
obtained by the authors of this article. The Zolotaya Rechka deposit is located in the arch of the
anticline composed of weakly metamorphosed and intensely dislocated terrigenous sediments of the
upper Permian age. They are dark-grey to black, aleuropelite, carbonaceous–argillaceous shales with
interbeds and lenses of sandstone and sand tuffs. This deposit, similar to Natalkinskoe, is confined to
the central zone of the Tenkin deep fault but is situated somewhat to the south. By the structural and
morphological characteristics, the deposit belongs to the type of veinlet-mineralised zones; by genesis,
as are Natalkinskoe and Degdekan, it is classed as metamorphogenic–hydrothermal. Veinlet and
disseminated sulphide mineralisation (no more than 3%) are represented by pyrite and arsenopyrite;
sometimes, there are occurrences of chalcopyrite. Native gold with a fineness of 750%�–800%�,
mainly fine (0.1–0.8 mm), is mostly in vein quartz and in joints with sulphide minerals. Silver in
its own mineral form is very rare. It is present mainly in the form of micro-inclusions of argentite
(acanthite) and native silver in arsenopyrite and pyrite. The pyrite–arsenopyrite mineral assemblage
with Au stands out as productive. The sample with coexisting pyrite and arsenopyrite (ZR-10/13) was
selected from veinlet-mineralised zones with Au content of 1.5–13.1 ppm.

155



Minerals 2019, 9, 660

4. Methods

4.1. Electron Probe Microanalysis (EPMA)

Pyrite and arsenopyrite crystals (in well-polished epoxy pellets) were studied by EPMA using a
Superprobe JXA-8200 (JEOL Ltd., Tokyo, Japan) microprobe supplied with energy-dispersive (EDS)
(JEOL Ltd., Tokyo, Japan) and wavelength-dispersive spectrometers (WDS) (JEOL Ltd., Tokyo, Japan).
Analysis by EDS showed qualitatively the presence of Cu, Ag, Au and Pt traces in addition to the
major elements (Fe, S and As). Quantitative analyses by WDS were conducted at an accelerating
voltage of 20 kV, beam current 20 nA, probe diameter 1 μm, and a counting time of 10 s for major
and 30 s for trace elements. Matrix corrections (atomic number, absorption, and fluorescence) and
analysed element contents were calculated using the ZAF (atomic number, absorption, and fluorescence)
approach applying the software of quantitative analysis for Superprobe JXA-8200 (V01.42 Copyright
(C) 2000-2007, JEOL Ltd., Tokyo, Japan). Bulk polished samples of Au–Ag alloys (fineness 700 and
750), metal Pt and minerals of known stoichiometric composition (FeS2, FeAs1.00S0.99, CuFeS2) were
used as reference samples for WDS quantitative analysis.

Pyrite crystals were studied for homogeneity in back scattered electrons (BSE) using the
scanning electron microscope of a Superprobe JXA-8200 device. The pyrite crystals displayed distinct
inhomogeneity. They consisted of alternating zones of more or less bright grey colour in BSE images,
corresponding to slightly higher and lower average Z.

Measurements were made at 10–20 points of each grain, depending on its homogeneity.
Trace elements identified by EDS were found to be below minimum detection limits (MDLs, 0.1–0.12 wt %)
and only several points showed their valuable contents. These elements were not taken into account in
the final stage of data processing. Only the analyses with sums within the limits of 99.5–100.5 wt %
were used. The data obtained are presented in Table 2 and analysed in detail in Section 5.1.

4.2. X-Ray Diffraction (XRD)

Unit cell edges and mean coherent scattering domain sizes (crystallite sizes) of powdered pyrite
and arsenopyrite crystals were measured on a D8 ADVANCE diffractometer (Bruker, Karlsruhe,
Germany) using CuKα radiation. Crystallite sizes were determined by the Scherrer method using
EVA software (DIFFRAC Plus Evaluation package EVA; user’s Manual, Bruker AXS, 2007, Karlsruhe,
Germany). The results are presented in Table 3. Uncertainties in unit cell edges are at the level of
±1–2 × 10−5 nm, crystallite sizes ±1–2 nm. These values were verified in parallel measurements.

4.3. Atomic Absorption Spectrometry with ADSSC Data Processing (AAS-ADSSC)

The ADSSC procedure is described in detail in our recent publications [13,46]. Following this
procedure, we picked up from the ore samples euhedral crystals of different sizes with clean, faultless
faces. Pyrite crystals were predominantly cubes, whereas the arsenopyrite crystals used in this work
were mainly of rhombic form. The crystal habit control is an important property of the ADSSC
approach because the calculation of the specific surface area of an average crystal (Ssp) in every size
fraction requires information on the form coefficient k (see Equation (3) in Reference [13]). The crystal
shape is approximated by a true polyhedron. Each crystal was weighed on an analytical microbalance
and transferred into beakers for subsequent dissolution. We used only crystals with mass exceeding
0.1 mg.

Noble metal concentrations were determined by AAS with electrothermal element atomisation
in graphite furnace (AAS-GF). The AAS measurements were performed on PerkinElmer devices
(Model 503 and Analyst 800, PerkinElmer Corp., Branford, CT, USA). Gold and Ag were determined
directly from the solution after acid crystal decomposition in aqua regia and creation of the required
chemical medium. Measurements were accurate to ±12 and ±10% with MDLs of 0.3 μg/L (0.3 ppb)
and 0.5 μg/L (0.5 ppb) for Au and Ag, respectively. Platinum, Pd and Ru were determined after
preliminary extraction by concentration and separation from the matrix [13]. Tristyrylphosphine
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(C6H5CH–CH)3P was used as extracting agent. The organic phase was used to measure element
concentrations. Measurements were accurate to ±10% with MDLs of 5 μg/L (5 ppb) for Pd and 50 μg/L
(50 ppb) for Pt and Ru.

The data obtained were processed statistically according to the regulations of the distribution
of different NM binding forms [13,46]. We divided the dataset (usually 40–60 crystals with evenly
distributed NMs) into the intervals of crystal masses (sizes), chosen to be as narrow as possible
although statistically representative, and determined average crystal mass in every size fraction
(m), average size (r), specific surface area (Ssp) and NM concentration (CNM) (see Table S1 in the
Supplementary Materials). The more size fractions and number of crystals in the final samples,
the more reliable the results obtained, unless at the expense of selection quality. When constructing
the dependences CNM = f

(
Ssp
)
, we usually obtained a number of points best approximated with an

exponent (Figures 5–9). The extrapolation of these curves to a zero-specific surface, i.e., to a virtual
infinite crystal, gave the bulk NM content. In our model, this was equal to structurally bound NM
content (Cstr), because all other possible bulk modes were eliminated at the stage of initial dataset
processing. The superficially bound NM content (Csur) characterises an average crystal among all size
samples, that is, the surface-related excess concentration of the element, and can be calculated with
the equation given in Reference [13]. It is important to note that in that formula, the amount of the
material is hereby normalised to the whole crystal, and this allows comparison of the contribution of
each binding form of the element to its total concentration. The results of Cstr and C

sur
determination

and corresponding NM distribution coefficients between coexisting pyrite and arsenopyrite are shown
in Table 4 and are considered in detail throughout the present article.

4.4. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

For this type of analysis, we took the same polished crystals in epoxy pellets used for the EPMA
study. Measurements were performed on an Agilent 7500ce unit manufactured by Agilent Technologies
with quadrupole mass analyser (Agilent Tech., Santa Clara, CA, USA) in the Center of Collective Use
“Ul’tramikroanaliz” of the Limnological Institute, SB RAS (Irkutsk, Russia). The laser ablation platform
of a New Wave Research UP-213 was used. Parameters of the LA-ICP-MS experiment: plasma power
1400 W, carrier gas flow rate 1 L/min, plasma forming gas flow rate 15 L/min, cooling gas 1 L/min,
laser energy 0.63 mJ, frequency 20 Hz, and laser spot diameter 55 μm. Accumulation time per channel
was 0.3 s and acquisition time 25 s. Measurements were made at 15 points in several (3–5) grains of
each sample. Calculations of concentrations were based on the standard sample NIST 612 conformed
for a number of elements with the in-house sulphide standard sample—highly homogeneous ferrous
greenockite (α-CdS) crystals with many incorporated elements synthesised hydrothermally at 500 ◦C
and 1 kbar and carefully analysed by different methods. Standard deviations are consistent with
counting statistic uncertainties at around 30%. Error analysis is rated as 30%. The data obtained
were processed in the manner of the ADSSC approach [38,46] to evaluate evenly distributed element
concentrations identified with structurally bound impurities. The results are presented in Tables 5 and 6
for pyrite and arsenopyrite, respectively. They are considered in detail in Section 5.4 and Section 6.5.

5. Results

5.1. EPMA

The data obtained are presented in Table 2. The pyrite crystals demonstrated regions enriched
with As (As–Py) and areas not containing As at the level of EPMA sensitivity, which herewith will be
referred to as conventionally “pure” pyrite (Py). These areas stand out as darker sectors in the BSE
images (Figure 3), but there were also cases when differences between Py and As–Py were established
only by quantitative analysis. As a rule, areas of Py predominance are characterised by higher porosity
(Figure 3).
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Figure 3. The scanning image in back scattered electrons (BSEs) of pyrite crystal with coexisting “pure”
(As-free) and As–pyrite (sample ZR-10/13). Note that more dark areas corresponding to “pure” pyrite
display elevated porosity.

In the mono-mineral grains of arsenopyrite of the Nat-10 sample from the Natalkinskoe deposit,
the As/S ratio equalled 1.14 ± 0.01 (Table 2).

In the poly-mineral grains consisting of arsenopyrite, pyrite and As–pyrite (Asp + Py + As − Py),
it was slightly higher (1.16 ± 0.02); coexisting with arsenopyrite, As–pyrite and “pure” pyrite are
practically stoichiometric: Fe/(S + As) and Fe/S were 0.499 ± 0.001 and 0.496 ± 0.004 respectively.
Arsenic content in As–pyrite was 0.60 ± 0.2 at.%. For arsenopyrite of the UV-3/13 sample from the
south-eastern section of the Natalkinskoe deposit, As/S ratio indicated a greater deviation from
stoichiometry (1.20 ± 0.02). This is most likely to indicate lower S activity during its formation, since the
As content in the As–Py coexisting with arsenopyrite was practically the same as in the Nat-10 sample,
equal to 0.53 ± 0.2 at. %, and Fe content in As–Py increased from 0.998 to 1.018 atoms per formula unit
or from 33.28 to 33.93 at. % Fe. Consequently, As–pyrite associated with Asp is characterised by a
higher ratio of Fe/(S + As) − 0.513 ± 0.001. “Pure” pyrite was not identified in this sample. The sample
from the Zolotaya Rechka deposit, ZR-10/13, was similar to UV-3/13—it did not contain polyphase
grains containing Asp either—and As–Py and “pure” Py were iron-redundant (0.513 ± 0.001 and
0.515 ± 0.001, respectively); As content in As–Py was 0.57 ± 0.3 at. %. This sample differed from the
one mentioned above only by a more stoichiometric composition of arsenopyrite, i.e., the ratio As/S
being closer to unity, at 1.14 ± 0.02. The minerals of the DG-10/14 sample of the Degdekan deposit
were closest to stoichiometry: As/S in Asp was 1.08 ± 0.01, Fe/(S + As) in As–Py 0.496 ± 0.004, and Fe/S
in Py 0.501. Arsenic content in As–Py was at the same level as in all studied samples at 0.47 ± 0.3 at. %.
The above uncertainties were calculated for 1σ with a confidence probability of 90% for small samples
and 95% for more representative datasets (arsenopyrites Nat-10, DG-10/14, Table 2).
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Thus, according to the EPMA, there were two types of As–pyrite as well as “pure” (no As) pyrite:
stoichiometric pyrite with an Fe/(S + As) ratio approximately 0.5 and metal-surplus pyrite with a
ratio of 0.513–0.515. It is interesting to note that coexisting minerals obeyed the principle of phase
composition correlation: if As–Py was iron-excessive, “pure” pyrite was also non-stoichiometric;
for their part, the stoichiometric As–Py coexisted with stoichiometric “pure” pyrite. Besides, the As
distribution coefficient between arsenopyrite and As–pyrite (DAsp/Py

As ) was relatively constant and,
on average, amounted to 66 ± 7 (in atomic concentration units) for the four associations studied.

Figure 4 exhibits two types of S-As dependence in pyrites of different samples. Negative correlation
of formula units S and As (Figure 4) indicates a predominantly isomorphic substitution of S for As in
the structure of As–pyrite. The dependence S (As) was approximated by a straight line: S = a − kAs.
For stoichiometric pyrite of the Natalkinskoe and Degdekan deposits k = 1.21 and the line crossed the
x-axis at a = 2.006. In the case of non-stoichiometric, S-deficient pyrite of the Zolotaya Rechka and the
south-eastern sector of the Natalkinskoe deposit, the line crossed the x-axis at 1.98, which does not
correspond to the stoichiometry of “pure” pyrite (Figure 4). The reason for this discrepancy is not
quite clear. However, our preliminary X-ray photoelectron spectroscopic data (unpublished) show that
~10–15% of As can be incorporated in pyrite as As(II) (see also Reference [47]), and this corresponds
to a “stoichiometric trend” with k = 1.21. The “nonstoichiometric trend” corresponded to As1– only
and was realized under lower sulphur fugacity. It might be that in the first case (DG-10/14, Nat-10),
the formation of arsenic and “pure” pyrite occurred under the same conditions, whereas, in the second
(ZR-10/13, UV-3/13), their formation occurred not only at lower sulphur fugacity in the system than in
the first case but also at levels different from those for “pure” and “As–pyrite”. It is interesting to note
that different conditions and corresponding S–As trends are the characteristics of the sections of one
and the same deposit (Natalkinskoe, samples Nat-10 and UV-3/13).

