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The articles published in the 2019 Special Issue “Mineralogy of Noble Metals and
‘Invisible’ Speciations of These Elements in Natural Systems” [1] do not cover all the stated
problems of the specified topic, and hence, a second volume is being released. At present,
a significant part of the reserves of gold and other noble metals consists of deposits of
sulphide ores. Many sulphide ores are referred to as refractory ores by technologists.
Knowledge of the mineralogy of these ores, including micro and nano minerals of noble
metals, is a key factor in developing rational processing and enrichment schemes. The
aim of this Special Issue is to facilitate new knowledge for solving fundamental and
applied tasks.

The second volume Special Issue consists of one review on noble metal speciation in
sulphide ores and eleven research articles on various other topics.

Vikentyev et al. [2] reviewed the distribution and speciation of noble metals in con-
trasting types of mineralisation from the Urals, one of the largest ore belts in the world.
They describe the distribution and structural-chemical state of Au and Ag in sulphides
from the late-magmatic to low-temperature hydrothermal, regarded as the indicators of the
conditions of mineralisation and metamorphism of ores, with emphasis on the economi-
cally significant genetic types of ore deposits. This article is based on a large amount of new
and existing information: mineralogical, electron microprobe, mass-spectrometric, and
neutron activation. The ratio of forms of free and invisible gold in sulphides is discussed.
Admixtures of metals and metalloids provide the increased crystal structure defects for
the entry of noble metal impurities into sulphides by the mechanism of heterovalent iso-
morphism. The invisible gold is enlarged and passes into the visible state as native gold,
Au-Ag tellurides, Au-Ag sulphides, and other minerals.

A number of articles [3–11] are devoted to the study of gold mineralization at different
deposits and the characterization of the physicochemical conditions of its formation.

Jin and Sui [3] presented major and trace element analyses by electron microprobe and
laser ablation inductively coupled plasma mass spectrometry on two types of tourmalines
from the newly recognized intrusion-related Laodou gold deposit in the West Qinling
Orogen of central China. Both tourmaline types fall into the alkali group and are classified
under the schorl-dravite solid solution series. Chemical compositions and changes in
tourmaline textures may provide evidence for changes in the processes related to the
evolution of the hydrothermal system. In the Laodou gold deposit, type 1 tourmaline is a
product of the late crystallization of the quartz diorite porphyry, whereas type 2 tourmaline
coexists with Au-bearing arsenopyrite and is crystallized from the ore-forming fluids. The
composition of tourmaline is largely controlled by fluid/rock ratios and chemical equilibria
with coexisting phases in the hydrothermal system [3].

Kalinin and Kudryashov [4] investigated the Pellapahk Cu-Mo and Oleninskoe Au-Ag
deposits in the western segment of the Russian Arctic in the Kolmozero–Voronya green-
stone belt (Kola Peninsula). They regard these deposits as two parts of an Archean (2.83–
2.82 Ga) porphyry-epithermal system, probably the oldest such deposit in the Fennoscan-
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dian Shield. The formation of the Oleninskoe Au-Ag deposit at the epithermal stage of
the system is indicated by the spatial and genetic relationships with the sills of granite
porphyry. The geological and structural characteristics of the Oleninskoe and the Pellapahk
deposits, i.e., their location in a shear zone, the morphology and size of ore bodies, the
scale of the deposits, and the intensity and zoning of rock alteration, are consistent with
this model.

Kudrin et al. [5] studied disseminated gold–sulphide mineralization in metasomatites
of the Khangalas deposit, Yana–Kolyma Metallogenic Belt (Northeast Russia). The textu-
ral and mineralogical-geochemical features, isotope-geochemical characteristics of gold-
bearing sulphides from proximal metasomatites, and possible forms of Au in pyrite and
arsenopyrite were investigated using electron microprobe, atomic absorption, LA-ICPMS
trace element, isotope analysis, and computed microtomography. The gold content of
sulphides and proximal metasomatites indicates that the Khangalas deposit has higher
commercial potential than was previously indicated. Khangalas provides an exploration
model useful in targeting similar gold deposits from the local to the regional scale.

Kondratieva et al. [6] studied tellurium mineralization from gold deposits of the Aldan
shield (Southern Yakutia, Russia). Twenty-nine tellurium minerals, including 16 tellurides,
5 sulfotellurides, and 8 tellurates, have been identified from new results of this study and
previously published results. The analysis of the composition of Te minerals in these gold
deposits allowed identification of three mineral types: Au-Ag-Te, Au-Bi-Te, and mixed
Au-Ag-Bi-Te. Tellurium minerals are developed in all known types of metasomatic forma-
tions represented by sericite-microcline metasomatites, beresites, gumbaites, jasperoids,
and argillizites. The Au-Ag-Bi-Te minerals are the important sources of gold reserves in
this district.

Sidorov et al. [7] studied fluid inclusions from different types of quartz vein as-
sociations at the Maletoyvayam Deposit (Koryak Highland, Russia). This epithermal
gold deposit contains unique ore mineralization with native gold, tellurides, selenides,
and sulphoselenotellurides of Au, including maletoyvayamite, unnamed phases (AuSe,
Au(Te,Se)), and oxidation products of Au-tellurides. The maletoyvayamite has not been
reported anywhere else.

Fluid inclusions in quartz have salinities from 0.2 to 4.3 wt.% NaCl eq. (NaCl + KCl).
The indicated temperature variations for quartz crystallization were 295–135 ◦C with
pressures from 79 to 4 bar. These physicochemical characteristics of the Maletoyvayam ore
deposit coincide with other high-sulphidation (HS)-type epithermal deposits. It can be
speculated that Au–Cu–porphyry mineralization may be found at deeper horizons in the
Maletoyvayam area.

Kolova et al. [8] investigated the features of Au-Ag-S-Se-Cl-Br mineralization at
the epithermal Au-Ag Corrida deposit (Chukchi Peninsula, Russia) and estimated the
physicochemical conditions of its formation on the basis of the study of fluid inclusions and
thermodynamic modelling. This deposit is a new example of an epithermal deposit with
significant quantities of Au–Ag chalcogenides (Se-acanthite, uytenbogaardtite, fischesserite,
S-naumannite, and others) and Ag halides of the chlorargyrite-embolite-bromargyrite series.
Fluid inclusions indicate that the ore-bearing quartz was formed at temperatures of 340 to
160 ◦C; from low salinity (3.55 to 0.18 wt. % NaCl eq.) fluids. Thermodynamic modelling
suggests that mineralization formed under the following conditions: sulphur (log ƒS2 from
−6 to −27), selenium (log ƒSe2 from −14 to −35), and oxygen (log ƒO2 from −36 to −62).

Palyanova et al. [9] reported results of studies of the composition of native gold and
minerals in intergrowth with it in two ore zones of the Chudnoe Au-Pd-REE deposit (Sub-
polar Urals, Russia). This deposit and some other Ural deposits (Baronskoe, Volkovskoe,
Nesterovskoe, Ozernoe) are unique in the set of impurity elements in native gold (Ag,
Cu, Pd, Hg) and variability of their concentrations. Despite the numerous results, the
reasons for compositional changes in native gold and the presence of a wide set of im-
purity elements are not clear yet. The formation of native gold is probably related to
fuchsitization and allanitization of rhyolites as well as to Na-, Si-, and K-metasomatism.
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The absence of carbonates and sulphides and the presence of palladium minerals, Cu and
Pd in native gold, and Cr in fuchsite indicate a relationship between ore formation and
mafic-ultramafic magmatism.

Silyanov et al. [10] studied the oxidized ores from the Olympiada deposit (Eastern
Siberia, Russia). They obtained new data on the morphology and chemical composition of
native gold and proposed a model of supergene redistribution of noble metals and other
elements in the oxidation zone. They found that the supergene gold crystals (~1 μm), their
aggregates, and their globules (100 nm to 1 μm) predominate in the upper oxidized zones,
and spongiform gold occurs in the lower zone at the boundary with the bedrock.

Stepanov et al. [11] described the morphological features and composition of native
gold and its relation to minerals in ore-bearing breccias with realgar-orpiment cement from
the Vorontsovskoe gold deposit (Northern Urals, Russia). Despite a comprehensive study
of this deposit, its genesis remains controversial. The general geological and geochemical
patterns of the Turyinsk-Auerbakh metallogenic province [12] and the presence of small
non-economic porphyry copper deposits suggest that the Vorontsovskoe deposit is an
integral part of a large ore-magmatic system genetically associated with the formation of
the Auerbakh intrusion.

Nikiforova [13] studied the typomorphism of placer gold and the mechanisms of its
distribution in the east of the Siberian Platform. She developed a method for diagnosing the
genotype of placer gold from its morphological characteristics (alluvial, aeolian, pseudo-
ore). The diagnostic method and morphogenetic criteria for identifying the genesis of
placers and different sources in the platform areas developed by Nikiforova [13] can be
successfully used by production geological organizations for the exploration of placer
gold deposits.

Simakin et al. [14] performed an experimental study of Pt solubility in a CO-CO2 rich
fluid at PT conditions close to the subsolidus conditions of upper crust ultramafic–mafic
intrusions. They demonstrated that the solubility of Pt in a CO-CO2 fluid at 50–200 MPa and
950 ◦C is 15–150 ppm, presumably in the form of Pt3(CO)62−. Their results demonstrate
that the formation of carbonyl itself can be an important mechanism for the transport of Pt
by fluid at the post-magmatic stage of layered ultramafic–mafic intrusions.

These studies contribute to our understanding of the behaviour of noble metals and
the forms of occurrence in natural ore-forming systems.
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Abstract: A significant part of the primary gold reserves in the world is contained in sulphide ores,
many types of which are refractory in gold processing. The deposits of refractory sulphide ores
will be the main potential source of gold production in the future. The refractory gold and silver in
sulphide ores can be associated with micro- and nano-sized inclusions of Au and Ag minerals as
well as isomorphous, adsorbed and other species of noble metals (NM) not thoroughly investigated.
For gold and gold-bearing deposits of the Urals, distribution and forms of NM were studied in base
metal sulphides by laser ablation-inductively coupled plasma mass spectrometry and by neutron
activation analysis. Composition of arsenopyrite and As-pyrite, proper Au and Ag minerals were
identified using electron probe microanalysis. The ratio of various forms of invisible gold—which
includes nanoparticles and chemically bound gold—in sulphides is discussed. Observations were
also performed on about 120 synthetic crystals of NM-doped sphalerite and greenockite. In VMS
ores with increasing metamorphism, CAu and CAg in the major sulphides (sphalerite, chalcopyrite,
pyrite) generally decrease. A portion of invisible gold also decreases—from ~65–85% to ~35–60% of
the total Au. As a result of recrystallisation of ores, the invisible gold is enlarged and passes into the
visible state as native gold, Au-Ag tellurides and sulphides. In the gold deposits of the Urals, the
portion of invisible gold is usually <30% of the bulk Au.

Keywords: invisible gold; sulphides; LA-ICPMS; synthesis; gold deposits; VMS deposits; Urals

1. Introduction

Considering the “visible” gold occurrence in gold deposits, it has long been noted
that the association of native gold with sulphides is the most sustainable (e.g., [1,2]).
However, gold invisible to optical methods also commonly associates with sulphides,
notably pyrite [3–5]. The presence of invisible gold is established by chemical and assay
analyses of bulk samples as well as by sensitive and relatively local LA-ICPMS analysis
(e.g., [6–8]). Such invisible gold can be extracted from sulphides by repeated heating (up
to 850 ◦C; cf. during metamorphism of sulphide ore [9]), resulting in enlargement of gold
particles [3,10]. The mechanism of this process was unclear, and Bürg [11] introduced the
concept of “self-cleaning of the crystal lattice” of pyrite.

Minerals 2021, 11, 488. https://doi.org/10.3390/min11050488 https://www.mdpi.com/journal/minerals
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The form in which gold occurs in sulphides of the Fe-As-S system, which are key
minerals within the deposits of Au, Cu ± Au, Fe, Mo, U, Zn attracted enormous attention
in the last quarter of the 20th century. From an experimental point of view, the limits of
invisible gold in sulphides are defined over a wide temperature range [6,8,12–18]. It is
also determined experimentally that sulphide heating, as an analogue of metamorphic
transformation, leads to release of chemically bound gold from the crystal lattice of host
minerals (such as pyrite, arsenopyrite) and to the formation of elemental microparticles
(for example, see the review of the problem in [15] and also the experimental data review
in [19]).

The behaviour of gold is most representatively characterised for high-temperature sul-
phide systems: gold-copper-porphyry and gold-copper (and Fe-Cu-Au, Fe-Au, subtypes)
skarn deposits. Deposits of the copper–porphyry family represent some of the greatest
gold concentrations in the Earth crust. In addition, these deposits are possibly the sources
of gold for epithermal and other related deposits. Experimental data show that bornite and
chalcopyrite, formed under high-temperature conditions (about 600–700 ◦C) typical for
deep zones of copper–porphyry deposits, may contain about 1000 ppm of gold. Saturation
of these minerals with gold, however, occurs only at much lower (200–300 ◦C) tempera-
tures, corresponding to low-temperature minerlisation stages [20]. Thus, these deposits
reveal a wide range of sulphides with different contents of gold, varying from its dissemi-
nated form to the larger “visible” native gold [20,21]. In addition, during the formation
of these deposits, the processes of extraction and redistribution of gold and copper occur
within immiscible sulphide melt and gas fluid at different levels (or alteration zones) of the
unified systems, resulting in different Cu/Au ratios both in the gold-copper-porphyry and
skarn systems.

In other high-temperature sulphide systems—magmatic (or orthomagmatic) ones—
the behaviour of platinum-group elements (PGE) is important because of their high cost
and scarcity on the global metal market. The authors partially summarised information
about PGE in sulphides of magmatic and hydrothermal systems in papers (for pyrite [22]
and pyrrhotite [23]). For hydrothermal deposits of the Urals, data were published in [24–28].
A much more complete review of the data is given in [29], devoted to magmatic sulphides.

In the ores of gold and gold-bearing deposits, Au occurs as: (1) own Au-Ag solid
solution (rarer with Cu, Pd and Hg), i.e., native gold (with Ag content up to 50 wt% and
fineness of 500–1000‰ in mole fractions Au1–0.35Ag0–0.65) and native silver (with an Ag
content higher than 50 wt% and fineness of 0–500‰, in mole fractions Ag1–0.65Au0–0.35),
compounds with Te or with other chalcogens (S, Se) and metalloids (As, Sb, Bi), and (2) the
invisible (or fine dispersed) state. Invisible Au cannot be identified by conventional optical
microscopes or scanning electronic techniques, being scattered in the host sulphides as nano-
scale particles (“nanoparticles”) and/or in chemically bound state. Visible segregations of
native gold (called “nuggets” when becoming millimetre-sized and larger) and as discrete
Au minerals can be effectively extracted from the ore. In fairly common cases, where Au is
present in invisible form, processing results in the loss of most gold to tailings. In many
gold-bearing volcanogenic massive sulphide (VMS) deposits, the proportion of invisible
gold can be very high. For example, in the Uchaly VMS deposit in the South Urals, it
reaches 85% [15].

The mineral balance of the NM forms in ore sulphides is essential for evaluating the
NM recovery, i.e., their output into technological products and concentrates and, as for Au,
the possibility of its leaching by the cyanide solution (the most cheap and effective method
for extraction of fine-grained gold).

In many cases, the direct correlation between the concentrations of As and invisible Au
in hydrothermal pyrite is observed (e.g., [30]; see [15] for discussion). However, As-poor
pyrites can also demonstrate high gold concentrations. For example, the colloform pyrites
in the large Agua Rica Cu (+Mo, Au) porphyry deposit, Argentina, are As-poor (<30 ppm)
but rich in Au (up to 6.7 ppm) and Ag (up to 136 ppm) ([31]). No correlation between Au
and As in pyrite occurs in the ores of the shear-hosted gold-vein system of the Fairview
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mine, South Africa [32], VMS La Zarza, Migollas and Sotiel deposits, the Iberian Pyrite
Belt [33], multistage sedimentary-metamorphic (orogenic) sediment-hosted Sukhoi Log
gold deposit, South Siberia ([6]), “orogenic” gold deposits of the northern margin of the
North China Craton, China [8], intrusion-related lode gold deposits of the Xiaoqinling–
Dabie Orogenic Belt, China [34], and sediment-hosted (siltstone, shale and limestone)
Qiuling gold deposit in the West Qinling orogenic belt, China ([35]). There is no correlation
between As and Au in pyrites from most of the Au-bearing deposits of the Urals: the VMS
deposits [15,36,37], the Novogodnee-Monto Fe-Au-skarn deposit [38], the Petropavlovsk
gold-porphyry deposit [39,40] and the Svetlinsk Au-Te deposit [41,42]. Binary diagrams
show the low correlation between Au and As for pyrite of the Zn-Pb-Se-Bi-Au-rich VMS
Falun deposit, Sweden ([43]).

Understanding of the chemical state of Au in sulphide ores reached a new level
when it became possible to study Au-bearing minerals synthesised at the contrasting
TP conditions using different experimental techniques [13,44,45] and analytical meth-
ods [12,16,17,46–52]. The chemical state of Au in sulphides, i.e., its position in the host
mineral structure, valence state and local atomic environment, can be determined using
spectroscopic methods [19]. The spectroscopic studies of the sulphides rich in Au were per-
formed using X-ray photoelectron spectroscopy (XPS, see [16,46,47] and references cited),
Mössbauer spectroscopy [12,48,49] and X-ray absorption near-edge structure (XANES)
spectroscopy [16,17,50–52].

The main problems preventing the determination of the chemical state of Au are:
(1) relatively low concentrations of Au in natural sulphides, and hence the inability to use
the mentioned physical (spectroscopic) methods for gold identification, and (2) limitations
existing for the synthesis methods: (i) it is difficult to recreate the entire T/f S2 range
of natural sulphide formation, (ii) the variability of the composition and thin zoning of
sulphide grains with respect to the main components, especially for arsenopyrite and
As-pyrite, and (iii) the presence of a large number of other trace elements in addition to
gold in the natural sulphides, which partly calls into question the complete analogy of
synthetic and natural mineral grains.

In comparison with other precious metals in hydrothermal deposits, gold is the
most important, so it is the focus of this study. Gold is among the rarest elements in
the Earth’s crust [53] and reserves of its largest deposits do not exceed first thousands of
tons, however, the high economic and social-political significance of this metal requires
sustainable reproduction and increase of gold natural resources. The increase in metal
prices during the last 20 years favours the growth of gold supply and exploration in the
world, but, taking into account an exhaustion of brown field resources and traditionally
mined types of mineralisation, the further development of the resource base needs to be
supported with new ideas based on a comprehensive level of knowledge. A forecasting
geological model is one of the major requirements of successful exploration [54].

The purpose of this paper is to review the distribution and forms of NM in contrasting
types of mineralisation on the example of one of the largest ore belts in the world. Distri-
bution and structural-chemical state of Au and Ag in sulphides through the ore deposits
from late-magmatic to low-temperature hydrothermal are considered as indicators of the
conditions of mineralisation and metamorphism of ores (e.g., [9,15]). Thus, NM forms are
regarded as one of the key aspects of the general model of the evolution of ore-forming
systems related to fluid activity (from high- to low-temperature).

The research results contribute to fundamental knowledge on NM forms of occurrence
in ores and minerals, and concentration levels of NM in sulphides. Our data can be useful
in the analysis of the distribution of NM in the Earth’s crust and will add data into the
experimental database to support the thermodynamic models. Moreover, the data obtained
on the contents and forms of NM accumulation in base metal sulphides are an important
practical result of the work. They will help to develop ore processing.

The present research is based on studies of NM distribution and speciation in gold
and gold-bearing deposits of the Urals. The gold deposits include Au-sulphide-quartz
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(mesothermal intrusion-related, “traditional” type for the Urals) Berezovsk, Au-telluride
mesothermal Svetlinsk and Au-sulphide-realgar Carlin-style Vorontsovka (both are large
but are seen as unconventional for the Urals types [55]) (Table 1). Other types include
VMS deposits (Cu-dominated Gai and Zn-dominated Uchaly, Uzelga, Galka) and the
skarn-porphyry family (Novogodnee-Monto Au-magnetite-skarn and Petropavlovsk Au-
porphyry deposits). The mentioned gold and gold-bearing deposits together provide
about 95% of the production of Au of the Urals. The paper proposes an application of the
modern achievements in the field of the analytical techniques for advancing the theoretical
basis of the NM behaviour in hydrothermal ore mineralising systems with emphasises on
economically significant genetic types of ore deposits.

Table 1. Main endogenous Au- and Cu-bearing deposits of the Urals.

Geodynamic
Environments

Ore Deposit Type
Ore-Bearing

Magmatic
Complexes

Main Ore Elements
Examples of Ore

Deposits

Oceanic spreading O1–2 Co-Ni-sulphide Ultramafic,
tholeiite-basalt Co, Ni (As, Au) Ivanovka, Dergamysh

Island arc
(O3-D1)

primitive

Cu VMS
(Dombarovsk) Tholeiite-basalt Cu (Zn, Co) Mauk, Letnee, Buribai,

Koktau

Cu-Zn VMS
(Uralian)

Sodium
rhyolite-basalt Cu, Zn (Au) Gai, Safyanovka,

Yubileynoe, Priorskoe

Sodium
basalt-rhyolite Zn, Cu (Au, Ag, Se, Te)

Uchaly, Novo-Uchaly,
Sibai, Uzelga,

Degtyarsk, Podolsk

Cu-barite-Cu-Zn
VMS (Baimak)

Potassium-sodium
andesite-dacite Cu, Zn, Au, Ba (Pb, Ag)

Bakr-Tau, Balta-Tau,
Maiskoe, Tash-Tau,

Uvarjazh, Galka

Cu-
titanomagnetite-

apatite
Gabbro-norite Cu, Fe (Au, Pd, Pt, Ti, V, P) Volkovskoe

mature

Cu-porphyry Andesite-diorite Cu Tominskoe

Au-porphyry Plagiogranite Au, Cu Yubileinoe (Au)

Au-epithermal Andesite-diorite Au, Cu (Pb, Zn, Se, Te) Bereznyakovskoe

Cu-skarn
(porphyry)

Rhyolite-basalt,
gabbro-diorite Cu, Fe (Au) Gumeshki

Au-polymetallic Andesite-dacite Au, Ag (Pb, Zn) Murtykty

Arc-continent collision and
active margin of continent

(D3-C1)

Skarn-magnetite

Sodium
andesite-basalt,
gabbro-diorite

Fe (Cu, Au) Sokolovskoe, Sarbay

Potassium-sodium
andesite-basalt,
gabbro-diorite-

granite

Fe (Cu, Co, Au) Vysokogorsk,
Goroblagodat

Cu-magnetite
skarn Cu, Fe (Au, Co) Tur’insk group

Au-sulphide-
realgar Au, Ag (Hg, Sb,Tl) Vorontsovka

Au-magnetite-
skarn

Potassium-sodium
andesite-basalt,
gabbro-diorite

Fe, Au (Cu, Mo, Co, Ag) Novogodnee-Monto

Au-porphyry Au (Ag, Te, W) Petropavlovsk

Au-skarn
(porhyry) Diorite-

granodiorite

Au, Cu Varvarinskoe

Cu-porphyry (Mo) Cu (Mo, Au, Re) Mikheevskoe

Cu-porphyry Cu (Mo, Au) Benkala
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Table 1. Cont.

Geodynamic
Environments

Ore Deposit Type
Ore-Bearing

Magmatic
Complexes

Main Ore Elements
Examples of Ore

Deposits

The main collision (C/P)

Au-sulphide-
quartz

Tonalite-
granodiorite

Au(Cu,Pb,Zn,Ag) Berezovsk

Au (As) Kochkar’

Au-telluride Gabbro-diabase,
plagiogranite Au (Te, Ag) Svetlinsk

Bold—deposits under consideration.

2. Geological Framework

The Urals is the largest single ore belt in the world, and it contains 5.0 Bt non-ferrous
metal ore (80 Mt of Cu + Zn), 4,900 t Au and 41,000 t Ag reserves in endogenous ore
deposits. The bulk of Uralian gold is produced from sulphide ores containing large
gold deposits (Berezovsk, Kochkar, Svetlinsk, etc., [55]) and giant Cu-Zn-Au-Ag VMS
deposits [56,57], with reserves of 50–500 t Au for each deposit of both types. Most gold-
bearing (VMS, etc.) deposits and some gold deposits are located on the eastern slope of the
Urals (Figure 1), within the Main Greenstone Belt of the Urals—the Tagil-Magnitogorsk
synclinorium zone [56,58,59]. Major large gold deposits occur inside of the East Uralian
anticlinorium zone [55,60].

The Urals is the oldest (275 years, from 1745) gold-mining province of Russia [55]. The
four largest gold deposits and nine gold-bearing deposits of the Urals contribute about
45% (2220 t Au) of proven gold reserves, adding to the past production of this province
(4900 t Au).

2.1. Gold Deposits

The objects of this study are the large gold deposits of different genetic types [59]:
Vorontsovka (Au-As-Sb-Hg-Tl, Carlin-style), Berezovsk (Au, mesothermal intrusion-related),
Svetlinsk (Au-telluride mesothermal) and Petropavlovsk (Au-porphyry) (Tables 1 and 2).
The Vorontsovka deposit (101 t Au) is located in the Tagil zone, while the Berezovsk (~490 t
Au) and Svetlinsk (~135 t Au) deposits are located in the East Uralian zone (Figure 1).

Specific features of the Vorontsovka deposit [62,63] are as follows: thinly disseminated
sulphide mineralisation in carbonate-clastic sequence; quartz-sericite, argillic (clay-quartz-
carbonate) and jasperoid types of alteration; abundance of As and Fe sulphides (pyrite,
arsenopyrite, realgar); correlation of Au (r > 0.5) with Ag, As, Hg, Co, Ni, Pb and Ba in the
ores; geochemical types of mineralisation: As-Hg-Tl-Sb (the early stage) and Ag-Pb-Zn-Cu-
Sb (the late stage); Au/Ag ratio ≥ 1 in ore. Our genetic model for the Vorontsovka gold
deposit suggests that the gold mineralisation is coeval with the formation of the Auerbakh
volcano-plutonic complex. Low-sulphide gold-bearing assemblages were deposited at
lower temperatures on the periphery of the skarn zones (Tables 1 and 3).
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Figure 1. Structural zones of the Urals and the position of Au- and Cu-bearing deposits (on the
tectonic base of [61]). Ore deposits: 1 Novogodnee-Monto, 2 Pervopavlovsk, 3 Vorontsovka, 4 Bere-

zovsk, 5 Bereznyakovsk, 6 Kochkar, 7 Svetlinsk, 8 Varvarinskoe, 9 Murtikty, 10 Chudnoe, 11 Uchaly,
12 Novo-Uchaly, 13 Uzelga, 14 Molodeznoe, 15 Aleksandrinskoe, 16 Sibai, 17 Bakr-Tau, Balta-Tau,
Uvarjazh, Tash-Tau, 18 Maiskoe, 19 Yubileynoye, 20 Podolskoe, 21 Oktyabrskoe, 22 Gai, 23 Bl’ava,
Komsomolskoe, Yaman-Kasy, 24 Dzhusa, 25 Barsytchiy Log, 26 Letnee, Osenee, Levobereznoe,
27 Vesenee, 28 Priorsk, 29 50-let Oktjabrja, 30 Kundizdi, 31 Degtyarsk, 32 Safyanovsk, 33 San-
Donato, 34 Krasnogvardeysk, 35 Levikha, 36 Kaban, 37 Galka, 38 Valentorskoe, 39 Tur’a, 40 Tarnjer,
41 Volkovskoe, 42 Gumeshevskoe, 43 Tominskoe, Kalinovskoe, 44 Tarutinskoe, 45 Mikheevskoe,
46 Sokolovskoe, 47 Sarbai, 48 Benkala, 49 Yubileinoe (Au). Bold—deposits under consideration.
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Table 2. Characteristics of studied gold deposits.

Deposit, Region
Svetlinsk,

South Urals
Berezovsk,

Middle Urals
Vorontsovka,
North Urals

Petropavlovsk,
Polar Urals

Host rocks Metamorphosed
volcaniclastic (D-C)

Volcaniclastic (O-S),
gabbro, serpentinite,

granite
Volcaniclastic (S2-D1) Volcaniclastic (S2-D1)

Geochemical type Au-Te Au, Ag (W, Bi) Au-As-Sb-Hg-Tl Au (Ag, Te, Bi, W)

Ore bodies Vein-disseminated
zones; veins

Suits of veins
usually occurred inside

of dykes

Vein-disseminated
zones; rare veinlets

Stockwork,
vein-disseminated

zones

Wall rock alteration
Quartz-biotite (with

amphibole), quartz ±
biotite-sericite

Beresite, listvenite
Propylitic,

quartz-sericite,
argillic, jasperoid

Silicification,
albitisation,

chloritisation,
sericitisation

Stage of mineral
formation

Quartz-pyrite→
Au-Te-polymetalic→

Quartz-carbonate-
sulphide

Ankerite-quartz →
Pyrite-quartz →
Polymetalic →

Carbonate

Arsenopyrite-pyrite →
Pyrite-realgar →

Sulphosalt-
polymetalic →

Polymetalic

Pyrite-magnetite →
Pyrite (± chalcopyrite,
sphalerite, pyrrhotite)
→ Gold–telluride →

Quartz–carbonate
Au reserves (CAu) ~135 t (1.8–2.8 g/t) 490 t (2.4 g/t) ~101 t (2.8 g/t) 26 t (1.4 g/t)

Table 3. Arsenopyrite-bearing mineral assemblages of the Vorontsovka gold deposit.

№ Mineral Ore Type Ore Mineral Assemblage t, ◦C P, kbar log f S2

I impregnated
gold-polymetallic

arsenopyrite-sulphosalts-
polymetallic 400–270 0.6–0.2 −7 to −9

II finely disseminated
gold-pyrite-realgar

arsenic-löllingite-
arsenopyrite 370–250 0.2–0.15 −12 to −17

Quartz-sulphide veins of the Berezovsk deposit (about 55% of total gold reserves)
contain 90–95 vol% of quartz, 5–10 vol% of sulphides and average 18–20 g/t Au [64].
Impregnated sulphide ores—hydrothermal-altered granitoid dykes (“beresite”)—contain
1–2 vol% of pyrite and 0.1–5 g/t Au (commonly 0.2–1.3 g/t) (Tables 1 and 2).

The Svetlinsk deposit is represented by the system of sulphide-quartz veins, veinlets
and large lens-shaped vein-disseminated zones of quartz-pyrite (± pyrrhotite) mineralisa-
tion. The deposit is located within the strongly metamorphosed (up to amphibolitic facies)
volcano-sedimentary series: metabasite, terrigenous/volcaniclastic sediments and marble
(D-C). The average gold content is not high (2–3 g/t). Native gold in sulphide-quartz veins
is closely associated with tellurides [65,66].

The Petropavlovsk deposit is located in the Silurian-Devonian island-arc volcanic
complexes of the Polar Urals [40]. It tends to the apical part of a large polyphase (with dom-
inating diorite) pluton and is closely related to porphyritic diorite. The ore body is a large
isometric stockwork composed of gold-sulphide (low-sulphide) stringer-disseminated
ore associated with albitisation zones, intersected by moderately Au-rich, late quartz
veins [39,40]. Gold, finely dispersed in pyrite (<0.1 mm), predominates in the ore bod-
ies and is associated with Ag, W, Mo, Cu, As, Te and Bi in geochemical haloes. The
Novogodnee-Monto iron-gold-skarn deposit (7 t by-product Au reserves) is located on
the east flank of the Petropavlovsk deposit, 0.5 km away. They both probably represent
a single ore-magmatic system of porphyry type [40], and their features are compiled in
Tables 1, 2 and 4.
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Table 4. Mineral assemblages and physicochemical parameters of mineral-forming fluids of the Petropavlovsk gold field.

Ore Deposit
Mineral Assemblage (and Gold

Mineralisation)
Thom, ◦C Salt Composition Csalt, wt%-eq. NaCl

Novogodnee-Monto
Fe-Au-skarn

Chalcopyrite-pyrite-quartz,
early stage 430–300 (Na, Mg)Cl 10–12.9

Pyrite-chalcopyrite-quartz
(with Au) 315–270 (Na, K)Cl 4.5–12.2

Chalcopyrite-pyrite-magnetite
(with Co and Au) 230–215 NaCl 3.4–9.2

Pyrite-chalcopyrite-telluride
(with Au) 210–180 NaCl 10.5–13.9

Polysulphide-quartz-carbonate 170–140 (Na, K)Cl 6.0–8.0

Petropavlovsk
Au-porphyry

Chalcopyrite-pyrite-magnetite
(with Au) 250 * no data

Polysulphide-quartz (with Au) 260–245 no phase transitions were observed

Pyrite-chalcopyrite-telluride
(with Au) 200 (Na, K)Cl 11

Polysulphide-quartz-carbonate
(with Au) 160–150 (Na, K)Cl 14

* Co geothermometer (coexisting pyrite and chalcopyrite).

2.2. VMS Deposits

VMS deposits of the Urals began to play a major role in its gold industry in the middle
of the 20th Century. The VMS deposits belong to Uralian (or Cu-Zn-pyritic) type (the major
one for the Urals), which can be divided into two subtypes: Cu>>Zn and Zn>>Cu, and two
minor types: copper (Dombarovsk type) and gold-barite-copper-zinc or Au-polymetallic
(Baimak type). Among the Uralian type, ten deposits contain >100 t Au and/or >1000 t
Ag—the largest, Gai, Uchaly, Novo-Uchaly and Uzelga, together amount to 1000 t Au
and ~13,200 t Ag [57,67,68]. According to the modern genetic model, the formation of
these deposits was related to a shallow chamber of acidic magma formed as a result of the
differentiation of mantle-derived basalt [69,70].

The study of modes in which gold occurs in sulphides (including invisible
gold) covers two large, slightly metamorphosed volcanogenic massive sulphide de-
posits: Uchaly and Uzelga, as well as the giant intensively deformed Gai VMS deposit
(Figures 1–3; Tables 1 and 5). Massive sulphide ores predominate in these deposits with
a subordinate contribution of disseminated ores (commonly 5–15 vol%). Au and Ag are
relatively uniformly distributed in massive sulphide ores (av. values are 0.5–1.5 g/t Au,
5–50 g/t Ag), but local enrichment occurs (up to 10–90 g/t Au and up to 1000–3000 g/t
Ag). The specific feature of Uchaly and Uzelga deposits (Zn-dominated subtype) is the
uplifted levels of Au, Ag, Pb, Se, Te, Sb, As, Sn and Cd comparing to most of the other VMS
districts of the Urals [71,72].
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Table 5. Characteristics of the studied VMS deposits.

Deposit, Region
Gai Uchaly, Novo-Uchaly Uzelga Galka,

North UralsSouth Urals

Host rocks Bimodal-mafic (with
minor chert)

Bimodal-felsic (with
minor chert)

Bimodal-felsic (with
minor chert, limestone,

andesite and dacite)

Bimodal-felsic (with
minor andesite and

dacite)

Geological age Emsian Mid-Eifelian Late Eifelian–Early
Givetian

Late Ordovician–Early
Llandoverian

Geochemical type Zn-Cu (Au, Ag) Cu-Zn (Au, Ag) Cu-Zn (Au, Ag) Zn-(Cu-Pb-Ag-Au)

Metamorphic grade
(t, ◦C) Greenschist, 250–450

Prehnite-pumpellyite,
150–350 (locally up

to 400)

Prehnite-pumpellyite,
180–350 (locally up to

450)
Zeolite, 100–200

Dominant ore-host
structures

Steeply dipping to
vertical,

pseudomonoclinal
shear-related structures

Steeply dipping to
vertical; limb of large

anticlinal fold

Gentle doms and
trenchs

Gentle doms and
trenchs

Ore bodies Platelike, podiform Lensoid, antiform Lensoid
Stockwork,

vein-disseminated
zones; (minor lensoid)

Wall rock alteration

Albitisation,
silicification,

chloritisation,
sericitisation

(±pyrophyllite)

Silicification,
sericitisation,
albitisation,

chloritisation

Silicification,
sericitisation,
carbonation,
albitisation,

chloritisation

Argillic, silicification,
sericitisation

Ore reserves 450 Mt * 230.4 (116 + 114.4) Mt * 80.7 Mt * 4.3 Mt
Cu + Pb + Zn, wt% 2.2 4.3 (4.8 and 3.6) 4.2 3.3

Au reserves 520 t * 344 (180 + 164) t * 136.6 t * 6 t
CAu, g/t 1.2 1.5 1.7 1.35

Ag reserves 6,300 t * 4,381 t * 2,495 t * 200 t
CAg, g/t 14 19 31 46.5

* including past production.

During 60 years, two hundred million tonnes of ore have been mined from the Gai
deposit (Cu-dominated subtype), and ~45% of initial reserves contained about 10 million
tonnes of non-ferrous metals (Cu:Pb:Zn = 1:0.03:0.49), 520 t Au and 6300 t Ag (Au/Ag = 0.08).
The annual output of the underground mine reached 5 Mt of Cu and Cu-Zn ore (>70 Kt
Cu) [9,73,74]. The deposit consists of a package of steeply dipping sheet-like bodies, from
40 up to 1300 m down the dip, with a thickness of the large lodes up to 150 m in bulges.
Together, the ore bodies comprise a lineal mineral zone (thickness ~300 m, up to 800 m).
The ore zone extends for 3.7 km along the strike and more than 1.7 km down the dip,
remaining not contoured at a depth. The deposit was affected by regional metamorphism
(greenschist facies), strike-slip deformations and folding. Therefore, ore structures and
textures observed are mostly epigenetic (e.g., [9,74,75]). Massive, breccia-like, impregnated
and stringer-impregnated structures are dominant. Gneissose, foliated and banded struc-
tures often occur in the outer parts of massive sulphide lodes and are found within narrow
zones controlled by later steeply dipping normal and strike-slip faults [57,74].

The Uchaly deposit also demonstrates one of the largest potentials if the Novo-
Uchaly deposit located directly to the south of the Uchaly deposit is considered as its
separate ore body. Therefore, the total reserves of metals contained in the two ore
bodies—the northern one, Uchaly, and the southern one, Novo-Uchaly—will amount
to 9.96 million tonnes Cu + Pb + Zn, with Cu:Pb:Zn = 1:0.17:3.12, 344 t Au and 4381 t Ag
(Au/Ag = 0.08) [15,36,76]. The Uchaly lode comprises a single subvertical thick (up to
180 m in bulges) lens of solid Cu–Zn ore, approximately 1.2 km in the lateral direction and
1.3 km along the dip. The Novo-Uchaly lode (1250 m × 900 m) reaches 186 m thick and
comprises a steeply dipping VMS lens, crumpled into an anticlinal fold. The deposit was
affected by regional metamorphism (subgreenschist facies). The ore body reveals complex
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lenticular contours complicated by pinch and swell areas. The primary ores—brecciated
and rhythmically foliated—are preserved only as relics. Gneissose and folded varieties of
ore occur along the contacts of the ore body and in zones of postmineral faults.

The total reserves of the Uzelga deposit range 81 million tonnes of ore, contain-
ing 3.43 million tonnes Cu + Pb + Zn (Cu:Pb:Zn = 1:0.22:1.90), 137 t Au and 2495 t
Ag (Au/Ag = 0.05) [9,67,68]. Paleovolcanic structures are mostly gentle and weakly de-
formed [69,76]. Bodies of VMS solid ores occur at two hypsometric levels, 130–380 m
from day surface (body Nos. 1, 5, 6, 9) and 420–640 m (body Nos. 2–4, 7, 8), with ~300 m
between the levels [25,77]. Ore bodies are represented by thick lenses, sometimes by
irregular ellipsoidal and isometric ones with obtuse terminations (ore body 4) or ball-
shaped ones (ore body 3). Ores are commonly slightly recrystallised: cryptograined and
hypidiomorphic-granular textures predominate in ores [78,79]. There are spherolitic and
radial fabrics in kidney aggregates. Rhythmic zonality of pyrite is often marked by bands
or fine inclusions of chalcopyrite, sphalerite, tennantite, tetrahedrite or a member of the
tetrahedrite-tennantite series (further “fahlore”). Cataclastic texture often occurs in pyrite
grains. Framboidal, metaglobular pyrite is sometimes found.

The Galka deposit is small (Table 5) and comprises gentle VMS lenses (max.
2000 m × 350 m; thickness up to 30 m) of veinlet-impregnated Au–pyrite–polymetal ores [80,81].
Locally semi-massive and massive sulphide ore forms thin (up to 1 m) lenses in interlayers
of carboniferous fineclastic sedimentary rocks. The abundant veinlet-impregnated ores are
hosted by argillic (illite/smectite–sericite–quartz and kaolinite) alteration, formed after cement
of rhyodacitic breccia [82]. The ores are almost unaffected by any metamorphism, so collo-
form structures, and fine-grained textures of ores, are widespread, and sulphides carry a high
proportion of invisible gold [15].

During processing, most of the total amount of trace elements is not extracted (Au,
Ag, Pt, Pd, Pb, Se, Te, Sb, As, Bi, Sn, Co, Ni and Hg), and many of them (Pb, Se, Te, Sb, As,
Co, Ni and Hg) become pollutants (together with sulphur dioxide and Fe) [72,83]. The
increasing volume of processed VMS ores has aggravated the problem of gold recovery:
while copper and zinc are taken in concentrates almost completely (75–85%), integrated
gold recovery into the copper and zinc concentrates ranges from 20% (Uchaly) up to 50%
(Gai). The loss of gold into the pyritic concentrate and tailings exceeds 15 tonnes (up to
20 t) annually, which is three times more than Au recovery from massive sulphide ores of
the Urals. Therefore, tailing dumps of ore-processing plants can be compared with large
gold deposits: for example, the Gai (110 t Au in the tailing dump) and Uchaly (90 t Au)
concentrating mills.
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Figure 2. Parameters of VMS deposits of the Urals in terms of ore and base metal tonnage and their comparison with large,
Au-rich VMS deposits of the world (>100 t Au); red circles—deposits under consideration. Parameters for other deposits
were selected from the review in [84].

Figure 3. Parameters of VMS deposits of the Urals, in terms of ore and gold tonnage, and their comparison with major
Au-bearing VMS deposits of the world; red circles with a red ring—deposits under consideration. Design and parameters
for other deposits were adapted from the review in [84].
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3. Materials and Methods

The study was based on mapping and sampling of drill core and open pits. Collections
of ores include 100–300 samples for each deposit, and 150–500 polished sections were
studied for each deposit. Mineralogical observations, electron probe microanalyses (EPMA)
and a study using the scanning electron microscope (SEM) with an EDS were carried
out for polished sections as well as for sulphide and heavy concentrates prepared from
ores and, in some cases, from tailings. Manually selected sulphide monomineral fractions
and sulphides from heavy concentrates by separating dozens of samples for each deposit
were studied.

EPMA: The analyses were performed in IGEM RAS on the JXA-8200 Jeol, JEOL Ltd.,
Tokyo, Japan, electron microprobe equipped with five WD spectrometers and one ED
spectrometer. The major constituents were determined at an accelerating voltage of 20 kV,
current intensity on the Faraday cup of 20 nA, 10 s counting time and beam diameter of
1 μm. Conditions of analysis are provided in Appendix A Table A1. The AuMα line was
chosen for Au analysis in arsenopyrite and pyrite (with 100–200 s counting time for PGE
and Au) because it was established that the signal/background ratio of M series lines is
better than that of L series lines [18]. These operating conditions and correctly selected
background points made it possible to decrease the detection limit (3σ) down to 45 ppm
for line AuMα.

SEM/EDS: The JSM-5610LV electron microscope (JEOL Ltd., Tokyo, Japan) equipped
with an X-Max 100 energy dispersive spectrometer (IGEM RAS) was used for the studies.

INAA: For instrumental neutron activation analysis, sulphide separates of 20 to 50 mg
weight were handpicked under a binocular microscope. The purity of separation was
tested with the help of the X-ray powder diffraction technique. The fraction of a sulphide
examined in a sample analysed was more than 90%. The grains of sulphides selected
for analysis were sealed in polyethylene film. For activation, the polyethylene packages
were wrapped in filter paper and aluminium foil. Samples, standardised by the State
Geological Survey of the USSR (State Standard Samples 3593–86; 3594; 3595; RUS 1 ÷ 4)
and the United States (USGS: BHVO-1; Mag-1; QLO-1; RGM-1, SCo-1, SDC-1, SGR-1), were
prepared for irradiation in the same manner. The samples were activated for 15 to 17 h
in the IRT reactor at the Moscow Engineering Physical Institute with a neutron flux of
1 × 1013 s cm−2. Measurements of induced activity were carried out in IGEM RAS with
a gamma spectrometer: the analyser was the 919+GEM45190 ORTEC (AMETEK ORTEC,
Oak Ridge, TN, USA)(HPGe coaxial detector; the range of energy measured was from
100 to 1800 KeV, with a resolution of 1.8 KeV at the line of 1332 KeV). The nuclide and the
gamma line used for the analyses (KeV) were: 198Au (412), 122Sb (564), 124Sb (602 and 1691),
60Co (1332), 76As (559), 110MAg (657), 59Fe (1099), 65Zn (1115), 115Cd (336 and 528). The
measurements were conducted in two stages: in 7 to 10 days after activation, As, Cd and
Au concentration were detected, and in 25 to 30 days after activation, Fe, Co, Zn, Ag and
Sb were analysed (see details in [12]). INAA examined the contents of NM, base metals
and some rare elements in the bulk samples, ultra-heavy concentrates and hand-made
mineral concentrates.

LA-ICPMS: The high-sensitivity mass-spectrometer laser ablation method (LA-ICPMS,
ThermoXSeries, NewWave 213 device, AMETEK, Berwyn, PA, USA) was chosen as a key
analytical method for trace element analysis of sulphides, including determination of noble
metals [39]. Primary determination of major components was carried out on EPMA. For
the LA-ICPMS method, sulphide reference material MASS-1 [85] was used as an external
calibration standard together with in-house pyrrhotite-based standard Fe0.9S (20 ppm PGE,
gold and silver, synthesised at IGEM RAS using the method from [86]) and calibrated in
the LabMaTer at the Université du Québec à Chicoutimi (Chicoutimi, QC, Canada) for to
the concentration of Au against a standard prepared by J.H.G. Laflamme. The analysis of
sulphide grains was realised using spot and profile ablation. The diameter of the laser beam
was 30–60 μm. The laser pulse frequency was 10 Hz, and the energy at the sample surface
was 7–8 J/cm2. The detection limit for most elements was 0.02–0.05 ppm. Investigations
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were carried out in IGEM RAS, and a part of LA-ICPMS control analyses was also done
in the LabMaTer at the Université du Québec à Chicoutimi. We used the thermochemical
method to determine the ionic form of gold according to [87–89].

To study the form of invisible Au in sulphides, we and our colleagues synthesised
the Au-bearing chalcogenides using different methods (hydrothermal and gas transport
methods and salt flux technique [44,45,90]) at contrasting T/f S2 conditions and addressed
the Au local environment using XAS [16,91,92]. High Au, Pt, Pd and other metals’ contents
intentionally introduced into the synthetic phases allowed using the spectroscopic methods
to determine the structural-chemical state of the NM in sulphides using first-principles
quantum chemical calculations and Bader charge analysis (e.g., [19]).

The microanalyses of natural sulphides for all deposits under consideration were
accompanied by studies on conditions of ore formation based on fluid inclusion data and
mineral geothermometry, and they are partly implied but not discussed in detail in this
paper. The regime of volatiles was also briefly discussed.

4. Noble Metal Distribution and Speciations

4.1. Gold Deposits
4.1.1. The Vorontsovka Gold Deposit

The Vorontsovka deposit is mainly comprised of vein-disseminated zones with rare
gold-quartz veinlets. Ore contains pyrite, arsenopyrite, chalcopyrite, sphalerite, galena,
hessite Ag2Te, coloradoite HgTe, alabandine MnS, native gold (fineness 910–998 for early
and 680–690 for late generations) (Table 6; Figure 4) and various As-Sb mineralisation:
native As, realgar AsS, orpiment As2S3, tennantite, tennantite-tetrahedrite, aktashite
Cu6Hg3As4S12, cinnabar HgS, alabandine MnS, clerite MnSb2S4, routhierite TlHgAsS3, pier-
rotite Tl2(Sb,As)10S17, stibnite Sb2S3, zinkenite Pb9Sb22S42, chalcostibite CuSbS2, boulan-
gerite Pb5Sb4S11, jamesonite Pb4FeSb6S14, bournonite PbCuSbS3, plagionite Pb5Sb8S17
and geocronite Pb14(Sb,As)6S23 [63]. There are four groups of mineral assemblages in
the ore bodies. The later assemblages often overprint the early ones: (1) VMS-like (with
low Au content), (2) gold-pyrite-arsenopyrite (gold fineness 910–998), (3) magnetite and
epidote-garnet skarn and skarnoid (with low gold content) and (4) gold-pyrite-realgar
(gold fineness 680–690) [63].

Table 6. Mineral forms of Au and Ag in the large gold deposits of the Urals, modified after [93].

Vorontsovka Berezovsk Svetlinsk Petropavlovsk

Hessite Ag2Te, native
gold, küstelite,

Ag-tetrahedrite,
freibergite

(Ag,Cu)12Sb4S13

Native silver, native
gold, freibergite
(Ag,Cu)12Sb4S13,
matildite AgBiS2,

hessite Ag2Te,
acanthite Ag2S

Native gold,
calaverite AuTe2,

aurostibite AuSb2,
montbrayite
(Au,Sb)2Te3,
krennerite

(Au,Ag)Te2, sylvanite
AuAgTe4, petzite

Ag3AuTe2, volynskite
AgBiTe2, maldonite

Au2Bi, hessite Ag2Te,
γ-hessite Ag1.9Te,

acanthite Ag2S

Native gold, hessite
Ag2Te, petzite

Ag3AuTe2, calaverite
AuTe2, sylvanite

AuAgTe4
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Figure 4. Native gold in the Vorontsovka (a–f) and Berezovsk deposits (g–k). (a–f) Inhomogeneous
native gold in quartz veinlet (c—details of b, f—details of e). (g,h) Macroscopic native gold: (g) native
gold 1.5 × 8 mm near the contact of quartz and beresite (Ber), (h) native gold 1–4 mm associated
with aikinite in quartz-carbonate vein. (i–k) Native gold in pyrite (i,j) and tennantite (k). Ccp—
chalcopyrite, Tnt—tennantite, Gn—galena, Sp—sphalerite, Aik—aikinite, Qz—quartz. (b,c,e,f) BSE
images, (d,e) details of (c).

Invisible gold in arsenopyrite and As-pyrite: The study of gold modes in arsenopyrite
is particularly important and relevant. This mineral is widespread in the dominant—in
terms of gold reserves—black-shale-hosted gold deposits. This particular mineral demon-
strates peak concentrations of invisible gold, as well as a exceptionally high resistance
to endogenous and exogenous epigenetic processes. Simultaneously, arsenopyrite is “re-
fractory” in hydrometallurgy processing ([51]; cf., [94]). One of the most relevant for the
study of invisible gold is the Carlin deposit type [7,50,51,95–97], where gold-bearing ar-
senopyrite is the predominant host mineral for gold in the ore (i.e., Au-concentrator, along
with As-pyrite) with up to sub-wt% level of Au content. In this paper, we conducted a
comparative study of the distribution of gold in ‘Carlin’ and ‘pre-Carlin’ arsenopyrites on
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the example of the Vorontsovka gold deposit in the Urals [18,63,80] (Figure 5). Studied
arsenopyrite-bearing mineral assemblages were crystallised at the contrast TPX conditions
(Table 3).

 

Figure 5. Carlin-style gold-bearing mineralisation, Vorontsovka gold deposit: (A) argillised volcani-
clastic rock with “spots” and zonal veinlets: argillisite → quartz → carbonate → realgar, (B) car-
bonated layered volcano-sedimentary rock with thick impregnation of realgar (± orpiment), and
disseminated pyrite, arsenopyrite and stibnite along layers. (C) Aggregate of small (less than 20 μm)
needle-shaped crystals of arsenopyrite, (D) zonal pyrite crystals: pyrite without As admixture occurs
in the central part, the next zone contains 1.8 wt% As. (E,F) Intergrowths of arsenopyrite of different
composition and morphology in the gold-pyrite-realgar assemblage: (E) idiomorphic crystals of
arsenopyrite and a felt-like aggregate of thin needle-like arsenopyrite and interstitial gold inclusions
(Au), (F) aggregates of parallel elongated zonal crystals of As-rich arsenopyrite (Apy-2) overgrowing
the prismatic crystal of the earlier S-rich arsenopyrite (Apy-1). (C–F) BSE images.

With more detail, we studied arsenopyrite from the arsenopyrite-sulphosalt-polymetallic
assemblage of the skarn group (Apy-1) and arsenopyrite from the later As-löllingite-
arsenopyrite assemblage (Apy-2) by INAA and EPMA [80]. Moreover, As-rich arsenopyrite
(Apy-2) grows orthogonally on the elongated prismatic relics of the S-rich arsenopyrite
(Apy-1) that appears to be the earlier arsenopyrite from the previous mineralisation stage
(Figure 5d).

Both arsenopyrite generations are characterised by zonal structure (Figures 5–8). Apy-
1 contains ~28.9 at% As and As/S is 0.89 ± 0.04, while CAu varies from the detection
limit to 0.25 wt%. CAu increases to 170 ppm in the lighter zones of the S-rich arsenopyrite
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(Figure 7). In contrast, the outer high-arsenic rim of this arsenopyrite crystal (the lightest in
BSE zones on the Figure 7a,b) contains no gold (Au < 45 ppm, EPMA).

 

Figure 6. Arsenopyrite in skarnoid of the Vorontsovka deposit: (a) grain of Apy-1 from marble (skarnoid) with impregnation
of arsenopyrite and sulphosalts in micro-veinlets, (b) LA-ICPMS profile; Co, Ni, Ag, Hg, Tl—not detected. Au is distributed
zonally across the profile, as well as Sb and Te, but there is no correlation between the peaks of these element contents across
the profile.

 

Figure 7. Compositional zoning of the S-rich arsenopyrite Apy-1, EPMA. (a) Zonal structure of arsenopyrite with the outer
rim of As-rich arsenopyrite with microinclusions of löllingite, BSE image. (b) Distribution of CAu (wt%) and S, Fe and As
(at%) along the profile (A–B). CAu was measured by precision microprobe analysis with detection limit 45 ppm.
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Figure 8. Variations of Fe, As, S (at%) and Au (wt%) in Apy-2, EPMA. Left—BSE image with an indication of the profiles
A–B and C–D used to measure the composition of arsenopyrite. Note that profile A–B starts in Apy-2, replaced the relict
Au-poor Apy-1, and finished in Au-rich Apy-2.

Apy-2 has the average ratio As/S = 1.04 ± 0.03, and the Au content in Apy-2 varies
from the detection limit to 1.23 wt% (Figure 8). The average gold content is 5–6 ppm.
Typomorphic impurities for this arsenopyrite are Te (up to 1.2 wt%, mainly 400–500 ppm)
and Tl (up to 43 ppm), and the Au content fluctuations correlate with the thallium variations.
Gold distribution in the late arsenopyrite demonstrates a absence of positive Au–As
correlation (Figure 8).

Early ore assemblages of the Vorontsovka gold deposit were formed at 510–240 ◦C
(including magnetite skarn and later arsenopyrite-sulphosalt-polymetallic assemblage),
whereas late Carlin-style gold-(Fe, As, Hg)-sulphide-quartz mineralisation was deposited
at decreasing temperatures from ~350 to 100 ◦C [63,80,98]. In general, crystallisation of the
arsenopyrite-bearing mineral assemblages occurs as temperature and, especially, f S2 (from
10−7 to 10−17) decrease [63,80].

According to INAA data, pyrite from the sample Vr10–17 of the gold-skarn ore of the
Vorontsovka deposit contains: As 4.3 wt%, Co 215 ppm, Sb 259 ppm, Ag 104 ppm and Au
2777 ppm. In this sample, a precision study of the relationship between the contents of Au
and the main components of pyrite was performed by the EPMA method under conditions
similar to those described in [18]. The correlation coefficient of As and Au in the pyrite
crystal is 0.91 (N = 143). Figure 9 clearly shows two groups of impurity contents in the
pyrite: one group has low As contents and close to Au detection limit (≤0.004 wt%). In
contrast, the second group ranges from ~2 wt% As and with increasing its concentration,
the Au impurity increases linearly to 0.036 wt%.
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Figure 9. Pyrite from the gold-skarn ore of the Vorontsovka deposit. (a) A crystalline granular aggregate of pyrite of
different generations (Py1 and Py2), and arsenopyrite crystallises in the intergranular space of these pyrite generations. (a,

b) BSE images, Jeol JXA-8200. (b) An aggregate of zonal pyrite crystals: in bright zones, the As content is about 4 wt%. (c)
Distribution of As and Au contents (EPMA, wt%) in pyrite; the dashed line is Au detection limit.

4.1.2. The Berezovsk Gold Deposit

The dominant opaque minerals commonly filling the fractures in quartz are pyrite,
tetrahedrite, aikinite, galena and chalcopyrite. The sulphide contents range from 2 to
10 vol%. Major Au mineral is native gold (Table 3; Figure 4), bearing 85–100 wt% of its
total balance. Early dust-like (<10 μm) gold-I grains are included in pyrite, and gold fine-
ness ranges 863–984. The size of later gold-II grains is larger (commonly 0.05–0.5 mm,
up to 1 mm, and rarely more). Gold fineness ranges 729–904 [64]. The contents of
Au and Ag in sulphides are as follows: pyrite 0.18–73.5 ppm Au and <0.2–92 ppm Ag;
galena 0.15–2.96 ppm Au, 0.1–2.51 ppm Ag, INAA; pyrite 0.01–21.8 ppm Au and galena
0.05–0.3 ppm Au, LA-ICPMS; chalcopyrite 0.06–0.32 wt% Au, 0.07–0.18 wt% Ag, EPMA.

In most pyrite crystals, the main impurity elements are Co (0.09–4180; geometric
mean (geom. mean) 16 ppm), Ni (1.2–244; geom. mean 21 ppm) and As (14–1486; geom.
mean 388 ppm), and their distribution is zonal with an increase in the amount of Co
and Ni and a decrease of As from the margin to the centre of the grain (Figure 10). Less
common impurities are: Cu (1–560; geom. mean 14 ppm), Zn (0.5–113; geom. mean
4.3 ppm), Pb (0.1–1090; geom. mean 2.4 ppm) and Bi (0.01–84; geom. mean 0.3 ppm). Rare
impurities are Mn (0.7–14 ppm), Ga (0.06–0.2 ppm), Ge (0.3–1.2 ppm), Ag (0.03–40 ppm), Cd
(0.01–1.8 ppm), Sn (0.05–0.7 ppm), Sb (0.03–15 ppm), Te (0.5–10 ppm) and Hg (0.4–6 ppm).
In this pyrite, CAu ranges 0.08–0.1 ppm and Au occurs as single peaks of the Ag-Pb-Cu-
Sb group.

Au-bearing pyrite (CAu varies from 1 to 22 ppm) was found in two adjacent ladder
veins of the Pervopavlovsk dyke [99]. An inhomogeneity was revealed in the pyrite
(Figure 11a,c) in the form of irregular dark areas on the BSE images, in which small (from
less than 1 to 10 × 1 microns) inclusions of bright (in reflected electrons) Sn-containing
mineral phases, presumably stannite, were detected.

Profile analysis of the pyrite grains (Figure 11) revealed that light in BSE parts of the
grains are enriched in As and Au, and the dark ones in BSE—Sn, Cu, Zn, Pb, Cd, In, Ag,
Ga, Ge. The high CAu are only partially consistent with the regions of CAs peaks, since
the invisible gold was found only in pyrite crystals containing sub-millimetre domains
with small inclusions (from less than 1 to 10 × 1 microns) of stannite. These areas are
Au-poor and rich in Sn, Ag, Bi, Cd, Cu, Ga, In, Pb and Zn (Figure 12). The Au-bearing
variety of pyrite is characterised by a low content of Co (<0.16 ppm) and Ni (<0.3 ppm)
and increased As (51–8277, geom. mean 1325 ppm). The point-like increased contents of
Ni and Co on the element maps is probably associated with relict inclusions of the pyrite-2.
The “synchronous” increased contents of impurity elements (Ag, Cu, Pb, Zn, Bi, Sb, Co,
Ni) at the grain edges probably reflects the presence of thin film of their sulphides and
sulphosalts on the surface of the pyrite grain.
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Figure 10. Graphic images of two probing profiles for the pyrite crystals from the sulphide-quartz veins of the Ilyinskaya
dyke, the Berezovsk deposit. Here, and in the Figures 11 and 13, the y-axis is signal (counts per second) and x-axis is time
(in seconds). Profiles length: (a) 482 μm, (b) 330 μm. Average content of elements (ppm) in the profile intervals in the table
below each figure is indicated (here and in Figures 11 and 13).

The LA-ICPMS method revealed an inhomogeneous distribution of Au (0.01–0.04 ppm)
in galena from the sulphide-quartz veins of the gumbeite alteration (quartz + orthoclase
+ dolomite-ankerite ± scheelite) of the Shartash granite massif, south of the Berezovsk
deposit, with an increase in the crystal periphery to 0.59 ppm (Figure 13). Together with
Au, the Cu (up to 241 ppm, geom. mean 22 ppm) and Sb (up to 680 ppm) contents
increase to the grain edges, which may be due to fine inclusions of bournonite CuPbSbS3,
possibly Au-containing. This pattern is traced in all the grains of the mineral (the total
number of ablation test points is 33). The distribution of other elements’ impurities is
homogeneous within single grain with arithmetic mean values (in ppm): Zn—2.5, As—11,
Se—4.6, Ag—927, Cd—130, Sn—0.4, Te—150, Tl—2.8 and Bi—2154. Their contents have
minor variations in galena from different veins.
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Figure 11. Graphic images of the two probing profiles for the pyrite crystals from the sulphide-quarts
veins of the Pervopavlovsk dyke, the Berezovsk deposit. BSE images (a,c), cursors indicate the
location of the probing profiles, LA-ICPMS profile length (b,d–f): left—842 μm, right—330 μm.
Frames in (a,c) indicate the areas with stannite (small, elongated) and chalcopyrite (Ccp) inclusions,
see the insets.
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Figure 12. The pyrite crystal BSE image (top left) and the element distribution maps; semi-
quantitative analysis, scales in ppm.

 

Figure 13. Graphic images of the two probing profiles for the galena crystals from quarts veins of
the gumbeites from the Shartash massive, the Berezovsk ore field. Profile length: left—1031 μm,
right—728 μm.
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4.1.3. The Svetlinsk Gold-Telluride Deposit

The Svetlinsk gold-telluride deposit contains the gold ores, which can be divided into
two types (except for ore in regolith): (1) disseminated pyrite-pyrrhotite in the host rocks
(CAu up to 1 g/t), and (2) sulphide-quartz veins and veinlets, superimposed on the dissem-
inated mineralisation (average CAu = 0.8–2.5 g/t). Sulphides are typically about 3–5 vol%
(sometimes up to 20 vol%) of the bulk gold-bearing ore. Native gold (fineness 618–964;
single value 485) in sulphide-quartz veins forms inclusions in pyrite, tetrahedrite and
quartz, as well as is closely associated with tellurides: melonite NiTe2, frohbergite FeTe2,
altaite PbTe, tellurantimony Sb2Te3, Ag- and Au-Ag-tellurides (Table 2, Figure 14) [41]. The
bulk ore analyses revealed that vein-disseminated gold ores (Au~2–4 ppm) contained (in
ppm) 5–17 Sb, 4–7.3 Te and 2.5–4 Se. For the Svetlinsk deposit, native (Au0.48–0.96Ag0.02–0.49)
and telluride (calaverite AuTe2, montbrayite ((Au,Sb)2Te3), sylvanite AuAgTe4, krennerite
(Au,Ag)Te2, petzite Ag3AuTe2, hessite Ag2Te and γ-hessite Ag1,9Te) forms of manifestation
prevail among the Au and Ag minerals (Table 3).

 
Figure 14. Au and Ag minerals in quartz veins of the Svetlinsk deposit. Qz—quartz, Trd—tetrahedrite.

Many Te minerals are important carriers of Au in sulphide-bearing ore [67,100].
The minerals found in the deposit contain up to 1 wt% Au (altaite—up to 0.6 wt%,
tellurantimony—from 0.3 to 1 wt%, and tetradymite—up to 0.2 wt%, EPMA). EPMA
revealed the presence of Ag in the sulphides of early associations of the quartz-sulphide
veins (wt%): chalcopyrite 0.02–0.48, pyrite up to 0.05 and pyrrhotite up to 0.02.

The LA-ICPMS data have been obtained for pyrite and chalcopyrite from the dissemi-
nated pyrite-pyrrhotite mineralisation (Py I) and from the gold-sulphide-telluride-quartz
veins (Py II). Py I is enriched in Au, Ag, Pd, Sb, Bi and Te and contains (ppm): Au 0.1–33.8,
Ag 0.1–146, Pt 0.01–0.03, Pd up to 0.1, In up to 4.2, Te 2.2–192, Sb 0.1–50.8, Co 11.7–833 (for
1 sample—6088), Ni 2.5–648 (1 sample—2382), Ga 0.1–47, Ge 0.1–5.3, Se 2.2–71, Bi 0.1–5.3;
Py II: Au 0.01–3.4, Ag 0.1–3.4, Pt 0.01–0.09, Pd up to 0.03, In is below the detection limit, Te
1.9–152, Sb 0.1–8.7, Co 0.05–1019 (2 samples—1.2 wt%), Ni 1.8–587.4 (2 samples—0.1 wt%),
Ga 0.1–3.4, Ge 0.2–0.5, Se 3.5–52 and Bi up to 0.6 (Figure 15b). Vein-chalcopyrite contains
(ppm): 0.1–0.2 Au, 0.9–441 Ag, 1.4–2.5 Pd, 11.8–41 In, 3.3–11 Te, 0.3–130 Sb, 0.6–1.0 Ga and
38–63 Se.
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Figure 15. Trace element distribution in pyrite of the Svetlinsk gold deposit according to LA-ICPMS analyses. (a) Correlation
of Au, Ag and As contents in the disseminated (1) and vein (2) pyrite, (b) nonuniform Au distribution in the pyrite crystal
according to ablation profile data: I—zone with uniform distribution, probably indicating the entry of Au into the pyrite
structure, II—zone with inclusions of Au-Ag-Sb-Te phases and III—zone with gold content below the detection limit.

At Au ≤ 10 ppm, the direct correlation between the contents of Au and Ag (Figure 15a),
as well as that of Au and Ag with Te was found for early pyrite. This data may indicate
the presence of nano-scale inclusions of petzite Ag3AuTe2 and hessite Ag2Te in pyrite. At
higher concentrations (Au > 10 ppm), the gold nanoparticles probably occur in both pyrite
varieties. At Au from 0.01 to 0.1 ppm, Au–As correlation possibly suggests structurally
bound Au in pyrite. The lower Au and Ag concentrations in the late pyrite are probably
related to the deposition of their own mineral forms at this mineral formation stage. In
contrast, for the early pyrite, an incorporation of Au into the pyrite structure can be
suggested. Cu-rich pyrite (I and II) and Ni-rich Py II contain a detectable value of Pd.

4.1.4. The Petropavlovsk Gold-Porphyry Deposit

Pyrite from the skarn-magnetite assemblage contains peak concentrations of Co up to
17,141 ppm, Ni 3738 ppm and elevated As content of 1944 ppm according to LA-ICPMS
data (see Tables 7 and 8). Pyrite from the gold-sulphide assemblage contains maximum Te
up to 650 ppm, Au 80 ppm, Bi 116 ppm and elevated Ag 105 ppm and Pb (up to 838 ppm).
The peak contents of Pb up to 4.80 wt%, Zn 8.6 wt%, 0.7 wt%, Ni 0.38 wt%, Se 223 ppm, Ag
up to 111 ppm, Sb 10.5 ppm and Sn 4.4 ppm, as well as increased Te up to 137 ppm, Au
66 ppm and Bi 5 ppm are found in pyrite from the gold-telluride assemblage. The presence
of high “spot” occurrences of Pb and Zn in some samples is commonly associated with
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tiny inclusions of galena and sphalerite. The contents of most impurity elements (Au, Ag,
Te, Sb, As, Co, Bi) decrease—usually an order of magnitude—in the pyrite of the latest
quartz-carbonate assemblage.

Table 7. Contents of trace elements in pyrite (ppm) of different assemblages of the Petropavlovsk gold-porphyry deposit
according to LA-ICPMS data.

n Concentration Co Ni As Se Ag Au Sn Te Bi

Pyrite-1 (skarn-magnetite assemblage)

25

min 3.4 8 18 1.6 0.03 0.02 0.03 0.03 0.03
max 17,141 3738 1944 42 16 13 0.4 66 3

geom. mean 250 52 55 15 0.3 0.2 0.14 8 0.4

Pyrite-2 (gold-sulphide assemblage)

15

min 2 4.5 11 2 14 2 0.03 65 0.03
max 75 37 211 26 105 80 0.4 650 116

geom. mean 18 10 40 11 47 18 0.1 120 0.34

Pyrite-3 (gold-telluride assemblage)

70

min 0.2 0.02 9.6 3.2 0.02 0.03 0.02 0.02 0.03
max 2234 3791 7048 223 111 66 4.4 137 5

geom. mean 17 12 56 13 1.3 0.6 0.1 6 0.5

Pyrite-4 (quartz-carbonate assemblage)

30

min 0.07 3 5 1.4 0.02 0.02 0.02 0.02 0.02
max 737 70 417 40 4.2 1.7 1.6 28 2.3

geom. mean 27 21 37 14 0.5 0.3 0.3 4 0.3
n—number of analysis points.

Table 8. Occurrence forms of main and trace elements and their mineral inclusions in pyrite of different assemblages at the
Petropavlovsk gold-porphyry deposit.

Mineral Main Trace Elements
Minor Elements

(<50 ppm)

Mineral Inclusions

Common Rare Submicroscopic *

Py-1 Cu, Co, As, Ni, Zn, Te Sn, Bi, Se, Ag, Au, Pb Sp, Mt Hem, Rt

Py-2 Pb, Te, Bi, Au, Co, Zn,
As, Ag Se, Ni, Sn, Cu Ccp, Sp Mt, Po Au

Py-3 Ni, As, Zn, Se, Ag, Sn,
Cu, Au, Te, Pb Bi Ccp, Gn, Hs, Pz, Alt,

Cal, Syl, Au, Sp Po Ks, Cal, Pz, Hs

Py-4 Co, Ni Se, Ag, Au, Sn, Te, Bi,
Zn, Pb, Cu Ccp

* Here and in Tables 11, 13, 15 and 17 minerals are indicated as probable forms of concentration of a group of chemical elements in
submicroscopic and nano-scale inclusions, assumed by their co-occurrence of “synchronous” peaks of impurity elements in host base metal
sulphide. Mineral abbreviations (italics) here and in Tables 11, 13, 15 and 17: Ccp—chalcopyrite, Sp—sphalerite, Mt—magnetite, Gn—galena,
Hs—hessite, Pz—petzite, Cal—calaverite, Syl—sylvanite, Au—native gold, electrum, Hem—hematite, Po—pyrrhotite, Rt—rutile, Alt—altaite,
Ks—küstelite, Fhl—fahlore, Cbt—cobaltite, Em—empressite.

According to LA-ICPMS data, a positive linear relationship between the Au and Ag
contents in pyrite is observed for the gold-bearing ore: correlation coefficient (r) is 0.99 for
the skarn-magnetite assemblage, for gold-sulphide, r = 0.89, for gold-telluride, r = 0.9, and
for quartz-carbonate, r = 0.84 (Figure 16). Positive correlation of these elements corresponds
to the occurrence of invisible gold, mainly represented by submicroscopic and nano-sized
native gold (electrum).
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Figure 16. Binary diagrams of the contents of Au, Ag, Te and As in pyrite of the Petropavlovsk gold-porphyry deposit
according to LA-ICPMS analyses. Mineral assemblages in ores: 1—skarn-magnetite; 2—gold-sulphide; 3—gold-telluride;
4—quartz-carbonate. The dashed line counters the probable submicroscopic inclusions of altaite (CPb = 104–838 ppm)
and petzite.

A negative correlation is observed for Te with Au and Ag in pyrite for the gold-
sulphide assemblage (−0.4 and −0.44, respectively) and a positive correlation for Ag/Te
(0.46) and Au/Te (0.4) for the gold-telluride assemblage. The presence of a positive
connection between Ag and Te can be explained by the occurrence of submicroscopic and
nano-scale inclusions of Ag telluride (hessite) and Au-Ag telluride (petzite) in the pyrite of
the last assemblage.

There is a correlation between Co and Ni for the gold-sulphide assemblage (r = 0.46).
A positive correlation is also observed between Co and As for the following assemblages:
skarn-magnetite (r = 0.98) and quartz-carbonate (r = 0.5), and it commonly corresponds
to small cobaltite inclusions. A significant correlation between Au and As, but negative
(r = –0.6), is observed for the pyrite of the gold-sulphide assemblage. Correlation Au/As is
absent for other assemblages.

The examples of the spot analyses of two grains of anhedral and subhedral pyrites
(gold-sulphide and gold-telluride assemblages, correspondingly) are demonstrated in
Figure 17. Gold concentration ranges from 0.3 to 31 ppm (anhedral pyrite) and from
0.06 to 1 ppm for the subhedral pyrite crystal (profile ablation). The contents of silver
and tellurium are from 0.6 to 45 ppm and from 0.3 to 8.3 ppm, respectively (sample PP
308/2). Nano-sized petzite inclusions probably occur in the pyrite from the gold-sulphide
assemblage (Figure 17a).

Tiny isolations of petzite are often observed microscopically in close intergrowths with
native gold, native silver and galena in this assemblage. Inclusions in another anhedral
pyrite grain (from the gold-telluride assemblage, PP 309/5) are unevenly distributed. They
are present in both areas and probably represented by küstelite, electrum and petzite (see
Figure 17b).
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An on-site study of the same pyrite grain (“mapping” mode of LA-ICPMS analysis)
shows that increased concentration of Au, Ag and Te corresponds to one of its marginal
parts. Dense clusters of bright points with their increased contents (Figure 18a) create an
irregular, “fine-spotted” picture of their distribution, indicating the possible occurrence of
nano-sized inclusions of Au-Ag tellurides (mainly petzite?) here. Elevated contents of Ni
and Co belong to the edge zone of the pyrite crystal. Analysis reveals average contents
(excluding peak areas): Au 0.6 ppm, Ag 2 ppm, Te 1.2 ppm, Co 3.4 ppm, Ni 16 ppm and As
23 ppm (Figure 18a).

Laser ablation of another pyrite grain (Figure 18b) demonstrates a different picture of
the distribution of impurity elements with maxima, ppm: Au 0.43, Ag 0.34, Te 6, Co 118, Ni
117 and As 318. Gold contents do not correlate with Te and Ag, and Te and Ag peaks belong
to only one of the crystal margins, which is possibly also associated with the abundance of
nano-sized inclusions of silver tellurides (hessite?) here. Elevated Co contents belong to the
entire edge zone, and Ni, on the contrary, belongs to the central part of the pyrite crystal.
Figure 19 shows an example of a LA-ICPMS profile across an idiomorphic pyrite grain
from the gold-sulphide assemblage (PP 309/10), which also showed a generally uneven
distribution of impurity elements in pyrite. We divided the ablation time-profile into 5
areas: Au, Ag and Te are evenly distributed in all zones. The elements form peaks probably
due to submicron inclusions of native gold, küstelite and hessite (Table 9).

Table 9. Average concentration of Au, Ag and Te (ppm) in the zones of the pyrite grain.

Chemical Element
Zones

1 2 3 4 5

197Au 0.52 0.06 2.7 0.03 1
107Ag 2.5 0.6 8.6 1.14 2.4
124Te 0.88 0.7 0.23 0.19 0.3

Note: Peak concentrations are excluded from calculation of average values.

Chalcopyrite: Elevated concentrations of Co (143 ppm), Ni (242 ppm), As (80 ppm),
Se (194 ppm), Sb (20.4 ppm) and Sn (4 ppm) are found in chalcopyrite-1 and Te (up to
4200 ppm), and those of Au (up to 25 ppm), Ag (up to 7600 ppm) and Bi (11 ppm) in
chalcopyrite-2 (Tables 10 and 11). It is probably associated with the capture of nano-scale
inclusions of cobaltite (Co, As, Ni), fahlore (Cu, Ag, As, Sb), altaite (Pb, Te), as well as
petzite (Ag3AuTe2), calaverite (AuTe2), native gold, native silver and hessite (Ag2Te).