Figure 4. Two types of S–As correlation in As–pyrite. The “stoichiometric trend” gives Fe/S = 2.006
when extrapolated to “pure” (As-free) pyrite, whereas the “nonstoichiometric trend” gives Fe/S = 1.98
and, moreover, does not correlate with “pure” pyrite which is still more nonstoichiometric.

5.2. XRD

Table 3 presents X-ray data on the unit cell edges of arsenopyrite and pyrite and the average
crystallite sizes or block sizes of the real mosaic structure of crystals of these minerals. The unit cell
parameters differ only in the third (a, c) and fourth (b) decimal places for arsenopyrite (±0.0018 and
±0.0008 nm, respectively) and in the fourth decimal place for pyrite (±0.0004 nm). The average sizes of
the crystallites, in contrast, differ less in arsenopyrite (within 9 nm) compared to pyrite (within 16 nm).
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Table 3. Results of the X-ray diffraction study of arsenopyrite and pyrite crystals.

Sample Number
Arsenopyrite (Monoclinic, P21/c) Pyrite (Cubic, Pa3)

a b c ßo D a D

Nat-10 0.57693 0.56766 0.57395 112.087 61 0.54208 76

UV-3/13 0.57425 0.56669 0.57591 111.898 56 0.54227 65

DG-10/14 0.57592 0.56636 0.57327 111.881 58 0.54192 71

ZR-10/13 0.57357 0.56753 0.57648 111.979 54 0.54141 60

Note: lattice parameters (a, b, c) and crystallite size (D) are in nanometres.

5.3. AAS-ADSSC

The AAS data of the analysis of individual crystals processed using the ADSSC method are
presented in Table S1 in the Supplementary Materials and shown graphically in Figures 5–9 in the
form of dependences of the average uniformly distributed NM concentration (Au, Pd, Pt, Ru and Ag)
on the specific surface of the average crystal in the size sample. In each case, the analytical form
of this dependence was demonstrated: the concentration of structurally bound NM admixture was
obtained as an extrapolation of the dependence on the zero-specific surface area, i.e., on a conditionally
infinite crystal, and the superficially bound mode was calculated as shown above (Section 4.3, see also
Reference [13]). These data, as well as NM distribution coefficients of both forms (i.e., structural and
superficial), are presented in Table 4, which also shows the average compositions of Asp and As–Py for
the key elements (Fe, As and S).

Table 4. Noble metals contents as structurally and surficially bound modes, their distribution coefficients
between pyrite and arsenopyrite, and average matrix composition of minerals.

Sample
Number

Element

Element Content (ppm) DPy/Asp Matrix Composition (at. %)
Asp/As–Py *

Pyrite Arsenopyrite
Str. Sur. As S Fe

Str. Sur. Str. Sur.

Nat-10

Au 1.8 2.7 1.2 1.9 1.5 1.4

35.83/0.60 31.23/66.12 32.94/33.28
Ag 12 220 120 250 0.1 0.9
Pt 3.6 35 4.2 89 0.9 0.4
Pd 1.1 4.9 0.4 8.1 2.8 0.6
Ru 4.9 30 5.7 79 0.9 0.4

UV-3/13

Au 0.29 1.4 0.12 1.3 2.4 1.1

36.57/0.53 30.53/65.54 32.90/33.93
Ag 450 800 30 450 15 1.8
Pt 37 189 14 190 2.6 1.0
Pd 1.0 18.4 0.8 24.5 1.2 0.8
Ru 10 330 19 218 0.5 1.5

DG-10/14

Au 0.13 1.1 0.03 0.48 4.3 2.3

34.75/0.47 32.19/66.36 33.06/33.17
Ag 120 200 7 60 17 3.3
Pt 5.1 103 2.1 29 2.4 3.6
Pd 1.2 8.2 0.23 3.7 5.2 2.2
Ru 8.8 97 3.9 35 2.3 2.8

ZR-10/13

Au 6.8 ** n/d 13.7 47 0.5 n/d

35.70/0.57 31.20/65.52 33.10/33.91
Ag 1100 7000 59 400 19 17.5
Pt 12 259 37 228 0.3 1.1
Pd 3.2 30 4.1 38 0.8 0.8
Ru 25 458 7.7 369 3.2 1.2

* Average data from the EPMA (Table 2). ** LA-ICP-MS data (Table 5). n/d—not determined.
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The vast majority of dependencies for all NMs (87%) were characterised by determination
coefficients R2 ≥ 0.9 (Figures 5–9). Less reliable are the data for Ag in Py (Figure 9): two of the four
samples showed R2 ≤ 0.7. This may be due to the instability of the Ag solid solution in pyrite and its
decomposition in the post-crystallisation period [14]. In contrast to Py, the dependencies for Ag in
Asp were distinct (R2 ≥ 0.95) and may indicate its isomorphic incorporation into arsenopyrite at least
up to 120 ppm Ag. However, in most cases (except the Nat-10 sample) the structural form of Ag was
fractionated into pyrite: Dstr

Ag = 17 ± 3.
It should be noted that the ADSSC method failed to separate structural and surficial forms for Au

in the ZR-10/13 sample, as its content size dependence was weakly determined (Table S1). For the
other three samples, the Au distribution coefficients between Py and Asp were 2.7 ± 2.4 and 1.6 ± 1.0
for structural and superficial forms, respectively, i.e., both forms were distributed in favour of pyrite,
although they were slightly fractionated. Here and henceforth, confidence intervals are defined for 1σ
at α = 0.9. Perhaps Dstr

Au was lower for ZR-10/13 (0.5), but this sample contained very high levels of
Ag, which could affect Au distribution. The behaviour of Pd in the arsenopyrite–pyrite system was
similar to that of Au. Palladium by the level of content in pyrite and arsenopyrite was close to Au and
fractionated into pyrite: Dstr

Pd = 2.5 ± 2.4. Palladium was concentrated in the surface layer much more
than Au: Csur

Pd = 4.9–30 ppm in Py (compared with Csur
Au = 1.1–2.7 ppm), and the distribution coefficient

between Py and Asp of its surficial form was close to unity (1.1 ± 1.0). Other platinoids have noticeably
higher contents in both minerals, mainly due to the superficial forms which, in most cases, are an
order of magnitude and higher than the concentration in structural forms. For Pt with structural form
contents of 3.6–37 ppm in Py and 4.2–37 ppm in Asp, the Py/Asp distribution coefficient averaged
1.6 ± 1.4; for Ru with structural form contents of 4.9–25 and 3.9–19 ppm in Py and Asp, respectively,
Dstr

Ru = 1.7 ± 1.5. That is, in both cases, as for the previously considered Au and Pd, there was a weak
tendency towards NM fractionation in pyrite. This conclusion extends to superficial forms as well:
the distribution coefficients Dsur of Pt and Ru were on average the same and equal to 1.5 ± 1.4.

 
Figure 5. Dependence of the average concentration of evenly distributed Au in pyrite (Py) and
arsenopyrite (Asp) on the specific surface area of an average crystal in size fraction. The expressions
for approximate curves and concentrations of structurally and superficially bound modes are shown
(see Table S1 in the Supplementary Materials for details).
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Figure 6. Dependence of the average concentration of evenly distributed Pd in pyrite and arsenopyrite
on the specific surface area of an average crystal in size fraction. See Figure 5 for explanations.

 

Figure 7. Dependence of the average concentration of evenly distributed Pt in pyrite and arsenopyrite
on the specific surface area of an average crystal in size fraction. See Figure 5 for explanations.
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5.4. LA-ICP-MS

The results are presented in Tables 5 and 6 for pyrite and arsenopyrite, respectively. It should
be remembered that, according to the ADSSC method, the results that meet the distribution criteria
adopted for the structurally bound form of the element are distinguished from the entire dataset for
each sample (usually at least 20 points of analysis) by applying the procedure discussed in detail
earlier [38,39,46]. Since grain sections were analysed, that is, only the inner regions of crystals, there is
no question of the separation of structural and superficial forms. The AAS-ADSSC and LA-ICP-MS
data on the Au structural forms can be compared for the Nat-10 sample (Tables 4–6): in Asp, 1.2 and
1.6 and in Py 1.8 and 1.2 ppm, respectively, i.e., the convergence of the 25 rel. % and 33 rel. %.
For the sample Asp ZR-10/13, the relevant contents of Austr were 13.7 and 8.9 ppm (Δ = 35 rel. %).
This confirms the conclusion that the AAS-ADSSC method enables determination of the structural
component of NM impurity with an error of ±30% [13,39]. For the UV-3/13 and DG-10/14 samples,
the differences proved more significant, apparently due to the proximity to the Au detection limit
(0.2 ppm) in the configuration of the LA-ICP-MS method used.

According to Tables 5 and 6, the main impurities in pyrite were Ni, Cu, Pb and Sb and in
arsenopyrite Co, Ni, Cu, Pb, Sb and Se. We consider further the sum of the contents of these elements
for each of the minerals and call it the Sum of Main Impurities (SMI); these values are given in the
footnotes of Tables 5 and 6. It is notable that the samples of both Zolotaya Rechka minerals with the
highest Ag grade contained the lowest amounts of other impurities.

 

Figure 8. Dependence of the average concentration of evenly distributed Ru in pyrite and arsenopyrite
on the specific surface area of an average crystal in size fraction. See Figure 5 for explanations.
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6. Discussion

The results obtained allow us to consider the effect of various factors on the binding forms and
ratios of NMs in the coexisting pyrite and arsenopyrite.

6.1. Surficial NM Accumulation

Figures 5–9 show all the NM accumulation in the surface, with the surficial forms, as a rule,
exceeding by an order of magnitude the content of the element in the structurally bound forms. For Asp,
in most cases, there were steeper dependences of NM content on the specific surface area than was
the case for Py, except for Pt and Ag in ZR-10/13, Ru in UV-3/13 and Ag in Nat-10. This indicates
somewhat greater activity of the Asp surface in the uptake of NMs. The same shape of the graphs
confirms the universality of the surface enrichment factor, which is supported by the high coefficients
of determination of these dependences in the vast majority of cases.

We believe that the reason for this effect is the presence of surface nanoscale formations on the
surface of mineral crystals during their growth, for which, as experiments have shown [13,48,49],
the distribution coefficients of elements are much higher than for the volume of the crystal.
These formations are called surface non-autonomous phases (NAPs) and can be considered as
primary NM concentrators [13]. The phenomenon of “latent” metal content, which was mentioned
in the Introduction, is to some extent due to the presence of metals in the NAPs or in surface nano-
and micro-inclusions formed as a result of their evolution. Non-autonomous phases are considered as
substances regulating single-crystal growth and distribution of elements in complex multicomponent
natural and experimental systems [48,49].

It should be noted that the effect of surface enrichment is often not obvious when considered
in relation to the distribution of elements among coexisting minerals. The reason for this is easy to
understand by referring to the data in Table 4. We see that Dsur in some cases differs little from Dstr,
although Csur exceeds Cstr. However, the excess is approximately the same for both minerals. Thus,
an illusion of constancy in the distribution coefficient is created which can easily disappear with the
change in the composition of the NAP, its thickness or degree of surface coverage. As can be seen from
Table 4, Dsur Py/Asp in some cases turns out slightly lower than Dstr, and since Csur > Cstr, this will
result in some decrease in the total DPy/Asp. This factor, associated with a slightly higher activity of
the Asp surface with respect to NMs, which is revealed when considering the graphs in Figures 5–9,
should be taken into account (especially for small crystals). However, in general, its effect on the total
distribution coefficients of invisible NM forms between pyrite and arsenopyrite is small.
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Figure 9. Dependence of the average concentration of evenly distributed Ag in pyrite and arsenopyrite
on the specific surface area of an average crystal in size fraction. See Figure 5 for explanations.
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6.2. Arsenic in Pyrite: Assistance in NM Incorporation

The geochemical relation of invisible Au to As in pyrite is now generally recognised and is
established at different levels of ore systems organisation—from individual crystals and micro-sized
zones therein to deposits and ore provinces [7,47,50–52]. However, the nature of this relationship
remains unclear as confirmed by Section 2 of this paper (Table 1). In the pyrite samples analysed,
As content on average does not change much (Table 4); therefore, no direct relationships between
As and NM were detected. At the same time, the state of As in pyrite may indicate indirectly the
mechanism and conditions of mineral formation that lead to its enrichment with NMs. Thus, the data
in Figure 4 indicate the replacement of S− with As− in the dumbbell anions of the pyrite structure
which is typical of the reduction conditions of mineralisation in carbonaceous rocks. The content of As
structural forms is 0.9–1.1 wt %. Substitution of Fe2+ in pyrite for As2+ or As3+ is typical of oxidative
hydrothermal and diagenetic conditions, including high-sulfidation epithermal deposits and shallow
groundwater systems [47].

It is known from experimental studies that the solubility of As in pyrite, even at high temperatures,
is limited to tenths of a percent. Clark ([53], p. 1363) shows that there is “evidence that very little
arsenic is soluble in pyrite” in the range 300–700 ◦C. At 600 ◦C, pyrite solid solution may contain
less than 0.53 wt % As. The hypothesis of As retrograde solubility in pyrite [7] has no ground in
experiment; therefore, the formation of high-As pyrites containing more than 5 wt. % As at relatively
low temperatures [7,54] remains a mineralogical mystery. However, mixed crystals (Fe, As)S2 do
form at low temperatures under conditions simulating deposition of authigenic pyrite in subsurface
sediments [55]. Nanosized pyrite particles were synthesised at 25 and 110 ◦C in the presence of As(III)
in solution. Research by X-ray absorption spectroscopy fine structure and modelling within density
functional theory led to the establishment of the mixed nature of the As–pyrite formed, in which As,
in the form of As2+ and/or As3+, occupies octahedral positions Fe2+ (53–71%), and in the form of
As−-tetrahedral positions S− (19–47%) [55].

The supersaturated solid solutions, which are metastable in the bulk phases, often become stable
in small particles due to the crystallite size effect which is the dependence of phase relationships
(partially, phase boundary position) upon the crystallite size [56]. This effect was studied in detail
in the FeS2–CoS2 system. The solubility of CoS2 in the pyrite phase was shown to be 4–10 times
higher for small particles (~0.1–0.2 μm) as compared to more coarse ones (1–2 μm) in the temperature
interval 620–680 ◦C [57]. Such a mechanism can explain the formation of As-rich pyrite in small
particles. Thermodynamic calculation of the change of limits of miscibility in the FeS2–FeAs2 system
requires knowledge of the equilibrium boundaries of solid solutions in the phase diagram of the
bulk phases or the dependence of miscibility limits on particle size. The mean coherent domain size
along (001) for mixed crystals with 0.5 at. % As was 23 nm at 25 ◦C and 40 nm at 110 ◦C and for the
composition with 1.0 at.% As, 15 and 22 nm, respectively [55]. Thus, with a decrease in crystallite
size, As incorporation in pyrite increases, which is characteristic of the crystallite (phase) size effect in
isomorphic mixtures [56,57]. Although a more detailed analysis is beyond the scope of the present
paper, the above phenomenon may be relevant to the interpretation of our results (see the next section).

6.3. Crystallite Sizes

The influence of crystallite size on trace element uptake can be manifested not only in the form
of a phase size effect, but also in the form of intracrystalline adsorption of these elements at the
interblock boundaries of a dislocation nature. Figures 10 and 11 show the change in NM content in
structural and surficial forms depending on the average size of crystallites in pyrite and arsenopyrite
samples, respectively.
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Figure 10. Dependences of noble metal (NM) contents in structurally (a) and superficially (b) bound
modes on crystallite sizes in pyrite crystals. See Tables 3 and 4 for numerical data.

 
Figure 11. Dependences of NM contents in structurally (a) and superficially (b) bound modes on
crystallite sizes in arsenopyrite crystals. See Tables 3 and 4 for numerical data.

Figure 12 shows the same data for Ag in pyrite. Most elements tend to increase their content with
a decrease in the size of crystallites.

 
Figure 12. Dependences of Ag content in structurally (a) and superficially (b) bound modes on
crystallite sizes in pyrite crystals. See Tables 3 and 4 for numerical data.

For structural impurities, this trend is most pronounced for Pt, Ru and Ag (Figures 10a, 11a
and 12). It is interesting to note that this dependence is even more clearly manifested for these elements
(and Pd) in the case of the surface-bound form of NMs (Figures 10b, 11b and 12). The reason for this
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phenomenon is not quite clear because the block size parameter refers to the entire crystal and not to its
surface. It can be assumed that with a certain mechanism of crystal growth, namely, growth through
the medium of a non-autonomous phase [13,48,49], the release of incompatible elements to the surface
is more effective in the case of small blocks forming a nano-block transition zone between the substrate
surface and the NAPs [48].

Intracrystalline interblock boundaries are a common defect of mineral crystals. They contain
dislocation pile-ups that create a non-homogeneous elastic field around themselves. This field is able
to interact with the elastic fields of point defects, such as impurity atoms. The impurities, which are
larger than the matrix atoms, are concentrated in the areas of lattice extension, and smaller impurities,
in the areas of compression. Regardless of the size of impurity atoms, there are always such parts of
the lattice in which the interaction with the impurity is positive (impurity atoms are “attracted” to
them, trying to settle in them). This effect of impurity capture by dislocations is potentially possible for
any crystalline phases and impurity elements; its value depends on the density of dislocations and the
nature of their distribution in the crystal volume. The effect of concentration of micro-impurities is that
if there is an external source of a trace element of a sufficiently large capacity (for example, the bulk
fluid phase) that is able to restore the equilibrium concentration of Co in the undistorted part of the
crystal block, the total content Ctot of trace element in the crystal will increase. The effect calculations
for the case of Au in pyrite [19] have been carried out in the approximation of a simple (symmetric) tilt
boundary within the formalism presented in References [58,59]. In the model considered, the block
sizes were 50 and 100 nm, the distances between the dislocations in the wall were 10 and 50 nm,
and Co = 1.6 ppm. The values of Ctot/Co at 300 ◦C were 49 and 2, respectively. This effect, apparently,
can explain the increased content of structural Au in pyrite of the sample ZR-10/13 (Table 4), which had
the smallest block size of all studied pyrites, at 60 nm (Table 3). However, due to the complexity of the
analysis of multicomponent systems with a large number of dilation centres, we can only talk about
the theoretical possibility of the effect on the distribution of Au and other NMs. It should be noted
that for Au-REE-PGE ores of black-shale deposits, the confining of increased platinoid content to twin
planes and other intracrystalline boundaries in pyrite has been previously mentioned [60].

6.4. Non-Stoichiometry

Figure 13 shows that the excess metal (or the presence of S vacancies) in pyrite contributes to
the increase in the content of the structural forms of Ag and Pt, and to a lesser extent of Ru, Pd and
possibly Au (in the latter case, the conclusion is ambiguous because of the “bounce” of point for the
sample UV-3/13).

 

Figure 13. Structurally bound NMs as a function of the stoichiometric ratio in As–pyrite crystals.
Note the ten-fold reduced concentration scale for Ag. See Tables 2 and 4 for numerical data.
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The interaction of vacancies with impurity atoms causes the effect of impurity “trapping”—the
increase of its distribution coefficient in the crystal-solution (melt) system [61] or the increase of its
solubility in the solid phase [62].

The published sources seem to lack quantitative data on the effect on NM content of
non-stoichiometry and point defects in natural pyrite. With regard to synthetic crystals, the following
can be stated. For the pyrite crystals doped with Co, Ni and As grown by chemical vapour transport
(CVT) at 700–600 ◦C under Fe1-xS–FeS2 buffer conditions, the S/Fe atomic ratio was found to vary from
1.95 to 2.04 [63]. The CVT-grown pyrite crystals contain (S-Cl)2− and (S-Br)2− radicals in the crystal
structure [64] which substitute for the (S2)2− dumbbells and act as electron donors [65]. These radical
ions may be responsible for the incorporation of some impurity atoms into the crystal. Tomm et al. [66]
determined Br and Au concentrations of approximately 0.2 at. % each (1094 ppm Au) in Au-doped
crystals synthesised at 580–630 ◦C. Although the authors determined a uniform Au distribution of
~0.2 at. % in the bulk, a surface layer of about 150 Å was enhanced with Br and Au to about 1% each.

Figure 14 shows the dependence of the content of NM structural forms on the As/S ratio in
arsenopyrite. An obvious trend existed expressing the elevation of Pt, Ru and Pd content for the
samples with excess As (As/S ≥ ~1.14). At the same time, iron deficiency was insignificant (Table 2),
and the possible concentration of vacancies in the metal position (on average ~0.3 at. %) was at the
level of error of the EPMA analysis. We can assume that, for both coexisting minerals of pyrite and
arsenopyrite, the sulphur deficiency is favourable for the incorporation of Ag and platinoids in their
structures. Most likely, this is due to the lower sulphur fugacity under the formation of this association,
which reflects two trends in the relationship between S and As in pyrite—“normal” for stoichiometric
pyrite and “defective” for pyrite with excess Fe (Figure 4).

Figure 14. Structurally bound NM as a function of the As/S ratio in arsenopyrite crystals. See Tables 2
and 4 for numerical data.

The data for Au were not certain, as the increased content of its structural form fell to As/S = ~1.14
(samples ZR-10/13 and Nat-10, Table 4); it was not the highest of those presented in Table 2. However,
for Au, there was evidence that invisible Au correlated with excess As in the most natural and synthetic
arsenopyrites [54]. The authors attribute this to the uptake of Au from ore fluids by chemisorption on
the surface centres containing excessive As and deficient Fe and incorporation of Au in the metastable
solid solution. However, this model fails to explain why this surface structure is preserved with
the continuing crystal growth and how it transfers into the crystal volume, causing zonation in the
distribution of As and Au.
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6.5. Non-Precise Metal Impurities

Figures 15 and 16 show the dependence of NM content on the sum of major non-NM impurities
in the structures of pyrite and arsenopyrite, respectively. In pyrite, the highest Ag was observed for
both the most “pure” (relatively non-NM impurities) sample, ZR-10/13, and the most “contaminated”
with these impurities, UV-3/13. Platinum behaves in a similar way, although not in such a contrasting
fashion. Gold, Pd and Ru were reduced from ZR-10/13 (40 ppm SMI) to Nat-10 (127 ppm) and then
changed little, with the SMI contents being 182 and 235 ppm for DG-10/14 and UV-3/13, respectively.
We believe that this dependence reflects the influence of the two above considered factors of NM
concentration—fine-block substructure and non-stoichiometry defects. Both of these are better
pronounced in the samples ZR-10/13 and UV-3/13 which were maximally contrasted by SMI content.

Among arsenopyrites, sample ZR-10/13 also stood out sharply with a high content of Ag (excluding
Nat-10, the point of which does not fit into the scale of the graph; see Table 4), Au, Pt and Pd. It was
followed by UV-3/13 with elevated Ag, Ru and Pt content. Sample DG-10/14, despite containing
the highest amount of impurities (405 ppm SMI), contained less Au, Pt and Ag compared to more
“pure” arsenopyrites.

Figure 15. Structurally bound NM versus the SMI in pyrite crystals. Note the ten-fold reduced
concentration scale for Ag. See Tables 4 and 5 for numerical data on NM and SMI, accordingly.

 
Figure 16. Structurally bound NM versus the SIM in arsenopyrite crystals. See Tables 4 and 6 for
numerical data on NM and SMI, accordingly.
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All this suggests that non-NM impurities themselves are not a factor in NM concentration in
structural forms, either in pyrite or in arsenopyrite. In any case, the fine-block substructure and
non-stoichiometry defects associated with the mechanism and conditions of crystallisation of minerals
of this association affect NM distribution much more strongly than do these impurities.

6.6. Effect of Crystal Inhomogeneity

We believe that the situation reflected in Figure 3 and Table 2 could arise only as a result of the
formation of the pyrite crystals by growth through the medium of a non-autonomous phase [13,48,49].
First, “pure” and As–pyrite could not be different pyrite generations because they are present in the
form of a close association of irregularly located areas within one single crystal. Secondly, the situation
in Figure 3 can hardly be considered characteristic of pseudomorphic pyrite substitution by its As
variety [50], due to the fact that the zones of occurrence of these varieties are distributed in a complex
way. Matching of compositions (non-stoichiometric indices) of coexisting Py and As–Py does not fit
into this model either. The driving force of pseudomorphic substitution is the difference in chemical
potentials of easily mobile components (EMCs), and the same stoichiometry of Py and As–Py indicates
that there were no significant differences in the activity of EMCs (primarily S2) during their formation.

It remains to be assumed that the formation of heterogeneous single crystals of pyrite (Py+As− Py)
is a consequence of a special mechanism of crystal growth involving the participation of NAPs.
The crystal is growing by feat of nanoscale NAPs enriched with As and NMs due to the phase size effect.
Because of rather low temperatures and the relative stability of the solid solution in the process of
growth, no complete transformation of As–Py into Py takes place. In fact, the solid-phase transformation
of the internal NAP layer, losing the local equilibrium with a supersaturated solution [13,48], is inhibited
under continuous medium conditions, since there is no free volume for the discharge of As (with the
formation of the Asp phase) and other impurities. It can occur only in areas providing free space due
to the presence of structural defects, such as point defects and their associates (vacancies, divacancies),
dislocations, pores, etc. This leads to the observed patchy distribution of Py and As–Py sectors and the
attraction of “pure” pyrite to areas with increased porosity.

7. Conclusions

A number of factors, the nature of which were different, influenced the distribution of hidden
(invisible) forms of NMs between coexisting pyrite and arsenopyrite. The total NM content was affected
by the surface accumulation effect caused by the uptake of impurities by NAPs. The surface activity
of arsenopyrite was slightly higher than that of pyrite, but this had little effect on the distribution of
NMs among them. The total contents increased at the expense of surficial-bound forms approximately
equally for both minerals, which created the illusion of D Py/Asp constancy. The distribution coefficients
of structural (str) and surficial (sur) forms did not differ significantly from each other and indicated a

weak tendency towards NM fractionation in pyrite in this mineral pair: D
str
Py/Asp = 2.7 (Au), 2.5 (Pd),

1.6 (Pt), 1.7 (Ru); D
sur
Py/Asp = 1.6 (Au), 1.1 (Pd), 1.5 (Pt), 1.5 (Ru). Data on Ag, in most cases, indicated

strong fractionation in pyrite (D
str
Py/Asp = 17), but they were not sufficiently reliable, probably due to the

instability of the solid solution of Ag in pyrite and its decomposition in the post-crystallisation period.
Surface enrichment was considered as a universal factor in “invisible” NM distribution, which was
confirmed by the same shape and high coefficients of determination of the dependences of uniformly
distributed concentrations of NMs on the specific surface area of the average crystal in the size fractions.

A number of NMs (Pt, Ru, Ag) tended to increase the content of structural impurities with a
decrease in the size of crystallites in pyrite and arsenopyrite. This may be due to both the phase
size effect and the intracrystalline adsorption of these elements at the interblock boundaries of a
dislocation nature. Such dependences appear for superficially bound NM forms as well (with Pd
added). Perhaps this is due to the peculiarities of the mechanism of crystal growth by means of NAPs,
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since the release of incompatible elements to the surface is more effective in the case of small blocks
forming a nano-block transition zone between the substrate surface and the NAPs.