Galena: Elevated concentrations of Co (up to 1060 ppm), Ni (670 ppm), As (93 ppm),
Se (407 ppm), Sb (8.6 ppm) and Sn (0.8 ppm) are recorded in galena-1, and those of Te (up
to 1770 ppm), Au (980 ppm), Ag (2050 ppm) and Bi (62 ppm) in galena-2 (Tables 12 and 13).

Generally, the gold content in the sulphides of the deposit is maximum in galena
(980 ppm), followed by pyrite (80 ppm) and chalcopyrite (25 ppm). According to the
LA-ICPMS method, the pyrite of the early ore assemblages of the Petropavlovsk deposit
is characterised by high contents of Co, Te, Au, Ag and Bi, increased Ni, As and Se
and noticeable Sb and Sn. For the pyrite of later assemblages, elevated Zn, Pb, As, Ni,
Se, Sb and Sn are found. The maximum Au was established in pyrite from the gold-
telluride assemblage (up to 80 ppm). Minimal Au concentration was established in the
pyrite of the latest quartz-carbonate assemblage (up to 1.7 ppm). Detectable admixtures
of tellurium characterise the pyrite of all mineral assemblages. Proper mineral forms
of the trace elements are presented, including Te compounds with Au (± Ag) in late
mineral assemblages.
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Figure 17. Composition of pyrite from the gold-telluride assemblage obtained by the LA-ICPMS method for the
Petropavlovsk deposit: (a) tiny inclusions of native gold and petzite are evenly distributed, the gold-sulphide assem-
blage, sample PP 308/2. (b) A few peaks are probably related with inclusions of native gold or küstelite and petzite, the
gold-telluride assemblage, sample PP 309/5. Note (here and in Figure 19): the graphs show the main (Fe, S) and some
minor (Au, Ag, Te) elements in pyrite.

According to the LA-ICPMS analyses, gold in sulphides of the deposit is present
mainly in the invisible form (from 0.02 to 80 ppm). It mainly associates with pyrite-2. At
least part of such gold probably occurs as nano-scale inclusions of native gold (close in
composition to AuAg) as well as Au- and Au-Ag-tellurides [39].

The data obtained suggest that the gold was evenly distributed in pyrite crystals in
the early assemblages of the Petropavlovsk deposit. Gold was further enlarged and partly
redeposited in pyrite defects at the final stages of mineralisation.

A close relationship is observed between Au and Ag (correlation coefficient r > 0.7), as
well as between Ag and Te (r = 0.46) for the gold-telluride assemblage. It can be explained
that these elements are present in the deposit in the form of tiny inclusions of native gold,
hessite and petzite. Au–As correlation is not traced in pyrite. The uneven distribution
of Au, Ag and Te over the area of pyrite grains with “spots” of their peak concentrations
probably indicates the presence of clusters of nano-sized inclusions of Au-Ag tellurides.

The concentrations of trace elements in galena and chalcopyrite (as well as in pyrite)
change with the evolution of ore formation. The contents of Ni, Co, As, Se and Sb are
maximum in the main gold stage. The concentrations of Au, Ag, Te and Bi increase at the
end of this stage. In general, the gold content in the sulphides of the deposit reaches highs
in galena (up to 980 ppm). Next are pyrite (49 ppm) and chalcopyrite (25 ppm).
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Figure 18. LA-ICPMS distribution maps of impurity elements in pyrite crystals from the gold-
telluride assemblage of the Petropavlovsk gold-porphyry deposit: sample PP 309/5 (a) and sample
PP 1444/71 (b), scales in ppm.

 
Figure 19. Composition of pyrite of the gold-sulphide assemblage from the Petropavlovsk deposit,
LA-ICPMS profile (sample PP 309/10). Submicron inclusions of native gold, küstelite and hessite are
probable. For average content of elements in the profile intervals, see Table 9.
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Table 10. The limits and average values of the contents of trace elements (ppm) in chalcopyrite of different assemblages of
the Petropavlovsk gold-porphyry deposit according to LA-ICPMS data.

n Concentration Co Ni As Se Ag Au Sn Te Bi

Chalcopyrite-1 (gold-sulphide assemblage)

2
min 0.02 0.03 4 14 0.7 0.01 0.07 0.02 6
max 143 272 80 194 63 2.5 4 68 8

geom. mean 0.4 15 30 43 7 0.3 1 0.8 7

Chalcopyrite-2 (gold-telluride assemblage)

21
min 0.08 0.03 26 28 870 6 1 870 0.05
max 0.14 57 44 32 7600 25 1.8 4200 11

geom. mean 0.11 1.3 33.8 30 2571 12.3 1.4 1912 0.3

Table 11. Occurrence forms of main and trace elements and their mineral inclusions in chalcopyrite of different assemblages
of the Petropavlovsk gold-porphyry deposit.

Mineral
Main trace
Elements

Minor Elements
(<50 ppm)

Mineral Inclusions

Main Rare Submicroscopic

Ccp-1 Co, Ni, As, Se, Sn,
Ag, Te Bi, Au Sp, Py Cbt, Fhl

Ccp-2 Ag, Au, Te, Bi Ni As, Se, Sn Sp Hs, Au Alt, Pz, Au, Hs, Cal

Table 12. The limits and average values of the contents of trace elements in galena (ppm) of different assemblages of the
Petropavlovsk gold-porphyry deposit according to LA-ICPMS data.

n Concentration Co Ni As Se Ag Au Sn Te Bi

37

Galena-1 (gold-sulphide assemblage)

min 0.02 0.02 0.8 1.2 0.7 0.09 0.03 0.03 0.01
max 1060 670 93 407 42 5 0.8 730 2.7

geom. mean 0.6 3 10 19 7 0.6 0.3 11.4 0.2

6

Galena-2 (gold-telluride assemblage)

min 0.13 3.1 2.5 2.4 23 13 0.13 56 0.01
max 1030 252 73 58 2050 980 0.4 1770 62

geom. mean 200 70 31 16 263 74 0.2 252 1

Table 13. Occurrence forms of main and trace elements and their mineral inclusions in galena of different assemblages of
the Petropavlovsk gold-porphyry deposit.

Mineral Main Trace Elements
Minor Elements

(<50 ppm)

Mineral Inclusions

Common Rare Submicroscopic

Gn-1 Co, Ni, As, Se, Sn, Te Ag, Au, Bi Sp, Py, Ccp Hs, Em
Gn-2 Ag, Au, Te, Bi, Co, Ni, As, Se Sn Alt Pz, Au, Hs

4.1.5. The Novogodnee-Monto Iron-Gold-Skarn Deposit

Pyrite of the magnetite-pyrite assemblage is characterised by impurity concentrations
peaking in As (11,050 ppm), Co (up to 3530 ppm), Ni (774 ppm), Au (12 ppm) and elevated
of Te (up to 89 ppm) (Table 14). Pyrite of the polymetallic assemblage contains the maximum
concentrations of Zn (3130 ppm) and Sn (0.4 ppm). Pyrite from the gold-sulphide and
gold-telluride assemblages is characterised by the highest values of Cu (4520 ppm), Ag
(159 ppm), Te (141 ppm) and Bi (15 ppm). Pyrite from the quartz-carbonate assemblage
contains the maxima of Sb (98 ppm) and Se (363 ppm). It is possible that high concentrations
of some elements are associated with the capture of nano-scale inclusions of chalcopyrite,

33



Minerals 2021, 11, 488

sphalerite, hessite (Ag2Te), petzite (Ag3AuTe2), empressite (AgTe) and cobaltite (Co, As,
Ni) (Table 15). It is confirmed by synchronous peaks of individual chemical elements on
the profiles of laser ablation or in the form of bright point “inclusions” on bitmaps during
analysis in the mapping mode [39,101].

Table 14. The trace element contents (ppm) in pyrite of different assemblages of the Novogodnee-Monto deposit according
to LA-ICPMS data.

n Concentration Co Ni As Sb Ag Au Sn Te Bi

Pyrite-1 (magnetite-pyrite assemblage)

14
min 144 3.3 6 0.06 0.02 0.05 0.08 0.02 0.02
max 3530 774 11,050 15 64 12 0.3 89 4.5

geom. mean 1938 34 1625 0.7 0.8 0.6 0.2 7 0.15

Pyrite-2 (polymetallic assemblage)

12
min 0.8 0.02 0.6 0.05 0.16 0.04 0.09 1.3 0.02
max 922 2 5287 60 14 1.3 0.4 33 5

geom. mean 288 79 735 13 6 0.44 0.2 11 0.8

Pyrite-3 (gold-sulphide-magnetite assemblage in skarns)

7
min 14 5 53 0.05 0.2 0.16 0.13 0.5 0.03
max 592 18 4168 0.3 2 1.2 0.3 12 0.6

geom. mean 90 11 70 0.2 0.6 0.4 0.2 3.5 0.1

Pyrite-4 (gold-sulphide and gold-telluride assemblage)

5
min 146 11 60 0.08 0.04 0.3 0.12 26 0.03
max 707 416 455 0.65 159 2 0.3 141 15

geom. mean 378 57 142 0.2 4 0.6 0.23 50 0.51

Pyrite-5 (quartz-carbonate assemblage)

7
min 0.8 0.3 0.6 0.02 0.03 0.07 0.2 1.2 0.02
max 920 251 3830 98 2.3 0.6 0.36 39 0.8

geom. mean 177 14 284 0.4 0.3 0.3 0.2 7.7 0.1

Table 15. Occurrence forms of main and trace elements and their mineral inclusions in pyrite of different assemblages at the
Novogodnee-Monto deposit.

Mineral

Main Trace Elements * Minor
Elements
(<50 ppm)

Minerals Inclusions

Maximum,
ppm

High Values,
ppm

Main Rare Submicroscopic

Py-1 Co, Ni, As, Au,
Zn, Cu Ag, Te Sb, Sn, Bi Mt, Ccp Cbt Cbt, As

Py-2 Sb, Sn Co, As, Cu Ni, Ag, Au, Te,
Bi, Zn Ccp, Sp, Gn Hem, Cbt, Apy, Po

Py-3 Co, As
Ni, Sb, Sn, Au,
Ag, Te, Bi, Cu,

Zn
Ccp Cbt, Ag

Py-4 Ag, Te, Bi Co, Ni, As, Cu Au, Sb, Sn, Zn Pt, Hs, Alt Au, Ag Pz, Clc, Gt, Ccp,
Dg

Py-5 Sb Co, Ni, As, Cu Ag, Au, Sn, Te,
Bi, Zn

Bn, Cv, Clc, Gt,
Dg, Cu

Designation here and in Table 17: Apy—arsenopyrite, Ag—native silver, Bn—bornite, Cv—covellite, Clc—chalcocite, Gt—goethite,
Dg—digenite.

According to the LA-ICPMS data, a positive relationship occurs between Au and
Ag in magnetite-pyrite (0.6) and gold-sulphide-magnetite (0.9) assemblages (Figure 20).
A positive correlation is observed between Au and Te in pyrite of the magnetite-pyrite
(0.8) and quartz-carbonate assemblages (0.6). A stronger correlation between Ag and Te is
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found in pyrite of magnetite-pyrite (0.78) and gold-telluride (0.9) assemblages. A notable
relationship between Au and As is observed only for the magnetite-pyrite assemblage
(0.7). A positive correlation between the Co and Ni is revealed in pyrite for magnetite-
pyrite (0.7) and polymetallic (0.7) assemblages. The negative correlation between the
Co and Ni is observed in pyrite for the gold-sulphide-magnetite assemblage (−0.6). A
positive correlation between Co and As is also found in pyrite for magnetite-pyrite (0.5)
and gold-telluride (0.5) assemblages.

 
Figure 20. Binary diagrams of the contents of Au, Ag, Te and As (ppm) in pyrite of the Novogodnee-Monto Fe-Au-skarn
deposit according to the LA-ICPMS data. Mineral assemblages in the ores: 1—magnetite-pyrite, 2—polymetallic, 3—
gold-sulphide-magnetite in skarns, 4—gold-sulphide and gold-telluride, 5—quartz-carbonate. The dashed counter shows
probable inclusions of petzite and hessite.

The profile ablation of pyrite grains from the polymetallic assemblage by the LA-
ICPMS method showed an uneven distribution of the majority of impurity elements in
pyrite, with average contents (geom. mean., excluding peak areas): 1.3 ppm Au, 9 ppm Ag,
13.1 ppm Te, 177 ppm Co, 132 ppm Ni and 6 ppm As (Figure 21). Confined to the marginal
parts of the pyrite grain, high Au concentrations correlate with elevated Ag contents but do
not correlate with Te. An on-site study of the same pyrite grain in mapping mode shows
close for Au and Ag areas of the increased concentrations, gravitated to the edge parts of
the pyrite grain, while Te-maxima are localised separately. The increased contents of As
and Co belong to the marginal zones of the pyrite grain.
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Figure 21. LA-ICPMS distribution map of impurity elements in pyrite grain from the polymetallic
assemblage of the Novogodnee-Monto deposit (sample NM 46), scales in ppm.

Chalcopyrite: Peak concentrations of As (up to 3230 ppm), Pb (up to 1050 ppm), Co
(up to 887 ppm), Se (up to 109 ppm), Ag (up to 88 ppm), Au (up to 13 ppm), Ni (up to
9 ppm) and Sn (up to 2 ppm) are found in chalcopyrite-1 (Tables 16 and 17). Maxima of
Zn (up to 145 ppm), Sb (up to 37 ppm), Te (up to 15 ppm) and Bi (up to 3 ppm) occur
in chalcopyrite-2. The peaks of Pb, As, Zn, Te, Ag and Au on the LA-ICPMS profiles
are probably related to the capture of small inclusions of galena, arsenopyrite, sphalerite,
altaite, calaverite, native gold, hessite and petzite, which were found microscopically.

Table 16. The trace element contents (ppm) in chalcopyrite of different assemblages of the Novogodnee-Monto deposit
according to LA-ICPMS data.

n Concentration Co Ni As Sb Ag Au Sn Te Bi

22

Chalcopyrite-1 (polymetallic assemblage)

min 0.02 0.02 2.8 0.04 0.2 0.02 0.06 0.07 0.02
max 887 8.8 3230 37 88 13 2.14 9.1 0.4

geom. mean 1.3 0.31 73 0.8 2.34 0.22 0.15 0.5 0.04

Chalcopyrite-2 (gold-sulphide-magnetite assemblage in skarns)

4
min 0.02 0.1 0.9 0.03 0.03 0.06 0.2 5.7 1.03
max 50 5.7 23 3.5 11.3 1 0.6 15 3

geom. mean 1.3 2 5 0.75 1.7 0.4 0.4 9 1.8

Table 17. Occurrence forms of main and trace elements and their mineral inclusions in chalcopyrite of different assemblages
at the Novogodnee-Monto deposit.

Mineral

Main Trace Elements Minor
Elements
(<50 ppm)

Mineral Inclusions

Maximum, ppm
High Values,

ppm
Main Rare Submicroscopic

Ccp-1 Co, Ni, As, Sb,
Ag, Au, Sn Te, Bi Po, Sp, Gn Cal, Alt, Au,

Hs, Pz

Ccp-2 Te, Bi Co Ni, As, Sb,
Ag, Au, Sn Au

Native gold in the ore is associated mainly with pyrite impregnations. It is charac-
terised by high fineness (893) in the gold-sulphide-magnetite assemblage in skarns. The Au
contents in pyrite are significantly reduced in the later gold-telluride assemblage. Native
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gold from this assemblage has a size from 2–5 to 10–20 μm and fineness from 750 to 893.
The size of the segregations and fineness of gold increase (up to 40–50 μm and up to 893,
respectively) in contact with the late dyke. Pyrrhotite appears in the gold-pyrite-magnetite
assemblage. The gold concentrations in pyrite of the early magnetite-pyrite assemblage
belong to the limits of possible uniformly distributed gold (for a pyrite crystal with a size
of 0.5 mm, the maximum value of uniformly distributed gold detected by the method
in [102] is about 12.3 ppm). These researchers evaluated the structural gold contribution as
1–10% of the bulk uniformly distributed gold. The peak Te contents (up to 141 ppm) were
established in the pyrite of the gold-telluride assemblage, in some cases probably due to
submicron inclusions of calaverite AuTe2.

In general, gold of the early assemblages was evenly distributed in pyrite crystals at
the Novogodnee-Monto deposit, and that at the Petropavlovsk deposit. Later, at the final
stages of mineral formation, invisible gold (submicron native gold isolations, nano-scale
domains and isomorphic gold in pyrite) was enlarged and redeposited in pyrite defects.

It is possible that high concentrations of some elements are associated with the capture
of nano-scale inclusions of chalcopyrite, sphalerite, hessite (Ag2Te), petzite (Ag3AuTe2),
muthmannite (AuAgTe2), sylvanite ((Au,Ag)2Te4), krennerite (Au3AgTe8), empressite
(AgTe) and cobaltite ((Co,Ni)AsS) during alalysis. It is confirmed by the appearance of
synchronous peaks of individual chemical elements on the laser ablation profiles or in the
form of bright dot-like “inclusions” on bitmaps during analysis in the mapping mode [40].
It is also confirmed by strong (r > 0.7) bonds between Au and Te (0.8), Au and As (0.7),
Co and Ni (0.7) and Ag and Te (0.8) for the magnetite-pyrite, Ag and Te for the gold-
telluride (0.9), Au and Ag (0.9) for the gold-sulphide-magnetite and Co and Ni (0.7) for the
polymetallic assemblages. The uneven distribution of Au, Ag and Te over the pyrite grain
area with “spots” of their peak concentrations probably indicates, as in the Petropavlovsk
deposit, the presence of dense clusters of nano-scale inclusions of Au-Ag tellurides, as
well as cobaltite. Moreover, the Novogodnee-Monto deposit is characterised by increased
concentrations of Au and Ag. These concentrations are consistent with each other, while Te
is localised separately.

Concentrations of trace elements in chalcopyrite also change along with the ore
formation. The contents of Ni, Co, As, Se, Au and Bi reach their maximum values in the
earlier polymetallic assemblages. The concentrations of Te, Sn, Ag, Zn, Sb and Pb increase
for chalcopyrite of the gold-sulphide-magnetite assemblage in skarn. In general, the gold
concentration in chalcopyrite is slightly lower (geom. mean 0.22 ppm) than in pyrite (geom.
mean 0.6 ppm). The gold concentration in magnetite does not exceed tenths of a ppm (up
to 0.2 ppm, geom. mean 0.11 ppm).

4.2. The VMS Deposits of the Urals

Pyrite is the dominant mineral of the VMS ores (40–90 vol%). Chalcopyrite and spha-
lerite are the major economic minerals (1–10, up to 30 vol%), and fahlore (mainly tennantite)
is a common mineral (0.1–1 vol%). Occurrence of some minerals is locally significant: bor-
nite for Gai, pyrrhotite (up to 20 vol%) and fahlore for Uzelga (up to 10 vol%), galena for
Uchaly and Uzelga (up to 2 vol%), magnetite for Uchaly and arsenopyrite for Uchaly and
Gai (up to 1 vol%) deposits. The ore samples which are anomalous in terms of gold concen-
tration commonly contain Ag-bearing fahlore, Ag-bearing galena (±Ag-bearing bornite)
with subordinated sulphosalts of silver (pyrargyrite, freibergite, stephanite, polybasite,
pyrostilpnite, argentotetrahedrite, pearceite, proustite), tellurides (altaite, hessite, stützite,
empressite, petzite, krennerite, sylvanite, montbrayite, muthmannite), sulphotellurides
(tetradymite), Au-Ag-sulphides (petrovskaite, uytenbogaardtite, acanthite) and native
elements (native gold, native silver, native tellurium) [9,15,71,103] (Table 18, Figure 22).
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Table 18. Mineral forms of Au and Ag in the largest VMS deposits of the Urals, modified after [93].

Highly Metamorphosed Weakly Metamorphosed Non-Metamorphosed

Gai Uchaly Uzelga Galka

Hessite Ag2Te, native gold
(710–980), native silver

(100–0), calaverite AuTe2,
sylvanite AuAgTe4,

krennerite (Au,Ag)Te2,
petzite Ag3AuTe2,

montbrayite (Au,Sb)2Te3,
muthmannite AuAgTe2,

acanthite Ag2S,
Ag-betekhtenite

(Ag,Cu,Fe)21Pb2S15

Hessite Ag2Te, empressite
AgTe, electrum (340–690),

freibergite Ag12Sb4S13,
petrovskaite AuAg(S,Se),
acanthite Ag2S, pearceite

[Ag9CuS4][(Ag,Cu)6(As,Sb)2S7],
polybasite

[(Ag,Cu)6(Sb,As)2S7][Ag9CuS4],
ytenbogaardtite AuAg3S2

Hessite Ag2Te, stützite
Ag5Te3, native gold

(770–870), native silver,
acanthite Ag2S, sylvanite

AuAgTe4, petzite Ag3AuTe2

Native gold (700–1000), electrum
(250–700), acanthite Ag2S,

freibergite Ag12Sb4S13,
argentotetrahedrite, pyrargyrite
Ag3SbS3, stephanite Ag5SbS4,
proustite Ag3AsS3, polybasite

[(Ag,Cu)6(Sb,As)2S7][Ag9CuS4],
petrovskaite AuAg(S,Se),

ytenbogaardtite AuAg3S2, kurilite
Ag8Te3Se

 
Figure 22. Solid Cu-Zn VMS ore with the late Au-polymetallic assamblege overprinted on the recrystallised early pyrite
and native gold (Au) occurred in its interstices, the Novo-Uchaly lode, the Uchaly field: (a) Au + galena (Gn) + chalcopyrite
(Ccp) + sphalerite (Sp), (b) Au + chalcopyrite + sphalerite.

We will consider the mineral composition of ores and the behaviour of precious metals
in their minerals on the example of the largest deposits of the Urals: Gai (Cu-dominant
subtype), Uchaly and Uzelga (Zn-dominant subtype).

4.2.1. The Gai Deposit

In the Gai deposit, pyrite is the dominant mineral of ores (50–95 vol%), and it contains
~3.8 ppm Au and ~8 ppm Ag (Tables 19 and 20; Figure 23). Chalcopyrite with ~0.06 ppm
Au (Table 21; Figure 24) and low Fe (0.12–2.8 wt%) sphalerite, with ~0.02 ppm Au (Table 22;
Figure 25), are the major economic minerals (1–10 vol%, up to 50 vol%). Tennantite-
tetrahedrite and bornite are common ore minerals (0.1–1 vol%). Fahlore (low-iron tennantite
is the dominant variety) contains up to (wt%, EPMA) Te 2.18, Hg 1.07, Bi 0.98, Se 0.33 and Pt
0.26. Bornite, usually pseudomorphically replacing chalcopyrite, is Ag-rich (0.16–3.53 wt%,
in most analyses >0.4 wt%, EPMA), the Ag content in bornite is 2–3 times higher than in
coexisting tennantite [73], however according to LA-ICPMS data, CAg in these minerals
are lower: ~0.02 wt% in bornite and ~0.03 wt% in fahlore (Table 20). Galena, marcasite,
digenite, magnetite and arsenopyrite are notable in some places. Altaite, tellurobismuthite,
coloradoite, V-As-germanite, Ag-betekhtenite, mawsonite, Ge-stannoidite, native gold,
acanthite, hessite and Au-Ag tellurides are rare [9,74,75]. Among Te minerals, altaite is the
most abundant and forms the impregnation of about 20 microns within chalcopyrite and
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tennantite in the late paragenesis, together with hessite, coloradoite and Au-Ag tellurides.
Admixtures of up to (wt%, EPMA) Hg 0.76, Bi 0.69, Cu 0.47, Au 0.62 and Ag 0.07 were
detected in altaite [9]. Hessite containing 0.26 wt% Au, 0.41 wt% Hg and 0.27 wt% Pb
occurs as idiomorphic grains in intergrowth with native gold and galena. Coloradoite
sometimes contains Ag (4.24 wt%). Sn-Ge sulphosalts, betekhtenite (0.95 wt% Ag) and
digenite can be found only in bornite-bearing ores.

Table 19. Contents of Au, Ag and some impurities in pyrite of VMS deposits according to LA-ICP-MS
data (ppm).

Deposit n Ci Au Ag Se Te As

Gai 17
min 1.4 3.8 (8) 7 11 (8) 25
max 31 47.5 267 115 1901

geom. mean 3.8 8 61 24 226
k (Au) 0.27 −0.05 0.2 0.64

Uzelga 67
min 0.01 0.3 2 (66) 1 (19) 0.2 (66)
max 20 204 657 197 5599

geom. mean 0.5 15 83 22 114
k (Au) 0.57 0.02 0.96 −0.13

Galka 27
min 0.01 2.2 0.5 (13) 0.8 (10) 14 (26)
max 9 934 32 392 15,486

geom. mean 1.2 57 3.5 19 450
k (Au) 0.17 0.49 0.23 0.13

Uchaly 79
min 0.01 0.01 3 3 (42) 34
max 29 326 1800 2500 5370

geom. mean 1.6 13 54 54 1311
k (Au) 0.67 −0.26 −0.11 0.3

Here and in Tables 21 and 22, the number of values below the detection limit is shown in parentheses; k (Au)—pair
correlation coefficient; n—number of analysis points.

Table 20. Summary data on contents of Au and Ag in ore minerals of VMS deposits according to LA-ICP-MS analysis.

Deposit n Minerals
Au, ppm Ag, ppm

Min Max geom. mean Min Max geom. mean

Gai

17 pyrite 1.4 31 3.8 3.8 47.5 8
11 chalcopyrite 0.01 1.2 0.06 0.19 18 1.2
4 sphalerite 0.01 0.03 0.016 2.4 5.5 3.2
10 bornite 0.01 0.99 0.04 5.3 1250 223
16 fahlore 0.01 1.4 0.05 132 432 285

Uzelga
67 pyrite 0.01 20 0.5 0.3 204 15
17 chalcopyrite 0.01 19 0.2 0.3 511 7.4
14 sphalerite 0.01 11 0.4 1.3 207 21.5

Galka

27 pyrite 0.01 9 1.2 2.2 934 57
4 chalcopyrite 1.2 3.7 1.9 32 127 76
21 sphalerite 0.01 32 0.64 1.2 167 51
5 marcasite 0.02 5 0.6 7 60 22
1 galena 0.05 153

Uchaly 79 pyrite 0.01 29 1.6 0.01 326 13
3 chalcopyrite 1 6 3 0.04 0.15 0.07
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Figure 23. Binary diagrams of the contents of Au, Ag, Se, Te and As (ppm) in pyrite of the VMS deposits of the Urals
according to the LA-ICPMS data.

Table 21. Contents of Au, Ag and some impurities in chalcopyrite of VMS deposits according to
LA-ICP-MS data (ppm).

Deposit n Ci Au Ag Se Te As

Gai 11
min 0.01 0.19 0.01 (10) 0.01 (10) 6
max 1.2 18 167 22.05 312

geom. mean 0.06 1.2 19 0.02 15
k (Au) 0.96 0.7 0.97 −0.05

Uzelga 17
min 0.01 0.3 39 0.01 (14) 9 (7)
max 19 511 714 314 1530

geom. mean 0.2 7.4 217 4.7 109
k (Au) 0.87 −0.52 0.9 −0.48

Galka 4
min 1.2 32 - 0.01 556
max 3.7 127 - 326 4058

geom. mean 1.9 76 - 5 1615

Uchaly 3
min 1 0.04 7 2 14
max 6 0.15 73 4 45

geom. mean 3 0.07 25 2.9 22
Dash—no data.
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Figure 24. Binary diagrams of the contents of Au, Ag, Se, Te and As (ppm) in chalcopyrite of the VMS deposits of the Urals
according to the LA-ICPMS data.

Table 22. Contents of Au, Ag and some impurities in sphalerite of VMS deposits according to
LA-ICP-MS data (ppm).

Deposit n Ci Au Ag Se Te As

Gai 4
min 0.01 2.4 0.01 0.01 2
max 0.03 5.5 2.3 0.03 3.6

geom. mean 0.016 3.2 0.4 0.19 2.8

Uzelga 14
min 0.01 1.3 0.01 1.1 (9) 2.8 (8)
max 11 207 470 1367 1195

geom. mean 0.4 21.5 13 47 81
k (Au) 0.8 0.1 0.99 0.7

Galka 21
min 0.01 1.2 0.3 (22) 0.4 (15) 1.2 (20)
max 32 167 94 258 5426

geom. mean 0.64 51 11 15 139
k (Au) 0.89 −0.6 0.38 0.1
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Figure 25. Binary diagrams of the contents of Au, Ag, Se, Te and As (ppm) in sphalerite of the VMS deposits of the Urals
according to the LA-ICPMS data.

4.2.2. The Uzelga Deposit

Pyrite is the dominant mineral of the ores (40–90 vol%). Chalcopyrite and sphalerite
are the major economic minerals (1–10, up to 15 vol% for chalcopyrite and up to 60 vol%
for sphalerite). Fahlore (usually tennantite) is a common mineral in the lower-level ore
bodies and is a widespread one (0.5–5 vol%) (Table 20) in the upper ore level predominating
above chalcopyrite. Galena also occurs widely but in smaller quantities (up to 0.5 vol%).
Pyrrhotite is abundant in the axial zone of the southern part of the largest ore body of
the deposit (body 4, see [77]). Hessite, altaite, coloradoite and other Te minerals [25,78]
are rare. Gold occurs predominantly in pyrite and chalcopyrite (0.1–20 ppm Au in the
mode of “invisible” gold) (Tables 19 and 20; Figure 23). Au enrichment in reniform
pyrite (5.5–19.6 ppm) also exists [25]. The euhedral pyrite associated with this variety is
characterised by an order of magnitude lower concentrations of Au, Ag and As. Ag content
in pyrite ranges 0.3–204 ppm. Gold contents in chalcopyrite average 1.5–3 ppm (total
ranges 0.001–19 ppm Au and 0.5–511 ppm Ag) (Table 21; Figure 24).

Sphalerite that contains emulsion-like inclusions of chalcopyrite contains 1.8 to 11 ppm
Au (Table 22; Figure 25). The gold content in pure grains of sphalerite is 0.02 to 5.5 ppm.
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Therefore, gold-bearing chalcopyrite inclusions in sphalerite are considered to be respon-
sible for an essential part of bulk gold. Galena contains various combinations of Au
0.05–0.41 wt%, Ag 0.01–0.34 wt%, Se 0.1–0.2 wt% and Te 0.1–0.14 wt% (EPMA). Addition-
ally, Au is present as a trace element in some tellurides, such as altaite (0.02–5.2 wt%) and
hessite (0.02–0.63 wt%).

Fahlore is the main concentrator of Ag. Its dominant variety is a tennantite-(Zn).
Tetrahedrite grains are commonly inhomogeneous with internal mosaic texture or regular
growth-zoning. The Ag content in tennantite from the upper-level ores ranges from 0.1 to
0.6 wt% (average 0.4 wt%), whereas tennantite from the lower ore level commonly contains
<0.2 wt% Ag. The largest concentration of Ag (0.2–0.5 wt%) and Hg (up to 1–2 wt%) in
fahlore of the lower ore bodies (bodies 3 and 4) was found near contacts with mafic dykes
and near the obtuse east end of the ore body 4.

4.2.3. The Uchaly Deposit

In the Uchaly deposit, the bulk of Au and Ag occurs in pyrite (Figure 23), with average
contents ~1.6 ppm Au and ~13 ppm Ag (Tables 19 and 20; Figure 23). Most of the gold
(approximately 85%) is represented by dispersed and finely impregnated Au in pyrite,
while free gold constitutes only 16% [15,88,89]. Gold occurs mainly in the zinc, copper and
pyrite concentrates (4.0, 2.5 and 1.5 g/t, respectively). Contents of Au and trace elements
in sulphides are the following (ppm): pyrite—Au 0.01–29.4, Ag 0.01–326, As 93–5370, Sb
1–990; chalcopyrite—Au 0.04–0.15, Ag < 2–5.7; tennantite—Au < 0.5, Ag 3000 (LA-ICPMS,
Tables 19–22; Figures 23–25); sphalerite—Au 0.01–1.78, Ag 6–20 (INAA).

In the massive ores, visible gold was found in near-contact zones with a gabbro-diorite
dyke (up to 20 m thick) or in areas that experienced local dynamometamorphism and
tectonic flow. The gold aggregates (Figure 26a) have a fineness of 610–640 and 724–735 and
are usually found in intergrowth with galena, chalcopyrite and tennantite-(Zn). As a rule,
this mineral association cements recrystallised coarse-grained pyrite, often cataclased.

 
Figure 26. Gold and silver minerals in massive ore of the Novo-Uchaly lode. (a) Gold and galena inclusions in chalcopyrite,
(b) Ag-bearing tetrahedrite and galena symplectites in pyrite.

The mineral forms of silver (Table 18) are represented by Ag-containing tetrahedrite
and tennantite (Figure 26b), and rarer electrum, silver tellurides (hessite, empressite), sul-
phides (acanthite, uytenbogaardtite, petrovskaite) and sulphosalts (freibergite, polybasite
and pearceite; Figure 27). Silver impurity in pyrite (up to 400 ppm, EPMA) was also
recorded. A strong positive correlation of silver and antimony was found for the fahlore
(Figure 27).
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Figure 27. Dependence of the silver concentration on the arsenic and antimony contents in the fahlore and silver sulphosalts,
the Novo-Uchaly lode.

4.2.4. The Galka Deposit

Along with the usually predominant pyrite, sphalerite, marcasite, chalcopyrite and
less often galena, arsenopyrite, pyrrhotite, native gold, native silver, acanthite, freibergite,
argentotetrahedrite, pyrargyrite, stephanite, proustite, polybasite and rare Au-Ag minerals
petrovskaite, uytenbogaardtite and kurilite appear at the Galka deposit [15]. A special
feature of pyrite of the Galka deposit is the increased content of As (0.027–0.878 wt%,
avaverage 0.26 wt%, INAA; up to 1.5 wt%, average 0.05 wt%, LA-ICP-MS, Table 19) and Sb
(7.4–873.4 ppm, average 184.2 ppm). The Sb content directly correlates with Au in pyrite
(0.44–9.59 ppm, average 4.16 ppm), and Au is also directly related to Te (2.4–453.9 ppm,
average 70.05 ppm) and Ag (2.15–711.7 ppm, average 137.0 ppm).

PGE shows extremely low concentrations in the sulphides of VMS ores (Table 23),
although ores and industrial products contain a noticeable amount of PGE [24,25,28]. In the
common VMS ores (Au 0.2–3 ppm) of the Urals, essential parts (47–87%, Figures 28a and 29)
of gold are incorporated in the sulphides in the form of invisible gold. Thus, Au fails to
tailings with pyrite and partly with other sulphides [15,72]. The fraction of native gold as an
Au-concentrator ranges 13–90%, but this number decreases to 13–53% if the technological
bulk probes enriched in Au (7.9–21.2 ppm) are excluded (Figure 28a). Native gold and other
gold minerals occur in ore samples with bulk Au content higher than 3 g/t [37,67,104,105].

Table 23. Contents of PGE in ore minerals of VMS deposits, LA-ICP-MS data, ppm.

Deposit Minerals Pt Pd Rh Ru Os Ir

Gai
fahlore - - 12.6 0.062 0.005 0.01–0.07

sphalerite 0.016 - - - - -

Uchaly pyrite - 0.03–0.2 0.04–0.26 - - -
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Figure 28. Gold in sulphide ores of the Berezovsk and VMS deposits of the Urals. (a) Gold occurrence forms in the ore,
based on the results of step-by-step autoclave leaching of technological bulk probes; (b) gold fineness, microprobe data.

 
Figure 29. Correlation between the portion of native gold and the gold content in the ores of the
highly and weakly metamorphosed VMS deposits of the Urals.

In the VMS deposits of the Urals, native gold forms grains and aggregates with size
of about 1–50 μm and up to 150 μm. Larger grains are rare [103]. The fineness of gold
ranges from 340 to 900 for slightly transformed deposits and from 500 to 980 for highly
metamorphosed deposits (Figures 28b and 30). Ag content varies from 11.88 to 39.45 wt%,
and admixtures (wt%) of Pt up to 2.23, Pd up to 0.85, Te up to 1.17, Hg up to 0.89, Fe
up to 0.5 and Se up to 0.49 are found. Hg-bearing native gold (8–11 wt% Hg) rarely
occurs. According to the high-resolution transmission electron microscopy (HR-TEM) data,
nano-sized particles of native gold (1–50 nm) occur in pyrite of the VMS ores [15].
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Figure 30. Composition range of native gold in massive sulphide ores of the Urals.

Characterising native Au-Ag solid solution, we adhere to the terminology adopted
in early publications [106,107]: native silver, Ag1.0Au0.0–Ag0.94Au0.06 (0–100‰); küstelite,
Ag0.94Au0.06–Ag0.85Au0.15 (100–250‰); electrum, Ag0.85Au0.15–Ag0.44Au0.56 (250–700‰); high-
fineness gold, Ag0.44Au0.56–Ag0.0Au1.0 (700–1000‰). Native gold with fineness ~780–860 is
commonly dominated in VMS deposits of the Urals (Figure 30), but more low-fineness gold is
found in some VMS deposits of the Urals, the Galka, for example (fineness ~640–720).

4.3. Experimental Results
4.3.1. Geochemistry of Au in Sulphides

An experimental study of concentration mechanisms of NM in base metal sulphides
was conducted in the frame of the Russian Scientific Foundation grant No. 14–17-00693
“Distribution and structural-chemical state of noble metals in sulphides through the ore
deposits from magmatic to hydrothermal as an indicator of the conditions of mineralisation”
(2014–2018), led by the first author. As a result of work on the sources of synchrotron
radiation measurement, X-ray absorption spectra (XANES/EXAFS) and interpretation
of the resulting data, and using X-ray photoelectron spectroscopy, the position of gold
in the structure of sulphides was revealed. Main results were published in a series of
papers devoted to Au in covellite CuS [16,17], in Fe-S and Fe-As-S minerals [19,52], in
sphalerite (e.g., [92]), Au, Ag, Pt and Pd in pyrite and pyrrhotite [91], Pt in pyrite [22] and
pyrrhotite [23].

Gold can form a solid solution with Fe-S and Cu-Fe-S minerals. When pyrite is heated,
chemically bound Au, even in the presence of liquid sulphur, is released as a metal, while
in copper minerals, heating, on the contrary, promotes the transition of the metal into
a “chemically bound” form. In general, results [17,19,22,52,91,92] suggest that Au and
other NM (PGE, Ag) can occur in the chemically bound state in the Cu-Fe and Cu-Zn-Fe
sulphide ores.

Below, we will focus on zinc sulphide and its close crystal-chemical “relative” greenock-
ite. Both minerals—unlike pyrite and arsenopyrite (see, e.g., [19,52,91] and references
within)—are much less studied experimentally (e.g., [108]). Zinc sulphide occurs in nature
in two polytypes—sphalerite and würtzite—or their mixture. These phases have different
chemical elements’ solubility limits. Both forms of ZnS are important in mineralogy as
many minerals crystallise in the same structures. For example, there are würtzite and spha-
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lerite forms of AgI (iodargyrite and miersite) and CdS (greenockite and hawleyite) [109].
Most of our gas vapour transport and salt flux experiments led to the formation of pure
cubic sphalerite. The existence of minor amounts of würtzite in sphalerite crystals, prob-
ably arising due to the changes in the sulphur fugacity in the system, contributed to the
formation of low-Au-saturated ZnS (<50 ppm Au) with inhomogeneity distribution of all
the admixtures. However, we never obtained pure würtzite using the mentioned methods.
To supplement missing data on Au solubility, we used synthetic crystals of greenockite as
a model compound for the würtzite-type structure.

4.3.2. Noble Metal Speciations in Synthetic Sphalerite and Greenockite

For synthesis experiments, the starting mixtures were pure ZnS (würtzite) or CdS, and
several milligrams of In2S3, FeS and MnS for sphalerite or greenockite. The initial phases
were powdered in the agate mortar and then loaded into silica glass ampoules (10–11 mm
outer diameter, 8 mm inner diameter and ~110 mm length) together with Au metal wire
and transport agent or salt mixture. We used mainly the eutectic mixture of NaCl/KCl in
the salt flux experiments, and the amount of salt flux melt was approximately 50–65% of
the ampoule volume. We used both I2 and NH4Cl as transport agents in chemical vapour
transport experiments. The total quantity of the obtained crystals was higher when we
used NH4Cl compared to I2. It is important to note that we control the activity of gold by
the presence of pure metal wire inside the ampoule. Therefore, the concentration of gold in
sphalerite represents the maximum possible value for the given parameters. In one series of
chemical vapour transport experiments, a tiny piece of sulphur was added before sealing.
Then, we performed a synthesis without adding any additional sulphur. To understand the
influence of f S2 on the concentration of gold in the final crystals, different amounts (from
0 to 0.035 g) of sulphur were added to the ampoules of the chemical vapour transport suite.
The loaded ampoules were evacuated up to 10−4 bar, sealed with an oxygen-gas burner and
placed into a horizontal tube furnace that was then heated to the synthesis temperature over
2–3 h and then kept at this temperature during 16–30 days. The temperature gradient in the
furnace was 50–100 ◦C, and the measured temperature at the hot end of the ampoules was
850 ◦C. At the end of the experiment, the ampoules were quenched in cold water. Sphalerite
crystals were found in the cold end of the ampoules (Figures 31–33). It is important to note
that the attempts to synthesise Au-bearing sphalerite at the lower temperatures using other
salt mixtures (e.g., CsCl/NaCl/KCl mixture at 645 and 555 ◦C at the hot and cold end of
the ampoule respectively, and LiCl/RbCl mixture at 470 and 340 ◦C, respectively) led to
the formation of tiny crystals of sphalerite with the gold content < 5 ppm. These crystals
cannot be used for the XAFS study due to the difficulties in measuring low amounts of the
impurities. Therefore, we did not use these samples in our further observations. Only high-
temperature synthesis (≥850 ◦C in the hot end of the ampoule) led to the crystallisation of
Au-rich crystals.

Table 24. Concentration of In (CIn) and Au (CAu) in the crystals grown at 850 ◦C using gas transport
method and NH4Cl as a transport agent (LA-ICPMS data, ppm ± 2σ).

Sample 2027 2032

CIn 86 ± 5 5400 ± 200
CAu 5 ± 3 84 ± 10

47



Minerals 2021, 11, 488

 
Figure 31. Microphotos of the light-green synthetic sphalerite with admixture of In and Au. (a) Sam-
ple 2027, (b) sample 2032; see Table 24 for details. Figure 31, Figure 32, Figure 33 and Figure
40—photos prepared by Timofey Pashko.

Table 25. Concentration of In and Au according to LA-ICPMS data (ppm ± 2σ) in the crystals grown
using the gas transport method with various fugacity of sulphur at 850 ◦C.

Samples 2289 2290 2291 2292

CIn 64 ± 14 1913 ± 113 6914 ± 212 7012 ± 201
CAu 6 ± 1 3314 ± 112 5142 ± 224 6033 ± 511

f S2, bar 0.1 1 0.23 2.26 8.72
1 Sulphur fugacity of this sample is conditionally calculated as minimal in this system.

 
Figure 32. Microphotos of the yellowish sphalerite crystals with admixture of In and Au, synthe-
sised at various f S2, see Table 25 for details. (a) Sample 2289, (b) sample 2290, (c) sample 2291,
(d) sample 2292.

The synthesis of Ag-bearing sphalerite using the gas transport method and silver
wire led to the formation of Ag-bearing sphalerite with heterogeneous distribution of
the dopant in some cases. We also tried to grow crystals of Ag-bearing sphalerite at low
temperatures in an eutectic mixture of LiCl/RbCl at 550 and 460 ◦C at the hot and cold
ends of the ampoule, respectively. The products of the synthesis contained the needles of
Ag2S. According to the phase diagram, the optimal way of Ag-bearing sphalerite synthesis
is conducted by the calculated amount of Ag2S as a dopant source instead of Ag wire for
such experiments.
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Figure 33. Microphotos of the synthetic sphalerite crystals with admixtures of Ag and In, synthesised
using the gas transport method (sample 4197). According to EPMA [108], CAg = 4.74 ± 0.82 wt%,
CIn = 5.15 ± 0.46 wt%. However, according to (N. Trofimov, pers. com.), CAg(min) = 3.41 wt%;
CAg(max) = 75.99 wt%, because of the capture of the tiny Ag2S inclusions in the analysis, and
CIn(min) = 0.64 wt%, CIn(max) = 5.85 wt%.

The chemical composition of the final crystals was studied both by EPMA (for the
major and minor elements) and by LA-ICPMS (for the trace elements). Experiments show
that in simulated conditions, as in nature (e.g., [15]), sphalerite can incorporate more Au
in the presence of admixtures of other elements. Natural sphalerite can contain Au, Ag,
Cu, Tl, Hg, Fe, Mn, Cd, In, Ga, Ge, As, Bi, Pb, etc. [8]. Some of these chemical elements
are presented in the form of mineral microinclusions (e.g., Pb, Bi, etc.), while others can
substitute Zn2+ (e.g., Cd, Mn, Fe, etc.) in the crystal structure of sphalerite [8]. We prepared
the sample with admixtures typical for the natural environments: Fe, Mn, Se, In and
Cd, together with gold, which were added one by one, in pairs, or simultaneously. The
elements are evenly distributed inside the sphalerite (Figures 34 and 35; [110]). In the
resulting crystals, we observed an extremely high concentration of gold (up to 3000 ppm)
in comparison with the sample of the Fe-bearing sphalerite with Au (up to 250 ppm)
(Figures 35–39).

According to chemical analysis, the amount of Au increases instantly with the increase
of the sulphur fugacity in cases when In was added to the system (Figures 36 and 37,
shaded symbols). In some synthesis experiments, adding more than 2.28 wt% In leads to
the formation of intergrowths of sphalerite and sulphospinel phase of the approximate
composition ZnIn2S4 (Figure 38a). In the absence of indium, CAu does not exceed 10 ppm
(Figure 37, non-shaded symbols). In the synthesis experiments, the close coalescence of
sphalerite crystals with native gold dendrites (Figure 40) indirectly confirms that we are
probably dealing with the maximum values of Au impurity that can enter the composition
of sphalerite under these conditions.

49



Minerals 2021, 11, 488

Figure 34. LA-ICPMS profile through sphalerite containing Fe, Mn, In, Cd, Se and Au. (a)—signals for Mn, Cd, In, S, Se;
(b)—signals for Au, S. See Table 26 for details.

Figure 35. LA-ICPMS profile through sphalerite containing Au and different additional impurities.
Salt flux synthesis at 850/750 ◦C, see Table 27 for details.
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Figure 36. Graph showing the relation between the In and Au concentrations in the synthetic crystals
of sphalerite. Numbers near the marks correspond to CAu, ppm. GVT (gas vapour transport)—gas
transport method. Synthesis procedure is described in [90].

Figure 37. Chemical composition (in mol. fraction AuS0.5) of sphalerite crystals doped in In and
without admixture of In synthesised at various activity of sulphur f S2. Here, and in Figure 39,
numbers near the marks show the concentration of Au in ppm. Red asterisks (*) indicate samples
whose fugacity is conditionally shown as minimal in these systems.
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Figure 38. The internal structure of the synthesised crystals of sphalerite (polished sections). (a) In-
tergrowth of sphalerite (dark grey in BSE) with sulphospinel (light grey) with the approximate
composition ZnIn2S4, (b) intergrowths of sphalerite with native gold, reflected light. There is also a
LA-ICPMS pathway (width of the ablated zone is 60 μm) in the right corner of the image.

Figure 39. Relation between the Fe and Au concentrations in the synthetic crystals of sphalerite.
Crystals were synthesised at ~850 ◦C at the hot and ~750 ◦C at the cold end of the ampoule. Grey
lines show the concentration of Fe (wt%, EPMA) for some samples.
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Figure 40. Microphotos of the synthetic sphalerite crystals with native gold dendrites, synthesised
using the salt flux method (sample 1662).

Our experiments on solubility of Pt, Pd, Os and Ir in sphalerite show that these noble
metals cannot penetrate into the structure of zinc sulphide, even in the low amounts.

The presence of In and/or Fe admixtures also affects the concentration of Au in
synthetic crystals of greenockite (Table 28; Figure 41 [111]). The concentration of Au in In-
and Fe-doped greenockite is ten-fold higher in comparison with pure CdS. The distribution
of Au, Ag, In, Cd, Se, Fe and Mn in sphalerite and greenockite is homogeneous according
to the LA-ICPMS line mode spectra (Figures 34, 35 and 41).

Table 28. Chemical composition of greenockite crystals with admixtures of Fe, In and Au, synthesised using the gas
transport method at 850 ◦C.

Sample
EPMA, wt% (±2σ) LA-ICPMS

Au, wt% (±2σ)Cd S Fe In Au Total

5457 78.18
(0.07)

22.23
(0.17) - - bdl 100.41

(0.24) 0.0015 (±0.0005)

5458 74.78
(0.22)

22.84
(0.29)

2.84
(0.04) - bdl 100.46

(0.55) 0.0410 (±0.0005)

5459 77.76
(0.62)

22.27
(0.23) - 0.73

(0.03) bdl 100.77
(0.88) 0.0311 (±0.0020)

bdl—below the detection limit.
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Figure 41. LA-ICPMS line mode spectra of the line ablated through the samples of CdS with admixtures of gold (a) sample
5457, indium and gold (b) sample 5459, iron and gold (c) sample 5458.

5. Discussion

A significant part of the primary gold reserves in Russia and the world are sulphide
ores ([112–114] and references cited therein). Many sulphide ores are classified as refractory
by technologists. It is the deposits of refractory sulphide ores that are the main potential
source of gold production. The refractory gold and silver in sulphide ores can be associ-
ated with micro- and nanoinclusions of gold and silver minerals as well as isomorphous,
colloidal, surface and adsorbed species of NM. However, the forms of invisible gold and
other NM are still insufficiently investigated.

A series of authors’ papers [9,15,24,25,39,63,67,80] were devoted to the problem of
invisible and microscopic gold in sulphides. Based on the study of the VMS ores of the
Urals (e.g., [15,25,67,115]), Rudny Altai [76,116] and modern hydrothermal systems of
the ocean floor [76,117–119], it was concluded that gold was primarily manifested in an
invisible form, mainly in iron and copper sulphides. Gold enlargement with its release
in the form of its own minerals occurred during later epigenetic hydrothermal processes
and metamorphism. Native gold and Au-Ag tellurides, sulphides and selenides are found
as microinclusions in base metal sulphides, particularly in pyrite, marcasite, chalcopyrite,
sphalerite and arsenopyrite sulphosalts [112]. The size and shape of gold particles and their
3D mineral associations within ore samples were established by X-ray tomography [120].

Invisible gold should include gold in the form of a solid solution or an isomorphous
impurity that is part of the structure of the Au-Ag-bearing matrix minerals. Invisible gold
also includes fullerenes, colloids, clusters and surface-bound gold < 1 nm [15,121,122].

In gold deposits of the Urals, the portion of invisible gold is usually small, for example,
only 1–16% in the mesothermal Berezovsk deposit and ~20–30% of the bulk Au in the
Vorontsovka Carlin-style gold deposit [9,63,105], but it can also be very high. The data of
local analyses (LA-ICPMS, INAA, EPMA, SEM/EDS) allow us to estimate the portion of
bound Au in pyrite ~60% of the bulk Au of ores from the Novogodnee-Monto gold-skarn
deposit [40], and even more, ~80% of the bulk Au for the Petropavlovsk gold-porphyry
deposit [39,40].

Based on the composition, pyrites of the Berezovsk deposit can be divided into two
groups: (1) Au-bearing, and (2) virtually Au-free. Pyrite of the second group prevails; in
this pyrite, Au occurs in the amount of 0.08–0.1 ppm in the mode of single peaks of the
group of Ag-Pb-Cu-Sb, probably in the form of microinclusions of native gold in pyrite in
intergrowths with galena and fahlore. The Au-bearing variety of pyrite of the first group
may contain structurally bound Au (CAu up to 73.5 ppm, INAA; 21.8 ppm, LA-ICPMS).
It is generally accepted that all gold in the deposit is free, i.e., it is found exclusively in
the form of native gold. The new data obtained indicate, although rarely, the presence of
finely dispersed, possibly chemically bound gold in pyrite. Such pyrite could be formed

55



Minerals 2021, 11, 488

during late, relatively low-temperature processes, later than “ordinary” pyrite with a zonal
distribution of Co, Ni and As, which carries gold only in the form of native gold inclusions.

In galena from the sulphide-quartz veins of the Shartash granite massif, Berezovsk
gold field, there are correlations in the Ag-As-Se-Bi-Sn series (r = 0.8–0.9) and in the
Bi-Te (r = 0.84) and Bi-Tl (r = 0.7) pairs. Since the distribution of the elements is uni-
form, we can assume that they enter the galena isomorphic according to the schemes:
(Ag,Tl,Cu)+ + (Bi,As,Sb,In)3+ ↔ 2Pb2+, (Sn)4+ + 2(Ag,Tl,Cu)+ ↔ 3Pb2+, (Se,Te)2– ↔ S2–. A
high degree of correlation is observed in the Cu-Sb (r = 0.87), Cu-Ag (r = 0.72) and Ag-Sb
(r = 0.89) pairs. The inhomogeneous joint distribution of Au with Cu and Sb may be related
to the finely dispersed inclusions of bournonite CuPbSbS3 since the latter is a character-
istic common humbeite mineral, and its presence could contribute to the deposition of
submicroscopic native gold.

In the Urals, about 25 million tons of VMS ores are processed per year, only 15–40%
(for various plants) of the total gold is extracted and losses with pyrite concentrate and in
the tailings of enrichment amount to 13–15 tonnes of Au per year [77].

For weakly metamorphosed VMS deposits, the following sequence of decrease in
the invisible gold concentration in sulphides is observed: galena (up to 122 ppm, geom.
mean 90.5 ppm)–chalcopyrite (40/9.6)–pyrite (10/1)–marcasite (5/0.6)–sphalerite (6/0.4).
For highly metamorphosed VMS objects: pyrite (31/2.3)–chalcopyrite (8/0.65)–sphalerite
(0.7/0.4)–arsenopyrite (0.7/0.2)–fahlore (3.3/0.12)–bornite (3.2/0.06)–pyrrhotite (0.1/0.05)–
galena (0.1/0.04), and, in general, Cinvis. Au is noticeably lower.

Estimates of the portion of invisible gold in VMS deposits in the Urals vary widely
(within 30–90% of the total gold of ores) at a concentration of such fine gold from 0.8 to
5 g/t [9,72]. Higher values (~65–85% of the bulk Au of ores) are typical for the portion of
invisible gold of weakly metamorphosed ores [15,36]. With increasing metamorphism [57],
the contents of Au and Ag in the main ore-forming sulphides (sphalerite, chalcopyrite,
pyrite) generally decrease [25,112]. In most cases, the portion of invisible gold also decreases
(~35–60% of the total ore volume), so there is an inverse correlation between the proportion
of invisible gold and the increase in the degree of metamorphism of ores [9,57,89]. As a
result of the recrystallisation of ores, the invisible gold is enlarged and passes into the
visible state [67,94].

For the VMS deposits of the Urals, the Z-shaped variation of native gold composi-
tion (Figure 30) probably reflects the continuous-discrete character of the Au-Ag solid
solution. The presence of possible miscibility gaps in this binary system was discussed
in [106,123,124]. Independent mineral phases with contrasting compositions were clearly
recorded in the Ag-rich zone [123]. In [124], species with Ag < 25 wt% are referred to the
zone of stable solid solutions, but at least two phases (Au3Ag and AuAg) are believed to be
present in the Ag-depleted zone. According to [106], the existence of the Au2Ag compound
is the most probable in nature. Our data obviously confirm these assumptions, although
the occurrence frequency of electrum (AuAg) in the VMS deposits of the Urals is lower
than that of Au3Ag and Au2Ag.

However, only in the last two decades, with the broad involvement of the LA-ICPMS
method and other spectroscopic methods ([6,7,14,17,19,92,119–121,125–128], etc.), did a
breakthrough in studying the forms of noble metal occurrence in sulphides become possible.
LA-ICPMS or EPMA correlation analysis of the concentrations in a particular mineral
usually gives uncertain conclusions. However, these methods predominate in ore geology
(see, e.g., [129] or [130]). X-ray absorption fine structure spectroscopy allows getting
more definite results, especially for synthesised sulphides [17,19,52,92], but the beam-time
is more expensive and data processing is complicated by concentration levels of NM
impurities in studied sulphides (see [15] for a discussion).

Below, we will focus on our data on the noble metal speciation in synthetic sphalerite
and greenockite.
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5.1. Conditions Conducive to the Formation of Au-Saturated Sphalerite

Sphalerite is not considered as a significant source of Au production during the mining
and processing of ore deposits [8]. However, a noticeable amount of gold can enter spha-
lerite in an invisible form [15,25,117], especially in relatively high-temperature conditions
realised in medium- and high-temperature types of deposits. The typical contents for
natural sphalerite are in the range of 0.1–10 ppm Au [8,15,117,131]. It can contain micro-
inclusions of native gold, especially at the deposits that have undergone syn-metamorphic
remobilisation [25,71]. Pure sphalerite, in contrast to bornite and chalcopyrite, is one of the
weakest Au absorbers [128]. Using the phase composition correlation principle, Lipko and
co-authors calculated the solubility of Au in pure and Fe-bearing sphalerite, and the latter
is 3.5 times higher than in pure mineral [128]. Thus, the goal of the first experimental study
was to find suitable conditions for the formation of Au-bearing sphalerite. Thus, we also
addressed the evaluation of the exact chemical form of Au in synthesised specimens.

In general, the results of our experiments ([110], this study) clearly show that the
concentration of Au is higher in sphalerite containing different impurity components than
in its pure crystals. A similar pattern is observed in ore deposits ([15,25,37], etc.) and
modern hydrothermal fields on the oceanic floor ([118,131,132], etc.). The entry of Au into
sphalerite is favoured not so much by the low-temperature conditions of its crystallisation
but by the supersaturated nature of the evolved magmatic fluids and the co-deposition
with Au of other chemical elements, especially In, Cu and Mn.

For sphalerite, after a few series of synthesis experiments, we conclude that the main
element that favours gold to “intrude” in the crystal structure of ZnS is indium [92,108,110].
Iron also affects the concentration of Au but to a lesser degree. We infer that it may be
related to the valence state of the elements. Indium is a trivalent element and some recent
works of our colleagues suggest that a minor fraction of iron in sphalerite is also trivalent
(e.g., [133]). We propose that the same mechanism of coupled substitution as in the case
of Cu [134,135] occurs in the Au-bearing-sphalerite: Au+ + In3+ ↔ 2Zn2+. Our recent
XAFS results demonstrate that at high concentrations (0.03–0.2 wt% In), Au can exist in
sphalerite in two forms: primarily as a nano-sized Au2S (or AuInS2) cluster and secondarly,
in the form of a solid solution (e.g., (Zn,Au)InS2); according to the spectroscopic study, all
trivalent In in sphalerite substitutes Zn, without any Au-In clustering [92]. Unfortunately,
we were not able to observe the Fe3+ in the sphalerite using synchrotron methods due to
the extremely low concentration of this isotope.

The EPMA and LA-ICPMS data do not provide univocal information regarding
the chemical state of Au and In in ZnS. However, the XAFS method is inadequate at
concentrations below hundreds of ppm. Therefore, in contrast to arsenian pyrite and
arsenopyrite, due to the low CAu in natural sphalerite, it is generally impossible to study
the chemical state of NM in the mineral by this method (cf., [134]). EPMA and LA-ICPMS
data complement the existing results (Figures 38, 39 and 41; Tables 27 and 28) since they
do not contradict the conclusion that at least part of the gold in sphalerite exists in the
form of solid solution [136]. This form may predominate at low concentrations of gold in
sphalerite, especially in nature.

According to chemical analysis, the amount of Au increases instantly with the increase
of the sulphur fugacity in cases when In was added to the system (Figures 38 and 39).
This fact proves the mechanism of vacancies formation in cation subcell leading to the
accumulation of additional gold and the existence of the following isomorphous scheme:
3Zn2+ ↔ 2In3+ + �, described in [137]. In our synthesis experiments, adding more than
2.28 wt% indium leads to the formation of intergrowths of sphalerite and sulphospinel
ZnIn2S4 phase (Figure 40. In the absence of indium or any other impurities, CAu does not
exceed 10 ppm (Figures 37 and 39).

Divalent elements (notably Fe, Cd and Mn) commonly enter the sphalerite structure by
isomorphic substitution of Zn (e.g., [129,138]). Other elements, for example, In, Cu and Ag, re-
place Zn in heterovalent coupled and/or multiple substitutions, such as: 2Zn2+ ↔ Cu+ + In3+,
2Zn2+ ↔ Cu+ + Fe3+ and 4Zn2+ ↔ 2Cu+ + Fe3+ + (Sn,Ge)4+ [8,129,139,140]. The latter mech-
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anism may have played a fundamental role in the crystallisation of Au-bearing sphalerite
from fluids of postmagmatic volcanic-arc systems, usually enriched in Au, other metals and
metalloids (e.g., [141]).

Like natural samples of more chemically pure sphalerite, usually with minimal CAu
(e.g., [15,25]), pure synthetic sphalerite is usually unsaturated by Au compared to the
specimens with admixtures ([128], this study). Tauson and co-authors [142] linked this
phenomenon to the variation of the chemical bonding parameters due to incorporating of
the additional metals in the structure (cf., [128]).

For synthetic crystals of Ag-bearing sphalerite doped by In (or without In), the XAFS
data revealed that Ag exists in sphalerite mainly in the form of a solid solution according
to the scheme 2Zn2+ ↔ Ag+ + In3+, also suggested for natural sphalerite; however, a part
of Ag (<5%) exist in the Ag-bearing sphalerite in the sulphide form Ag2S ([108]; cf., [130]).
In the absence of In, XANES spectra show Ag mainly in the native element mode (formal
oxidation state 0) and sulphide forms. At high sulphur fugacity in the experimental system,
sulphide form Ag2S predominates [108]. Presence of submicron inclusions of laforêtite
AgInS2 in Ag-, In-bearing sphalerite is probable. This mineral has the same sphalerite
structure and may form a solid solution series in ZnS-AgInS2 system. Occurrence of
AuInS2 in Au-, In-bearing sphalerite can also be assumed. Solid solution ZnS–AuInS2 is
also possible in nature.

Thus, gold and silver both prefer accumulation in In-bearing sphalerite as a solid
solution. However, in the absence of In, their dominant forms are Au2S, native Ag and
Ag2S, respectively. This fact corresponds to the low solubility of Au and Ag in sphalerite
solid solution [128].

5.2. Correlation of As and Au Contents in Pyrite

The positive correlation of the As and Au contents in As-pyrite is noteworthy (Figure 9),
which can be considered as evidence of an isomorphic substitution of the Fe position in the
As-pyrite lattice (cf., [143,144]). In recent years, this has been interpreted as Au sorption
on the growing faces of pyrite crystals [143,145,146]. For example, at sediment-hosted
Carlin-type ore, invisible gold in arsenic disulphides represents Au deposited from the
metal-bearing fluid by chemisorption at As-rich, Fe-deficient growth surfaces and incorpo-
rated into the sulphide crystals in the mode of metastable solid solution [96]. It corresponds
to our data for the Vorontsovka Carlin-style deposit (Figure 9).

However, in other cases, there is a weak negative correlation of Au with As according
to LA-ICPMS data for pyrite of the Geita Hill, Kumtor and Witwatersrand Carbon Leader
Reef giant gold deposits [127]. A similar situation (there is no positive Au/As correlation
in pyrite or it is very feeble) is observed for many deposits everywhere [6,8,31–35,43], as
well as for many sulphide deposits of the Urals [36–42].

When analysing As-pyrite, two aspects should be considered: As and Au impurities
in pyrite and their relationship. Thus, the maximum solubility of As in pyrite at 600 ◦C
according to the experimental data of Clark [147] is 0.53 wt%, and As content reaches
9.3 wt% in natural pyrites [96,148], and some researchers detected up to 14 wt% As in
pyrite (e.g., [149]). Moreover, most researchers note that the sum of the S and As contents in
pyrite remains ~66.7 at%, and they interpret low As concentrations (up to ~1.2 wt% As) as
a solid solution with local clustering of As atoms. However, at higher concentrations of As
in pyrite (6–9 wt%), arsenopyrite domains were detected on the HRTEM images [150,151].
Another feature of the As-pyrites that should be noted is the inhomogeneity and, more often,
zoning in the distribution of As, which can be caused by changes in the crystallographic
orientation of the phase (different interplanar distances and changing parameters of the
solid solution) and fluctuations in the contents of not only sulphur but also iron [18,152]
as well as other impurities (see [15] for discussion). Perhaps this is consistent with the
inhomogeneous type of conductivity in a single crystal [153].

In many cases, there is a linear positive dependence of the increase in the gold content
in pyrite on the level of arsenic concentrations (e.g., [143]). Simultaneously, there are
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two clusters of Au content points in this dependence: in the range of 2–5 wt% As and 6
and above [149]. This fact, as well as in the case of the entry of only As impurities into
pyrite [40], can probably be explained by a change in the structural form of the entry of
Au into As-pyrite: at relatively low concentrations of As (2–5 wt%), gold enters the solid
solution S2

2−AsS AsS3−, and at high concentrations of As, gold enters the pyrite and
marcasite-structural (arsenopyrite) domains.

Unlike arsenic, the situation with tellurium in pyrite is quite different. Tellurium
is also a common isomorphic impurity in pyrite, but its abnormally high contents are
due to the occurrence of submicroscopic and nano-scale inclusions of Au-Ag tellurides
(mainly hessite and petzite) in this mineral. For the Petropavlovsk gold-porphyry and
Novogodnee-Monto Fe-Au-skarn deposits, similarly to in [143], a positive correlation of
Au and Ag with Te in pyrite corresponds to the probable occurrence of tiny telluride grains
in the smallest defects in the mineral (Figures 16 and 20). It is also proven by the presence
of synchronous peaks of Te, Au and Ag on the graphs during laser ablation by the profile
sampling mode (Figures 17 and 19) or bright points of their segregations on Te distribution
pictures during mapping mode analysis (Figures 18a and 21).

5.3. Forms of Gold in Arsenopyrite

Intensive debates about the forms of gold in arsenopyrite of 1988–1989 ([95,154,155],
etc.) remain unsettled (see reviews in [19,51], cf., [156,157]). Gold in the chemically bound,
structural form commonly reaches its maximum values in this mineral (e.g., [12,128,155]).
Simultaneously, there are opposite opinions on the peculiarities of the chemical composition
of Au-rich arsenopyrite. In most studies, the ratio As/S>1 is noted in the composition of
Au-bearing arsenopyrite [63,96,97,154,158]. However, in other papers, sulphuric (deficient
in As) arsenopyrite is richer in Au [12,156,159–162]. Some authors reported about As- and
S-rich arsenopyrites both rich in gold.

For the Vorontsovka deposit, the data obtained for arsenopyrite crystals in Carlin-style
gold-sulphide assemblage indicate the presence of an inverse correlation between the Au
and Fe contents and a direct correlation for Au/As (Figure 42; cf., [96]). Besides, this
dependence is manifested not only at the local level within a single crystal, but also in
the whole deposit, because more arsenic Apy-2, according to the point analysis by the
LA-ICPMS method, contains more gold (4–315 ppm, mean geom. 24.3 ppm, [63]). The
LA-ICPMS profiles for pyrite showed that high Au concentrations commonly correlate
with higher contents of As, Ag, Sb, Se or Tl (Figures 6–8; cf., [63]).

Figure 42. Relationship of Au content with the main elements (Fe and As) in the studied arsenopyrite
samples of the Vorontsovka Carlin-style deposit. Blue diamonds—arsenopyrite from skarn complex
(Apy-1); green crosses indicate highly arsenic arsenopyrite of the gold-pyrite-realgar assemblage
(Apy-2).
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In general, the set of data obtained for the samples of synthetic [18] and natural ([63],
this study) arsenopyrites shows a weak positive correlation of Au contents with the As/S
ratio and a clear negative correlation between Au and Fe. The higher Au contents are
typical for the As-rich and close to stoichiometric late arsenopyrite generation, while in
S-rich early arsenopyrite, the Au content normally does not exceed 0.02 wt%. However,
overall, early generation arsenopyrite (Apy-1) also contains fairly high CAu. Gold is mainly
concentrated in the As-rich, low-thickness zones of its prismatic crystals (Figures 7 and 8).

The incorporation of lattice-bound Au into arsenopyrite is resulted from the sub-
stitution of Fe by Au as both elements show negative correlation (cf., [5,157,160,161]).
Au-bearing arsenopyrite is commonly thinly zonal. Unstable conditions with short-period
oscillations of local disequilibrium and some fluctuations in the fluid component fugacities
(f S2, f Te2, f O2, f As2) contributed to the crystallisation of the mineral with a less perfect
structure, which in turn favoured the entry of gold into the composition of arsenopyrite.
Auriferous zones of arsenopyrite can contain nm-sized gold particles: TEM study in FIB
foils [162] identified two types of nm-sized gold particles—elongated, rod-like (or disc-
shaped?) Au grains about 35 nm in length and 5 nm in thickness, and roundish gold (or
disc-shaped?) grains about 10 nm in diameter.

5.4. Crystal-Chemical Basics of Noble Metal Speciation in Sulphides

Several concepts are employed to describe crystal chemistry and to build structural
classification schemes of the sulphides. Since the aim of this review is not a detailed
analysis of the crystal structures of sulphides, we will only briefly describe the structures of
the considered minerals with some preliminary analysis of the possibilities of isomorphic
substitution of cations with noble metals (mainly Au, Ag, Pd and Pt). Table 29 lists the main
crystallographic features of the studied minerals. With the exception of arsenopyrite FeAsS
and chalcopyrite CuFeS2, all the studied minerals are binary compounds. Pyrite and galena
belong to the structure type of NaCl, marcasite and arsenopyrite to the structure type of
TiO2-rutile, sphalerite and chalcopyrite to the structure type of sphalerite, greenockite and
würtzite to the structure type of ZnO and pyrrhotite to the structure type of NiAs.

Principle schemes of the crystal structures of the considered minerals are shown in
Figure 43.

Figure 43. Crystal structures of sulphides: (a) pyrrhotite, (b) marcasite, löllengite, arsenopyrite,
(c) pyrite, (d) sphalerite, chalcopyrite, (e) greenockite, würtzite. Green balls are cations, yellow balls
are anions. In the structure of arsenopyrite, half of the anions are S ions, and half are As ions. In the
structure of chalcopyrite, half of the cations are Cu ions and half are Fe ions.
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The coordination of cations in the structures of sulphides depends on their size, charge
and electron configuration [163,164]. Table 30 lists the hybridisation type and coordination
numbers of the cations in the structures of sulphides. The coordination polyhedra of cations
in the considered minerals are tetrahedra (sphalerite and ZnO structure types, CN = 4) and
octahedra (rutile, NaCl and NiAs structure types, CN = 6).

Table 29. Crystal chemical parameters of the main sulphides.

Mineral Formula
Space
Group

Lattice
Constants

(Å)

Structure
Type

Me-Me
Distance

Me-S
Distance

CNMe CPMe Ref

Pyrite FeS2 Pa-3 a = 5.416 NaCl 3.830 2.263 6 Octahedron [165]

Marcasite FeS2 Pnnm
a = 4.445
b = 5.425
c = 3.386

Rutile 3.386 2 × 2.239
4 × 2.252 6 Octahedron [165]

Arsenopyrite FeAsS P21/c

a = 5.761
b = 5.684
c = 5.767

β = 111.7210◦
Rutile 2.734

S: 2.229,
2.230,
2.233

As: 2.370,
2.409,
2.412

6 Octahedron [166]

Lollengite FeAs2 Pnnm
a = 5.300
b = 5.984
c = 2.882

Rutile 2.882 2 × 2.361
4 × 2.388 6 Octahedron [167]

Galena PbS Fm-3m a = 5.805 NaCl 4.105 2.903 6 Octahedron [168]

Pyrrhotite FenSn+1 P63/mmc a = 3.446
c = 5.743 NiAs 2.871 2.453 6 Octahedron [169]

Chalcopyrite CuFeS2 I-42d a = 5.277
c = 10.441 ZnS 3.712 Cu: 2.295

Fe: 2.259 4 Tetrahedron [170]

Greenockite CdS P63mc a = b = 4.136
c = 6.716 ZnO 4.121 3 × 2.527

1 × 2.532 4 Tetrahedron [171]

Sphalerite ZnS F-43m a = b = c =
5.410 ZnS 3.826 2.343 4 Tetrahedron [172]

Würtzite ZnS P63mc a = b = 3.823
c = 6.261 ZnO 3.823 3 × 2.342

1 × 2.347 4 Tetrahedron [173]

Table 30. Coordination number and type of hybridisation of some metals.

CN Type of Hybridisation Elements

2 sp; p2 Cu+, Cu2+, Ag+, Au+

4tetr sp3 Cu+, Ag+, Au+, Zn2+, Fe2+

4sq dsp2 Pd2+, Pt2+, Cu2+, Fe3+

6 d2sp3 Pt4+, Fe2+

Table 31 lists the main structural characteristics of the sulphides of Au, Ag, Pd and
Pt, and corresponding crystal structures are shown in Figure 44. Me-S chains are the main
structural elements in the structures of Au2S and Ag2S. Me-S chains in the structure of
Au2S form a three-dimensional framework. The whole structure can be considered as an
anti-cristobalite structure, i.e., a three-dimensional framework of anion-centered vertex-
sharing SAu4 tetrahedra. Ag in the structure of Ag2S occupies two positions. AgI forms
Ag-S chains along direction b of the unit cell. These chains are linked by AgII ions.
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Table 31. Crystal chemical parameters of some noble metal sulphides.

Mineral Formula
Space
Group

Lattice
Constants

(Å)

Structure
Type

Me-Me
Distance

Me-S
Distance

CNMe CPMe Ref

n/a Au2S Pn-3m 5.0206 Cu2O 3.550 2.174 2 Dumbbell [174]

Acanthite α-Ag2S P121/c1

a = 4.231
b = 6.930
c = 8.293

β = 110.71◦
Ag2S 3.084

AgI: 2.475,
2.511

AgII: 2.547,
2.563, 2.699

AgI: 2
AgII: 3

AgI:
dumbbell

AgII:
coplanar
triangle

[175]

Cooperite PtS P42/mmc a = 3.4701
c = 6.1092 PtS 3.470 2.311 4 Square [176]

n/a PtS2 P-3m1 a = 3.5432
c = 5.0388 CdI2 3.543 2.421 6 Octahedron [177]

n/a PdS P42/m a = 6.429
c = 6.611 PdS

PdI-PdI:
3.305
PdII-
PdIII:
3.389
PdIII-
PdIII:
2.337

PdI: 2.341
PdII: 2.318

PdIII:
2 × 2.337,

2.346

4 Square [178]

n/a PdS2 Pbca
a = 5.460
b = 5.541
c = 7.531

PdSe2 3.889

PdI:
2 × 2.298,
2 × 2.304,
2 × 3.312

6 Octahedron [179]

The coordination polyhedra of AgII is a coplanar triangle (Figure 44d). In terms of
anion-centered polyhedra, the structure of α-Ag2S is a set of layers composed of vertex-
shared SAgI2AgII3 tetragonal pyramids. The layers are connected into a three-dimensional
framework by AgI atoms. Two types of coordination polyhedra appear in the structures of
Pt and Pd sulphides—a planar square in the PtS and PdS structures and an octahedron in
the PtS2 and PdS2 structures (Figure 44e,g).

Speaking of isomorphic substitution, one must consider a difference in the sizes (ionic
or atomic radii) and interatomic distances of host cations and their substitutes. The ionic
radii of metals under question with coordination number 6 increases in the following
order [180]: Pt < Pd < Ag <Au, which implies that Pt should be the most favourable and,
probably, the most abundant admixture in the sulphides, while Au should be hypothetically
the less probable isomorphic admixture. In addition, we have to compare Me-S and Me-Me
(next nearest cation) distances in the structures of host sulphides and sulphides of the
considered noble metals. Me-S distances in the sulphides listed in Table 29 vary between
2.231 Å (arsenopyrite) and 2.903 Å (galena), while Me-S distances in the sulphides of noble
metals listed in Table 30 vary between 2.174 Å (Au2S) and 2.699 Å (α-Ag2S). It is worth
noting that Me-Me distances are not correlated with the Me-S distance, i.e., Fe-S distance
in pyrite equals ~2.26 Å, and the Fe-Fe distance equals ~3.83 Å, while Fe-S distance in
arsenopyrite equals ~2.23 Å and Fe-Fe distance equals ~2.73 Å. However, in both base
metal sulphides (except for galena) and noble metal sulphides (except for PdS2), larger
values of Me-Me distances correspond to smaller values of Me-S distances. The effect is
not pronounced but can be detected.
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Figure 44. Crystal structures of NM-sulphides: (a) anion-centered polyhedra in the structure of Au2S, (b) three-dimensional
framework of Au-S bonds in the Au2S, (c) anion-centered polyhedra in the structure of Ag2S, (d) cation-centered polyhedra
in the structure of Ag2S, (e) crystal structure of PtS, (f) crystal structure of PtS2, (g) crystal structure of PdS, (h) crystal
structure of PdS2.