Excess metal (or the presence of S vacancies) in pyrite increases the content of structural forms
of Ag and Pt and, to a lesser extent, those of Ru, Pd and Au. The interaction of vacancies with
impurity atoms causes the effect of “trapping” the impurity, increasing its distribution coefficient in
the crystal–growth medium system or increasing its solubility in the solid phase. For arsenopyrite,
there was a clear trend of increasing content of Pt, Ru and Pd for the samples with an excess of As.
We can assume that, for both coexisting minerals of pyrite and arsenopyrite, the deficiency in S was
favourable for the incorporation of Ag and platinoids in their structures. Most likely, this was due to
the fact of a lower sulphur fugacity under the formation of this association, which reflects two trends
in the relationship between S and As in pyrite—“normal” for stoichiometric pyrite and “defective” for
pyrite with excess Fe. The latter was associated with higher contents of some NMs.

The main non-precise metal impurities in the studied pyrite were Ni, Cu, Pb and Sb and,
in arsenopyrites, Co, Ni, Cu, Pb, Sb and Se. The levels of their total contents varied quite widely—from
40 to 235 ppm in pyrite and from 193 to 405 ppm in arsenopyrite. These impurities did not seem to be
a significant factor in NM concentration in structural forms; their influence was mediated by other
factors, such as block substructure and non-stoichiometry defects associated with the mechanism and
conditions of crystallisation of minerals of this association. These factors give rise to variations of
NM accumulation and distribution characteristics even for minerals of ore deposits of the same type
studied here.

The formation of heterogeneous single crystals of pyrite consisting of As-free and As-enriched
areas may be a consequence of a special mechanism of crystal growth specified by the agency of NAPs.

Variations in NM distribution coefficients in the Py/Asp pair for the four samples considered
from three orogenic Au deposits reached almost 100% rel. With varying degrees of influence of the
abovementioned factors on the minerals of the association, we should expect significant variations of
DPy/Asp of “invisible” NM forms which confirms a wide range of DPy/Asp values for “invisible” Au at
various deposits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/11/660/s1,
Table S1: Analysis of single-crystal size selections of coexisting pyrite and arsenopyrite of mineral samples of
Natalkinskoe (Nat, UV), Degdekan (DG) and Zolotaya Rechka (ZR) deposits, north-eastern Russia.
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Abstract: The Nibao gold deposit, which includes both fault-controlled and strata-bound gold
orebodies, constitutes an important part of the Yunnan–Guizhou–Guangxi “Golden Triangle” region.
Defining the mineralization age of these gold orebodies may provide additional evidence for
constraining the formation ages of low-temperature orebodies and their metallogenic distribution
in South China. Petrographic studies of gold-bearing pyrites and ore-related quartz veins indicate
that these pyrites coexist with quartz or filled in vein-like quartz, which suggests a possible genetic
relationship between the two from Nibao gold deposit. Minerals chemistry shows that Rb and Sr are
usually hosted in fluid inclusions in quartz ranging from 0.0786 to 2.0760 ppm and 0.1703 to 2.1820 ppm,
respectively. The Rb–Sr isotopic composition of gold-bearing quartz-hosted fluid inclusions from
the Nibao gold deposit were found to have Rb–Sr isochron ages of 142 ± 3 and 141 ± 2 Ma for both
fault-controlled and strata-bound orebodies, respectively, adding more evidence to previous studies
and thus revealing a regional gold mineralization age of 148–134 Ma. These results also confirm
the Middle-Late Yanshanian mineralizing events of Carlin-type gold deposits in Yunnan, Guizhou,
and Guangxi Provinces of Southwest China. In addition, previous studies indicated that antimony
deposits in the region which were formed at ca. 148–126 Ma have a close affinity with gold deposits.
This illustrates that the regional low-temperature hydrothermal gold mineralization is related in
space and time to the Yanshanian (ca. 146–115 Ma) magmatic activity. Specifically, the large-scale
gold and antimony mineralization are considered to be inherently related to mantle-derived mafic
and ultramafic magmatic rocks associated with an extensional tectonic environment. Based on the
initial 87Sr/86Sr ratios of 0.70844 ± 0.00022 (2σ) and 0.70862 ± 0.00020 (2σ) for gold-bearing quartz
veins from fault-controlled and strata-bound gold orebodies, respectively, at the Nibao gold deposit,
as well as the C, H, O, and S isotopic characteristics of gold deposits located in the Golden Triangle
region, we suggest that the mantle-derived material can be involved in the formation of the Nibao
gold deposit and that the ore-forming fluid can be derived from a mixed crust–mantle source.

Keywords: mineralization age; Nibao gold deposit; ore-forming fluid; Rb–Sr isotopic composition;
Yunnan–Guizhou–Guangxi “Golden Triangle” region

1. Introduction

South China possesses a large region containing various types of low-temperature mineralization
that produced many gold, antimony, mercury, thallium, and lead–zinc deposits. Southwestern
Guizhou, adjacent to Yunnan and Guangxi Provinces in South China, is an important mining district for
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Carlin-type gold deposits, containing several large-scale gold deposits (e.g., Shuiyindong, Lannigou,
Zimudang, Getang, etc.) (Figure 1).

 

Figure 1. Geological map of low-temperature hydrothermal deposits distributed in the
Yunnan–Guizhou–Guangxi “Golden Triangle” region: 1. Proterozoic; 2. Paleozoic; 3. Triassic;
4. Granite; 5. Quartz porphyry; 6. Alkaline mafic–ultramafic rock; 7. Fault; 8. Gold deposit; 9.
Antimony deposit; 10. Mercury deposit; 11. Arsenic deposit; 12. Lead–zinc deposit; 13. Nibao gold
deposit; 14. County town.

A strata-bound gold orebody was recently discovered at 1300 m below the surface in the
Shuiyindong gold deposit, signifying a breakthrough in the bidimensional space prospecting in
Guizhou Province. The orebody has a reserve of 263 t gold, with an average grade of approximately
5 g/t [1], making the Shuiyindong a super-large gold deposit. The newly discovered Nibao gold deposit
constitutes another large-scale deposit in Guizhou Province with gold reserves of 70 t and the average
grade of 2.6 g/t. Southwestern Guizhou presents extremely favorable metallogenic conditions for
gold mineralization and shows a great potential for gold deposits. In addition to strata-bound gold
orebodies, a large-scale fault-controlled orebody in the fault F1 has also been recently discovered in
the Nibao deposit. This finding challenged the existing understanding of the Nibao gold deposit and
showed that it can be not only a strata-bound-type deposits but also contains fault-controlled-type
deposit [2]. Moreover, the large-scale gold deposits are mainly strata-bound or fault-controlled bodies
in the Yunnan–Guizhou–Guangxi “Golden Triangle”. For example, the Shuiyindong super-large gold
deposit (263 t) belongs to a typical strata-bound deposit, where the orebodies occured mainly in the
structure-controlled alteration zone (abbreviated as Sbt, according to its definition in Chinese) and the
Longtan Formation. Whereas the Lannigou super-large gold deposit (110 t) occurred in the fault F3
and the Zimudang large gold deposit (72 t) occurred in the fault F1 are typical fault-controlled gold
deposits. According to a comparison of the geological and geochemical characteristics of various typical
Carlin-type gold deposits in the Yunnan–Guizhou–Guangxi Golden Triangle, it can be concluded that
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the Nibao gold deposit is not only unique but also general. Therefore, the Nibao gold deposit that is
regarded as a representative Carlin-type gold deposit has a special and relatively high research value.

Some previous studies have focused on the genesis of the deposit, the source of
ore-forming material, fluid evolution, and the metallogeny of the gold deposits in southwestern
Guizhou, which have allowed a better understanding of their origin and evolution [3–13]. However,
there is still considerable controversy with respect to a relatively large gold mineralization age interval
(235–83 Ma) of gold deposits in this region, which makes it difficult to accurately determine the age of
regional gold mineralization [8,14–18]. Defining the age of mineralizing events is considered to be the
key to studying ore deposits and understanding the mechanism of ore formation and metallogeny.
Therefore, in this study both the fault-controlled and strata-bound gold orebodies of the Nibao gold
deposit were investigated in order to define the mineralization age by using the Rb–Sr isochron
dating method of fluid inclusions in quartz, and the quartz is considered to be closely associated with
gold mineralization. Moreover, the age data should also constrain the metallogenic events involved in
low-temperature mineralization in the Golden Triangle region of South China.

2. Regional Setting and Geological Characteristics of Gold Deposits

A few Carlin-type gold deposits in Southwest China were located in the Yunnan–Guizhou–Guangxi
Golden Triangle, specifically in southeastern Yunnan, southwestern Guizhou, and northwestern
Guangxi. The southwestern Guizhou region sits at the junction of the Yangtze Block and the western
segment of the South China Fold Belt. Yanshanian (205–66 Ma) regional tectonism involved periods
of extension and rifting along the block margins alternating with episodes of extrusive magmatism,
which are considered to be important geological factors for regional gold mineralization. Hu et al. [4]
noted that regional gold deposits occurred in strata from the Cambrian to Cretaceous periods but mainly
in Permian and Triassic strata, where gold orebodies were controlled by the strata (referred to as the
strata-bound type) or the faults (referred to as the fault-controlled type). Generally, the host rocks
are mainly impure carbonates, sedimentary tuffs, tuffs in Permian and siltstones (or fine sandstones) in
Triassic. The ore minerals are mainly pyrite, stibnite, arsenopyrite, realgar, orpiment and cinnabar,
and gangue minerals are mainly quartz, calcite, dolomite, fluorite, illite, etc. More than 200 gold
deposits showing have been discovered in the Golden Triangle, making it an important gold mining
district of China.

The Nibao gold deposit is an important Carlin-type gold deposit located in Pu’an County in
southwestern Guizhou. Tectonically, the deposit is situated at the transition zone between the Yangtze
craton and the Youjiang orogenic belt (Figure 2a). The structure of the Nibao gold mining district is
relatively simple and can be represented primarily by NEE-striking faults (F1–F4), the Erlongqiangbao
anticline, and NW-striking faults (F6, F8, F10, and F11). The large-scale gold orebody mentioned above
occurred mainly within fault F1 (Figure 2). The stratigraphy of the deposit mainly includes the Middle
Permian Maokou Formation, the Upper Permian Longtan Formation, the Lower Triassic Yongningzhen
Formation, and the Middle Triassic Guanling Formation. A structure-controlled alteration zone
(abbreviated to Sbt, according to its definition in Chinese) was found in the ore-bearing strata. Here, Sbt
refers to altered rocks which had been generated by Yanshanian regional structures (such as large-scale
decollement structures) and had experienced hydrothermal alteration near the unconformity between
the Maokou Formation (shallow platform carbonates) and the Longtan Formation. A more specific
description of the structure-controlled alteration zone can be found in a previous study published by
Zheng et al. [2]. Field investigations have revealed that the Longtan Formation, which can be divided
into three members (the first, second, and third members of the Longtan Formation), mainly includes
sedimentary tuffs, claystones with a minor amount of coal, limestones, and silicified limestones.
The Yongningzhen Formation and the Guanling Formation consist mainly of sedimentary carbonates.
Although there are no magmatic rocks exposed in the Nibao gold mining district, small-scale Late
Yanshanian mafic, ultramafic, or intermediate medium-acidic igneous bodies were found to outcrop in
the surrounding area (Figure 1). Moreover, Wang et al. [19] indicated that there may be underground
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basic-ultrabasic rock hide in the Nibao gold deposit by using geophysical exploration, the Emeishan
basaltic Formation is distributed widely in the northwestern region near Panxian County (Figure 2b).

 

Figure 2. Geological map of Nibao gold deposit: (a) tectonic map and (b) geological map of the
Emeishan basalt distribution (modified from He et al. [20]).

Most of the gold orebodies in the Nibao gold deposit were found in fault F1 or in the
structure-controlled alteration zones, while the rest occurred in the first or the second member
of the Longtan Formation (Figure 3). Gold orebodies in the Nibao gold deposit have been classified
into fault-controlled and strata-bound types, and gold orebody No. III, which occurs as stratiform-like
or lenticular layers, is of the fault-controlled type that is associated with fault F1. The orebody is 4084 m
along strike, with a dipping extension of 540 m, and presents an average thickness of 4.86 m and an
average grade of 3.42 Au g/t. The gold reserves reach 39 t, make it the largest orebody in the deposit.
Strata-bound orebody No. IV occurs in the structure-controlled alteration zone unit, while layered
orebodies No. I, II, and VI are in the Longtan Formation. Among these, orebody No. IV is a relatively
large orebody in the Nibao mining district.

The gold ore is principally hosted by sedimentary tuffs (Figure 4a,c–e) and tuffs (Figure 4b,f),
the U–Pb zircon age of which is 251–263 Ma, as suggested by previous studies [20–23]. As revealed by
this study, the gold mineralized rocks have been primarily affected by silicification (Figure 4a,b,e,f)
and pyritization (Figure 4a–f), and secondly by arsenopyritization (Figure 4c), while the host rocks
underwent argillization (illitization) (Figure 4c,e,f) and carbonatization (calcitization and dolomitization)
(Figure 4c–e). Gold mineralization occurs as the disseminated type in sedimentary tuffs (Figure 4)
and as stockwork in tuffs (Figure 4b). Ore minerals (e.g., pyrite and arsenopyrite) contain most of the
gold mineralization [3,7,11,12]. The gangue minerals include quartz, clay minerals (illite), dolomite,
and calcite, among others.
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Figure 3. Cross section along the 9460 exploration line of the Nibao gold deposit.

 

Figure 4. Macrocharacteristics and microscopic textures of various rocks in the Nibao gold deposit:
(a) vein (stockwork) quartz and disseminated pyrite in sedimentary tuffs; (b) vein quartz associated
closely with pyrite in tuffs; (c) pyrite showing subidiomorphic–idiomorphic granular texture and
arsenopyrite showing subidiomorphic texture in sedimentary tuffs (transmitted light, polarized
light); (d) strong argillization and carbonatization in sedimentary tuffs (transmitted light, crossed
polarizers); (e) silicification, pyritization, carbonatization, and argillization in sedimentary tuffs (BSE);
(f) silicification, pyritization, and argillization in tuffs (BSE). Mineral abbreviations: Py = pyrite,
Asp = arsenopyrite, Dol = dolomite, Cal = calcite, Clay = clay, Bx = vitric tuff, Rt = rutile, Qz = quartz,
Ill = illite.
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According to the ore texture characteristics and paragenesis of hydrothermal altered minerals,
the Nibao gold deposit experienced three stages of formation: (1) the early quartz–pyrite stage,
which involved layered quartz and quartz veinlets (stockwork) and pyrite characterized by banding or
a low degree of euhedral granular texture; (2) the main stage of gold mineralization can be represented
by a mineral assembly of quartz, arsenic-bearing pyrite, and arsenopyrite, in which the quartz occurred
as stockwork, veinlets, and flecks along the joints and fissures. Further, there was a great amount of
fine-grained disseminated pyrite and arsenic-rich pyrite showing zonal texture and arsenopyrite in
angular, needle, and hair-like shapes; and (3) the later stage, when minerals such as quartz, carbonates,
and clays (mostly illite) crystallized with quartz and calcite, often exhibiting a miarolitic texture.

3. Sampling and Analytical Methods

3.1. Sampling

Based on detailed field investigations of the characteristics of different orebodies (e.g., ore texture,
rock alteration, etc.) in the Nibao gold deposit, a total of 10 ore samples associated with quartz veins
were collected, of which 5 were collected from orebody No. III and the rest from orebody No. IV.
It should be noted that samples from orebody No. III were collected from the cores of different drill
holes in a shattered zone of fault F1. Quartz in these samples was mainly shaped as networks or
strings, and occurred primarily in ore-bearing sedimentary tuffs (Figure 4a). Samples from orebody No.
IV were all collected from an open-air profile of a structure-controlled alteration zone, the quartz of
which mainly had a vein-like texture occurring in tuffs (Figure 4b). All the quartz was formed during
gold mineralization and thus bore a close relationship with gold mineralization.

3.2. Analytical Methods

Clean quartz pieces were separated from samples by washing with distilled water, air-drying,
and coarse crushing. The chosen quartz pieces were then finely crushed to less than 0.25 mm and
cleaned by distilled water again. Finally, single mineral quartz grains were hand-picked under a
binocular microscope, and the purity of the picked quartz was greater than 99%.

Pretreatment and isotopic analysis of all quartz samples were completed in the Isotope Open
Laboratory of the Wuhan Center, China Geological Survey. Sample preparation was conducted in
an ultraclean laboratory. The Rb and Sr blanks for all of the isotopic analytical procedures were
0.0005 and 0.001 ppm, respectively, and a background correction for the Rb and Sr concentrations
was implemented for all analyzed samples. The Rb–Sr isotopic analysis involved the following steps:
(1) Ultrapure hydrochloric acid, nitric acid, and pure water were used to clean the hand-picked quartz.
(2) Cleaned quartz samples were placed in a drying oven and the temperature was between 120 to
180 ◦C to decrepitate and thus remove secondary fluid inclusions. (3) The quartz was then washed
three to five times in purified water in an ultrasonic cleaner and dried thoroughly. (4) An appropriate
amount of quartz grains was weighed and mixed with 85Rb + 84Sr mixing diluent. It was then dissolved
in hydrofluoric and perchloric acids. After that, the Rb and Sr was liberated by a cationic resin (Dowex
50 × 8) exchange method. (5) The isotopic compositions of Rb and Sr were determined via a TRITON
thermal ionization mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The isotopic
dilution method (spiking) was employed to calculate the concentrations of Rb and Sr in the samples.
During the analytical process, the 87Sr/86Sr isotopic compositions of certified reference materials (CRM)
including NBS987, NBS607, and GBW04411 were determined to validate the accuracy and precision of
the methodology. As a result, NBS987 gave an 87Sr/86Sr value of 0.71018 ± 0.00006 (2σ); the 87Sr/86Sr
ratio and Rb and Sr concentrations of NBS607 were 1.20037 ± 0.00008 (2σ), 523.50 ppm, and 65.67 ppm,
respectively; and the 87Sr/86Sr ratio and Rb and Sr concentrations of GBW04411 were 0.75985 ± 0.00004
(2σ), 249.10 ppm, and 158.50 ppm, respectively. The Rb and Sr concentrations and Sr isotopic ratios of
these CRM within the error bound compared with the certified values. The least-squares method was
applied to calculate the isochron age.
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4. Analytical Results

4.1. Fluid Inclusion in Quartz

Fluid inclusion petrography studies on main-stage quartz of strata-bound and fault-controlled
bodies showed that there is seldom secondary fluid inclusions in quartz, and the primary fluid
inclusions in quartz are quite abundant, most of them are scattered, isolated, or clustered, with a
granularity of 4–12μm; and only a few of them are elongated, irregular, polygon, or negative crystallized
(Figure 5). The fluid inclusions are mainly two-phase aqueous inclusions and a few of CO2-rich
inclusions. Based on their components and phase behavior at room temperature (20 ◦C), three types
of fluid inclusions including type I—two-phase aqueous inclusions (Figure 5), type II—CO2–H2O
inclusions, and type III—CO2 inclusions are recognized. The homogenization temperature of fluid
inclusions showed that the homogenization temperatures of strata-bound bodies are mainly between
220 and 280 ◦C, average at 251 ◦C (Figure 6a), the salinity of which mainly ranged from 4 wt % to
7 wt % NaCl equivalent, average at 4.94 wt % NaCl equivalent (Figure 6b), the ore-forming fluid
density of which varied from 0.74 to 0.92 g/cm3, average at 0.83 g/cm3, and the vapor phase of
two-phase aqueous inclusions mainly contains CO2 in addition to CH4 and N2 (the ore-forming fluid
belongs to a H2O–NaCl–CO2–CH4–N2 system). In contrast, the homogenization temperatures of
inclusions in fault-controlled bodies are mainly between 160 and 240 ◦C, average at 231 ◦C (Figure 6c),
the salinity mainly of which ranged from 3 wt % to 5 wt % NaCl equivalent, average at 4.75 wt %
NaCl equivalent (Figure 6d), the ore-forming fluid density of which varied from 0.71 to 0.93 g/cm3,
average at 0.85 g/cm3, and the vapor phase of two-phase aqueous inclusions contains CO2 in addition
to CH4 or N2 (the ore-forming fluid belongs to a H2O–NaCl–CO2 ± CH4 ± N2 system).

 

Figure 5. Microphotographs and laser Raman spectra of fluid inclusion in quartz from the Nibao
gold deposit: (a,b) two-phase aqueous inclusions(main-stage quartz of Sbt); (c) two-phase aqueous
inclusions (main-stage quartz of fault F1); (d) two-phase aqueous inclusions containing CO2, N2,
and CH4; (e) CO2 inclusions containing N2 and CH4.
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Figure 6. Histograms showing homogenization temperatures and salinities of fluid inclusions in two
types of orebodies from the Nibao gold deposit: (a) histograms showing homogenization temperatures
of fluid inclusions in the main-stage quartz of Sbt; (b) histograms showing salinities of fluid inclusions in
the main-stage quartz of Sbt; (c) histograms showing homogenization temperatures of fluid inclusions in
the main-stage quartz of fault F1; (d) histograms showing salinities of fluid inclusions in the main-stage
quartz of fault F1.

4.2. Rb–Sr Isotopic Compositions

The Rb–Sr isotopic compositions of fluid inclusions in quartz collected from both the
fault-controlled orebody No. III and the strata-bound orebody No. IV are presented in Table 1.
For quartz from orebody No. III, the Rb content varied from 0.2921 to 2.0760 ppm, whereas the Sr
concentration ranged from 0.6469 to 2.1820 ppm. Therefore, the obtained 87Rb/86Sr and 87Sr/86Sr ratios
were 1.302 to 3.732 and 0.71103 ± 0.00004 to 0.71594 ± 0.00004, respectively. In the case of orebody No.
IV, the Rb concentration ranged from 0.0786 to 0.3333 ppm, while the Sr content varied from 0.1703 to
0.9890 ppm. Thus, the 87Rb/86Sr and 87Sr/86Sr ratios varied from 0.491 to 1.900 and 0.70961 ± 0.00003 to
0.71246 ± 0.00004, respectively. For these two types of gold orebodies, the variation range of the Rb and
Sr isotopic data of fluid inclusions in quartz was relatively broad and was sufficient for constructing
valid isochrons (Figure 7). The isochron ages of the fault-controlled gold orebody No. III and the
strata-bound orebody No. IV were thus determined to be 142 ± 3 Ma (95% reliability) and 141 ± 2 Ma
(95% reliability), respectively. The isochron intercept gave the initial 87Sr/86Sr ratios of 0.70844 ± 0.00022
(2σ) (MSWD = 0.73) and 0.70862 ± 0.00020 (2σ) (MSWD = 0.063), respectively.
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Table 1. The quartz fluid inclusion Rb–Sr isotopic measurement results from the Nibao gold deposit.

Type Position Sequence No. Lab. No. Sample No. Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ± 2σ

fault-controlled
gold orebody No. III fault F1

1 3015648-1 123-5 1.0450 1.6960 1.776 0.71198 ± 0.00005
2 3015648-2 543-5 0.2921 0.6469 1.302 0.71103 ± 0.00004
3 3015648-3 9470-5-4 1.0770 2.1820 1.423 0.71127 ± 0.00001
4 3015648-5 544-4 2.0760 1.6050 3.732 0.71594 ± 0.00004
5 3015648-6 558-4 0.9183 1.3770 1.923 0.71245 ± 0.00005

strata-bound
gold orebody No. IV Sbt

1 3015647-1 NBP2-1 0.1197 0.7024 0.491 0.70961 ± 0.00003
2 3015647-2 NBP2-2 0.0786 0.1703 1.332 0.71126 ± 0.00007
3 3015647-4 NBP2-4 0.1762 0.9890 0.514 0.70966 ± 0.00004
4 3015647-5 NBP2-5 0.3333 0.5059 1.900 0.71246 ± 0.00004
5 3015647-6 NBP2-6 0.1179 0.3465 0.981 0.71060 ± 0.00004

 

Figure 7. Rb–Sr isotope isochronic ages of quartz from the Nibao gold deposit for (a) fault-controlled
gold orebodies and (b) strata-bound gold orebodies. The numbers (1–5) are meaning the sequence No.
in Table 1.

5. Discussion

5.1. Age of Mineralization

Because quartz is extremely pure and free of Rb- and Sr-rich impurities, Rb and Sr are usually
hosted in fluid inclusions, quartz is an ideal target mineral for the Rb–Sr dating method [24–28].
Therefore, the Rb–Sr isochron method for fluid inclusions in quartz has been used as a tool to reveal
the mineralization age of certain gold deposits [10,28–33].

Quartz samples for Rb–Sr isotopic dating were all collected from the hydrothermal metallogenic
stage that were related to gold mineralization. Five pieces of picked quartz samples were measured for
gold content by the fire assay method and quantified by atomic absorption spectroscopy (Varian Spectr
AA240) in ALS Chemex Co., Ltd. (Guangzhou, China). The results showed that the gold contents
of these samples ranged from 0.106 to 3.640 ppm, indicating that the quartz samples were closely
associated with gold mineralization. Therefore, we can conclude that the Rb–Sr isochrons of fluid
inclusions in quartz from the Nibao fault-controlled and strata-bound gold orebodies have ages of
142 ± 3 and 141 ± 2 Ma, respectively, which are similar to each other within the error range. This also
illustrated that these two types of orebodies were resulted from a single geological event.

Mao et al. [34] suggested that Mesozoic large-scale mineralization in South China may be related
to the time taken for the lithosphere stretch in the same area. Specifically, Mesozoic mineralization
occurred mainly around 170–150, 140–126, and 110–80 Ma, respectively, whereas the corresponding
lithosphere stretch happened around 180–155, 145–125, and 110–75 Ma, respectively. The similarity
between these values indicates that both of these events resulted from the same earth dynamic evolution,
that is to say that the large-scale lithosphere stretch might have contributed to the massive mineralization.
However, previous studies on the ore-forming ages of gold deposits in the Yunnan–Guizhou–Guangxi
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region show different results [14–16]. Age data greatly vary for different deposits due to using different
dating methods, sometimes even within the same mining district (e.g., Lannigou and Shuiyindong)
(Table 2), making the constraint of the mineralization age difficult. Another possible reason for this
variation may be that the dating results provided by some determination methods cannot accurately
represent the actual gold mineralization time. For example, since electron spin resonance spectroscopy
is likely to be affected by epigenetic events, the age data are only valid before the time of the latest
hydrothermal activity (i.e., the mineralization epoch’s upper limit) [35]. Also, another study suggested
that the accuracy of the Re–Os dating method is relatively due to the low content of arsenic pyrite,
which is a target mineral for the measurement [36]. Moreover, the age of 235–193 Ma obtained by the
Re–Os method is much older than those by other methods.

Table 2. The ages of typical gold deposits in the Golden Triangle region.