X-ray absorption spectroscopy (XAS) investigations of minerals and their synthetic
analogues showed that Au, Ag and Pt could form solid solutions with covellite [17],
pyrite [19,22], arsenopyrite [18,19], pyrrhotite [23] and sphalerite [19,92]. However, the
concentration of the admixtures is small. Thus, the measured maximum content of Au
in natural and synthetic pyrite is ~300 and ~90 ppm accordingly. The concentration of
Au in löllengite is about 800 ppm. The concentration of Ag in sphalerite is no more than
5 wt%. Synthetic pyrite hosts up to 7 wt% of Pt in the solid solution state. The measured
concentrations of the considered admixtures in base metal sulphides correlate well with
the ionic radii of the admixtures: the smaller the cation is, the higher its content in a host
mineral. However, some experimental facts cannot be solely explained by the size factor.
For example, the maximum content of Pt (the Pt2+-S distance equals 2.31 Å, Table 30) in the
solid solution state in pyrite is 7 wt% and is only 0.5 wt% in pyrrhotite [23], while the Fe-S
distance is ~2.26 Å in pyrite and ~2.52 Å in pyrrhotite. Besides, the formation of the solid
solution depends on the conditions of synthesis: Au forms a solid solution with pyrite in
hydrothermal experiments only, and in the pyrites obtained using the salt flux technique,
Au forms metal particles.
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6. Conclusions

(1) For VMS and Carlin-style deposits as well as for gold-porphyry systems, avalanche
deposition of sulphides on geochemical barriers in shallow-depth conditions from moderate-
and high-concentrated solutions contributed to the rapid growth of imperfect and thin-
zoned crystals, providing the entry of NM in sulphides in finely dispersed form (in the
invisible state). Admixtures of metals and metalloids supplied both the increased defec-
tiveness of crystal structure of the minerals (making them chemically more capacious
in relation to NM), and the entry of NM impurities into sulphides by the mechanism of
heterovalent isomorphism.

(2) For weakly metamorphosed VMS deposits, the following sequence of decrease
in invisible gold concentration in sulphides was revealed: galena–chalcopyrite–pyrite–
marcasite–sphalerite, in entire agreement with the hydrothermal experiments on the sol-
ubility of Au in sulphides (galena–bornite–chalcopyrite–pyrrhotite–pyrite–sphalerite).
For highly metamorphosed VMS lodes, such sequence is pyrite–chalcopyrite–sphalerite/
arsenopyrite–fahlore–bornite–pyrrhotite–galena, and, in general, the concentration of
Cinvis. gold in sulphides is noticeably lower.

(3) In arsenopyrite crystals, the contents of invisible gold reach their maxima, and Fe
is negatively correlated with Au. The ionic form of gold probably prevails in this mineral.
Thin compositional zoning reflects short-period oscillations of local disequilibrium during
crystal growth and some fluctuations in the fluid component fugacities (f S2, f Te2, f Se2, f
O2, f As2).

(4) Epigenetic hydrothermal and metamorphic processes, as well as the slower crys-
tallisation of sulphides, favoured the nucleation of gold, coalescence of its clusters and
enlargement of nano-sized NM isolations, and supported the formation of relatively large
nuggets as a result of collective recrystallisation. Most Au deposits (except for Carlin-type
and gold-porphyry deposits) originated at considerable depths, and the crystallisation of
sulphides was in relatively stable conditions, providing the formation of more perfect sul-
phide crystals as well as co-crystallisation of proper NM minerals (except for the strongly
scattered PGE), and a small fraction of NM remains in the sulphides in finely dispersed
form (in the invisible state).

(5) Proper NM minerals are represented by groups of minerals that are similar, both for
VMS and large gold deposits of the Urals: native gold (high-fineness gold and electrum),
with sharply subordinated Ag-sulphosalts, Ag-, Au- and Au-Ag-tellurides, and to a lesser
extent, native silver, Au-Ag-sulphides (petrovskaite, uytenbogaardtite, acanthite), Au-
antimonide (aurostibite), Ag-sulphobismuthite (matildite) and Ag-selenotelluride (kurilite).
In very sporadic cases, abundant NM-tellurides are comparable as host NM-minerals with
native gold, in bulk ore composition (Svetlinsk deposit, etc.).

(6) Our experiments showed that admixture of In increases the solubility of Au in
sphalerite up to 1 wt%. CAu in sphalerite is higher (up to 1000 times) in samples synthesised
at a higher (up to 10 bar) f S2 in the system. Fe impurity also promotes the incorporation of
Au in sphalerite (CAu up to 0.01 wt%). In sphalerite synthesised under the same conditions
without In, Fe, etc., CAu does not exceed 0.001 wt% and does not depend on f S2. EPMA
and LA-ICP-MS analyses, revealing a homogeneous distribution of all studied elements,
showed a clear positive correlation between the In, Fe and Au contents in sphalerite, as
well as X-ray absorption spectroscopy confirmed the isomorphic entry of these elements
according to the following scheme: Au+ + In3+ (Fe3+) ↔ 2 Zn2+. A positive effect of f S2 on
the solubility of Au indicates the formation of vacancies in the cation sublattice, proving
the existence of the second isomorphic scheme: 3Zn2+ ↔ 2In3 + + �. A part of Au doped in
ZnSIn forms Au2S clusters, according to the XAFS study. In general, the same pattern was
noted for Ag in sphalerite, where Ag2S and Ag0 forms oCCur. Greenockite samples were
used as model crystals for the würtzite type of structure, and the results confirm the same
behaviour of Au in the presence of In and Fe as in sphalerite. In the samples consisting of
both ZnS polytypes, CAu does not exceed 50 g/t, and the distribution of doped elements
is inhomogeneous.
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Appendix A

Table A1. Standards used for routine mineral analysis by EPMA (I = 20 nA).

Element X-ray Crystal Standard
Time Detection Limit,

3 σ(wt%)Peak Back

Py, Apy
As Lα TAP GaAs 30 15 0.05
Fe Kα LIF Pyrite 10 5 0.06
S Kα PETH Pyrite 10 5 0.02

Ni Kα LIF NiSbS 10 5 0.04
Cu Kα LIF CuFeS2 10 5 0.07
Sb Lα PETH NiSbS 10 5 0.05
Co Kα LIF Co 30 15 0.06
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Table A1. Cont.

Element X-ray Crystal Standard
Time Detection Limit,

3 σ(wt%)Peak Back

CCp
As Lα TAP GaAs 30 15 0.05
Cu Kα LIF CuFeS2 10 5 0.06
S Kα PETH CuFeS2 10 5 0.02

Zn Kα LIF ZnS 10 5 0.08
Fe Kα LIF CuFeS2 10 5 0.06
Cd Lα PETH CdS 10 5 0.05
Ni Kα LIF Ni 10 5 0.06
Mn Kα LIF Mn 10 5 0.06
Co Kα LIF Co 30 15 0.06

Sp
Cd Lα PETJ CdS 30 15 0.11
Fe Kα LIF Pyrite 20 10 0.05
S Kα PETH ZnS 10 5 0.02

Zn Kα LIF ZnS 10 5 0.1
In Lα PETJ InSb 10 5 0.08

Mn Kα LIF Mn 20 10 0.04
Ag Lα PETH Ag 10 5 0.04
Cu Kα LIF CuFeS2 20 10 0.06
Hg Mα PETH HgS 20 10 0.06
Sn Lα PETH Sn 20 10 0.04

Tnt
Sb Lα PETJ Sb2S3 10 5 0.10
As Lα TAP GaAs 10 5 0.10
Zn Kα LIF ZnS 10 5 0.09
S Kα PETH CuFeS2 10 5 0.02

Ag Lα PETJ Ag 10 5 0.16
Se Lα TAP CdSe 10 5 0.07
Cu Kα LIF Cu 10 5 0.08
Hg Mα PETH HgS 10 5 0.09
Te Lα PETJ Te 10 5 0.11
Fe Kα LIF CuFeS2 10 5 0.06
Bi Mα PETH Bi2Te3 10 5 0.09
Cd Lβ PETJ CdSe 10 5 0.20
Pb Mα PETH PbS 10 5 0.09

Gn
Pb Mα PETJ PbS 20 10 0.22
Se Lα TAP CdSe 10 5 0.09
Cu Kα LIF CuFeS2 20 10 0.09
S Kα PETH PbS 10 5 0.02

Sb Lα PETJ Sb2S3 20 10 0.09
As Lα TAP GaAs 20 10 0.09
Fe Kα LIF CuFeS2 20 10 0.06
Ag Lα PETH Ag 10 5 0.06
Bi Mβ PETH Bi 30 15 0.10
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Abstract: The Laodou gold deposit, located in the West Qinling Orogen of central China, is a newly
recognized intrusion-related gold deposit. It consists of auriferous quartz-sulfide-tourmaline and
minor quartz-stibnite veins that are structurally controlled by fault zones transecting the host quartz
diorite porphyry. Two types of tourmaline were identified in this study: Type 1 tourmaline occurs as
quartz-tourmaline nodules within the quartz diorite porphyry, whereas type 2 tourmaline occurs
as quartz-sulfide-tourmaline veins in auriferous lodes. Here, we present a major and trace element
analysis by electron microprobe and laser ablation inductively coupled plasma mass spectrometry on
these two types of tourmaline. Both tourmaline types fall into the alkali group, and are classified under
the schorl-dravite solid solution series. The substitutions of FeMg–1, FeAl–1, AlO((Fe, Mg)(OH)) –1,
and X-site vacancyCa–1 are inferred by the variations of their major element compositions. Field and
mineralogy observations suggest that type 1 tourmaline is a product of the late crystallization process
of the quartz diorite porphyry, whereas type 2 tourmaline coexists with Au-bearing arsenopyrite
and is crystallized from the ore-forming fluids. Their rare earth element compositions record the
related magmatic hydrothermal evolution. The Co and Ni concentrations of the coexisting type 2
tourmaline and arsenopyrite define a regression line (correlation coefficient = 0.93) with an angular
coefficient of 0.66, which represents the Co/Ni ratio of the tourmaline and arsenopyrite-precipitating
fluids. This value is close to the Co/Ni ratios of the host quartz diorite porphyry, indicating a magma
origin of the ore-forming fluids. The substitution of Al3+ by Fe3+ in both tourmaline types shows that
type 1 tourmaline approaches the end member of povondraite whereas type 2 tourmaline occurs
in opposite plots near the end member of Oxy-dravite, reflecting a more oxidizing environment for
type 2 tourmaline formation. Moreover, the redox-sensitive V and Cr values of type 2 tourmaline
are commonly 1–2 orders of magnitude higher than those of type 1 tourmaline, which also suggests
that type 2 tourmaline forms from more oxidizing fluids. Combined with gold occurrence and fluid
properties, we propose that the increasing of oxygen fugacity in the ore-forming fluids is a trigger of
gold precipitation.

Keywords: tourmaline; geochemistry; ore-forming process; Laodou gold deposit; West Qinling Orogen

1. Introduction

Tourmaline is common in a variety of hydrothermal ore deposits such as granite related W–Sn
polymetallic mineralization [1–3], porphyry Cu ± Mo [4,5], orogenic gold [6–8], volcanic-hosted
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massive sulfide [9–11], and iron oxide–copper–gold deposits [12–14]. These diverse deposit types
cover a broad spectrum of chemical environments and pressure-temperature conditions, suggesting a
wide stability range for tourmaline [15]. This mineral phase is a borosilicate with large variations
in chemical composition, containing most of the rock-forming elements and a certain number of
volatile components (e.g., B, F, and OH) intrinsic to hydrothermal systems [16]. Chemical compositions
and changes in tourmaline textures may provide evidence for changes in the process related to
the crystallization history, and with proper decoding can elucidate the chemical evolution of the
hydrothermal system [17,18].

Previous studies have shown that selected major and trace element compositions of tourmaline in
hydrothermal deposits can be used as good indicators for the source and evolution of ore-forming
fluids [19–21]. In this study, we present an in-situ dataset on major and trace element compositions
of two types tourmaline from a newly recognized intrusion-related Laodou gold deposit in the West
Qinling Orogen of central China. This gold deposit is characterized by an abundance of tourmaline
occurring within the host quartz diorite porphyry and the hydrothermal auriferous lodes, in response to
the parental magma evolution (late magmatic or early hydrothermal fluids) and subsequent ore-forming
events, respectively. Characterization of chemical compositions of these two types of tourmaline
growth during progressive exsolution of magma and subsequent hydrothermal crystallization has
provided new insights into magmatic hydrothermal evolution, and the related ore-forming process.

2. Geological Setting

The West Qinling Orogen (WQO) is the western segment of the Qinling Orogen, which is
bounded by the Linxia-Wushan-Tianshui Fault and Shangdan suture zone to the north and
by the A’nimaque-Mianlue suture zone to the south (Figure 1a). The Shangdan suture zone
witnesses the middle Paleozoic northward subduction of the Shangdan ocean (proto-Tethyan
ocean) crust and subsequent collision between the North Qinling belt and Qinling terrane [22–24].
The A’nimaque-Mianlue Suture zone recorded the late Paleozoic to early Mesozoic subduction of the
paleo-Tethyan oceanic crust and subsequent collision between the Yangtze Block, the Songpan-Ganzi
terrane, and the Qinling terrane [25,26]. Lithologically, the WQO is dominated by a thick
sequence of Paleozoic to early Mesozoic marine sedimentary rocks, with Archean to Proterozoic
basement rocks exposed locally [23,24]. Brittle faults are well developed along several nearly
E–W-trending fold and thrust belts in the WQO, and the thrust faults broadly coincide with the
boundaries of major lithologic contacts [27]. Granitoid intrusions are widespread in the region.
Available geochronological data indicate that most granitoid intrusions in the eastern part of the
WQO were emplaced at 225–200 Ma [28,29], whereas the equivalents in the western part were
mostly formed at 249–230 Ma [30,31], which has been interpreted to reflect a westward closure of the
paleo-Tethyan ocean.

The Xiahe-Hezuo district is located in the western portion of the WQO (Figure 1a). It is
dominated by weakly metamorphosed to unmetamorphosed Carboniferous to Middle Triassic marine
sedimentary rocks [32], which were folded during the Triassic as outlined by the Xinpu-Lishishan
anticline (Figure 1b). The district is divided into the western and eastern zones by the NW-striking
Xiahe-Hezuo Fault. Secondary or higher order faults broadly parallel to the Xiahe-Hezuo Fault are well
developed throughout the region (Figure 1b). Several Mesozoic granitoid plutons form a discontinuous
NW-trending magmatic belt in the eastern zone, whereas numerous mafic to intermediate dikes are
emplaced in the western zone. Some andesitic to dacitic volcanic rocks also outcrop sporadically
(Figure 1b). Zircon U-Pb geochronology indicates that these igneous rocks emplaced and/or erupted
between 252 and 233 Ma [30,31,33,34]. Combining the geology and geochemistry data, previous studies
suggest these igneous rocks have formed along an active continental margin associated with the
paleo-Tethyan subduction [31,35], or in a post-collision setting [30,36].
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Figure 1. (a) Simplified map showing geotectonic terranes in the Qinling Orogen with the location of
the study area [37,38]; (b) geologic map of the Xiahe-Hezuo district showing the distribution of major
sedimentary facies, igneous rocks, and Au, Cu-Au-(W), and Fe deposits [39].

The Laodou gold deposit is a recently identified intrusion-related mineralization hosted in the
quartz diorite porphyry of the Dewulu intrusive complex (Figure 2a). It has close spatial, temporal,
and genetic relationships with igneous rocks, as well as the regional Cu-Au skarns and Au-Cu-As-W
veins [33,37,39,40] (Figure 2a). The host quartz diorite porphyry consists of plagioclase, quartz,
amphibole, and minor biotite. Zircon, apatite, and ilmenite are the main accessory minerals [31].
Tourmaline is locally abundant as disseminated crystals or tourmaline-quartz nodules. The magma
origin has been interpreted as partial melting of K-rich meta-basaltic rocks in a thickened lower
continental crust [31,41]. The deposit consists of five NNW- to N-striking auriferous lodes within the
hydrothermally altered fault zones (F1–F5; Figure 2b). For example, the F1 altered fault zone contains
five orebodies of Au2, Au2–1, Au8, Au8–1, and Au10, which strike at 286–354◦ and dip 27–38◦ to
the east, and are 80–158 m long and 2.15–5.16 m thick, with a minimum vertical extent of 45–103 m
(Figure 2c). The auriferous lode main includes quartz-sulfide-tourmaline and minor quartz-stibnite
veins that are enveloped by potassic and phyllic alteration in the host quartz diorite porphyry (Figure 3).
The mineral assemblages comprise mostly quartz, sericite, tourmaline, pyrite, arsenopyrite, and stibnite,
with minor amounts of galena, sphalerite, chalcopyrite, tetrahedrite, and enargite. Gold occurs mainly
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as “invisible gold” in pyrite (up to 66.65 ppm) and arsenopyrite (up to 4.32 ppm), and locally as
submicrometer-sized particles of native gold [39,42]. The ore fluids are intermediate temperature
(220–295 ◦C), low salinity (2–11 wt. % NaCl equiv), CO2-rich, and moderately acidic to neutral
aqueous fluids [42,43]. Stable isotopes of H-O-S-B-Pb supported a magmatic origin of the ore fluids,
with minor external meteoric-derived groundwater also thought to be involved [39]. Two sericite
samples—coeval with gold-bearing sulfides and native gold particles—yield indistinguishable plateau
ages at 249 ± 1.5 Ma that, within analytical errors, agree with the zircon U-Pb age (247.6 ± 1.3 Ma) of
the host quartz diorite porphyry [39].

 

Figure 2. (a) Geologic map of the Dewulu intrusive complex with the location of the Laodou gold deposit.
Other hydrothermal lode Au deposits and Cu-Au skarn deposits are also shown [44]; (b) simplified
geologic map of the Laodou gold deposit; (c) representative cross section in (b) showing the geological
relations between structures, alterations, and gold ores [39].

 

Figure 3. Idealized sketch of the auriferous lode that was enveloped by potassic and phyllic alteration
in the host Laodou quartz diorite porphyry.
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3. Tourmaline Occurrences

Tourmaline from the Laodou gold deposit is commonly black in field observations. According to
the distinct occurrences and associated mineral assemblages, two types of tourmaline have been
identified, including disseminated quartz-tourmaline nodules (type 1) in the host quartz diorite
porphyry and quartz-sulfides-tourmaline veins (type 2) in the auriferous lodes.

3.1. Type 1 Tourmaline

Type 1 tourmaline is locally disseminated in the Laodou quartz diorite porphyry (Figure 4a) as
quartz-tourmaline nodules that are usually several centimeters in diameter (Figure 4b). Some nodules
display a leucocratic halo, which is mainly composed of fine-grained subhedral quartz and minor fine
scaly sericite interstitial between quartz grains (Figure 4c). In most cases, quartz and tourmaline are
intergrown and commonly characterized by a subhedral to anhedral granular texture, with straight or
ragged boundaries (Figure 4d). In addition, some small tourmaline grains or fragments are wrapped
by quartz that grew interstitially between the tourmaline grains (Figure 4d,e). The quartz-tourmaline
nodules show a close spatial relationship with plagioclase, sericite, and muscovite (Figure 4e,f).
Plagioclase is somewhat corroded, metasomatized, and then replaced by tourmaline (Figure 4e).
Sericite and muscovite occur as fine scaly within the quartz-tourmaline nodules (Figure 4c), and remain
the pseudomorph of plagioclase or biotite around the quartz-tourmaline nodules (Figure 4c,e,f).

 

Figure 4. (a) Tourmaline occurs as disseminations in the quartz diorite porphyry; (b) quartz-tourmaline
nodules in the quartz diorite porphyry display leucocratic haloes; (c) the leucocratic halo around a
quartz-tourmaline nodule is mainly composed of fine-grained quartz and fine scaly sericite; (d) quartz
and tourmaline in most nodules are intergrown and characterized by subhedral to anhedral granular
textures with straight or ragged boundaries; (e) relationships between tourmaline, quartz, plagioclase,
sericite, and muscovite; (f) sericite aggregates remain the pseudomorph of plagioclase or biotite
around the quartz-tourmaline nodule. Tur—tourmaline; Qz—quartz; Hbl—hornblende; Ser—sericite;
Pl—plagioclase; Ms—muscovite.
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3.2. Type 2 Tourmaline

Type 2 tourmaline is represented by the open-space filling quartz-sulfide-tourmaline veins
transecting the Laodou quartz diorite porphyry (Figure 5a), which are commonly several centimeters
to half a meter wide with a variable length in auriferous lodes (Figure 2c). In this case, type 2
tourmaline is closely associated with arsenopyrite and commonly occurs either within the arsenopyrite
vein (Figure 5a) or intergrown with the arsenopyrite disseminations (Figure 5b). Some fine-grained
quartz-sulfide-tourmaline assemblages are present as the hydrothermal cement of breccias of altered
quartz diorite porphyry (Figure 5c). Under microscope, type 2 tourmaline is characterized by an
oscillatory-zoned texture of blue green to brown color, which has sharp, straight boundaries in contact
with quartz and arsenopyrite (Figure 5d). In back scattered electron image, arsenopyrite exhibits either
emulsion or hydrothermal filling textures in type 2 tourmaline (Figure 5e), implying they formed
approximately at the same time. Other sulfides, including pyrite, tetrahedrite, and chalcopyrite,
are generally interstitial between tourmaline grains (Figure 5f).

 

Figure 5. (a) Tourmaline occurs as quartz-sulfide-tourmaline veins transecting the quartz diorite
porphyry; (b) tourmaline intergrown with arsenopyrite in a quartz-sulfide-tourmaline vein;
(c) fine-grained quartz-sulfide-tourmaline cement the breccias of the altered quartz diorite porphyry;
(d) tourmaline is characterized by an oscillatory-zoned texture of blue green to brown color, which has
sharp, straight boundaries in contact with quartz and arsenopyrite; (e) arsenopyrite exhibits either
emulsion or hydrothermal filling textures in type 2 tourmaline; (f) pyrite, tetrahedrite, and chalcopyrite
are generally interstitial between tourmaline grains. Tur—tourmaline; Qz—quartz; Pl—plagioclase;
Apy—arsenopyrite; Ser—sericite; Py—pyrite; Ttr—tetrahedrite; Ccp—chalcopyrite.
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4. Sampling and Analytical Methods

Type 1 and type 2 tourmaline samples were collected from underground works and drill holes for
this study. Double-polished thin sections of each type of tourmaline were examined under an optical
microscope to reveal the paragenetic relationships and textural features.

4.1. Electron Microprobe Analysis

Back scattered electron (BSE) imaging and major element analysis using a JEOL JXA-8230 electron
microprobe analyzer (EMPA) were completed at the Center for Global Tectonics, School of Earth
Sciences, China University of Geosciences (Wuhan, China). The operating conditions were described
in Wang et al. [45] and Ning et al. [46] in detail. We used the conditions of 15 kV accelerating voltage,
20 nA probe current, and a 1-micron beam diameter. The dwell times were 10 s on the element
peaks and half that on the background locations adjacent to the peaks. Raw X-ray intensities were
corrected using a ZAF (atomic number, absorption, fluorescence) correction procedure. A series of
natural and synthetic SPI standards were utilized and changed based on the analyzing minerals.
The following standards were used: andradite for Si and Ca, rutile for Ti, corundum for Al, hematite for
Fe, rhodonite for Mn, pyrope garnet for Mg, albite for Na, sanidine for K, and apatite for P. We routinely
analyzed two or three points from the core to rim of some large grains to check for chemical variations.
The analyses were normalized to 15 cations (T + Z + Y) exclusive of Na, Ca, and K as suggested
by Henry et al. [16]. All iron was assumed to be Fe2+. The proportion of X site vacancies (�) was
calculated as [1 − (Na + Ca + K)]. The B2O3 and H2O contents were calculated from stoichiometric
constraints assuming B = 3 atoms per formula unit (apfu) and OH− = 3.5 apfu. Mineral formulae were
calculated assuming 31 total anions (O2− and OH−).

4.2. Laser Ablation-ICPMS Analysis

Trace element analysis was conducted by LA-ICP-MS at the State Key Laboratory of Geological
Processes and Mineral Resources (GPMR), China University of Geosciences (CUG), Wuhan, China.
Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data
reduction have been previously described by Liu et al. [47]. Laser sampling was performed using a
GeoLas 2005. An Agilent 7500a ICP-MS instrument was used to acquire ion-signal intensities, and the
beam spot size was 44 μm. A “wire” signal smoothing device is included in this laser ablation system,
by which smooth signals are produced even at very low laser repetition rates down to 1 Hz [48].
Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier
gas via a T-connector before entering the ICP. Nitrogen was added into the central gas flow (Ar + He)
of the Ar plasma to decrease the detection limit and improve precision [49]. Each analysis incorporated
a background acquisition of approximately 20–30 s (gas blank) followed by 50 s of data acquisition
from the sample. The Agilent Chemstation was utilized for the acquisition of each individual analysis.
Element contents were calibrated against multiple-reference materials (BCR-2G, BIR-1G, BHVO-2G,
and SRM610). Off-line selection and integration of background and analyte signals, and time-drift
correction were performed by ICPMSDataCal [47], and quantitative calibration was undertaken using
the method described by Chen et al. [50].

5. Results

5.1. Major Element Compositions

The major element compositions of type 1 and type 2 tourmaline samples from the Laodou
gold deposit are listed in Table S1, and graphically shown in Figure 6. Type 1 tourmaline
contains SiO2 (33.6–35.1 wt.%), MgO (1.22–4.33 wt.%), Al2O3 (27.1–30.2 wt.%), FeO (14.6–19.8 wt.%),
K2O (0.034–0.056 wt.%), and MnO (0.16–0.31 wt.%). In contrast, type 2 tourmaline contains higher
contents of SiO2 (34.7–36.6 wt.%), MgO (5.69–9.72 wt.%), and Al2O3 (28.2–32.8 wt.%), and lower
contents of FeO (5.79–13.5 wt.%), K2O (0.015–0.032 wt.%), and MnO (0.013–0.028 wt.%) (Figure 6a–e).
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Moreover, type 1 tourmaline shows narrow variations in CaO (0.97–1.66 wt.%), P2O5 (0.013–0.018
wt.%), and Na2O (1.74–2.05 wt.%), while large variations in CaO (0.61–2.11 wt.%), P2O5 (0–0.023 wt.%),
and Na2O (1.49–2.23 wt.%) are observed in type 2 tourmaline (Figure 6f–h).

 

Figure 6. Major element variation diagrams for tourmaline from the Laodou gold deposit, showing
the compositional differences between type 1 and type 2 tourmaline. (a) SiO2 versus MgO; (b) SiO2

versus Al2O3; (c) SiO2 versus FeO (total); (d) SiO2 versus K2O; (e) SiO2 versus MnO; (f) SiO2 versus
CaO; (g) SiO2 versus P2O5; (h) SiO2 versus Na2O.

Both type 1 and type 2 tourmalines are classified in the alkali group based on the X-site
occupancy [51] (Figure 7a). Type 1 tourmaline samples belong to schorl, with higher Fe/(Fe +Mg) ratios
(0.68–0.90) and a narrow range of Na/(Na + Ca) ratios (0.65–0.79), whereas most type 2 tourmaline
samples are dravite, with lower Fe/(Fe +Mg) ratios (0.27–0.57) and a larger range of Na/(Na + Ca) ratios
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(0.57–0.87) [52] (Figure 7b). According to the ternary Al-Fe-Mg and Ca-Fe-Mg diagrams [53], both types
of tourmaline are Al-rich and Ca-poor. Type 1 tourmaline has high Fe concentrations and plots in the
fields of Li-poor granitoids and associated pegmatites and aplites, Fe3+-rich quartz-tourmaline rocks
(hydrothermally altered granites), and near Li-rich granitoids and associated pegmatites and aplites,
whereas type 2 tourmaline contains high Mg and plots in the fields of metapelites and metapsammites
not coexisting with an Al-saturating phase, Fe3+-rich quartz-tourmaline rocks, calc silicate rocks,
and metapelites, and Ca-poor metapelites, metapsammites, and quartz-tourmaline rocks (Figure 7c,d).

 

Figure 7. (a) Classification of the principal groups of tourmaline based on X-site occupancy [51];
(b) nomenclature of the tourmaline based on the classification diagram of Fe/(Fe +Mg) versus Na/(Na
+ Ca) [52]; (c,d) ternary Al-Fe-Mg and Ca-Fe-Mg diagrams showing compositions of tourmaline [53].
The regions define the compositions of tourmaline from different rock types. 1. Li-rich granitoids
and associated pegmatites and aplites; 2. Li-poor granitoids and associated pegmatites and aplites; 3.
Fe3+-rich quartz-tourmaline rocks (hydrothermally altered granites); 4. Metapelites and metapsammites
coexisting with an Al-saturating phase; 5. Metapelites and metapsammites not coexisting with an
Al-saturating phase; 6. Fe3+-rich quartz-tourmaline rocks, calc silicate rocks, and metapelites; 7.
Low Ca metaultramafics and Cr, V-rich metasediments; 8. Metacarbonates and metapyroxenites; 9.
Ca-rich metapelites, metapsammites, and calc-silicate rocks; 10. Ca-poor metapelites, metapsammites,
and quartz-tourmaline rocks; 11. Metacarbonates; 12. Metaultramafics.

The binary diagrams show the compositional variation and substitution in type 1 and type 2
tourmaline samples. FeMg–1 is suggested by the negative correlations between Fe and Mg in the two
types of tourmaline samples (Figure 8a). However, the shift of the plots out of the northward arrow of
FeMg–1 suggest a substitution of Fe by Al (Figure 8b). This is proven by the strong negative correlation
between Al and (Fe +Mg) (Figure 8c). The substitutions of FeMg–1 and FeAl–1 in type 1 and type 2
tourmaline are also supported by the projection of the data along the povondraite-“oxy-dravite” join,
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because these plots fall roughly parallel to the FeAl–1 and AlO((Fe, Mg)(OH)) –1 exchange vectors
(Figure 8d). The positive correlation between X-site vacancy and Al suggests that the substitution of
X-site vacancy Al–1 is also involved, alongside FeMg–1, and FeAl–1 in type 1 and type 2 tourmaline
(Figure 8e). The Na content randomly distributes, along with the increase of X-site vacancy and Al,
indicating that it is not the main influencing factor controlling the proportion of X-site vacancy and Al
in tourmaline (Figure 8f,g). However, the negative correlation between X-site vacancy and Ca suggests
that the X-site vacancy decrease in the tourmaline is caused by an increase of Ca content (Figure 8h),
which suggests the substitution of X-site vacancy Ca–1 in type 1 and type 2 tourmaline.

 

Figure 8. Binary composition diagrams of tourmaline expressed in terms atoms per formula unit (apfu).
(a) Fe versus Mg; (b) Al versus Fe; (c) Al versus (Fe +Mg); (d) (Al-X-site vacancy + Ca) versus (Fe +
Mg + X-site vacancy-Ca + Ti); (e) Al versus X-site vacancy; (f) X-site vacancy versus Na; (g) Ca versus
X-site vacancy; (h) Al versus Na. Dominant substitution trends are indicated by arrows.
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5.2. Trace and Rare Earth Element Compositions

The trace and rare earth element (REE) composition of type 1 and type 2 tourmaline samples
from the Laodou gold deposit are summarized in Table S2 and plotted in Figures 9 and 10. Most trace
element contents of type 1 and type 2 tourmaline vary between 0.1 and 10 ppm, except for some which
are higher—up to hundreds of ppm in the cases of Sr, Sc, Sn, Cr, V, Mn, Zn, and Li, and some which are
less than 0.1 ppm, such as Eu, Rb, Cs, Y, W, Bi, Th, and U (Table S2). Large ion lithophile elements
(LILE) like Rb, Be, Ba, Cs, and K are relatively enriched in type 1 tourmaline compared to type 2
tourmaline, excluding Sr and Eu (Figure 9a). Most high field-strength elements (HFSEs), including Pb,
Y, Sc, Nb, Ta, Ce, Hf, and REEs are also relatively enriched in type 1 tourmaline (Figure 9b). As for
other elements, Sn, Cr, V, and Sb are enriched in type 2 tourmaline, whereas Mn, Zn, Li, Co, Cu, W,
and Mo contents are higher in type 1 tourmaline (Figure 9c).

 

Figure 9. Concentration of (a) large ion lithophile elements (LILE); (b) high field-strength elements
(HFSE); and (c) other trace elements in tourmaline from the Laodou gold deposit.
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Figure 10. Chondrite-normalized [54] REE patterns of (a) type 1 tourmaline and (b) type 2 tourmaline
from the Laodou gold deposit. Note that the chondrite-normalized REE patterns of the Laodou quartz
diorite porphyry are also shown for comparison [31].

The REE concentrations and chondrite-normalized patterns of type 1 and type 2 tourmaline are
different (Figure 10). As mentioned above, type 1 tourmaline contains higher REE concentrations than
type 2 tourmaline (Figure 9b). Although both type 1 and type 2 tourmaline have similar asymmetric
concave-upward shaped REE patterns with enrichment of LREE and HREE and depletion of MREE,
type 1 tourmaline is characterized by a strong negative Eu anomaly (Eu* = 0–1.55; Figure 10a) whereas
type 2 tourmaline has a strong positive Eu anomaly (Eu* = 2.33–40.15; Figure 10b). For comparison,
the host quartz diorite porphyry has a similar asymmetric concave-upward shaped REE pattern,
but typically has a higher REE concentration and relatively flat MREE and HREE patterns (Figure 10).

6. Discussion

6.1. Origin of Type 1 and Type 2 Tourmaline

Type 1 tourmaline occurs as disseminated quartz-tourmaline nodules in the Laodou quartz diorite
porphyry. Quartz-tourmaline nodules in granite have been widely reported, and have been interpreted
as (1) direct crystallization from a boron-rich granitic melt [55,56]; (2) magmatic-hydrothermal
features related to the immiscible aqueous boron-rich fluids formed in the late stages of granite
crystallization [20,57,58]; and (3) post-magmatic metasomatism by external boron-rich fluids through
fractures [59]. Type 1 tourmaline occurs as inclusions in quartz, and grows interstitially between quartz
grains (Figure 4d,e). This relationship suggests type 1 tourmaline and quartz formed at the same
time. The presence of plagioclase replaced by tourmaline (Figure 4e) indicates that quartz-tourmaline
nodules formed late in the crystallization sequence of the Laodou quartz diorite porphyry, rather than
crystallizing directly from a boron-rich melt. The field observations showed that quartz-tourmaline
nodules are texturally isolated aggregates dispersed in the quartz diorite porphyry without connections
by any fractures (Figure 4b), indicating they are products of the crystallization of the quartz diorite
porphyry and did not result from post-magmatic metasomatism by external boron-rich fluids infiltrating
through fractures. Type 1 tourmaline samples are characterized by higher Fe and Al contents and
lower Ca and Mg contents, and are mostly plotted in fields 2 and 3 of total Al-Fe-Mg and Ca-Fe-Mg
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diagrams (Figure 7c,d), which is consistent with the fact that type 1 tourmaline is disseminated in the
Laodou quartz diorite porphyry. Under the microscope, sericite and muscovite replacing plagioclase
or biotite are distributed around the quartz-tourmaline nodules, reflecting the late internal infiltration
of aqueous boron-rich fluids (Figure 4c,f). All these observations are consistent with the previous
interpretation that quartz-tourmaline nodules formed from the magmatic hydrothermal fluids in
the late crystallization sequence of the Laodou quartz diorite porphyry. This interpretation is also
supported by the magmatic boron isotopic composition (δ11B = –8.9−–5.5‰) of type 1 tourmaline [39].

Type 2 tourmaline occurs as radial crystal clusters in open-space filling quartz-sulfide-tourmaline
veins (Figure 5a,b), indicating a hydrothermal origin. Type 2 tourmaline is commonly intergrown
with arsenopyrite in the field, as shown by microscope observations (Figure 5). Mineral relations
and textures, especially in the straight boundaries between arsenopyrite and tourmaline grains
(Figure 5d) and the textures of arsenopyrite emulsion and/or infillings in tourmaline (Figure 5e),
indicate the co-crystallization of type 2 tourmaline and arsenopyrite in the quartz-sulfide-tourmaline
veins. Arsenopyrite is one of the gold-bearing sulfides in the Laodou deposit, containing detectable
Au up to 4.32 ppm [42]. Thus, type 2 tourmaline, coexisting with Au-bearing arsenopyrite, can be
interpreted as a hydrothermal product that crystallized from the ore-forming fluids of the Laodou
gold deposit.

6.2. Records of Magmatic Hydrothermal Evolution

The composition of tourmaline is largely ruled by fluid/rock ratios and chemical equilibria
with coexisting phases in the hydrothermal system [19]. In the Laodou deposit, type 1 tourmaline
occurs as isolated quartz-tourmaline nodules in the quartz diorite porphyry, without connections
by any fractures (Figure 4b), whereas type 2 tourmaline is represented as quartz-sulfide-tourmaline
veins transecting the quartz diorite porphyry (Figures 2b and 5a). These field observations imply
that type 1 tourmaline likely formed in a closed “rock-buffered” system with low fluid/rock ratios,
whereas type 2 tourmaline crystallized in an open “fluid-buffered” system with high fluid/rock ratios.
This interpretation is further supported by an oscillatory-zoned texture that is rare in type 1 tourmaline
(Figure 4d) but is well-developed in type 2 tourmaline (Figure 5d), because the oscillatory zoning
texture is commonly proposed as a record of high fluid/rock ratios in an open system [60]. Thus,
type 1 tourmaline’s chemistry is mainly controlled by the host quartz diorite porphyry, whereas type 2
tourmaline’s chemistry retains some signatures of the ore-forming fluids. This is evidenced by the REE
concentrations and REE patterns of type 1 and type 2 tourmaline, as discussed below.

Compared with the host quartz diorite porphyry, type 1 tourmaline has lower REE concentrations
and a similar REE pattern, with a more negative Eu anomaly and higher contents of HREE.
The lower REE concentrations in type 1 tourmaline are due to the co-crystallization of REE-rich
apatite and zircon in the quartz diorite porphyry [20,31]. The similar REE patterns between type 1
tourmaline and the quartz diorite porphyry is the manifestation of the “source-inherited” characteristic.
Tourmaline prefers Eu2+ over Eu3+, but Eu3+ predominates in the magmatic melt [61]. This may
explain type 1 tourmaline displaying a more negative Eu anomaly when crystallized from the low
Eu2+ magmatic fluids generated by the exsolution of magmatic melt. The higher enrichment of HREE
in type 1 tourmaline is mainly caused by the metasomatized and replaced plagioclase around the
quartz-tourmaline nodules (Figure 4e,f), because HREE can be released from plagioclase more readily
than Eu and LREE [62]. Likewise, this can also explain the enriched HREE in type 2 tourmaline,
because quartz-sulfide-tourmaline veins are commonly enveloped by phyllic alteration (Figure 5a),
reflecting the infiltration metasomatism represented by the formation of sericite as an alteration product
of plagioclase [39]. Although type 2 tourmaline shows an asymmetric concave-upward REE pattern
resembling type 1 tourmaline and the host quartz diorite porphyry, lower REE concentrations, and a
strong positive Eu anomaly are exhibited (Figure 10b). Similar REE patterns are likely inherited
from the magmatic fluids generated by the magma exsolution, which was evidenced by the below
Co/Ni ratio constraints on the fluid provenance. The lower REE concentrations are likely caused by
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the infiltration and dilution of the late inflow of meteoric fluids, characterized by low REE contents,
which was supported by the reported H-O-B isotopic data of type 2 tourmaline [39]. The positive Eu
anomaly of type 2 tourmaline does not reflect unusual redox conditions [7], except for the dominance of
soluble Eu2+ over Eu3+ in fluids at temperature exceeding 200–250 ◦C [63]. This minimum temperature
constraint is consistent with the microthermometry results of fluid inclusions (220–295 ◦C) in quartz
from the quartz-sulfide-tourmaline veins [42,43].

6.3. Constraints on the Fluid Provenance

Previous studies have demonstrated that Co and Ni can partition strongly into tourmaline and
arsenopyrite when they crystallize from ore-forming fluids [64,65]. In some cases, the Co/Ni ratio
can be used as an index to place constraints on the source of ore-forming fluids [7,66]. In this study,
type 2 tourmaline coexists with Au-bearing arsenopyrite in the auriferous lodes (Figure 5). It has been
supposed that the Co/Ni ratios of coexisting arsenopyrite and tourmaline should represent the Co/Ni
ratio of ore-forming fluids if they define a statistically significant linear trend [66]. The plotted Co and
Ni contents of the coexisting type 2 tourmaline and arsenopyrite define a regression line with a squared
correlation coefficient of 0.93 and an angular coefficient of 0.66 (Figure 11a). A correlation coefficient
near 1 reflects the systematic tendency of Co and Ni to partition into tourmaline and arsenopyrite.
The angular coefficient of 0.66 represents the Co/Ni ratio of the fluid from which the arsenopyrite and
tourmaline precipitated. This value is close to the average Co/Ni ratio (0.43) of the Laodou quartz
diorite porphyry [31]. We then plotted the Co and Ni contents of the Laodou quartz diorite porphyry
for comparison. It is noted that these plots are comparable and restricted to the regression line that
was defined by coexisting type 2 tourmaline and arsenopyrite (Figure 11a). The consistency of the
projection data suggests that the related ore-forming fluids have a magmatic origin. This interpretation
is further supported by the magmatic H-O-B isotopic signatures of type 2 tourmaline [39].

 
Figure 11. (a) Scatterplot of Co (ppm) versus Ni (ppm) in coexisting type 2 tourmaline and
arsenopyrite [42] from the Laodou gold deposit. The Co and Ni contents of the host quartz diorite
porphyry are shown for comparison [31]; (b) V (ppm) versus Cr (ppm) for type 1 and type 2 tourmaline
samples from the Laodou gold deposit.
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6.4. Redox State and Implications for Gold Precipitation

The ferric/ferrous ratios in tourmaline can be used as a monitor for changes in the redox state of
hydrothermal fluids [19]. For example, it has been concluded that tourmaline in some porphyry Cu
±Mo deposits formed from oxidizing fluids based on their Al-poor composition and inverse Al-Fe
correlations [67]. In this study, type 1 and type 2 tourmaline element plots showed a positive correlation
between [Fe +Mg + X-site vacancy-Ca + Ti] and [Al-X-site + Ca], consistent with some involvement of
the FeAl–1 and/or [AlO][(Fe, Mg)(OH)]–1 exchange vectors (Figure 8d). The compositions of tourmaline
plots along the “oxy-dravite”–povondraite trend have been widely recognized in various hydrothermal
systems [12,68]. This trend enables us to evaluate the significant proportion of the substitution of Al3+

by Fe3+, and in turn implies changes of the redox state during tourmaline growth. Although there is
some overlap of the type 1 and type 2 tourmaline points in the plot, type 1 tourmaline approaches the
end member of povondraite, whereas type 2 tourmaline is plotted near the end member of oxy-dravite
(Figure 8d). Accordingly, these plots show that more [AlO][(Fe, Mg)(OH)]–1 is exchanged in type 2
tourmaline, and imply a more oxidizing environment for the formation of type 2 tourmaline.

The mobility of redox-sensitive trace elements is controlled by the changes of the redox state [69].
V and Cr are redox-sensitive elements and their concentrations in tourmaline are indicators of oxygen
fugacity of the parental hydrothermal fluids [66]. This is because V is commonly transported in
hydrothermal fluids as the soluble species V4+ and V5+, rather than V3+ [70], whereas Cr is typically
mobilized as Cr4+ under sufficiently oxidizing conditions [66]. Thus, the V and Cr concentrations
in tourmaline have potential to act as an indicator of the redox state of hydrothermal fluids. In this
study, type 2 tourmaline is characterized by remarkably higher V and Cr concentrations than type 1
tourmaline (Figure 11b), suggesting a higher oxygen fugacity of the parental fluids of type 1 tourmaline
than type 2 tourmaline.

As mentioned above, type 2 tourmaline coexists with Au-bearing arsenopyrite in the auriferous
lodes. Hence, the elevated concentrations of Fe3+, V, and Cr in type 2 tourmaline fingerprint the increase
of oxygen fugacity in the ore-forming fluids. This is consistent with the H-O-B isotopic data of type 2
tourmaline, which indicate the input of external meteoric-derived groundwater during precipitation of
the quartz-sulfide-tourmaline veins [39]. The related fluid mixing would most likely lead to the increase
of oxygen fugacity in the ore-forming fluids. In addition, gold as bisulfide (Au(HS)2

−) complexes is
widely acknowledged to account for gold transport in acidic reducing ore fluids in meso-epithermal
ore-forming systems [71]. Increasing oxygen fugacity will destabilize Au(HS)2

− [72], facilitating the
precipitation of gold in arsenopyrite and/or arsenian pyrite, and/or as native gold. Thus, we propose
that the most important consequence of the increase of oxygen fugacity in the ore-forming fluids is
acting as a trigger response for the precipitation of gold.

7. Conclusions

(1) Two types of tourmaline are recognized in the Laodou deposit. Type 1 tourmaline occurs as
quartz-tourmaline nodules within the quartz diorite porphyry, whereas type 2 tourmaline occurs
as quartz-sulfide-tourmaline veins in auriferous lodes.

(2) Both tourmaline types fall into the alkali group and are classified under the schorl-dravite solid
solution series. The substitutions of FeMg–1, FeAl–1, AlO((Fe, Mg)(OH)) –1, and X-site vacancy
Ca–1 are inferred by the variations of their major element compositions.

(3) Type 1 tourmaline samples are magmatic tourmaline, and were produced by the late crystallization
process of the quartz diorite porphyry; type 2 tourmaline samples coexist with Au-bearing
arsenopyrite and are crystallized from ore-forming fluids. Their REE compositions record the
related magmatic-hydrothermal evolution.

(4) The Co/Ni ratios of the coexisting type 2 tourmaline and arsenopyrite are close to that of the host
quartz diorite porphyry, indicating a magma origin of the ore-forming fluids.

89



Minerals 2020, 10, 647

(5) The elevated concentrations of Fe3+, V, and Cr in type 2 tourmaline fingerprint the increase of the
oxygen fugacity in the ore-forming fluids, which is a trigger of gold precipitation.
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Abstract: The Pellapahk Cu-Mo and Oleninskoe Au-Ag deposits in the western segment of the
Russian Arctic in the Kolmozero–Voronya greenstone belt are considered two parts of an Archean
(2.83–2.82 Ga) porphyry-epithermal system, probably the oldest one defined in the Fennoscandian
Shield. Formation of the Oleninskoe Au-Ag deposit at the epithermal stage of the system is indicated
by the spatial and genetic relationships with the sills of granite porphyry, the geochemical association
of ore elements (Au, Ag, Cu, Pb, Sb, As), an Au/Ag ratio of <0.2, and the multiplicity of silver
mineralization with different Ag, Cu, Pb, Sb sulfosalts. The geological–structural characteristics
of the Oleninskoe and the Pellapahk, i.e., their location in a shear zone, the morphology and size
of ore bodies, the scale of the deposits, and the intensity and zoning of rock alteration, do not
oppose this model. Mineralized rocks of the Pellapahk Cu-Mo and Oleninskoe Au-Ag deposits were
amphibolite metamorphosed in the Neoarchean and again in the Paleoproterozoic. Structures of
sulfide melt crystallization formed in the ores during metamorphism, those are fine intergrowths of
galena, argentotetrahedrite, pyrargyrite, pyrrhotite, ullmannite, stutzite, and other mineral phases of
low-melting-point metals such as Ag, Cu, Pb, Sb, As, Bi.

Keywords: Fennoscandian Shield; Kolmozero–Voronya belt; Oleninskoe Au-Ag deposit; Pellapahk
porphyry deposit; alteration, gold; silver

1. Introduction

Porphyry deposits are the major sources of Cu, Mo, and Re in the world [1]; they also
provide significant amounts of Ag, Au, and some other metals. These deposits are the
products of large hydrothermal systems that developed due to magmatic–hydrothermal
phenomena in and around intermediate-to-felsic intrusions, emplaced at relatively high
levels in the crust (1–6 km below the paleosurface) [1,2]. Metal-rich fluids exsolve from
the shallow-crustal intrusive complexes and alter and mineralize the upper parts of the
causative intrusions and the surrounding country rocks. These may be simple systems,
consisting of a single intrusion with an associated alteration halo and a high-temperature
ore, or more complicated systems of numerous intrusions with overlapping stages of
alteration and ore deposition that formed over a wide range of temperatures [3].

Rock crystallization occurs due to pressure quenching, generating the diagnostic
porphyritic texture of the mineralizing intrusions. Episodic brittle failure and fluid release
from the crystallizing magmas produce a multistage vein stockwork that hosts the bulk
of the ore [4]. Mineralization styles include stockwork veins, hydrothermal breccias,
disseminations in the groundmass and, rarely, wall-rock replacements.

Epithermal fluids can potentially dissolve significant amounts of gold and silver from
porphyry deposits, because the solubility of precious metals, such as aqueous bisulfide
complexes, increases with decreasing temperatures when aqueous H2S contents remain
high [5]. Late-stage processes commence the final stage of porphyry ore formation and the
formation of peripheral Ag-Au ore deposits.
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Porphyry Cu-Au-Mo deposits mostly formed in the tectonic setting of continental
and oceanic arcs, concentrated in the Pacific Rim. They also occur in the Tethyan arc from
Europe to Asia, and others are scattered in volcanic arcs of all ages, with rare examples as
old as the Archean [6–8]. The rarity of porphyry deposits in the Precambrian provokes a
particular interest in their investigation.

The Archean Cu-Mo porphyry deposit of Pellapahk in the Kolmozero–Voronya green-
stone belt (Kola Peninsula) is the only porphyry deposit in the northeastern part of the
Fennoscandian Shield [9]. Cu-Mo mineralization was discovered in 1975 and studied in
the 1970s and 1980s by the Central Kola Expedition (Monchegorsk, Russian Federation),
and later in 2003–2010 by JSC Black Fox Resources (Ovoca Gold group) with diamond
drilling (total 68 drillholes) and minor trenching. As a result of the investigations, a large
stockwork of a complicated form with poor ores (200.5 million tons of ore with an average
Mo content of 0.028%, Cu 0.154%, 2.0 g/t Ag, and 0.08g/t Au) [10,11] was contoured and
traced down to a depth of 360 m. Cu-Mo mineralization was shown to be economically
valuable in the case of an increase in the price of molybdenum [9].

The Oleninskoe gold–silver deposit and numerous gold occurrences are located in
a neighborhood of the Pellapahk. Gold mineralization in the Oleninskoe deposit was
discovered in 1969–1972 [12], and studied in the 1970s and 1980s by the Central Kola
Expedition (Monchegorsk, Russian Federation), in 1997–1998 by Voronya Minerals JSC
(Boliden AB group), and later in 2005–2008 by Black Fox Resources JSC (Ovoca Gold group)
with intense trenching and drilling (total 61 drillholes). The Oleninskoe is a medium gold
deposit, consisting of a number of mineralized lenses, with average gold content of 7.6 g/t.
Resources of Au in the deposit are estimated at 10 t [13], while Ag resources have not been
estimated. The Oleninskoe differs from all other gold deposits in the northeastern part of
the Fennoscandian Shield in diverse mineralization of Pb, Ag, Sb, and Au. We consider the
Oleninskoe deposit as a part of an Archean porphyry-epithermal system. This new genetic
model of the mineral deposits in the Kolmozero–Voronya belt is discussed below.

2. Materials and Methods

Gold, silver, and Cu-Mo mineralization was studied in the specimens and samples
(1.5–10 kg), collected by the authors in the outcrops and trenches in 1981–1983, then in
1997–1998, and again in 2017. Investigations of wall-rock alteration, metasomatic zoning,
and determination of pre-ore, ore-related, and post-ore mineral assemblages in altered
rocks were based on the study of rocks in the outcrops and in drillcores, the examination of
mineral relations in thin and polished sections, as well as on the results of assays of primary
and altered rocks. The samples were assayed for major (rock-forming) elements, Au and
Ag, in the chemical laboratory of the Geological Institute, Kola Science Centre of Russian
Academy of Sciences, Apatity, Russia with flame atomic absorption spectrometry (FAAS),
and with pre-concentration of gold and silver with p-alkylaniline and oil sulfides. The
data on trace elements, which determined the geochemical characteristics of the deposits,
were obtained by ICP-MS in the Institute of Geology and Geochemistry of the Ural Branch
of the Russian Academy of Science, Ekaterinburg, and in the Institute of Geology of
Ore Deposits, Mineralogy, Geochemistry, and Petrography (IGEM), Russian Academy of
Science, Moscow.

Mineral composition of the ores was studied in thin and polished sections with the
reflected light microscope Axioplan 2 Imaging (Karl Zeiss, Jena, Germany), and with the
electron microscope LEO-1450 (Karl Zeiss, Jena, Germany) in the Geological Institute of
the Kola Science Center.

The preliminary estimation of the composition of mineral species was performed with
the energy-dispersive system Bruker XFlash-5010. Microprobe analysis (MS-46, CAMECA,
Gennevilliers Cedex, France, 22 kV; 30–40 nA, standards (analytical lines): Fe10S11 (FeKα,
SKα), Bi2Se3 (BiMα, SeKα), LiNd (MoO4)2 (MoLα), Co (CoKα), Ni (NiKα), Pd (PdLα),
Ag (AgLα), Te (TeLα), Au (AuLα) was performed for grains larger than 20 μm (analyst
Ye. Savchenko). The identification of some rare mineral phases was verified with X-ray
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analysis in the Geological Institute of the Kola Science Center (analyst E. Selivanova).
Visually homogenous material of 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 (Burevestnik, Irkutsk, Russia) operated at 40 kV and 16 mA with an RKU-114.7 mm
camera and FeKα radiation.

The assaying of fluid inclusions was performed by Vsevolod Prokofiev (IGEM) in 0.5 g
quartz samples, collected from −0.5 + 0.25 mm fraction with methods described in [14]
(analyst Yu.Vasyuta, TsNIGRI, Moscow, Russia). The inclusions in quartz were thermally
disclosed at 500 ◦C. The quantity of water for the calculation of element concentration in
the solution, carbonic acid, methane, and other hydrocarbons was defined with the method
of gas chromatography on a TsVET-100 chromatograph (Dzerzhinsk, Russia). Cl, SO4, and
F were assayed with ion chromatography on a TsVET-3006 (detection limit 0.01 mg/L),
and K, Na, Ca, and Mg with ICP-MS in aqueous extracts.

Zircon U-Pb dating was undertaken at the Geological Institute of the Kola Science
Center. Prior to analysis, zircons were extracted using standard magnetic and heavy liquid
separation, with surface contamination removed using alcohol, acetone, and 1 M HNO3.

The zircon dissolution and chemical recovery of Pb and U was performed using the
technique described in [15], with U and Pb concentrations determined by isotope dilution
employing a Finnigan MAT-262 (RPQ) (Finnigan MAT, San Jose, CA, USA) mass spectrom-
eter and a mixed 208Pb + 235U tracer, with silica gel used as an ion emitter. Blank levels
had maximum values of 100 ng Pb and 10–50 ng U, and all isotope ratios were corrected
for mass fractionation by analysis of the SRM-981 and SRM-982 standards (0.12 ± 0.44%).
The uncertainties of the resulting U-Pb ratios are 0.5%. The raw experimental data were
processed using PbDAT (Version 1.21) and ISOPLOT (Version 2.06) [16,17], with age values
calculated using conventional U decay constant values [18] and common Pb corrections
following [19]. All uncertainties are reported at a 2σ confidence level.

3. Geological Setting of the Kolmozero–VoronyaBelt

The Kolmozero–Voronya greenstone belt separates the Murmansk block from the Kola
Province of the Fennoscandian Shield (Figure 1A). The belt has an approximately 140 km
strike length and a width of up to 10–12 km.

The history of the formation of the belt, as described in [20], includes the following
events: formation of an island arc at 2.87–2.83 Ga; a break of 50 million years, and subse-
quent accretion of the island arc to the Murmansk continent; formation of an accretionary
orogen (2.78–2.76 Ga); probable collapse of the orogen with formation of post-orogenic
(or possibly anorogenic) granite intrusions in the central and southern parts of the belt
(2.74–2.72 Ga). The total time of the belt development was about 150 Ma [20].

The structure of the belt is considered a monoclinal set of thrust sheets, with vol-
canics showing indications of oceanic and island arc magmatism [21,22]. The Archean
supracrustal sequences of the belt comprise volcanics of tholeiite–komatiite and dacite–
andesite–basalt series (the Kolmozero series), and subordinate sedimentary rocks: pelites
and sandstones (at the basement of the Kolmozero series and the Porosozero series)
(Figure 1B,C). The total thickness of the cross-section is 1800–2000 m.

Supracrustal sequences in the northwestern part of the Kolmozero–Voronya belt were
intruded by:

• Gabbro, pyroxenite, and peridotite co-magmatic to the Kolmozero series volcanics;
• Quartz porphyry intrusions of the gabbrodiorite–diorite–granodiorite–granite series

(the U-Pb age is 2.82–2.83 Ga, more details are given below);
• Plagiomicrocline and tourmaline granites (the U-Pb age of zircon from the tourmaline

granite is 2451 ± 60 Ma [23]);
• Rare metal and tourmaline pegmatite veins (the U-Pb age of microlite from the Cs-Li

pegmatite Vasin-Mylk deposit is 2454 ± 8 Ma [24]);
• More than one generation of dolerite and picrite porphyry dykes of Proterozoic and

possibly Paleozoic age.
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The rocks of the Kolmozero–Voronya belt were metamorphosed twice under condi-
tions of the lower amphibolite facies: in the Neoarchean (2.7–2.8 Ga) and Paleoprotero-
zoic (1.9–1.8 Ga) [25,26]. The PT-parameters of the early metamorphism were T~600 ◦C,
P = 3–4 kbar. At the late stage of metamorphism, the temperature was a little lower (530 ◦C
on the average), but pressure was higher (~5.5 kbar) [26]. In the northwestern part of the
belt, the mineral associations of the late metamorphic stage only partly replaced the early
stage associations (paramorphoses of kyanite after andalusite, decomposition of cordierite
in the outer parts of the grains (Figure 2), re-crystallization of biotite and muscovite).

 
Figure 1. (A) Position of the Kolmozero–Voronya belt in the schematic tectonic map of the Fennoscandian Shield, modified
from reference [27]. (B) Schematic geological map of the northwestern part of the Kolmozero–Voronya greenstone belt,
modified from reference [28]. (C) Schematic stratigraphic column of the belt.
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Figure 2. Paramorphoses of kyanite after andalusite in quartz–muscovite–kyanite schist (A) and decomposition of cordierite
in biotite–cordierite plagioschist (B) as a result of the Early Proterozoic metamorphism. Thin section photo, plane polarized
light. And—andalusite; Cor—cordierite; Ky—kyinite; Py—pyrite.

Three main fault systems are defined in the belt (Figure 1B) [29–31]. Deep faults of
a NW direction along the boundaries of the belt comprise the first system. The second
system unites strike–slip faults and shears of a NW up to latitudinal direction. These faults
separate volcanic-sedimentary rock series or cut the stratigraphic boundaries at an acute
angle of 5–15◦. The faults of the second system can be traced for a few kilometers; the
shears control zones of rock alteration [32]. The third fault system includes faults of a NE
up to sub-meridional direction, which divide the belt into a number of blocks displaced for
hundreds of meters. The faults of the third system are often marked by dolerite and picrite
porphyry dykes (Figure 1).

4. Results

4.1. Mineral Deposits Associated with the Granite Porphyry Intrusions

More than 20 intrusions of the gabbrodiorite–diorite–granodiorite–granite porphyry
series are located in the NW part of the belt. The rocks of mafic and intermediate composi-
tion form mainly small differentiated intrusions with the long axis less than 1000 m. More
acidic rocks (granodiorite and granite porphyry) can form bigger intrusions up to 8 km
long and 1.5 km wide (Figure 1). The biggest intrusion at Pellapahk hosts a Cu-Mo deposit.
Granite porphyry also forms sills in metavolcanics and metasediments in the central part
and northern flank of the belt (Figure 1). The Oleninskoe gold-silver deposit is associated
with granite porphyry sills in the Oleny Ridge amphibolite.

4.1.1. The Pellapahk Cu-Mo Porphyry Deposit

The Pellapahk granite porphyry intrusion is of elongated form, orientated according
to the general strike of the belt: in the southeast, it splits into a number of thin granite por-
phyry sills (Figure 1B). The granite porphyry intrudes mafic and intermediate volcanics of
the Kolmozero series and high-alumina primary sedimentary rocks of the Porosozero series.
Xenoliths of the high-alumina gneiss were noted in the southern part of the intrusion. In the
north, the granite porphyry intrusion is cut by younger intrusions of tourmaline plagiomi-
crocline granite. The intrusions and the surrounding country metavolcanic-sedimentary
rocks are crossed by numerous dykes of pyroxenite, dolerite, picrite porphyry, and by
pegmatite veins (Figures 3 and 4).
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Figure 3. Schematic geological map of the Pellapahk Cu-Mo deposit, modified from Reference [9].

 
Figure 4. Cross-section of the mineralized stockwork of the Pellapahk Cu-Mo deposit along I–I’ line, modified from
Reference [9]. See Figure 2 for Legend.
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The age of zircon from the Pellapahk granite porphyry, defined by the U-Pb method, is
2828 ± 8 Ma [10]; i.e., the granite porphyry crystallized at the late stage of formation of the
volcanic-sedimentary sequence, before the main metamorphic event (2770 ± 40 Ma) [25].

The rock-forming minerals in granite porphyry are quartz, 40–45 vol.%; oligoclase,
25–35%; muscovite, 10–15%; biotite, 5–10%; and microcline up to 5%. It is a fine-grained
rock, with quartz and oligoclase phenocrysts up to 2 mm in size. The accessory minerals
are titanite, ilmenite, rutile, tourmaline, apatite, and scheelite. The sulfides are pyrite,
pyrrhotite, chalcopyrite, rare sphalerite and pentlandite.

Granite porphyry of the Pellapahk intrusion belongs to the calc-alkaline series (Table 1,
Figure 5). Chemical composition of the rock corresponds to metaluminous I-type granite [33,34].

Table 1. Chemical composition (wt%) of granite porphyry and altered rocks of the Pellapahk intrusion.

Sample # AK-107 AK-121 AK-289 AK-292 AK-293 AK-721 C-904 AK-120 AK-130 C-902

SiO2 71.62 68.57 72.48 72.65 72.67 73.23 71.68 79.30 79.87 75.50
TiO2 0.23 0.36 0.18 0.24 0.26 0.29 0.16 0.12 0.23 0.21

Al2O3 14.56 15.16 14.26 14.46 14.45 12.20 13.19 12.77 12.85 12.85
Fe2O3 0.37 2.12 0.78 0.55 1.04 n.a. 0.84 0.34 0.27 2.22
FeO 1.52 1.08 1.57 1.98 0.86 n.a. 1.61 0.27 0.37 1.65
FeO* 1.85 2.99 2.27 2.48 1.80 3.44 2.37 0.58 0.61 3.65
MnO 0.05 0.02 0.06 0.04 0.02 0.22 0.04 0.01 0.01 0.02
MgO 0.84 1.16 1.64 0.86 0.58 1.49 0.96 0.44 0.39 0.86
CaO 2.46 1.70 3.88 3.18 2.04 2.55 3.09 0.26 0.02 0.35

Na2O 4.02 5.11 2.14 3.11 4.78 2.19 3.60 0.52 0.25 0.57
K2O 2.50 1.91 1.38 1.70 1.86 0.68 2.62 3.64 3.45 2.62
P2O5 0.10 0.04 0.07 0.08 0.05 0.12 0.08 0.03 0.07 0.09

S 0.44 1.70 0.22 0.00 0.33 1.20 0.57 0.07 0.05 1.66
LOI 0.84 1.32 1.90 1.25 1.48 2.12 0.89 2.38 2.25 1.74
CO2 0.01 0.00 0.05 0.05 0.06 <0.10 0.74 0.00 0.04 0.00
Total 99.56 100.25 100.61 100.15 100.48 99.73 100.07 100.15 100.12 100.34

Notes: AK-107, AK-121, AK-289, AK-292, AK-293, AK-721—granite porphyry; C-904—granite porphyry with quartz-epidote-carbonate
veinlets; AK-120, AK-130, C-902—quartz-muscovite-kyanite schist. n.a. = not assayed. FeO* = FeO + 0.9*Fe2O3.

 

Figure 5. Composition of the Pellapahk and Oleninskoe granite-porphyry in the petrochemical diagrams
(FeO* = FeO + 0.9*Fe2O3).

REE spectra (Figure 6), drawn with data from Table 2 and Table 5, are similar to the
REE spectrum of I-type granite, formed under conditions of subduction and island arc [34].
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Figure 6. REE spectra for granite porphyry of the Pellapahk Cu-Mo and the Oleninskoe Au-Ag deposits, normalized
by chondrite [35].

Table 2. ICP-MS data for granite porphyry (AK-721), and mineralized (KV-112, PDD-1) metasomatic rocks of the Pellapahk
deposit, g/t.

Element AK-721 KV-112 PDD-1 Element AK-721 KV-112 PDD-1

Li 184 57 17 Ba 227 507 664
Be 0.86 1.53 0.52 La 46 41 25
Sc 1.70 4.38 2.67 Ce 93 82 45
V 39 32 25 Pr 7.96 9.03 5.05
Cr 826 164 164 Nd 28 34 18.4
Co 6.31 13.5 7.17 Sm 4.25 6.07 3.17
Ni 47 16.7 13.2 Eu 1.12 1.22 0.90
Cu 26 1150 1516 Gd 3.65 3.88 2.71
Zn 51 45 21 Tb 0.33 0.40 0.31
Ga 27 20 14.2 Dy 1.79 1.62 1.87
As 10.0 0.97 6.63 Ho 0.31 0.24 0.36
Se 0.33 3.51 1.26 Er 0.90 0.55 1.03
Rb 59 166 168 Tm 0.14 0.07 0.15
Sr 393 139 537 Yb 1.02 0.47 0.95
Y 12.9 6.05 10.5 Lu 0.14 0.07 0.14
Zr 171 145 137 Hf 3.27 4.36 3.02
Nb 4.30 4.40 6.75 Ta 0.31 0.30 0.37
Mo 3.52 167 173 W 1.61 31.02 12.96
Ag 1.30 2.30 3.16 Tl 0.85 2.46 0.55
Cd 0.22 0.40 n.a. Pb 153 115 15
Sn 0.98 5.32 1.57 Bi 0.32 11.3 2.65
Sb 0.44 1.91 2.98 Th 8.38 7.66 6.67
Te 0.17 0.61 0.18 U 2.15 3.19 1.91
Cs 14.7 6.25 2.87 - - - -

n.a. = not assayed.

The zone of intense rock alteration has a total thickness of more than 700 m and
follows the contact of the granite porphyry with high-alumina gneiss (Figure 3). The
general zoning of the alteration is the following (from north to south): (0) slightly altered
granite porphyry; (1) quartz-microcline rock; (2) muscovite schist; (3) muscovite–kyanite
(or/and andalusite) schist; (4) altered (gedrite, cordierite) high-alumina schist, and (5) non-
altered biotite-andalusite schist (Figure 3). Rocks in zones (1)–(3) formed after granite
porphyry, and in (4), after the high-alumina schist (5) of the Porosozero series.

Muscovite and muscovite–kyanite schists contain phenocrysts of quartz preserved
from the primary porphyry (3–4 vol.%), newly formed porphyroblasts of andalusite and/or
kyanite (up to 6–8 vol.%), and pyrite metacrystals up to 3 mm in size (1–3 vol.%).
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Alteration processes caused the decomposition of plagioclase and microcline, the for-
mation of high-alumina minerals andalusite and kyanite (Figure 2A), and the replacement
of biotite by muscovite in the granite porphyry. The muscovite and muscovite–kyanite
schists have high SiO2 and K2O content, compared to the composition of the primary rock,
but are poorer in MgO, CaO, and Na2O (Table 1).

All altered rocks contain sulfide mineralization. Cordierite–gedrite rock after high-
alumina schists contains disseminated pyrrhotite in intergrowths with chalcopyrite, pyrite,
rarely sphalerite, arsenopyrite, cobaltite–gersdorfite, and pentlandite; the main oxide
minerals are ilmenite and magnetite. Muscovite, muscovite–kyanite schists and quartz–
microcline rocks after granite porphyry contain pyrite mineralization up to 3 vol.% with
minor chalcopyrite, pyrrhotite, and sphalerite. Rutile is the main oxide mineral in these
rocks and replaces ilmenite.

The Cu-Mo mineralization comprises a stockwork of quartz and quartz–calcite–
epidote veinlets in the zone of alteration of granite porphyry. The stockwork was traced
for 1500–1600 m along the strike; its width varies from 350 to 600 m (Figures 3 and 4). The
mineralization was drilled down to a depth of 360 m in the NW part of the stockwork, and
probably goes deeper [9].

Geochemical association of the metals in the mineralized altered rocks in the stockwork
includes Mo, Cu, Ag, Bi, W, Se, and Sb (Figure 7, Table 2).The content of Cu, Mo, Bi, and W
in the altered rocks is 10 or more times higher than in the primary granite porphyry.

 

Figure 7. Trace elements spectra in the muscovite–kyanite schist (KV-112 and PDD-1) in the mineralized stockwork
compared to the slightly altered granite porphyry (AK-721).

In the stockwork, the main ore minerals are pyrite, chalcopyrite, and rutile. Sporadic
ore minerals are molybdenite, sphalerite, galena, tetrahedrite, pyrrhotite, cubanite, ilmenite,
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scheelite. The rare minerals are native bismuth, gudmundite, tennantite, löllingite, lillianite,
and pentlandite [9,36]. The oxidation zone is not well developed in the deposit, but bornite
and covellite were rarely noted to replace chalcopyrite in the outer parts of the grains.

Pyrite is the most abundant sulfide mineral both within the mineralized Cu-Mo
stockwork, and outside of it. Idiomorphic grains of pyrite are regularly disseminated in
the rock groundmass, but the content of pyrite and the size of its grains (cubic crystals may
reach 3 mm) increase in the quartz–carbonate–epidote veinlets.

The main productive minerals are chalcopyrite and molybdenite. Chalcopyrite forms
irregular grains up to 0.5 mm in the rock mass; it develops in fractures in pyrite grains and
along cleavage in kyanite, but much more rarely in andalusite (Figure 8B).

 

Figure 8. Quartz–calcite–epidote veinlet with sphalerite–pyrite mineralization (A) and kyanite with disseminated chal-
copyrite along the cleavage, Pellapahk Cu-Mo deposit (B). Polished section photo, plane polarized light. Cp—chalcopyrite;
Mol—molybdenite; Py—pyrite; Sp—sphalerite.

Molybdenite forms fine flakes (mainly 0.05–0.1 mm, rarely up to 0.5 mm) along
cleavage in muscovite or along quartz grain boundaries. Chains of molybdenite flakes
cross pyrite crystals, chalcopyrite, and sphalerite grains [36].

Galena and sphalerite are rare in the rock groundmass, but their content significantly
increases in the quartz–epidote–calcite veinlets. The rare minerals of As, Sb, and Bi (fahlore,
gudmundite, lillianite) are associated mainly with galena.

4.1.2. The Oleninskoe Au-Ag Deposit

The Oleninskoe Au-Ag deposit is located at the northwestern thinning of the Oleny
Ridge amphibolite strata (Figure 1) in a shear zone of northwest strike [37–39]. The
amphibolite and high-alumina metasedimentary schist host numerous granite porphyry
sills with a thickness of 0.1–6.0 m (Figures 9 and 10).

The Oleny Ridge amphibolite borders biotite–andalusite gneiss of the Porosozero
series in the south, and a stratum of alternation of amphibolite, biotite–cordierite, and
biotite–andalusite gneisses in the north. Both southern and northern contacts are tectonic.

The latest rocks in the deposit are granite–pegmatite veins, which cut all rocks, in-
cluding those that are mineralized. The thickest veins can be traced in a NW direction for
hundreds of meters (Figure 9).

The rock in the sills is very fine-grained; the size of plagioclase, quartz grains, and
biotite and muscovite flakes in the groundmass is less than 0.05 mm; quartz phenocrysts
are <0.5 mm. Phenocrysts of plagioclase were not found.
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Figure 9. Schematic geological map of the Oleninskoe deposit, modified from References [28,37].

 

Figure 10. Schematic cross-section of the main mineralized zone of the Oleninskoe deposit along
I–I’ line (Figure 9).

105



Minerals 2021, 11, 139

The age of the granite porphyry sill in the Oleninskoe deposit was defined by a
U-Pb geochronological study of zircons. Zircons (sample AK-706) are long-prismatic,
idiomorphic and sub-idiomorphic, from 50 to 100 μm in size, of brownish color, and with
fine growth zoning suggesting a magmatic origin. The zircon fractions yield a discordia
with an upper intercept at 2817 ± 9 Ma (MSWD = 0.54, Table 3, Figure 11) that represents
the crystallization age of the granite porphyry sill.

Table 3. Results of U–Pb geochronological studies of zircons from the Oleninskoe deposit.

Sample #
Weight, mg Pb (ppm) U (ppm)

Isotope Ratios

Fraction # 206Pb/204Pb * 207Pb/206Pb * 208Pb/206Pb *

AK-706/1 0.3 250 483 1250 0.2040 ± 0.0002 0.1034 ± 0.0002
AK-706/2 0.3 65 130 796 0.2090 ± 0.0004 0.1309 ± 0.0003
AK-706/3 0.2 109 192 1552 0.2061 ± 0.0002 0.1109 ± 0.0002
AK-706/4 0.2 178 355 1271 0.2033 ± 0.0003 0.1099 ± 0.0003

Sample # Isotope Ratios
Rho

Age, Ma

Fraction # 206Pb/238U 207Pb/235U 206Pb/238U 207Pb/235U 207Pb/206Pb

AK-706/1 0.4559 ± 0.0022 12.234 ± 0.061 0.93 2422 ± 12 2623 ± 13 2782 ± 3
AK-706/2 0.4293 ± 0.0030 11.497 ± 0.072 0.91 2303 ± 16 2564 ± 20 2778 ± 6
AK-706/3 0.5080 ± 0.0025 13.820 ± 0.069 0.93 2648 ± 13 2742 ± 14 2812 ± 5
AK-706/4 0.4410 ± 0.0023 11.802 ± 0.064 0.91 2355 ± 14 2589 ± 16 2777 ± 5

* Isotope ratios are corrected for the blank and common lead. Rho—the correlation coefficient of the 207Pb/235U-206Pb/238U ratios.

 

Figure 11. Diagram with concordia for granite porphyry from the Oleninskoe deposit.

The chemical composition of the non-altered granite porphyry sills is generally similar
to the granite porphyry of the Pellapahk intrusion (Table 4, Figure 5), and the granite
porphyry from the Oleninskoe deposit belongs to the series of calc-alkaline I-type granites.

The spectrum of REE in sample AK-706 (Oleninskoe) differs in the lower content of
REE (Figure 6), but the form of the curve is very similar to the one in the REE spectra of the
Pellapahk granite-porphyry.

The mineralized zone consists of a number of ore lenses within an area of 900 × 50 m
(Figure 9). The zone is orientated according to the general strike of the rocks. The ore
lenses are up to 3.5 m thick (1.5 m on average) with the length up to 50 m; they form an
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echelon-like series of lenticular bodies, cutting general schistosity in the host rocks at an
acute angle of 10–15◦ (Figure 9). Three lenses are outcropped on the surface, but drilling
shows their number is more than three. The mineralization is traced by drilling down to a
depth of 200 m, and goes deeper. The thickness of the ore intervals and Au grades increase
with the depth [31]. The weighted average gold content is 7.6 g/t; inferred resources are
estimated at 10 t Au down to a depth of 100 m [13].

The amphibolite is intensely altered. Diopsidization (diopside-zoisite, diopside-
epidote, diopside-epidote-carbonate, diopside-epidote-garnet associations) and biotiti-
zation cover the whole mineralized zone, and quartz-arsenopyrite-tourmaline metasomatic
rocks are spatially confined to the ore lenses. Granite porphyry is turned to quartz-
albite-muscovite, quartz-arsenopyrite-tourmaline, and quartz metasomatic rocks: the latter
formed the most recently and very locally (ellipsoidal bodies, ~30 × 10 cm) (Figure 12). All
kinds of metasomatic rocks and the zoning of alteration can be seen in lens 2, outcropped
with a trench along the strike (Figure 12).

 

Figure 12. Scheme of zoning of metasomatic rocks in lens 2 (see Figure 9), logging of the trench.

Table 4. Chemical composition (wt%) of granite porphyry and altered rocks of the Oleninskoe deposit.

Sample # VP-10 AK-706 AK-710 AK-712 AK-900K AK-900C AK-900T AK-707 AK-711

SiO2 69.53 71.56 64.22 59.53 61.07 65.58 55.93 62.38 92.55
TiO2 0.23 0.34 0.97 1.22 0.98 0.89 1.22 0.28 0.10

Al2O3 16.20 14.69 11.91 14.06 10.75 13.22 13.38 2.71 1.30
Fe2O3 0.48 0.00 1.62 3.48 4.25 2.32 5.44 7.99 0.00
FeO 1.36 2.38 5.18 4.53 4.28 2.20 4.05 6.39 3.38
FeO* 1.79 2.38 6.64 7.66 8.11 4.29 8.95 13.58 3.38
MnO 0.03 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02
MgO 1.18 1.18 0.19 0.33 0.24 0.24 0.22 0.43 0.18
CaO 1.74 2.50 0.39 0.51 0.52 0.30 0.23 0.65 0.06

Na2O 6.28 4.89 2.28 3.97 3.33 3.33 2.67 0.49 0.22
K2O 1.56 1.01 1.94 1.68 1.06 1.82 2.30 0.26 0.07
P2O5 0.06 0.07 0.42 0.37 0.19 0.49 0.28 0.46 0.05

S 0.01 0.07 1.15 2.93 3.47 0.54 4.27 3.57 0.27
LOI 0.84 0.84 3.04 * 1.53 1.57 7.75 * 3.46 * 4.53 * 1.13
CO2 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Total 99.50 99.56 99.85 94.16 ** 91.73 ** 98.69 93.47 ** 90.16 ** 99.33

Ag (ppm) n.a. 0.80 20.72 17.49 110.38 9.96 11.17 96.50 114.14
Au (ppm) n.a. <0.004 3.29 0.15 2.36 1.62 0.24 3.16 90.93

* High loss on ignition is connected with carbonaceous matter in the rocks. ** The deficit appears due to high content of arsenopyrite
mineralization, the samples were assayed for As with ICP-MS, see Table 5. VP-10, AK-706—granite porphyry; AK-710, AK-712, AK-900K,
AK-900C, AK-900T—quartz-albite-muscovite metasomatite; AK-707—quartz-arsenopyrite-tourmaline metasomatite; AK-711—quartz
metasomatite. n.a. = not assayed.
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Table 5. ICP-MS data for granite porphyry and altered rocks of the Oleninskoe deposit, g/t.

Sample # AK-706 BΠ-43 AK-707 AK-710 AK-712 AK-711

Li 174 16 18 107 103 19
Be 0.89 0.67 0.13 0.44 0.64 0.09
Sc 1.88 2.42 7.76 34 29 3.99
V 25 22 59 247 296 11
Cr 281 400 34 219 166 917
Co 5.16 4.50 29 9.78 31 5.76
Ni 29 18 69 12 29 67
Cu 12 19 270 207 400 78
Zn 20 110 91 47 63 204
Ga 24 19 3.49 15 15 1.47
As 29 n.a. 67792 41304 18825 1385
Se n.a. n.a. 2.30 <1.00 n.a. n.a.
Rb 48 56 18 95 35 3.46
Sr 151 117 25 57 67 6.74
Y 3.22 14 1.40 1.20 0.82 0.48
Zr 101 127 6.79 12 15 2.25
Nb 1.46 6.64 0.33 0.73 0.85 0.13
Mo 1.29 2.30 0.52 0.44 0.47 4.84
Ag 1.05 0.49 228 15 149 145
Cd 0.11 n.a. 1.03 0.16 0.49 1.76
Sn 0.57 1.08 0.55 1.07 1.02 0.90
Sb 2.11 0.30 717 60 48 5.28
Te n.a. n.a. 1.04 1.48 0.19 2.67
Cs 9.73 13 5.76 8.85 5.16 1.34
Ba 187 395 42 154 79 5.80
La 9.00 36 1.01 1.34 0.69 0.34
Ce 14 75 2.01 3.41 1.89 0.76
Pr 1.81 8.93 0.26 0.55 0.39 0.09
Nd 6.24 33 1.18 2.73 2.06 0.43
Sm 1.12 6.47 0.28 0.67 0.63 0.10
Eu 0.35 1.65 0.09 0.17 0.18 0.03
Gd 1.05 4.47 0.23 0.48 0.45 0.07
Tb 0.10 0.53 0.04 0.05 0.05 0.01
Dy 0.54 3.07 0.25 0.24 0.25 0.07
Ho 0.10 0.56 0.05 0.05 0.05 0.02
Er 0.29 1.55 0.16 0.14 0.15 0.06
Tm 0.04 0.22 0.02 0.02 0.02 0.01
Yb 0.26 1.55 0.19 0.15 0.15 0.05
Lu 0.04 0.24 0.02 0.03 0.02 0.01
Hf 1.96 3.90 0.18 0.41 0.48 0.07
Ta 0.16 0.54 0.02 0.07 0.06 n.a.
W 3.34 n.a. 3.75 15.64 20.51 4.06
Tl 0.24 0.80 4.77 0.47 0.38 0.03
Pb 9.66 88 2238 133 137 20
Bi n.a. n.a. 1.91 0.12 0.16 0.05
Th 3.42 9.44 0.08 0.17 0.16 0.06
U 0.89 2.95 0.07 0.07 0.10 0.08

n.a. = not assayed.

The geochemical association of the metals in the mineralized altered rocks includes
Au–As–Ag–Sb–Cu–Pb–W (Table 5). The concentration coefficient of As, Ag, and Sb in
the mineralized rocks is more than 100 if compared to the unaltered granite porphyry
(Figure 13). The highest content of As, Ag, Pb, and Sb was found in quartz-arsenopyrite-
tourmaline rock (Figure 13, Table 5). Quartz metasomatic rock is not as rich in Pb, Ag, and
Sb as quartz-albite-muscovite and quartz-arsenopyrite-tourmaline metasomatites (Table 5),
but it is rich in Au (Table 4). The Au/Ag ratio in the mineralized rocks is <0.2 [29], except
the quartz metasomatite.

108



Minerals 2021, 11, 139

 

Figure 13. Trace elements spectra of quartz-albite-muscovite (AK-710 and AK-712), quartz-arsenopyrite-tourmaline
(AK-707), and quartz (AK-711) metasomatic rocks from lens 2, compared to granite porphyry (AK-706).
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The geochemical characteristics of the rocks correspond well to the composition of
mineralization (Table 6). Arsenopyrite, pyrrhotite, and ilmenite are the most abundant
ore minerals, which are present in all altered rocks [37,38]. Sporadic ore minerals in
biotitizated and diopsidizated amphibolite are chalcopyrite and sphalerite; pentlandite and
electrum are rare. Quartz–arsenopyrite–tourmaline and quartz metasomatic rocks in the
exocontact zones of granite porphyry contain rich Pb–Ag–Sb–Au mineralization totaling
more than 50 mineral phases: 20 of them are the minerals of the precious metals Ag and
Au (Tables 6 and 7). Ilmenite in quartz–arsenopyrite–tourmaline and quartz metasomatic
rocks is partly (in the outer parts of the grains) or fully replaced by rutile [37,38].

Four types of minerals of the Au-Ag series were recognized in the deposit: 1—electrum
25–32 mas.% Au in association with arsenopyrite, löllingite, and pyrrhotite; 2—electrum
33–47 mas.% Au in intergrowths with galena, dyscrasite, and sulfosalts; 3—gold (78–95 mas.%
Au) in quartz; 4—native silver (<7 mas.% Au) in the crust of weathering of the ore [37]. Types
1 and 3 are widespread in the deposit, and 2 and 4 relate only to the quartz–arsenopyrite–
tourmaline rocks rich in Pb-Ag-Sb. Mustard gold was found in the oxidized ore with high
Ag–Sb electrum. These mineral aggregates consist of electrum, Fe and Sb oxides, Ag chlorides,
and bromides [38].

In the Oleninskoe ores we see fine intergrowths of Ag, Cd, Pb, As, Sb and Te minerals.
These multiphase aggregates are up to 0.2 mm in size, and the size of individual micrograins
in the intergrowths is <5 μm. The polymineral intergrowths adjoin bigger grains of
argentotetrahedrite, pyrrhotite, and galena host sulfides (Figures 14 and 15).

 

Figure 14. Aggregate of ulmannite (Ul), pyrrhotite (Po), and pyrargyrite (Pyr) at the boundary of argentotetrahedrite (Atd)
grain: (A) general view, (B) detailed area. Back scattered electron images (BEI).

 

Figure 15. (A) aggregate of pyrrhotite (Po), galena (Gal), argentotetrahedrite (gray), and chalcopyrite (yellow) in galena,
polished section photo under plane polarized light; (B) BEI of the aggregate.
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We interpret the origin of these multiphase grains as a product of sulfide melt crys-
tallization [40]. It is known that in the case of temperature increases, partial melting of
sulfides begins when the whole rock is solid, before the melting of silicate phases (“sulfide
anatexis”). A low melting temperature is characteristic of Zn, Ga, Ag, Cd, In, Hg, Tl, Pb,
As, Sb, Bi, Se, and Te sulfides, and the first melt appears in the systems Ag–Pb–S, Pb-Sb-S,
Ag–Sb–S, PbS-CuS-Sb2S3 and other triple and pseudotriple systems in the temperature
interval 300–500 ◦C [39]. In the case of metamorphism under conditions of amphibolite–
granulite facies (T = 500–800◦C), partial melting of low-melting-point sulfides begins in
the rocks, and later, when the temperature decreases, the sulfide melt crystallizes and
forms multiphase intergrowths of sulfides, sulfosalts, tellurides, and selenides. These
structures of sulfide melt crystallization were described in the ores of many polymetal
and gold deposits in metamorphic complexes, for example, Broken Hill (Australia) [39],
Montauban [41] and Hemlo (Canada) [42,43], and Bleikvassli (Norway) [44].

The following mineral associations were found in the multiphase intergrowths in the
Oleninskoe deposit [45]: galena + argentotetrahedrite ± pyrrhotite (PbS-CuS-Ag2S-FeS-
Sb2S3 system); pyrrhotite + pyrargyrite (FeS-Ag2S-Sb2S3); galena + ullmannite + argen-
totetrahedrite (PbS-NiS-CuS-Sb2S3); diaphorite + pyrargyrite + galena (PbS-Ag2S-Sb2S3);
galena + fyzeliite (or uchucchacuaite) (PbS-Ag2S-Sb2S3); intergrowths of argentotetra-
hedrites with different Ag and Cu content (CuS-Ag2S-Sb2S3).

The rocks of the Oleninskoe Au-Ag deposit were metamorphosed under conditions of
lower amphibolite facies at 500–600 ◦C [26]. This temperature was high enough to start
melting Pb, Ag, Cu, and Sb sulfides. The signs indicating the origin of the multiphase
aggregates as a product of crystallization of sulfide melt are the following: multiphase
composition of the grains, where minerals of the low-melting-point metals Pb, Ag, Sb, and
Te are necessarily present; absence of signs of replacement of the earlier formed minerals
by the later ones; drop-like or roundish irregular forms of the aggregates, which adjoin
a larger grain of host sulfide; multiphase sulfide filling of fractures in quartz rock mass.
These points fully correspond to the signs of sulfide melt crystallization in sulfide ores as
they are given in [39].

4.2. Fluid Composition

Total salinity of fluid in the inclusions in quartz from the studied deposits varies from
medium to high (Table 8) [46]. Quartz from the Pellapahk mineralized rocks shows high
salinity of fluid inclusions of 341 g/kg H2O (Table 8). In the Oleninskoe deposit, total
salinity varies, depending on the metasomatic rocks: in quartz–albite–muscovite and quartz
metasomatites it is moderate at ~130 g/kg H2O, and in quartz–arsenopyrite–tourmaline
rock it is even more than 400 g/kg H2O. The latter corresponds well to the data obtained
earlier for the same rocks [47].

Table 8. Concentration of the main components in fluids from the Oleninskoe and Pellapahk deposits, g/kg H2O [46].

Deposit Oleninskoe Pellapahk

Sample # AK-707 AK-710A AK-711 AK-721

Cl− 131.8 64.5 47.7 52.6
SO4

2− 134.2 9.85 40.1 137.8
HCO3− 0.55 2.42 1.10 32.84

F¯ 0.00 0.00 0.00 0.00
Na+ 47.0 15.9 10.1 62.1
K+ 31.5 6.96 0.49 36.3

Ca2+ 61.8 21.1 34.8 10.6
Mg2+ 7.60 1.99 0.30 9.00

Total salinity 414.4 122.7 134.6 341.2
CO2 416.7 625.0 282.6 206.6
CH4 2.84 0.61 0.76 1.74
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Ca and Na (Ca > Na) are the two main cations in the fluids in quartz from the Olenickoe
gold–silver deposit; potassium and magnesium content is much lower, especially in quartz
metasomatic rock. In the Pellapahk Cu-Mo deposit (Table 8), alkaline metals (sodium and
potassium) are predominant: together they make up 85% of mole shares of cations in the
inclusions in quartz.

The anion composition of the fluids is also different. In the Oleninskoe deposit, it is
characterized by a prevalence of Cl− over SO4

2− (in mole shares). The mole share of Cl
reaches 95% in quartz–albite–muscovite rock. HCO3

− content is low. In the Pellapahk
deposit, the mole share of Cl− is relatively low: 43% of the anions, close to the one of
SO4

2− (41%); HCO3
− accounts for 15%.

The Na/Cl ratio in the inclusions varies from 0.33 to 0.55 in quartz from the Olenin-
skoe deposit. This indicates a significant role of Ca and Mg chlorides in the fluids. The
(Na + K)/Cl ratio in quartz from the Pellapahk deposit is 1.97. This means that sodium
and potassium sulfates and carbonates are present in the fluid inclusions.

5. Discussion

The fact that the intrusions, which host the Pellapahk and the Oleninskoe deposits,
refer to one and the same intrusive complex, can be proved by the age of the rocks and by
their geochemical characteristics.

The age of the Pellapahk intrusion is 2828 ± 8 Ma, and the age of the Oleninskoe
granite porphyry sills is 2817 ± 9 Ma; the values match within the error limits. The
difference between the older and the younger ages does not exceed the typical duration of
porphyry systems development (10–20 Ma) defined in the Phanerozoic belts [2].

Chemical composition of the unaltered rocks from the deposits does not differ sig-
nificantly: all of them belong to the calc-alkaline series of metaluminous granites with
moderate alkalinity, and the fields of rock composition overlap in the classification dia-
grams (Figure 5).

The REE spectra of granite porphyry from the studied deposits are of the same form,
characterized by enrichment in light REE and the absence of the Eu anomaly (Figure 6).
This form of spectrum is typical for I-granites formed in zones of subduction and island
arcs [34], and differs significantly from the REE spectra of tourmaline plagiomicrocline
anorogenic granites from the intrusions located north of the Pellapahk (Figure 1) [48].

In the Phanerozoic belts, the porphyry intrusions form at a depth of 1–6 km and pro-
duce magmatic porphyry-epithermal ore systems, which occur in near-surface conditions.
These systems show a specific vertical and lateral zoning in rock alteration and in the
distribution of the mineralization, from deep to shallow horizons (and from the center to
the edge) (Mo, Cu)–(Cu)–(Pb, Zn)–(Au, Ag, As, Sb); the zoning can be full or fragmen-
tary [2,40,49,50]. Similar systems formed in the Precambrian, or even in the Archean, but
the probability they were preserved and have not been eroded since that time is low.

If we consider the Pellapahk and the Oleninskoe deposits as parts of an Archean
porphyry-epithermal system, then the Pellapahk Cu-Mo deposit is located at its centre,
and the Oleninskoe (Au, Ag, As, Sb) is a distal epithermal deposit in relation to the
Pellapahk deposit.

Porphyry Cu deposits in the Phanerozoic are known to display a consistent, broad-
scale alteration zoning that comprises, centrally from the bottom upward, zones of sodic-
calcic, potassic, chlorite-sericite, sericitic, and advanced argillic (quartz–pyrophyllite,
quartz-alunite, quartz-kaolinite) alteration [2,4]. In the Pellapahk deposit, we see zones
of quartz-microcline (potassic alteration), quartz-muscovite (sericitic zone), and quartz-
andalusite-muscovite (advanced argillic zone) metasomatic rocks (Figures 2 and 3). This
zoning generally corresponds that described for the Phanerozoic deposits, but the al-
tered rocks of the Pellapahk deposit were later metamorphosed: sericite was replaced
by muscovite, and alumina silicates of the argillic zone (pyrophyllite, alunite, kaolinite)
by andalusite during the Neoarchean metamorphism of lower amphibolite facies. Subse-
quently, during the Paleoproterozoic metamorphism, kyanite formed paramorphoses after

115



Minerals 2021, 11, 139

andalusite. The origin of the quartz-muscovite-andalusite schists of the Pellapahk deposit
as altered and later metamorphosed volcanic rocks was first published by Glagolev [51],
who studied petrography of the Kolmozero–Voronya belt in early 1970s when the Cu-Mo
mineralization was unknown.

Generally, the Pellapahk granite porphyry was Si-K altered, and Na, Mg, Ca, and Fe
were partly removed from the rock (Table 1). Sodium was taken away from the porphyry
system, but Mg, Ca, and Fe were re-deposited in the zone of alteration of high-alumina
gneiss in the mineral forms of gedrite and cordierite [36].The zone of gedrite–cordierite
alteration is 100–150 m thick and follows the contact with the altered granite porphyry
(part of it is shown in Figure 3).

The metamorphism of the mineralized rocks in the Pellapahk deposit can be confirmed
by findings of multiphase grains with structures of sulfide melt crystallization, which in the
Pellapahk deposit are not as frequent as in the Oleninskoe. Multiphase fine aggregates from
the Pellapahk deposit consist of minerals of Pb, Ag, Bi, and Zn galena, argentotetrahedrite,
lillianite [45], or minerals of Cu, Sb, and As tetrahedrite and tennantite, löllingite, and
chalcopyrite (Figure 16). It is interesting to note formation of löllingite and the absence of
arsenopyrite in the rocks with intense pyrite dissemination.

 
Figure 16. Aggregate of tennantite (Tnt), tetrahedrite (Ttd), chalcopyrite (Cp), and löllingite (Lö)
from the Pellapahk deposit. BEI.

Other signs of metamorphism of the ore in the Pellapahk deposit are recrystallization
of chalcopyrite with deposition along cleavage in kyanite, which replaces andalusite
(Figures 2 and 8), and recrystallization of molybdenite along cleavage in muscovite.

The fact that large amounts of pyrite are preserved within the Pellapahk deposit
indicates that high f (S2) conditions must have prevailed during metamorphism.

Alteration processes in the Oleninskoe deposit differ from those in Pellapahk: we see
here calcium alteration (diopsidization), potassic alteration (biotitization), and Si ± K, Na al-
teration (quartz-albite-muscovite, quartz-arsenopyrite-tourmaline, quartz metasomatites).

The following distinctive features show metamorphism of the mineralized rocks in
the Oleninskoe deposit. First, there are numerous findings of multiphase sulfide grains
with structures of sulfide melt crystallization [45], described in Section 4.1.2. Then, late
metamorphism is indicated by the mineral composition of the altered rocks, where chlorite
is absent, calcite is very rare, and actinolite-hornblende and diopside are abundant. Chlorite
and carbonates are typical minerals (together with quartz) in altered amphibolite, but
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during amphibolite metamorphism, when H2O and CO2 are removed from the rocks,
chlorite is replaced by amphiboles [52,53], and the content of carbonates reduces.

Then, pyrite in the Oleninskoe deposit is sporadic, and pyrrhotite is the most abundant
sulfide mineral. This can be a result of metamorphism: pyrrhotite replaces pyrite under
the conditions of amphibolite metamorphism [53,54].

The composition of the fluid inclusions in quartz varies depending on the character
of rock alteration: in the Pellapahk deposit, the fluids are alkaline (Na, K) and SO4

2− rich,
and in the Oleninskoe deposit, they are Ca-Mg-Cl dominant.

Mineralogical and geochemical features of the Oleninskoe deposit indicate its genesis
with high oxidizing fluids, which could be generated by a magmatic source [55]. The
spatial and genetic relationship of mineralization with the sills of granite porphyry, the
geochemical association of metals, an Au/Ag ratio of <0.2, and the multiplicity of silver
mineralization with different Ag, Cu and Pb sulfosalts are all characteristics that enable the
classification of the Oleninskoe deposit as a sub-epithermal deposit located in the vicinity
of a big granite porphyry intrusion; the Pellapahk intrusion being the most probable. The
geological–structural characteristics of the Oleninskoe deposit—its position in a shear zone,
the morphology and size of ore bodies, the scale of the deposit, the intensity and zoning of
host rocks alteration—do not oppose this model.

If the Oleninskoe and Pellapahk deposits are the parts of the Pellapahk–Oleninskoe
porphyry-epithermal system, then the age of primary mineralization is close to the time
of the formation of granite porphyry at 2.83–2.81 Ga. The deposits were later lower
amphibolite metamorphosed together with the hosting volcanic-sedimentary rocks in
the Neoarchean (T = 550–600 ◦C, P = 3–4 kBar) and in the Paleoproterozoic (T ~ 530 ◦C,
P ~ 5.5 kBar) [26], and the mineralized rocks demonstrate signs of metamorphism of the ore.

Mineral deposits, associated with granite porphyry intrusions and dykes, are well
known in the Fennoscandian and other Precambrian shields around the world. In the
Fennoscandian Shield, we can mention the Cu porphyry (with gold) deposit of Aitik in
Norbotten, Sweden [56], the molybdenum porphyry deposit ofLobash and neighboring
gold deposit Lobash-1 in the Central Karelia [57,58], the minor gold deposits of Taloveis
and Falaley in the Kostamuksha greenstone belt, Western Karelia [59], Mo-W with gold
occurrences of Yalonvaara and Hatunoya in Southern Karelia [60], etc. The deposits and
occurrences in Karelia formed not at the time of crystallization of the porphyry intrusions,
but at the stage of the Paleoproterozoic (or rarer, Neoarchean) regional metamorphism [61].
The geological setting, morphology and size of the ore bodies, geochemical characteristics,
and mineralogy show these deposits belonging to the orogenic genetic class [62]. In the
Kolmozero–Voronya belt, the Nyalm-1 deposit is considered an orogenic gold deposit,
associated with a granodiorite porphyry intrusion [63,64].

Some deposits in the Fennoscandian Shield are classified as metamorphosed epither-
mal: those are the gold deposit of Kutemajarvi in the Tampere belt in South Finland, and
the silver (with base metals) deposit of Taivaljarvi in the Tipasjarvi belt in Central Finland.

The Kutemajarvi gold deposit comprises eight tube-like ore bodies, located 500 m
south from the Pukala monzogranite–porhyry tonalite intrusion in the intermediate metavol-
canics. The intrusion and the deposit are of the Paleoproterozoic age of 1.90–1.88 Ga [65].

The Taivaljarvi is an Archean stratiform Ag-Zn-Pb deposit, consisting of four miner-
alized horizons formed by fluids of magmatic origin, which migrated along shear zones
in felsic pyroclastic rocks (rhyolite tuffs) [66]. The average gold content in the deposit is
0.29 g/t. The age of the rocks hosting the mineralization is 2.83–2.75 Ga [66].

Thus, the Pellapahk–Oleninskoe porphyry-epithermal system is the oldest system
with complex Cu-Mo and Au-Ag mineralization in the Fennoscandian Shield. Distinctive
geochemical and mineralogical features distinguish the Oleninskoe deposit from all other
gold deposits in Fennoscandia.

117



Minerals 2021, 11, 139

6. Conclusions

Gabbro-diorite-granodiorite-granite porphyry intrusions formed at the late stages of
the formation of the volcanic-sedimentary sequences of the Kolmozero–Voronya greenstone
belt. The age of the intrusions is 2.83–2.82 Ga. Cu-Mo, Au-Ag, and Au deposits are
associated with the quartz porphyry series.

The Pellapahk Cu-Mo and the Oleninskoe Au-Ag deposits are considered two parts
of the Pellapahk–Oleninskoe porphyry-epithermal system: the Cu-Mo deposit in a big
granite porphyry intrusion makes its central part, and the gold-silver deposit is located in
the flank where it is associated with granite porphyry sills.

The following distinctive features indicate the sub-epithermal origin of the Au-Ag
mineralization in the Oleninskoe deposit: the spatial and genetic relationships with the sills
of granite porphyry, the geochemical association of ore elements, an Au/Ag ratio of <0.2,
and the multiplicity of silver mineralization with different Ag, Cu, Pb, and Sb sulfosalts.
The geological–structural characteristics of the Oleninskoe deposit (i.e., its location in a
shear zone, the morphology and size of ore bodies, the scale of the deposit, the intensity
and zoning of host rocks alteration) do not oppose this model.

The Pellapahk–Oleninskoe porphyry-epithermal ore system is probably the oldest one
in the Fennoscandian Shield. Mineralized rocks of the Pellapahk and Oleninskoe deposits
were later lower amphibolite metamorphosed. An important sign of ore metamorphism is
the formation of structures of crystallization of sulfide melt of the low-melting-point metals.
In the Oleninskoe ores we see fine intergrowths of Ag, Cd, Pb, As, Sb, Te minerals galena,
argentotetrahedrite, pyrargyrite, pyrrhotite, ullmannite, stutzite, etc. In the Pellapahk Cu-
Mo deposit, multiphase fine aggregates consist of Bi, Pb, Sb, and As minerals. Other signs
of metamorphism of the ore in the Pellapahk deposit are recrystallization of chalcopyrite
with re-deposition along cleavage in kyanite, and recrystallization of molybdenite along
cleavage in muscovite. Late metamorphism of the ore in the Oleninskoe deposit is indicated
by the absence of chlorite and the scarcity of carbonate in altered amphibolite.
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Abstract: At the orogenic gold deposits of the Yana–Kolyma metallogenic belt (northeast Russia) both
Au–quartz-sulfide mineralization with native gold and disseminated sulfide mineralization with
invisible Au developed. The textural and mineralogical-geochemical features, isotope-geochemical
characteristics of gold-bearing sulfides from proximal metasomatites, and possible forms of Au oc-
currence in pyrite and arsenopyrite have been studied using electron microprobe, atomic absorption,
LA-ICP-MS trace element, isotope analysis, and computed microtomography. Four generations of
pyrite (Py1, diagenetic; Py2, metamorphic; Py3, metasomatic; Py4, veined) and two generations of
arsenopyrite (Apy1, metasomatic; Apy2, veined) have been identified at the Khangalas deposit. In the
proximal metasomatites, the most common are Py3 and Apy1. Studying their chemical composition
makes it possible to identify the features of the distribution patterns of typochemical trace elements
in pyrite and arsenopyrite, and to establish the nature of the relationship between Au and these
elements. In Py3 and Apy1, structurally bound (solid solution) Au+ prevails, isomorphically entering
the crystal lattice or its defects. Isotope characteristics of hydrothermal sulfides (δ34S = −2.0 to
−0.6‰) indicate that mantle/magmatic sulfur was involved in the formation of the deposit, though
the participation of sulfur from the host rocks of the Verkhoyansk clastic complex cannot be ruled
out. The Khangalas deposit has much in common with other gold deposits of the Yana–Kolyma
metallogenic belt, and from this point of view, the results obtained will help to better reveal their
gold potential and understand their origin.

Keywords: LA-ICP-MS; invisible gold; trace elements; pyrite; arsenopyrite; metasomatite; orogenic
gold deposit; Khangalas; northeast Russia

1. Introduction

The Late Jurassic–early Early Cretaceous Yana–Kolyma metallogenic belt (YKMB) is
located in the central part of the Verkhoyansk–Kolyma folded region, in the boundary
zone between the northeastern margin of the Siberian craton and the Kolyma–Omolon
superterrane. Within the belt, gold deposits are concentrated in three sectors: Upper
Kolyma, Upper Indigirka, and Adycha. The length of the belt is approximately 1000 km
and the width is approximately 200 km. This is the richest gold province in northeast
Russia, including the large Natalka (1500 t Au) and Degdekan (400 t Au) deposits. It
is of global economic importance. Production of gold from the Yana–Kolyma belt since
the 1930s was ~3200 t, with current estimated resources of about 5000 t Au [1,2]. This is
comparable with the output of major Paleozoic–Mesozoic gold provinces of the world
(Jiaodong, China; Juneau gold belt, AK, USA; Lachlan fold belt, Australia; Baikal fold
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belt, Russia; and Southern Tien Shan, Uzbekistan) [3]. To date, the areas with the most
economic value within the YKMB are orogenic gold deposits with Au-quartz vein and/or
Au-sulfide-quartz veinlet-disseminated types of mineralization. The origin and conditions
of the localization of the first mineralization type have been much studied (e.g., [4–9]
and many others). Recent research has shown great economic value of the insufficiently
studied disseminated gold-bearing pyrite and arsenopyrite mineralization in the YKMB
(see [10–15] and references therein). Disseminated sulfide mineralization is known both
within the gold deposits [10,11,15–19] and in regional sulfidation zones [17,20–22] localized
in transcrustal faults [12,23].

This work presents the mineralogy, geochemistry, isotopic composition, and gold con-
tent of disseminated mineralization in clastic rocks of the Khangalas orogenic gold deposit
located in the Upper Indigirka sector of the YKMB [24,25]. In early research of the geology
and ore content of the deposit, attention was focused on Au–quartz mineralization [26–28],
its supergene alteration [28–30], and placer-to-primary source relationships [31]. In recent
years, extensive prospecting work has been carried out within the Khangalas ore cluster.
A large number of surface and underground mined workings have been completed. This
made it possible to obtain new data on the mineralogy and geochemistry of the Khangalas
deposit. Despite the fact that the current estimated reserves and resources of gold at
the deposit are small (11 tonnes of Au, with a high average grade of 11.2 g/t Au [32]),
the presence of gold-bearing pyrite and arsenopyrite in the wall–rock metasomatites is
evidence that the total contained tonnage may be much higher. The Khangalas deposit
has much in common with other gold deposits of the YKMB. From this standpoint, the
findings presented here will help geologists and prospectors evaluate the overall potential
gold resources of the region.

2. Regional Geology and Mineralization

2.1. Regional Tectonic Framework

The Khangalas deposit is located in the central part of the Yana–Kolyma metallogenic
belt, which includes the Kular–Nera and the more easterly Polousny–Debin terranes, as
well as the eastern part of the Verkhoyansk fold-and-thrust belt (Figure 1). The Kular–
Nera terrane consists of Upper Permian, Triassic, and Lower Jurassic clastic sedimentary
rock sequences, metamorphosed to initial stages of greenschist facies, and the Polousny–
Debin terrane is composed mainly of Upper Triassic–Upper Jurassic turbidites. The ter-
ranes are separated by the Charky–Indigirka and Chai–Yureya faults. To the southwest,
the regional-scale Adycha–Taryn fault separates the Kular–Nera terrane from the Verkhoy-
ansk fold-and-thrust belt made of Mesoproterozoic–Lower Carboniferous carbonate–clastic
and carbonate rocks and Upper Paleozoic–Mesozoic clastic rocks of the passive conti-
nental margin of the Siberian craton. The structural pattern of the Yana–Kolyma met-
allogenic belt is defined by linear folds and faults of NW strike, manifesting several
deformation stages [9,33].

Magmatism in the Upper Indigirka sector is manifested by granitoids of intermediate
to felsic intrusions and volcanics of the Tas–Kystabyt magmatic belt (J3–K1). Also present
are mafic (162 ± 4 Ma, whole rock, Rb–Sr [34]), intermediate, and felsic dikes of the Nera–
Bohapcha complex (151–145 Ma, U–Pb SHRIMP-II, zircons [23]). According to Parfenov
et al. [35] and Parfenov and Kuzmin [33], the emplacement of the Late Jurassic granitoids
was related to collision events. More recent data indicate that subduction processes were
involved in their formation [36,37]. Tectonic structures, magmatism, and ore deposits of
the YKMB were closely related to the Late Jurassic to earliest Early Cretaceous subduction,
accretionary events at the eastern active continental margin of the Siberian craton [33].
The Upper Indigirka sector of the YKMB includes, from northeast to southwest, the Inyali–
Debin, Olchan–Nera, Adycha–Taryn, and Adycha metallogenic zones. The Olchan–Nera
zone hosts the Khangalas orogenic gold deposit.
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Figure 1. (A,C,D) Regional location, (B) geological structure, and (E) cross-section of Khangalas deposit. Inset map: VFTB,
Verkhoyansk fold-and-thrust belt; PDT, Polousny–Debin terrane; C-I, Charky–Indigirka fault; C-Y, Chai–Yureya failt; A-T,
Adycha–Taryn fault. Mineralized crushed zones: S, Severnaya; P, Promezhutochnaya; C, Centralnaya; Yu, Yuzhnaya;
Z, Zimnyaya.
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2.2. Geology of the Khangalas Deposit
2.2.1. Structures and Host Rocks

The geology and structural-tectonic conditions of the formation and localization of
the Khangalas deposit are described in detail in [25]. Here we give only a brief summary of
the necessary information. Extraction of alluvial gold started in 1933, when the Khangalas
Creek placers were first discovered. Later on, in 1947, the Khangalas lode gold deposit was
discovered, and production of gold from quartz veins with pyrite, arsenopyrite, galena,
sphalerite, and chalcopyrite began. The veins occur mostly at the border between sandy
and shaly intervals, due to competency contrast. The deposit is localized in the crest of
the Dvoinaya anticline of the Nera (Nera–Omchug) anticlinorium (Figure 1). The core of
the anticline is composed of Upper Permian (Lopingian, P3) deposits. In the lower part
of the section, with a thickness of more than 350 m, these are mainly massive brownish-
gray and gray sandstones with thin siltstone interbeds. The upper part is dominated
by a more than 450 m thick sequence of dark gray to black siltstones with included
pebbles of sedimentary, igneous, and metamorphic rocks. The limbs of the anticline are
made of Lower Triassic (T1) deposits (mainly dark gray shales, mudstones, and siltstones
with rare interlayers of light gray sandstones with a thickness of 680–750 m) and Middle
Triassic (T2a) sediments of the Anisian stage (alternating sandstones and siltstones with
a thickness of 700–800 m). The Ladinian strata (T2l) consist of interbedded siltstones and
sandstones with a total thickness of 850–950 m. The main ore-controlling tectonic structure
is the Khangalas fault with a NW strike. This is represented at the Khangalas deposit
by five extensive (up to 1400 m) mineralized ore zones (Severnaya, Promezhutochnaya,
Centralnaya, Yuzhnaya, Zimnyaya) with low-sulfidation Au-type mineralization localized
in the Dvoinaya anticline crest (Figures 1 and 2A). The ore zones are up to 32 m thick and
dip to the SW, S, and SE at 30◦–50◦ to 70◦–80◦ [25]. No evidence of magmatic activity
is observed within the Khangalas deposit. Geophysical data suggest the presence of a
granitoid pluton at depth [38]. The mineralization formed as a result of progressive fold-
and-thrust deformations in the Verkhoyansk–Kolyma fold belt. These were initiated by
orogenic processes in late Late Jurassic–early Early Cretaceous [25].

 

Figure 2. (A–C) Mineral composition of vein-type ores, and (D) morphology of native gold of Khangalas deposit. (A)
Banded quartz with inclusions of native gold (Au), galena (Gn), sphalerite (Sp), and arsenopyrite (Apy); (B,C) intergrowths
of native gold (Au), galena (Gn), sphalerite (Sp), and chalcopyrite (Cсp) of the Au–polysulfide vein association and anhedral
arsenopyrite (Apy) of quartz–pyrite–arsenopyrite vein association: (B) in reflected light, (C) in backscattered electrons.
Hereafter, abbreviations for minerals are from [39].
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2.2.2. Mineralization

Gold mineralization in the Khangalas deposit is present as two types: Au–quartz-
sulfide veins with native gold and sulfide–quartz disseminations with invisible gold hosted
in quartz–sericite–carbonate metasomatites (Figure 3). The Au–quartz-sulfide mineraliza-
tion is characterized as concordant and discordant quartz veins 0.1–1 m thick in swells
up to 5 m (Figures 2 and 3B,C). The content of sulfides reaches 1–3 vol.%. The main ore
minerals are pyrite and arsenopyrite, with less common galena, sphalerite, and chalcopy-
rite. Accessory minerals include freibergite, boulangerite, tetrahedrite, Fe-gersdorffite,
acanthite, and native gold. The veinlet-disseminated sulfide–quartz mineralization with
invisible gold is localized both in the ore zones and in their walls (Figure 3D,E). The sulfide
content reaches 3–3.5 vol.%, and pyrite and arsenopyrite predominate. Galena, sphalerite,
chalcopyrite, native gold, and freibergite are rare. Gold content in the metasomatites varies
from <1 ppm up to 5.29 ppm Au, with an average of 0.73 ppm.

 

Figure 3. Ore bodies of the Khangalas deposit: (A) Yuzhnaya oxidized mineralized fault zone; (B) quartz–carbonate
vein. Photographs taken in underground mine workings: (C) vein-type Au–quartz mineralization with native gold,
Centralnaya zone, alt. 920 m a.s.l.; (D) disseminated type of mineralization with invisible gold in quartz–sericite–carbonate
metasomatites, Centralnaya zone, alt. 920 m a.s.l.; (E) pyrite and quartz veinlets in sandstones, Centralnaya zone, alt. 920 m
a.s.l.; (F) oxidized pyrite in sandstones, alt. 945 m a.s.l.

At the Khangalas deposit, four stages of mineral formation are distinguished:
two pre-ore preparatory (sedimentary and metamorphic), ore (hydrothermal), and post-ore
(supergene) (Figure 4). During the sedimentary stage, accumulation of clastic material, a
change in redox potential, mobilization of ore matter, and formation of diagenetic sulfide
mineralization (Py1) took place. The metamorphic stage was marked by alteration of clastic
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rocks as a result of regional metamorphism and deformation processes, disseminated
sulfide mineralization (Py2), and sericitization and chloritization of clastic rocks. The
hydrothermal stage is characterized by four successive paragenetic associations:

 

Figure 4. Mineral paragenesis for Khangalas deposit. 1 Sulfates: gypsum, jarosite, mangazeite, amarantite, meta-aluminite,
meta-alunogen, tamarugite, pickeringite, unknown hydrous iron sulfate [40]. 2 Arsenates: scorodite, kankite, bukovskiite,
unknown Fe-Al arsenate-phosphate-sulfate [41].

1. The metasomatic quartz–pyrite–arsenopyrite association is localized in quartz
veinlets within the wall rock with a quartz–carbonate–sericite matrix. The main ore min-
erals are auriferous pyrite (Py3) and arsenopyrite (Apy1), which occur as individual
crystals, intergrowths, small aggregates ranging in size from fractions of a millimeter to
2–3 mm, and veins up to a few mm thick. Also observed are microcrystals and microag-
gregates of high-Co arsenopyrite (danaite), ranging in size from tens to 100–200 microns.
Native gold is present here in an invisible, finely dispersed form. It forms very thin films
and nanoinclusions in pyrite and arsenopyrite, and also occurs as an isomorphic impurity.

2. The vein quartz–pyrite–arsenopyrite association is present mainly in the ore bodies,
composed of coarse and medium crystalline anhedral quartz. Pyrite (Py4) and arsenopyrite
(Apy2) occur as aggregates up to 3–4 cm in size, veinlets up to 1 mm thick, and individual
crystals up to 1–2 mm long (Figure 3A).

3. Au–Qz–polysulfide association is represented by small aggregates and microvein-
lets of sphalerite, chalcopyrite, and galena, and by native gold segregations (Figure 3B,C).
They fill voids in quartz and cracks in pyrite and arsenopyrite of early associations. Native
gold is elongated, flattened, and dendritic in form (Figure 3D). The size ranges from small
to large (most common fractions are 0.5–0.8 mm) and the distribution is extremely uneven.
The fineness of native gold averages 820‰–830‰ (min 780‰–max 850‰).

4. The quartz–carbonate–sulfosalt association is localized in cracks and voids of the
early ore and vein minerals in the form of aggregates and individual grains. The principal
mineral type is carbonate, represented by ankerite and ankerite–dolomite. Sulfosalts are
sporadic and mainly include freibergite, tetrahedrite, and boulangerite.

The post-ore stage is characterized by supergene minerals. This is one of the charac-
teristic features of the Khangalas deposit [29,40,42]. They are expressed as an oxidation
zone with the formation of sulfates, arsenates, iron oxides, clay, and other minerals, ex-
tending to a depth of 50–100 m (Figure 2F). The authors have previously identified two
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unknown minerals from the oxidation zone: hydrous iron sulfate [40] and Fe–Al arsenate–
phosphate–sulfate [41].

3. Materials and Methods

Samples for mineralogical-geochemical and isotope-geochemical studies were col-
lected from natural outcrops and the walls and dumps of surface and underground mined
workings. For mineralogical and geochemical studies of disseminated sulfide mineraliza-
tion, thick polished sections (40 in total) and epoxy-mounted grains (90 sulfide grains in
8 mounts) were prepared. The textural and structural features of the ores were studied
using a Karl Zeiss Axio M1 optical microscope. The qualitative chemical and mineral
compositions of the samples were studied with the use of a JEOL JSM-6480LV scanning
electron microscope equipped with an Energy 350 Oxford energy dispersive spectrom-
eter (20 kV, 1 nA, beam diameter 1 μm) (analysts S.K. Popova and N.I. Khristoforova,
Diamond and Precious Metal Geology Institute, Siberian Branch, Russian Academy of
Sciences, Yakutsk).

The major element compositions of pyrite and arsenopyrite were determined by
standard X-ray spectral analysis on a Camebax-Micro microanalyzer (analyst N.V. Khristo-
forova, Diamond and Precious Metal Geology Institute, Siberian Branch, Russian Academy
of Sciences, Yakutsk). The analytical conditions were as follows: accelerating voltage of
20 kV; beam current of 25 nA; measurement time of 10 s; K series for Fe, Co, Ni, Cu and S;
M series for Au and Pb; L series for As and Sb.; and wavelength-dispersive spectrometer
(WDS) with LiF, PET, and TAP crystals. The standards used were: FeS2 for Fe and S, FeAsS
for As, Fe-Ni-Co alloy for Co, Ni, Au-Ag alloy of fineness for Au and Ag, CuSbS2 for
Sb, and PbS for Pb. The detection limits 0.01%. Trace elements in pyrite were studied on
9 grains of pyrite-3 and arsenopyrite-1 using a New Wave Research UP-213 laser ablation
system (USA) coupled with an Agilent 7700x quadrupole mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) (analyst D.A. Artemiev, Institute of Mineralogy, Ural
Branch of the Russian Academy of Sciences, Miass). The measurements were carried out
using a 213 nm Nd:YAG UV laser with fluence set at 1.8–5.5 J/cm2 (1.8–3.0 J/cm2 for pyrite,
3.0–4.5 J/cm2 arsenopyrite) and a rate of flow of He carrier gas at 0.5–0.65 L/min. Mass
spectrometer settings were: RF power 1550 W, carrier gas Ar, flow rate 0.85–0.95 L/min,
plasma-forming gas (Ar) flow rate 15 L/min, and auxiliary gas (Ar) flow rate 0.9 L/min.
Data were acquired by singe spot and line analyses using a laser spot diameter of 25 to
80 μm and a frequency of 5–10 Hz. The analysis time for each sample was 90 s, comprising
a 30 s measurement of background (laser off) and a 60 s analysis with laser on. Pre-ablation
was performed for 3–4 s before each analysis. Between the analyses, and between analysis
and pre-ablation, blowing with gas was done for 60–90 s.

The mass spectrometer was calibrated using calibration multi-element solutions and
the NIST SRM-612 reference material. The amount of molecular oxides (232Th16O/232Th)
was kept below 0.2%. The 238U/232Th ratio, when adjusted according to NIST SRM-612,
was 1:1. External calibration standards USGS MASS-1 [43] and UQAC FeS-1 were used to
analyze every 7–13 spots to account for drifting of the laser and mass spectrometer. Mass
contents of elements for NIST SRM-612 and USGS MASS-1 were taken from the GeoReM
database. Data processing and calculation were carried out using the Iolite software
package [44]. As internal standard (IS) for pyrite, we used 57Fe measured by SEM-EMF. In
some cases, normalization to 100% of the total components was performed according to
standard techniques [45].

The Au and Ag contents were determined on powdery monomineral samples by
atomic absorption spectrometry with electrothermal atomization on a Thermo Scientific
iCE 3500 spectrometer (analysts A.E. Sannikova, E.L. Naryshkina, and E.I. Mikhailov,
Diamond and Precious Metal Geology Institute, Siberian Branch, Russian Academy of
Sciences, Yakutsk). Au and Ag content of more than 2 ppm was determined on an Agilent
4200 MP-AES atomic emission spectrometer with microwave-saturated plasma. X-ray com-
puted microtomography was used to study the internal structure of minerals and identify
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high-density phases in sulfide grains; this non-destructive method makes it possible to
visualize in 3D the distribution of phases with different density in the sample [46–53], etc.
Microtomographic studies were carried out at the Centre for X-ray Diffraction Studies of
the Research Park of St. Petersburg State University (analyst L.Yu. Kryuchkova). Samples
of pyrite and arsenopyrite (31 in total) were studied by x-ray computed microtomography.
Monomineral fractions 0.25–1.0 mm in size were hand-picked under a binocular micro-
scope. The studies were carried out on a SkyScan-1172 microtomography scanner (Bruker
microCT, Belgium). To reconstruct the array of shadow images, NRecon software (Bruker
microCT) was used, which allows leveling instrument artifacts and setting the range of
gray gradations corresponding to the value of x-ray absorption and, accordingly, x-ray
density. To analyze the obtained microtomographic data, DataViewer and CTVox software
(Bruker microCT) were used. For sulfur isotope analysis we used monosulfide fractions
(5 samples) selected by hand and ground into powder. The analysis was performed in the
Laboratory of Stable Isotopes of the Far Eastern Geological Institute, Far Eastern Branch of
the Russian Academy of Sciences (Vladivostok; analyst T.A. Velivetskaya) using a Flash
EA-1112 elemental analyzer (Thermo Scientific, Germany) in the S configuration according
to the standard protocol for converting sulfur from sulfide to SO2. The 34S/32S isotope
ratios were measured on a MAT-253 mass spectrometer (Thermo Scientific, Waltham, MA,
USA) in continuous He flux mode. The measurements were performed against a standard
laboratory gas SО2 calibrated according to international standards IAEA-S-1, IAEA-S-
2, IAEA-S-3, and NBS-127. The results of δ34S measurements are given in reference to
the international VCDT standard.

4. Results

4.1. Pyrite and Arsenopyrite Types and Textures

At the Khangalas deposit, four generations of pyrite and two generations of arsenopy-
rite are established.

4.1.1. Diagenetic Pyrite (Py1)

Pyrite (Py1) was formed during sedimentation and diagenesis due to bacterially me-
diated sulfate reduction (Figure 5A,B). Framboids are represented by spherical aggregates
ranging in size from 10 to 100 μm (Figure 5A,B). They are composed of pyrite microcrystals,
sometimes have a zonal structure with a carbonaceous-silicic matrix, and form diffused or
bedding-plane dissemination in sedimentary rocks (Figure 6C).

 

Figure 5. (A) Photo and (B) photomicrographs of Py1 and Py2 of Khangalas deposit in reflected light,
and (C,D) backscattered electrons: (A) Py2 veinlets and Py1 bedding-plane dissemination in siltstone;
(B,C) diagenetic Py1 and metamorphic Py2; (D) metamorphic Py2.
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Figure 6. (A,B) Photos and (C,D) photomicrographs of Py3 and Apy1 of Khangalas deposit in
reflected light and (E–H) backscattered electrons: (A) disseminations of metasomatic Py3 in sandstone;
(B) vein-disseminated quartz-Py3-Apy1 mineralization; (C) Py3 veinlets and bedded-plane Py1
dissemination in siltstone; (D) euhedral Apy1; (E) Apy1 aggregate; (F) intergrowths of Py1, Py3,
and Apy1 with galena inclusions (Gn); (G) inclusions of native gold (Au) and galena (Gn) in Py3
and Apy1. (H) inclusions of sulfides of gold–polysulfide association (Gn, galena; Ccp, chalcopyrite;
Sp, sphalerite) in Py3. Insets: (A, inset a) cubic Py3; (A, inset b) pyritohedra Py3; (D, inset) short
prismatic Apy1; (E, inset) pseudo-pyramidal Apy1.

4.1.2. Metamorphic Pyrite (Py2)

Metamorphic inequigranular cubic pyrite (Py2) forms disseminated mineralization
and fills in microcracks in sedimentary rocks (Figure 5B,D). Crystal size ranges from
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5–150 microns to 1–3 mm. Large crystals have microtextures characteristic of cataclasis and
corrosion (Figure 5D).

4.1.3. Metasomatic Pyrite (Py3) and Arsenopyrite (Apy1)

The metasomatic quartz–pyrite–arsenopyrite association forms the basis of the vein-
disseminated mineralization type with invisible gold in the wall rock metasomatites.
Metasomatic Py3 and Apy1 occur as individual crystals, intergrowths, small aggregates,
and veinlets up to a few mm thick in thin quartz veins (Figure 6). Apy1 is characterized
by short prismatic to pseudo-pyramidal crystal shapes (Figure 6D,E, insets), while Py3
features complicated cubic shapes up to pyritohedra (Figure 6A, inset). The crystals size
to 1–1.5 mm, less often to 2–3 mm. Py3 and Apy1 contain superimposed microinclusions
of minerals of polysulfide and sulfosalt–carbonate associations (Figure 6F–H). In ~20% of
Py3 and ~12% of Apy1 grains, inclusions of galena and rare inclusions of sphalerite and
chalcopyrite (Figure 6F–I) were found. Microinclusions of tetrahedrite and freibergite were
recorded in single samples. In only one sample, K-4-17, in interstices between crystals
of arsenopyrite Apy1 and pyrite Py3, we found native gold about 15 μm in size with a
fineness of 827‰ (Figure 6G).

X-ray computed microtomography (3D) of arsenopyrite (Apy1) and pyrite (Py3) grains
from two samples collected from the Khangalas deposit showed that they consist of x-ray
contrasting phases (Figure 7). Dense minerals are light to white in color, have isometric,
subisometric, and flattened shapes, and are up to 10–15 μm in size in Apy1 (Figure 7A) and
from a few to 30–40 μm in Py3 (Figure 7C,D). They form an impregnated texture. One can
observe a linear-planar distribution of dense phases (or aggregates), probably confined to
the defect and crystal growth zones. Uniform arsenopyrite grains are noted (Figure 7B).
Native gold and galena are denser than pyrite and arsenopyrite.

 

Figure 7. Three-dimensional visualization of Py3 and Apy1 of Khangalas deposit. (A) Apy1 grains with inclusions of dense
minerals (galena, gold); (B) Apy1 without inclusions of x-ray contrasting phases; (C,D) Py3 aggregate with included dense
minerals (galena, gold).

4.1.4. Vein Pyrite (Py4) and Arsenopyrite (Apy2)

The veined quartz–pyrite–arsenopyrite association forms the basis of the vein ore
bodies of the deposit (Figure 8). Arsenopyrite Apy2 and pyrite Py4 crystallized simul-
taneously with quartz, and they occur as scattered small euhedral and anhedral grains
and nests up to 1–2 cm in size, less often up to 3–5 cm, as well as veinlets oriented along
carbonaceous bands in quartz (Figure 8A,B). Galena, chalcopyrite, sphalerite, and native
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gold form microinclusions in Apy2, Py4, and quartz crystals, and are confined to their
fractures and growth zones (Figure 8C,D).

 

Figure 8. (A–C) Photographs and (D) photomicrograph of Py4 and Apy2 of Khangalas deposit (in backscattered electrons):
(A) nest-like clusters and individual idiomorphic Apy2 crystals in quartz; (B) idiomorphic Py4 grains in quartz; (C)
gold–polysulfide association with Py4, Apy2 in banded quartz; (D) Py4-Apy2 intergrowths with scattered galena (Gn)
in quartz.

4.2. Composition of Pyrite and Arsenopyrite
4.2.1. EPMA Results: Major and Minor Elements CAPS

The results of electron probe micro-analyzer (EPMA) spot analysis of the different
varieties of pyrite are given in Table 1. All types of pyrite contain As, Co, Ni, Cu, and Sb
impurities, the most abundant of which is As.

Table 1. Chemical composition of pyrites and arsenopyrites determined by EPMA (all values in wt.%.; nd, not detected).

No Sample Fe S As Co Ni Cu Sb Pb

Diagenetic Py1

1 K-40-14; n = 11 47.48−45.99
46.79 * 55.82−51.78

54.37
0.31−0.03

0.15
0.13−0.05

0.09
0.17−0.02

0.06
0.06−0.01

0.03
0.05−0.01

0.03 nd
2 K-55-14; n = 10 46.63−46.93

46.45
53.89−52.77

53.27
0.31−0.06

0.22
0.18−0.06

0.08
0.19−0.01

0.07
0.06−0.01

0.03
0.05−0.07

0.03 nd
3 K-61-14; n = 5 46.99−45.78

46.66
54.44−52.93

53.84
0.30−0.08

0.18
0.11−0.05

0.07
0.05−0.01

0.02
0.02−0.01

0.02
0.06−0.03

0.04 nd
4 K-23-14; n = 5 45.69−44.54

45.04
52.41−51.17

52.00
0.23−0.01

0.07
0.07−0.05

0.06
0.33−0.13

0.03
0.03−0.01

0.02
0.06−0.03

0.05
0.10−0.05

0.08
5 Kpr2-4-14; n = 4 46.61−46.30

46.44
51.76−50.96

51.45
0.12−0.01

0.06
0.05−0.03

0.04 0.01 nd 0.04−0.02
0.03

0.05−0.02
0.04

6 K-4-14; n = 6 46.51−45.73
46.17

54.62−52.13
53.18

0.23−0.09
0.16

0.19−0.07
0.10

0.03−0.01
0.02 0.03 0.07−0.01

0.03 nd
7 K-7-17; n = 19 47.40−45.06

46.04
53.89−51.41

52.74
0.28−0.02

0.17
0.20−0.02

0.11
0.14−0.01

0.07
0.04−0.01

0.01
0.11−0.01

0.05 nd
8 KG-32-19, n = 1 46.80 53.66 0.18 nd 0.02 nd 0.06 nd
9 KG-7-19, n = 1 46.50 52.31 0.01 nd 0.01 nd 0.05 nd

Metamorphic Py2

10 K-40-14; n = 4 46.97−45.91
46.65

54.89−50.60
53.73

0.15−0.09
0.13

0.15−0.08
0.10

0.06−0.03
0.05

0.04−0.02
0.03

0.03−0.01
0.02 nd

11 K-55-14; n = 3 46.74−45.53
46.60

52.97−52.67
52.67

0.27−0.20
0.24

0.09−0.07
0.09

0.32−0.01
0.13

0.03−0.01
0.02

0.05−0.03
0.04 nd

12 K-4-14; n = 4 46.70−46.13
46.50

52.88−51.71
52.14

0.25−0.03
0.16

0.07−0.05
0.06

0.02−0.01
0.01

0.03−0.01
0.02

0.03−0.02
0.03 nd

13 K-23-14; n = 7 45.93−45.31
45.67

53.14−51.35
51.88

0.23−0.02
0.08

0.10−0.06
0.08

0.23−0.04
0.15

0.12−0.01
0.04

0.06−0.01
0.03

0.13−0.03
0.08

14 KG-29-19; n = 4 46.98−46.48
46.74

53.95−52.66
53.32

0.14−0.01
0.06

0.05−0.03
0.04 0.01 0.06−0.01

0.03
0.03−0.01

0.02
0.11−0.02

0.07

Hydrothermal-metasomatic Py3

15 K-32-14; n = 16 46.17−45.14
45.50

51.95−50.37
50.94

2.14−1.01
1.57

0.08−0.04
0.05

0.07−0.01
0.02

0.02−0.01
0.01

0.05−0.01
0.02 nd

16 K-51-14; n = 27 46.91−44.91
46.00

53.59−50.25
51.84

2.22−0.56
1.31

0.17−0.05
0.09

0.25−0.01
0.04

0.05−0.01
0.03

0.04−0.01
0.02 nd

17 K-52-14; n = 24 47.01−45.98
46.59

55.10−50.93
53.71

2.49−0.97
1.58

0.11−0.03
0.05

0.14−0.01
0.03

0.03−0.01
0.01

0.04−0.01
0.02 nd

18 K-55-14; n = 6 46.59−46.02
46.36

53.32−51.30
52.24

1.03−0.31
0.67

0.21−0.07
0.12

0.10−0.01
0.06

0.04−0.01
0.03

0.06−0.02
0.04 nd

19 K-61-14; n = 17 47.15−45.24
46.45

55.48−50.89
52.63

1.86−0.34
0.98

0.08−0.05
0.06

0.07−0.01
0.02

0.12−0.01
0.03

0.12−0.02
0.05 nd

20 K-9-17/1; n = 18 46.63−44.87
45.98

54.16−51.04
52.81

1.71−0.31
0.95

0.12−0.06
0.08

0.11−0.01
0.03

0.06−0.01
0.03

0.10−0.01
0.03 nd

21 K-4-17; n = 13 46.53−45.58
46.15

52.60−50.76
51.98

1.28−0.40
0.77

0.13−0.04
0.06

0.38−0.01
0.16

0.03−0.01
0.02

0.08−0.01
0.02 nd

22 K-14-17; n = 19 46.85−45.36
46.22

54.28−52.82
53.63

1.59−0.38
0.81

0.50−0.05
0.11

0.48−0.01
0.16

0.03−0.01
0.01

0.04−0.01
0.02 0.01

23 K-35-17; n = 24 46.98−45.59
46.43

53.39−50.31
51.56

1.81−0.45
1.03

0.13−0.04
0.06

0.24−0.01
0.06

0.06−0.01
0.02

0.06−0.01
0.03

0.13−0.01
0.07
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Table 1. Cont.

No Sample Fe S As Co Ni Cu Sb Pb

24 KG-12-19; n = 25 47.39−45.33
46.60

55.27−52.25
53.93

1.45−0.32
0.82

0.10−0.03
0.05

0.09−0.01
0.02

0.02−0.01
0.01

0.08−0.01
0.04

0.12−0.01
0.06

25 KG-13-19; n = 39 46.95−45.50
46.35

54.02−51.59
53.04

2.23−0.33
0.93

0.54−0.04
0.08

0.15−0.01
0.03

0.05−0.01
0.02

0.05−0.01
0.02

0.06−0.01
0.02

26 KG-9-19; n = 5 46.95−45.97
46.43

54.02−52.58
53.47

1.27−0.42
0.78

0.10−0.04
0.06

0.15−0.01
0.05

0.05−0.01
0.02

0.06−0.01
0.03

0.03−0.01
0.01

27 KG-18-19; n = 26 46.86−45.82
46.48

53.61−50.76
52.89

2.29−0.56
1.27

0.13−0.04
0.07

0.27−0.01
0.04

0.04−0.01
0.01

0.08−0.01
0.02

0.05−0.01
0.02

28 KG-24-19; n = 21 46.32−46.76
45.99

54.78−52.66
53.97

2.40−0.36
1.28

0.08−0.04
0.06

0.04−0.01
0.02

0.03−0.01
0.01

0.04−0.01
0.02

0.07−0.01
0.03

29 KG-29-19; n = 20 47.17−45.78
46.51

53.62−58.88
52.51

1.88−0.42
1.08

0.62−0.03
0.08

0.23−0.01
0.04

0.06−0.01
0.02

0.05−0.01
0.02

0.13−0.01
0.05

30 KG-30-19/1; n = 21 47.18−45.86
45.81

53.93−51.92
53.00

1.05−0.32
0.58

0.08−0.02
0.05

0.33−0.01
0.10

0.04−0.01
0.02

0.04−0.01
0.02

0.14−0.01
0.05

31 Kpr-4-14; n = 9 46.84−44.87
46.52

51.87−48.88
51.38

0.97−0.31
0.75

0.08−0.02
0.05

0.04−0.01
0.02

0.02−0.01
0.01

0.07−0.01
0.03 0.03

32 KG-30-19/2; n = 9 46.29−45.86
45.86

53.64−52.10
53.06

0.81−0.32
0.53

0.08−0.03
0.05

0.33−0.01
0.12

0.04−0.01
0.01

0.04−0.01
0.02 nd

33 K-7-17; n = 10 46.99−45.44
46.08

53.88−49.99
52.44

1.96−0.98
1.37 0.02 0.04−0.01

0.01
0.02−0.01

0.01 0.01 nd
34 K-5-14/1; n = 27 50.61−44.99

45.89
55.31−52.48

52.48
1.52−0.45

1.09
0.17−0.04

0.09
0.15−0.01

0.08
0.02−0.01

0.01 0.03 nd

Hydrothermal vein Py4

35 KG-1-19; n = 14 47.56−46.30
46.88

54.41−52.86
53.65

1.14−0.35
0.85

0.08−0.05
0.06

0.04−0.01
0.02

0.05−0.01
0.02

0.05−0.01
0.03 nd

36 K-45-14; n = 9 46.71−41.62
45.42

52.63−43.86
49.70

2.50−0.45
1.21

0.06−0.03
0.04

0.05−0.01
0.02

0.02−0.01
0.01

0.07−0.01
0.03 nd

Hydrothermal-metasomatic Apy1

37 K-32-14; n = 10 33.60−32.12
33.00

20.78−18.88
19.98

44.83−40.40
42.36

0.05−0.03
0.04

0.10−0.01
0.03

0.03−0.01
0.01

0.10−0.02
0.05 nd

38 K-51-14; n = 4 33.85−33.16
33.60

21.46−20.34
20.72

48.45−46.61
47.57

0.11−0.07
0.09

0.05−0.01
0.03

0.02−0.01
0.01

0.03−0.01
0.01 nd

39 K-52-14; n = 5 35.24−34.36
34.69

23.70−21.77
22.37

44.21−41.93
43.52

0.04−0.02
0.03

0.05−0.01
0.03

0.02−0.01
0.01

0.13−0.05
0.09 nd

40 K-4-17; n = 5 33.96−33.16
33.56

20.83−19.93
21.30

44.51−43.22
43.80

0.15−0.03
0.08

0.69−0.04
0.27

0.06−0.01
0.03

0.09−0.03
0.07 nd

41 KG-9-19; n = 5 34.29−33.53
34.02

21.90−20.64
21.30

45.06−43.05
43.81

0.07−0.04
0.06

0.02−0.01
0.02 0.01 0.05−0.03

0.04 nd
42 KG-30-19/1; n = 5 34.51−33.96

34.10
22.25−20.55

21.33
44.16−42.02

43.21
0.08−0.04

0.05
0.12−0.05

0.08 nd 0.15−0.02
0.08 nd

43 K-7-17; n = 15 36.96−33.77
34.58

35.80−20.96
23.12

43.92−4.99
42.23

0.10−0.03
0.06

0.22−0.01
0.03 nd 0.16−0.01

0.06 nd

Hydrothermal vein Apy2

44 KG-11-19; n = 43 35.66−31.59
33.02

22.62−19.03
20.50

49.97−41.76
47.52

0.07−0.02
0.03

0.16−0.01
0.04 0.002 0.22−0.01

0.06 nd
45 K-21-14; n = 24 35.57−33.24

34.58
23.09−19.18

21.70
47.53−41.11

43.46
0.07−0.03

0.05
0.04−0.01

0.01
0.02−0.01

0.01
0.16−0.03

0.08 nd

* Maximum−Minimum
Mean .

In Py1 and Py2, the total content of minor elements varies from 0.04 to 0.8 wt.%.
The As concentrations are within 0.01–0.31 wt.%, making up 30–70% of the total. About
10% of the analyzed pyrite grains refer to the arsenic-free variety because their As values
are below the detection limit of the probe. Py1 and Py2 have permanent minor elements
of Co (coefficient of variation (CV) = 48%) and Ni (CV = 104%). Their contents range as
follows: 0.02–0.2 wt.% Co and 0.02–0.33 wt.% Ni (Figure 9A,B). The Co/Ni ratio varies from
0.2 to 18.5; 70% of the analyzed grains have CCo > CNi, which are characterized by a strong
correlation (r = 0.74). Copper constitutes 5–6% of the total amount of trace elements in
Py1 and Py2 (0.02–0.11 wt.% Cu), and its content is variable, even within the same crystal.
Another constant but quantitatively insignificant minor element in Py1 and Py2 is Sb
(0.03–0.1 wt.% Sb). Correlation analysis revealed a Co–Ni–Pb geochemical association in
Py1. The empirical formula of sedimentary and metamorphic pyrite is Fe0.96–1.04Ni0.0–0.01
S2.00 (Ni is present in 18% of the analyzed grains).

In Py3, the total amount of minor elements varies from 0.38 to 3.27%, with the As
proportion higher than 75%. The As content in 47% of the analyzed grains is 1–3 wt.%.
The amounts Co, Ni, Cu, and Sb in Py3 are most subject to variation, but are generally
comparable with those in Py1 and Py2 (Figure 9C). Cu is present in all analyzed grains,
and its content varies from 0.02 to 0.2 wt.%, in rare cases ranging as high as 0.6 wt.%.
Nickel is present in significant amounts in 60% of the analyzed grains (0.02–0.48 wt.% Ni).
The Co/Ni ratio is from 0.2 to 32.5. In Py3, Co prevails over Ni, and their correla-
tion coefficient is moderate (r = 0.6). The Cu content does not exceed 0.12 wt.%, and
in 48% of the analyzed grains its concentration is below the detection limit. There is
a moderate correlation between Cu and Au (r = 0.48). About 30% of the analyzed
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grains have Pb with an average content of 0.04 wt.%. The metasomatic Py3 formula
is Fe0.98–1.08Ni0.0–0.01Co0.0–0.01S1.95–2.00As0.01–0.05.

 

Figure 9. Trace element contents by EPMA: (A) Py1; (B) Py2; (C) Py3; (D) Py4; (E) Apy1; (F) Apy2. Box boundaries are
first and third quartiles, and line in middle of box is median. Lower border of line shows minimum value, upper shows
maximum value, cross shows average value.

In veined Py4, the total content of minor elements varies from 0.49 to 2.62 wt.%,
of which 80–90% is As. Py4 is characterized by the permanent presence of Co, Ni, Cu,
and Sb, but their total content is low (0.04–0.18 wt.%) (Figure 9D). Co is the most stable
element (CV = 26%) with a content of 0.025–0.077 wt.%. The Ni in Py4 is the lowest of all
pyrite generations (0.002–0.054 wt.%). The Co/Ni ratio is >1.0, so there is no correlation
between these elements. The contents of Cu and Sb in Py4 remain unchanged, averaging
0.02–0.03 wt.%. A positive Sb–As correlation is observed (r = 0.6). A negative correlation
between As and S (r = –0.42; Figure 10B) indicates isomorphic As → S substitution in the
pyrite structure. The vein Py4 formula is Fe0.98–1.07S1.96–1.99As0.01–0.04.

 

Figure 10. Ratio of As and S in (A) Apy1 and (B) Py3.
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In Apy1 and Apy2, Co, Ni, Cu, and Sb are typochemical minor elements. In 70% of
analyzed Apy1 grains, the total content of trace elements does not exceed 0.2 wt.%. Ni
shows uneven distribution in Apy1 (CV = 179%) and is the most abundant trace element
(0.003–0.687 wt. % Ni) (Figure 9E). In 50% of analyzed Apy1 grains, the Cu concentration
is below the detection limit of the probe, and it seldom exceeds 0.01 wt.%. The content
of Co and Sb amounts to 0.06 wt.% on average. The formula of metasomatic Apy1 is
Fe0.93–1.04As0.86–1.01S0.99–1.14.

In veined Apy2, the contents of Co, Ni, Cu, and Sb are lower than in Apy1 and do not
exceed 0.24 wt.% in total (Figure 9F). Cobalt is a constant minor element; its content is two
times lower than in Apy1 (0.015–0.067 wt.% Co), but always exceeds the nickel amount
(Co/Ni = 1.1–22.5). Sb is steady and the most quantitatively significant minor element in
Apy1, accounting for about 60% of the total volume (0.01–0.22 wt.% Sb). Cu concentration
above the detection limit was recorded in only 20% of the analyzed grains and did not
exceed 0.02 wt.%.

4.2.2. Gold and Trace Element Concentrations in Py3 and Apy1 According to LA-ICP-MS
Data

The chemical composition of Py3 and Apy1 was studied in more detail, because
these generations are the most widespread and have an elevated content of invisible gold
(Table 2). According to the LA-ICP-MS data, Py3 contains, apart from typochemical ele-
ments (As, Co, Ni, Cu, and Sb), a number of trace elements, such as Zn (3.5–6.4 ppm, avg.
4.5 ppm), Ag (0.008–1.01 ppm, avg. 0.448 ppm), Cd (0.024–0.065 ppm, avg. 0.038 ppm),
Te (0.06–0.31 ppm, avg. 0.15 ppm), Pb (0.5–860 ppm, avg. 110.0 ppm), Bi (0.02–0.93 ppm,
avg. 0.26 ppm), Hg (0.01–0.36 ppm, avg. 0.21 ppm), and Au (0.1–15.9 ppm, avg. 3.4 ppm)
(Table 2). Correlation analysis revealed several geochemical associations. Au has a high
correlation with As (r = 0.9), Cu (r = 0.92), and Cd (r = 0.97).

According to LA-ICP-MS data, Apy1 grains contain, along with typochemical Co, Ni,
Cu, and Sb elements, a number of trace elements including Zn (0.7–15.0 ppm, avg. 3.9 ppm),
Ag (0.2–1.5 ppm, avg. 0.6 ppm), Te (0.01–8.00 ppm, avg. 1.87 ppm), Pb (2.0–76.0 ppm (avg.
18.7 ppm), Bi (0.1–1.4 ppm, avg. 0.6 ppm), Hg (0.25–1.95 ppm, avg. 0.72 ppm), and Au
(0.3–6.1 ppm, avg. 1.5 ppm) (Table 2). Correlation analysis revealed several geochemical
associations. Au has a moderate correlation with Cu (r = 0.59) and Zn (r = 0.63).

4.3. Gold Content of Sulfides from Proximal Metasomatites and in Veins

Table 3 shows the results of atomic absorption analysis of proximal metasomatites,
their sulfides, and sulfides in veins. The average Au content in Py3 is 12.51 ppm and in
Ag is 5.89 ppm. In Apy1, Au varies from 12.3 to 23.8 ppm (17.51 ppm on average), and
Ag from 0.43 to 11.83 ppm (6.48 ppm on average). Proximal metasomatites contain Au
from 0.001 to 5.29 ppm (0.81 ppm on average), and Ag from 0.007 to 0.14 ppm (0.06 ppm
on average). The Au grade in Py4 averages 29.30 ppm and in Ag 6.35 ppm; in Apy2 the Au
value amounts to 20.49 ppm, and in Ag 2.06 ppm.

136



Minerals 2021, 11, 403

T
a

b
le

2
.

D
at

a
of

LA
-I

C
P-

M
S

tr
ac

e
el

em
en

ta
na

ly
si

s
of

Py
3

an
d

A
py

1
of

K
ha

ng
al

as
go

ld
de

po
si

t(
al

lv
al

ue
s

in
pp

m
;b

dl
,b

el
ow

de
te

ct
io

n
lim

it
;n

d,
no

td
et

ec
te

d)
.

S
a

m
p

le
S

p
o

t
P

o
si

ti
o

n
A

s
T

i
V

C
r

M
n

C
o

N
i

C
u

Z
n

G
a

G
e

S
e

M
o

A
g

C
d

In
S

n
S

b
T

e
W

T
l

P
b

B
i

A
u

P
d

B
a

P
t

H
g

A
u

/A
g

K
-4

-1
7

A
sp

10
-6

-
21

8
1.

23
6.

3
1.

04
52

1
56

5
15

.9
15

0.
03

6
1.

99
32

3
1.

53
0.

9
nd

0.
04

8
0.

09
89

0
5.

9
2.

44
0.

04
5

9.
7

0.
71

3.
31

0.
02

5
2.

25
0.

05
1

1.
26

3.
68

K
-4

-1
7

A
sp

11
-1

1
-

20
60

5.
07

3.
4

1.
45

57
.5

93
7

4.
2

0.
03

5
2.

36
10

4
0.

56
0.

55
0.

57
0.

12
2

0.
68

38
5

0.
5

0.
83

0.
01

7.
41

0.
41

7
2

0.
01

2
2.

49
0.

03
3

0.
41

3.
64

K
-4

-1
7

A
sp

12
-1

4
-

37
.5

0.
20

4
2.

6
1.

16
52

4
53

4
14

3.
7

0.
05

5
1.

8
26

8
21

.6
0.

6
0.

16
0.

11
9

0.
18

72
1

1.
97

0.
12

9
0.

11
13

.5
0.

99
0.

57
4

0.
00

3
0.

29
0.

00
6

0.
3

0.
96

K
-4

-1
7

A
sp

13
-1

5
-

0.
8

0.
07

7
3.

3
1.

09
3.

24
6.

3
4.

6
5.

7
0.

01
9

1.
86

15
6

7.
16

0.
18

6
0.

07
0.

07
6

0.
22

41
6

0.
35

0.
01

6
0.

02
6

1.
95

0.
46

6
0.

25
5

bd
l

0.
28

bd
l

0.
42

1.
37

K
-4

-1
7

A
sp

14
-1

5
-

8
0.

13
2

2.
3

0.
3

7.
2

50
7.

9
3.

3
0.

08
5

1.
95

66
.9

7.
72

0.
47

nd
0.

11
9

bd
l

88
3

6.
2

0.
22

0.
03

38
.9

0.
40

2
0.

35
2

0.
00

2
0.

33
0.

02
8

0.
82

0.
75

K
-4

-1
7

A
sp

15
-2

5
-

0.
97

0.
19

4
2.

9
1.

71
4.

22
13

.6
19

10
0.

01
3

2.
01

18
7

1.
38

0.
41

0.
04

3
0.

13
3

0.
13

77
8

bd
l

bd
l

0.
01

2
5.

49
0.

89
6.

13
0.

00
1

0.
08

0.
05

7
0.

98
14

.9
5

K
-4

-1
7

A
sp

16
-2

6
-

1.
06

0.
06

9
0.

59
1.

35
10

70
16

80
7.

8
3.

6
0.

02
1

2.
17

32
9

9.
9

0.
55

0.
03

6
0.

11
4

0.
07

14
14

8
0.

19
0.

04
3

7.
83

1.
42

0.
7

0.
01

7
0.

34
0.

01
1.

95
1.

27
K

-4
-1

7
A

sp
17

-3
3

-
21

.7
0.

29
2.

7
1.

29
35

.7
76

9.
8

2.
55

0.
05

9
2.

01
10

7
20

0.
5

nd
0.

09
7

bd
l

92
6

0.
01

0.
08

2
0.

01
9

7.
12

0.
77

0.
88

bd
l

0.
11

0.
01

8
0.

63
1.

76
K

-4
-1

7
Li

ne
A

1-
1

-
29

5
0.

62
1.

15
nd

65
12

2.
1

8
2

0.
01

4
3.

82
12

6.
2

9.
22

0.
57

nd
0.

06
2

0.
12

6
55

0
0.

74
1.

68
0.

02
39

9.
18

0.
64

1
0.

48
8

bd
l

3.
1

bd
l

0.
51

0.
86

K
-4

-1
7

Li
ne

A
1-

2
-

24
2

0.
42

0.
71

nd
3.

7
8.

9
3.

44
0.

69
bd

l
4.

19
98

3.
05

0.
35

0.
1

0.
06

0.
3

37
8

bd
l

1.
17

0.
00

38
5.

43
0.

56
0.

44
bd

l
2.

2
bd

l
1.

03
1.

26
K

-4
-1

7
Li

ne
A

1-
3

-
32

0.
11

1
0.