Deposit Stratum Dating Methods Dating Mineral Ages (Ma) Reference

Nibao Permian
SIMS Th–Pb age Apatite 142 ± 3 [16]

Fluid inclusion Rb–Sr age Quartz 141 ± 2~142 ± 3 (This study)

Lannigou Triassic
Fluid inclusion Rb–Sr age Quartz, Calcite 105.6 [37]

Quartz electron spin resonance (ESR) age Quartz 82.9 ± 6.3 [35]
Re–Os age Arsenopyrite 204 ± 19 [15]

Suiyindong Permian
Sm–Nd age Calcite 134 ± 3~136 ± 3 [14]
Re–Os age Arsenopyrite 235 ± 33 [15]

Zimudang Permian Sm–Nd age Calcite 148.4 ± 4.8 [38]

Baidi Triassic Quartz electron spin resonance (ESR) age Quartz 87.6 ± 6.1 [35]

Jinya Triassic
Re–Os age Arsenopyrite 206 ± 22 [15]

SIMS Th-Pb age Apatite 146 ± 6.2 [18]

Badu Permian
SIMS U–Pb age Rutile 137.9 ± 5.1 [18]
SIMS U–Pb age Zircon 141 ± 1.9 [18]

In contrast, the Rb–Sr isotopic dating method for fluid inclusion in quartz and the Sm–Nd isotopic
dating method for fluid inclusion in calcite are appropriate choices for determining the age of gold
deposits because of the data effectiveness and relatively small error bound [14,27]. This has been
verified in a number of gold deposits in the study area. For example, the determined isotopic age of
the Lannigou gold deposit was 105.6 Ma by the Rb–Sr method with fluid inclusions in quartz [37],
the obtained isotopic age of the Shuiyindong gold deposit ranged from 134 ± 3–136 ± 3 Ma by the
Sm–Nd method with fluid inclusions in calcite [14], and the Sm–Nd method with fluid inclusions in
calcite indicated that the achieved isotopic age of the Zimudang gold deposit was 148.4 ± 4.8 Ma [38].

Notably, Chen et al. [16] used the SIMS U–Pb isochron method for hydrothermal apatite to date
the age of the fault-controlled orebody in the Nibao gold deposit and obtained a result of 142 ± 3 Ma,
which is the same to the data in this study by the Rb–Sr method with fluid inclusion in quartz. Generally,
the gold deposits mentioned above are of the same mineralization age being of different ore-bearing
strata and different structures. As shown in Figure 8, the mineralization age of the Carlin-type gold
deposits in the Golden Triangle is mainly 148–134 Ma. This is consistent with the structural evolution
background of the study area. After the Devonian period, the Golden Triangle experienced the following
four stages of continental dynamics evolution: the Hercynian basin stretch-chasmic stage (405–250 Ma),
the Indo-Chinese epoch arc-rear basin development stage (250–205 Ma), the Early–Medium Yanshanian
intracontinental orogenic stage (205–140 Ma), and the Late Yanshanian postorogenic and crust stretch
stage (140–66 Ma) [39]. The crust stretched during the Late Yanshanian stage and produced a great
amount of ore-forming materials and fluids, thus developed massive medium-low temperature
hydrothermal deposits in favorable host rocks or in some secondary structures over a large area.
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Figure 8. Mineralization ages of the gold and antimony deposits in the Yunnan–Guizhou–Guangxi
Golden triangle region.

Furthermore, antimony deposits that are considered to be closely related to the gold deposits in
the study area are of the mineralization age 148–126 Ma. For example, the fluorite Sm–Nd isochron
ages of the Dachang antimony deposit in Qinglong County varied 142 ± 16–148 ± 8.5 Ma [40] and
141 ± 20 Ma [38]. Moreover, the calcite Sm–Nd isochron age of the Banpo antimony deposit is
130.5 ± 3.0 Ma [41], and the calcite Sm–Nd isochron age of the Banian deposit in the Dushan antimony
ore field is 126.4 ± 2.7 to 128.2 ± 3.2 Ma [42]. Since the isochron ages of two types of orebody from
the Nibao gold deposit are close to each other, we concluded that the gold and antimony deposits
in the study area might have been formed around 140 Ma (i.e., in the same mineralization epoch,
Middle-Late Yanshanian). This implies that both the gold and the antimony deposits were resulted
from the same geological event, showing the differences only in the occurrence space, ore-bearing rocks,
physicochemical conditions, fluid migration, and evolution time during the mineralization process.

Investigating the cross-cutting relationship between rock masses and orebodies is still considered
to be an effective tool in terms of mineralization age research. It is actually a foundation for dating
deposits when used with high-precision age determination. For example, the Shijia gold deposit located
in northwestern Guangxi occurs not only in a fault-shattered zone within a diabase dyke but also at the
contact zone between the diabase and the Carboniferous strata. Thus, the age of the diabase can provide
the lower limit of the deposition age of the Shijia gold deposit, which is <140 Ma [43]. The muscovite
40Ar/39Ar method applied to quartz porphyry bodies located at Bama, Fengshan, Lingyun, and Liaotun
in northwestern Guangxi yielded ages of 96.5–95.0 Ma. The contact relations between the porphyry
and the gold deposit (Liaotun gold deposit) indicate that the latter age (95.0 Ma) represents the
upper limit of the age of the gold deposit [36]. Therefore, from this perspective, it can be concluded
that the mineralization of the Carlin-type gold deposits in the Yunnan–Guizhou–Guangxi Golden
Triangle took place possibly around 140–95 Ma, which is basically the same as 148–134 Ma, which was
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obtained from the quartz Rb–Sr method and the calcite Sm–Nd method. Previous studies have shown
that Mesozoic massive mineralization in South China may be related to lithosphere stretching and
synchronal igneous intrusion activity; that is, there seems to exist a time–space catenation relationship
between the two [4,34].

Whole-rock K–Ar isotopic analyses of intrusive rocks have yielded geochronological data that
have reference value, such as the 146–115.5 Ma of diabase dykes from Pu’an and Panxian Counties [44].
Furthermore, Hu et al. [43] determined the age of the Shijia gold deposit and Badu diabase from
northwest Guangxi to be 140 Ma by using the K–Ar isotopic method. Therefore, all the studies mentioned
above suggest that the time of magmatic emplacement is almost the same as that of the mineralization
of gold deposits (148–134 Ma) within the area of the Golden Triangle. This illustrates that the
low-temperature hydrothermal deposit (i.e., gold deposit) in this area has a very close time and space
relationship with Yanshanian magmatic activities. Thus, the massive gold and antimony mineralization
could be attributed to late Yanshanian mantle-derived mafic–ultramafic magmatic activities that
produced a stretching-structure environment.

In summary, based on the isotopic ages of two types of orebody from the Nibao gold deposit
and the previous age data, we suggest that in the Yunnan–Guizhou–Guangxi Golden Triangle,
the massive mineralization of low-temperature deposits represented by gold and antimony took place
around 140 Ma.

5.2. Ore-Forming Fluids

Zheng et al. [1] studied the geochemical characteristics of gold orebodies hosted by different
ore-bearing rocks in the Nibao gold deposit and found that all the orebodies possess a similar
ore-forming source which had been mixed significantly by mantle-derived materials. It had been
previously reported that the precipitation of quartz in a hydrothermal deposit has little influence on
the Sr isotopic composition of the entire hydrothermal system, and thus, the 87Sr/86Sr ratio of fluid
inclusions in quartz can reflect the properties of the ore-forming fluids [25,45]. Since quartz is closely
associated with Carlin-type gold mineralization, variations of the Sr isotopic composition can provide
indications for the ore-forming fluids and materials.

In the Nibao gold deposit, the initial 87Sr/86Sr ratios of fault-controlled and strata-bound gold
orebodies are 0.70844 ± 0.00022 (2σ) and 0.70862 ± 0.00020 (2σ), respectively, which are distinctly
lower than that of the average of the upper crust (0.71190) suggested by Palmer et al. [46], but are
close to the original value of Sr (0.707) of the crust–mantle boundary reported by Faure [47].
Therefore, we can infer that ore-forming fluids possess characteristics of both mantle-derived Sr
isotopes and stratigraphic Sr isotopes, suggesting that the Sr of the Nibao gold deposit may be
of mixed origin. In addition, investigations of stable isotopes (C, H, and O) and in situ sulfur
isotopes of the gold deposits in southwestern Guizhou also suggest that the mineralization may
involve mantle-derived material. Especially, the studies on H and O isotopes of several gold deposits
(e.g., Yata, Banqi, Getang, Shuiyindong, Taipingdong, and Nibao) all showed that the ore-forming
fluid may be a thermal fluid with multiple origins, namely, deep magmatic water mixed with meteoric
water that migrated at shallower levels. This illustrates that there may be deeply covered rock masses
underground [4,8,10,13,48].

6. Conclusions

The Nibao gold deposit is an important part of the Yunnan–Guizhou–Guangxi Golden Triangle
region. In this work, we investigated the mineralization ages of fault-controlled and strata-bound gold
orebodies within the Nibao gold deposit. The key findings of this study are summarized below.

(1) Rb–Sr isochron ages of 142 ± 3 and 141 ± 2 Ma were obtained from gold-bearing quartz vein fluid
inclusions for the fault-controlled and strata-bound orebodies within the Nibao gold deposit.
Since the regional age of gold mineralization varied from 148 to 134 Ma, we confirmed that the
age of the Carlin-type gold deposits in the Golden Triangle is Middle-Late Yanshanian.
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(2) In the Nibao gold deposit, the initial 87Sr/86Sr ratios of fluid inclusions in gold-bearing quartz for
fault-controlled and strata-bound gold orebodies are 0.70844 ± 0.00022 (2σ) and 0.70862 ± 0.00020
(2σ), respectively. Considering the isotopic data and previously reported isotopic results (C, H, O,
and S) for gold deposits in this region, we infer that the mantle-derived material can be involved
in the formation of gold deposits and that the ore-forming fluid was likely a mixture of crustal
and mantle-derived fluids.

(3) In South China, low-temperature gold hydrothermal deposits are spatially and temporally related
to Yanshanian magmatism, suggesting that large-scale gold mineralization has geneticity with
Late Yanshanian mantle-derived mafic–ultramafic magmas.
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Abstract: The Chaoyangzhai gold deposit is one of the newly discovered medium to
large scale turbidite-hosted gold deposits in Southeast Guizhou, South China. In this study,
laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) zircon U–Pb dating
on the tuffaceous- and sandy-slates of Qingshuijiang Formation, Xiajiang Group, and gold-bearing
quartz vein yielded similar age distributions, indicating that zircon grains in gold-bearing quartz
vein originated from the surrounding tuffaceous- and sandy-slates. In addition, the youngest
weighted mean ages of the zircon grains from the tuffaceous- and sandy-slates were 775 ± 13 Ma
and 777 ± 16 Ma, respectively, displaying that the tuffaceous- and sandy-slates of the Qingshuijiang
Formation were likely deposited in Neoproterozoic. Based on their major and trace element
compositions, the tuffaceous- and sandy-slates were sourced from a felsic igneous provenance.
The sandy slates have higher contents of Au (mostly ranging from 0.019 to 0.252 ppm), than those of
the tuffaceous slates (mostly lower than 0.005 ppm). The δ34SV-CDT values of pyrite and arsenopyrite
of the gold-bearing samples range from +8.12%� to +9.99%� and from +9.78 to +10.78%�, respectively,
indicating that the sulfur source was from the metamorphic rocks. Together with the evidence of
similar geochemical patterns between the tuffaceous- and sandy-slates and gold-bearing quartz, it is
proposed that the gold might be mainly sourced from sandy slates. The metamorphic devolatilization,
which was caused by the Caledonian orogeny (Xuefeng Orogenic Event), resulted in the formation of
the ore-forming fluid. Gold was likely deposited in the fractures due to changes of the physico-chemical
conditions, leading to the formation of the Chaoyangzhai gold deposit, and the large-scale gold
mineralization in Southeast Guizhou.

Keywords: zircon U–Pb age; in situ sulfur isotopes; gold source; ore genesis; Chaoyangzhai gold
deposit; Southeast Guizhou

1. Introduction

The turbidite-hosted gold deposit, belonging to the orogenic class of gold deposits, was first
explored in Australia and Canada [1–3]. Quartz vein type ore bodies of turbidite-hosted gold deposit
commonly occur in the metamorphic rocks and they are related to the faults and/or shear zones [4].
In addition, these gold deposits often appear in groups and/or belts, which are characterized by
abundant gold resources and reserves. Examples include Hill End in central New South Wales,
Australia [3], the Bendigo-Ballarat in central Victoria, Australia [5], the Suurikuusikko in Central
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Lapland Greenstone Belt, Finland [6], and Tianzhu-Jinping in southeast Guizhou, China [7–10].
The source of gold for these turbidite-hosted gold deposits has been debated and two contrasting
models exist: (1) the metamorphic rocks that host the gold deposits and (2) the gold-rich fluid from the
igneous intrusions [11]. However, the viewpoint that gold of these turbidite-hosted gold deposits is
sourced from metamorphic rocks has been widely accepted [11–14].

The western Jiangnan Orogenic Belt, which is situated in the Xuefeng region, is one of the
most important turbidite-hosted gold belts in South China, with 319 explored gold deposits/mines
and an estimated gold reserve of >200 t [15]. The Southeast Guizhou province, together with the
west Hunan province, are significant part of the western Jiangnan Orogenic Belt, where numerous of
turbidite-hosted gold deposits were explored, such as Bake, Jinjing, Pingqiu, and Kengtou gold deposits
(Figure 1) [8–10]. Although some studies have been carried out on these gold deposits, the source and
genesis of these deposits are still poorly constrained [8–10]. As a newly discovered turbidite-hosted
gold deposit in southeast Guizhou province, the Chaoyangzhai gold deposit has attracted little
attention from the geologists. Furthermore, the source and genesis of this deposit still remain unclear.
Therefore, a series of laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) zircon
U–Pb dating, bulk-rock major and trace element compositions, and in situ LA-multi-collector-ICP-MS
(LA-MC-ICP-MS) sulfur isotopic analyses were carried out for this deposit, with the aim of providing
some new insights regarding the source and genesis of this specific gold deposit and the regional style
of gold mineralization.