27
nd

72
8

11
82

4.
57

1.
63

0.
00

79
3.

88
14

5.
7

6.
03

0.
38

8
nd

0.
05

9
0.

1
42

9
0.

7
0.

27
0.

00
49

5.
79

0.
63

6
0.

71
5

bd
l

0.
29

0.
00

4
0.

64
1.

84
K

-4
-1

7
Li

ne
A

2
-

3.
1

0.
08

9
89

nd
56

.5
18

4
6.

5
4.

3
0.

05
8

4.
06

48
.9

0.
15

6
0.

34
1

nd
0.

03
5

0.
12

19
3.

8
2.

34
0.

03
5

0.
04

4
36

.3
0.

11
3

2.
7

bd
l

4.
2

0.
01

2
0.

43
7.

92
K

-4
-1

7
Li

ne
A

2
-

2.
93

0.
02

5
5.

6
nd

10
.3

2
26

.1
2.

46
2.

47
0.

00
86

3.
8

93
.1

2.
34

0.
69

8
nd

0.
06

2
0.

09
1

20
8.

8
0.

24
0.

02
6

0.
01

76
76

0.
22

6
3.

16
bd

l
2.

61
0.

02
0.

95
4.

53
K

-4
-1

7
Li

ne
A

2
-

39
9

0.
94

5
1.

89
nd

40
1

87
4

2.
27

2.
3

0.
05

1
3.

89
11

8.
5

1.
5

0.
54

nd
0.

05
34

0.
26

2
32

8.
3

0.
28

0.
93

0.
02

97
11

.4
0.

45
4

0.
71

5
bd

l
2.

82
0.

03
3

0.
72

1.
32

K
-4

-1
7

Li
ne

A
2

-
72

0.
20

1
2.

2
nd

10
9.

7
25

0.
8

2.
05

1.
69

0.
02

2
4.

09
71

.2
8.

68
0.

44
8

nd
0.

05
2

0.
18

4
49

5
bd

l
0.

13
0.

01
78

6.
16

0.
71

2
0.

83
3

0.
01

6
0.

54
0.

00
8

0.
46

1.
86

K
-4

-1
7

Li
ne

A
2

-
99

0.
33

4
1.

98
nd

14
0

27
6

2.
07

2.
28

0.
03

14
3.

76
11

8.
5

11
.8

5
0.

37
6

0.
00

31
0.

05
44

0.
18

2
51

2.
6

0.
25

5
0.

45
1

0.
00

87
7.

46
0.

65
9

0.
31

9
bd

l
1.

08
0.

01
1

0.
57

0.
85

K
-4

-1
7

Li
ne

A
2

-
27

8
0.

61
3.

1
nd

14
.8

4
37

.5
6.

3
2.

29
0.

01
14

3.
67

13
0.

3
11

.0
7

0.
73

2
nd

0.
05

1
0.

21
8

55
0.

6
0.

35
0.

76
0.

00
67

60
.2

0.
75

9
0.

56
2

0.
02

4
1.

16
0.

01
0

0.
61

0.
77

K
-4

-1
7

Li
ne

A
2

-
77

90
15

14
.8

nd
32

.6
50

7.
91

2.
08

0.
16

3.
92

11
2.

9
11

.1
8

1.
49

nd
0.

03
7

0.
8

53
4.

3
0.

21
22

.6
0.

00
71

27
.4

0.
69

3
2.

43
0.

01
1

30
.5

0.
01

7
0.

25
1.

63
M

in
im

um
0.

8
0.

0
0.

3
0.

3
3.

2
6.

3
2.

1
0.

7
0.

00
79

1.
8

48
.9

0.
2

0.
2

0.
0

0.
04

0.
07

19
3.

8
0.

01
0.

02
0.

00
4

2.
0

0.
1

0.
3

0.
00

1
0.

08
0.

00
4

0.
25

0.
75

M
ax

im
um

77
90

.0
15

.0
89

.0
1.

7
10

70
.0

16
80

.0
19

.0
15

.0
0.

16
4.

2
32

9.
0

21
.6

1.
5

0.
6

0.
13

0.
80

14
14

.0
8.

00
22

.6
0

0.
11

0
76

.0
1.

4
6.

1
0.

02
5

30
.5

0.
05

7
1.

95
14

.9
5

A
ve

ra
ge

64
2.

3
1.

4
8.

0
1.

2
21

0.
3

33
5.

0
7.

3
3.

9
0.

04
0

3.
1

14
4.

7
7.

5
0.

6
0.

1
0.

08
0.

23
58

8.
5

1.
87

1.
88

0.
02

6
18

.7
0.

6
1.

5
0.

01
2

3.
04

0.
02

1
0.

72
2.

84
St

d
de

v
18

46
.3

3.
6

20
.5

0.
4

30
9.

8
47

1.
4

4.
8

3.
5

0.
03

8
1.

0
82

.0
6.

3
0.

3
0.

2
0.

0
0.

2
30

2.
5

2.
5

5.
2

0.
02

5
21

.0
0.

3
1.

6
0.

00
9

6.
97

0.
01

7
0.

41
3.

52
C

V
28

7%
25

2%
25

4%
35

%
14

7%
14

1%
66

%
89

%
94

%
32

%
57

%
84

%
51

%
14

0%
43

%
89

%
51

%
13

3%
27

9%
98

%
11

2%
46

%
10

5%
74

%
22

9%
79

%
57

%

K
-4

-1
7

Py
1-

1
48

90
24

70
7.

16
10

.3
0.

85
1.

13
14

.4
3.

96
3.

51
0.

19
7

2.
49

4.
4

0.
07

9
0.

92
nd

0.
00

5
0.

23
10

.1
9

0.
05

6
9.

71
0.

00
76

66
0.

24
3

0.
95

5
0.

00
8

3.
88

0.
06

2
bd

l
1.

04
K

-4
-1

7
Py

2-
3

71
10

0.
7

0.
02

8
0.

38
0.

57
0.

23
3

8.
2

0.
54

3.
62

0.
05

5
2.

67
6.

2
0.

21
0.

00
76

nd
0.

00
21

0.
11

0.
25

0.
21

0.
06

7
0.

01
8

0.
47

9
0.

04
8

0.
50

2
bd

l
0.

00
8

0.
00

73
0.

02
66

.0
5

K
-4

-1
7

Py
3-

4
43

90
8.

6
0.

11
6

0.
39

0.
82

17
.5

13
.4

1.
58

3.
8

0.
05

6
2.

59
2.

6
0.

64
0.

19
6

nd
0.

02
1

0.
05

9
2

0.
13

0.
05

5
0.

00
74

3.
71

0.
08

4
0.

23
6

0.
01

0.
16

0.
03

4
0.

01
1.

20
K

-9
-1

7
Py

4-
7

42
20

0.
78

0.
05

8
0.

52
0.

41
1.

15
74

.9
3

4.
2

0.
01

8
2.

46
7.

2
0.

05
9

0.
85

0.
02

4
0.

00
33

0.
03

3
40

7
0.

08
3

0.
01

9
0.

06
5

86
0

0.
93

0.
50

7
0.

00
36

0.
00

8
0.

02
9

0.
2

0.
60

K
-9

-1
7

Py
5-

8
17

48
0

36
.1

0.
35

0.
98

0.
4

7.
05

39
19

4.
7

0.
19

2.
71

3.
5

0.
04

7
0.

05
5

0.
03

6
0.

01
7

0.
07

6.
19

bd
l

0.
08

0.
04

7
3.

35
0.

09
8.

83
0.

01
1.

83
0.

03
7

0.
33

16
0.

55
K

-9
-1

7
Py

6-
10

17
26

0
23

90
8.

42
7.

9
1.

53
21

.3
56

.9
18

5.
3

0.
19

1
2.

66
4.

5
0.

71
0.

8
0.

06
5

0.
01

05
0.

31
40

.1
0.

06
8.

66
0.

08
9

26
.7

0.
44

6
15

.8
5

0.
01

3
4.

68
0.

06
4

0.
36

19
.8

1
K

-1
4-

17
Py

7-
11

10
28

0
77

0.
23

5
0.

58
7.

55
50

5
69

0
7.

3
6.

4
0.

00
9

2.
69

52
.1

1.
04

1.
01

0.
02

7
0.

00
12

0.
07

8.
42

0.
31

0.
11

2
0.

03
23

.3
0.

45
7

2.
5

0.
00

27
0.

15
1

0.
04

4
0.

33
2.

48
K

-1
4-

17
Py

8-
13

68
20

79
0.

10
5

1.
09

0.
74

41
.6

12
98

1.
4

4.
65

0.
03

6
2.

7
40

.3
0.

29
0.

06
2

nd
bd

l
0.

1
1.

05
0.

21
0.

09
6

0.
00

28
2.

75
0.

04
3

0.
14

3
0.

00
28

0.
05

0.
01

3
bd

l
2.

31
K

-4
2-

17
Py

9-
18

80
30

20
8

0.
27

4
0.

77
0.

73
43

.5
64

.9
1.

29
4.

22
0.

01
8

2.
63

73
.6

bd
l

0.
12

8
nd

0.
00

31
0.

03
1

bd
l

0.
56

bd
l

3.
34

0.
02

4
1.

02
8

0.
00

7
0.

00
8

0.
01

bd
l

30
4.

69
M

in
im

um
42

20
.0

0.
7

0.
02

8
0.

38
0.

40
0.

23
8.

2
0.

5
3.

5
0.

0
2.

5
2.

6
0.

05
0.

01
0.

02
4

0.
00

1
0.

03
0.

3
0.

1
0.

0
0.

00
3

0.
5

0.
02

0.
1

0.
00

3
0.

01
0.

01
0.

01
0.

6
M

ax
im

um
17

48
0.

0
24

70
.0

8.
42

10
.3

0
7.

55
50

5.
0

12
98

.0
19

.0
6.

4
0.

2
2.

7
73

.6
1.

04
1.

01
0.

06
5

0.
02

1
0.

31
40

7.
0

0.
3

9.
7

0.
08

9
86

0.
0

0.
93

39
.0

0.
01

3
4.

68
0.

06
0.

36
30

4.
7

A
ve

ra
ge

89
42

.2
58

5.
6

1.
86

2.
55

1.
51

70
.9

25
1.

1
6.

2
4.

5
0.

1
2.

6
21

.6
0.

38
0.

45
0.

03
8

0.
00

8
0.

11
52

.9
0.

2
2.

2
0.

03
3

11
0.

0
0.

26
7.

6
0.

00
7

1.
20

0.
03

0.
21

62
.1

St
d

de
v

51
47

.9
10

47
.8

3.
38

3.
77

2.
29

16
3.

6
44

8.
4

7.
2

0.
9

0.
1

0.
1

26
.7

0.
37

0.
43

0.
02

3
0.

00
7

0.
10

13
3.

4
0.

1
4.

0
0.

03
1

28
2.

1
0.

30
12

.9
0.

00
4

1.
85

0.
02

0.
16

10
5.

3
C

V
58

%
17

9%
18

2%
14

8%
15

1%
23

1%
17

9%
11

6%
20

%
96

%
3%

12
4%

96
%

96
%

61
%

95
%

85
%

25
2%

70
%

18
6%

94
%

25
7%

11
5%

17
0%

60
%

15
5%

63
%

79
%

137



Minerals 2021, 11, 403

Table 3. Results of atomic absorption analysis of proximal metasomatites, their sulfides, and sulfides
in quartz veins.

Sample Mineral/Rock
Content

Au/Ag
Au, ppm Ag, ppm

K-4-17 Ру3 7.39 8.73 0.8
K-9-17 Ру3 21.4 5.64 3.8
K-9-17 Ру3 22.37 7.8 2.9

K-14-17 Ру3 3.54 1.31 2.7
K-14-17 Ру3 0.76 1.15 0.7
KG-9-19 Ру3 4.89 2.74 1.8
KG-32-19 Ру3 10.06 5.44 1.8
KG-20-19 Ру3 11.87 6.54 1.8
K-13-18 Ру3 3.67 6.95 0.5
KG-8-19 Ру3 39.32 17.38 2.3
KG-30-19 Ру3 12.36 1.13 10.9

Average 12.51 5.89
Std dev 11.32 4.71

CV 91% 80%

K-4-17 Aру1 12.3 0.43 28.6
KG-26-19 Aру1 16.44 11.83 1.4
KG-29-19 Aру1 23.8 7.2 3.3

Average 17.51 6.49
Std dev 5.82 5.73

CV 33% 88%

KG-23-19 Ру4 27.07 4.46 6.1
K-5-17 Ру4 9.42 3.47 2.7

KG-34-19 Ру4 51.42 11.13 4.6
Average 29.30 6.35
Std dev 21.09 4.17

CV 72% 66%
KG-35-19 Aру2 20.49 2.06 9.9

K-4-17 Sandstone with sulfides and quartz veinlets 0.084 0.088 1.0
K-9-17 Sandstone with sulfides and quartz veinlets 0.740 0.084 8.8

K-14-17 Sandstone with sulfides 0.001 0.032 0.0
K-25-17 Sandstone with sulfides 0.240 0.042 5.7
K-27-17 Sandstone with sulfides 0.059 0.007 8.4
K-28-17 Sandstone with sulfides 0.064 0.097 0.7
K-40-17 Sandstone with sulfides 5.29 0.142 37.3
K-41-17 Siltstone with pyrite 0.006 0.041 0.1

Average 0.81 0.07
Std dev 1.83 0.04

CV 225% 66%

4.4. Sulfur Isotopic Composition of Sulfides

The sulfur isotopic composition of sulfides at the Khangalas deposit has a narrow
range of negative δ34S values close to 0 (−2.0 to 0.6‰) (Table 4), for gold-bearing Py3 it is
δ34S = −0.6‰ (21.4 ppm Au, K-9-17), for Apy1 it is δ34S = −1.2‰ (12.3 ppm Au, K-4-17),
and for Apy2 it is δ34S = −2.0 ‰ (KG-35-19).

Table 4. Sulfur isotopic composition of sulfides from metasomatites of Khangalas deposit.

№ Sample Generation δ34SVCDT (‰)

1 K-4-17 Apy1 −1.2
2 KG-9-19 Apy1 −1.4
3 K-9-17 Py3 −0.6
4 KG-32-19 Py3 −1.3
5 KG-35-19 Apy2 −2.0
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5. Discussion

5.1. Pyrite and Arsenopyrite Types and Textures

The formation of pyrites took place for a long time, under changing physicochem-
ical conditions, which is reflected in the morphology of crystals and the place of their
formation. The morphology becomes more complex: from framboid and cubic forms
to pentagonal dodecahedra. Rounded (framboid) microaggregates of Py1 were formed
during the sedimentary–diagenetic stage of the clastic strata deposition subsequent to a
change in the redox potential of the sedimentation environment. Py1 accumulations are
often arranged parallel to the rock bedding. Some framboids have a zonal structure with
fragments of rocks and minerals present in the central part. In part, early pyrites served as
a substrate/nucleus for metamorphic Py2 formed during recrystallization. Accumulations
of finely crystalline Py2 are confined to microfractures and foliation planes formed in the
process of dislocation-metamorphic transformation of rocks. Py2 underwent cataclasis
under the effect of late deformation processes. Py3 was developed in the wall rock zones;
it has cubic and pentagonal-dodecahedral forms. The complication of crystal forms is
accompanied by a change in the type of conductivity and the appearance of defects in the
crystal lattice, which is a positive factor for isomorphic Au substitution into pyrite. Py3 is
also characterized by a zonal or block structure, which provides the possibility for gold
adsorbtion at interphase boundaries and crystal growth planes [54]. In quartz veins, Py4
occurs as intergrowths and aggregates, less often as individual grains altered in the course
of cataclasis and corrosion processes. They contain numerous inclusions of late sulfides
and native gold.

In the zone of wall rock metasomatism, along with Py3, euhedral short prismatic Apy1
is developed. It forms disseminated grains and intergrowths, as well as aggregates and
microveinlets. Macroinclusions are most often represented by silicate minerals entrapped
during the crystal growth. Late sulfides, sulfosalts, and native gold are recorded as
microinclusions, which are confined to the crystal growth zones. From the results of AFM
analysis, Vorobiev and Kozyrev [54] came to the conclusion that Au (III) is sorbed to a
greater extent on the FeAsS surface, being reduced to Au (0). Thus, it can be assumed that
the gold content of metamorphic arsenopyrite is partially related to the adsorption of gold
nanoparticles on the crystal growth surfaces. Vein Apy2 forms nests and clusters, often
in association with Py4. In some Apy2 grains, zoning is observed, which is expressed by
microtextures of replacement of the central part of the crystals by late sulfides and native
gold.

5.2. Composition of Pyrite and Arsenopyrite

All generations of pyrite and arsenopyrite from the Khangalas deposit have a non-
stoichiometric composition. Elevated and reduced Fe/(S + As) values are observed (Py1:
0.48–0.52; Py2: 0.48–0.53; Py3: 0.47–0.54; Py4: 0.49–0.53; Apy1: 0.42–0.52; Apy2: 0.45–0.51).

The As/S atomic ratio is an indicator of the temperature in the sulfur-buffer group,
i.e., it increases with increasing temperature (see [55–57], etc.). Apy1 from the Khangalas
deposit has As/S < 1 (0.81 to 0.93). For Apy2, this ratio is higher: 30% of the analyzed
grains have As/S > 1 (1.01 to 1.08). Kovalchuk et al. [55] studied the composition of
arsenopyrite at the Vorontsovskoye deposit (Northern Urals, Russia) and showed that
in arsenopyrite enriched in sulfur and depleted in gold, the ratio is As/S < 1, and in
arsenopyrite depleted in sulfur and enriched in gold it is As/S > 1. The crystallization
temperature and fugacity of sulfur in Apy1 are higher than in Apy2. These data suggest
that the Apy2 vein of the Khangalas deposit crystallized at a higher temperature and S
fugacity than Apy1. Arsenopyrite from the Khangalas deposit is characterized by negative
correlation coefficients between As and S (r = –0.65 for Apy1 (Figure 10A) and r = –0.85 for
Apy2), which reflects their pairwise replacement during crystallization [56,58–61].

Microprobe analysis of the chemical composition of pyrite and arsenopyrite revealed
a range of stable minor and trace elements in them. The main indicator element in pyrite
is As. Pre-ore pyrite has As ≤ 0.3 wt.%, while syn-ore pyrite exhibits As ≥ 0.3 wt.%. In
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diagenetic and metamorphic pyrites, As makes up 30–35% of the total volume of trace
elements; in the ore-stage metasomatic and vein pyrite, the proportion of As reaches
85–91% (max 3.19 wt.% As). The distribution of As in pyrite is uneven even within one
grain. For Py1 and Py2, increased As content in the center of grains is often observed; for
Py3 and Py4, blocks of maximum As content are characteristic.

Other typochemical minor elements (Co, Ni, Sb, Cu, Pb) are present in all genera-
tions of pyrite and arsenopyrite, and their proportion decreases from the pre-ore to the
hydrothermal stage (Figure 11).

 

Figure 11. Variations in total content of Co, Ni, Sb, Cu, and Pb (wt.%) in sulfides of different
generations, Khangalas deposit. Box boundaries are first and third quartiles, and line in middle of
box is median. Lower border of line shows minimum value, upper shows maximum value, cross
shows average value.

Pyrite of early generations (Py1, Py2) is persistent in Cu content. In hydrothermal-
metasomatic Py3 and Py4, the Cu content is reduced, and in Apy1 and Apy2, Cu concen-
tration above the detection limit is found in only few grains. Most likely, this is due to
the isomorphic Cu → Au substitution in sulfides.

Sb is a permanent trace element in pyrites and arsenopyrites. It can enter the pyrite
structure isomorphically by replacing S to form [S–Sb]3− or [Sb–Sb]4− dumbbells [62].
The negative correlation (r = 0.3–0.6) between antimony and iron indicates the possibility
of isomorphic Fe → Sb substitution.

The presence of As, Co, Ni, Sb, Cu, and Au in Py1 is related to muds enriched in
organic matter laid down by the water of marginal oceanic basins or inland seas [63,64].
They were isomorphically incorporated into Py1. During regional dislocation-metamorphic
events, the processes of recrystallization of Py1 and redistribution of trace elements in it
took place. For example, in Py2, a drop in Co and Sb content and a slight increase in Ni
value are observed. Under the influence of hydrothermal-metamorphic solutions, pyrite
gets freed of early trace elements and becomes enriched in As, Sb, and Au. Thus, according
to the results of microprobe analysis, we observe regular changes in the range and content
of trace elements in pyrite and arsenopyrite during their formation and transformation.
This is evidenced by the concentration of elements and the degree of supersaturation of
the solution during crystallization and recrystallization of sulfides [65].
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5.3. Invisible Gold and Its Relationship with Other Elements in Py3 and Apy1 According to
LA-ICP-MS Data

Trace elements revealed by the LA-ICP-MS method in Py3 and Apy1 can be divided
into several independent groups according to the degree of their connection. A stable
paragenetic association with strong correlations (r = 0.8–0.9) in both pyrite and arsenopyrite
is formed by the trace elements of the first group: Ti, V, W, Sn, Ga, Ba, Ag, Pt, and Pd.
Py3 also includes Cr and Au, with a moderate degree of correlation (r = 0.5–0.6). They
do not form isomorphic substitutions in pyrite and arsenopyrite; they are present as
nanoinclusions. The enrichment of sulfides with trace elements of the first group could
partly be due to the entrapment of microinclusions of early minerals during crystal growth.
The second stable geochemical association, Cu–Zn–Au, is connected with a polysulfide vein
association of the hydrothermal stage of mineral formation. The minerals of these elements
(chalcopyrite, sphalerite, and native gold) are present in Py3 and Apy1 in the form of
nano- and microinclusions. Both pyrite and arsenopyrite are characterized by strong Sb–Bi
and Se–Te correlations. In Apy1, these elements can be combined into one geochemical
association, which also includes Co and Ni. For Py3, the Sb–Bi pair is supplemented by Pb,
and one more stable Co–Mn–Mo–Se–Te geochemical association is observed. It is possible
that the enrichment with these elements occurred at later stages of mineral formation, due
to a deeper source. In general, these data confirm the conclusions of many researchers
regarding different depth sources for fluids at the gold ore objects of the YKMP [66,67].

LA-ICP-MS trace element analysis of metasomatic Py3 and Apy1 made it possible not
only to determine a range of trace elements, but also to analyze the relationship between
Au and various components of the system. Trace elements, including Au, can be found in
pyrite in various forms: solid solution, nanoparticles, and microinclusions [15,17,61,68,69].

Using a scanning electron microscope, microinclusions of native gold about 15 μm
in size were detected in only one sample out of about 200 examined Py3 and Apy1 grains
(Figure 6G). All other inclusions are galena, sphalerite, and chalcopyrite, and less of-
ten tetrahedrite and freibergite. This allows us to conclude that the elevated Au con-
tent in Py3 and Apy1 may be due to the presence of micro- and nanoinclusions of na-
tive gold. Low content is typical for gold incorporated in the crystal lattice of pyrite or
its defects [17,60,68,70–72].

5.3.1. Invisible Gold in Py3

For Py3, a negative correlation is observed between Fe and Au (r = −0.6) (Figure 12A),
which indicates an isomorphic Au ↔ Fe substitution [61]. A comparison of the physical
characteristics of iron (atomic mass 55.85; Fe2+ ionic radius r = 0.80 Å) and gold (atomic
mass 196.96; Au3+ ionic radius r = 0.85 Å; Au+ r = 1.37 Å) also confirms the possibility
of isomorphic incorporation of Au into pyrite [73,74]. Chouinard et al. [75] proposed a
conjugate substitution mechanism of Au3+ + Cu+ ↔ 2Fe2+ or Au+ + Cu+ + Co2+ + Ni2+ ↔
3Fe2+ types (Figure 13B,C). According to Wang et al. [61], the marked negative relationship
between (Au + As) and Fe in Py3 (Figure 12D) suggests that Au and As entered the lattice
through isomorphic substitution for Fe under conditions of high oxygen fugacity (fO2).

There is a very close correlation between Au and As in Py3 from the Khangalas
deposit (r = 0.9) (Figure 12E). Such a close relationship between Au and As (r > 0.5) in
pyrite and arsenian pyrite from various types of gold deposits has been noted by many
authors [17,60,68,71,76], etc. Elevated As content is characteristic of pyrite with excess iron
(S/Fe = 1.9–1.98). In the pyrite structure, As isomorphically replaces S (Fe1.00(S1.98As0.02)2.00)
to form, in some cases, arsenian pyrite (As > 1.7 %), which is typical for reducing conditions
(see [60,77], etc.). Reich et al. [60] noted for epithermal and Carlin-type deposits increased
Au solubility in the pyrite structure with increasing As content: CAu = 0.02 · CAs + 4 × 10−5.

Based on EPMA, LA-ICP-MS, SIMS, and l-PIXE analyses, Deditius and co-authors [71]
studied the mechanism of Au and As incorporation and the solubility of gold in pyrite
from various types of deposits. In addition to the Carlin and epithermal types, pyrites
from porphyry Cu, Cu–Au, orogenic (OGD), volcanic-massive sulfide (VMS), iron-oxide
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copper-gold (IOCG), Witwatersrand Au, and coal deposits were studied. Deditius et al. [71]
found that on the Au–As diagram, the analysis of pyrite from gold deposits showed that
they form a wedge-shaped zone and most of the data points fall below the Au saturation
line of the solution determined by Reich et al. [60] (Figure 12E). They show that Au+ is the
dominant form of gold in the arsenian pyrite of the studied deposits. Analytical data [60]
indicate that the Au solubility limit in arsenian pyrite of epithermal deposits is defined
by an Au/As ratio of ~0.02. The solubility limit of Au in pyrite of orogenic deposits is
lower (~0.004) [71].

 

Figure 12. Binary correlation diagrams for Ру3: (A) Fe vs. Au; (B) Fe vs. Au + Cu; (C) Fe vs. Au + Cu + Co + Ni; (D) Fe
vs. Au + As; (E) As vs. Au; (F) Ag vs. Au, field of orogenic gold deposits (OGDs) and sedimentary Py after Large and
Maslennikov [68]; (G) As vs. Te; (H) S vs. Te + As.

Our LA-ICP-MS results for Py3 are in good agreement with those of Reich et al. [60]
and Deditius et al. [71]. Figure 13F shows that, in the Au–As (ppm, log) coordinates, all sam-
ples of the studied Py3 from the Khangalas deposit fall into the field of structurally bound
gold (Au+). These results are confirmed by the rather low Au content in the analyzed Py3:
in most samples, Au does not exceed 2.5 ppm (Table 2). Earlier, Tauson et al. [76] showed
that the content of the Au+ structural form in the studied pyrite samples from deposits
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of different genetic types in Russia (large Natalka and Degdekan orogenic gold-quartz
deposits, Dukat volcanogenic-plutonogenic Au–Ag deposit, Dalnee and Oroch volcanic
Au–Ag deposits, Sukhoi Log giant deposit with a debated genesis, Pokrovskoye epithermal
Au–Ag deposit, Amur Dikes deposit with an unconventional type of mineralization, and
Zun–Kholbinskoye deposit with a controversial genesis) and Uzbekistan (Kochbulak and
Kyzylalmasay epithermal Au–Ag deposits) does not exceed ~5 ppm. Similar results were
obtained by Deditius et al. [71] for pyrite from orogenic gold deposits, which, according
to their data, contains less than 100 ppm Au. The higher Au content is mainly due to
the presence of nano- and microparticles of native gold [78]. The occurrence of native
superficially bound Au0 in sulfides of metasomatites is reported from deposits of various
genetic types [60,68,76,79].

 

Figure 13. Binary correlation diagrams for Aру1: (A) Fe vs. Au; (B) Au vs. S; (C) As vs. Au.

Keith et al. [70] applied the Au solubility line [60] to the Te–As system, which made
it possible to distinguish between Te in a solid solution and Au-tellurides in inclusions
in pyrite. As shown in Figure 12G, the Te–As values are below the Au solubility line,
which indicates that Te is incorporated in the Py3 lattice. This is confirmed by the fact
that no Au-telluride microinclusions were found in Py3 grains under a scanning electron
microscope. There is a weak positive correlation between As and Te (r = 0.24), while the
relationship between As + Te and S in Py3 is negative (Figure 12H); nevertheless, it is
known that As significantly affects the appearance of Te nano- and microinclusions in
pyrite due to structural distortions [70].

One of the criteria for discriminating between sedimentary and hydrothermal-
metasomatic disseminated orogenic pyrite in sedimentary rocks is the Ag/Au ratio. Ac-
cording to Large and Maslennikov [68] and Gregory et al. [80], disseminated arsenian
pyrite from deposits with Au–As associations (Mt. Olympus, Macraes) has small Ag/Au
values (up to 1), while sedimentary pyrite features a higher Ag/Au ratio (up to 1000).
The Ag/Au ratio in Py3 from the Khangalas deposit ranges from 0.01 to 1.7 (0.5 on average).
Figure 12F shows the average Ag/Au ratio for Py3 of the Khangalas deposit, which falls
within the field of orogenic deposits and is consistent with the results of [68].

5.3.2. Invisible Gold in Apy1

The relationship between Au and Fe indicates the form of gold occurrence in ar-
senopyrite (see [55,58], etc.). Figure 13A shows an inverse correlation between Au and Fe
in Apy1 of the Khangalas deposit, which is strong (r = −0.9) at Au > 2 ppm, and weak at
Au < 2 ppm (r = −0.18). The strong inverse correlation between Au and Fe is due to
isomorphic Au → Fe substitution in the arsenopyrite structure at Au > 2 ppm [55].

No direct Au vs. S or Au vs. As correlations are identified (Figure 13B,C), which
is probably due to the heterogeneous composition of Apy1. As shown in Figure 13C,
the Au/As values fall into the zone below the Au saturation line [60], which indicates
the predominance of the Au+ structurally bound form in Apy1. This is confirmed by
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the low Au content (<6.1 ppm) in Apy1. At the same time, the results of atomic absorption
analysis revealed high Au content in the bulk samples of Apy1 (Table 2), which indicates
the presence of nano- and microparticles of native gold.

Correlation plots for Au concentrations with Ag, Pb, Cu, Ni, Co, Bi, Sb, and Te in
Apy1 are shown in Figure 14A–H. Gold and silver do not show a significant correlation
(Figure 14A), but gold has a noticeable positive correlation with Cu and Zn. A close positive
correlation between Cu, Zn, and Pb elements and Au is recorded for arsenopyrite from
layered quartz veins of the Samgwang deposit (Korea) [58]. In the Au vs. Pb correlation
diagram (Figure 14B), a weak negative relationship (r = −0.39) is observed for Apy1 from
the Khangalas deposit.

 

Figure 14. Correlation diagrams for Apy1: (A) Au vs. Ag; (B) Au vs. Pb; (C) Au vs. Cu; (D) Au vs. Ni; (E) Au vs. Co; (F) Au
vs. Bi; (G) Au vs. Sb; (H) Au vs. Te; (I) Ag vs. Pb. Distribution of some elements (K) inside Apy1 grain (sample K-14-17) (J).
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At the same time, Figure 14K shows that Au–Pb–Cu have a highly positive relationship
in the Apy1 crystal. Qualitative line scanning with the use of LA-ICP-MS analysis has
proved to be effective in recognizing variations in trace element concentrations in zoned or
altered sulfide grains (Py, Apy) [58,81–83]. Using this method, we found that concentrations
of invisible Au, Pb, and Cu tend to decrease from the rim to the core of the grains, while the
contents of Co and Ni are noticeably higher in the central zones of the crystals (Figure 14K).
A similar variation in the amount of trace elements within arsenopyrite of the Samgwang
orogenic deposit (Korea) was shown by Lee et al. [58], who attributed this fact to later
hydrothermal alteration. For the Khangalas deposit, the increased Au, Pb, and Cu in
the rim of the Apy1 grain is associated with the input of a portion of fluids enriched in
Au-polysulfide association. The rest of the trace elements do not show any clear regularity
in their distribution within the Apy1 grain.

Apy1 from the Khangalas deposit shows a noticeable positive correlation of Au with
Ni and Co (Figure 14D,E). This may indicate [58] the involvement of basic and ultraba-
sic sources in ore formation at the Khangalas deposit. The lack of correlation between
Au and Bi, Sb, and Ag in Apy1 (Figure 14A,F,G) and the marked positive correlation
between Ag and Pb (Figure 14I) indicate the contribution of Ag-, Bi-, and Sb-containing
fluids to the formation of deposits, which is typical for the metallogenic specialization of
the region [8,84,85].

Thus, LA-ICP-MS trace element analysis data show that Au in Apy1 and Py3 of
the Khangalas deposit is present in the form of both invisible gold (solid solution in the
crystal lattice/nanoparticles with a size of <100 nm) and native gold. The predominant
form is the solid solution Au+ in the Py3 and Apy1 crystal lattices.

5.4. Gold Content of Proximal Metasomatites and Their Sulfides

The results of atomic absorption analysis of the proximal metasomatites and their
sulfides at the Khangalas deposit showed that average Au content in Py3 (12.51 ppm)
and Apy1 (17.51 ppm) is lower than in veined Py4 (29.30 ppm) and Apy2 (20.49 ppm,
one measurement). For the proximal metasomatites, average Au content with a highly
uneven distribution (CV = 225%) was 0.81 ppm. Taking the average Au content at
0.5 ppm, the length of the ore body at 1400 m, and the thickness of the proximal meta-
somatites at 50 m, the gold resources of Khangalas deposit to a depth of 100 m would
amount to 9.1 t Au. A significant contribution of disseminated mineralization to gold
reserves is also reported for other orogenic deposits of the Yana–Kolyma metallogenic belt
(Natalka [10,11], Degdekan [11], Drazhnoe [86], etc.). For example, for the Drazhnoe de-
posit (Upper Indigirka sector of the YKMB), with reserves of 49.8 tonnes of gold with an
average grade of 2.86 ppm, the contribution of disseminated sulfide ores with invisible
gold is estimated at 75% [86,87].

5.5. Sources of Metals
5.5.1. Pyrite Genesis as Evidenced by Co/Ni Ratio

The Co/Ni ratio reflects the genesis of pyrite [61,88–90]. In the studied samples,
Co/Ni varied over a wide range (0.2–46.0), but in most analyses CCo > CNi (Co/Ni > 1.0).
Increased Ni content (Co/Ni = 0.2–0.8) is characteristic of Py1 and Py2, and is recorded
in the central part of zoned Py3 crystals. Variable correlations are observed between Co
and Ni: a strong positive correlation (r = 0.64–0.73) in Py1 and Py2, a negative correlation
(r = −0.6) in grains with elevated Ni content, and no correlation between Co and Ni
in vein Py4 and Apy2. High concentrations of Ni in sulfides suggest, according to Lee
et al. [58], that mafic and ultramafic components introduced into hydrothermal fluids were
involved in the precipitation of sulfides (maximum 2230 ppm for Apy1, 1620 ppm for Apy2,
4830 ppm for Py3). Negative correlations between Co and Fe (r = −0.6) (Figure 15B) and
Ni and Fe (r = −0.1, Figure 15C) in Py3 indicate the presence of Ni and Co in the crystal
lattice through isomorphic substitution for Fe [61].
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Figure 15. Ratio diagrams of (A) Co/Ni, (B) Fe/Co, and (C) Fe/Ni for Ру3.

5.5.2. Origin of Hydrothermal Sulfides According to Stable Sulfur Isotopes

Examining stable isotopes in geological objects (rocks, mineralizing fluids, vein miner-
als, and ore deposits) has proven to be a powerful method that allows one to study their
genesis in detail [91]. The genesis and sources of ore matter in orogenic Au deposits are
controversial; first of all, the issue concerns the identification and assessment of the role of
host rocks and deep-seated (magmatogenic and/or metamorphic) ore-bearing fluids in the
process of ore formation (see [92–94] and references therein). The reported δ34S values for
sulfide minerals from orogenic gold deposits range from −20‰ to + 25‰ [92]. As sulfur
is an important complexing agent for gold, understanding the S source may be critical in
identifying the source areas of gold. A number of researchers came to the conclusion that
the δ34S composition in Phanerozoic deposits changes depending on the age of the host
rock [92,95,96]. The sulfur isotopic composition of sulfides from the Khangalas deposit is
in good agreement with these results (Figure 15B).

Based on the example of deposits in the Juneau gold belt [97] and on a comprehensive
analysis of Jiaodong Province, China [92], it was shown that sulfur entered the composi-
tion of ore-forming fluids during the metamorphic conversion of pyrite into pyrrhotite.
The sulfur source must have been a disseminated syngenetic/diagenetic pyrite in terranes
being devolatilized at depth [95,96].

For gold deposits of the Yilgarn craton, at δ34S ~ 0, it was determined that the ore-
forming fluid had a felsic magmatic or mantle-level source of sulfur [98]. The sulfur isotopic
composition (δ34S = 0.0 to −3.3‰) in a number of gold–sulfide deposits in Kazakhstan
indicates that the ore matter had a mantle-level source of sulfur with some contribution
from the crust [99,100].

The sulfur isotopic composition in clastic strata of the Upper Kolyma region varies
widely from −23.1 to +5.6‰ (Figure 16A) [19]. Tyukova and Voroshin [19] compared
the δ34S of accessory sulfides of host rocks with the δ34S of sulfides of gold deposits in
the Upper Kolyma gold-bearing region, and suggested the involvement of sulfur mobilized
from clastic strata in the hydrothermal process. It is believed that the most probable source
of sulfur in sulfides (δ34S −6.3 to + 2.6) from the Natalka orogenic deposit, the largest
in the region, is the host rocks of the Verkhoyansk clastic complex [101,102]. Sulfur and
arsenic were mobilized as a result of phase transformations of iron sulfides from clastic
strata during the transformation of pyrite to pyrrhotite in the course of metamorphism.

For the orogenic gold deposits of the Adycha–Taryn metallogenic zone of the YKMB,
a narrower interval of δ34S values is established: from −2.1‰ to +2.4‰ (Apy), from
−6.6 to +5.4‰ (Py), and from −6.1‰ to +4.2‰ (antimonite) (Figure 16) [8]. For example,
the δ34S values in sulfides are close to zero: −0.2‰ to +2.4‰ for Malo-Tarynskoe, −2.9‰
to −1.5‰ for Avgustovskoe, −3.6‰ to 1.3‰ for Kinyas, −1.7‰ to −1.2‰ for Pil, and
−4.4‰ to −0.7‰ for Elginskoe and other gold deposits. These data are interpreted by
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the authors as indicating a magmatic source of sulfur with some contribution from the host
rocks of the Verkhoyansk clastic complex.

We studied the S isotopic composition of Py3, Apy1, and Apy2 in five samples from
the Khangalas deposit, and obtained a narrow range of negative δ34S values from −2.0‰
to −0.6‰ (Figure 16, Table 4). Similar sulfur isotopic compositions of arsenopyrite and
pyrite of ore veins and disseminated mineralization of ore-hosting strata indicate their
formation during a single hydrothermal event. The δ34S values of sulfides from the
Khangalas deposit are close to those of the well-studied orogenic gold-sulfide deposits:
Natalka (Upper Kolyma region) [103]; Suzdalskoe, Zhaima, Bolshevik, and Zherek (Kaza-
khstan) [99,100]; and deposits of the Adycha-Taryn metallogenic zone [8] (Figure 16A). For
the large Nezhdaninskoe orogenic gold deposit in the Allakh–Yun metallogenic zone, deep
magma chambers (−5‰ to +1‰ for vein ores) and sulfides of host rocks (Figure 16A) are
considered as sulfur sources [104]. At the same time, the conclusions about the genesis of
the fluid components here are ambiguous, as in the case of the Muruntau deposit [105].
Thus, mantle/magmatic sulfur was involved in the formation of the Khangalas deposit, but
the participation of sulfur from the host rocks of the Verkhoyansk clastic complex cannot
be ruled out. The small volume of the conducted isotope studies does not make it possible
to represent the entire range of δ34S values for the Khangalas deposit. To obtain more
information about the sources of ore matter, a comprehensive analysis of all generations of
pyrite and arsenopyrite as well as thermobarometric and microelemental analysis of fluid
inclusions are required.

 

Figure 16. (A) S isotope composition of sulfides of Khangalas deposit [106–108]. Range of values of sulfur sources after
Ohmoto [109] and Kryazhev [94]. (B) Variation in δ34S values of sulfides in global sediment-hosted orogenic gold deposits after
Goldfarb et al. [96]. Heavy line and blue error envelope indicate seawater sulfate evolution curve from Claypool et al. [110].
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6. Conclusions

Four generations of pyrite (Py1, diagenetic; Py2, metamorphic; Py3, metasomatic; and
Py4, veined) and two generations of arsenopyrite (Apy1, metasomatic, and Apy2, veined)
have been identified at the Khangalas deposit. All sulfide generations are characterized by
nonstoichiometric compositions: Fe/(S + As) (Py1: 0.48–0.52; Py2: 0.48–0.53; Py3: 0.47–0.54;
Py4: 0.49–0.53; Apy1: 0.42–0.52; Apy2: 0.45–0.51) and contain As, Co, Ni, Cu, and Sb.
The main trace element is As, making up a major portion of the total amount.

For diagenetic Py1 and metamorphic Py2, the total content of trace elements varies
from 0.04 to 0.8 wt.%, and the share of As is from 30% to 70%. The most widespread and
commercially significant pyrite with a high content of invisible gold is Py3, which formed
in the wall rock metasomatites and occupies up to 3% to 3.5% of their volume. The total
content of trace elements in Py3 varies from 0.38% to 3.27%, and the proportion of As is
more than 75%.

The results of LA-ICP-MS trace element analysis provide information on the form
of occurrence of invisible gold in Py3 and Apy1. Some aspects of Au behavior in sul-
fides indicate the predominance of structurally bound Au+. A low Au content in sulfides
(Py3, avg. 1.5 ppm; Apy2, avg. 7.6 ppm) is interpreted by some researchers [76] as
an indicator of the structurally bound form of Au. In addition, the negative correla-
tion between Au and Fe established for Py3 and Apy1 indicates isomorphic Au ↔ Fe
substitution [52,55,58]. The close correlation between Au and As indicates that they have
a common genesis. Their distribution patterns relative to the line limiting the transition
of the solid solution Au+ to Au0 [57,71] also indicate the development of Au+ in Apy1
and Py3 from proximal metasomatites (Figure 13F,H). At the same time, a higher Au
content was found in sulfides and proximal metasomatites (Py3: 39.32 ppm Au by atomic
absorption; Apy1: 39.0 ppm by LA-ICP-MS). This may indicate the presence of micro-
and nanoinclusions of native gold in sulfides, which is confirmed by the detection, with
the use of a scanning electron microscope, of an Au0 microinclusion in the Py3 and Apy1
intergrowth in 1 out of about 200 grains studied. Indirect evidence of the presence of native
gold inclusions in sulfides may be the large number of dense phases detected by com-
puted microtomography. Isotope characteristics of hydrothermal sulfides (δ34S = −2.0‰
to −0.6‰) indicate that mantle/magmatic sulfur was involved in the formation of the
deposit, but the participation of sulfur from the host rocks of the Verkhoyansk clastic
complex cannot be ruled out.

The gold content of sulfides and proximal metasomatites determined during this study
indicate that the Khangalas deposit has higher commercial potential than was thought
before. It has much in common with other deposits of the Yana-Kolyma metallogenic
belt. The results of this work make it possible to re-evaluate the reserves of orogenic gold
deposits based on the study of disseminated sulfide mineralization with invisible gold. In
these respects, Khangalas provides an exploration model useful in targeting similar gold
deposits from the local to the regional scale.
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Abstract: The published and original data on the tellurium mineralization of gold ore deposits of
the Aldan Shield are systematized and generalized. The gold content is related to hydrothermal-
metasomatic processes caused by Mesozoic igneous activity of the region. The formation of tellurides
occurred at the very late stages of the generation of gold mineralization of all existing types of meta-
somatic formations. 29 tellurium minerals, including 16 tellurides, 5 sulfotellurides and 8 tellurates
have been identified. Tellurium minerals of two systems predominate: Au-Bi-Te and Au-Ag-Te. Gold
is not only in an invisible state in sulfides and in the form of native gold of different fineness, but also
is part of a variety of compounds: montbrayite, calaverite, sylvanite, krennerite and petzite. In the
gold deposits of the Aldan Shield, three mineral types are distinguished: Au-Ag-Te, Au-Bi-Te, and
also a mixed one, which combines the mineralization of both systems. The decrease in the fineness of
native gold is consistent with the sequence and temperatures of the formation of Te minerals and
associated mineral paragenesis from the epithermal–mesothermal Au-Bi-Te to epithermal Au-Ag-Te.
The conducted studies allowed us to determine a wide variety of mineral species and significantly ex-
pand the area of distribution of Au-Te mineralization that indicates its large-scale regional occurrence
in the Aldan Shield.

Keywords: tellurides; gold; Au-Bi-Te; Au-Ag-Te and mixed Au-Ag-Bi-Te mineral types; igneous
activity; alkaline magmatism; metasomatites; Aldan Shield

1. Introduction

One of the main sources of gold in Russia for many decades has been gold miner-
alization of the Aldan-Stanovoy Shield—the largest outcrop of the Early Precambrian
basement of the Siberian platform. The geological structure of the area includes two struc-
tural stages: the lower, crystalline basement, composed of metamorphosed Early Archean
gneisses, schists, and granites, and the upper, platform cover formed by the Vendian-Lower
Cambrian carbonate and Jurassic terrigenous rocks. Two large gold-bearing provinces,
Aldan and Stanovaya, are identified on the territory of the Aldan-Stanovoy Shield, located
respectively in the geoblocks (shields) of the same name.

The main gold reserves of the Aldan Shield (AS) are concentrated on the territory of
the Central Aldan ore District (CAD). The gold content is associated with hydrothermal-
metasomatic processes caused by large-scale Mesozoic igneous activity of the region,
involving the intrusion of massifs of subalkaline and alkaline high-potassium igneous rocks
of the Jurassic-Cretaceous age [1–12]. Ore-bearing hydrothermal-metasomatic formations
are represented by sericite-microcline metasomatites, beresites, gumbaites, jasperoids,
and argillizites.

Tellurium mineralization in the area of the Aldan Shield was first recorded in the 1970s
to 1980s. Epithermal gold-telluride mineralization was described by S. V. Yablokova (1975)
and A. A. Kim (1982, 1988, 1990, 2000) in the Kuranakhsky ore cluster of the CAD (Bokovoye
and Delbe deposits). In addition to the well-known tellurium and selenium minerals, new
mineral types of tellurates have been established: kuranakhite [13], yafsoanite, kuksite,
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cheremnykhite and V, Si-dugganite [14–17]. Recently, new information has appeared on
tellurium mineralization in the deposits and ore occurrences of the CAD in the ores of
Lebedinsky [18,19], Elkonsky [20–22], Dzhekondinsky [23,24], Yukhtinsky [25,26], and the
Nimgerkansky [27] ore fields, as well as a number of other gold ore objects outside the
CAD-Verkhne-Tokkinsky [28,29], Verkhneamginsky [30–34], Tyrkandinsky, Guvilgrinsky,
Altan-Chaidakhsky, and Verkhnealgominsky [35–38] (Figure 1).

 

Figure 1. The position of deposits and ore occurrences with telluride mineralization in the structures of the Aldan geoblock
of the Aldan-Stanovoy shield. Based on [39]: 1–4—terrains: granite-greenstone (WA—West-Aldan, EBT—Batomgsky,
2—tonalite-trondhjemite gneissic (TN—Tyndinsky), 3—granulite-gneissic (ANM—Nimnyrsky, CG—Chogarsky),
4—granulite-paragneissic (AST—Sutamsky, EUC—Uchursky); 5—zones of tectonic melange (am—Amginskaya,
kl—Kalarskaya, tr—Tyrkandinskaya); 6–8—ore districts with Te mineralization: 6—Au-Ag-Te, 7—Au-Bi-Te, 8—mixed.

The significance of the research of tellurides is proved by their important role as indica-
tor minerals of the physical and chemical conditions of the formation of gold mineralization,
as well as accessory minerals, containing a significant proportion of the gold reserves.

The purpose of the research: to systematize and summarize the scattered information
on Te mineralization of the region, to clarify their typomorphic properties and conditions of
ore formation, to typify and determine the patterns of their spatial position in the structures
of the Aldan Shield.

2. Materials and Methods

Typification of tellurium mineralization of gold deposits of the Aldan shield is carried
out on the basis of systematization and generalization of scattered known and original
data. About three hundred and fifty samples were collected from mine working of the
Verkhneamginsky, Nimgerkansky, Tyrkandinsky, Guvilgrinsky, Altan-Chaidakhsky, and
Verkhnealgominsky ore fields. The polished sections made from the samples were optically
examined using a Jenavert ore microscope in reflected light, with special attention being
directed toward identifying sulfides, sulfosalts, tellurides and native elements. These
minerals were analyzed on a Camebax-micro X-ray spectral microanalyzer and a JEOL
JSM-6480LV scanning electron microscope with an OXFORD energy spectrometer, where
the Back Scattered Electron images were taken at the Diamond and Precious Metal Geology
Institute, Siberian Branch, Russian Academy of Sciences (Yakutsk, Russia) (analysts N.V.
Khristoforova, S. K. Popova, S. A. Karpova). The quantitative analysis was carried out
using Software INCA Energy (Version 4.17, Oxford Instruments, Abingdon, Oxfordshire,
UK) with XPP matrix correction scheme developed by Pouchou and Pichoir. Operating
conditions included 20 kV voltage, a beam current of 1.08 nA and a beam diameter of 1 μm,
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measurement time 10 s. Analitical lines: Bi–Mα; Te, Pb, Ag, Sb, S–Lα; Cu, Fe, Zn, S–Kα.
Standards: gold 750%–Au, Ag, Bi2S3–Bi (bismuthinite), HgTe (coloradoite)–Hg, Te, CuSbS2
(chalcostibite)–Cu, Sb, S, Tl (Br,I)—Tl, ZnS (sphalerite)–Zn, CuFeS2 (chalcopyrite)–Fe, PbS
(galena)–Pb, FeAsS (arsenopyrite)–As. Element detection limits (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.

Microthermometric studies of fluid inclusions were carried out at the Department
of Mineralogy of St. Petersburg State University in a thermal chamber mounted on a
POLAM P-211 microscope, and also at the “Geomodel” Resource Center Saint Petersburg
State University on Olympus BX53F optical microscope complete with microthermometric
system THMSG-600-ec with LNP95 liquid nitrogen sample cooling system at temperature
range from −196 to +600 ◦C. The accuracy of temperature measurements is ±0.1 ◦C in the
temperature range from −20 to +20 ◦C. The composition of the liquid and vapour phases
of fluid inclusions in quartz was analyzed there on the Horiba LabRam HR800 Raman
spectrometer at the «Geomodel» Resource Center SPSU (analyst V.N. Bocharov), an Ar
laser with a wavelength of 514.5 nm and 488 nm, an exposure time of 3 s, the number of
repetitions—5, the laser power-50 MW, and the magnification of the microscope-50×.

3. Results

3.1. Tellurium Minerals

The tellurium mineralization of AS is characterized by a wide diversity of mineral
species. Currently, 29 tellurium minerals are found in the ores: 16 tellurides, 5 sulfotel-
lurides, and 8 tellurates, of which 2 are unidentified (Table 1). They usually form micro-and
nano-inclusions with a size of 1–20 μm, with the exception of the ores of the Bodorono and
Khatyrkhay deposits, where the sizes of tellurobismuthite and/or tetradymite reach 3 mm.
The shape of the grains is round-oval, elongated, needle-like, or irregular angular. Tel-
lurium minerals occur both as monoinclusions and in ensembles of two or three tellurides.

Table 1. Tellurium minerals of the Aldan Shield.

Tellurides Sulfotellurides Tellurates

calaverite (AuTe2) Te-canfieldite (Ag8Sn(S,Te)6) smirnite (Bi2TeO5)
montbrayite Au2Te3 cervelleite (Ag4TeS) kuranakhite (PbMnTeO6)
krennerite (AuAgTe) tetradymite Bi2Te2S yafsoanite ((Zn,Ca,Pb)3TeO6)
sylvanite (AuAg)2Te4 sulphotsumoite (Bi3Te2S) kuksite (Pb3Zn3TeO6(PO4)2)

petzite (Ag3AuTe2)
stutzite (Ag4.7Te)

goldfieldite
(Cu12(Te,Sb,As)4S13)

cheremnykhite
(Pb3Zn3TeO6(VO4)2)

hessite (Ag2Te)
volynskite (AgBiTe2)

V,Si-dugganite
(Pb3Zn3Te(As,V,Si)2O4(OH))

tellurobismuthite (Bi2Te3) Unidentified Tl tellurates
hedleyite (Bi7Te3)

tsumoite (BiTe)
Unidentified Tl

telluroantimonates
rucklidgeite (PbBi2Te4)

merenskyite ((Pd,Pt)(Bi,Te)2)
melonite (NiTe2)

altaite (PbTe)
coloradoite (HgTe)

Tellurium minerals of two systems predominate: Au-Bi-Te and Au-Ag-Te. The tel-
lurides of the Au-Ag-Te system are characterized by the greatest diversity. Seven minerals
have been identified. These minerals often form inclusions in pyrite, and are also found
in calcite, quartz, bornite, and tennantite (Figure 2). Among the minerals of the Au-Bi-Te
system, the most common are the tellurides of the tetradymite group (tellurobismuthite,
tetradymite, tsumoite, sulfotsumoite, and hedleyite). Tellurides are commonly found in
pyrite, galena, galenobismutite, chalcopyrite, pyrrhotite, and quartz (Figure 3).
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Figure 2. Au-Ag-Te mineralization: (a)—round-oval petzite (Pz) grains in pyrite (Py). Maiskoye ore field of the Tyrkandinsky
cluster, (b)—grain of cervelleite (Crv) with hessite (Hs) rim in native gold (Au), Spokoinoye ore field of the Tyrkandinsky
cluster, (c)—angular grains of hessite (Hs) and tellurobismuthite (Tbs) in the bornite (Bn)-tennantite (Tnt) matrix, Obman
ore occurrence of the Nimgerkansky cluster, (d)—intergrowth of tellurobismuthite (Tbs) with petzite (Pz) and calaverite
(Clv) grain in pyrite (Py), Granitnoye ore occurrence of the Nimgerkansky cluster.

3.2. Typification of Telluride Mineralization

The analysis of the species composition of Te minerals in the AS gold deposits allowed
us to identify three mineral types: Au-Ag-Te, Au-Bi-Te, as well as the type, where the
mineralization of both systems is combined and identified as a mixed one (Table 2).

3.2.1. Au-Ag-Te Mineral Type

The first type includes the deposits of the CAD–Kuranakhsky, Elkonsky, Yukhtinsky,
and Dzhekondinsky fields, as well as the mineralization of the Upper-Tokkinsky cluster and
the Khokhoy deposit of the Verkhneamginsky cluster. The Au-Ag-Te type is represented
more often by petzite, hessite, and supergene Te minerals, and less often by coloradoite,
altaite, and calaverite (Figure 2, Tables 3, 5 and 6). Bi tellurides are absent, the exception
is tellurobismuthite of the Podgolechnoye deposit, where it plays a subordinate role. The
extensive and diverse list of associated minerals includes selenides (clausthalite (PbSe),
naumannite (Ag2Se), tiemannite (HgSe)); sulfides (cinnabar (HgS), stibnite (Sb2S3), orpi-
ment (As2S3), acanthite (Ag2S), uytenbogaardtite (Ag3AuS2)); Ag chlorides and bromides
(chlorargyrite (AgCl), bromargyrite (AgBr)); emphasizes the epithermal of Au-Ag-Te type
ores. This mineral type also includes the low-temperature thallium mineralization of the
Khokhoy deposit of the Verkhneamginsky cluster, represented by thallium tellurates and
telluroantimonates with weissbergite (TlSbS2), avicennite (Tl2O3) and thallium antimonates
(Table 7) [33,40]. A characteristic feature of ores bearing Au-Ag-Te mineralization is the
susceptibility to supergene changes. In the ores of the Kuranakh deposit, the largest in AS,
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tellurides are represented exclusively by Au and Au-Ag species (sylvanite predominates),
Ag tellurides have not been identified. The minerals are characterized by a noticeable
concentration of Hg and Se, as well as a certain excess of Te in the composition (Table 3).
The sulfides associated with them are characterized by an impurity of Te and a deficiency
of S [14].

 

Figure 3. Au-Bi-Te mineralization: (a)—particles of native bismuth in bismuthinite (Bim) and Se-hedleyite (Se-Hd) grain
in quartz (Qz), the Bodorono deposit of the Verkhnealgominsky cluster, (b)—needle-shaped grain of tellurobismuthite
(Tbs) in quartz (Qz), the Bodorono deposit of the Verkhnealgominsky cluster, (c)—merenskyite (Mrk) in вpyrrhotite (Po),
the Dyvok ore occurrence of the Verkhnealgominsky cluster, (d)—the relationship of tetradymite (Ttd), bursaite (Brs),
sulphotsumoite (Sts) and native gold (Au), the Lagernoye ore occurrence of the Altan-Chaidakhsky ore cluster, (e)—grain
of tellurobismuthite (Tbs) in pyrite (Py) among feldspar (Fsp), the Malenkoye ore occurrence of the Guvilgrinsky ore
cluster, (f)—tabular grains of tellurobismuthite (Tbs) in quartz (Qz), the Khatyrkhay ore occurrence of the Verkhneamginsky
ore cluster.
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Table 7. Chemical composition of supergene Te minerals of the Khokhoy deposit.

Mineral Te Sb Tl O References

Tl tellurates (3) 20.22–21.89
21.00

60.85–61.77
61.29

17.24–17.45
17.37 unpublished

authors’ data
Tl telluroantimonates (4) 6.00–6.91

6.45
9.37–11.20

10.30
65.25–67.50

66.25
17.17–18.34

17.73

3.2.2. Au-Bi-Te Mineral Type

The deposits of the Guvilgrinsky and Altan-Chaidakhsky clusters, as well as the
Bodorono deposit of the Verkhnealgominsky cluster, are classified as the Au-Bi-Te type.
Bi tellurides are developed here, mainly tellurobismuthite, less often hedleyite, and Bi
sulfotellurides–tetradymite and sulphotsumoite (Figure 3, Table 2). The associated minerals
are native Bi, bismuthinite, Pb sulphobismuthites–lillianite (Pb3Bi2S6), bursaite (Pb5Bi4S11)
and cosalite (Pb5Bi2S5). Fe, Cu, and Pb impurities in Te minerals are often related to the
capture of the elements from matrix minerals–pyrite, pyrrhotite, galena, and chalcopyrite
(Table 4). Note the presence of Se-containing hedleyite and associated laitakarite and Se-
containing galena in the ores of the Bodorono deposit, as well as Pb-containing tetradymite
in the Altan-Chaidakh deposit. A large role of lead is generally characteristic of the Au-Bi-Te
type ores, as evidenced by the composition of the associated minerals.

3.2.3. Mixed Au-Ag-Bi-Te Mineral Type

The mixed-type deposits of the Lebedinsky, Nimgerkansky, Tyrkandinsky, and the
Khatyrkhay ore occurrences of the Verkhneamginsky and Dyvok of the Verkhnealgominsky
clusters contain minerals of both systems, and there are also single grains of such rare
minerals as merenskyite, rucklidgite, and melonite in the ores of the Dyvok occurrence
(Table 2) [38]. The associated minerals are diverse: native bismuth, galena, acanthite, scheel-
ite, tin, and Pb sulfobismuthides–lillianite (Pb3Bi2S6), bursaite (Pb5Bi4S11) and aikinite
(PbCuBiS3), Ag sulfobismuthide–matildite (AgBiS2), as well as Bi-containing tennantite-
annivite and tennantite. In the Te minerals of the Nimgerkan ore occurrence, Cu and Fe
impurities are recorded, captured from the surrounding minerals–pyrite, tennantite, and
bornite. A typical feature of the rare sulfotelluride Ag, cervelleite, is an impurity of Cu up
to 6wt%. The relationships of tellurides of both systems in the ores of the Nimgercansky
cluster demonstrate their syngenenticity, expressed in the spatial combination of angular
grains of tellurobismuthite and hessite without signs of substitution or intersection, as well
as the facts of intergrowth of tellurobismuthite and petzite (Figure 2c,d).

3.3. Gold Speciations

Gold in the ores of the AS deposits is present in three varieties: invisible gold in pyrite,
native gold, and gold in the composition of tellurides.

Studies of invisible gold by inductively coupled plasma mass spectrometry (LA-ICP-
MS) were carried out in pyrite from the Lunnoye, Samolazovskoye and Ryabinovoye
deposits (the Muscovitoviy and Noviy sites) [21]. It is noted that the primary ores of the
Lunnoye and Samolazovskoye deposits belong to refractory ores due to the significant
amount of gold associated with sulfides. It is identified that pyrite from fine-grained
aggregates is enriched with gold, as well as with As, Sb, Hg, and Tl correlating with it,
where its content at the Samolazovskoye field reaches 600 g/t, at the Lunnoye–300 g/t,
which exceeds the Au content in the coarser grained idiomorphic pyrite by two orders or
higher. The dynamics of ablation shows a relatively uniform distribution of impurities
in pyrite.

The average Au content in the pyrite of the Muscovitoviy ore occurrence of the
Ryabinovoye deposit is only 0.14 g/t, the Noviy ore occurrence in the porous pyrite is
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about 0.96 g/t, and in the massive one, 0.06 g/t. Cu, Pb, and Te are characterized by top-
cut grades associated with inclusions of minerals that concentrated of the corresponding
metals. The graph of changes in the contents of Au, Ag, and Te during ablation indicates
that the noble metals are present as inclusions of native gold with an Ag impurity and Au
and Ag tellurides. Gold in the porous pyrite of the Noviy site positively correlates with Ag
and Te; no significant correlations were found for the pyrite of the Muscovitoviy site [21].

Native gold, which is associated with tellurides, is of a usually porous structure.
Spongy and mustard gold is often found in Au-Ag-Te deposits (Figure 4) [14,33,41,42]. The
grain size varies, and relatively large gold is typical for the Au-Bi-Te type. Native gold
associated with Au-Ag-Te type minerals usually has a dimension from the dust to the fine
class, while in the sypergene zone there is a noticeable increase in size of the gold. There are
few data on the fineness of native gold, which is directly associated with Te mineralization
(Table 2). The fineness of native gold ranges from 650 to 999%. The comparison of the
fineness of different types of telluride mineralization is complicated by the fact that post-
ore supergene processes are widely developed in Au-Ag-Te ores, where Au refinement
occurs. Nevertheless, the lower limits of the fineness of native gold of mineralization of the
Au-Ag-Te type begin with 700% [14], in the mixed type–range from 650 to 878% (excluding
the ores of the Lebedinsky deposit, also subjected to the processes of supergene) and finally,
in the Au-Bi-Te type, the fineness is 830–999%. Thus, we can state a decrease in the fineness
of native gold from the Au-Bi-Te type to the Au-Ag-Te. The decrease in the fineness of
native gold is consistent with the sequence and temperatures of formation of Te minerals
and associated mineral paragenesis from epithermal–mesothermal Au-Bi-Te (830–999%) to
the epithermal Au-Ag-Te (>700%).

3.4. Fluid Inclusions

There is not much information on fluid inclusions (FI) in gold-telluride ores of AS. We
studied the FI in the Au-Bi-Te the mineral type ores of the Bodorono (Verkhnealgominsky
cluster) and Lagernoye (Altan-Chaidakhsky cluster) deposits, as well as the mixed Au-Ag-
Bi-Te type of the Dyvok ore occurrence (Verkhnealgominsky cluster).

Three types of inclusions were found in quartz from the gold-tellurium-bismuth-
quartz association of the Bodorono deposit: Type I—monophase aqueous inclusions; type
II—two-phase gas-liquid inclusions, according to Raman spectroscopy data they contain
H2O liquid and CO2 vapour. The homogenisation temperature is ranging from 145 to
200 ◦C; type III—three-phase carbon dioxide-water inclusions (H2Oliq+CO2liq+CO2vap)
sometimes with impurities of CH4 and N2 vapour. The temperature of homogenisation
of liquid CO2 into gas was 28–29 ◦C. The density of liquid CO2 is 0.63–0.65 g/cm3. The
pressure is estimated at 0.4–0.6 kbar. Composition of the vapour phase (mol.%): CO2 95.2,
N2 2.9, CH4 1.9. The formation temperature of the earlier gold-polymetallic assemblage is
estimated at 270–300 ◦C [37].

FI data on the Dyvok ore occurrence suggest the formation of the early auriferous min-
eral assemblage (arsenopyrite-pyrite-quartz) at temperatures of 300–335 ◦C and a pressure
of 0.7 kbar. Studies of quartz from the middle gold-chalcopyrite-sphalerite assemblage
showed homogenisation temperatures of 250–280 ◦C. The latest quartz-telluride association
is characterised by an average homogenisation temperature of 210–230 ◦C.

Microthermometric studies of the FI of the Altan-Chaidakh ore cluster have deter-
mined that the formation of the gold-polymetallic assemblage occurred at temperatures of
300–331 ◦C from Mg,Cl-solutions, with CO2 and impurities of CH4 in the vapour phase. The
gold-tellurium-bismuth assemblage was formed at close temperature values (276–365 ◦C)
from Mg-Na-KCl- solutions with a predominant CO2 content in the vapour phase.
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Figure 4. Native gold: (a)—substitution of tellurobismuthite (Tbs) for smirnite (Sm) and tellurates (TeBiAsO) in porous gold
(Au), the Lagernoye ore occurrence of the Altan-Chaidakhsky ore cluster, (b)—replacement of platy grains of tellurobis-
muthite (Tbs) for native gold (Au) in galenobismutite (Gn-Bim), the Lagernoe ore occurrence of the Altan-Chaidakhsky ore
cluster, (c)—spongy gold in goethite (Gth), the Khokhoy ore occurrence of the Verkhneamginsky ore cluster, (d)—porous
gold (Au) and tabular grain of tellurobismuthite (Tbs) in quartz (Qz), the Khatyrkhay ore occurrence of the Verkhneamginsky
ore cluster; (e)—native gold (Au) in hessite (Hs) and tellurobismuthite (Tbs) grain in bornite (Bn)-tennantite (Tnt) matrix,
the Obman ore occurrence of the Nimgercansky ore cluster, (f)—the relationship of native gold (Au), bismuthinite (Bim)
and hedleyite (Hd) in quartz (Qz), the Bodorono deposit of the Verkhnealgominsky cluster.

The ore mineralization of quartz-chlorite-feldspar metasomatites of the Khatyrkhay
ore occurrence in the Verkhneamginsky region, represented by two assemblages, was
studied by I.Prokopyev (2019). The first association represented by sulfide minerals:
pyrite, chalcopyrite, galena, sphalerite, molybdenite, boulangerite, etc. is formed from
highly concentrated (44–22 wt.% NaCl-eq.) of fluid CO2 ± N2 solutions at temperatures
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of 330–400 ◦C and at a pressure of 1150 bar. The late gold-telluride ore mineralization
was formed from low-concentrated (3.3–9.2 wt.% NaCl-eq.) of fluid CO2 solutions at
temperatures of 210–230 ◦C [34].

Pressure-Temperature (P-T) parameters of the formation of the Lebedinoye deposit
were studied in quartz of different paragenesis of the first (tremolite-quartz-magnetite-
sulfide) and second (quartz-carbonate-gold-bismuth-sulfide) stages (Orekhovaya and
Vodonosnaya deposits) [19]. The results of studies of ore mineralization of the Orekhovaya
deposit showed that the temperatures of fluid homogenisation in tremolite are 342–316 ◦C,
quartz, which is in the same paragenesis with tremolite, 321 ◦C. Thom of inclusions in
later quartz generations decreases: 284–223 ◦C and 195–157 ◦C. Pressure—570–440 bar.
The study of fluid inclusions in quartz of ore samples of the Vodonosnaya deposit shows
Thom of fluid inclusions of 500–484 ◦C, pressure—2040–1260 bar. Thom values of inclusions
of later quartz generations are close to the quartz temperatures in ore samples of the
Orekhovaya ore deposit, but the pressure values vary significantly from 450 to 3180 bar.

High salt concentrations (46.9–51.5 wt.% NaCl-eq.) obtained at Thom 186–162 ◦C and a
pressure of 2250–2130 bar. In other samples, at Thom 339–310 ◦C, 231 ◦C, 177–136 ◦C and
a pressure drop (1530–640 bar), the salt concentration decreases and is 10.9–6.2, 9.2 and
1.2–0.5 wt.% NaCl-eq. [19].

According to the results of the study of FI at the Kuranakh deposit, the temperature
of formation of the early quartz-pyrite assemblage with fine-grained quartz 1 and finely-
dispersed gold in pyrite is 350–200 ◦C, quartz-polysulfide assemblage with pyrite and
riziform quartz 2 and visible gold-250–200 ◦C. The formation of Au-Ag-Te mineralization
in quartz veins occurs at temperatures of 220–150 ◦C, and the Au-Te-Se and Au-tellurate
mineralization in calcite veins decreases to 120–70 ◦C. Thus, there is a regressive regime of
the ore formation process with temperature inversions in the range of 50–100 ◦C, as well as
a change in mineral assemblages [14].

4. Discussion

The Aldan alkaline volcanogenic-intrusive complex was formed in several stages [5].
In the first stage (Late Triassic–Early Jurassic), sills of quartz porphyry, orthophyre, and
nordmarkite were intruded into the platform cover, accompanied on the surface by domes
and trachyte covers. In the second stage (Middle–Late Jurassic), concentric-zonal plutons of
platinum-bearing dunites, wehrlites, and gabbroids were formed, followed by alkaline vol-
canic plutons, stocks, dikes of alkaline gabbroids and syenites, and their effusive analogues
(alkaline trachytes, pseudoleucitic phonolites). In the third stage (Late Jurassic–Early Creta-
ceous), laccoliths, stocks, dikes of monzonites, subalkaline syenites, and granosyenites were
intruded. In the fourth stage (Late Cretaceous), the stocks of aegirine granites and regional
dike belts of syenite-porphyry, orthophyre, minette, bostonite, and picrite were formed.

The formation of the Aldan alkaline volcanogenic-intrusive complex involved metaso-
matic changes in rocks. In the Central Aldan region, four metasomatic formations are gold-
producing: gumbaite, sericite-microcline metasomatites, jasperoid and argillizited [5,11].

The gold mineralization of AS is diverse. The metasomatites of the gumbaite for-
mation are represented by pyrite-carbonate-K-feldspar metasomatites, which are related
to the main gold-uranium deposits of the Elkonsky ore cluster. Gold-copper-porphyry
(Ryabinovsky) type of mineralization, including veined-disseminated sulfide mineraliza-
tion in alkaline volcanic plutons (Ryabinovoye and Noviy deposits) is associated with the
formation of sericite-microcline metasomatites. The jasperoid type of mineralization is
represented by deposits formed in three geostructural settings: in the contact zones of the
Mesozoic alkaline and subalkaline intrusions with carbonate rocks of the Vendian among
hydrothermally altered dolomite marbles, magnesian skarns and syenites (Samolazovsky
subtype); in zones of layered and transverse fracturing in the Vendian-Lower Cambrian
carbonate rocks (Lebedinsky subtype) and at the contact of Lower Cambrian limestones
with Jurassic sandstones (Kuranakhsky subtype). Gold-argillizited mineralization of the
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Nimgerkansky type is spatially confined to the intrusions of syenite-porphyry of Creta-
ceous age and is associated with crystal-bearing and amethyst-bearing mineralization [11].

The systematization of Te mineralization demonstrates its presence in all available
types of ore-bearing metasomatites, that indicates a regional large-scale manifestation in the
area of AS. The process of ore formation is long, multi-stage, but in general, three producing
stages are distinguished in most deposits—the early pyrite-quartz assemblage with finely-
dispersed gold is replaced by (gold)-polysulfide-quartz and ends with gold-telluride.

The typification of gold mineralization on Te minerals and mineral assemblages re-
vealed a certain zoning in the location of gold deposits on the area of AS. In general, the
Aldan-Stanovoy Shield is characterized by zoning in the distribution of the Mesozoic
magmatism derivatives. The Stanovoy geoblock is characterized by granitoid intrusions,
while the Aldan geoblock mainly by subalkaline and alkaline ones. When considering the
position of objects with Au-Ag-Te and Au-Bi-Te mineralization, zoning is traced, which is
consistent with the distribution of derivatives of the Mesozoic magmatism. Au-Bi-Te min-
eralization is typical for deposits that are close to the Stanovoy plutonogenic region in the
areas of dikes and small intrusions of acid composition in the Guvilgrinsky (granodiorites),
Verkhnealgominsky (diorite porphyrites), and Altan-Chaidakhsky (granodiorites, diorite
porphyrites, dacites) clusters. Au-Ag-Te mineralization is developed in the northern and
central parts of the Aldan geoblock, where massifs of rocks of mainly subalkaline and
alkaline composition were formed.

Lateral zoning is also observed in the distribution of mineralization types in the CAD
area: mixed Au-Ag-Bi-Te mineralization with predominance of Bi is developed in ores of
the Lebedinsky cluster, located in the center of the magmatogenic structure, where the most
intense magmatism in the CAD occurs, covering all 4 stages of igneous activity, and mixed
and the Au-Ag-Te ores in the Kuranakh and Yukhtin jasperoids, the Elkon and Jekondin
gumbeites are developed on the periphery at a distance of 10–30 km.

Available data on the temperatures of formation of Au-Te mineralization (Table 2),
as a rule, show their epithermal. Thus, the formation of the Au-Te mineralization of the
Kuranakhsky cluster in quartz veins occurs at temperatures of 220–150 ◦C, and in calcite
veins it decreases to 120–70 ◦C [14]. Au-Bi-Te mineralization can classed as the epithermal-
mesothermal, the highest temperature of ore formation is shown by the mineralization
of the Altan-Chaidakhsky cluster—365–276 ◦C. The Bodorono deposit, judging by the
presence of Se-containing hedleyite and galena, as well as laitakarite and the formation
temperature of 200–150 ◦C, has features of epithermal mineralization.

High-temperature inclusions of the Lebedinoye deposit with mixed Au-Ag-Bi-Te
mineral type probably belong to the period of scarification, which strengthens the argument
in favor of the connection of the hydrothermal process with magmatism. At the same time,
the high pressure of ore-forming fluids may indicate a significant depth of the source. The
large range of variations in salt concentrations may be due to the presence of two sources
of ore-forming fluids: one is associated with dilute solutions, and the other with brines,
the concentration of salts in which decreases with a drop in pressure. The data obtained
indicate the heterogeneity of ore-bearing solutions, their connection with magmatism, the
depth of formation of hearths in each specific deposit, and different sources of ore-forming
hydrothermal solutions [19].

Te ores of the AS are characterized by a number of properties typical for the epithermal
alkaline gold-telluride type (A-type). This was previously shown by Leontiev for the
Samolazovskoye and Podgolechnoye deposits [24,26]. The characteristic features of A-type
deposits are a close spatial relationship with alkaline magmatism, and a typical “mantle”
association of elements (Te, V, and F), an important role in the minerals of Au and Ag
tellurides, fluorite and vanadium-containing minerals (roscoelite, descloizite, sulvanite,
arsenosulvanite, cheremnykhite and dugganite) [43,44]. Examples of A-type deposits are
world-class facilities such as Cripple Creek (Colorado, USA, 673 t Au), Acupan (Philippines,
500 t Au, ~500 t Ag), Emperor (Fiji, >120 t Au), Ladolam (Papua New Guinea, 680 t Au),
Kochbulak (Uzbekistan), etc.
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The Kuranakh and Khokhoy deposits have features of Carlin-type mineralization:
they are located in the area of tectonic-magmatic activation, are conjugated with intrusions
of monzonite-granodiorite series, and are of normal and high alkalinity, strata of carbonate
rocks, stratoidal disseminated deposits, presence of jasperoids, low content of sulfides,
finely-dispersed gold in pyrite, typomorphic elements—Au-Tl-As-Hg-Sb-Te-Ba-F [4,33,40].

Numerous studies show the presence of gold of three varieties: invisible in pyrite or
arsenopyrite, native gold and gold tellurides. With the advent in recent decades of the
highly sensitive inductively coupled plasma mass spectrometry (LA-ICP-MS) method and,
especially, the local version of this method with laser ablation of the substance directly from
the sample, it became possible to determine gold and other trace elements in pyrite [45–49].

The gold and tellurium studies of the Emperor deposit [45] showed that gold is
found in three different forms: as “invisible” or submicrometer-size inclusions of gold and
tellurium in arsenian pyrite, as visible native gold and tellurium, and as tellurides. The
pyrite from Emperor is among the most Au-(up to 11,057 ppm Au), Te-(up to 5796 ppm Te),
and As-rich (up to 16.60 wt.% As) yet reported from any mineral deposit type.

In addition, Large, and Maslennikov (2020) [47] report a distinct chemical association
of invisible gold in pyrite in the deposits studied. For example, in the Gold Quarry (Carlin
type), Mt Olympus, Macraes and Konkera, the invisible gold is principally related to
the arsenic content of pyrite. In contrast, in Kumtor and Geita Hill, the invisible gold is
principally related to the tellurium content of pyrite. Other deposits (Golden Mile, Bendigo,
Spanish Mountain, Witwatersrand Carbon Leader Reef (CLR)) exhibit both the Au-As and
Au-Te association in pyrite. Some deposits of the Au-As association have late orogenic
Au-As-rich rims on pyrite, which substantially increase the value of the ore. In contrast,
deposits of the Au-Te association are not known to have Au-rich rims on pyrite but contain
nano- to micro-inclusions of Au-Ag-(Pb-Bi) tellurides.

As a result of the studies conducted by Belogub [21] at the deposits of the Aldan Shield,
it was found that fine-grained aggregates of iron disulfides are significantly enriched with
impurities compared to idiomorphic pyrite. This may be due to both the higher growth
rate of fine-grained aggregates and their more significant specific surface area, which
contributes to the capture of impurities, and the defectiveness of the disulfides themselves,
which contain submicron or nano-inclusions of minerals that concentrate of impurities,
since the association of impurities observed for fine-grained aggregates of iron disulfides, in
general, corresponds to the set of rare mineral species found in ores. In larger idiomorphic
crystals, the impurity content is significantly lower, that is related to a lower growth rate,
which does not contribute to the capture of incoherent (non-structural) impurities.

Au-Ag tellurides are important accessory minerals, carrying a significant proportion of
the gold endowment in some low to medium temperature hydrothermal vein deposits [50].
At the Kochbulak and Kairagach deposits (Uzbekistan) [51–55], Golden Mile in Kalgo-
orlie, Western Australia [56] about 20% of Au is in telluride form, Cripple Creek, [57];
Emperor, Fiji—10–50% in the form of tellurides [58]; and Sǎcǎrîmb, Romania [59], at the
Bereznyakovskoye deposit (S.Ural) about 80% of gold [60], Sandaowanzi [61] more than
95% of the extracted gold occurs in the form of tellurides. We assume that the tellurides of
the gold deposits of the Aldan Shield are also an additional source of at least 20% of the
total gold reserve.

The mechanism of formation of native gold from gold and silver tellurides was
experimentally shown in the works [62–65]. The formation of spongy gold as a result of the
decomposition of maldonite under supergene conditions was considered in studies [66,67]
and hypogenic [68–73]. The porous gold in the studied ores is also the result of the
decomposition of tellurides, as we have shown by the example of native gold from the
Khokhoy deposit of the Verkhneamnginsky node [33]. Thus, the Au-Ag-Bi-Te minerals are
one of the most important sources of gold in the world.
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5. Conclusions

Systematization and generalization of published and original data on Te mineraliza-
tion enables us to demonstrated a wide variety of mineral species and significantly expand
the territory of distribution of Au-Te mineralization, which indicates its large-scale regional
occurrence in the Aldan Shield. At the same time, tellurium minerals are developed in all
known types of metasomatic formations. Gold is not only in an invisible state in sulfides
and in the form of native particles of different fineness, but is also part of a variety of
compounds: montbrayite (Au2Te3), calaverite (AuTe2), sylvanite (AuAg)2Te4, krennerite
(AuAgTe) and petzite (Ag3AuTe2). Au-Ag-Bi tellurides are important accessory minerals
containing a significant proportion of the gold reserve.
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Abstract: Microthermometry study of fluid inclusions in quartz veins of the Maletoyvayam deposit
(Koryak Highland, Russia) was carried out. This epithermal gold deposit contains unique Au
compounds including maletoyvayamite, which has not been reported anywhere else. Two paragenetic
mineral associations (pyrite-quartz and maletoyvayamite-quartz) with quartz of different generations
corresponding to different pulses were also described. Only early generations of quartz (Q1) include ore
minerals: pyrite for the first mineral assemblage, and in Au-bearing minerals, sulfosalts, bismuthinite,
and others—for the second assemblage. A study on fluid inclusions in quartz showed a salinity (mainly
NaCl + KCl) range from 0.2 to 4.3 wt.% NaCl eq., increasing from the first mineral association to the
second due to boiling fluids. The obtained temperature variations for quartz crystallization were
295–135 ◦C, the fluid pressure ranged from 79 to 4 bar. On the other hand, the range of conditions
obtained for the gold productive ore association is more narrow: salinity of the fluid inclusions is
4.3 wt.% NaCl eq., the temperatures vary from 255 ◦C to 245 ◦C, and the pressure from 39 to 32 bar.
These physicochemical characteristics of the Maletoyvayam ore deposit greatly coincide with other
HS-type epithermal deposits; however, within the Central Kamchatka Volcanic Belt it is so far the
only deposit of this type reported.

Keywords: Central Kamchatka Volcanic Belt; HS epithermal deposit; maletoyvayamite-quartz
association; fluid inclusions; gold

1. Introduction

The term “epithermal” was defined by W. Lindgren [1] to include a broad range of tellurides,
antimonides or selenides of Au, Ag and base metals deposits which he estimated to be formed
from aqueous fluids at low temperatures (less than 200 ◦C) and moderate pressures. It is, however,
now generally accepted that mainly magmatic fluids at slightly higher temperatures (200–300 ◦C)
and pressures of less than a few hundred bars participate in the formation of these type of deposits.
Nevertheless, the term “epithermal” is still widespread [2].

Taylor, Hedenquist and coauthors [3,4] consider that an epithermal Au deposit consists of three
subtypes: high sulfidation (HS), intermediate sulfidation (IS), and low sulfidation (LS), each represented
by characteristic alteration mineral assemblages, occurrences, textures, and characteristic suites of
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associated geochemical elements. The term HS (high sulfidation) is now widely used [5], and combines
many other previously described types: enargite–gold [6], Goldfield-type [7,8], high-sulfur [9,10],
quartz-alunite [11] and alunite–kaolinite [12] which were assigned to a group of epithermal deposits
based on their mineralogical and geochemical features. HS type deposits are characterized by the
presence of diagnostic minerals of high sulfidation conditions (e.g., enargite), acidic hydrothermal
conditions (e.g., alunite, kaolinite) and relatively oxidized conditions of sulfur (SO2-rich) in the
hydrothermal system. HS deposits are associated with some types of hydrothermal systems due
to influence of a deep magma chamber [13] and also with andesitic volcanoes in which surface
manifestations include high-temperature fumaroles and acid sulfate-chloride hot springs. In contrast,
LS deposits of reduced (H2S-rich) hydrothermal fluids with neutral pH are similar to those found
in geothermal systems [13], that exhibit in the surface: sinter-terraces of silica, hot springs and
steam-heated acid-sulfate alterations [14].

Within the Kamchatka Peninsula, Au-Ag epithermal deposits are localized in volcanic belts of
different ages (Eocene-Oligocene Koryak-West Kamchatka, Oligocene-Quaternary Central Kamchatka,
and Pliocene-Quaternary East Kamchatka), extending along the modern subduction trend [15–19].
All of the Au-Ag mines located there (Aginskoe, Asacha, Ametistovoe, Zolotoe, Baran’evskoe,
Kungurtsevskoe, Oganchinskoe, Ozernovskoe), as well as most of the known Au-Ag deposits and
prospects, fit into the LS epithermal type [19–23]. These deposits are characterized by the presence of
quartz, adularia, illite and calcite in Au-Ag-bearing veins.

The Maletoyvayam deposit located in the Central Kamchatka Volcanic Belt (CKVB) is restricted
to volcano–tectonic structures within the Vetrovayam volcanic zone situated in the northeastern
part of the CKVB (southwestern part of the Koryak Highland) [24,25]. On the contrary to the
above mentioned deposits, Maletoyvayam deposit belongs to the HS type category of epithermal
deposits [26], which are also known in the Eastern part of Russia (Belaya Gora and Svetloye) [27].
The predominance of andesite and basaltic andesite rocks in the CKVB is a reflection of the mafic
composition of its basement. This factor determines the particularity of the metallogeny on this
zone, characterized by a wide development of near-surface mineralization of tellurides as subtypes
of the main gold-silver deposits [28]. The veins of massive quartz are included in the vuggy silica,
and both are Au(Ag)-bearing. The central vuggy silica zones are rimmed along the periphery of the
ore field by quartz-alunite-kaolinite association. The Maletoyvayam HS type deposit differs from
others known on the Kamchatka Peninsula, which are of the LS type, by a great variety of mineral
phases: native gold, chalcogenides of Au and Ag, Cu-sulfosalts with Sb and As, as well as complexes
including Au-bearing oxides among which some are considered rare or unique. Contrary to the other
deposits of the CKVB, native gold in these ores is not dominant. The study of other styles of gold
occurrences in sulfide-telluride-selenide ores and the physicochemical conditions of their formation
are of great interest from a mineralogical, genetic and technological point of view [29]. The first results
on the mineral composition of Maletoyvayam deposit were obtained recently [26,30–35]. Typical
and uncommon minerals of epithermal systems were reported in this deposit: senarmontite (Sb2O3),
tripuhyite (FeSbO4), bismite (Bi2O3), rooseveltite (Bi(AsO4)), tiemannite (HgSe), antimonselite (Sb2Se3),
Te-,Sb-bearing guanajuatite: (Bi2(Se,Te)3 and (Bi,Sb)2Se3), bismuthinite ((Bi2S3) and (Bi,Sb)2(S,Se)3),
unnamed phase ((Sb,Bi,Te,As,Fe)2O5), tellurium (Te,Se). In addition, unique compounds, that had not
been previously found in nature, were reported: maletoyvayamite and its S-rich analogue (Au3Se4Te6

and Au3S4Te6), AuSe and Au(Te,Se); their occurrence is due most likely to specific properties of the
hydrothermal solutions. Microthermometric study of these ores had not previously been carried out.
Thus, the purpose of this study is to present mineralogical and microthermometric measurement data
of this particular type of ore and to show the physicochemical conditions that played an important role
in the ore accumulation.
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2. Regional Geology and Mineralization

The Central Kamchatka Volcanic Belt (Russia) is about 1800 km long, controlled by the Main
Kamchatka deep fault, displaying a significant number of gold-silver epithermal deposits [22,28].
The Maletoyvayam deposit is particularly confined to a volcano-tectonic structure (up to 30 km) within
the Vetrovayam volcanic zone located in the northeastern region of the Central Kamchatka Volcanic
Belt and delimited by the Koryak Highland in the southwestern part [24,25]. This whole structure is
controlled by the Vyvensky northeast-striking deep fault and the northwest-striking faults zone [36,37].
Stratified subvolcanic and intrusive formations, as well as Quaternary sediments, are the constituent
elements of the ore field (Figure 1).

 

Figure 1. Schematic geological map (volcano-tectonic structure) of the Maletoyvayam gold deposit,
modified after Stefanov and Schiroky [37]. 1—Quaternary deposits; 2,3—rocks of the upper member (2)
and the lower member (3) of the Vetrovayam Formation (Middle-Late Miocene); 4—Vetrovayam volcanic
complex (Late Miocene); 5—main faults; 6—faults covered by Quaternary deposits; 7—hydrothermally
altered rocks; 8—ore occurrences (numbers in circles): 1—Yubileyny, 2—Yugo-Zapadny, 3—Gaching,
4—Tyulul; 9—Sampling location.

Stratified deposits are represented by effusive, pyroclastic, and tuffaceous-sedimentary rocks of the
Vetrovayam Formation (Figure 1), which are divided into two lithostratigraphic members. The lower
member (N1vt1) is composed of tuff and tuff breccia of intermediate to basic composition, andesite,
basaltic andesite, and, less often, dacite and felsic tuff. At the base of this member, there are lenses
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and interlayers of tuffaceous sandstone, tuff conglomerate, tuff siltstone, and brown coal. The upper
member (N1vt2) of the Vevetrovayam Formation is 10–30 m thick and composed mainly by effusive
rocks: andesite and basaltic andesite. Interlayers of basalt, tuff, tuff breccia, and tuff conglomerates of
intermediate and mafic composition are less common. The radiometric age for effusive rocks (K/Ar
method) is 7–18 Ma [38]. Intrusive subvolcanic bodies and dikes form a single volcanic complex
(Vetrovayam), which is represented by diorite, quartz diorite and granodiorite. The age of this complex
was determined as Middle-Late Miocene [38]. Volcanic rocks in the area exhibit different degrees of
hydrothermal alteration, which are associated with areas of gold mineralization and sulfur deposits
explored in 1971 [25,36,38]. The Maletoyvayam deposit includes four areas (ore occurrences) where
gold ore reserves have been identified and estimated: Yubileyny, Yugo-Zapadny, Gaching and Tyulul.

Based on the types of mineral assemblages [26], these ore occurrences are associated to a HS
epithermal type [4,39,40]. However, they differ among themselves in the degree of oxidation of the
primary mineralization. For instance, at the Gaching occurrence, the ores are less oxidized (about 10%
sulfate iron and 90% sulfide iron), compared to the Yugo-Zapadny occurrence, where sulfide iron is
only 8%. Hence, the primary mineralization at the Gaching ore occurrence is considered to be more
preserved and for that reason it was selected and analyzed in the present study.

Maletoyvayam deposit is composed of rocks of the lower member of the Vetrovaym Formation.
Vuggy silica was identified in the central part of the ore field, transitioning outwards into quartrz-alunite,
quartz-kaolinite, quartz-sericite-kaolinite and then to argillic- and propylitic-altered rocks. Gold was
found both in vuggy silica remnants located on the watershed in the Gachingalhovayam river valley
(Figure 2a), and in quartz veins. The color in rock samples showing vuggy and massive silica
texture is light gray to gray (Figure 2b). In the samples with texture the main mineral phase is
quartz—85–90 vol.%; kaolinite—5 vol.%, and alunite—4–5 vol.%; the rest of the minerals correspond
to potassium feldspar, barite, anglesite, muscovite, etc.

 

Figure 2. (a) Vuggy silica in the Gachingalhovayam river valley, (b) Vuggy silica sample with
quartz veins, (c) fragment of quartz vein containing the maletoyvayamite-quartz association, Gaching
ore occurrence.

The dark zones in samples exhibiting vuggy silica texture are due to the presence of an intense
dissemination of mainly pyrite, or sulfosalts along with gold mineralization. Au content in samples
with vuggy silica texture reaches 8.8 ppm, whereas Ag—47.2 ppm. The white quartz veins also
contain a fine-grained dissemination of ore minerals, which is irregularly distributed (Figure 2c).
The concentration of Au in quartz veins vary within the range 1.40–144 ppm, and for Ag—147–724 ppm.
Other ore elements show concentrations of: Cu—1.38–3.18; As—up to 2; S—up to 2.26; Sb, Se, Te—more
than 0.2 (wt.%) [25].

3. Samples and Analytical Methods

Quartz veins samples selected for this study are shown in (Table 1). In the first stage, thin polished
sections were made from these samples. To determine the phases’ transition temperatures in quartz fluid
inclusions, cryo- and thermometry methods were used (Linkam THMSG-600 heating-freezing chamber
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(Linkam Scientific Instruments, Tadworth Surrey, United Kingdom, https://www.linkam.co.uk/) with
a measurement range of −196/+600 ◦C). The composition of the gas phase and corresponding
identification of solid phases in the inclusions were carried out by Raman spectroscopy (JobinYvon
“Ramanor U-1000” spectrometer, MillenniaProS2 laser (532 nm), HORIBA JOBIN YVON detector,
Novosibirsk, Russia).

Table 1. List of samples with their main characteristics

Sample Texture Morphology
Minerals Included in Quartz or Filling

Cracks and Cavities

3053_a Filling of cavities Segregation Fe-hydroxide, Fe-antimonite/tellurite,
sulfosalts, Au-Fe(Sb,As,Te) oxide

3053_b Filling of cavities Segregation Sulfosalts, maletoyvayamite, tellurium
3058_a Interspersed Inclusions Pyrite
3058_b Interspersed Inclusions Pyrite

3058_c Interspersed Inclusions Bismuthinite, maletoyvayamite,
Sb(Bi,Te,As,Se) oxide, sulfosalts

Note. All samples are a vein of white quartz.

The total salt concentrations in fluid inclusions and their corresponding water–salt system
were determined using the cryometry method [41,42]. The assessment of the pressure of mineral
formation environment was carried out using the published pressure-temperature-composition data
for NaCl-H2O systems. The AqSo_NaCl [43], ISOHOR [44] and FLINCOR [45] software packages were
also used to estimate the pressure of mineral formation from microthermometric data obtain in the
study of fluid inclusions.

The chemical compositions of the minerals (samples 3053-8_a,d,c) and texture of mineral aggregates
were studied at the Analytical Center for multi-elemental and isotope research of the Sobolev Institute
of Geology and mineralogy Russian Academy of Sciences (SB RAS) in Novosibirsk, using a LEO-413VP
scanning electron microscope (SEM) with the INCA Energy 350 microanalysis system (Oxford
Instruments Ltd.) equipped with an energy dispersive spectrometer (EDS) (analysts: Dr. N. Karmanov,
M. Khlestov), operated at an accelerating voltage of 20 kV, current intensity 0.4 nA, 50 sec. measuring
time, and beam diameter ~1 μm. The following standards were used: pure metals (Ag, Au, Bi, Se, Sb,
Fe, Cu), pyrite (S), synthetic HgTe (Te), 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.
Analytical data for the samples 3053-3 a,b was obtained at the Institute of Volcanology and Seismology
of Far Eastern Branch of RAS, using a TescanVega-3 scanning electron microscope equipped with an
energy dispersive spectrometer, EMF X-MAX (analyst: V.M. Chubarov), operated at an accelerating
voltage of 20 kV, current intensity 3–0.7 nA, 50 sec. measuring time, and beam diameter ~1 μm.
The following standards were used: pure metals (Au, Ag, Se, Sb), synthetic FeS2 (Fe), InAs (As),
CdTe (Te), CuSbS2 (Sb), Bi2S3 (Bi), CuFeS2 (S, Cu). The detection limit was 0.1 wt.%. 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.

4. Results

4.1. Mineralogy of Studied Maletoyvayam Deposit Ores

The studied samples are represented by quartz veins with abundant spotty dissemination of
fine grain ore minerals. In some of the ore samples only pyrite is present, whereas Au minerals are
completely absent. These samples are considered to be related to early pyrite-quartz assemblage
(Figure 3a,b). Other samples contain fine dissemination of Au compounds along with other ore
minerals; however, pyrite is absent or only represented as subordinate inclusions within other minerals.
These samples are genetically associated to the later gold-bearing assemblage [26], which in the context
of our study was named as: the maletoyvayamite-quartz association.
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Figure 3. Impregnation of pyrite in quartz: irregular (sample 3058-8_a) (a) and spotted (b) from the
pyrite-quartz association (sample 3058-8_b).

The studied ore-bearing samples correspond to quartz veins. The concentrations of noble metals
vary depending on the dissemination density within the ore samples: Au from 0.8 to 147 ppm and Ag
from 0.5 to 200 ppm. In Au-Ag enriched samples (3053-3), quartz contains very small quartz druses;
these cavities are partially or completely filled with a finely dispersed reddish-gray mass, represented by
a mixture of iron hydroxides, tellurites and iron antimonates, sulfosalts (Figure 4a), native and secondary
(mustard) gold and other rare minerals including unique compounds of Au-sulfoselenotellurides and
complex Au-bearing oxides (Figure 4b).

Figure 4. SEM image of sample 3053-3_a. The cavities in quartz filled with a finely dispersed mass
represented by a mixture of iron hydroxides, tellurites, iron antimonates, and sulfosalts (a); and the
same masses, but impregnated with complex oxides of Au (Au-Fe-Sb-Te-O compounds) (b).

Sulfosalts are widespread in the ore associations of the Maletoyvayam deposit. Two main
groups of sulfosalts were identified in the Gaching area: the tetrahedrite-group Cu12(As,Sb,Te)4S13 and
enargite-group Cu3(As,Sb)S4 [33]. In the samples with highest noble metals enrichment, maletoyvayamite
occurs as independent grains intergrown with tellurium and sulfosalts. It is often found along cracks or
in the intergranular space of quartz (Figure 5a), or confined to the margins of large grains of sulfosalts
(Figure 5b).

Au-bearing minerals range in size from a few μm to 80 μm, while sulfosalt grains reach up to
2.5 mm. The sulfosalts are enriched in Se within a range of 5.84–10.42 wt.%. The substitution of Se
for S is ubiquitous (Table 2). The presence of selenium in sulfosalts indicates specific conditions for
their formation.
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Table 2. Compositions of ore minerals shown in Figure 5 from the maletoyvayamite-quartz. association
(sample 3053-3), wt.%.

No S Cu As Se Sb Te Au Total Formula

1 21.49 42.37 5.84 8.46 20.75 99.28 Cu11.82(Te2.86 Sb1.22)4.08(S11.80Se1.30)13.10
2 21.43 40.28 2.30 8.76 6.40 21.38 100.56 Cu11.05(Te2.92Sb0.92 As0.54)4.38(S11.65 Se1.93)13.58
3 6.34 6.24 50.5 37.80 100.88 Au2.89Te5.95(S2.97Se1.19)4.16
4 6.35 5.60 50.47 37.76 100.19 Au2.91Te6.00(S3.01Se1.08)4.09
5 3.38 11.03 49.89 36.16 100.46 Au2.91Te6.20(Se2.22S1.67)3.89
6 6.97 92.99 99.95 Te0.89Se0.11
7 25.81 42.65 6.15 7.50 17.88 0.73 100.72 Cu4.09(Sb0.89As0.50 Se0.48Te0.04)1.91(S4.90Se0.10)5.00
8 20.59 42.59 1.02 7.74 12.34 15.75 100.03 Cu11.79(Te2.17 Sb1.78As0.24)4.19(S11.30Se1.73)13.02
9 32.8 66.68 99.49 Te0.56Se0.44
10 2.95 12.15 48.75 36.40 100.26 Au2.96Te6.11(Se2.46S1.47)3.93
11 19.71 40.94 9.99 8.85 20.00 99.49 Cu11.57(Te2.82Sb1.31)4.13(S11.04Se2.27)13.31
12 26.94 45.54 16.52 10.42 2.34 101.76 Cu2.97(As0.91Sb0.08)0.99(S3.49Se0.55)4.04

Note. 1,2,8,11—goldfieldite Cu12(Te,Sb)4(S,Se)13; 3,4—S-rich analogue of maletoyvayamite Au3Te6(S,Se)4; 5,10—
maletoyvayamite Au3Te6(Se,S)4; 6,9—tellurium; 7—watanabeite Cu4(Sb,As)2(S,Se)5; 12—enargite Cu3(As,Sb)(S,Se)4.

 

Figure 5. SEM image. The maletoyvayamite-quartz association in the sample 3053-3_b, highest
enrichment in noble metals (Au is 144 ppm, Ag is 200 ppm); (a) ore minerals localized along cracks in
the intergranular space of quartz; (b) maletoyvayamite confined to the margins of sulfosalts grains;
mlt—maletoyvayamite, gdf—goldfieldite, wtb—watanabeite, Te0.9Se0.1—Te-Se solid solution. Points
with numbers correspond to the analysis numbers in Table 2.

Another sample (3053-8_a,d,c) containing the maletoyvayamite-quartz ore association with
concentrations of Au and Ag 1.4 and 12.3 ppm, respectively, contains large bismuthinite inclusions.
In addition, sulfosalts of various compositions (tetrahedrite, goldfieldite, enargite, etc.), which are
described in [33], are also found in association with bismuthinite (Figure 6a,c,d). Bismuthinite has an
unusual composition, since Sb and Te in its structure are substituted for Bi, whereas Se and Te for S
(Figure 6a,b; Table 3). Furthermore, it was found that bismuthinite has an S/Se = 2 ratio. Moreover,
we suggest the possibility of this mineral phase corresponding to a potentially new mineral Bi2S2Se.
This phase has also been reported from the HS-IS epithermal Perama Hill deposits, in Greece [46].
It is intergrown with the Se-bearing tellurium (Figure 6c). Complex oxides of various oxidation states
in primary minerals, including maletoyvayamite, are common in the Maletoyvayam deposit [26,31].
In the analyzed sample, bismuthinite and similar phases are replaced by oxides of Sb, Bi, As, Te and Se
in variable proportions; Fe, Cu and occasionally Ag are minor elements. The oxidation state also varies
in these compounds from (Sb,Bi,Te,As,Se)0.31O0.69 to (Sb,Bi,Te,As,Se)0.24O0.76 (Figure 7) depending
mainly on the oxygen fugacity: log f O2 ranging from −29.8 to −27.3; values previously calculated for
the ore-bearing mineral association [26].
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Figure 6. SEM image. The maletoyvayamite-quartz association in the sample 3053-8-c (Au is 1.37 ppm
and Ag is 12.3 ppm): (a) Sb,Te,Se-bearing bismuthinite (bsm) replaced by (Sb,Bi,Te)-oxide in intergrowths
with enargite (eng) hosted in quartz; (b) bismuthinite replaced by (Sb,Bi,Te)-oxide; (c) unnamed phase
Bi2S2Se with inclusions of Se-rich tellurium (Te0.7Se0.3) replaced by (Sb,Bi,Te)-oxide, in intergrowth with
tetrahedrite (ttr) and goldfieldite (gfd); (d) inclusions of maletoyvayamite (mlt) and enargite in quartz;
(e) maletoyvayamite in intergrowths with (Sb,Se,Te,As)-oxide; (f) grain of (Sb,Bi,As)-oxide containing
the naumannite (Ag2Se) inclusions in quartz. Points with numbers correspond to the analysis numbers
in Table 3.

Table 3. Compositions of ore minerals shown in Figure 6 from the maletoyvayamite-quartz. association
(sample 3053-8_c), wt.%.

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

1 62.41 8.46 2.89 10.89 14.16 98.81 (Bi1.54Sb0.36Te0.12)2.01(S2.28Se0.71)2.99
2 65.07 5.19 3.20 11.36 13.45 98.27 (Bi1.65Sb0.23Te0.13)2.01(S2.23Se0.76)2.99
3 72.54 14.13 11.34 98.01 Bi1.97S2.01Se1.02
4 47.11 2.86 15.93 1.07 31.32 98.29 Cu3.01(As0.86Sb0.10)0.96(S3.97Se0.06)4.03
5 35.10 47.38 14.80 2.03 99.31 Au2.89Te6.03(Se3.04S1.03)4.07
6 55.87 47.07 14.67 2.14 99.75 Au2.95Te5.97(Se3.01S1.08)4.09
7 71.84 26.49 98.33 Ag2.00Se1.00

Note. 1,2—Sb,Te,Se-bearing bismuthinite (Bi,Sb,Te)2(S,Se)3, 3—unnamed phase, 4 enargite, 5,6—maletoyvayamite,
7—naumannite.

 

Figure 7. Oxygen versus the sum of the rest atoms in complex oxides (iron tellurites and iron
antimonates) showing the variations in their composition due to the degree of oxidation of the
primary phases.
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4.2. Quartz Generations and Corresponding Types of Fluid Inclusions

The ore-bearing samples selected to study of fluid inclusions are represented by two main
associations: pyrite-quartz and maletoyvayamite-quartz.

4.2.1. Pyrite-Quartz Association

In the studied samples showing this mineral association, there are at least three successively
crystallized generations of quartz (Figure 8a). The earliest generation is represented by a grayish to
dark gray fine-grained quartz aggregate with abundant dissemination of fine pyrite grains. Subsequent
generations of quartz are represented by veins that cut the early pyrite-bearing quartz. In late veinlets,
crustified, microdruse, cockade and, less often, collomorphic textures can be observed (Figure 8a).
These textures are also representative of mineral associations in other gold-bearing low sulfidation
epithermal deposits in the Kamchatka Peninsula [19]. Late quartz veins also contain sporadic pyrite,
but very rarely. Separate large grains of quartz in late veinlets are characterized by a zonal structure.
The central parts of quartz grains contain single two-phase inclusions with isometric shape (Figure 9b).
Growth zones on the periphery of quartz crystals are traced by abundant fluid inclusions with oval
vacuoles, elongated perpendicular to the faces of quartz crystals (Figure 9c).

 

Figure 8. Quartz generations. (a) pyrite-quartz mineral association: Early quartz (Q1) is presented
in association with abundant pyrite grains (black spots) and intersected by veins of quartz (Q2−4),
containing rare pyrite inclusions; (b) maletoyvayamite-quartz mineral association: In this sample,
early quartz (Q1) contains inclusions of bismuthinite and maletoyvayamite. This quartz generation is
intersected by late quartz veins (Q2−4).

 

Figure 9. (a) quartz exhibiting zoning pattern with crustified texture from a pyrite-quartz association;
(b) a group of isolated two-phase inclusions in the center part of the quartz crystal, (c) two-phase
inclusions with elongated shape trace the growth zone at the periphery of the quartz crystal.
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Crystallization of some quartz generations with different textures occurred close in time or almost
simultaneously, since smooth transitions are often observed among them. It is likely that several
hydrothermal pulses at very short time intervals were consistently segregated during the formation of
ores. Thus, different quartz generations represent the observed textural varieties as a result of these
rhythmic pulses. On this subject, when presenting the results on fluid inclusions, showed by textural
features, we will divide the quartz in the pyrite-quartz association into only two generations—the
early fine-grained generation with abundant dissemination of pyrite and the late one, represented by
veinlets cutting the first one.

4.2.2. Maletoyvayamite–Quartz Association

Quartz associated with this mineral assemblage is similar to those of the pyrite-quartz association
in respect to the textural and structural features, as well as in the distribution of fluid inclusions. Quartz
displaying crustified texture also contain inclusions of ore minerals. Pyrite in the studied sample is
represented by single small crystals whereas Au minerals (maletoyvayamite) are the most abundant
(Figure 6 d,e); among Ag minerals, naumannite Ag2Se and hessite Ag2Te occur in association (Figure 6f).
The quartz of the maletoyvayamite-quartz association, as in the pyrite-quartz association, also contains
two types of fluid inclusions (Figure 10a,b) with the characteristic that they belong to the primary
phase, and less often to the pseudo-secondary phase according to [47,48]. The first type is represented
by two-phase inclusions close to isometric, containing a gas bubble and liquid in vol. ratios 1/10–1/12,
which does not exceed 10 μm in size (Figure 10c). The second type is represented by two-phases, which
are close to the faces of the quartz crystal and delimitate its growth zones. They have an elongated
or tubular shape of up to 30 μm in length and 5–10 μm in cross-section (Figure 10d), and as a rule,
they are associated with single-phase vapor inclusions, also elongated with channel-shaped, of up to
50 μm in length.

 

Figure 10. (a) quartz exhibiting zonation texture from a maletoyvayamite-quartz association; (b) group
of isolated fluid inclusions in the central part of the quartz crystal and elongated shape of inclusions at
the periphery of the crystal; close-up showing the representative shape and details of the inclusions in
the center of quartz crystals (c) and in the growth zones (d).
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The origin of elongated fluid inclusions is related with the repulsion of mineral particles by the
growing face of the crystal, or with the processes of dissolution of quartz and subsequent healing of
the formed tunnel-like hollows [47]. The presence of single-phase vapor inclusions seems to be due to
boiling processes of the mineral-forming fluid. Judging by the significant elongation of the vacuoles of
fluid inclusions located perpendicular to the faces of the quartz crystal, the boiling process is suggested
to be quite long [47].

4.3. Results of the Fluid Inclusions Microthermometry

The results of fluid inclusions study from different types of quartz veins associations make it possible
to characterize the main physicochemical parameters related to their formation. Table 4 summarizes these
main parameters for two types of quartz from the different associations discussed before.

Table 4. Results of fluid inclusions microthermometry in quartz from early and late generations.

Quartz
Generation

T ◦C
Homogenization,

(n *)
T ◦C Eutectic

T ◦C
Ice Melting

NaCl,
wt.%

KCl,
wt.%

Total
Salinity,

wt.%

Pressure **,
Bar

Pyrite-Quartz Association

Early (Q1)

290–288 (5) −25 (−38–−35) −0.5–−0.4 0.6 0.3 0.9 70–68
270–260 (6) −24–−23 −0.6–−0.4 0.6 0.3 0.9 50–43

295 (2) 25 (−38–−35) −0.5–−0.4 0.6 0.3 0.9 76
245 (4) −24.5 −0.5 0.6 0.3 0.9 32

264–268 (3) −26–−25 −2 2.5 0.8 3.3 49

Late 260–240 (4) −38 −0.1 0.1 0.1 0.2 43
(Q2–4) 200 (2) −38–−35 −0.1 0.1 0.1 0.2 13

Maletoyvayamite-Quartz Association

Early (Q1)
255–245 (4) −38–−35 −2.5–−2 3.3 1.0 4.3 39–32
250–245 (2) −38–−35 −2.4–−2.2 3.3 1.0 4.3 36–32

Late 228–210 (6) −38 −0.7–−0.5 1.0 0.5 1.5 23–16
(Q2–4) 220–135 (3) −38 −0.6–−0.3 0.9 0.3 1.2 20–4

Note. * Number of inclusions; ** pressure value calculated for the concentration of solutions (wt.%) to NaCl eq.

4.3.1. Pyrite-Quartz Association

Two-phase water–salt inclusions from early quartz are homogenized at temperatures ranging
from 290 to 260 ◦C. Ice is formed in these inclusion solutions when they are cooled, and melts again
when heated at a temperature range from −2 to −0.4 ◦C. The first melting of ice is observed in a
temperature range from −38 to −35 ◦C, although intense, ice melting and the appearance of liquid
in is recorded in the range from −26 to −23 ◦C. In small inclusions, the first melting is distinguished
in the same temperature interval (from −26 to −23 ◦C), which is close to the melting temperature of
the eutectic NaCl + KCl + H2O water–salt system (−23.5 ◦C). This may indicate that the main salt
components in the inclusions are probably NaCl and KCl with a diminutive admixture of other soluble
salts, which somewhat lower the eutectic of the solutions. One of such impurities may correspond
to K2CO3, since the melting temperatures of eutectics in the water–salt systems Na2CO3 + K2CO3 +

H2O and K2CO3 +H2O correspond to −37 and −36.4 ◦C [48], that also coincides with a temperature
interval of the ice first melting in large inclusions −38–35 ◦C.

According to the method used by Borisenko [41] it was revealed that the concentrations of Na and
K chlorides prevailing in the composition of solutions in the inclusions are estimated as 2.5–0.1 wt.%
NaCl and 0.8–0.1 wt.% KCl, however, the presence of Fe and Mg chlorides in the composition of the
inclusions is unlikely. Mg compounds are not typical for the studied mineral associations. FeCl2 and
FeCl3 in water–salt systems would cause a metastable state, which also would involve incomplete
crystallization of the cooled solution and, as a consequence, a decrease in the melting point of the
eutectic [49,50], which was not observed in our studies.
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Cryometric study of individual vapor inclusions and the gas component of water–salt inclusions
did not reveal the presence of a dense gas phase. The cooling down to −190 ◦C did not result in any
gases’ liquefaction or crystallization. The absence of a dense gas phase is also confirmed by the study
of fluid inclusions with Raman spectroscopy. Raman spectra of the gas phase of inclusions do not
contain bands characteristic of CO2, N2, and CH4 [51].

The pressure values were calculated for the concentration of solutions (wt.%) equivalent to NaCl.
These values decrease from early generations of quartz to later ones and are in the range of 70–13 bar
for the pyrite-quartz association.

4.3.2. Maletoyvayamite-Quartz Association

Two-phase inclusions in the early quartz of the maletoyvayamite-quartz association were
homogenized in a temperature range from 255 to 245 ◦C. Ice is formed in cooled solutions of
two-phase inclusions, which then is melted at temperatures ranging from −2.5 to −2 ◦C. The beginning
of ice melting in cooled solutions occur in the range from −38 to −35 ◦C. Fluid inclusions in late quartz
from veinlets were homogenized in a temperature range from 225 to 135 ◦C (Table 4).

The rate of ice melting in cooled inclusions increases sharply at temperatures above −23 ◦C,
and lastly ice melts in a temperature range from −0.7 to −0.3 ◦C. The temperature ranges for the initial
melting point of cooled solutions in the inclusions are close to the melting temperature of the eutectic of
the water–salt systems Na2CO3 + K2CO3 +H2O and K2CO3 +H2O: −37 ◦C and −36.4 ◦C, respectively.
A quick acceleration of ice melting in cooled solutions at a temperature of −23 ◦C suggests the presence
of NaCl and KCl solutions along with Na2CO3 and K2CO3 as part of the composition.

The water–salt inclusions of the ore-bearing minerals from the maletoyvayamite-quartz association
are more saturated in salts in comparison with the inclusions from the pyrite-quartz association (Table 4).
Salt concentrations were calculated by the method of Borisenko [41], reaching NaCl = 3.3 and 1.0,
and KCl = 1.0 and 0.5 (wt.%) in early quartz and late quartz, respectively. These values decrease from
early generations of quartz to later ones and are in the range of 39–4 bar for the maletoyvayamite-quartz
association (Table 4, Figure 10).

5. Discussion

The results obtained from fluid inclusions microthermometry in vein quartz of the Maletoyvayam
deposit (Gaching area) indicate that the quartz was formed in a wide range of temperatures from nearly
300 to 180 ◦C and even below. In the same way, the pressure also varies from 80 to 10 bar (average).
At high temperatures (295–255 ◦C) and pressures (50–75 bar), pyrite is the main ore mineral (pyrite-quartz
association) (Figure 11a), while maletoyvayamite, bismuthinite, Cu-sulfosalts, etc. occurred in a rather
narrow range of temperatures and pressures (245–255 ◦C and 32–39 bar) (Figure 12).

 

Figure 11. (a) Diagrams of pressure versus temperature and (b) salinity of NaCl eq. versus temperature
on the basis of the microthermometry study of the different quartz generations.
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Figure 12. Paragenetic diagram showing the stages of mineral formation. The thick line – main mineral,
line - less common mineral, dotted line – rare mineral.

Both of the diagrams in (Figure 11) display a gradual change between the mineral associations,
moving from pyrite-quartz to maletoyvayamite-quartz; the late quartz generation of the first association
coincides with the early quartz generation of the second association in P-T parameters (Figure 11a);
however, they do differ in salt content (Figure 11b). For instance, the salinity percentage in fluid
inclusions of the productive gold-bearing association (maletoyvayamite-quartz) is considerably bigger
(3.3 versus 0.6).

Sulfosalts are an important indicator of mineral formation conditions in hydrothermal deposits of
various types [52–54]. Enargite in particular is a formation conditions indicator of HS type epithermal
deposits [2]. This mineral has been found in ores of well-known HS epithermal deposits: Goldfield
(Nevada, USA), Red Mountain, Lake City II and Summitville (Colorado, USA), Julcani (Peru) [2,55,56]
and others. It is also common among the sulfosalts described at Maletoyvayam [33], and, in particular,
in the studied samples (Figure 5). Enargite-bearing epithermal deposits develop when fluid rapidly
rises to higher levels of the earth’s crust without interacting with groundwater. Then, its gradual
cooling and partial neutralization due to its reaction with the host rocks leads to the formation of a
pyrite–enargite association, including alunite and barite [57].

Earlier, we made the assumption that pyrite formation and maletoyvayamite are divergent
in time based on the fact that they have never been encountered in equilibrium intergrowths [26].
Indeed, the microthermometry study on fluid inclusions in quartz confirmed this hypothesis: the most
abundant dissemination of pyrite grains occur in the earliest generations of the fine-grained quartz
aggregate (Figure 8a), with temperatures that correspond to a range of 295–245 ◦C, whereas the Au
minerals, sulfosalts and other associated minerals of the main ore stage crystallized at 255–245 ◦C
(Table 3, Figures 10 and 12). Moreover, pyrite crystallization precedes enargite in many HS-type
epithermal deposits [58].

The fluid inclusions data for HS epithermal deposits (Table 5) indicate that ore deposition occurred
mainly at temperatures similar to the LS and IS types. For example, the homogenization temperatures
of primary inclusions in quartz from the Aginskoye deposit (LS type) were 230–280 ◦C, with the ore
phase being in the range of 250–260 ◦C [59]. Similar temperature ranges have been established both
for the LS type deposits (Rodnikovoye and Asachinskoye in South Kamchatka, Russia) [19,21,60] and
in regard to the IS type deposit (Cheshmeh Hafez, Iran) [61], the homogenization temperatures of
the primary inclusions are in the range of 140–280 ◦C with peaks at around 180–250 ◦C. This is also
compatible with all HS type deposits, and with the obtained formation parameters of the Maletoyvayam
deposit (Table 5).

The salinity of ore-forming solutions differs both between the deposit types (LS and HS) and
even within the same type (Table 5). The salinity range can be strongly influenced on one hand by the
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mixing with meteoric water (dilution), or, on the other hand, by boil-off (concentrating) [57,62]. Fluid
inclusions with high salinity reflect the fluid history after crystallization of underlying magmas [63,64].
The strongly acidic hot fluids interaction with host rocks typically dissolve the surrounding rock,
leaving only silica. Then, brines containing gold ascend from the magma and precipitate metals in the
vuggy quartz forming the HS deposits. In general, the salinity of HS type deposits show a wide range
of values. For example, the highest salinity values of HS type ore deposits range from 5 to 24 wt.%
NaCl eq. for Julcani, Summitville and Goldfield [65,66] (Table 5). The ranges of 3–12 wt.% NaCl eq.
are typical of the Kairagach and Shelekhovskoe [67,68]. However, data from fluid inclusions in quartz
associated with the main gold stage from Red Mountain, Mt Carlton, Lepanto, Agan, Danchenkovskoe
and Belaya Gora [27,69–72], including Maletoyvayam, indicate salinities of up to 4.5 wt.% NaCl eq.
(Table 5).

Table 5. Crystallization conditions parameters for HS type epithermal deposits.

District
Measured Selected Ore Representative

References
T ◦C Salinity T ◦C Salinity

Red Mountain, BC, Canada 215–265 (?) 1.6 240 1.6 [69]
Summitville, CO 231–276 (?) 7–21 [65]

Goldfield, NV 150–325 (?) 5–18 [65,66]
Julcani, Peru 161–275 (?) 5–24 [65]

Mt Carlton, NE Australia 163–264 (57) 0–1.6 222 [70]
Lepanto, Philippines 166–285 0.2–4.5 [71]

Kairagach, Uzbekistan 120–300 <12 [67]
Agan, Russia 88–184 (6) 0.2–2.6 136 [27]

Danchenkovskoe, Russia 297–336 1–4 [72]
Belaya Gora, Russia ≈100 <1 [68]

Shelekhovskoe, Russia 180–250 3–8
Maletoyvayam * Russia 295–245 (23) 0.9–3.3 270 2 This study

Maletoyvayam ** 255–245(6) 4.3 250 4.3 This study
Maletoyvayam *** 228–135(9) 1.3 180 1.3 This study

Note. *—pyrite-quartz association (early Q1); **—maletoyvayamite-quartz association (early Q1); ***—maletoyvayamite-
quartz association (later Q2−4). Salinity in wt. % NaCl eq. Selected Temperature and Salinity related to the
productive stage.

The HS mineralization associated with the dilute to moderately saline solutions (<5 to ~10 wt.%
NaCl eq.) occur at temperatures between 180 and 320 ◦C [71]. The hotter and more saline fluid
inclusions occur in rocks of deep horizons closer to the magma fluid source [14,73]. The reduction
in the sulfidation state of fluids due to interaction with wallrocks can change HS fluids to IS ones,
as confirmed by paragenetic transitions from HS to IS mineralization [74]. In the IS-type epithermal
deposits, salinity ranges vary widely and reaches high values, for example, 4.7–18 wt.% NaCl eq. at the
Cheshmeh Hafez field [61]. While the salinity in inclusions from LS-type deposits of the Aginskoye
deposit of the Central Kamchatka volcanic belt is no more than 2 wt.% NaCl equiv. [59], as in the
Juliet field (LS-type), at the Okhotsk-Chukotka volcanic belt, the salinity of the inclusions is about
1.2–5.6 wt.% NaCl eq. [75]. In this respect, it is clear that the salinity of fluid inclusions is not intimately
related to the type of deposit, but more dependent on the conditions of ore deposition.

Based on the formation model for HS epithermal deposits [4,39,64,76,77], it can be assumed that
gold–copper–porphyry mineralization may be found at deeper horizons in the Maletoyvayam area
since the models for epithermal deposits form in a relatively near-surface magmatic-hydrothermal
environment associated with volcanic rocks that overlie cogenetic intrusive rocks.

6. Conclusions

Two mineral associations were indentified during the study of quartz mineralization at the
Maletoyvayam Au-deposit: the earlier pyrite-quartz and the Au-bearing maletoyvayamite-quartz
associations. Each of them contains different generations of quartz, but only the early quartz generations
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in each of the mentioned associations include either pyrite (pyrite-quartz association) or sulfosalts
with gold compounds and other rare associating minerals (maletoyvayamite-quartz association).
Maletoyvayamite is the main Au mineral of the maletoyvayamite-quartz association, which has never
been reported in any other epithermal gold deposit in the world. It was particularly identified in
samples having high Au concentrations, and occurs in the marginal parts of sulfosalts, intergrown with
complex oxides of chalcogenides and native tellurium, and also as individual inclusions in quartz.

The following features and physicochemical conditions on the formation of a productive ore
association were identified based on the fluid inclusions study (Figures 11 and 12):

The composition of primary fluid inclusions in the quartz is represented by the dominant NaCl
and KCl, as well as Na2CO3 and K2CO3. The total percentage of salinity varies from 4.3 wt.%.
in the early quartz from the maletoyvayamite-quartz association to 0.2 in late quartz from the
pyrite-quartz association. The temperature of fluids varied from 290 to 135 ◦C, decreasing during
the crystallization of the later generations of quartz (Figure 11). The calculated pressure of the fluid
varies from 79 to 4 bar, and most likely corresponds to hydrostatic fluid. The fluids that formed
the maletoyvayamite-quartz association differ from those forming the pyrite-quartz association with
lower temperatures (255–135 ◦C), and increased salt concentration (4.3 wt.%). The increase in the
total concentration of salts in the hydrothermal solutions that formed the maletoyvayamite-quartz
association is due to the boiling of fluids. All parameters before presented and discussed agree in all
respects with other HS-type epithermal deposits around the world; however, they do not provide
further evidence of the particularities in ore mineral composition of the Maletoyvayam deposit, which
is as yet the only known occurrence of the HS type on the Central Kamchatka Volcanic Belt.
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Abstract: The mineral and chemical compositions of ores from the Corrida epithermal Au-Ag deposit
(Chukchi Peninsula, Russia) were studied using the optical and scanning electron microscopy with
X-ray energy-dispersion microanalysis. The deposit was formed at the time close to the period
when the basic volume of acid magmas had been emplaced within the Okhotsk–Chukotka belt
(84 to 80 Ma). The Au–Ag mineralization is distinguished with Au-Ag sulphides and selenides
(uytenbogaardtite-fischesserite solid solution, Se-acanthite, S-naumannite) and Ag halides of the
chlorargyrite-embolite-bromargyrite series. The ores were formed in two stages. Using microther-
mometric methods, it has been established that the ore-bearing quartz was formed in the medium-
temperature environment (340–160 ◦C) with the participation of low-salt (3.55 to 0.18 wt.% NaCl
eq.) hydrotherms, mostly of the NaCl composition with magnesium, iron and low-density CО2.
According to our results of thermodynamic modeling at temperatures from 300 to 25 ◦C and data on
mineral metasomatic alterations of the host rocks, the Au-Ag-S-Se-Cl-Br mineralization was formed
at decreasing temperature and fugacity of sulphur (logƒS2 from −6 to −27), selenium (logƒSe2 from
−14 to −35), and oxygen (logƒО2 from −36 to −62), with near-neutral solutions replaced by acid
solutions. Analysis of the obtained data shows that the Corrida refers to the group of the LS-type
epithermal deposits. This deposit is a new example of epithermal deposits with significant quantities
of Au–Ag chalcogenides (acanthite, uytenbogaardtite, fischesserite, naumannite and others).

Keywords: Arctic; epithermal mineralization; Corrida deposit (Chukchi Peninsula, Russia); LS-type
of deposits; Au-Ag-S-Se-Cl-Br mineralization; physicochemical parameters of ore formation (Т, Р,
f O2, f S2, f Se2, pH)

1. Introduction

The exploitation of the Northern Sea Route and technological solutions of arranging
production in the severe climatic conditions make the Arctic part of Eurasia increasingly
interesting for investors [1]. Over the last 20 years, in Central and West Chukotka, more
than 10 epithermal gold deposits have been explored and involved in mining production,
though in the second half of the 20th century they were considered unfeasible. The resource
base re-evaluation, which led to the successful exploration of mining objects, was based on
their comprehensive study [2–7] and on the accumulated world insight into epithermal
mineralization [8–13]. The Chukchi Peninsula is located to the east of the 180◦ meridian
(Figure 1). For some primarily infrastructure reasons, manifestations of different ore
types, including epithermal Au-Ag ones, known ever since the 1970s, have so far been
insufficiently studied. Some practical and research works generally characterize only their
geological structure and the morphology of ore bodies exposed on the surface [14,15].
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The accumulated data on the epithermal Au-Ag deposits illustrate that they are
formed in the areas of calc-alcaline volcanism associated with convergent tectonic regimes,
at the depth of no more than 2 km from the surface and temperatures from 300 to
100 ◦C, from low-salt hydrothermal fluids [11,12,16]. Depending on the chemical com-
positions and acidity of ore-forming solutions, and the degree of their interaction with
host rocks, the fugacities of sulphur and oxygen [10,17–19], T, and P-parameters of the
ore-formation process, three contrasting types of Au-Ag mineralization are formed at
different levels of the ore system. High-sulphidation (HS), intermediate-sulphidation (IS),
and low-sulphidation (LS) types differ in mineral compositions, ore textures, geochemistry,
hydrothermal-metasomatic alterations, and ore potentials for depth [9–13,16]. Examples of
HS deposits include Lepanto (Philippines), Summitville (CO, USA) [13,20]; IS deposits—
Silbak-Premier (British Columbia) [13]; LS deposits—Creede (CO, USA), Hishikari (Japan),
and Apacheta (Peru) [13,21,22].

In 2013, E.E. Kolova participated in prospecting works arranged by a private ge-
ological company in East Chukotka. The greatest attention was drawn to the Corrida
deposit (145 km to the east of the settlement of Egvekinot, in the Erguveyem River basin),
discovered by geologists V.I. Plyasunov and G.A. Tynankergav in 1975.

The aim of this study is to investigate the features of Au-Ag-S-Se-Cl-Br mineralization
at the epithermal Au-Ag Corrida deposit (Chukchi Peninsula, Russia) and to estimate
the physicochemical conditions of its formation based on the fluid inclusions study and
thermodynamic modeling.

2. Geological Situation

The Corrida deposit is located in the central part of the East-Chukotka flank zone of
the Okhotsk–Chukotka volcanic belt (OCVB). It is the largest province of the Cretaceous
calc-alkaline magmatism, localized at the joint of the North-Asian continent and the North
Pacific, where it forms a marginal continental Andean-type belt [23]. The deposit was
discovered by 1:50,000-scale geologic mapping in the Soviet-period [24].

The Corrida deposit belongs to the Erguveyem ore district [15], confined to the sim-
ilarly named volcanic–tectonic structure of circular type, which is 90 km in diameter. It
is built from periclinally deposited Late Cretaceous volcanites of the calc-alkaline series
(Na2O/K2O ratio ranges between 1.5 and 5.6) [24]; among these, the Nyrvakinot Forma-
tion, composed of andesites (U-Pb zircon age ca. 88.1 Мa) and felsic volcanites of the
Amgen’ Formations (U-Pb zircon age ca. 84–80 Мa) prevail [23,25]. The stock (Figure 1)
exposed in the central part of the volcanic structure is about 15 km in diameter, built from
quartz syenites and monzonites of the Late Cretaceous Ekityn complex of the estimated
age U-Pb 84 ± 1.2 Мa (Na2O/K2O ratio ranges between 0.5 and 3.0) [24]. Small intrusions
and dykes of granites, granodiorites, monzonites, syenites, subvolcanic bodies of fluidal
and spherolite rhyolites and andesites of the Early and Late Cretaceous age are widely
spread [24]. The structure basement is composed of Late Triassic to Early Cretaceous
volcanic-terrigenous-siliceous masses and associated gabbroids and ophiolites of the Vel-
may island-arc terrane [26]; their debris is observed in coarsely fragmented tuffs in the
basement of the Amgen’ rocks [27]. All known occurrences in the Erguveyem ore district
are located at the joints of circular fractures bounding the volcanic–tectonic structure with
regional faults of the north-north-eastern strike.
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Figure 1. Geological map of the Erguveyem ore district (1) and the Corrida ore field (2) [24,26]. 1–6—illustration
(1): 1—Late Triassic–Early Cretaceous volcanogenic-terrigenous-siliceous formation; 2—Cretaceous volcanic rocks;
3—Quaternary aqueoglacial and alluvial formations, with the main water flow directions; 4—Late Cretaceous grani-
toids; 5—Late Cretaceous subvolcanic rhyolite and andesite bodies; 6—tectonic dislocations: a—faults; b—dislocations of
volcanic–tectonic structures; 7–11—illustration (2): 7—volcanic rocks of the Nyrvakinot Formation; 8—volcanic rocks
of the Amgen’ Formation; 9, 10—Late Cretaceous subvolcanic bodies: 9—rhyolite; 10—andesite; 11—ore features:
a—hydrothermal-metasomatic alteration zones; b—lodes; c—stockwork veinlet zones.

In the ore field of the Corrida deposit, the Nyrvakinot Formation is overlapped by
acid effusives of the Amgen’ Formation (Figure 1). The latter contains three benches. The
first includes multicolored lapilli, and, more seldom, agglomerate tuffs of rhyolites and
rhyodacites with lenses of tuff conglomerates with a lot of coarsely fragmented pyroclastic
material and basement rock fragments. The second is composed of vitric tuffs of rhyolites
and rhyodacites, with fragments of feldspar, quartz, and glass crystals prevailing in their
composition. The third consists of rhyolite ignimbrites with rare interbeds of vitric tuffs
and dacites [28]. On watershed tops, rare isolated stacks built from cenotypal andesibasalts
of the Nulingran Formation are found. Volcanites are broken by extrusions, subvolcanic
bodies and dykes of andesites, basalts, massive and fluidal rhyolites.

The most intense alterations with clear vertical zoning are observed in the felsic
tuffs of the Amgen’ Formation. Coarse-grained tuffs with sericite and sericite-quartz
alterations, with adularia-quartz veining including Au-Ag mineralization, occur within
the elevation interval of 200–350 m. At 350–400 m, we observe intense argillic alteration
and hematitization. Within 400–450 m, there are kaolinite-alunite-quartz advanced argillic
alterations (“secondary quartzites” by Russian therminology) that host rare quartz veinlets
with poor sulphide mineralization. Within the interval of 450–500 m, welded ash tuffs are
weakly altered. The unaltered ignimbrites occur above 500 m.

The ore bodies present the adularia-quartz veining zones with rare thin (0.1–0.5 m)
veins. The bodies have mostly northwestern and northeastern strike, north and north-east
dip (50–60◦) and extremely uneven thickness, from 5 to 15 m, with swells of up to 35 m.
Along the strike, they are traced from the surface for 1.3 km. From data [24], it can be seen
that gold grade in ores varies from 1 to 33 ppm, and silver grade from 116 to 622 ppm.
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Veins and veinlets are built mostly from medium-, fine-grained, cryptocrystalline
chalcedonic quartz, seldom associated with adularia. They often have colloform-banded,
framboidal-platy, massive, porous, brecciform, and breccia structures, and seldom have
drusy structures (Figure 2). In breccia aggregates, numerous rubbles are presented by
host rocks (Figure 2) cemented by cryptocrystalline quartz. The ore mineralization is
disseminated unevenly from fine and uniform to sporadic and nested.

 

Figure 2. Typical textures of Corrida ores: (a)—combination of crustify-platy and colloform-banded; (b)—banded;
(c)—massive; (d)—fragmentally brecciform; (e)—porous; (f)—breccia (fragments of monoquartzites in cryptocrystalline
quartz).

3. Materials and Methods

The ore has been studied in polished sections under the AXIOPLAN Imagin micro-
scope.( NEISRI FEB RAS, Magadan, Russia) The chemical compositions of the miner-
als were determined with the Camebax X-ray electron-probe microanalyzer (FEB RAS,
Magadan, Russia) (analyst E.M. Goryacheva) (EDS) and QEMSCAN attached to the EVO50
scanning electron microscope (FEB RAS, Magadan, Russia) (SEM) with the Quantax Esprit
system of X-ray energy-dispersion microanalysis system using the standard P/B-ZAF
method (analyst T.V. Subbotnikova). The content range was 0.0n–100% with an error for
the main components not exceeding 1 wt.%. Statistic calculations of native gold grades
were made with the GOLD software (IVerison) developed by S.V. Preis.

Additional analyses of composition of sphalerite and associated minerals were carried
out using a MIRA 3 LMU (Tescan Orsay Holding, Novosibirsk, Russia) with EDS INCA
Energy 450+ (Analytical Center for Multi-elemental and Isotope Research, Siberian Branch,
Russian Academy of Sciences, Novosibirsk, Russia, analyst N.S. Karmanov). The operation
conditions were: an accelerating voltage of 20 kV, a probe current of 1 nA and a spectrum
recording time of 20 s. The detection limits of elements were <0.1%. The uncertainty was
≤1% for major components (>10–15 wt.%) and <2% for minor ones (1–10 wt.%). These
dates were used for thermodynamic modeling.

Microthermometry of fluid inclusions was conducted in NEISRI FEB RAS with the
measuring set based on the THMSG-600 stage (made by Linkam, London, UK), Motic
microscope, Moticam camcorder, Olympus x50 long-focus lens, and the control computer.
Individual fluid inclusions (FI) were studied following the methodologies from [29,30].
The fill factor (FF) was calculated considering FI, flattened in shape, by the formula:
FF = Sf ÷ Sv × 100, where Sf stands for the area of the fluid phase, and Sv, for that of the
vacuole. The salt composition of solutions was determined by eutectic temperatures [31];
salt concentration, by the ice melting temperature (Тice. mel.), according to [32]. Salt concen-
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trations as well as water vapor density and pressures were calculated using the FLINCOR
software [33] according to the system outlined in [34]. Compositions of gas mixtures (CO2,
N2, CH4) in fluid inclusions were determined by Raman analyses on the Lab Ram HR 800
Raman dispersion spectrometer in the wide spectrum range of 150–3800 cm−1, with the
exciting line 532 nm of the He-Ne laser and the spectral slit 1.8 cm−1. Complex contours
were disintegrated with the Origin 7.5 software. Raman-spectroscopy was carried out at
the Analytical Center for Multielemental and Isotope Research, Siberian Branch, Russian
Academy of Sciences, Novosibirsk, Russia.

LogƒS2–(logƒSe2, logƒO2) and logƒO2–pH diagrams at 25–300 ◦C were calculated
by the method suggested by Garrels and Christ [35]. Gibbs free energies (GТ) used
in calculating chemical equations, involving Fe, Cu, Zn, and Pb minerals, were taken
from the databases of the Selector software package for Windows [36]: for sulphides and
oxides—s_sprons07.DB [37]; for selenides and sulphates—s_Yokokawa.DB [38]. Thermo-
dynamic constants for iron sulphides were taken from the Thermodem database [39]; for
arsenopyrite and loellingite, from [40]; for arsenic, from [41]. Calculations GТ for Au-Ag
minerals involve the thermodynamic data from [42–44]. Thermodynamic properties for Ag
chlorides and bromides were taken from [45,46]. Sulphur fugacity (ƒS2) and temperatures
of mineral formation were estimated using the electrum-sphalerite geothermometer based
on the data on Fe-content of sphalerite (xFeS) and the amount of Ag (xAg) in the coexist-
ing native gold (Au1−xAgx). Calculations were performed using the related equations
from [17,47].

4. Results

4.1. Mineral Composition of Ores

The present research has established over 20 ore and 11 vein minerals at the Corrida
deposit (Table 1).

Table 1. Mineral composition of Corrida ores.

Groups Basic Secondary Rare

Vein Quartz

Adularia
Albite

Hydromica
Kaolinite
Jarosite

Carbonate
Zeolite
Epidote

Actinolite

Ore

Pyrite
Galena

Acanthite *
Naumannite *

Sphalerite
Arsenopyrite
Native gold *
Chalcopyrite

Fahlores
Bromargyrite *

Au-chlorargyrite *

Argyrodite *
Polybasite *
Pyrargyrite *
Miargyrite *

Clausthalite *
Andorite
Lenaite *

Sternbergite *
Argentopyrite *

Uytenbogaardtite *
Fischesserite *
Native silver

Hypergene Limonite
Chalcocite Anglesite Chlorargyrite *

Acanthite

* Chemical compositions of minerals are presented in Tables 2 and 3.
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Table 2. Compositions of sulphides (below, and in Tables 3–5, the analyses are not 100% standard-
ized).

Mineral
Element Concentrations, wt.%

Sum
Ag Zn As Fe S

Pyrite

45.55 54.45 100.00
46.45 53.55 100.00
47.84 52.16 100.00
48.37 51.63 100.00

Arsenopyrite 43.75 37.44 18.80 100.00

Sphalerite

4.66 55.66 5.96 33.72 100.00
2.45 61.97 4.45 31.02 100.00
3.50 62.07 1.53 32.89 100.00

62.95 1.98 35.07 100.00
1.68 63.30 1.03 33.60 99.95

65.09 2.25 32.67 100.00

Table 3. Compositions of clausthalite and minerals of Au and Ag.

Mineral
Element Concentrations, wt.% Sum

Fe Pb Zn Ge Cu Au Ag Sb Se S

Clausthalite
72.02 27.90 99.92
72.54 26.99 99.53

Naumannite

72.76 27.24 100.00
73.36 25.60 1.04 100.00
74.51 24.50 0.98 100.00
76.29 21.49 2.22 100.00
77.75 19.26 2.98 100.00

Uytenbogaardtite-
fischesserite

3.00 76.34 18.36 2.30 100.00
13.78 77.73 7.15 100.00

Argyrodite
4.97 72.69 13.25 9.09 100.00
5.53 72.57 10.74 11.17 100.00
5.94 69.90 10.60 10.43 98.87

Andorite
13.22 22.72 18.31 3.70 11.40 99.61
18.52 17.22 22.17 1.81 22.62 98.40

Pyrargyrite 59.70 20.58 3.43 14.33 98.04

Miargyrite
45.99 41.19 4.55 8.28 100.00
35.02 40.35 1.80 22.00 100.97
36.15 41.00 1.16 20.46 98.77

Acanthite

78.06 15.73 6.21 100.00
78.88 12.71 8.41 100.00

2.99 84.41 4.14 11.45 100.00
1.67 79.14 3.54 11.30 100.00

0.94 82.59 3.27 13.21 100.00
87.41 1.27 11.32 100.00

5.97 65.70 7.15 100.00
77.16 14.63 97.76

Polybasite 4.57 10.35 43.04 23.02 19.02 100.00
65.77 21.70 12.53 100.00

Argentopyrite-
lenaite-sternbergite

15.12 61.76 23.12 100.00
9.06 72.59 18.15 100.00
8.20 72.82 16.98 100.00
8.24 80.63 11.13 100.00
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Table 4. Compositions of native gold in the Corrida ores.

Mineral
Element Concentrations. wt.%

Sum
Ag Au

Native gold
(electrum)

28.45 71.55 100.00
29.50 70.50 100.00
34.04 65.96 100.00
38.95 61.05 100.00
41.46 58.20 100.00
44.60 55.40 100.00
48.50 51.50 100.00
57.51 42.49 100.00
60.64 39.36 100.00
65.67 34.33 100.00
67.11 32.89 100.00

Table 5. Compositions of silver halides in the Corrida ores.

Mineral
Element Concentrations, wt.% Sum

S Cl Br Fe Au Ag

Bromargyrite 18.32 6.01 75.68 100.00
18.18 4.19 77.63 100.00

Chlorargyrite

22.76 77.25 100.01
1.22 22.57 76.21 100.00
0.57 21.00 78.43 100.00

18.61 81.39 100.00

Au-chlorargyrite
(or phase mixture)

5.85 9.63 20.95 63.57 100.00
4.51 40.63 54.87 100.00

Quartz is the most widely spread mineral in lode-veinlet zones. Most narrow veins
and veinlets, as well as lode central parts, are usually filled with medium- to finely-grained,
sometimes platy, light quartz, often associated with adularia (Quartz Type 1) (Figure 2a,b);
finely-grained light-shade quartz with massive and porous structures with impregnated Pb,
Zn and Ag sulphides (Quartz Type 2) (Figure 2c,d). The cementing mass in the aggregates
has a brecciated structure; fine “enriched” rhythms of colloform-striped formations, narrow
veins and veinlets of massive structure are built from dark, finely-grained, cryptocrystalline,
to chalcedonic quartz (Quartz Type 3) (Figure 2e,f), saturated with abundant and even
submicroscopic impregnation of ore minerals (Au-Ag sulphoselenides, halides, selenides,
and sulphides of silver) (Figures 2 and 3; Tables 2 and 3).

Adularia does not exceed 15% of lode fill; besides, it is observed in combination with
sericite and kaolinite in near-lode metasomatic formations. It is light-crème in colour and
is presented by hypidiomorphic aggregates, its position in rhythmically striped aggregates
is clearly seen in the structure pattern (Figure 2).

Pyrite and arsenopyrite fill fine impregnations (1–2 μm to 0.2 mm, seldom to 3–5 mm)
both in lode bodies and in wallrock zones of metasomatic alterations. Joint locations of
pyrite and arsenopyrite are observed extremely rarely: they are predominantly located
separately. Pyrite is abundant and found in association with all established sulphides
(Figures 3 and 4). The signs of pyrite cataclasis and recrystallization are widepsread. Ar-
senopyrite forms practically no mineral associations and often occurs as disseminated
inclusions in fine-grained quartz. The pyrite composition is stoichiometric; in the ar-
senopyrite composition, Fe grades exceed stoichiometric while As and S ones are lower:
Fe1.10As0.95S0.95 (Table 2).
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Figure 3. Mineral interrelations at the Corrida deposit: (a)—acanthite grown on galena; (b)—acanthite around galena and
acanthite tabular isolations in galena; (с)—assemblage of pyrite, chalcopyrite, and sphalerite impregnated with chalcopyrite
emulsion; (d,e)—sphalerite and pyrargyrite with the rim of the mineral mixture of Au-Ag sulphides; (f)—pyrargyrite with
the mineral mixture of Au-Ag sulphides; (g)—native gold intergroup with pyrargyrite; (h)—interstitial grain of native gold;
(i)—interstitial grain of native silver. Mineral abbreviation in Figures 3 and 4: au—native gold, ag—native silver, fis—
fischesseritie, uyt—uytenbogaardtite, ac—acanthite, nmt—naumannite, se-argd—Se-bearing argyrodite, pyr—pyrargyrite,
an—andorite, chl—chlorargyrite, br—bromargyrite, py—pyrite, apy—arsenopyrite, sp—sphalerite, chp—chalcopyrite,
gn—galena, claus—clausthalite, q—quartz, ss—fischesseritie-uytenbogaardtite solid solution.

Sphalerite and chalcopyrite are observed in medium-grained quartz, more seldom
in chalcedonic, in the form of uneven impregnation and pockets of up to 1 mm in size
(Figure 3c–e). Sphalerite with fine impregnation of chalcopyrite is episodic (Figure 3c).
Sphalerite is often observed with acanthite and naumannite (Figure 4e,f), which grow
around and penetrate into it through fractures. Sphalerite (Zn,Fe)0.99S1.01 contains up to
6 wt.% Fe and up to 4.6 wt.% Ag (in half of the grains studied) (Table 2). We suggest
that Ag admixture is related to microscopic or submicroscopic inclusions of discrete Ag-
minerals [48].

Galena is marked in medium-fine-grained light quartz both as fine impregnations
and pockets of up to 4–5 mm in size (Figure 3a,b). In the dark chalcedonic quartz, it is
seldom observed in the shape of unevenly distributed submicroscopic grains. Acanthite
is often developed on the edges of galena aggregates as well as on their joints. The Se-
analog of galena, clausthalite, is found in the paragenesis with naumannite. They occur as
submicroscopic impregnations in grey quartz (Figure 4, Table 3,) and in direct proximity to
acanthite, pyrite, and sphalerite (Figure 4).
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Figure 4. BSE (Backscattered electron) image of microscopic and submicroscopic particles of ore minerals in chalcedonic
quartz: (a)—chlorargyrite (chl), acanthite (ac), pyrargyrite (pyr) in fissures; (b)—andorite (an), chlorargyrite (chl) and
bromargyrite (br) in relatively large pores filled with anglesite and clay material; (с)—native gold (au), acanthite (ac),
naumannite (nmt), sphalerite (sp), pyrite (py) in smaller pores; (d)—acanthite (ac), argyrodite (argd), uytenbogaardtite
(uyt) and fischesserite (fis) impregnation; (e,f)—naumannite (nmt), chlorargyrite (chl), sphalerite (sp) and native gold (au)
impregnation; (g)—pyrite (py) and acanthite (ac) impregnation; (h)—native gold (au), naumannite (nmt), acanthite (ac) and
pyrite (py) in smaller pores; (I)—naumannite (nmt), acanthite (ac) and arsenopyrite (apy) in smaller pores.

In chalcedonic quartz, submicroscopic impregnations (Figure 4, Table 3) consist of
clausthalite, naumannite, uytenbogaardtite-fischesserite series, argyrodite, andorite, pyrar-
gyrite, lenaite, and acanthite. There is also polybasite, which is characterized by a lower
content of Ag, higher Cu and Fe contents, and absence of As. Rarely observed mineral
mixtures of the argentopyrite-lenaite-sternbergite series are characterized by lower Fe and
higher Ag contents (Table 3).

The most common Ag-bearing mineral in ores is acanthite, which occurs in associations
with galena (Figure 3b), naumannite, argyrodite, clausthalite, and jarosite. It has the non-
stoichiometric composition, and often contains Se (1.3 to 15.7 wt.%) and Fe (up to 3 wt.%)
(Table 3). Naumannite shows up to 3 wt.% S.

Native gold commonly occurs as submicroscopic particles in chalcedonic quartz
associated with acanthite (Figure 3) and galena; less often it forms larger (up to 0.5 mm),
xenomorphic insets in medium- and fine-grained quartz (Figure 3h) in association with
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pyrite and sphalerite. The fineness of native gold varies from 330 to 720‰ (Table 4), and
averages 458‰; values are distributed bimodally, with peaks at 300–400‰ and 550–600‰.

Native silver is rare in association with acanthite and galena. Silver grains in quartz
do not exceed 0.7 mm in size (Figure 3i).

Among ore mineralization, various chlorides and bromides of Ag are present as finely
dispersed dissemination in chalcedony (Figure 3, Table 5). They are frequently localized in
fissures and interstitions, and associated with anglesite (Figure 4a,b,h) and jarosite.

Mineralogical analysis showed three productive mineral associations in Corrida ores:
pyrite-arsenopyrite-sphalerite-chalcopyrite with native gold and acanthite; galena with
native gold and Au-Ag sulphides and selenides; limonite-anglesite with acanthite, silver
chlorides and bromides. Basic Au- and Ag-bearing minerals are native gold (electrum)
and, to a lesser extent, minerals of the uytenbogaardtite-fischesserite series, acanthite, and
naumannite.

4.2. Fluid Inclusions

In quartz samples from ore bodies of the Corrida deposit, 55 individual primary and
primary-secondary FI were studied (Table 6). Under the ambient temperature, all FI are
two-phase, gas-liquid in their phase composition (Figure 5). They vary in size from 5 to
20 μm, of which 28% smaller than 10 μm. FI are unevenly distributed, both in groups and
individually, in the central zones of quartz crystals (Figure 5), are elongated, and, more
rarely, round in shape. About 23% can be referred to FI with a prevailing gas phase (FF
lower than 67) (Table 6, Figure 5b). FI with different FF are typically localized in growth
zones and can be considered syngenetic (Figure 5с).

Table 6. Results of microthermometry studies of individual fluid inclusions in the Corrida productive quartz.

Sample n
Experimental Data Calculation Data

Тhom.,
◦C Тeut.,

◦C Тice.mel.,
◦C FF, % C, wt.% NaCl eq. d, g/cm3 P, bar

016с
Quartz
Type 1

3 340–320 −20 −1.4 75 2.41 0.63 140–108
6 314–280 −25 −2–−1.8 50–67 3.39–3.06 0.7 82–60
7 314–292 −26–−20 −2.1–−1.5 75–83 3.55–2.57 0.75 100–72
2 290–288 −0.1 75 0.18 0.7 70–68
5 286–280 −29–−23 −2–−1.8 80 3.39–3.06 0.7 66–60
4 279–240 −29–−25.6 −2–−0.1 75–86 3.39–0.18 0.8–0.7 59–27
3 240–237 - −0.1 50–67 0.18 0.8 29
3 235–192 −25 −0.1 75–80 0.18 0.8 27–11

053
Quartz
Type 2

3 307 −28 −0.1 66 0.18 0.67 90
3 279 −25 −0.1 75 0.18 0.73 59
5 233–223 −28 −0.3–−0.1 83–75 0.53–0.18 0.83–0.8 26–21
5 182–172 −32–−25 −0.3–−0.1 85–83 0.53–0.18 0.9 8–7

1014B
Quartz
Type 3

3 205 −23.8 −0.1 91 0.18 0.8 14
5 183–158 −27.5–−23 −0.1 88–80 0.18 0.9–0.8 9–6
1 163 −22 −0.1 67 0.18 0.9 6

n—number of measurements with similar values, united in one group; FF—fluid inclusion fill factor: ratio of voluminous parts of the
liquid phase to the gas one.

In 4 out of 8 compositions of FI “gas” phases, Raman-spectroscopy established CO2
with density from 0.05 to 0.19 g/cm3 (calculated according to [49]), with minor contents of
N2 and CH4 (Figure 6) and CO2/N2/CH4 ratios from 0.97/0/0.03 to 0.92/0.07/0.01.

Most FI are homogenized within the temperature range of 163 ◦C to 340 ◦C (Table 6).
FI with predominant gas phase (FF = 50) are homogenized at 237–300 ◦C (Table 6), and
those with the liquid phase (FF = 89–92), at 158–205 ◦C. Homogenization temperatures are
distributed bimodally, with peaks at 275–300 ◦C and 150–175 ◦C.
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Figure 5. Photomicrographs showing different types of fluid inclusions in the ore-bearing quartz: (a)—fluid inclusions in
quartz (sample 053); (b)—fluid inclusion (16C_2fi, see Figure 6), with the gas phase represented by the CО2 mixture not
exceeding 0.05 g/cm3 in density, N2, and CH4 in ratio 0.92/0.07/0.01; (c)—coexistence of two-phase fluid inclusions with
different fill factors (sample 016 C).

Figure 6. Raman-spectra, showing the gas composition (CO2, N2, CH4) of the fluid inclusion (16с_2fi) in the Corrida
ore-bearing quartz.

Cryometric research shows that the last ice crystal in FI melts at temperatures between
−2.1 and −0.1 ◦C (Table 6, Figure 7), which corresponds to salt concentration in solutions
from 3.55 to 0.18 wt.% NaCl eq. FI containing solutions with salt concentration from 3.5
to 2.4 wt.% NaCl eq. are homogenized at temperatures from 240 to 340 ◦C, and form
a group on the diagram (Figure 7). FI have the eutectic temperature range of −32 ◦C
to −20 ◦C, which suggests the presence of NaCl with MgCl2 and FeCl2 in the solution
(Table 6, Figure 7). Salt composition of the solutions from FI remains stable throughout the
ore process (Figure 7).

4.3. Physicochemical Parameters (fO2, fS2, fSe2, pH) of Ore Formation

Based on the data of mineral compositions of ores and hydrothermal alterations
as well as on the results of fluid inclusions study, some physicochemical parameters of
mineralization (ƒS2, ƒSe2, ƒO2, and pH) have been evaluated.