 

Figure 1. (a) Geological sketch map of China (modified from [8,16]); (b) Geological map of the western
part of Jiangnan Orogenic Belt, showing the location of Precambrian rocks, granitic intrusions and gold
deposits (modified from [8,17]).
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2. Geological Setting

2.1. Regional Geology

The Jiangnan Orogenic Belt, which extends from northern Guangxi in the southwest to western
Zhejiang in the east, 1500 km long, and ca. 500 km wide, was proposed to be the junction zone between
the Yangtze and Cathysia Blocks at Neoproterozoic (Figure 1a) [10,18]. This belt can be subdivided into
eastern- and western-parts, with distinct types of mineralization. The western part is characterized
by gold mineralization that is related to the orogeny, whereas the eastern part is famous for tungsten
polymetallic mineralization related to the Yanshanian magmatism [7,10,19–22]. The Southeast Guizhou,
which is located at the western part of the Jiangnan Orogenic Belt, is famous for the intense gold
mineralization and it is one of the important gold producers in China [7–10,23,24]. The stratigraphic
sequences of this area consist of the Neoproterozoic Xiajiang Group (also named Banxi Group in Hunan
Province), Sinian, Carboniferous, Permian, Jurassic, Cretaceous, and Quaternary units (Figure 1b).
As the basement and the gold-bearing strata, the Xiajiang Group is widespread in this area and it is
subdivided into seven formations, of which four are prominent in the Southeast Guizhou Province: the
Longli Formation, the Pinglue Formation, the Qingshuijiang Formation and the Fanzhao Formation
(Figure 2) [4,25]. The Longli Formation, with a thickness of 1300–1700 m, is mainly composed of
blastopsammite, intercalated with blastopsephitic siltstone, blastopsephitic arkose, and silty sericite
slate; The Pinglue Formation (1500–2000 m thick) is mainly composed of sericite slate of silty slate,
which is intercalated with a few tuffaceous slate and blastopsammite; The Qingshuijiang Formation
(2300–3700 m thick) is mainly composed of bluish or gray, thin to medium banded tuffaceous slate,
and laminated medium to thick tuff; The Fanzhao Formation (>1000 m thick) can be subdivided into
an Upper Formation and a Lower Formation, which comprise tuffaceous slate and blastopsammite,
intercalated with banded tuff, and gray slate, intercalated with blastopsammite, respectively.

 

Figure 2. Geological map of the Southeast Guizhou, showing the location of Precambrian rocks,
gold deposits (modified from [8,26]).
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Multistage tectonic events since the Proterozoic has influenced the Southeast Guizhou [25].
During the Xuefeng movement, a series of NE-trending structures were formed, corresponding to
the Jinning Orogeny [27–30]. Subsequently, several EW-trending basement rifts were formed during
the Caledonian movement [27–29,31]. Subsequently, a series of NNE-trending faults were formed,
which were caused by the subduction of the Pacific plate during the Yanshanian and Himalayan
movements [27–29,31]. In addition, these NNE-trending faults overprint the EW- and NE-trending
structures, and the current tectonic framework was established in this region [4,25]. The magmatic
activity is not intense in this region, and only a few Neoproterozoic granitic plutons were intruded
(Figure 1b).

2.2. Ore Deposit Geology

The Chaoyangzhai gold deposit, which was located at Tianzhu County, Southeast Guizhou, is one
of the newly found medium to large scale gold deposits in this region, with an estimated gold reserve
of 18,442 kg. The ore-bearing strata are the Neoproterozoic epimetamorphic rocks of Qingshuijiang
Formation, Xiajiang Group, which are mainly composed of sandy- and tuffaceous-slates (Figures 3
and 4a,b). The sandy slate contains porphyroclastic quartz, plagioclase, and sericite (Figure 4c).
The tuffaceous-slate is mainly composed of quartz as the phenocryst and particulate phenocryst
as matrix (Figure 4d). The NE-trending faults are widespread in this deposit, and they are mostly
trans-tensional normal faults and transpressional reverse thrust faults (Figure 3). These fractures are
not only permeable structures but are also the ore-hosting structures.

 

Figure 3. Geological Section of the Chaoyangzhai gold deposit, showing drill-core holes and depths.
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A total of over fifty quartz veins are found in this deposit, including eight gold bearing veins.
These ore veins are mainly NE-trending, with a length of 200–250 m, a thickness of 0.34–1.40 m
(mean = 0.65 m), and an Au grade of 0.58–49.5 g/t (mean = 8.4 g/t). In addition, ore veins can occur in
both of the sandy- and tuffaceous-slates (Figure 4a,b). The ore minerals are mainly composed of native
gold, arsenopyrite, and pyrite (Figure 4e). Most of the native gold grains are 0.1 mm to 3.0 mm within
the quartz veins, in granular and/or irregular form, and they co-exist with the sulfides (Figure 4e).
Pyrite commonly occurs in the quartz veins, mostly co-existing with the arsenopyrite, with euhedral
or subhedral (Figure 4f). Arsenopyrites are mainly disseminated and occurring in the quartz veins,
with euhedral or subhedral, short-columnar and relatively coarse grains (0.5–4 mm) (Figure 4g,h).
The gangue minerals include quartz, calcite, mica, and chlorite. In general, similar to those gold
deposits in this region, hydrothermal alteration of the Chaoyangzhai gold deposit is subtle, and it
mainly consists of silicification and carbonatization [7–9].

 
Figure 4. Morphology and mineral assemblages of the surrounding rocks, ore body and gold-bearing
ore. (a) Quartz vein in the sandy-slate; (b) Gold-bearing Quartz vein in the tuffaceous slate; (c) Quartz
and plagioclase in the sandy-slate; (d) Quartz veinlet in the tuffaceous slate; (e) Quartz, native gold,
pyrite and arsenopyrite in the tuffaceous slate; (f) Pyrite in the quartz vein showing the location of the
in situ sulfur isotopic analyses; (g) Clintheriform arsenopyrite in the quartz vein showing the spots of
the in situ sulfur isotopic analyses; and, (h) Euhedral arsenopyrite in the quartz vein showing the spots
of the in situ sulfur isotopic analyses.

3. Sampling and Analytical Methods

Samples of sandy slate (Sample Nos. TZB001–TZB006 and TZD002), tuffaceous slate (Sample Nos.
TZC001–TZC011 and TZD001), gold-free quartz vein (Sample No. TZF003), and gold-bearing quartz
veins (Sample Nos. GP1–GP10 and TZD003) were collected from the drill-cores. Figure 3 shows the
sampling locations.

3.1. In Situ LA-ICP-MS Zircon U–Pb Dating

Three samples, which were selected for the zircon U–Pb dating, were tuffaceous slate (sample
No. TZD001), sandy slate (sample No. TZD002), and gold-bearing quartz vein (sample No. TZD003).
Firstly, the zircon grains were separated from these samples and then identified by hand picking under
a binocular microscope, mounted in epoxy resin, and polished to expose the interiors. The transmitted
and reflected light images of the zircon grains were photographed for documentation (not shown).
Cathodoluminescence (CL) images of the zircons were taken while using a scanning micro-probe (JEOL
JXA-8100, JEOL, Tokyo, Japan at CAS Key Laboratory of Crust–Mantle Materials and Environments in
University of Science and Technology of China, Hefei, China). Zircon U–Pb dating was undertaken
with an Agilent 7700 inductively coupled plasma-mass spectrometer (ICP-MS, Agilent, Santa Clara,
CA, USA), which was combined with a Coherent 193 laser ablation (LA) system at Sample Solution
Analytical Technology Co., Ltd, Wuhan, China. Two zircon standards, 91500 (1062 ± 4 Ma) [32] and
GJ-1 (610.0 ± 1.7 Ma) [33], were used as the external standards for dating. Standard silicate glass
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(NIST SRM610) was used for external standardization for trace element analysis, and 29Si was used
for internal standardization (32.8% SiO2 in zircon). The standard protocol correction method was
used in analyzing the 91500 and GJ-1 standard zircons twice and once, respectively, after every five
analyses. ICPMSDataCal software was used to process the raw ICP-MS data [34,35], and common Pb
was corrected following [36]. Isoplot processed the concordia ages (Version 3.0; [37]).

3.2. Whole Rock Major and Trace Elements Analyses

ALS Geochemistry Laboratory in Guangzhou, China carried out whole rock major and trace
elements analyses. Before the analyses, samples were crushed in a steel jaw crusher, and then powdered
in an agate mill to grain size of 74 μm. The detailed methodologies for major element compositions
are as follows: Loss of ignition (LOI) was determined after igniting sample powders at 1000 ◦C for
1 h. A calcined or ignited sample (0.9 g) was added to 9.0 g of Lithium Borate Flux (Li2B4O7–LiBO2),
mixed well, and then fused in an auto fluxer at 1050 and 1100 ◦C. A flat molten glass disk was prepared
from the resulting melt. A Panalytical Axios Max X-ray fluorescence (XRF, Panalytical, Almelo,
The Netherlands) instrument analyzed this disk was then analyzed, with an analytical accuracy of ca.
1–5%. ICP-MS measured the trace element compositions (Perkin Elmer Elan 9000, Perkin, Waltham,
MA, USA), with an analytical accuracy better than 5%.

3.3. In Situ LA-MC-ICP-MS Sulfur Isotopic Analyses

In situ sulfur isotopic analyses of pyrite and arsenopyrite were performed using Laser ablation
system of a RESOlution M-50 laser ablation system (ASI, Australia), which was equipped with a 193 nm
ArF CompexPro102 excimer laser (Coherent, Santa Clara, CA, USA) and Nu Plasma 1700 multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS, NP-1700, Nu Instruments, Wrexham, UK)
in the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an, China. The laser
spot sizes of 25–37 μm were used at an energy density of 3.6 J/cm2 and a repetition rate of 3 Hz.
Each analysis included 30 s baseline and 60 s of ablation, with He gas (gas flows = 0.86 L/min) as the
carrier gas during the analytical process. Sixteen Faraday cups and three ion counters were used to
determine the sulfur isotopic compositions, with a H5 cup for 34S, an Ax cup for 33S, and a L4 cup for
32S. The in-house sulfur reference material (PY-4, δ34SV-CDT = 1.7 ± 0.3%�, [38]) was used for external
standard bracketing. The detailed procedures for sulfide in-situ sulfur isotopic analyses were reported
in [39,40].

4. Results

4.1. LA-ICP-MS Zircon U–Pb Ages

Table S1 presents the results of LA-ICP-MS zircon U–Pb ages.
Twenty-nine zircon grains from the tuffaceous slate were selected for the LA-ICP-MS U–Pb dating,

and most of these selected zircon grains have internal oscillatory zoning, indicating a magmatic origin
(Figure 5a,b, [41]). In addition, these zircon grains have Th and U contents of 160–3728 ppm and
126–3754 ppm, respectively, with Th/U ratios of 0.43–1.77. Most of the analyses are concordant, yielding
the zircon U–Pb ages of 2731–246 Ma, with a major peak of 795 Ma (Figure 6a). Ten spots of zircon
grains have youngest ages of 751–806 Ma, yielding a weighted mean age of 775 ± 13 Ma (MSWD = 0.64,
Figure 6b).

Twenty-six zircon grains from the sandy slate sample, with internal oscillatory zoning,
were selected for the zircon U–Pb dating (Figure 5c,d). These zircon grains have variable Th and U
contents of 47.8–1219 ppm and 126–1176 ppm, respectively, with Th/U ratios of 0.43–3.12. Most of the
analyses are concordant, yielding the zircon U–Pb ages of 2604–755 Ma, with a major peak of 815 Ma
(Figure 6c). Six spots of zircon grains have the youngest ages of 796–756 Ma, yielding a weighted mean
age of 777 ± 16 Ma (MSWD = 0.57, Figure 6d).
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Figure 5. Cathodoluminescence (CL) images of zircon grains from the represented samples, showing
the location of the spots for laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS)
U–Pb dating. (a) and (b) are of tuffaceous slate; (c); and, (d) are of sandy slate; (e) and (f) are of
gold-bearing quartz vein.

Twenty-nine zircon grains from the quartz sample, with internal oscillatory zoning, were selected
for the zircon U–Pb dating (Figure 5e,f). These zircon grains have variable Th and U contents of
113–1722 ppm and 168–1442 ppm, respectively, with Th/U ratios of 0.51–2.35. Most of the analyses are
concordant, yielding the zircon U–Pb ages of 2683–743 Ma, with a major peak of 810 Ma (Figure 6e).
Five spots of zircon grains have youngest ages of 743–814 Ma, yielding a weighted mean age of
773 ± 18 Ma (MSWD = 0.97, Figure 6f).
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Figure 6. Historgams, Concordia and weighting mean ages of zircon grains from represented samples.
(a) and (b) are of tuffaceous slate; (c) and (d) are of sandy slate; (e) and (f) are of gold-bearing quartz vein.

4.2. Major and Trace Element Compositions

The representative samples were analyzed for the major and trace element contents, and Tables S2
and S3 show the results. The sandy-slate samples have higher TiO2, Al2O3, K2O, and MgO contents,
and lower SiO2, and Na2O than those of the tuffaceous slates, with mean SiO2 contents of 65.5 wt. %
and 72.4 wt. %, TiO2 contents of 0.63 wt. % and 0.34 wt. %, Al2O3 contents of 17.4 wt. % and 14.4 wt.
%, MgO contents of 0.82 wt. % and 0.61 wt. %, Na2O contents of 2.65 wt. % and 3.0 wt. %, and K2O
contents of 4.53 wt. % and 3.72 wt. %, for the sandy-slate and tuffaceous slate, respectively. The quartz
sample contains a high SiO2 content of 91.0 wt. %, with a little Al2O3 and Fe2O3.