The presence of pyrite, arsenopyrite, Fe-bearing sphalerite, and native gold in Corrida
ores permits one to estimate the range of sulphur and oxygen fugacities. At 300 ◦C,
the pyrite + arsenopyrite + Ag0.75Au0.25 + acanthite are stable at logƒS2 = −11–−6 and
log ƒO2 < −26 (Figure 8a,b, field 1). Absence of the Se-bearing mineralization suggests low
values of ƒSe2 (logƒSe2 < −13) during ore formation. According to Figure 8a,b at 300 ◦C, the
fields of pyrite and native silver do not intersect, which implies lower temperatures of their
formation. This association is stable at 200 ◦C and logƒS2 = −16.5–−10.5, log ƒSe2 < −18,
and logƒO2 < −36 (Figure 8c,d, field 2).
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Figure 7. Plots of the last ice crystal melting temperature vs. eutectic temperature (a) and last ice crystal melting temperature
vs. homogenization temperature (b), illustrating the distribution patterns of the data points for different types of quartz.

The emergence of Se-containing minerals (Ag sulphoselenides–Se-acanthite, S-naumannite;
fischesserite, clausthalite) in the ores testifies to the increasing role of selenium in the min-
eral formation process. According to the genetic model, at this stage hydrothermal solutions
may have boiled. As a result of boiling, porous chalcedony is formed and micromineral
phases are deposited in pores with S and Se subliming by the scheme: Se-acanthite −
S-naumannite + clausthalite + native gold − native silver + chlorargyrite + bromargyrite
− uytenbogaardtite + fischesserite. At 100 ◦C, Se-acanthite with the composition Ag2S –
Ag1.94S0.52 Se0.54 is formed at logƒS2 = −21–−16, log ƒSe2 = −28–−22 and logƒO2 < −48
(Figure 9a,b, field 3); the upper stability limit of ƒS2 corresponds to the line of uytenbo-
gaardtite occurrence. The stability field of naumannite (Ag1.94S0.33Se0.73–Ag2Se) combined
with clausthalite at 100 ◦C is limited within the intervals of logƒS2 from −25 to −16, logƒSe2
from −26.5 to −21 and logƒO2 < −48 (Figure 9a,b, field 4).

The stability field of native silver (Figure 9a,b, field 5) corresponds to the lower values
of logƒS2 < −21 and logƒSe2 < −27. The minimum value of logƒS2 = −24.6 was evaluated by
the pyrite-pyrrhotite (FeS2/Fe7S8) stability line, and the maximum limit for logƒO2 = −54,
by the line of oxides (hematite, cuprite) and sulphates (anglesite, Ag2SO4) appearance.
The association of Au0.5Ag0.5 with petrovskaite or Ag0.75Au0.25 with uytenbogaardtite at
this temperature is formed at the values of logƒS2 = −13.9 and −16.3. The association of
Ag0.75Au0.25 with fischesserite or Au0.5Ag0.5 with fischesserite or naumannite (Ag0.5Au0.5
+ Ag2Se/Ag3AuSe 2+ Au) is formed at logƒSe2 = −21.1 and −18.4. AuSe is formed at
log ƒSe2 < −14. Minerals of the uytenbogaardtite-fischesserite series below 100 ◦C are
stable at logƒS2 from −25 to −14, logƒSe2 < −14, and logƒO2 < −48 (Figure 9a,b, field 6).

The Corrida ores’ mineral composition is peculiar for the presence of Ag chlorides
and bromides in the hypergene association with acanthite, jarosite, anglesite, limonite, and
chalcocite, which permits evaluation of their stability fields. Below 100 ◦C, chlorargyrite
and bromargyrite are formed at logƒO2 > −46 and рН< 6; under 25 ◦C, at logƒO2 > −60 and
рН < 9 (Figure 9c,d); consequently, Ag halides are more stable under lower temperatures.
For the hypergene association, critical values of sulphur and selenium fugacity correspond
to the stability lines of copper sulphide (Cu2S, chalcocite) and selenide Cu2Se (logƒS2
from −44 to −20.6, logƒSe2 < −18) (Figure 9a), while oxygen fugacities are limited by the
anglesite stability lines (logƒO2 from −62 to −50).
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Figure 8. LogƒS2—logƒSe2 and logƒS2—logƒО2 diagrams at 300◦C (a,b) and 200 ◦C (c,d) and stabil-
ity fields of the Corrida mineral associations: field 1—pyrite + arsenopyrite + native gold + acanthite-1;
field 2—pyrite + chalcopyrite + acanthite-2 + native silver.
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Figure 9. Diagrams of logƒS2–logƒSe2 (a) and logƒО2–pH (b) at 100 ◦C, logƒS2–logƒO2 (c) and logƒО2–pH (d) at
25 ◦C, and stability fields of the Corrida mineral associations: field 3—Se-acanthite (Ag2S − Ag1.94S0.52Se0.54) + Ag
halides; field 4—S-naumannite (Ag1.94S0.33Se0.73 − Ag2Se) + clausthalite (PbSe); field 5—Au-Ag solid solutions; field 6—
uytenbogaardtite-fischesserite; field 7—acanthite + chlorargyrite + bromargyrite + anglesite (PbSO4). Element concentrations
used in calculation: [S] = 10−2 M, [Cl] = 10−1 M, [Br] = 10−2 M, [Ag] = 10−7 M.

The electrum-sphalerite geothermometer is used for calculating the temperature and S
fugacity values. In the present research, we studied the homogeneous grains of native gold
in paragenesis with sphalerite. The composition of native gold from this paragenesis varies
within the range xAg = 0.630–0.731; mole fraction of FeS in sphalerite (xFeS) is between 0.019
and 0.055. The calculations show that the formation of this mineral assemblage, with the
above-mentioned compositions of native gold and sphalerite, requires temperatures from
192 to 274 ◦C and lоgƒS2 from −15.6 to −11.4. Calculated by different equations [17,47],
these characteristics are close in value (Table 7) and do not exceed the above-estimated
boundary values of ƒS2.

210



Minerals 2021, 11, 144

Table 7. Estimated values of the mineral formation temperature and sulphur fugacities.

№ xFeS xAg T◦, C [17]/[47] logƒS2 [17]/[47] № xFeS

logƒS2 [17]/[47]

175 ◦C 150 ◦C

Sphalerite with native gold Sphalerite with Ag-minerals

1 0.022 0.731 214.9/192.0 −14.06/−15.62 6 0.120 −18.35/−17.63 −20.39/−19.57
2 0.027 0.719 223.5/201.1 −13.67/−15.14 7 0.094 −18.13/−17.41 −20.17/−19.35
3 0.049 0.631 270.4/250.6 −11.53/−12.60 8 0.020 −16.79/−16.07 −18.83/−18.00
4 0.055 0.630 274.2/254.6 −11.42/−12.46 9 0.096 −18.16/−17.44 −20.19/−19.37
5 0.019 0.631 237.3/216.1 −12.55/−13.86 10 0.089 −18.08/−17.36 −20.12/−19.30

In evaluating sulphur fugacity, based on the composition of sphalerite associated with
Ag- sulphoselenides and sulphosalts, we used mineral formation temperatures according
to the data from the FI research (150–175 ◦C) that supposedly corresponds to the formation
of later Ag-containing minerals. The presence of argentopyrite in the association indicates
temperatures below 150 ◦C [50]. The mole fraction of FeS in sphalerite (xFeS) in this
association varies between 0.020 and 0.120. Calculations using equations from [17,47]
show that sphalerite forms within the range of temperatures from 150 to 175 ◦C and sulfur
fugacity lоgƒS2 = −20.4–−16.0, which remains within the ƒS2 boundary values estimated
above.

Hydrothermal-metasomatic alterations of Corrida host rocks are represented by
hydromica-quartz metasomatites, argillisites, and secondary quartzites replacing them
on higher horizons. According to the research on metasomatic rocks [51], weakly acid
to near-neutral solutions are typical of argillization, and ultra-acid solutions are typical
for secondary quartzites. Moreover, the presence of jarosite in ores at the final stages of
Corrida mineralization also suggests participation of acid hydrothermal solutions [52]. At
the original stages, mineral-forming solutions might have had weakly acid to near-neutral
pH and were later replaced with acid and ultra-acid solutions.

5. Discussion

The research showed three productive mineral associations in the ores of the Corrida
deposit: (1) pyrite-arsenopyrite-sphalerite-chalcopyrite with native gold and acanthite;
(2) galena with native gold and silver and Au-Ag sulphides and selenides; (3) limonite-
anglesite with acanthite and silver chlorides and bromides. A specific feature of the ores
is a broad range of Au-Ag-S-Se-Cl-Br minerals. The observed mineral interrelations and
bimodal distribution of native gold fineness values imply a two-stage model formation of
Au-Ag ores at the Corrida deposit: plutogenic-volcanogenic and hypergenic; the first stage
can be divided into two substages.

The FI study revealed that the lode body quartz was formed from low-salt (3.55 wt.%
to 0.18 wt.% NaCl eq.) hydrotherms, saturated with ions of chlorine, sodium, magne-
sium, and iron at temperatures from 340 to 158 ◦C. A low level of salt concentration in
hydrothermal solutions is characteristic of epithermal systems. This may be a consequence
of the condensation of magmatic vapor [53–55], and the boiling process [56,57]. Most FI
were trapped in two temperature intervals, which show that the first ore-forming stage
contained two substages: 300–275 ◦C and 175–150 ◦C. It was found that three kinds of
quartz filling ore formations were formed successively on cooling of the system: (1) light,
medium- to fine-grained quartz (Type 1), building quartz-adularia lode-veinlet aggre-
gates of the colloform-banded and crustified-platy structures (Sample 016c) (Figure 2a,b;
Table 5), was formed at 340 to 192 ◦C; (2) fine-grained quartz (Type 2), forming aggregates
of massive, brecciform, and porous structures, with mostly galena mineralization (Sam-
ple 053) (Figure 2c,d; Table 5), at 307 to 172 ◦C; (3) grey, cryptocrystalline (Type 3), which
builds dark rhythms of colloform-banded and banded aggregates, serves as the cementing
material for breccia formation, and contains submicroscopic impregnations of gold and
silver minerals (Sample 1014B) (Figure 2e,f; Table 5), at 205 to 158 ◦C. In ore-forming
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solutions, trapped by the light quartz FI (Type 1), salt concentration is seven times as large
(Table 5; Figure 7) as that in the grey quartz FI (Type 3). Simultaneously, low-density CO2
with minor N2 and CH4 (Figure 6) was found only in the light quartz FI, which means
that in the initial period, up to approximately 300 ◦C, the ore-forming fluid contained
low-density gases. Vapor phases, according to [57,58], are capable of transporting gold in
the form of colloid particles of heterogeneous trapping. Prokofiev et al. [59] determined the
presence of gold as nanoparticles in fluid inclusions by optical and spectroscopic methods.
The FI in quartz from the Corrida deposit are very small. We observed no gold as nanopar-
ticles in them. Possible species of gold transport in the ore-forming epithermal system
are chloride and hydrosulfide complexes [43,60,61]. Breccia ore formations, cemented by
the low-temperature variety of quartz, indicate that the hypogene stage is complicated by
tectonic, probably seismic, fluctuations.

Thermodynamic modeling showed that the pyrite-arsenopyrite-argentite (acanthite)
assemblage can be formed at 300 ◦C with logƒS2 from −11 to −6, log ƒSe2 from −25 to −13,
logƒO2 from −50 to −26; pyrite-chalcopyrite-argentite(acanthite) assemblage, at 200 ◦C
with log ƒS2 from −16.5 to −10.5, logƒSe2 from −25 to −15, logƒO2 from −50 to −36;
Se-bearing mineralization, at 100◦C with logƒS2 from −16 to −24.6, logƒSe2 > −28 and
logƒO2 > −54. At the same time, chlorargyrite and bromargyrite can be formed at the
pH < 6 at 100 ◦C and pH < 3 at 25 ◦C.

According to experimental research and thermodynamic modeling results [51,52], in
the core sample of hydrothermal-metasomatic alterations of host rocks, at the 400–500 m
horizon, hydromica-quartz metasomatites and argillisites are replaced by kaolinite-alunite-
quartz secondary quartzites and monoquartzites, which indicates the change of pH in the
solutions from weakly acid–near-neutral to acid during mineral formation. The horizon,
in which kaolinite-alunite-quartz metasomatism is manifested, presumably corresponds
to the level of the Corrida ore system paleo surface, where geothermal processes were
accompanied by boiling, solution oxidation, and formation of quartz platy aggregate [62];
these might have even had zero connection with the ore formation process (“overprinting
ore”) [9].

Thus, it was established that in the Corrida ore system, on the background of lowering
temperature, boiling, decreasing fluid salt concentration, and pH changing from near-
neutral to acid, the oxidation potential was increasing, sulphur activity was lowering,
but selenium activity was growing. These factors resulted in the significant variation of
sulphoselenides and selenides of Ag in ores. According to the results of thermodynamic
modeling and experiments [63,64], at such physicochemical conditions, the role of selenium
as an ideal precipitator of Ag is multiplied. Here, the buried waters of an oxygen-free
marine paleobasin saturated with an organic matter could be the source of selenium [65];
the waters warmed to over 250 ◦C, and the biologically bound selenium could mobilize into
a hydrothermal fluid [66]. Their deposition in the discussed area was favorably promoted
by shallow deposition of the OCVB built by the flinty masses of the Velmay island-arc
terrane, less permeable than the OCVB volcanites and, therefore, capable of confining
water.

Comparatively high, for epithermal ores, initial temperature of ore-forming fluid,
presence of low-density gases and broadly spread acanthite in ores suggest that an intrusion
chamber could be the source of the ore-forming fluid [10]. Probably such chamber for the
Corrida ore system was a stock built by syenites and monzonites of the Ekityn complex,
of the estimated age 84 ± 1.2 Мa [24], which was formed during the evolution of the
central part of the Erguveyem volcano-tectonic structure. The ore process occurred close to
this time, which is indicated by hydrothermal-metasomatic alterations in the rocks of the
Leurvaam and the Amgen’ Formation (84–80 Ma) and complete absence of such alterations
in the rocks of the Nunlingran Formation of the Campanian age [22,25]. These data allow
one to estimate a possible period of the Corrida formation as 84 to 80 Ma [67], i.e., the time
when the basic volume of OCVB acid magmas was formed [23,68].
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The data obtained in the present study (adularia availability, colloform ore structures,
development of arsenopyrite and sphalerite, wide range of Au-Ag minerals, absence of
enargite, tennantite, tetrahedrite, and other sulfosalts characteristic for HS systems [17])
show near-neutral pH of ore-forming solutions in the basic part of the system. The presence
of CО2 in the ore-forming fluid at the initial stage, as an indicator of redox reactions under
interaction of fluid with rocks [18], allows us to classify the Corrida deposit as an LS-type
deposit. It was determined, for this group of objects, that the most favorable temperature
conditions for the formation of rich ores are 180–280 ◦C [9]; temperatures above 280 ◦C (in
this case, maximum ore formation temperature 340 ◦C) imply a high ore potential of the
system.

The Corrida deposit is a new example of epithermal deposits in which Au–Ag chalco-
genides (acanthite, uytenbogaardtite, fischesserite, naumannite and others) are found in
significant quantities [3,7,69–71]. Au–Ag chalcogenides and other gold and silver minerals
found in sulfide ores (argyrodite, andorite, pyrargyrite, lenaite, chlorargyrite, bromargyrite)
can be of economic importance in the future [72].

6. Conclusions

The studied Corrida Au-Ag deposit, located at the periphery of the Erguveyem volcanic–
tectonic depression, belongs to the group of epithermal LS-type deposits. The mineral compo-
sition of ore bodies here is characterized by a broad range of Au-Ag-S ± Se-Cl-Br minerals.
Basic Au- and Ag-bearing minerals are native gold and, to a lesser extent, minerals of
the uytenbogaardite-fishesserite series, acanthite and naumannite. The ores were formed
in two stages. The first hypogenic stage was from 84 to 80 Ma. Basic ore mineralization
was formed in the medium- to low-temperature environment (340–150 ◦C) from low-salt
(3.55 to 0.18 wt.%wt.% NaCl eq.) chloride hydrotherms, in the context of fluid boiling,
pH change from near-neutral to acid, decreasing sulfur, and increasing selenium contents.
The buried waters of the oxygen-free marine paleobasin saturated with the organic matter
could be the source of Se, Cl and Br.

Author Contributions: Conceptualization, E.E.K., G.A.P.; methodology, E.E.K., N.E.S., T.V.Z.; val-
idation E.E.K., A.N.G.; formal analysis, E.E.K., N.E.S., T.V.Z.; investigation, E.E.K., N.E.S., T.V.Z.,
A.N.G.; resources, A.N.G.; writing—original draft preparation, E.E.K., N.E.S., T.V.Z., A.N.G., G.A.P.;
writing—review and editing, E.E.K., G.A.P.; project administration, G.A.P. All authors have read and
agreed to the published version of the manuscript.

Funding: The studies were carried out by the grant № 13.1902.21.0018 "Fundamental Problems of the
Development of the Mineral Resource Base of the High-Tech Industry and Energy in Russia" from
the Ministry of Science and Higher Education of the Russian Federation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
NEISRI FEB RAS (protocol 1.12.2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank N. Karmanov (Sobolev Institute of Geology and Mineral-
ogy, Siberian Branch, Russian Academy of Sciences) for help in carrying out work on a scanning
electron microscope and an X-ray spectral microanalyzer. We would like to thank the academi-
cian N.S. Bortnikov for useful comments in the preparation of this article. We are very grateful to
the anonymous reviewers for their comments, which helped to improve the quality of the paper.
Appreciation is given to the Academic Editor for careful reading of the manuscript and comments.

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

213



Minerals 2021, 11, 144

References

1. Bortnikov, N.S.; Lobanov, K.V.; Volkov, A.V.; Galyamov, A.L.; Vikentev, I.V.; Tarasov, N.N.; Distler, V.V.; Lalomov, A.V.; Aristov, V.V.;
Murashov, K.Y.; et al. Strategy metal deposits in the Arctic zone. Geol. Ore Depos. 2015, 57, 479–500. [CrossRef]

2. Volkov, A.V.; Prokofyev, V.Y.; Savva, N.Y.; Sidorov, A.A.; Byankin, M.A.; Uyutnov, K.V.; Kolova, E.E. Ore formation at the Kupol
epithermal Au-Ag deposit (Russia’s North-East) according to the data from fluid inclusions studies. Geol. Ore Depos. 2012, 54,
295–303. [CrossRef]

3. Savva, N.E.; Pal’yanova, G.A.; Byankin, M.A. The problem of genesis of gold and silver sulfides and selenides in the Kupol
deposit (Chukci Peninsula, Russia). Rus. Geol. Geophys. 2012, 53, 457–466. [CrossRef]

4. Savva, N.E.; Kolova, E.E.; Fomina, M.I.; Kurashko, V.V. Gold mineralization in explosive breccia bodies: Mineralogical characteri-
zation and genetic aspects (Sentyabrsky NE Deposit, Chukotka Region, Arctic Russia). Arktos 2017, 3, 6. [CrossRef]

5. Kolova, E.E.; Volkov, A.V.; Savva, N.Y.; Prokofyev, V.Y.; Sidorov, A.A. Features of ore formation at the Dvoynoye epithermal
Au-Ag deposit (West Chukotka). Dokl. Earth Sci. 2018, 478, 561–565. [CrossRef]

6. Volkov, A.V.; Prokofyev, V.Y.; Sidorov, A.A.; Vinokurov, S.F.; Yelmanov, A.A.; Murashov, K.Y.; Sidorova, N.V. Conditions of the
Au-Ag epithermal mineralization formation in the Amguema-Kanchalan volcanic field (East Chukotka). Voclanol. Seismol. 2019,
13, 335–347. [CrossRef]

7. Zhuravkova, T.V.; Palyanova, G.A.; Kalinin, Y.A.; Goryachev, N.A.; Zinina, V.Y.; Zhutova, L.М. Physicochemical conditions of
formation of gold and silver paragenesis at the Valunistoe deposit (Chukchi Peninsula). Rus. Geol. Geophys. 2019, 60, 1247–1256.

8. Heald, P.; Hayba, D.O.; Foley, N.K. Comparative anatomy of volcanic-hosted epithermal deposits: Acid sulfate and adularia-
sericite types. Econ. Geol. 1987, 82, 1–26. [CrossRef]

9. White, N.C.; Hedenquist, J.W. Epithermal environments and styles of mineralization: Variations and their causes, and guidelines
for exploration. J. Geochem. Explor. 1990, 36, 445–474. [CrossRef]

10. Hedenquist, J.W.; Lowenstern, J.B. The role of magmas in the formation of hydrothermal ore deposits. Nature 1994, 370, 519–527.
[CrossRef]

11. Hedenquist, J.W.; Arribas, A.; Gonzalez-Urien, E. Exploration for epithermal gold deposits. Rev. Econ. Geol. 2000, 13, 245–277.
12. Sillitoe, R.H.; Hedenquist, J.W. Linkages between volcanotectonic settings, ore-fluid compositions, and epithermal precious metal

deposits. Spec. Publ. Soc. Econ. Geol. 2003, 10, 315–343.
13. Taylor, B.E. Epithermal Gold Deposits. In Mineral Deposits of Canada: A Synthesis of Major Deposit Types, District Metallogeny, the

Evolution of Geological Provinces and Exploration Methods; Goodfellow, W.D., Ed.; Mineral Deposits Division Special Publication;
Geological Association of Canada: St. John’s, NL, Canada, 2007; Volume 5, pp. 113–139.

14. Volkov, A.V.; Goncharov, V.I.; Sidorov, A.A. Gold and Silver Deposits in Chukotka; Neisri Feb Ras: Magadan, Russia, 2006.
(In Russian)

15. Struzhkov, S.F.; Konstantinov, М.М. Gold and Silver Metallogeny in the Okhotsk-Chukotka Volcanogenic Belt; Science World: Moscow,
Russia, 2005. (In Russian)

16. White, N.C.; Hedenquist, J.W. Epithermal gold deposits: Styles, characteristics and exploration. SEG Newsl. 1995, 23, 9–13.
17. Barton, P.B., Jr.; Skinner, B.J. Sulfide Mineral Stabilities. In Geochemistry of Hydrothermal Ore Deposits, 2nd ed.; Barnes, H.L., Ed.;

Wiley Interscience: New York, NY, USA, 1979; pp. 278–403.
18. Giggenbach, W.F. Isotopic shifts in waters from geothermal and volcanic systems along convergent plate boundaries and their

origin. Earth Planet. Sci. Lett. 1992, 113, 495–510. [CrossRef]
19. Rye, R.O. The evolution of magmatic fluids in the epithermal environment; the stable isotope perspective. Econ. Geol. 1993, 88,

733–752. [CrossRef]
20. Mancano, D.P.; Campbell, A.R. Microthermometry of enargite-hosted fluid inclusions from the Lepanto, Philippines, high-

sulfidation CuAu deposit. Geochim. Cosmochim. Acta 1995, 9, 3909–3916. [CrossRef]
21. Izawa, E.; Urashima, Y.; Ibaraki, K.; Suzuki, R.; Yokoyama, T.; Kawasaki, K.; Taguchi, S. The Hishikari gold deposit: High-grade

epithermal veins in Quaternary volcanics of southern Kyushu, Japan. J. Geochem. Explor. 1990, 36, 1–56. [CrossRef]
22. André-Mayer, A.S.; Leroy, A.S.; Bailly, J.L.; Chauvet, A.; Marcoux, E.; Grancea, L.; Rosas, J. Boiling and vertical mineralization

zoning: A case study from the Apacheta low-sulfidation epithermal gold-silver deposit, southern Peru. Miner. Depos. 2002, 37,
452–464. [CrossRef]

23. Akinin, V.V.; Miller, E.L. Evolution of lime-alkaline magmas in the Okhotsk-Chukotka volcanic belt. Petrol 2011, 19, 237–277.
[CrossRef]

24. Isayeva, Y.P.; Zvizda, Т.V.; Ushakova, D.D. State Geological Map of the Russian Federation, Scale 1:1 000 000 (3rd Generation),
Ser. Chukotka, Sheet Q-60—Anadyr, Explanatory Note; Vsegei Map Factory: St. Petersburg, Russia, 2016; Available online:
ftp://ftp.vsegei.ru/Q-60/Q-60_ObZap.pdf (accessed on 28 October 2020).

25. Sakhno, V.G.; Polin, V.F.; Akinin, V.V.; Sergeev, S.A.; Alenicheva, A.A.; Tikhomirov, P.L.; Moll-Stalcup, E.J. The diachronous
formation of the Enmyvaam and Amguema-Kanchalan volcanic fields in the Okhotsk-Chukotka volcanic belt (NE Russia):
Evidence from isotopic data. Dokl. Earth Sci. 2010, 434, 365–371. [CrossRef]

26. Ledneva, G.V.; Piis, V.L.; Bazylev, B.A. Upper Triassic siliceous-volcanogenic-terrigenous deposits of the Chukchi Peninsula. Rus.
Geol. Geophys. 2016, 57, 1423–1442. [CrossRef]

214



Minerals 2021, 11, 144

27. Akinin, V.V.; Gelman, M.L.; Sedov, B.M.; Amato, J.M.; Miller, E.L.; Toro, J.; Calvert, A.T.; Fantini, R.M.; Wright, J.E.; Natal’in, B.A.
Koolen metamorphic complex, NE Russia: Implications for the tectonic evolution of the Bering Strait region. Tectonics 1997, 16,
713–729.

28. Glukhov, A.N.; Kolova, E.E.; Savva, N.Y. Gold-silver mineralization of East Chukotka. In Geology & Mineral Resources of Russia’s
North-East; Proceedings of the 10th All-Russia Conference with International Participation, Yakutsk, Russia, 8–20 April 2020; Neefu
Publishers: Yakutsk, Russia, 2020; pp. 192–195.

29. Redder, E. Fluid Inclusions in Minerals; Nauka: Moscow, Russia, 1987.
30. Van den Kerkhof, A.M.; Hein, U.F. Fluid inclusion petrography. Lithosphere 2001, 55, 27–47. [CrossRef]
31. Borisenko, A.S. Studies of the salt composition of gaseous-fluid inclusions in minerals by cryometry. Rus. Geol. Geophys. 1977, 8,

16–27.
32. Bodnar, R.J.; Vityk, M.O. Interpretation of microterhrmometric data for H2O–NaCl fluid inclusions. In Fluid Inclusions in Minerals:

Methods and Applications; Pontignano: Siena, Italy, 1994; pp. 117–130.
33. Brown, P. FLINCOR: A computer program for the reduction and investigation of fluid inclusion data. Am. Mineral. 1989, 74,

1390–1393.
34. Zhang, Y.G.; Frantz, J.D. Determination of the homogenization temperatures and densities of supercritical fluids in the system

NaCl-KCl-CaCl2-H2O using synthetic fluid inclusions. Chem. Geol. 1987, 64, 335–350. [CrossRef]
35. Garrels, R.М.; Christ, C.L. Solutions, Minerals, and Equilibria; Mir: Мoscow, Russia, 1968. (In Russian)
36. Chudnenko, К.V. Thermodynamic Modelling in Geochemistry: Theory, Algorythms, Software, Applications; GEO: Novosibirsk, Russia,

2010. (In Russian)
37. Helgeson, H.C.; Delany, J.M.; Nesbitt, H.W.; Bird, D.K. Summary and critique of the thermodynamic properties of rock-forming

minerals. Am. J. Sci. 1978, 278, 1–229.
38. Yokokawa, H. Tables of thermodynamic properties of inorganic compounds. J. Natl. Chem. Lab. Ind. 1988, 305, 27–118.
39. Thermodderm Thermochemical and Mineralogical Tables for Geochemical Modeling. Available online: https://thermoddem.

brgm.fr (accessed on 1 July 2020).
40. Perfetti, E.; Pokrovski, G.S.; Ballerat-Busserolles, К.; Majer, V.; Gibert, F. Densities and heat capacities of aqueous arsenious and

arsenic acid solutions to 350 ◦C and 300 bar, and revised thermodynamic properties of As(OH)3
◦(aq), AsO(OH)3

◦(aq) and iron
sulfarsenide minerals. Geochim. Cosmochim. Acta 2008, 72, 713–731. [CrossRef]

41. Pokrovski, G.; Gout, R.; Schott, J.; Zotov, A.; Harrichoury, J.C. Thermodynamic properties and stoichiometry of As(III) hydroxide
complexes at hydrothermal conditions. Geochim. Cosmochim. Acta 1996, 60, 737–749. [CrossRef]

42. Tagirov, B.R.; Baranova, N.N.; Zotov, A.V.; Schott, J.; Bannykh, L.N. Experimental determination of the stabilities of Au2S(cr) at 25
◦C and Au(HS)2

¯ at 25–250 ◦C. Geochim. Cosmochim. Acta 2006, 70, 3689–3701. [CrossRef]
43. Pal’yanova, G.A. Physicochemical modeling of the coupled behavior of gold and silver in hydrothermal processes: Gold fineness,

Au/Ag ratios and their possible implications. Chem. Geol. 2008, 255, 399–413. [CrossRef]
44. Pal’yanova, G.A.; Chudnenko, K.V.; Zhuravkova, T.V. Thermodynamic properties of solid solutions in the Ag2S–Ag2Se system.

Thermochim. Acta 2014, 575, 90–96. [CrossRef]
45. Pankratz, L.B. Thermodynamic Data for Silver Chloride and Silver Bromide; US Bur Mines, Rep. Inv. 7430; US Department of Interior,

Bureau of Mines: Washington, DC, USA, 1970.
46. Rycerz, L.; Szymanska-Kolodziej, M.; Kolodziej, P.; Gaune-Escard, M. Thermodynamic properties of AgCl and AgBr. J. Chem. Eng.

2008, 53, 1116–1119. [CrossRef]
47. Scott, S.D.; Barnes, H.L. Sphalerite geothermometry and geobarometry. Econ. Geol. 1971, 66, 653–669. [CrossRef]
48. Cook, N.J.; Ciobanu, C.L.; Pring, A.; Skinner, W.; Shimizu, M.; Danyushevsky, L.; Melcher, F. Trace and minor elements in

sphalerite: A LA-ICPMS study. Geochim. Cosmochim. Acta 2009, 73, 4761–4791. [CrossRef]
49. Kawakami, Y.; Yamamoto, J.; Kagi, H. Micro-Raman densimeter for CO2 inclusions in mantle-derived minerals. Appl. Spectrosc.

2003, 57, 1333–1339. [CrossRef]
50. Czamanske, G.K. The stability of argentopyrite and sternbergite. Econ. Geol. 1969, 64, 459–461. [CrossRef]
51. Zharikov, V.A.; Rusinov, V.L. Metasomatism and Metasomatic Rocks; Nauchny Mir: Moscow, Russia, 1998; p. 492. (In Russian)
52. Naboko, S.I. Jarosite deposition from acid sulfate water of the Lower Mendeleyev Spring (Kunashir Isle). Proc. Mineral. Mus.

1959, 10, 164–170. (In Russian)
53. Heinrich, C.A. The physical and chemical evolution of low-salinity magmatic fluids at the porphyry to epithermal transition: A

thermodynamic study. Miner. Depos. 2005, 39, 864–889. [CrossRef]
54. Berger, B.R.; Henley, R.W. Magmatic-vapor expansion and the formation of high-sulfidation gold deposits: Structural controls on

hydrothermal alteration and ore mineralization. Ore Geol. Rev. 2011, 39, 75–90. [CrossRef]
55. Rottier, B.; Kouzmanov, K.; Casanova, V.; Wälle, M.; Fontboté, L. Cyclic dilution of magmatic metal-rich hypersaline fluids by

magmatic low-salinity fluid: A major process generating the giant epithermal polymetallic deposit of Cerro de Pasco, Peru. Econ.
Geol. 2018, 113, 825–856. [CrossRef]

56. Wilkinson, J.J. Fluid inclusions in hydrothermal ore deposits. Lithos 2001, 55, 229–272. [CrossRef]
57. Banks, D.A.; Bozkaya, G.; Bozkaya, O. Direct observation and measurement of Au and Ag in epithermal mineralizing fluids. Ore

Geol. Rev. 2019, 111, 102955. [CrossRef]

215



Minerals 2021, 11, 144

58. Gartman, A.; Hannington, M.; Jamieson, J.W.; Peterkin, B.; Garbe-Schönberg, D.; Findlay, A.J.; Kwasnitschka, T. Boiling-induced
formation of colloidal gold in black smoker hydrothermal fluids. Geology 2018, 46, 39–42. [CrossRef]

59. Prokofiev, V.Y.; Banks, D.A.; Lobanov, K.V.; Selektor, S.L.; Milichko, V.A.; Akinfiev, N.N.; Borovikov, A.A.; Lüders, V.; Chicherov,
M.V. Exceptional Concentrations of Gold Nanoparticles in 1,7 Ga Fluid Inclusions From the Kola Superdeep Borehole, Northwest
Russia. Sci. Rep. 2020, 10, 1108. [CrossRef]

60. Pokrovski, G.S.; Akinfiev, N.N.; Borisova, A.Y.; Zotov, A.V.; Kouzmanov, K. Gold speciation and transport in geological fluids:
Insights from experiments and physical-chemical modelling. Geol. Soc. Lond. Spec. Publ. 2014, 402, 9–70. [CrossRef]

61. Williams-Jones, A.E.; Bowell, R.J.; Migdisov, A.A. Gold in solution. Elements 2009, 5, 281–287. [CrossRef]
62. Simmons, S.F.; Christenson, B.W. Origins of calcite in a boiling geothermal system. Am. J. Sci. 1994, 294, 361–400. [CrossRef]
63. Akinfiev, N.N.; Tagirov, B.R. Selenium impact on silver transportation and sedimentation by hydrothermal solutions: Thermody-

namic description of the Ag-Se-S-Cl-OH system. Geol. Ore Depos. 2006, 48, 460–472. [CrossRef]
64. Tagirov, B.R.; Baranova, N.N. On the role of selenium in the silver hydrothermal transportation (by experimental data). Geochem.

Int. 2009, 6, 666–672.
65. Stotler, R.L.; Frape, S.K.; Shouakar-Stash, O. An isotopic survey of δ81Br and δ37Cl of dissolved halides in the Canadian and

Fennoscandian shields. Chem. Geol. 2010, 274, 38–55. [CrossRef]
66. Layton-Matthews, D.; Leybourne, M.I.; Peter, J.M.; Scott, S.D.; Cousens, B.; Eglington, B.M. Multiple sources of selenium in

ancient seafloor hydrothermal systems: Compositional and Se, S, and Pb isotopic evidence from volcanic-hosted and volcanic-
sediment-hosted massive sulfide deposits of the Finlayson Lake district, Yukon, Canada. Geochim. Cosmochim. Acta 2013, 117,
313–331. [CrossRef]

67. Tikhomirov, P.L.; Glukhov, A.N. On the issue of the age of volcanites within the East Chukotka segment of the OCVB and the
associated mineralization. In Cretaceous Systems in Russia and Adjacent Countries: Problems of Stratigraphy and Paleogeography;
Proceedings of the 10th All-Russia Meeting, Magadan, Russia, 20–25 September 2020; MAOBTI: Magadan, Russia, 2020; pp. 250–252.
(In Russian)

68. Tikhomirov, P.L.; Kalinina, E.A.; Moriguti, T.; Makishima, A.; Kobayashi, K.; Cherepanova, I.Y.; Nakamura, E. The Cretaceous
Okhotsk-Chukotka volcanic belt (NE Russia): Geology, geochronology, magma output rates, and implications on the genesis of
silicic LIPs. J. Volcanol. Geotherm. Res. 2012, 221, 14–32. [CrossRef]

69. Seryotkin, Y.V.; Pal’yanova, G.A.; Savva, N.E. Sulfur–selenium isomorphous substitution and morphotropic transition in the
Ag3Au(Se,S)2 series. Rus. Geol. Geophys. 2013, 54, 646–651. [CrossRef]

70. Palyanova, G.A.; Savva, N.E.; Zhuravkova, T.V.; Kolova, E.E. Gold and silver minerals in low-sulfide ores of the Julietta deposit
(northeastern Russia). Russ. Geol. Geophys. 2016, 57, 1171–1190. [CrossRef]

71. Sidorov, E.G.; Borovikov, A.A.; Tolstykh, N.D.; Bukhanova, D.S.; Palyanova, G.A.; Chubarov, V.M. Gold Mineralization at the
Maletoyvayam Deposit (Koryak Highland, Russia) and Physicochemical Conditions of Its Formation. Minerals 2020, 10, 1093.
[CrossRef]

72. Palyanova, G.A. Gold and Silver Minerals in Sulfide Ore. Geol. Ore Depos. 2020, 62, 383–406. [CrossRef]

216



minerals

Article

Native Gold in the Chudnoe Au-Pd-REE Deposit (Subpolar
Urals, Russia): Composition, Minerals in Intergrowth
and Genesis

Galina Palyanova 1,2,*, Valery Murzin 3, Andrey Borovikov 1, Nikolay Karmanov 1 and Sergei Kuznetsov 4

��������	
�������

Citation: Palyanova, G.; Murzin, V.;

Borovikov, A.; Karmanov, N.;

Kuznetsov, S. Native Gold in the

Chudnoe Au-Pd-REE Deposit

(Subpolar Urals, Russia):

Composition, Minerals in Intergrowth

and Genesis . Minerals 2021, 11, 451.

https://doi.org/10.3390/min11050451

Academic Editor: Theodore

J. Bornhorst

Received: 20 February 2021

Accepted: 22 April 2021

Published: 25 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Sobolev Institute of Geology and Mineralogy, Siberian Branch of Russian Academy of Sciences, Akademika
Koptyuga Pr., 3, 630090 Novosibirsk, Russia; borovikov.57@mail.ru (A.B.); krm@igm.nsc.ru (N.K.)

2 Department of Geology and Geophysics, Novosibirsk State University, Pirogova Str., 2,
630090 Novosibirsk, Russia

3 Zavaritsky Institute of Geology and Geochemistry, Ural Branch of Russian Academy of Sciences, Akademika
Vonsovskogo Str., 15, 620016 Ekaterinburg, Russia; murzin@igg.uran.ru

4 Komi Science Center, Institute of Geology, Ural Branch, Russian Academy of Sciences, Pervomaiskaya Str., 54,
167982 Syktyvkar, Russia; kuznetsov@geo.komisc.ru

* Correspondence: palyan@igm.nsc.ru

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

Keywords: Chudnoe deposit (Russia); Au-Pd-REE mineralization; chemistry of native gold; Au-Cu
intermetallides; P,T,X parameters of ore-forming fluids

1. Introduction

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

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

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

Borisov [5] found that native gold from the Chudnoe deposit contained inclusions of
the Au-Cu phases: Au3Cu, Au3Cu2, and Au2Cu with minor Pd. Kuznetsov et al. [8] also re-
ported that native gold of heterogeneous composition (8.2–11.6 wt.% Ag, 1.3–3.0 wt.% Cu,
about 1.3 wt.% Hg and to 1.7 wt.% Pd, fineness 850–906‰) contains inclusions of Au-
Cu phases—tetra-auricupride AuCu and auricupride AuCu3 and Pd minerals—mertieite
Pd5Sb2, isomertieite Pd5AsSb, atheneite (Pd,Hg)3As, stillwaterite Pd8As3, and stibiopalla-
dinite Pd5Sb3. It is worth noting that the stoichiometric formulas of some minerals reported
by these authors differ from those of minerals with similar names from the IMA database [17]:
mertieite-I Pd5+x(Sb,As)2−x (x = 0.1−0.2), mertieite-II Pd8Sb2.5As0.5, omertieite Pd11Sb2As2,
stibiopalladinite Pd5Sb2, atheneite Pd2(As0.75Hg0.25). Onishchenko et al. [16] determined two
varieties of native gold in the Slavnaya ore zone at the Chudnoe deposit. The authors show
a predominance of native gold containing 84–88 wt.% Au, 7–12 wt.% Ag, 1.3–5.5 wt.% Cu,
1–2 wt.% Pd and about 1 wt.% Hg. This native gold was found to be intergrown with small
inclusions of high-fineness gold: 94–98 wt.% Au, 1.5–2 wt.% Pd, to 0.9 wt.% Cu and to
0.7 wt.% Ag.
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Despite the numerous results, the reasons of compositional changes in native gold and
the presence of a wide set of impurity elements are not clear yet. Although native gold is
known to be concentrated in the fuchsite veinlets in rhyolites, there is little information on
matrix minerals in close growth with it and physicochemical conditions of the formation of
Au-Pd-REE mineralization. The aim of our study is to reveal the specific features of the
chemical composition of native gold and to determine the minerals in the intergrowth with
it in the Slavnaya and Ludnaya ore zones of the Chudnoe deposit. The first results of the
fluid inclusions study at the Chudnoe deposit were obtained by Surenkov [12]. This study
provides limited new microthermometric analyses of fluid inclusions which are used to
estimate the compositional features and PTX parameters for two ore zones. These data will
help us to determine the possible sources of trace elements in native gold and to receive
new information on the genesis of unique Chudnoe Au-Pd-REE deposit.

2. Geological Settings and Localizations

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

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

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

The southeastern part of the deposit area is made up of mainly dark porphyric
rhyolites with flow bandings. Along the dislocations with a break in continuity, rhyolites
are often lightened. In addition, dark rhyolites contain lightened zones extending to 1 m,
oriented according to fluidality. The dark color of rhyolites is due to the scattered fine (to
0.01 mm) impregnations of hematite, which is absent in light rocks [14]. The groundmass
of rhyolites is composed of varying amounts of quartz, albite, K-feldspar, and sericite. The
accessory minerals of rhyolites are ilmenite, titanite, allanite, apatite, zircon, monazite,
and xenotime. As for dark rhyolites, lightened zones contain similar quantities of major
components and low concentrations of Fe2O3 (Table 1).
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Figure 1. 200-km (inset), 8-km (a), and 100-m (b) scale maps of the Chudnoe deposit according to [7]
and photograph of ore sample (size 5 cm × 13 cm) from this deposit (c). 1—Kozhim Formation:
limestones, calcareous shales and sandstones; 2—Saled Formation: chlorite-sericite-quartz shale,
sandstone; 3—Obizskaya suite: quartzite sandstones, conglomerates, gravelstones; 4—Sablegorskaya
suite: felsic and basic effusive rocks, tuffs, phyllitic schists; 5—Moroinskaya Formation (R3mr):
phyllitic schists, marbles, quartzites; 6—Khobein suite: quartzites, conglomerates, chlorite-sericite-
quartz schists; 7—Puivinskaya suite: mica-quartz schists, calcareous schists, interlayers of quartzites,
marbles; 8—subvolcanic rhyolites; 9—granites; 10—gabbro, gabbro-dolerites; 11—tectonic faults;
12—Chudnoe (1) and Nesterovskoe (2) deposits.

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

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

41 L 77.32 0.17 11.63 0.62 0.50 0.02 0.06 0.19 1.99 6.40 0.02 0.21 99.13
42 D 75.08 0.17 11.75 2.40 0.72 0.02 0.09 0.18 1.72 6.60 0.02 0.41 99.16
43 L 76.42 0.17 12.14 1.00 0.65 0.02 0.10 0.16 1.85 6.60 0.02 0.27 99.40
44 D 73.56 0.19 12.64 2.55 0.65 0.04 0.16 0.37 1.45 6.60 0.05 0.74 99.00
62 L 75.44 0.19 13.66 0.50 1.01 0.02 0.04 0.21 4.90 3.60 0.03 0.14 99.74
63 D 73.06 0.19 14.29 1.49 0.79 0.02 0.06 0.23 4.80 3.80 0.04 0.38 99.15
64 L 74.94 0.19 13.91 0.30 0.58 0.02 0.01 0.22 5.70 3.10 0.02 0.05 99.04
65 D 75.34 0.19 13.15 1.86 0.65 0.02 0.05 0.23 5.00 3.20 0.02 0.21 99.92
21 L 77.76 0.17 12.17 0.13 0.60 0.01 0.04 0.15 2.78 5.70 0.02 0.18 99.71
22 D 75.36 0.18 12.68 1.78 0.43 0.01 0.06 0.14 2.90 5.30 0.02 0.27 99.13
71 L 73.42 0.19 14.20 0.21 0.86 0.01 0.06 0.17 4.50 5.70 0.03 0.15 99.53
72 D 72.00 0.19 14.54 2.41 0.29 0.02 0.05 0.16 5.60 4.70 0.02 0.17 100.15
4–2 L 78.92 0.10 10.80 0.37 1.22 0.01 0.10 0.18 3.67 3.40 0.02 0.6 99.39
4–1 D 75.67 0.12 12.11 1.59 1.08 0.01 0.12 0.20 4.41 3.65 0.02 0.4 99.38

Notes: The CO2 content in the samples does not exceed 0.22 wt.%, the F content < 0.02 wt.%. LOI—loss on ignition.
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Onishchenko and Kuznetsov [7] report that in gold-bearing rhyolites, the content of
Cr reaches 0.03–0.05 wt.%, and the concentrations of Au, Ag and As are no more than
few tens of ppm: 25 Au, 3.4 Ag (which corresponds to Au/Ag ≈ 7), and 6–21 As. The
contents of some elements amount to hundreds of ppm: 480–970 Ba, 80–100 La, 160–230 Ce,
60–110 Y, 30–40 Nb, 180–260 Zr. The total contents of REE in rhyolites with fuchsite from
the Chudnoe deposit average 544 ppm [5]. The concentrations of Hg to 18 ppm are typical
of fuchsite ores, barren rhyolites contain up to 18 ppb Hg [18]. In gold-bearing rhyolites
the content of S is no more than 0.01 wt.%. Higher sulfur contents (to 0.5 wt.%) were found
in some poorly productive zones among andesites [7].

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

3. Materials and Methods

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

Figure 2. Macrophotograph of a polished section of rhyolite from the Ludnaya zone (a) and reflected
light microscopy image (b) and BSE (c) micrograph of its fragment (p.1) with a fuchsite (Cr-Ms)
veinlet containing native gold of type I (AuI), allanite (Aln), and mertieite (Mert).
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A macro- and microscopic study of the ore samples was conducted. Mineralogical
research was carried out using an optical microscope Olympus BX51 (in the Sobolev
Institute of Geology and Mineralogy of the Siberian Branch of the Russian Academy
of Sciences (IGM SB RAS) (Novosibirsk, Russia). Chemical analyses of minerals were
conducted at the Analytical Center for Multi-elemental and Isotope Research in the IGM SB
RAS (Novosibirsk, Russia) by electron probe microanalysis (EPMA) using a MIRA 3 LMU
scanning electron microscope (Tescan Orsay Holding, Brno, Czech Republic) equipped
with an X-ray energy dispersive spectrometer (EDS) AZtec Energy XMax-50 (Oxford
Instruments Nanoanalysis, Oxford, UK) (analysts Dr. N. Karmanov, M. Khlestov).

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

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

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

4. Results

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

4.1. Native Gold in Rhyolites from the Ludnaya Ore Zone

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

Figure 3. Native gold (type I) (AuI) (fineness 720‰, Ag impurity) in intergrowth with fuchsite
(Cr-Ms) in rhyolite from the Ludnaya zone (Figure 2b—p.1b). (a)—reflected light microscopy image,
(b)—multi-layered colorful EDS map, (c–i)—maps of areal distribution of elements in characteristic
rays. Abbreviations of minerals: quartz (Qz), albite (Ab), K-feldspar (Kfs).

It is well seen on the multi-layered colorful EDS maps (Figures 3b and 4b) and maps
of areal distribution of elements (Au, Ag, Pd, Na, K, Si, Al, Fe, Sb, As) in characteristic
rays (Figures 3c–i and 4c–g) that native gold in the analyzed fragments—points p.1a and
p.1b—is localized in the interstices of fuchsite and has no common borders with quartz,
albite, and K-feldspar. Figure 4 demonstrates that native gold (p.1a) is intergrown with
fuchsite and mertieite. Mertieite also occurs as separate particles in fuchsite (Figure 4a).
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Figure 4. Native gold (type I) (AuI) (fineness 720‰, Ag impurity) in intergrowth with fuchsite (Cr-
Ms) and mertieite (Mert) (b–d) in rhyolite from the Ludnaya zone (Figure 2b—p.1a). (a)—reflected
light microscopy image, (b)—multi-layered colorful EDS map, (c–g)—maps of areal distribution of
elements in characteristic rays.

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

Figure 5. BSE micrographs of a fuchsite (Cr-Ms) vein with allanite (Aln), native gold (type I) (AuI)
(Figure 2b—p.1c) and other minerals in rhyolite from the Ludnaya zone (a) and its enlarged fragment
(b): on the right are gold microparticles in intergrowth with fuchsite, on the left, in intergrowth with
allanite (Aln) and mertieite (Mert). Abbreviations of minerals: quartz (Qz), K-feldspar (Kfs).

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

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

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

p.1a 69.54 27.6 97.14 716 Au0.58Ag0.42 Cr-Ms; U-Mert
70.52 27.22 97.74 722 Au0.59Ag0.41 - “ -

p.1b 71.44 27.29 98.72 717 Au0.58Ag0.42 Cr-Ms
70.52 27.22 97.74 724 Au0.59Ag0.41 - “ -

p.1c 69.91 27.12 97.03 720 Au0.59Ag0.41 Cr-Ms
69.95 27.46 97.41 722 Au0.59Ag0.41 Aln; Cu-Mert

Abbreviations of minerals: fuchsite (Cr-Ms), allanite (Aln) and U or Cu-mertieite (U- or Cu-Mert).

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

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

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

4.2. Native Gold in Rhyolites from the Slavnaya Ore Zone

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

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

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

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

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

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

No.2

p.1a 85.03 11.58 1.72 98.34 865 Au0.76Ag0.19Cu0.05 Cr-Ms; Ab; Cu,Ag-Mert
p.1a 84.64 12.41 1.65 98.7 858 Au0.76Ag0.19Cu0.05 - “ -

p.2 84.55 11.51 4.12 100.19 844 Au0.71Ag0.18Cu0.11
Cr-Ms; Ab; Kfs; AuCu;

AuIII840–890
p.2 84.76 12.72 1.55 99.03 856 Au0.75Ag0.21Cu0.04 - “ -
p.6 83.68 12.24 1.61 97.53 858 Au0.75Ag0.20Cu0.04 Cr-Ms; Ab; Aln; AuV930–990
p.6 83.78 12.19 1.77 97.73 857 Au0.75Ag0.20Cu0.05 - “ -

p.7 85.38 11.44 1.48 98.3 869 Au0.77Ag0.19Cu0.04
Cr-Ms; Ab; Cu,Ag,Au-Mert;

AuV990
p.7 85.73 11.87 1.62 99.23 864 Au0.77Ag0.19Cu0.04 Cr-Ms; Ab; AuV990
p.7 85.67 12.28 1.54 99.48 861 Au0.76Ag0.20Cu0.04 - “ -
p.7 84.41 12.38 1.4 98.19 860 Au0.76Ag0.20Cu0.04 Ms; Ab; Aln; AuV990

No.3

p.1b 85.22 11.86 1.88 98.96 861 Au0.76Ag0.19Cu0.05
Ab; Ms; Kfs; Qz; AuV1000–970;

AuCu; X1
p.1b 84.93 11.95 2.04 98.92 859 Au0.75Ag0.19Cu0.06 - “ -
p.1b 84.21 12.57 1.51 98.29 857 Au0.75Ag0.21Cu0.04 - “ -
p.1e 83.62 11.75 4.64 100.01 836 Au0.70Ag0.18Cu0.12 Ab; Kfs; Qz; AuIII840–890
p.2 86.84 12.83 2.24 101.9 852 Au0.74Ag0.20Cu0.06 Ab; Ms; Qz
p.2 84.57 12.9 2.11 99.58 849 Au0.74Ag0.21Cu0.05 - “ -
p.2 86.36 12.27 1.71 100.35 861 Au0.76Ag0.20Cu0.05 - “ -
p.2 85.39 12.98 2.02 100.39 851 Au0.75Ag0.21Cu0.06 - “ -
p.2 83.16 14.85 1.35 99.36 837 Au0.73Ag0.23Cu0.04 - “ -
p.2 84.86 12.29 2.42 99.57 852 Au0.73Ag0.20Cu0.07 - “ -

p.3b 84.13 12.21 1.67 98.01 858 Au0.75Ag0.2Cu0.05 Ab; Ms
p.3c 84.82 12.19 1.76 98.77 859 Au0.75Ag0.2Cu0.05 Ab
p.4a 84.54 12.33 1.93 98.81 856 Au0.75Ag0.2Cu0.05 Ab; Kfs; Cu-Mert; X1
p.4a 84.07 12.34 2.07 98.48 854 Au0.74Ag0.2Cu0.06 - “ -

Abbreviations of minerals: native gold of type II, III and V (AuII, AuIII and AuV), fuchsite (Cr-Ms), muscovite (Ms), allanite (Aln), quartz
(Qz), albite (Ab), K-feldspar (Kfs) Cu, Ag, U-mertieite (Cu, Ag, U-Mert), tetra-auricupride (AuCu) and amoeba phase (X1).

Figure 6g shows native gold of type II in the intergrowth with allanite, albite, fuchsite,
and mertieite in the same sample No.2 (p.7). The contact between native gold and allanite
is not resorbed, which suggests that they formed simultaneously. In some albite-fuchsite
veinlets of sample No.2 (p.6) (Figure 6h–j) gold particles in the marginal parts are replaced
by higher-fineness gold (fineness 930–965‰) (type V): the content of Ag decreases to
2.2 wt.%, and that of Cu increases to 2.3 wt.% and Pd appears (0.9–1.9 wt.%) (Table 6). The
texture of such native gold becomes porous (Figure 6j). The albite-fuchsite-allanite veinlet
contains apatite inclusions (Ca4.9P2.82O12F1) (Figure 6h).
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Figure 6. Macrophotograph of a polished section of rhyolite No.2 from the Slavnaya ore zone (a) with
albite-fuchsite veins and its fragments with native gold (types II, V) (p.1,2,6,7) (b–j). (b,d,f,i) Reflected
light microscopy image; (c,e,g,h,j) BSE micrographs. (j) Enlarged fragment on h. Abbreviations of
minerals: native gold (type II, V) (AuII, AuV), fuchsite (Cr-Ms), allanite (Aln), albite (Ab), apatite
(Apt), mertieite (Mert).

In sample No.3 (Figure 7a), native gold of type II is concentrated in albite veinlets with
rare fragments of fuchsite and it is intergrown with albite (p.3c) or albite and fuchsite (p.3b)
(Figure 7b) or albite, fuchsite, and mertieite (p.4a) (Figure 7c) or albite, fuchsite, quartz,
and K-feldspar (p.1b,1c) (Figure 7d,f). It is localized in the monomineral albite matrix
(sample No.3, p.3c) or bimineral albite-fuchsite matrix (sample No.3, p.3b) (Figure 7b), it is
homogeneous and contains 11.5–12.8 wt.% Ag and 1.5–2.4 wt.% Cu, its fineness is 860‰
(Table 3).
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Figure 7. Macrophotograph of a polished section of rhyolite No.3 from the Slavnaya ore zone (a),
multi-layered colorful EDS maps of its fragments (p.3,4,1) (b–d), reflected light microscopy image
(e,g) and BSE micrographs (f,h) of native gold (types II, III, V, AuCu) in intergrowth with quartz (Qz),
albite (Ab), fuchsite (Cr-Ms), K-feldspar (Kfs), amoeba phase (X1) (f) (p.1b) or with quartz, albite,
atheneite (Atn) and amoeba phase (X2) (h) (p.1a). Abbreviations of minerals: native gold (type II, III,
V) (AuII, AuIII, AuV), tetra-auricupride (AuCu).

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

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

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

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

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

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

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

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

No.3

p.1a 83.35 12.76 1.92 0.96 98.98 842 Au0.73Ag0.20Cu0.06Pd0.01 Qz; Ab; Kfs; Ath; AuCu; AuV950; X2
p.1a 83.46 13.05 2.21 0.67 99.39 840 Au0.72Ag0.21Cu0.06Pd0.01 - “ -
p.1c 82.71 7.77 6.46 1.01 97.96 844 Au0.70Ag0.12Cu0.16Pd0.02 Qz; Ab; Kfs; X2
p.1c 84.79 12.9 1.92 0.47 100.08 847 Au0.74Ag0.20Cu0.05Pd0.01 - “ -
p.1c 84.63 12.56 2.05 1.03 100.28 844 Au0.73Ag0.20Cu0.05Pd0.02 - “ -
p.1c 89.11 9.17 1.15 1.14 100.56 886 Au0.80Ag0.15Cu0.03Pd0.02 - “ -
p.1c 84.5 12.37 2.46 0.88 100.21 843 Au0.73Ag0.19Cu0.07Pd0.01 - “ -
p.3a 83.87 12.46 1.76 0.62 98.71 850 Au0.74Ag0.2Cu0.05Pd0.02 Qz; Ab; Cr-Ms; Ath; AuV930
p.3a 83.93 12.73 1.61 0.57 98.84 849 Au0.73Ag0.21Cu0.05Pd0.02 - “ -
p.3a 82.19 8.88 7.64 0.41 99.12 829 Au0.67Ag0.13Cu0.19Pd0.01 - “ -
p.4b 82.42 8.43 7.24 1.2 99.3 830 Au0.67Ag0.13Cu0.18Pd0.02 Qz; Ab; Kfs
p.4b 82.6 12.81 1.9 0.98 98.29 840 Au0.73Ag0.21Cu0.05Pd0.02 - “ -
p.4b 82.03 13.41 1.54 1.11 98.09 836 Au0.73Ag0.21Cu0.05Pd0.02 - “ -

No.4

p.2 83.64 12.3 2.16 1.14 99.24 843 Au0.74Ag0.2Cu0.06Pd0.02 Qz; Ab; Kfs; Cr-Ms
p.2 83.64 11.97 1.41 0.75 97.78 855 Au0.75Ag0.2Cu0.04Pd0.01 - “ -
p.2 82.57 11.21 3.05 1.2 98.03 842 Au0.73Ag0.19Cu0.06Pd0.02 - “ -
p.2 84.02 11.18 2.69 1.07 98.96 849 Au0.73Ag0.18Cu0.07Pd0.02 - “ -

Abbreviations of minerals: native gold (type II, V) (AuII, AuV), fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs), atheneite (Atn),
tetra-aucupride (AuCu) and amoeba phase (X2).

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

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

In sample No.4 (p.2) (Figure 8a) naive gold of type III is mainly surrounded by quartz
and albite and occasionally has the contact with K-feldspar and fuchsite (Figure 8b). Its
fineness is 840–850‰, the contents of elements vary (in wt.%): 11.2–12.3 Ag, 1.4–3.1 Cu
and 0.8–1.2 Pd (Table 4).
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In native gold of type III, the amount of elements is not higher than 13.4 wt.% for Ag,
9.6 wt.% Cu and 1.2 wt.% Pd (Table 4). The elevated contents of Cu in native gold of type
III can be related to the presence of Au-Cu intermetallide in the point probe.

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

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

Figure 9. Native gold of type IV with decay structures (matrix—fineness 860‰, AuCu platelets)
and inclusions of higher-fineness gold (type V) and mertieite (with U impurity) in the quartz-
albite-K-feldspar vein of rhyolite (No.4, p. 1) (Figure 8a): (a) BSE micrograph; (b–f) maps of areal
distribution elements (Si, Au, Ag, Pd, Cu) in characteristic rays. Abbreviations of minerals: native
gold of type IV and V (AuIV, AuV), quartz (Qz), albite (Ab), K-feldspar (Kfs), U-mertieite (U-Mert),
tetra-auricupride (AuCu).
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Table 5. Representative analyses of native gold (type IV) and minerals in intergrowth with it in rhyolite from the Slavnaya
ore zone (No.4; Figure 8a) (EPMA data in wt.% and formula).

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

p.1 81.41 11.92 2.32 0.70 0.79 97.43 866 Au0.72Ag0.19Cu0.07Pd0.01Hg0.01 Qz; Ab; Kfs; AuCu; AuV930; U-Mert
p.1 82.42 12.02 2.46 0.82 0.96 98.9 865 Au0.72Ag0.19Cu0.07Pd0.01Hg0.01 - “ -
p.5 81.77 12.2 1.69 0.55 0.76 96.97 843 Au0.74Ag0.2Cu0.04Pd0.01Hg0.01 Qz; Cr-Ms; AuCu
p.5 82.23 12.41 1.8 0.52 0.65 97.61 842 Au0.73Ag0.2Cu0.05Pd0.01Hg0.01 - “ -
p.5 83.03 12.5 1.89 0.72 0.86 99.00 839 Au0.73Ag0.2Cu0.05Pd0.01Hg0.01 - “ -

Abbreviations of minerals: fuchsite (Cr-Ms), quartz (Qz), albite (Ab), K-feldspar (Kfs), tetra-auricupride (AuCu), U-mertieite (U-Mert).

4.2.4. Native Gold of Fineness 930–1000‰

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

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

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

No.2

p.6 93.41 1.23 0.93 1.12 96.7 966 Au0.93Ag0.02Cu0.03Pd0.02 AuII860
p.6 89.02 2.14 1.76 1.28 94.2 945 Au0.88Ag0.04Cu0.05Pd0.02 - “ -
p.6 87.08 2.18 2.27 1.95 93.49 932 Au0.86Ag0.04Cu0.07Pd0 - “ -
p.7 99.15 0.46 0 0.94 100.55 986 Au0.97Ag0.01Pd0.02 - “ -

No.3

p.1a 94 0.43 2.34 2.42 99.19 948 Au0.88Ag0.01Cu0.07Pd0.04 AuIII840
p.1a 95.85 0 2.78 2.24 100.87 950 Au0.88Cu0.08Pd0.04 - “ -
p.1b 97.03 0 1.85 1.08 99.97 971 Au0.93Cu0.05Pd0.02 AuII860
p.1b 97.88 0 0 0 97.88 1000 Au1.0 - “ -
p.1b 99.04 1.65 0.23 0 100.91 981 Au0.96Ag0.03Cu0.01 - “ -
p.3a 93.49 5.64 0.55 1.04 100.72 928 Au0.86Ag0.1Cu0.02Pd0.02 AuIII860
p.4b 97.02 0 1.16 2.78 100.96 961 Au0.92Cu0.05Pd0.03 AuII840

No.4

p.1 97.68 0 1.66 1.33 100.17 930 Au0.95Cu0.03Pd0.02 AuIV860

Abbreviations of minerals: native gold (type II, III, IV) (AuII, AuIII, AuIV).

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

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

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

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

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

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

No.3

p.1a 76.58 0 21.26 0.75 98.59 777 Au1.06Cu0.92Pd0.02 AuIII840
p.1a 76.35 0 21.4 1.1 98.85 772 Au1.06Cu0.92Pd0.02 - “ -
p.1b 76.96 0 21.28 0.63 98.87 778 Au1.07Cu0.91Pd0.02 AuIII860
p.1b 77.04 0 21.29 0.73 99.06 778 Au1.07Cu0.91Pd0.02 - “ -
p.1b 77.01 0 19.80 0.62 97.43 790 Au1.1Cu0.88Pd0.02 -“ -

No.2

p.2 77.20 0.29 22.37 0.36 100.23 770 Au1.04Cu0.94Pd0.01Ag0.01 AuII830–860
p.2 77.12 0.84 21.52 0 99.48 775 Au1.06Cu0.92Ag0.02 - “ -

Abbreviations: native gold of types II and III (AuII, AuIII).

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

4.3. Reconnaissance of Fluid Inclusions

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

Fluid inclusions are classified as primary inclusions when they occur along growth
zones (Figure 10a,b) or are isolated (Figure 10c,d). Secondary inclusions in quartz form
trails in cracks. The size of fluid inclusions is no more than 10–15 μm.
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Figure 10. Albite crystals saturated with primary fluid inclusions (a); primary vapor-liquid two-
phase and liquid single-phase fluid inclusions tracing the growth zone in albite (b) (a,b)—Slavnaya
ore zone); primary two-phase and vapor inclusions in quartz (c); primary vapor inclusions in quartz
(d) (c,d)—Ludnaya ore zone).

4.3.1. The Ludnaya Ore Zone

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

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

Sample Mineral Th ◦C Teu ◦C Tice ◦C Salinity (wt.% NaCl eq.)

Rhyolite from Ludnaya ore zone

3p-1154–2 (4) albite 155–139 −39 −0.3 to −0.1 0.5–0.2
3p-1154–2 (5) quartz 186–178 −39 −1.2 to −0.7 2.1–1.2

Rhyolite from Slavnaya ore zone

3p-1122-1 (10) * albite 130–113 −39 to −38 −15 to −7.5 18.6–11
3p-1122-1 (5) quartz 165–105 −55 −10 to −7.5 13.9–11
3p-1122-13 (4) albite 133–125 −49 −17 to −13 20.2–16.9

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

4.3.2. The Slavnaya Ore Zone

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

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

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

5.1. Compositions of Native Gold and Minerals in Intergrowth

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

In rhyolites of the Slavnaya ore zone, native gold is heterogeneous, has a higher
fineness, different sets and amounts of impurities: II type—Au-Ag-Cu solid solution
(840–860‰); III—Au-Ag-Cu-Pd (830–890‰), IV—Au-Ag-Pd-Cu-Hg (840–870‰), as well
as a specific mineral composition of the surrounding matrix-fuchsite or allanite, albite, and
mertieite-II (II); albite, quartz, and atheneite (III); quartz, albite, K-feldspar, and mertieite-II
(IV) (Tables 3–5, Figures 3–9). It is worth noting that native gold of II and IV types shows
some similarity with native gold of type I, as it occurs in paragenesis with fuchsite or
allanite (II type) and mertieite-II (types II and IV).
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Figure 11. Chemical composition of various types of native gold from the Chudnoe deposit on the
ternary diagram Au-Ag-Cu(+ Pd + Hg) from the results of present study (a) and data of other authors
(b): 1—[1]; 2—[2]; 3—[5]; 4—[3]; 5 [7,14–16].

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

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

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

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

Our limited study of fluid inclusions are generally consistent with the data of
Surenkov et al. [12,56]. Ore-forming fluids of Ludnaya and Slavnaya ore zones range
salinity from 2.1 to 0.2 and from 20.2 to 11 wt.% NaCl eq., respectively. It is known, how-
ever, that mineral parageneses with quartz, albite and sericite (fuchsite) in gold deposits are
formed at the temperatures higher than 200–230 ◦C [57]. At lower temperatures, argillisites
form, in which sericite is commonly replaced by mixed-layer minerals of clay series. These
data allow us to estimate the possible pressure of ore formation by comparing the formation
temperature of the quartz-albite-sericite (fuchsite) mineral association in gold deposits
with isochores of fluid inclusions solutions.
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Gold mineralization at the Ludnaya ore zone was formed synchronously with the
quartz-albite-fuchsite association. Thus, the trapping pressure of fluid inclusions could
vary from 23 to 114 MPa at temperatures from 200 to 230 ◦C (Figure 12) in this zone. Gold
mineralization at the Slavnaya ore zone was formed later than the quartz-albite-fuchsite
association at 105–165 ◦C, the trapping pressure of fluid inclusions could vary from 5 to
115 MPa (Figure 12).

Figure 12. Isochores of fluids from the Slavnaya zone (solid line) and fluids from the Ludnaya zone
(dashed line). Isochores were constructed using the “AqSo-NaCl: computer program” for extreme
temperatures and homogenization concentrations [21]. The probable trapping PT conditions of fluid
inclusions are highlighted in light gray for the Slavnaya zone (I) and in dark gray for Ludnaya
zone (II).

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

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

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

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

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

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

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

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

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

The formation of native gold I (only with Ag impurity) in rhyolites of the Ludnaya
ore zone is, most likely related to the processes of fuchsitization and allanitization of
rhyolites with the supply of Cr and REE. The formation of native gold with Ag, Cu, Pd,
and Hg impurities (types II–IV), supposedly, took place during the following metasomatic
processes: silicification, albitization, and feldspathization in rhyolites. The intersections of
quartz-albite metasomatites with fuchsite veinlets support such an assumption. The porous
texture of high-fineness gold (type V) is explained by the removal of Cu and Ag. The
association of native gold with palladium minerals and presence of Cu and Pd in it, Cr in
fuchsite indicate the relationship between ore formation and mafic-ultramafic magmatism.
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Abstract: Native gold and its satellite minerals were studied throughout the 300 m section of oxidized
ores of the Olympiada deposit (Eastern Siberia, Russia). Three zones are identified in the studied
section: Upper Zone ~60 g/t Au; Middle Zone ~3 g/t Au; Lower Zone ~20 g/t Au. Supergene
and hypogene native gold have been found in these zones. Supergene gold crystals (~1 μm), their
aggregates and their globules (100 nm to 1 μm) predominate in the Upper and less in Middle
Zone. Relic hypogene gold particles (flattened, fracture and irregular morphology) are sporadically
distributed throughout the section. Spongiform gold occurs in the Lower Zone at the boundary with
the bedrock, as well as in the bedrock. This gold formed in the process of oxidation of aurostibite,
leaching of impurities and its further dissolution. Hypogene gold is commonly isolated but for
supergene gold typically associated with ferric (hydr)oxides. New formation of gold occurred due
to oxidation of sulfide ores and release of “invisible” gold, as well as dissolution, mobilization
and re-deposition of metallic hypogene gold. A model for the formation of oxidized ores with the
participation of meteoric and low-temperature hydrothermal waters has been proposed.

Keywords: oxide ore; weathering; supergene gold; Olympiada gold deposit; Yenisei Ridge; min-
eral exploration

1. Introduction

Oxidized ores of gold deposits are important formations for the mining and metallur-
gical industry, as the weathering process leads to their partial enrichment and increased
content of the noble metal. Moreover, oxidized ores do not require complex processing
technologies and are profitable even at low grades. Commercially valuable oxidation zones
of gold ores are known in Russia, Kazakhstan, Australia, Brazil and other countries [1–5].

In addition to the economic value, the oxidation zones of gold ore deposits are of
fundamental interest due to the exogenous geochemistry and metallogeny of gold. Today
there is a lot of evidence of gold mobility in supergene conditions in the form of various
complexes [1,2,5–14]. Significant attention is also paid to the participation of bacteria in
the remobilization and redeposition of gold [15–22]. The mobility of gold has been estab-
lished in different climatic zones (subtropical, tropical, arid, humid, moderate, subarctic),
including the permafrost zone [23–25].

Despite the progress made in understanding the mechanisms of gold behavior in
exogenous conditions, some aspects remain controversial, both for specific deposits and in
a broader sense. Most of them are about the way gold is transported and its mobility in
the supergenesis zone, changes in the morphology and size, and bacterial participation in
the remobilization and redeposition of gold. In this connection, there is a need to further
study the process of oxidation of gold-sulfide ores. Therefore, the purpose of this research
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was to study native gold in oxidized ores of the Olympiada deposit (Russia), as well as
mechanisms of formation of supergene gold and its secondary enrichment.

The Olympiada gold deposit is a unique object in terms of the scale of mineralization
with accumulated resources of about 80 Moz (about 2500 metric tons) of gold. Since 1985,
just under 20 Moz metal has been mined at the deposit. According to PJSC Polyus, the
proven and probable reserves as of 2020 comprise 24 Moz, and the estimated and identified
resources comprise 39.4 Moz of gold.

The Olympiada deposit is unique also in terms of the scale of the gold-bearing oxida-
tion zone developed within it. In terms of the depth of its distribution (over 400 m from
the recent surface), the deposit has no analogs among gold projects of the world. Oxidized
ores of the deposit were mined from 1985 to 2007. During this period, about 17 Mt of ore
with an average grade of ~11 g/t was mined, which in terms of pure metal was about
193 tons [26].

In our recent work, we provided a general review of geology and primary (hypogene)
sulfides ore of the Olympiada gold deposit [26]. However, oxidized ores have not been
described since 2003. Therefore, our present work is devoted to the description of gold of
the oxidized ores of the deposit.

Studies of oxidized ores of the Olympiada deposit allowed new data to be obtained on
the morphology, chemical composition and gold differentiation in the stratum (at a depth
of ~300 m) of oxidized ores, as well as proposing a model of supergene redistribution of
noble metal and other elements in the oxidation zone.

2. Geological Setting of Olympiada Deposit and Characteristics of Sulfide Ores

2.1. Geological Setting

The Olympiada deposit is located in the center of the Yenisei Ridge (Eastern Siberia,
Russia), which is a Neo-Proterozoic (860–800 Ma) collision orogen. The latter has passed to
the riftogenic stage of development at the boundary of ~750–680 Ma [27], which coincides
with the age of gold-sulfide and gold-antimony mineralization [28].

The deposit is confined to the silicate and carbonate band of the Lower Riphean
Kordinskaya suite clastic stratum. Granitoids located 2.5 km away from and above the
deposit surround it. The structure of the ore field is an ensemble of conjugated W-shaped
folds (Figure 1).

2.2. Primary (Hypogene) Sulfide Ore

The main reserves of the deposit are concentrated in bedrock hypogene ores (av-
erage gold grade 4.0–4.6 g/t). When additional exploration of deep horizons of the de-
posit was carried out, ore intersections with commercial grades at depths of over 1500 m
were recorded.

Sulfides (2 to 7%), which gold is associated with, are developed in quartz (30–45%)–
mica (20–35%)–carbonate (35–40%) rocks. More than 50 hypogene ore minerals have
been found at the deposit, among which arsenopyrite, pyrrhotite, pyrite, stibnite and
berthierite prevail. They are present in the form of dissemination of submillimeter and
submicron grains in metasomatites and more rarely in pocket-like inclusions in quartz
segregations. The earliest ore minerals (Au-As association) are needle-shaped arsenopyrite,
pyrite, pyrrhotite and chalcopyrite. The Au-Sb ± (Pb-Ag-Hg-W) association, represented
by stibnite, berthierite, mercurous gold, aurostibite, jamesonite, gudmundite, late arsenopy-
rite and rarely scheelite, has been identified with time lag. Mercury minerals, mainly
coloradoite, are also noted here [35]. Gold-arsenic and gold-antimony ores are the main
ore components.

On the surface, the Olympiada deposit consists of two spatially separated parts,
Western and Eastern Olympiada, which are joined at the depth of the Intermediate part.
The deposit is located within the complex Medvezhinskaya anticline complicated by
a junction of broadly E–W, NE and NW faults. The core of the fold is composed of quartz-
two-mica schists, and the limbs are formed by quartz-mica-carbonate (with layers and
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lenticular layers of marbled limestone) and quartz-mica-carbonate schists (Figure 1). Ore
bodies of the deposit are confined to the limbs and joint part of this block-folding structure.
The result of the different positions of the Western, Intermediate and Eastern sections in it
is their abrupt difference in the scale of mineralization, 90% of which (including oxidized
ores) falls on the Eastern Olympiada. The geology of the Olympiada deposit is described
most fully in the works [26,29–34].

Figure 1. Geological map of the Olympiada gold deposit [26].

Gold in bedrock ores. The gold grade in the ores varies from 0.n to tens of g/t. Gold
is mainly fine, pulverized, with a predominant size of about 10 μm (coarse, pocket-like
inclusions accompanied by hurricane concentrations reaching kg/t are noted). The form of
inclusions is irregular, lamellar, vein-shaped, fracture, droplet-shaped and spongiform. In
the ore milled down to −74 μm, about 15% of gold is in a free form, and up to 45% is in a
cyanidable form in aggregates with ore minerals [34,36]. The most common gold inclusions
in quartz and sulfides are arsenopyrite, pyrite, pyrrhotite and berthierite (Figure 2). Native
gold of the early Au-As association is high in fineness (880–1000‰, 970‰ on average);
mercury and silver, and less often copper, are present as impurities. In antimony ores, the
gold fineness decreases to 647–757‰ due to the increased concentrations of Hg, Cu, Ag,
as well as the occurrence of aurostibite, and increases to 1000‰, when spongiform gold
replaces aurostibite.
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Figure 2. Native gold in primary (hypogene) sulfide ore (optical photo). Apy—arsenopyrite, Au—gold, Aus—aurostibite,
Po—pyrrhotite, Py—pyrite, Ccp—chalcopyrite, Ox-Hed—oxidized hedleyite, Ber—berthierite.

In addition to micro- and macroscopic gold, the ores contain “invisible” (refractory)
gold, which is not extractable by cyanidation. The share of such gold can reach 40–60%,
and its extraction is carried out by JSC Polyus Krasnoyarsk using its own bio-oxidation
technology BIONORD® [36]. “Invisible” gold is confined to sulfide minerals of the deposit,
first of all, to needle-like arsenopyrite of the early association, in which its concentrations
range from 0.0n to 2298 ppm [37,38]. According to modern ideas, “invisible” gold in
arsenopyrite is present in the form of nanosized Au0 inclusions and in a structurally bound
form [38–40]. Earlier Mössbauer studies on 197Au atoms for gold-bearing arsenopyrite
of the Olympiada deposit showed that the content of structurally bound and nanosized
metallic gold varies between 3 and 45% and 55 and 97%, respectively [37].