These samples have variable trace element compositions, although they have similar primitive
mantle normalized patterns with the depletion of Cs, Nb, Hf, Sr, and Y, and enrichment of Ba, Th, U, Rb,
La, and Ce (Figure 7a). In addition, most of the sandy slate samples have a high content of Au (mostly
ranging from 0.019 to 0.252 ppm), which are higher than those of the tuffaceous samples (mostly lower
than 0.005 ppm). In terms of the rare earth elements (REEs) compositions of these samples, the slate
samples have higher REE contents, with ΣREEs of 194–366 ppm (mean = 266 ppm), than those of
the tuffaceous slate and quartz samples with ΣREEs of 113–318 ppm (mean = 194 ppm) and 39.3
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ppm, respectively. In addition, the enrichment of light rare earth elements (LREEs) and depletion
of heavy rare earth elements (HREEs) characterize these samples, and these samples show similar
chondrite-normalized patterns (Figure 7b). Furthermore, the sandy slate, tuffaceous slate, and quartz
samples have negative Eu anomalies, with δEu of 0.49–0.73 (mean = 0.58), 0.43–0.73 (mean = 0.50),
and 0.70, respectively.

 
Figure 7. (a) Primitive mantle- and (b) chondrite-normalized patterns of samples from the Chaoyangzhai
gold deposit. (a) and (b) are modified from [42,43], respectively.

Ten samples of gold-bearing quartz were assayed for the ore-forming metals analyses, and Table
S3 displays the results. These gold-bearing quartz have variable Au (1.05–7.95 ppm), Cu (50–620 ppm),
Pb (60–750 ppm), Zn (30–840 ppm), As (1500–7000 ppm), Sb (21.4–60.5 ppm), and Hg (0.02–0.07 ppm)
contents (Figure 8).

 
Figure 8. Geochemical plots of Au versus other ore-forming elements. All of the elements are given
in ppm.

4.3. In Situ Sulfur Isotope Compositions

Table S4 presents the in situ LA-MC-ICP-MS analyses of sulfur isotopes. The measured δ34SV-CDT

values of sulfides, which co-exit with the gold, range from +8.12%� to +9.99%�, and from +9.78 to
+10.78%� for pyrite and arsenopyrite, respectively.
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5. Discussion

5.1. Age and Source of Rocks from Qingshuijiang Formation

The Southeast Guizhou province is one of the significant gold producers in China, and numerous
small- to large-sized gold deposits were explored in this region [7–10,17,31]. These deposits share
the common feature that the quartz vein type ore bodies occur in Neoproterozoic epimetamorphic
rocks [8–10,23]. In addition, these rocks mainly belong to the Neoproterozoic Xiajiang Group,
which consists of the Longli, Pinglue, Qingshuijiang, and Fanzhao Formations. Gold-bearing ore
bodies could occur in almost all of the epimetamorphic rocks of these Formations, with the Bake and the
Chaoyangzhai gold deposits in rocks of the Qingshuijiang Formation, the Pingqiu gold deposit in rocks
of the Fanzhao Formation, the Tonggu gold deposit in rocks of the Longli Formation, and the Jintou gold
deposit in rocks of the Pinglue Formation (Figure 2). Previous studies have revealed that the deposited
ages of Longli, Pinglue, Qingshuijiang, and Fanzhao Formations are 725 Ma, 733 Ma, 773.8 Ma,
and 774 Ma, respectively [44,45]. In this study, the youngest detrital zircon ages of the tuffaceous-
and sandy-slates of the Qingshuijiang Formation are 775 ± 13 Ma and 777 ± 16 Ma, respectively,
which are consistent with the previous studies, constraining the deposited ages of the Qingshuijiang
Formation [44,45]. In addition, the peak ages of the tuffaceous- and sandy-slates of the Qingshuijiang
Formation are 799 Ma and 815 Ma, respectively, which is consistent with the intense Neoproterozoic
magmatism of South China, triggered by the break-up of the Rodinia supercontinent [45–48]

Previous studies have indicated that the turbidite-hosted gold deposits in Southeast Guizhou
might have a genetic relationship with the surrounding Neoproterozoic rocks [7–10]. In addition,
these rocks are enriched in gold, which the high gold content of 0.019–0.252 ppm in the sandy slate of
the Qingshuijiang formation confirmed. Therefore, the determination of the source for these rocks is
one of the crucial issues in the genesis of these gold deposits. The geochemical compositions of the
clastic sedimentary rocks have been widely used in determining the source and tectonic setting of such
rocks [49–52]. Based on the discrimination diagram that was proposed by [49], most of the samples in
this study plot were in the field of felsic igneous provenance (Figure 9a). In addition, the ΣREE vs.
La/Yb diagram, also confirm the conclusion, since almost all of the samples were plotted in the field of
granite (Figure 9b). The occurrence of abundant magmatic zircon grains in these rocks also supported
this conclusion. Therefore, we proposed that these epimetamorphic rocks of Qingshuijiang Formation
might originate from a magmatic source.

 
Figure 9. (a) F1 vs. F2 and (b) ΣREE vs. La/Yb plots for the rocks of Qingshuijiang Formation.
Figure 9a,b are modified from [49] and [50], respectively. F1 = −1.173TiO2 + 0.607Al2O3 + 0.76TFe2O3

− 1.5MgO + 0.616CaO + 0.509Na2O − 1.224K2O − 9.09; F2 = 0.445TiO2 + 0.07Al2O3 − 0.25TFe2O3 −
1.142MgO + 0.438CaO + 1.475Na2O + 1.426K2O − 6.861.
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5.2. Source of the Sulfur and Gold

Sulfides show distinct sulfur isotopic compositions in different geological systems; therefore, sulfur
isotopes can be used as a key tracer in reflecting the ore-forming material sources of metallic mineral
deposits [39,40,53–56]. In situ sulfur isotope analyses have been widely used in economic geology,
because they can provide added evidence regarding the source of deposits [38,39,54,55]. Based on
the occurrence of arsenopyrite and pyrite and the absence of magnetite and/or sulfates in the quartz
vein type ore bodies, we proposed that the ore-forming fluid were reduced and the sulfur isotopic
compositions of the sulfides reflects that of the ore-forming fluid system [57,58]. As shown in Table
S4, the δ34SV-CDT values of pyrite and arsenopyrite range from +8.12%� to +9.99%� and from +9.78 to
+10.78%�, respectively, which is consistent with the δ34SV-CDT values of the epimetamorphic rocks of the
Neoproterozoic Qingshuijiang Formation (+9.27%� to +12.44%�), as reported by [8]. Together with the
sulfur isotopic compositions of the sulfides from the nearby gold deposits in this region, sulfur isotopes
of the Chaoyangzhai gold deposit fall outside of the range of granitic and basaltic rocks, but within
the interval of the metamorphic rocks of the Qingshuijiang (Figure 10). In addition, the quartz vein
has similar primitive mantle normalized trace element patterns and chondrite normalized rare earth
element patterns to the ore-hosting tuffaceous- and sandy-slate, which also indicates that the metal
source of this deposit is likely of the tuffaceous- and sandy-slate. Therefore, we proposed that the
sulfur source might be from the ore-hosting metamorphic rocks of the Qingshuijiang Formation.
Furthermore, the detrital zircon ages of the tuffaceous- and sandy-slate have peaks of 775 ± 13 Ma and
777 ± 16 Ma, respectively, which are consistent with the U–Pb age of zircon grains (773 ± 18 Ma) from
the gold-bearing quartz vein. It is indicated that the fluids might likely bring in these zircon grains of
the gold-bearing quartz vein when they circulated in the gold-rich rocks.

Figure 10. Sulfur isotopic compositions of the Chaoyangzhai gold deposit, showing some important
sulfur reservoirs (modified from [59]). The sulfur isotopic data of arsenopyrite in epimetamorphic
rocks of Qingshuijiang Formation and Bake deposit are from [8].

There are two types of metamorphic rocks of the Qingshuijiang Formation, the tuffaceous- and
sandy-slate, however, which one is the source rocks of the Chaoyangzhai gold deposit? As shown in
Table S2, the sandy-slate have a high content of Au (mostly ranging from 0.019 to 0.252 ppm), which is
higher than those of the tuffaceous slate samples (mostly lower than 0.005 ppm). Thus, the most
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probable source of the gold for the Chaoyangzhai gold deposit is the sandy slates of the Qingshuijiang
Formation. The gold deposits confirmed this conclusion, which were also hosted in the Qingshuijiang
Formation, for example, Bake, Jinning, and Kengtou gold deposits in this region [8–10]. Consequently,
we proposed that the metal source of Chaoyangzhai gold deposit was mostly derived from the sandy
slates of the Neoproterozoic Qingshuijiang Formation.

5.3. Genesis and Age of Turbidite-hosted Gold Deposits in Southeast Guizhou

A notable feature of these turbidite-hosted gold deposits, including the Chaoyangzhai gold
deposit, is the major paragenetic association of native gold, arsenopyrite, and pyrite, which indicates
that Au should be deposited in an Au-saturated fluid [60]. In addition, the arsenopyrite and
pyrite could be the Au-carriers in the ore-forming fluid, and it was confirmed by numerous cases
worldwide [61–66]. [61] reported that the Au content of arsenopyrite could be up to 65 ppm in the
Moshan gold deposit, Southeast Guizhou. The same features were also observed in sulfides of other
gold deposits in Southeast Guizhou [8,67]. The obvious positive correlation of the Au and As in this
study confirmed this conclusion (Figure 8f). Previous studies furthermore proposed that gold was
likely transported as the Au(HS)2

− in the fluid of low temperatures, low salinities, and low oxygen
fugacities [60,68,69]. The homogenization temperatures of the Chaoyangzhai gold deposit range from
145 to 319 ◦C, with a cluster of ca. 200 ◦C, whereas the calculated salinities range from 0.18 to 17.9 wt.
% NaCl equiv. (average = 7.5 wt. % NaCl equiv) (unpublished data). These temperatures and salinities
of the fluids are similar to those of the Pingqiu gold deposit, Southeast Guizhou [9]. Together with
the absence of the sulfate minerals and magnetite, it was proposed that these ore-forming fluids were
of low temperature, low salinity, and low oxygen fugacity. As far as the source of these ore-forming
fluids, numerous studies have been carried out on this issue; however, different viewpoints were
proposed [4,9,61,70–73]. These viewpoints can be classified into three groups: metamorphic fluid [9],
magmatic-hydrothermal fluid [4,70], and mixed fluid [61]. The viewpoint of magmatic-hydrothermal
model might be unlikely as an explanation for the fluid source of these gold deposits since no coeval
granitic intrusions were found in the Southeast Guizhou. In addition, the reported H–O isotopic data
of these gold deposit are mainly in the range of the metamorphic fluids, although groundwater might
be involved in the formation of these gold deposits [9,74]. Therefore, the metamorphic devolatilization
model appears to be the best explanation of the origin of ore-forming fluids, and these metamorphic
fluids could extract the gold and other metals from epimetamorphic rocks. Subsequently, accompanied
by the change of physico-chemical conditions, gold was deposited in the suitable fractures, leading to
the large-scale gold mineralization in Southeast Guizhou.

In terms of the ore-forming ages of these deposits, the reported metallogenic ages of these
deposits could be summarized in two groups: Ordovician-Silurian (450–410 Ma) and Triassic-Jurassic
(240–140 Ma), which is consistent with Caledonian and Indosinian-Yanshanian deformation,
respectively [10]. The debate regarding the timing of the ore-forming events of these deposits
might be caused by the lack of suitable minerals for dating, since pyrite and arsenopyrite are the
associated minerals in these gold deposits. Recently, several ages of these gold deposits were reported,
with 40Ar-39Ar age of 425.7 ± 1.7 Ma for the Pingqiu gold deposit [9], Re-Os age of 400 ± 11 Ma for
the Jinjing gold deposit [7], and Re-Os age of 412 ± 21 Ma for the Bake gold deposit [23]. In addition,
these ages are consistent with the ages of other gold deposits in the West Jiangnan Orogen Belt,
for example, the Woxi Au deposit (423.2 ± 1.2 Ma, [23]), Banxi Sb-Au deposit (422.2 ± 0.2 Ma, [75]),
and Jinshan Au deposit (406 ± 25 Ma, [76]). These reported high precision ages of these gold deposits
indicate that the Caledonian is a significant gold mineralization epoch in South China, recording the
Caledonian orogeny and the formation of these orogenic gold deposits in Southeast Guizhou.

6. Conclusions

Based on the geological, geochemical, geochronological studies on the Chaoyangzhai gold deposit,
we draw the following conclusions:
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(1) LA-ICP-MS zircon U–Pb dating of the gold-bearing quartz, tuffaceous- and sandy-slates display
similar characteristics of age distribution, indicating that the zircons in the gold-bearing quartz could
originate from the surrounding tuffaceous- and sandy-slates.

(2) Rocks of the Qingshuijiang Formation might be sourced from a felsic igneous provenance.
(3) Similar geochemical patterns between the surrounding tuffaceous- and sandy-slate and

gold-bearing quartz illustrate that the Chaoyangzhai gold deposit might be sourced from the
surrounding tuffaceous- and sandy-slate, supported by the sulfur isotopes of the arsenopyrite and pyrite.

(4) The sandy-slates have higher Au contents than the tuffaceous slate, indicating that the gold
might be sourced from the sandy-slate rather than tuffaceous slate.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/4/235/s1,
Table S1. LA-ICP-MS zircon U–Pb dating of the host rocks and gold-bearing quartz veins from the Chaoyangzhai
gold deposit. Table S2. Major and trace element compositions of the rocks from the Chaoyangzhai gold deposit.
Table S3. Ore-forming element contents of the ore (ppm). Table S4. Sulfur isotopic compositions of the sulfides
from the Chaoyangzhai gold deposit.
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