2.3. Oxide (Supergene) Ore

The oxidation zone of primary sulfide ores within the Eastern Olympiada covered
almost the entire area of the ore body (about 45,000 m2) and reached a depth of more
than 400 m from the current surface. In vertical sections, the gold-bearing oxidation zone
represented a large column-shaped body (Figure 3), which gradually decreased in size with
depth and thinned out in full at horizon +280 m. The gold grade in oxidized ores reached
447.2 g/t. The geochemical spectrum of the Olympiada oxidized ores was characterized by
a close correlation of Au with W, Sb, Hg, less often with Ag and Pb, but not with As. Thus,
at a horizon +600 m, the average grades (ppm) and concentration coefficients with respect
to the primary ores were equal: for Au to 9.9/3.1, for Ag to 0.3/2.8, for Sb to 2228.0/2.5, for
Hg to 43.6/4.4, for Pb to 261.0/11.3, for W to 677.0/11.6 and for As to 681.0/0.9.

In the north, in the broadly W–E segment of the ore body of the Eastern Olympiada, the
oxidation zone was characterized by lower (up to 130 m) thickness and actually repeated
the geochemistry of the primary Au-As-(Sb) ores in terms of the grade and distribution of
these and other elements, while not demonstrating noticeable supergene enrichment. In the
zone of the Main NE Fault, oxidized ores had the much higher thickness and productivity
for gold; subvertical “ore shoots” were distinguished in them [30], containing more than
50 g/t of Au and abruptly enriched the W, Pb, Ag and Sb [31]. Here, oxidized ores were
developed mainly after antimony primary ores (Figure 3a). The thickest and highest-
grade chimney-shaped body, going down to a depth of 400 m, was characterized by an
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abnormally high grade of mercury (up to 0.2 wt.%) and antimony (up to 1.0 wt.%), but
a lower grade of As, as well as Ti, Fe, Cr and other siderophiles. Marshallites prevailed in
it. These are poorly cemented rocks of gray tints, consisting mainly of quartz (60–85%) and
“hydromica”, colored by scattered organic matter (up to 1.6%) (Figure 4). Quartz grains,
as well as accessory minerals—zircon, tourmaline, and even a number of fine gold grains,
often had a spherical shape in marshallites [41].

Figure 3. Eastern Olympiada. (a)—3D model: yellow—oxidized ores, green—gold-antimony ores, red (frame)—gold-arsenic
ores, gray—pit outline; (b)—horizon plans of the ore body [30].

Figure 4. Oxidized ores of the deposit. (a)—General view of oxidized ores in the Eastern Olympiada pit (photo by S.A.
Kamenev, 2004); (b)—outcrop of oxidized (“hydromica”) ores with a marshallite body at horizon +580 m (photo by A.A.
Savichev, 1999).

Typical “hydromica” oxidized ores of the Olympiada deposit were colored in different
tints of brown, red, dark gray, orange, and contrasting isolated rocks [42,43] (Figure 4).
In terms of the particle size distribution, the clay fraction prevailed in them (64%), and
the smaller part was represented by the debris (10%), sandy (10%) and aleurtic fraction
(16%). The mineral composition of oxidized ores had been studied before [41–45]. The
main minerals were “hydromica” (40–70%), ferric hydroxides (1–36%), quartz (5–35%),
kaolinite (up to 14%) and chlorite (up to 10%). There were relic epidote, calcite, biotite,
actinolite, chloritoid, clinozoisite, garnet, plagioclase, staurolite, sillimanite, zircon, rutile,
anatase, brookite and titanite.
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Oxidized ores contained up to 10% of ore minerals, among which more than 30 species
(excluding relic sulfides) were identified. Ferric and manganese oxides (hematite, lepi-
docrocite) and hydroxides prevailed, while antimony (senarmontite, cervantite, valentinite,
“stibiconite”) and tungsten (tungstite, hydrotungstite) oxides and hydroxides were rarer.
Among manganese minerals, lithiophorite, todorokite and psilomelane with elevated
concentrations of Ba (up to 3.0 wt.%), Co, Cu, Ni, Zn (0.n wt.%) and REE (0.03–0.04% in
lithiophorite) are described. The impurities of As (up to n%), P, W and Hg (0.n wt.%)
were present in the composition of sinter goethite. Scorodite, litharge, cerussite, anglesite,
gypsum and baryte were also defined [46,47].

The typical feature of oxides and hydroxides of oxidized ores was wide isomorphism
in the cation part between Sb, W, Pb and Hg. Thus, the W grade reached 5–10 wt.% in
tripuhyite (up to 23.6 wt.%), and in “stibiconite” it was up to 16.8 wt.%, including 1.2 wt.%
of Au. Abnormally high W grades (7.6–8.0 wt.%) were typical for cesàrolite [46]. In spite of
the diversity of tungsten concentrator minerals, the main carrier in the oxidation zone was
a newly formed scheelite, which differed significantly from scheelite from the primary ores
in its REE distribution, and contained fluid inclusions with a homogenization temperature
of 197 ◦C, which is important in genetic terms [47].

Gold from the Olympiada oxidation zone, according to a number of previous studies,
is finely dispersed [43–45]. Most of it (63.7–91.8%) is concentrated in class −74 μm, and
coarser gold (up to 0.5 mm) makes no more than 4–5% [45,48,49]. According to [45,48,49],
a significant portion of gold (78.3–92.1%) is associated with ferric hydroxides, and 0.9–3.1%
of Au is in a water-soluble form. In oxidized ores, there is relic primary and newly formed
gold [45].

Secondary residual gold is formed in situ during the oxidation and decomposition
of gold-containing minerals. It is closely associated with antimony and ferric hydrox-
ides: its micro-particles are present in goethite pseudomorphs after arsenopyrite crystals.
Spongiform and veinlet aggregates, lumpy gold grains and filamentous inclusions several
μm in size are found in tripuhyite and bindheimite, which replace berthierite. As A.D.
Ginkin [45] shows, the etching of such gold grains clearly demonstrates recrystallization
structures. Secondary redeposition of gold is rare and associated with local infiltration
accumulations of antimony oxides in the upper part of the oxidation zone. Redeposited
gold is associated with sinter tripuhyite and “stibiconite”, which fill fractures in weathered
metasomatites. Gold is present as 0.3–4.0 μm globules scattered on the surface of cryp-
tocrystalline tripuhyite balls. Gold from the oxidation zone is high in fineness (>980‰).
The impurities include mercury (0.1–3.7 wt.%) and Ag, Cu, Mn, W and Sb in quantities up
to 0.2 wt.% [45]. According to P.V. Bernatonis [43], the average composition of gold from
the oxidation zone is (wt.%): Au 94.74, Ag 3.05, Hg 1.63, Fe 0.33, Sb 0.12, and Cu 0.02.

The genesis of the oxidized ores at the deposit is under discussion. According to one
model, the oxidized ores belong to supergene products of the linear weathering crust of
the Cretaceous–Paleogene age after mineralized carbonate and carbonaceous rocks [42,44].
Another one suggests the occurrence of low-temperature hydrothermal activity up to the
Holocene age [41].

3. Samples and Methods

We studied 27 samples of oxidized ores of the Olympiada deposit, collected from
Drillhole 464 located in the eastern part of the Eastern section of the deposit (Figure 1). The
drillhole was drilled vertically and intersected the entire stratum of oxidized ores, stopping
in the structural eluvium of the bedrock. The samples were collected from the depth range
of 48–302 m and represent material of clay sizes with different shades of brown, red and
gray colors (Figure 4).

Mineralogical studies were performed using SEM Tescan Vega III SBH with EDS
Oxford X-Act in the R&D Nornickel SibFU Krasnoyarsk, Russia (analysts S.A.S and L.B.M.).
The analytical conditions were the following: accelerating voltage of 20 kV, beam current
of 1.2 nA and 60 s measuring time; pure elements (Au, Ag, Cu, Mn, W), as well as FeS2,
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FeAsS, SbS2, SiO2, Al2O3, K(AlSi3O8) and CeO2, were used as standards; detection limit
was 0.05%.

Trace elements (Ag, W, Sb, Ce, Pb, Cu) were determined with the ICP-MS method in
the Agilent 7500cx device manufactured by Agilent Technologies. The 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 analyzing 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 were
performed in the common-use Analytical Center of Geochemistry of Natural Systems of
the Tomsk State University, Tomsk, Russia.

The gold grade is given according to the data of the fire assay carried out in the
laboratory of JSC Polyus Krasnoyarsk, Krasnoyarsk, Russia.

The bulk X-ray analysis was performed using CuKα radiation on polycrystalline
X’Pert PRO diffractometer (PANalytical) with a PIXcel detector equipped with graphite
monochromator in the Institute of Chemistry, Siberian Branch of the Russian Academy of
Sciences, Krasnoyarsk. The dish with the sample was placed in a standard position. The
survey was performed for reflection with the sample rotation at 360◦/s. The survey range
was from 5 to 101◦ on the 2θ scale, with a 0.026◦ spacing, Δt = 50 s.

4. Results

4.1. Structure of the Oxidized Ore Section

There are three zones in the studied section of oxidized ores of the deposit. The upper
part of the section (Upper Zone) from 0 to ~135 m is characterized by saturated orange,
red-orange color, which turns into gray-brown with depth (towards the zone boundary).
The middle part of the section (Middle Zone) from a depth of ~135 to ~213 m has a gray-
brown color with a yellowish tint in the roof, which changes to light gray-brown and dark
raspberry-red towards the bottom. The bottom of the section (Lower Zone) to a depth of
~300 m has the most uniform brown-yellow color, which becomes slightly darker with
depth. Below 300 m there are weathered rocks of gray-blue color in the oxidized ore section
(Figure 5).

The mineral composition of the oxidized ores is variable in these zones. The Upper
Zone is characterized by approximately equal ratios of quartz and “hydromica” in the
absence of kaolinite. The Middle Zone contains more layered silicates (about 2/3 by weight),
while the amount of kaolinite increases abruptly at the boundary with the Upper Zone and
gradually decreases towards the Lower Zone, which is similar in terms of minerals to the
Upper Zone. In terms of the structure, the studied oxidation zone differs from the classical
one, where the top of the section should contain a hydrolysis zone maximally enriched
with kaolinite and “hydromica” [50].

The Au grade in the studied samples varies from 0.2 to 61.1 g/t, and its distribution
across the section is not uniform. The upper part of the section (Upper Zone) is the highest-
grade, where the amount of Au increases abruptly to ~60 g/t. In the Lower Zone, high
(~20 g/t) metal grades are also observed. The Middle Zone is characterized by a variable
Au grade from 0.2 to 7.0 g/t. Meanwhile, the boundaries of the identified zones are traced
by a sudden change in the metal grade (Figure 5).

The share of Ag does not exceed 1.5 g/t, and the minimum grades have been identified
in the bottom of the section and the maximum grades at the top. Antimony and tungsten
are characterized by similar distribution throughout the drillhole section. The metal grade
in all zones is quite high (250–1750 g/t of Sb and 30–150 g/t of W). However, there is an
abrupt decrease in their grade at the zone boundaries (Figure 5).
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4.2. Mineralogy of the Studied Section of Oxidized Ores

The studied samples of oxidized ores consist of quartz, “hydromica”, kaolinite and
ferric (hydr)oxides. In addition to them, relic chloritoid, chlorite, monazite, rutile, scheelite
and tourmaline are present in small quantities. Relics of sulfides oxidized from the surface
(pyrite, pyrrhotite, arsenopyrite, stibnite) have been found in single quantities.

Supergene minerals include cervantite (“stibiconite” ?, valentinite ?), tungstibite, tungstite,
hydrotungstite, tripuhyite, coronadite, bindheimite, plattnerite, oxyplumboroméite and oxy-
calcioroméite (Figure 6a–c, Table 1). In several cases, obviously newly formed cerium oxide
(cerianite-(Ce)) was found in association with ferric (hydr)oxides and manganese oxides at the
Middle and Upper Zone boundary (intervals 125.0–126.5 and 132.0–134.0). The morphology
of supergene mineral formations is mainly nodular, sinter and globular; irregularly shaped
granular aggregates are observed less frequently (Figure 6d). The size of individual globules
and microcrystals of these minerals is usually 1–2 μm or less. Often, the newly formed
cerianite-(Ce) forms grains of quartz or other minerals. Samples with numerous findings of
cerianite-(Ce) differ in the increasing value of the ceric anomaly up to ~1.08, with its general
negative nature in the Middle and Lower Zones (~0.75–0.90).

Figure 6. Supergene minerals of oxidized ores. (a)—globular tungstibite; (b)—nodular cervantite; (c)—nodular oxy-
calcioroméite (?); (d)—nodular cerianite (Ce); (e)—flakyd lepidocrocite (?) after quartz; (f)—needle-like inclusions of
montroydite (?).

The predominant supergene ore minerals are ferric (hydr)oxides (lepidocrocite, goethite,
hematite, etc.), which almost always contain the As (0.4–3.2 wt.%), S (up to 2.1 wt.%),
W (0.2–3.0 wt.%), Sb (0.5–4.9 wt.%) and P (0.2–1.3 wt.%) impurities. In this case, the W
impurity and the elevated concentrations of Sb and As are noted mainly in the upper part of
the section. The maximum S and P grades are typical for the Middle Zone. The morphology
of ferric (hydr)oxide inclusions varies from sinter forms after relic minerals to flaky and scaly
inclusions (Figure 6e), as well as split crystals. Most often, secondary ferric minerals grow
on the nuclei of relic quartz and mica, but their individual grains and aggregates are also
often found. Secondary arsenic minerals (scorodite and phases with similar composition)
were founded in the films on the oxidized arsenopyrite grains.
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Table 1. Normalized average chemical composition of supergene minerals of oxidized ores (wt.%).

Mineral Name O Mg Al Si Ca Mn Fe Co Ni Sb W Pb Ce Sum

Cervantite (n = 2) 1 20.9 2.4 1.0 0.5 75.2 100

Oxycalcioroméite (n = 2) 25.9 1.0 11.6 4.6 56.9 100

Tripuhyite (n = 3) 25.1 2.2 3.8 0.4 23.0 45.5 100

Tungstite (n = 4) 21.9 2.1 4.3 71.7 100

Hydrotungstite (n = 2) 26.0 3.1 3.3 67.6 100

Tungstibite (n = 2) 20.2 44.1 35.7 100

Plattnerite (n = 2) 15.0 0.5 84.4 100

Bindheimite (n = 2) 17.3 32.3 50.5 100

Oxyplumboroméite (n = 2) 19.2 5.0 3.6 39.2 33.0 100

Coronadite (n = 3) 38.8 31.7 3.6 3.1 22.9 100

Cerianite-(Ce) (n = 4) 17.3 2.6 80.2 100
1 (n = 2)–number of analyses.

In the lower part of the section of the oxidized ores stratum (Lower Zone), aggregates
of crystals of needle-like and near-isometric, tetrahedral morphology (Figure 6f) were
observed, in which Hg (52.0 wt.%) and O (23.0 wt.%), as well as S (11.3 wt.%), Cu (7.7 wt.%)
and Fe (4.1 wt.%), prevailed. It is assumed that a needle-like mineral is a rhombic mercury
oxide montroydite. Its formation is possible during oxidation of coloradoite and/or some
minerals of the polymetallic sulfides stage associated with chalcopyrite (probably its relic
in Figure 6f in the form of tetrahedral crystals with an even surface of faces) and carrying
the isomorphic impurity of mercury—sphalerite, tetrahedrite, berthierite, jamesonite—
in which the impurity of Hg up to ~1690 ppm is noted according to LA–ICP–MS. The
formation of montroydite may be associated with oxidation of native mercury, the findings
of which have been repeatedly observed at the Olympiada deposit [26].

4.3. Native Gold in Oxidized Ores

More than 300 particles of supergene and relic native gold of different morphology
ranging in size from ~30 nm to ~5–7 μm, rarely more, were found in the studied samples
of oxidized ores of the deposit. The distribution and amount of free gold particles are
consistent with its bulk gold grade in the samples.

Obviously newly formed isometric crystals of native gold were often observed (Figure 7a,
Figure S1). Their size is uniform, 1.3 μm in diameter on average, with variations from 1.0 to
1.7 μm (sometimes up to 2.5 μm). The cutting of crystals has several simple shapes—usually
a combination of a cube {100}, octahedron {111} and rhombodecahedron {110}; facets of
a tetragon-trioctahedron {hhl} (?) often supplement them. In a single case (Figure 7b), all
shpes possible for the m3m symmetry type are observed—tetrahexahedron, trigontrictahedron
and hexoctahedron (Figure S1), in addition to the specified ones.

Globular particles may be attributed to the following morphological type of supergene
gold (Figure 7c, Figure S2). The diameter of the most representative globules varies from
1.2 to 2.3 μm. The surface of these formations seems to be slightly rough or nanoporous.
The same group includes rounded particles of subnanometer size (20 to 50–800 nm), due to
which it is difficult to distinguish their true shape. Such nanoformations of native gold are
very common. Single disc-shaped particles (Figure 7c, Figure S2) with a diameter of ~1 μm
and a visible thickness of about 250 nm were discovered, which can be crystals flattened
along one of L4 and apparently supergene.

Considerably large sizes (~4–5 μm, thickness within 100–200 nm) are typical for rare
particles of irregular morphology, which are probably relic gold (Figure 7e, Figure S3). Their
peculiar contours suggest that they are fracture inclusions of hypogene gold of primary
sulfide ores.
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Figure 7. Morphology of native gold in oxidized ores. (a,b)—crystals; (c)—globular gold; (d)—disc-shaped gold; (e)—relic
gold; (f,g)—spongiform gold; (h)—gold of irregular morphology; (i)—worm-shaped gold.

One of the most common morphological types is spongiform gold (Figure 7f,g,
Figure S4). The size of such gold grains varies within the widest range from ~1 to ~6 μm
and above. The contours of the grains are irregular, “torn” and porous. The sizes of
branched mineral particles and cavities are within 20–100 nm. This is probably relic gold,
which was subjected to the removal of impurities and partial dissolution. One of the
mechanisms of its formation can be the replacement of aurostibite, which is common in
the primary ore paragenesis, with extremely high-grade gold and stibnite, which was later
oxidized to senarmontite, cervantite and valentinite. The latter, while being washed out,
left spongiform cavities.

Irregularly shaped gold is found with traces of chipped mineral inclusions (?), with
sizes in the range of 1–4 μm (Figure 7h, Figure S5). It may be assumed that this is also relic
gold of primary ores, but it may also be crystals with less pronounced cut and induction
surfaces. A single worm-shaped gold grain (Figure 7i) with dissolution traces (?) was
also noted.
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The distribution of the main (most common) morphological types of gold in the section
is not homogeneous (Figure 5). Thus, most of the gold crystals are confined to the Upper
Zone. In the middle part of the section, single crystals are observed, while there are none in
the lower part of the section. In contrast to gold with crystallographic cut, spongiform gold
is mostly found in the lower part of the section, closer to the bedrock. Gold with irregular
morphology demonstrates the same tendency. Globular gold is found in single quantities
in the Upper and Middle Zones and is most often found at the boundaries of geological and
geochemical zones. Few relic gold grains are sporadically found throughout the section.

In the sample collected from weathered bedrock underlying the oxidized ores of the
deposit, calcite aggregates with inclusions of antimony oxidized minerals and spongiform
different fineness gold (Figure 8) were found. Here, spongiform gold with antimony
impurity (up to ~38 wt.%) and presumably cervantite are noted in close aggregation. The
formation of this association is possible during the decomposition of aurostibite and/or
aurostibite and the coexisting antimony (stibnite) minerals. Such formations probably
correspond to the initial stage of weathering of gold-antimony ores of the deposit.

Figure 8. Products of aurostibite decomposition into spongiform gold and cervantite in the carbonate matrix of weathered
bedrock of the deposit (the depth is 299–302 m—it is the deepest sample of the studied ones; see Figure 5).

Native gold from the oxidized ore samples is most often isolated in the form of
independent particles, but its close aggregations with secondary iron minerals (especially
in the upper part of the section) have been repeatedly observed. Figure 9 shows irregular
shapes of a ferric (hydr)oxide grain (~10–100 μm) with numerous inclusions of native gold
(up to 30 Au grains). The sizes of such inclusions vary widely from several hundreds
of nanometers to 3–4 μm. As a rule, gold in such an association has rounded, smooth
surfaces, and a single flattened crystal was found (Figure 9b). In addition, a mercurous
gold inclusion was noted in tripuhyite.

Figure 9. Inclusions of gold (red arrows) in ferric (hydr)oxides (a–c). The size of gold grains varies from 250 nm to 4 μm.
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The SEM-EDS method was used for semi-quantitative (due to small size) determina-
tion of the chemical composition of the detected native gold. The overwhelming majority
of chemical analyses of native gold in oxidized ores is characterized by the presence of O,
Fe, Al, and Si (less often K, Ca, Mg, Mn, and Na). This is due to the presence of oxide and
silicate films on gold particles, as well as the parasitic signal of the matrix on which the
gold lies. Therefore, the impurities of these elements were not considered.

Among over 300 chemical composition determinations, sixteen analyses showed an
impurity of Cu (0.8–10.7 wt.%), seventeen analyses showed Sb (0.5–35.2 wt.%), two showed
Ag (3.1–4.2 wt.%) and five showed Hg (1.0–11.6 wt.%). At the same time, gold grains
mainly contain only one impurity element. Reduced fineness is typical for spongiform
gold and irregularly shaped gold of the lower part of the section. Gold with a mercury
impurity has been noted here only. All studied crystals did not contain these impurities,
except for one (2.9 wt.% Cu). Listed elements are typical impurities in native gold [51].

5. Discussion of the Oxidized Ores Formation Conditions

The specific geochemistry of the Olympiada oxidation zone is explained by the gold-
antimony profile of primary ores (with W, Hg), which mainly served as the primary
substrate (Figure 3a). Gold and associated metals were intensively redistributed, migrating
from some horizons and accumulating in other horizons, which is controlled primarily by
the sulfide content in the hypogene ores and pH and Eh of supergene solutions.

The main mineralogical and geochemical features of the selected horizons are as
follows. The Lower Zone is distinguished by a significant accumulation of Au, usually
in the form of spongiform gold, which appeared during the destruction of hypogene
aurostibite, as well as wide development of supergene antimony and mercury minerals. The
antimony concentrations here are maximum for the entire studied section. Oxidized ores of
this zone inherit the geochemistry of parental gold-antimony ores to the maximum extent.
The Middle Zone, on the contrary, is depleted with gold relative to the primary ores due to
the intense removal of metal by oxidized fluids. The result of their activity is the dominance
of kaoline and “hydromica” in the oxidized ores. Rare gold grains are represented here
by globular shapes. Within the Middle Zone, there are local accumulations of alkali—
lead (817 g/t) and copper (130 g/t)—generally not typical for the Olympiada oxidation
zone. The Upper Zone has the most enriched ore level and differs in the maximum (up to
61 g/t) gold grade mainly present in the form of microcrystals. The highest concentrations
of tungsten, silver and arsenic are also noted here. In the Upper Zone, we observe the
maximum (up to several wt.%) sorption level of ore components (W, As, Sb) and metal gold
nanoparticles on ferric (hydr)oxides. All of the above indicates a high mobility of supergene
fluids in the formation of the oxidation zone, which led to its significant enrichment in the
top part of the section [52].

As we have shown earlier [26], sulfide ores of the deposit contain mainly pyrite,
pyrrhotite, arsenopyrite, stibnite and berthierite. Under exogenous conditions, these
minerals are unstable and exposed to weathering. Oxidation of these sulfides led to
the formation of sulfuric acid solutions and increased concentration of sulfate-ion and
hydrogen-ion, which determined the reduction in pH and increase in the redox potential.

At the same time, the primary ores of the deposit contain a large amount of carbon-
ates [26]. Dissociation of carbonate lead to neutralization of the acid on a large scale [53]. The
combination of these factors led to fluctuations of redox conditions and acidity–alkalinity of
the environment within the intensively oxidizing body of sulfide ores. Such a fluctuating
area is most probable for the Middle and Upper Zones’ boundary.

The existence of a geochemical barrier here is evidenced not only by the appearance
of numerous newly formed crystals of native gold but also by the presence of supergene
cerianite-(Ce) (Figure 6d). There is also an abrupt increase in Ce* values (up to ~1.1,
Figure 5), which is probably caused by oxidation of the element to the low-soluble Ce4+

and its removal from aqueous solutions in the form of CeO2 [54–60].

255



Minerals 2021, 11, 190

The kinetics of CeO2 formation reactions strongly depends on pH and Eh, as well as
on the participation of iron-oxidizing bacteria [61,62]. At the same time, it is reported that
Ce, in contrast to most REE, has a greater affinity for Mn [63], and lower affinity for Fe [58],
which is also noted in the samples studied (cerianite-(Ce) in association with manganese
(hydr)oxides was detected). According to the data of the stability diagram of Ce-containing
compounds in the Eh–pH coordinates [62], cerianite-(Ce) is stable in weakly reduced to
strongly oxidized conditions with pH from 3 to 14. However, the negative Ce-anomaly
in the solution (and, as a consequence, positive in the solid phase) is characteristic of the
narrower CeO2 stability field with Eh ~0.1–1.1 and pH ~3–7. On the other hand, there are
data confirming that the negative anomaly of Ce occurs only in alkaline waters [64].

Oxidation of primary sulfides (arsenopyrite, pyrite, stibnite, aurostibite, etc., which
are common in the primary ore paragenesis) leads to the formation of secondary minerals
of Fe, Sb, As, Mn and Pb [5,11,13,65,66]. These minerals were detected in oxidized ore of
deposit (see Table 1).

Thiosulphate-ion (S2O3
2–) is effective during dissolution and transportation of Au

under near-neutral oxidizing conditions. It is assumed that the complex formation of Au
with it is most likely during the oxidation of orogenic deposits [10,11]. The presence of
thiosulfate radicals promotes the dissolution, mobilization and re-deposition of both gold,
which is released from sulfides during their oxidation, and native Au0 of bedrock ores.
However, these complexes are metastable in the oxidizing environment, which leads to
rapid deposition of Au0 (together with ferric (hydr)oxides) and prevents the long-distance
transfer of gold [5,67–70]. Chemical deposition of Au from thiosulfate complexes is possible
either by their reduction during migration into not-yet-oxidized sulfide ores or during
further oxidation with the formation of Fe hydroxides.

It is also believed that bacteria are capable of restoring the Au nanoparticles from
thiosulfate complexes both inside and outside cells [17]. The interaction of Au(S2O3)2

3–

with bacteria leads to the deposition of its nanoparticles, which are later able to aggregate
into octahedral μ-crystals and/or spherical particles [16,71]. P.V. Bernatonis discovered
bacteria of the Thiobacillus ferrooxidans, Thiobacillus thiooxidans, Thiobacillus thiocyanooxi-
dans, Thiobacillus thioparus and Thiobacillus denitrificans species [43] in oxidized ores of the
Olympiada deposit, which have contributed to gold redeposition.

Kashefi et al. also demonstrated that hyperthermophilic and mesophilic dissimilatory
Fe(III)-reducing Bacteria and Archaea are capable of precipitating gold by reducing Au(III)
to Au(0) with hydrogen as the electron donor in subsurface environments [72].

Trivalent complexes of gold Au(III)-OH-Cl-CN can exist in natural surface waters
and may be important for the transport and biogeochemical cycling of gold in surface
environments [11,73,74]. The possibility of the existence of Au(III)-Cl in the Upper Zone
is consistent with the presence of Cl (up to 0.03 wt.%) here. Moreover, it was established
earlier that 52% of mercury in the Olympiada oxidation zone exists in the chloride form [43].

In addition, a previous study showed that Au(III)-Cl complexes are adsorbed more
readily onto iron oxides than are thio-Au(I) complexes [75]. This may indicate a lesser role
of thiosulfate complexes in the deposition of Au in association with iron (hydr)oxides than
is shown above. On the other hand, according to Gray and Pirlo, AuCl2– is the dominant
Au complex in Cl− rich groundwaters [76]. In this case, the presence of dissolved Fe will
reduce AuCl2– [76].

Renders and Seward established the presence of AuHS0, Au(HS)2
− and Au2S2

2− in
aqueous solutions (25 ◦C, pH 2–12, sulphur concentrations from 0.005 to 0.4 molal) [77].
We assumed that the presence of hydrosulfide gold complexes is most likely in the Lower
Zone [5,11]. This complex was dominant form of the gold transport in aqueous-sulfide
solutions during formation of primary ores [78].

The occurrence of spongiform gold in the Lower Zone is explained by the process of
leaching of impurities (de-alloying), which is experimentally demonstrated in the work [79].
The formation of spongiform gold was also repeatedly observed in nature, as in the
supergene zone during oxidation and decomposition of gold tellurides and antimonides,
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as well as AuAg alloys [80–83] and under hypogene conditions under the influence of
alkaline and neutral fluids with temperatures of 140–200 ◦C [84,85]. The liberation of gold
from impurities in this process is accompanied by an increase in its free surface, which
contributes to its further dissolution.

All this allows us to assert that the formation of oxidized ores of the Olympiada
deposit took place under comprehensive geochemical conditions, in which Au behaved
as a mobile element capable of redistribution and re-deposition on geochemical barriers
(zone boundaries).

The formation of oxidized ores at the deposit is associated either with the development
of a linear weathering crust or with late low-temperature hydrothermal-metasomatic
activity. Apparently, both processes took place at the Olympiada deposit, and it is likely
that hydrothermal and gas emanations were repeatedly superimposed on both primary
ores and already existing weathering products. In contrast to the Cretaceous–Paleogene
estimate of the age of linear weathering crusts at the Yenisei Ridge established in the
literature, we tend to believe that the time interval of near-surface mineral formation at the
Olympiada deposit may be hundreds of millions of years and primarily initiated by the
activation of the Tatar Fault Zone when the Siberian craton collided with the Kazakhstan
microcontinent on the border of the Devonian and Carboniferous ages. According to the
data [86], the Paleogene-Quaternary spore and pollen spectra were found in the products
of oxidized ores of the deposit from a depth of 5–28 m, gradually replaced at a depth
of 30–60 m with the Mesozoic spectra and from a depth of 50–110 m with the Paleozoic
(Permian, Carboniferous, Upper Devonian) spectra. The Upper Devonian age (368±23 Ma
Sm-Nd and 364 ± 7 Ma Rb-Sr based on fluorite) at the Yenisei Ridge has been established
for the “telethermal” mineralization (calcite, barite, celestine, anhydrite, fluorite, realgar,
smithsonite, cerussite, native silver) superimposed on the Neo-Proterozoic orogenic gold
ores of the major Blagodatnoye deposit [87] and is assumed by us to be the beginning of
the formation of the oxidation zone at the Olympiada deposit, unique in its composition.

The spatial combination of oxidized ores with the permeable zone of the Main Fault
explains to a great extent a significant vertical span of oxidation products’ development
and does not exclude the influence of late low-temperature hydrotherms during their
formation. Thus, methane and carbon dioxide emissions were recorded during drilling
within the Eastern open pit in summer 2018, which lasted for two days. According to the
geologists of JSC “Polyus Krasnoyarsk”, thermal phenomena were repeatedly observed
within the fault. This suggests that the Main Fault zone is still active and was able to supply
portions of a low-temperature fluid to the near-surface zone of the deposit.

6. Conclusions

Supergene redistribution of gold and other components was detected in the section
(to a depth of 300 m) of oxidized ores of the Olympiada deposit. The upper part of the
section (Upper Zone) is the highest-grade (up to ~60 g/t of gold). In the Middle Zone, the
noble metal content is minimal (~3 g/t). The lower part of the oxidized ores section (Lower
Zone) is characterized by an average Au grade (~20 g/t). The boundaries of the identified
zones are traced by a sudden change in the metal content.

Supergene and hypogene native gold have been identified. Crystalline individuals
and their aggregates, as well as globules that predominate at the top of the section, are
classified as supergene. The size of such crystals is quite uniform and averages 1 μm; the
size of globular gold varies from several hundred nm to several μm. Flattened (fracture)
gold particles of irregular morphology, occurring sporadically throughout the section,
are relic hypogene. Spongiform gold is transitional from hypogene to supergene—it is
a product of oxidation of aurostibite developed in the lower part of the section at the
boundary with the bedrock, as well as in the bedrock, and formed in the process of leaching
of impurities and further dissolution. Native gold of oxidized ores is commonly isolated,
but close association with secondary iron minerals is typical for the newly formed globular
and crystalline gold.
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The obtained results suggest that the formation of oxidized ores was accompanied by
the mobilization, redistribution and secondary enrichment of gold with the participation
of both meteoric waters and low-temperature fluids.

Inflow of low-temperature (up to 200 ◦C) hydrothermal water, which leached the
bedrock and sulfides (with the release of “invisible” gold) in the lower parts of the section,
could occur along the permeable zone of the Main Fault upwards. The same fluids led
to the removal of impurities from hypogene gold, as well as its partial dissolution and
mobilization. It is assumed that stable AuHS0 complex was present here, capable of
migrating upwards at long distances together with the rising fluid. Partial destruction of
these complexes was possible in the middle part of the section, which led to the formation
of rare particles of newly formed globular and crystalline gold. Nanosize Au0 extracted
from sulfide minerals could also migrate upwards as colloids [88,89].

Meteoric waters coming from the day surface led to oxidation of sulfides and inversion
of the redox potential in the Upper Zone. Leaching of sulfides was accompanied by local
acidifying of the environment, which was neutralized in larger scales by the dissociation
of carbonates and the arrival of new portions of meteoric water. The boundary of mixing
of meteoric and low-temperature hydrothermal waters was the front of acid leaching and
coincided with the boundary of the Middle and Upper Zones. Oxidation of sulfides in
this part of the section was accompanied by the formation of thiosulphate complexes
with released “invisible” as well as dissolving metal Au. Fluctuating changes in pH and
Eh, as well as the influence of bacteria, led to the destruction of gold complexes and
release of Au0 in the form of micro- and nanoparticles, which were intensively sorbed on
ferric (hydr)oxides appearing here, and agglomerated into larger crystalline and globular
individuals. Ascending low-temperature fluids carrying AuHS0 and probably gold colloids
could facilitate secondary enrichment of the top of the section.
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Abstract: This paper describes native gold in ore-bearing breccias with realgar-orpiment cement
from the Vorontsovskoe gold deposit (Northern Urals, Russia). Particular attention is paid to the
morphological features of native gold and its relation to other minerals. The latter include both
common (orpiment, barite, pyrite, prehnite, realgar) and rare species (Tl and Hg sulfosalts, such as
boscardinite, dalnegroite, écrinsite, gillulyite, parapierrotite, routhierite, sicherite, vrbaite, etc.).
The general geological and geochemical patterns of the Turyinsk-Auerbakh metallogenic province,
including the presence of small non-economic copper porphyry deposits and general trend in change
of the composition of native gold (an increase in the fineness of gold from high-temperature skarns to
low-temperature realgar-orpiment breccias) confirm that the Vorontsovskoe deposit is an integral part
of a large ore-magmatic system genetically associated with the formation of the Auerbakh intrusion.

Keywords: native gold; fluid-explosive breccia; Vorontsovskoe gold deposit; Northern Urals;
Turyinsk-Auerbakh metallogenic province; Vorontsovsko-Peshchanskaya porphyry system; rare Tl
and Hg sulfosalts

1. Introduction

The Vorontsovskoe gold deposit is located in Krasnoturyinskiy district of Sverdlovsk
Oblast (Northern Urals, Russia), 13 km south of the town of Krasnoturyinsk and approxi-
mately 310 km north of Ekaterinburg. It was discovered in 1985 and is currently operated
by the Polymetal International PLC. It is located within the Turyinsk-Auerbakh metal-
logenic province (Figure 1a), which includes a series of medium-size copper-iron-skarn
and small-size gold skarn, medium-size lode and quartz stockwork gold deposits with
“berezite” (quartz-sericite-carbonate metasomatites) alteration gold deposits. The ore dis-
trict combines two magmatic-hydrothermal systems [1]: Vorontsovsko-Peshchanskaya and
Turyinskaya (D1–2). Within the Vorontsovsko-Peshchanskaya system, mainly iron-skarn
and gold ore deposits are located. The Turyinskaya system includes a number of medium-
size copper-skarn deposits [2] and small-size porphyry copper deposits. By 2003, three eco-
nomic deposits with calculated reserves were discovered within the Turyinsk-Auerbakh
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metallogenic province (Figure 1b): Peshchanskoe iron skarn deposit (approximately 80 mil-
lion tons of iron); Vorontsovskoe gold deposit (approximately 30 tons of gold, including the
off-balance reserves); and the small gold and medium copper Vadimo-Aleksandrovskoe
deposit (approximately 6 million tons of copper, including the off-balance reserves and
approximately 1 ton of gold) [3].

Some researchers [1] consider the Vorontsovskoe gold deposit to be a peripheral zone
of the porphyry copper system. Naumov et al. [4] also classifies this deposit as magmatic-
hydrothermal type. Numerous authors [5–8] attribute the Vorontsovskoe gold ore deposit
to the Carlin type. Despite such a comprehensive study of the Vorontsovskoe gold deposit,
it has not yet been possible to unambiguously resolve the issue of its genesis.

Several types of ores associated with various types of alteration have been identified
within the Vorontsovskoe deposit, such as calcareous gold-magnetite-sulfide skarns, quartz-
sericite, jasperoids and other alteration types [5,6], supergene alterations [6] as well as
gold-pyrite-realgar breccias [9]. We also confirm the assessment of the scale of distribution
of various types of ores and their gold content within the Vorontsovskoe deposit and
show the leading economic value of gold-ore breccias with orpiment-realgar cement [9,10].
In addition, native gold in this breccia ore type associates with thallium and mercury
sulfosalts, that distinguishes the gold mineralization of the Vorontsovskoe deposit from all
previously known gold ore localities in Russia. The ore-bearing role of breccias in many
deposits is very important [11]. Despite such an important role of the gold breccias of the
Vorontsovskoe deposit, the morphological features and composition of their gold have not
yet been studied. The aim of our work-detailed characterization of gold from breccias with
realgar-orpiment cement.

2. Geological Setting

2.1. Regional Geological Setting

The Vorontsovskoe gold deposit is located on the eastern slope of the Northern Urals
in the eastern part of the Tagil volcanic megazone (Figure 1a). It is located within the North-
striking Devonian volcanic belt [5,6]. The Middle Devonian Auerbakh gabbro-diorite-
granodiorite intrusion is located in the southern part of the belt [12], and is associated with
the formation of the Turyinsk-Auerbakh metallogenic province [1].

 

Figure 1. The position of the Auerbakh intrusion in the structures of the Urals (a) and geological
scheme of the structure of the Turyinsk-Auerbakh metallogenic province (b). (a): 1—the passive margin
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of the western slope of the Urals; 2—the platinum belt of Tagil megazone; 3—Tagil volcanic zone;
the zones of the active continental margin: 4—Devonian-Carboniferous; 5—continental; 6—northern;
7—tectonic sutures separating large structures of the Urals: the Main Uralian Fault (MUF), Serovsko-
Mauksky (SM), Alapaevsky (A), Chelyabinsky (Ch). Plutonic massifs: 8—granite; 9—Auerbakh
gabbro-diorite-granite (after [13]). (b): 10—Ordovician rocks of ophiolitic association; 11—basalt-
rhyolite-plagiogranite association, Ordovician; 12—Silurian trachybasalt-trachyte; Devonian forma-
tions: 13—volcanic-sedimentary rocks with intercalations of andesites, andesite-basalts and lime-
stones; 14—reef limestone; 15—volcanomictic rocks with tuff horizons of andesites and andesidacites;
16—andesibasalts; 17—extrusive andesites. Igneous rocks of the Auerbakh Intrusion: 18—porphyritic
diorites and gabbro-diorites; 19—quartz diorites, granodiorites and granites; other designations:
20—faults; 21—rock contacts: a) sharp; b) gradual; 22—Turyinskaya ore-magmatic system; 23—
Vorontsovsko-Peshchanskaya ore-magmatic system; Deposits: 24—Vorontsovskoe gold ore deposit;
25—Peshchanskoe iron ore deposit; 26—copper-skarn deposit (after [1]).

The Vorontsovsko-Peshchanskaya hydrothermal system is located at the southwestern
outer contact of the Auerbakh intrusion [1]. The Vorontsovskoe deposit is located in the
southern part of this system, at a distance of 400–500 m from the southwestern exocon-
tact of the Auerbakh massif (Figure 1b) [7]. The volcanic-sedimentary rocks hosting the
deposit form a monocline that gently dips to the west [6]. The sedimentary sequence
includes limestones and layers of tuffites and siltstones with a thickness of approximately
1 km. Usually, the limestone is metamorphosed to marbles. This sequence is conformably
overlain subsequently by volcanic-sedimentary and volcanic rocks, such as tuffaceous
siltstone, tuffite and tuff. Coarse clastic breccias with tuffaceous cement are common at the
contact of all these rocks with limestones within the entire Turyinsk-Auerbakh metallogenic
province [14].

2.2. Local Geological Setting

A quarry in the Vorontsovskoe deposit has exposed a wedge body of volcano-sedimentary
rocks with a predominance of tuffs of medium composition and tuffstones (Figure 2a).
The western part of this body is bounded by a large tectonic fault (Figure 2b). The bulk
of ore-bearing breccia, including realgar-orpiment cement, is located at the contact of the
body of volcano-sedimentary rocks with limestones. The gold ore body has the form of a
torch that expands outward the top [15]. Within this body, gold mineralization is localized
mainly in breccias. Part of the gold mineralization is associated with metasomatically
sericite-altered volcanic-sedimentary rocks.

Two stages of ore breccia formation were previously identified earlier [9]. The breccias
of the first stage are quite widespread. Limestone fragments predominate in this type
of breccias. These fragments are embedded in a matrix consisting of small fragments of
volcanic-sedimentary rocks dominated by andesite [16,17]. Pyrite grains with an average
size of 0.2 mm are widely distributed in the cement. The breccias of the second stage form a
pod-like body of irregular shape (Figure 2c). Limestones, volcanogenic sedimentary rocks
and siltstones are found as fragments in breccias of the second stage. First-stage breccias
are also found in the wreckage. Realgar and orpiment are widely distributed in breccia
cement of the second stage. Barite, quartz and calcite make up a significant part of the
cement. Native gold and rare Hg and Tl sulfosalts are common in breccia cement of the
second stage. The highest content of realgar and orpiment is typical for the central parts of
pod-like bodies of the second stage breccias.

265



Minerals 2021, 11, 541

 

Figure 2. (a) Schematic section of the Vorontsovskoe deposit [15–17]; (b) the photograph of the northern wall of the
quarry with a tectonic contact between marmorized limestone and a layer of volcanic-sedimentary rocks (red dotted
line); (c) a small body of fluid-explosive breccias with realgar-orpiment cement (sample 2016/2), exposed in one of the
quarry layers. The white dotted line shows the boundary of the body. 1—Neogene-Quaternary cover deposits; 2—karst
formations; Devonian formations: 3—limestones; 4—tuff aleurolites, tuffstones, tuff-conglomerates; 5—andesites, tuffs and
lava breccias; 6—breccia of the 1st stage of breccia formation; 7—lamprophyre dikes; 8—dikes of diorite porphyrites.
Metasomatites: 9—quartz-sericite, 10—quartz-sericite-albite, 11—berezite-listvenites, chlorite-sericites. 12—ore bodies with
run-of-mine grades of gold content; 13—enriched ore pillars; 14—manifestation areas of realgar-orpiment mineralization.

3. Materials and Methods

3.1. Sample Collection and Preparation

A total of 173 ore samples were taken within the ore body to study the distribution
of gold. Of these, 58 specimens were from ore breccias with realgar-orpiment cement.
These samples were collected in 2016–2019 at the Northern quarry of the Vorontsovskoe
deposit at horizons from –40 to +35 (meters above sea level) from 2016 to 2019 (Figure 3).
The weight of ore samples ranged from 0.2 to 0.4 kg.
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Figure 3. Location of sampling at the Northern quarry of Vorontsovsky deposit. First, digit means
the year of collecting, second—the number of sampling point.

To obtain native gold concentrates, two large samples weighing 35 kg were taken from
areas richest in realgar and orpiment breccia fragments. The samples were crushed to a
fraction of less than 1 mm and enriched with a KR-400 centrifugal concentrator. Grains and
crystals of native gold were manually selected using a binocular microscope. Their surface
structure details were studied by scanning electron microscopy. Then, the grains of native
gold were mounted in polished sections in order to study their internal structure and
determine their chemical composition.

3.2. Analytical Methods

Polished and thin sections were made for microscopic examination. After a pre-
liminary description using an optical microscope under transmitted and reflected light,
detailed studies of thin sections with native gold using a scanning electron microscope
were carried out. The chemical compositions of minerals were identified by an electron
microprobe using both energy and wavelength dispersive spectrometers.

A preliminary semi-quantitative analysis of the chemical composition was performed
in the Fersman Mineralogical Museum of the Russian Academy of Sciences (Moscow,
Russia) using a CamScan 4D scanning electron microscope (CamScan Electron Optics, Ltd,
Cambridge, UK) and in the Institute of Experimental Mineralogy RAS (Chernogolovka,
Russia) using a CamScan MV2300 scanning electron microscope. In both cases, INCA
Energy 350 energy dispersive spectrometers (Tescan, Brno, Czech Republic) were used
under the following operational conditions: accelerating voltage—20 kV, probe current—
5 nA on metallic cobalt, working distance 25 mm, spectra accumulation time—70 s, spot size
5 μm.
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Further study of the mineral chemical composition was carried out in the joint labora-
tory of electron microscopy and microanalysis of the Department of Geological Sciences of
the Masaryk University and the Czech Geological Survey (Brno, Czech Republic) using a
Cameca SX 100 wave dispersive electron probe microanalyzer (Cameca, Paris, France) and
in the laboratory of the Department of Mineralogy of the Geological Faculty of Moscow
State University (Moscow, Russia) using the Camebax SX 50 microanalyzer (Cameca, Paris,
France). In the first case, the following operational conditions were applied: accelerating
voltage—25 kV, probe current—20 nA, probe diameter—1 μm; reference materials (natural):
Fe—FeS2; Cu—Cu metal; Zn— ZnS; Ag—Ag metal; Hg—HgTe; Tl—Tl (Br, I); Pb and
Se—PbSe; As—pararammelsbergite; Sb—Sb; S—chalcopyrite. In the second case, the op-
erational conditions were as follows: accelerating voltage—20 kV, probe current—30 nA,
probe diameter—1 μm. The following reference materials were used (natural): Zn—ZnS,
As—CoAsS, S, Fe—FeS (troilite), Ag—Ag2Te, Cu, Sb—CuSbS2, Hg—HgTe, Tl—TlSbSe2,
Pb—PbS.

4. Results

4.1. Mineral Composition of the Breccias

The gold-bearing breccias of the second brecciation event consist of marmorized lime-
stone, tuffstones, tuffites and andesite tuffs fragments and contain fragments of individual
grains of minerals from these rocks embedded in the hydrothermal cement (manganoan
calcite, prehnite, orthoclase and other). Rock fragments have an angular shape (Figure 4)
and vary in size from one millimeter to several centimeters. The quantitative ratio of the
matrix and lithoclasts in breccias is not constant and varies from 15 to 75%. The breccias
are altered to varying degrees. In the breccia matrix, thin (less than 1 mm) fragments
of the main rock-forming minerals are widespread: chlorite (clinochlore and chamosite),
amphibole (magnesio-ferri-hornblende, tremolite, pargasite), scapolite, quartz, feldspars
(orthoclase, microcline, albite) and calcite. However, newly formed minerals predominate,
forming the cement of ore breccias.

The most common hydrothermal gangue minerals of breccia cement are manganoan
calcite, prehnite, orthoclase var. hyalophane, fluorapatite and barite. Prehnite forms
small, idiomorphic prismatic crystals or granular masses cemented by ore minerals—
pyrite, realgar, stibnite, aktashite, boscardinite, parapierrotite, routhierite and chabournéite
(Figure 5a,b,d,e). Orthoclase var. hyalophane forms intergrowths with prehnite granular
aggregates (Figure 5b), or, more rarely, single prismatic crystals. Fluorapatite is found as
rare prismatic crystals included in the aggregates of other minerals (Figure 5b). Barite and
manganoan calcite form only fine-grained masses (Figure 5c). Gangue minerals are inter-
grown mainly with realgar (Figure 5b,d,e) and less often with orpiment.

Stibnite (Figure 5d), orpiment, realgar (Figure 5b,d,e) and pyrite (Figure 5a,b,d,e)
prevail among the ore minerals in the breccia cement. Pyrite forms idiomorphic pen-
tagonal dodecahedra and often contains up to 4 wt.% As in its structure. Rare Tl- and
Hg-bearing sulfosalts, sulfides and tellurides are found among the ore cement minerals
and include aktashite, bernardite, boscardinite, weissbergite, vrbaite, gillulyite, dalnegroite,
sicherite, imhofite, coloradoite, christite, laffittite, lorándite, parapierrotite, picotpaulite,
rebulite, routhierite, philrothite, hutchinsonite, chabournéite, écrinsite, etc. (full list of
minerals identified at Vorontsovskoe deposit including rare Tl-Hg-bearing ones is given
by [16–18]). These ore minerals were formed later than most gangue minerals. Thus,
aktashite and boscardinite cement prehnite crystals (Figure 5a,b), parapierrotite replaces
stibnite (Figure 5d), routhierite cements individual prehnite and diopside crystals (Figure
5d) and chabournéite fills veinlets intersecting silicates and realgar (Figure 5c,e). The
chemical composition of selected rare Tl and Hg minerals mentioned above is given in
Table 1.
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Figure 4. The varieties of gold ore breccias in the Vorontsovskoe deposit: (a) with a predominance of tuffstone and a small
amount of orpiment-realgar cement in the fragments; (b) with a relatively equal amount of fragments of tuffstones (strongly
altered) and marmorized limestones with a moderate amount of orpiment-realgar cement; (c) with equal amounts of
fragments of tuffstones and marmorized limestones and a prevalence of realgar cement (black points are the accumulations
of Tl and Hg sulfides and sulfosalts); (d) with a prevalence of metasomatically transformed tuffstones with a significant
amount of orpiment-realgar cement.

 

Figure 5. Gangue minerals from gold ore breccia cement. (a) The relationship of pyrite (Py) with boscardinite (Bsc) and
prehnite (Prh); (b) aktashite (Akt) grain in hyalophane (Ba-Fsp); (c) the relationship of chabournéite (Chb) with calcite (Cal)
and barite (Bar); (d) parapierrotite (Prt) and stibnite (Stb) with large prehnite grain; (e) routhierite (Rou) cements individual
prehnite and diopside (Di) crystals; (f) prehnite in realgar-chabournéite cement. Ap—fluorapatite, Tnt—tennantite.
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Table 1. The chemical compositions of Tl and Hg sulfosalts from the cement of gold ore breccias, wt. %.

№ Fe Cu Ag Hg Tl Pb As Sb S Total Mineral

1 1.58 25.48 - 24.29 - - 19.80 0.49 25.45 99.85 Aktashite
2 - - - - 21.40 0.13 25.32 25.39 27.98 100.22 Bernardite
3 - - 2.01 - 12.60 17.82 12.19 30.86 24.22 99.70 Boscardinite
4 - - - - 53.46 - 5.17 24.73 16.80 100.16 Weissbergite
5 - - - 20.42 28.52 - 20.61 8.57 22.32 100.44 Vrbaite
6 - - - - 29.49 0.19 40.02 1.73 29.52 100.95 Gillulyite
7 - - - - 19.20 9.99 21.04 23.43 25.82 99.48 Dalnegroite
8 0.10 - 23.83 - 22.63 0.22 16.71 13.69 21.61 98.79 Sicherite
9 - - - - 36.30 - 30.02 8.43 25.37 100.12 Imhofite

10 - - - 34.50 35.73 - 12.62 - 16.40 99.25 Christite
11 - - 23.10 40.90 - - 15.95 - 20.16 100.11 Laffittite
12 - - - - 58.49 0.42 20.57 0.45 19.37 99.30 Lorándite
13 - - - - 20.10 - 8.61 46.08 25.17 99.96 Parapierrotite
14 27.21 - - - 49.29 - - - 23.86 100.36 Picotpaulite
15 - - - - 34.80 0.36 22.98 16.82 22.23 99.19 Rebulite
16 - 5.92 0.25 38.87 19.21 - 13.97 1.72 19.03 99.48 1 Routhierite
17 - - - - 33.17 0.59 34.40 3.94 27.06 99.16 Philrothite
18 - - - - 19.14 18.68 31.25 4.73 26.54 100.34 Hutchinsonite
19 - - - - 17.47 10.96 13.86 32.89 24.85 100.03 Chabournéite
20 0.25 - 1.55 - 8.72 26.04 17.84 20.78 24.28 99.62 2 Ecrinsite

№ APFU Empirical Formulae Mineral

1 25 Cu6.06(Hg1.83Zn0.64Fe0.43)Σ2.90(As3.99Sb0.06)Σ4.05S11.99 Aktashite
2 14 Tl0.96Pb0.01(As3.10Sb1.92)Σ5.02S8.01 Bernardite
3 64 Ag0.89Tl2.95Pb4.11(Sb12.12As7.78)Σ19.90S36.14 Boscardinite
4 4 Tl0.99(Sb0.77As0.26)Σ1.03S1.98 Weissbergite
5 37 Hg2.94Tl4.02As7.93Sb2.03S20.08 Vrbaite
6 22.8 Tl2.04Pb0.01(As7.54Sb0.21)Σ7.75S13.00 Gillulyite
7 60 Tl3.97Pb2.04(As11.86Sb8.13)Σ19.99S34.01 Dalnegroite
8 12 Tl0.99Pb0.01(Ag1.97Fe0.02)Σ1.99(As1.99Sb1.00)Σ2.99S6.02 Sicherite
9 47.2 Tl5.83(As13.14Sb2.27)Σ15.41S25.96 Imhofite
10 6 Tl1.02Hg1.01As0.98S2.99 Christite
11 6 Ag1.02Hg0.97As1.01S2.99 Laffittite
12 4 Tl0.98Pb0.01(As0.94Sb0.01)Σ0.95S2.06 Lorándite
13 14 Tl1.00(Sb3.85As1.17)Σ5.02S7.98 Parapierrotite
14 6 Tl0.98Fe1.99S3.03 Picotpaulite
15 40 Tl4.96Pb0.05(As8.94Sb4.03)Σ12.97S22.02 Rebulite
16 12 (Cu0.94Ag0.02)Σ0.96(Hg1.96Zn0.08)Σ2.04Tl0.95(As1.89Sb0.14)Σ2.03S6.01 Routhierite
17 9 Tl0.97Pb0.02(As2.75Sb0.19)Σ2.94S5.06 Philrothite
18 16 Tl1.02Pb0.98(As4.55Sb0.42)Σ4.97S9.03 Hutchinsonite
19 60 Tl3.75Pb2.32(Sb11.84As8.11)Σ19.95S33.98 Chabournéite
20 64 Ag0.68Fe0.21Tl2.01Pb5.93(As11.24Sb8.06)Σ19.30(S35.76Se0.10)Σ35.86 Ecrinsite

Notes: 1 the total includes 0.51 wt.% of Zn; 2 the total includes 0.16 wt.% of Se.

4.2. Morphological Features of Native Gold in Breccias

Native gold in the breccias occurs both in cement (Figure 6a) and in the limestone’s
fragments. The analysis of ore concentrates obtained during the gravitational concentra-
tion of gold breccias with realgar-orpiment cement has made it possible to establish that
the grains of 0.1–0.25 mm prevail among the gravitationally enriched aggregate of gold.
However, the study of thin sections has revealed the predominance of gold grains less than
0.1 mm in size. Thus, most of the native gold grains (75% of all grains) are 20–80 μm in size.
Large grains of native gold (0.2 to 0.8 mm) are quite rare. These grains occur as complex
intergrowths of gold with realgar, orpiment and calcite (Figure 6b,c).

The study of thin sections from breccias allowed us to confirm the conclusion that
most of the native gold is located directly in the breccias’ cement. Gold grains inter-
grow with orpiment and realgar (Figure 7a,b). Gold grains with prismatic cross-sections
are extremely rare and are located directly in the fragments of marmorized limestones
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(Figure 7c). Gold crystals are relatively rare among the gold grains from the ore concen-
trates too (Figure 8a). They are characterized by a complex faceting with a combination of
octahedron, pentagonal dodecahedron and cubic faces, which leads to the occurrence of
spherical shape of the crystals.

Figure 6. Native gold occurrences in ore breccias: (a) gold realgar-orpiment breccia with small pyrite
grains and native gold, (b) native gold with realgar, (c) native gold with orpiment and calcite.

 

Figure 7. Optical photo of the native gold in realgar-orpiment breccias of the Vorontsovskoe deposit: (a) gold grain and
pyrite (Py) in calcite; (b) the grain of gold in realgar-orpiment (Rlg + Orp) breccia cement; (c) gold in brecciated calcite
marble; Cal + Rlg—the fine-crystalline calcite and realgar.

Gold grains cementing other minerals are most widely distributed (Figure 8b–e).
Often, native gold in such aggregates intergrows with realgar, pyrite and calcite.

Native gold contains numerous mineral inclusions. Small crystals of pyrite, prehnite,
quartz and calcite are directly enclosed in the native gold. Polymineral inclusions, con-
sisting of calcite, barite and dalnegroite, are found in gold aggregates as well (Figure 9a).
Polymineral inclusions formed by prehnite, barite and routhierite are also detected (Figure 9b).
Hyalophane grains are present as inclusions in gold in a very limited quantity. The above-
listed minerals can be found not only in the form of inclusions in gold but also as in-
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tergrowths with gold. Among the rare minerals intergrown with gold, we also note
coloradoite, arsenolite (Figure 9c) and parapierrotite (Figure 9d). Arsenolite is the most
recent mineral formed as a result of supergene processes.

 

Figure 8. BSE-photo of the morphology of native gold grains and aggregates from breccias with orpiment-realgar cement
(explained in the text). (a) gold crystal; (b) gold with mineral inclusions of calcite (Cal), pyrite (Py) and realgar (Rlg); (c)
native gold intergrows with pyrite; (d) native gold intergrows with realgar; (e) native gold intergrows with calcite; (f) pyrite
crystals in native gold.

Table 2. The chemical composition of minerals intergrown with native gold, wt. %.

№ S Fe Cu As Sb Hg Tl Pb Total Mineral

1 27.41 – – 31.46 10.15 – 20.87 10.36 100.25 Dalnegroite
2 27.45 – – 31.50 10.31 – 20.80 10.37 100.43 Dalnegroite
3 27.59 – – 31.63 10.52 – 20.55 10.45 100.74 Dalnegroite

4 1 19.26 0.09 6.18 14.55 0.45 36.88 21.33 – 99.86 Routhierite
5 2 19.28 0.12 6.23 14.65 0.53 36.79 21.18 – 99.87 Routhierite
6 3 – – – – – 60.53 – – 100.48 Coloradoite
7 51.22 43.70 0.10 3.93 – – – – 98.95 Pyrite
8 24.66 – – 4.13 51.12 – 20.40 – 101.31 Parapierrotite

№ APFU Empirical Formulae Mineral

1 60 Tl4.06Pb1.99(As16.68Sb3.31)Σ19.99S33.96 Dalnegroite
2 60 Tl4.04Pb1.98(As16.67Sb3.36)Σ20.03S33.95 Dalnegroite
3 60 Tl3.97Pb1.99(As16.66Sb3.41)Σ20.07S33.97 Dalnegroite
4 12 Cu0.97(Hg1.83Zn0.17Fe0.02)Σ2.02Tl1.04(As1.94Sb0.04)Σ1.98S5.99 Routhierite
5 12 Cu0.98(Hg1.83Zn0.17Fe0.02)Σ2.02Tl1.03(As1.95Sb0.04)Σ1.99S5.99 Routhierite
6 2 Hg0.98Te1.02 Coloradoite
7 3 Fe0.96As0.06S1.97 Pyrite
8 14 Tl1.04(Sb4.37As0.57)Σ4.94S8.01 Parapierrotite

Notes: the points of analyses are given in Figure 9, 1 the total includes 1.12 wt.% of Zn; 2 the total includes 1.09 wt.% of Zn; 3 the total
includes 39.95 wt.% of Te. Dash is element content below detection limits.
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Table 3. The chemical composition of native gold from breccias with realgar-orpiment cement, wt. %. (fineness in ‰).

№ Cu Ag Au Hg Total Empirical Formulae Fineness

1 – 19.55 80.49 – 100.04 Au0.69Ag0.31 804.6
2 – 16.30 83.32 – 99.62 Au0.74Ag0.26 836.4
3 – 12.38 86.38 0.46 99.22 Au0.79Ag0.21 870.6
4 – 11.18 86.84 0.62 98.64 Au0.80Ag0.19Hg0.01 880.4
5 – 0.98 99.02 – 100.00 Au0.98Ag0.21 990.2
6 – 1.10 99.44 – 100.54 Au0.98Ag0.21 989.1
7 – 3.40 97.41 0.13 100.94 Au0.94Ag0.21 965.0
8 – 0.16 99.08 – 99.24 Au1.00 998.4
9 – 5.43 94.38 1.05 100.86 Au0.90Ag0.09Hg0.01 935.8

10 0.13 6.60 92.70 1.16 100.59 Au0.88Ag0.11Hg0.01 921.6
11 – 5.71 92.92 0.68 99.31 Au0.89Ag0.10Hg0.01 935.7
12 – 2.92 98.72 0.26 101.90 Au0.95Ag0.05 968.8
13 0.11 0.24 98.96 0.36 99.67 Au0.99(Ag,Hg,Cu)0.01 992.9
14 – 0.26 99.01 0.57 99.84 Au0.99Hg0.01 991.7
15 – – 99.41 – 99.41 Au1.00 1000.0
16 0.23 0.20 99.42 0.48 100.33 Au0.99Cu0.01 990.9
17 – – 100.13 0.59 100.72 Au0.99Hg0.01 994.1
18 0.11 0.24 98.96 0.36 100.69 Au0.99Hg0.01 992.9
19 0.07 7.83 89.66 1.85 99.41 Au0.85Ag0.13Hg0.02 901.9
20 0.05 3.73 96.86 – 100.64 Au0.93Ag0.07 962.4

Notes: the points of analyses of native gold No. 9–16 are given in Figure 9, No. 1–8, 17–20 are given in Figure 10. Dash is element content
below detection limits.

 

Figure 9. BSE-photo of the minerals intergrown with gold from realgar-orpiment cement breccia. Analyses corresponding to
1–8 point numbers are given in Table 2; the analyses of native gold No. 9–16 are given in Table 3. (a) Polymineral inclusions,
consisting of calcite (Cal), barite (Bar), pyrite (Py) and dalnegroite (Dln); (b) polymineral inclusions formed by prehnite
(Prh), barite and routhierite (Rou); (c) coloradoite (Cdt) and arsenolite (Art) intergrown with gold; (d) parapierrotite (Prt),
realgar (Rlg) and prehnite crystals in native gold.
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In general, the combination of minerals enclosed by or intergrown with the native gold
(Table 2) is similar to the mineral composition of ore-bearing breccia cement. The nature
of the relationship of native gold with other minerals indicates that its formation was
simultaneous with that of most of the sulfide and sulfosalt grains. The presence of calcite,
prehnite, hyalophane and other minerals as inclusions in both gold and sulfides and
sulfosalts indicates their earlier formation. Thus, the native gold and most of the sulfides
and sulfosalts in the breccias’ cement should be attributed to the same assemblage, that has
formed at the final stage of the formation of the realgar-orpiment breccia cement.

4.3. Chemical Composition of Native Gold

Native gold from the ore-bearing breccia cement of the Vorontsovskoe deposit is
characterized by a homogeneous internal structure (Figure 10). It is divided into two
groups by its chemical composition: 1) high-purity gold with Au content from 95 to 100 wt.
% and 2) silver-containing gold with Au content from 80 to 95 wt. % (Table 3; Figure 11).
Elevated silver concentrations in native gold are accompanied by elevated concentrations
of Hg and Cu. The maximum content of mercury in gold reaches 1.85 wt. %. At the
same time, copper is most characteristic of the high-purity gold and can reach 0.24 wt. %.
However, trace amounts of copper are sometimes found in silver-containing gold as well.

 

Figure 10. BSE-photo of polished sections of native gold grains. The analyses are given in the Table 3. (a) homogeneous
gold grain; (b) native gold intergrows with prehnite (Prh); (c) native gold intergrows with calcite (Cal) and routhierite
(Rou); (d) pyrite inclusion in native gold; (e) native gold with numerous inclusions of barite (Bar), prehnite (Prh) and pyrite;
(f) euhedral inclusions of pyrite in native gold.
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Figure 11. The Au–Ag × 10–Cu × 100 ternary diagram [19] for the native gold composition from
ore-bearing breccias of the Vorontsovskoe deposit.

4.4. Chemical Composition of Native Gold–A Comparison

Admixtures of Ag, Cu and Hg are found in native gold from breccias with realgar-
orpiment cement. The chemical composition of the native gold is similar to that obtained
previously by other researchers [6,20]. Compared to the native gold from other ore types
of the Vorontsovskoe deposit [6], the studied gold is featured by its higher fineness (>860)
(Figure 12a). This characteristic, along with a uniform internal structure of the grains,
distinguishes the native gold in breccias with realgar-orpiment cement from the gold from
skarns and other type of gold mineralization found within the Vorontsovskoe deposit (see
Figure 12a). The fineness of gold increases in the range from the most high-temperature
ore associations (skarns) to the lowest-temperature breccias with realgar-orpiment cement.
The last stages of development of the granite-related hydrothermal ore system associated
with the Auerbakh intrusion are characterized by the formation of high-purity gold in
a single paragenesis with Tl and Hg sulfosalts. It should also be noted that most of
the gold compositional data in the classification diagram after [19] fall into the field of
epithermal deposits.

High fineness of gold from realgar-orpiment breccias of the Vorontsovskoe deposit is
a distinguishing feature in contrast to the native gold from other deposits in the Turyinsk-
Auerbakh metallogenic province (Figure 12b), including copper-skarn and iron-skarn
sub-economic deposits with low gold concentrations. Thus, the gold in the copper-skarn
ores of the Bashmakovskoe and Bogoslovskoe deposits [21], which are located northwest
of Auerbakh intrusive, has the lowest fineness due to the significant concentration of silver.
A similar composition of native gold is also characteristic of the gold ore skarns in the
Dorozhnoe ore occurrence found in 2016 [9], which is located between the Vorontsovskoe
deposit and the Auerbakh intrusion. Low-fineness silver-containing gold is also charac-
teristic of sub-economic ore deposits associated with quartz-sericite-altered tuffs within
the Turyinsk-Auerbakh metallogenic province. Some similarities in the chemical compo-
sition of the studied native gold from the ore breccias of the Vorontsovskoe deposit have
been established for a part of the analyses of gold from the iron ore skarns of the Yuzhno-
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Peshchanskoe iron-skarn deposit. This similarity is likely a consequence of the unified ore
formation process within the Vorontsovsko-Peshchanskaya ore-magmatic system [1].

 

Figure 12. Ternary diagrams [19] for the native gold from different ore types in the Vorontsovskoe deposit (a) and other
deposits in the Turyinsk-Auerbakh metallogenic province (b): 1—jasperoids [6]); 2—skarns [6]; 3—medium-temperature
metasomatites developed on tuffs and tuffstones [6]; 4—gold from realgar-orpiment cement of ore breccia (this data);
5—gold from ore breccia [6]; 6—the skarns of the Dorozhnoe ore occurrence [9]; 7—the bornite-chalcopyrite exo- and
endoskarns of the Bashmakovskoe deposit (19); 8—medium-temperature gold ore metasomatites on tuffstones (authors’
data); 9—the chalcopyrite-pyrrhotite ores of the Bogoslovskoe deposit [21]; 10—the pyrite mineralization of the iron-skarn
Yuzhno-Peshchanskoe deposit [21].

5. Discussion

The regular change in the composition of native gold from the most silver-enriched
varieties to practically pure native gold in different ore types suggests an evolution of the
ore-forming system associated with the Auerbakh polyphase intrusion As a result of the
comparative analysis of the gold composition from different rocks of the Vorontsovskoye
deposit—trend of changes in the composition of gold has been established. A similar trend
with a decrease of silver in native gold depending on the temperature of metasomatite
formation, has been established for the ore cluster as a whole [1]. The general geological and
geochemical patterns of the Turyinsk-Auerbakh metallogenic province [1], including the
presence of small non-economic porphyry copper deposits, suggest that the Vorontsovskoe
deposit is an integral part of a large ore-magmatic system genetically associated with the
formation of the Auerbakh intrusion. The composition of native gold from the ore-bearing
breccias of the Vorontsovskoe deposit corresponds to epithermal deposits [18].

The significant amounts of Tl-containing ore minerals sharing the same paragenesis
as native gold from breccias with realgar-orpiment cement in the Vorontsovskoe deposit
also indicate a unique mineral gold ore assemblage that has no analogues among the
deposits of the Urals. The presence of Tl-As-Hg-Sb-(Te) geochemical signature, including
those belonging to the same paragenesis as gold, is also characteristic for Carlin-style gold
deposits [22,23]. However, thallium minerals are also widely distributed in deposits associ-
ated with the metamorphosed carbonate strata composed of limestone and dolomite [24–26]
with the formation of mineralized bodies according to the principle of alpine-type veins.
However, in these deposits, the thallium mineralization is not accompanied by gold min-
eralization. Often, thallium minerals are also found in a distal disseminated Carlin-style
deposit, such as the Allchar deposit [27–29] located in southern part of North Macedonia or
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in deposits with intermediate position between epithermal deposits and sediment-hosted
gold deposits (for example—the Jas Roux deposit, French Alps [30]).

In general, the presence of thallium mineralization in ore bodies of different genetic
types can be explained by actively developed models of the magmatic formation of Carlin-
style deposits [22–33]. Within these models, thallium mineralization can be localized at a
maximum distance from the magmatic source in the zone of intermediate argillic alteration
and the distance from the magmatic source can reach more than 5 km.

6. Conclusions

It is important to emphasize that the diversity of thallium minerals, including those
first discovered at the Vorontsovskoe deposit—vorontsovite and ferrovorontsovite [34],
tsygankoite [35], gladkovskyite [36], luboržákite [37], pokhodyashinite [38], gungerite [39]
and auerbakhite [40]—suggest that the Vorontsovskoe deposit is a world-class mineralogi-
cal site.

Native gold in the ore breccias of the Vorontsovskoe deposit is concentrated in the
form of both small grains ranging in size from 0.05 to 0.15 mm and fairly large grains
up to 0.5 mm. In accordance with the technological classification of size [41], the gold
of the Vorontsovskoe deposit belongs to the large type. The aggregates of native gold,
considering their substantial distribution in the ore breccia cement, represent the bulk of
the gold contained in the ores.

The high fineness of native gold from ore breccias distinguishes it from native gold
found in other associations of the Vorontsovskoe deposit and other deposits of Turyinsk-
Auerbakh metallogenic province. According to the composition, the native gold from
the ore breccia cement in the Vorontsovskoe deposit differs from the native gold of other
deposit ore types and from the other ore bodies in the Turyinsk-Auerbakh metallogenic
province. The formation of gold in breccias occurred during the final stages of the formation
of the Vorontsovsko-Peshchanskaya ore-magmatic system, together with barite, pyrite and
Tl and Hg sulfosalts.
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Abstract: Based on the identified typomorphic features of placer gold, a set of determined morpho-
genetic criteria is proposed to identify the genesis of placer gold content and different sources in the
platform areas, which allow more correctly selecting search methods and improving the efficiency of
forecasting ore and placer gold deposits. Gold particles larger than 0.25 mm with signs of wind-worn
processing indicate the formation of autochthonous aeolian placers. Gold particles with signs of wind-
worn processing with a size of 0.1–0.25 mm, forming an extensive halo of dispersion, indicate the
formation of allochthonous placers in Quaternary deposits. Deflationary (autochthonous) placers of
native gold can be found by the halo of its distribution of toroidal and spherical hollow forms, which,
of course, are the search morphogenetic criterion of aeolian placers. The presence of disc-shaped and
lamellar gold particles with ridgelike edges in alluvial placers is typical for placers of heterogeneous
origin, formed due to deflation of proluvial placers. The discovery of pseudo-ore gold in alluvial
placers indicates the arrival of gold from intermediate gold-bearing sources of different ages and not
from primary sources, which is a morphogenetic criterion for determining different sources of the
placer. In modern gold placers, the presence of gold of a pseudo-ore appearance can serve as a search
criterion for the discovery of gold-bearing conglomerates with high gold content. The developed
method for diagnosing the genotype of placer gold by its morphological characteristics (alluvial,
aeolian, pseudo-ore) can be successfully used by industrial geological organizations to search and
explore ore and placer gold deposits.

Keywords: placer gold; aeolian gold; experiments simulated aeolian environment; morphological
and other typomorphic features; morphogenetic criteria ore sources genesis

1. Introduction

In the east of the Siberian Platform, unusual toroidal and spherical hollow gold
particles were first discovered in Mesozoic–Cenozoic deposits [1–3]. Spherical hollow gold
is widely distributed, found in sedimentary rocks from the Riphean to the Cenozoic, and is
typical for all platform areas of the earth (Figure 1) [4].
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Figure 1. Scheme of distribution of spherical hollow and toroidal gold in different regions of the
globe according to researchers: 1 [5]; 2 [2]; 3 [1]; 4 [6]; 5 [7]; 6 [8]; 7 [9]; 8 [10]; 9 [11]; 10 [12]; 11 [13];
12 [14]; 13 [15]; 14 [16]; 15 [17]; 16 [18]; 17 [19]; 18 [20]; 19 [21]; 20 [22]; 21 [23]; 22 [24,25]; 23 [26];
24 [27]; 25 [28]; 26–30 [22]; 31 [29]; 32 [30]; 33 [31]; 34 [32]; 35 [33]; 36 [34]; 37 [35]; 38–40 [4,36].

The analysis of the literature sources showed that the description of unusual forms
of native gold used various terminology. Shpunt [1] introduced the concept of a tablet-
like gold particle with ridgelike edges or a teardrop-shaped gold particle, flattened in
the middle on both sides. According to Izbekov [2], scaly gold with ridgelike edges is
named “pan-shaped”. The term “toroidal” form of gold particles was first proposed by
Yablokova [3]. It most successfully reflects the essence of the form. In this case, the toroid is
considered as a “bagel”, but without a through-hole. This term was later adopted by many
researchers who studied similar forms of placer gold. When studying the spherical shape,
Izbekov [2] distinguished it as “spherical hollow gold”. Shpunt [1] and Yablokova [3] called
such gold “teardrop-shaped, globular”. Many researchers, when describing similar forms
of placer gold, use mainly the term “spherical gold”; some of them distinguish spherical
gold with “blebs“ [22]. The terms “teardrop-shaped”, “globular”, “spherical” do not fully
reflect the features of the structure of spherical forms. A more accurate name is “spherical
hollow” gold; it characterizes not only the appearance but also the internal structure of the
gold particle. Later, when studying the considered forms of placer gold, it was proposed to
use the terms “toroidal” according to Yablokova [3] and “spherical hollow” gold according
to Izbekov [2].

When studying the typomorphic features of spherical gold, it was also revealed that
there are two types of them in nature—massive spherical gold or with ”blebs”, no more
than 40 microns in size, clearly of endogenous origin and spherical hollow particles with a
partition inside, the size of 0.1–0.16 mm, it is always found together with toroidal gold.

The genesis of toroidal and spherical hollow forms is still one of the controversial
issues. Several researchers believe that the origin of such forms of native gold is related to
chemogenic processes [1,3,19,20,22,27,28,37]; others explain their genesis by the mechanical
transformation of flake gold in hydrodynamic conditions [2,21–23]. Some researchers
suggest their possible biogenic [3,38], gas-condensate [39], and even cosmogenic [40]
origin.

Chemogenic origin, according to data [1,19,20,22,27,28,37,41,42], there is every reason
to accept the assumption of the chemogenic genesis of spherical hollow gold. However, a
detailed study of its typomorphic features revealed that there are a number of facts that
contradict this assumption. Experimental data indicate the deposition of gold only in the
form of massive spherules no larger than 40 μm on activated carbon and sulfide minerals
(sphalerite, galena, pyrrhotite and arsenopyrite). Therefore, such gold has nothing in
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common with hollow spherical gold, which is widely distributed in many platform areas
and has an average size of an order of magnitude larger than the experimentally obtained
massive spherules. In addition, in spherical hollow gold with a partition inside the cavities,
there are no signs of primary crystallization and the edges of crystal growth; instead, inside
the cavities at large (500–1000 times) magnifications, the thinnest (fractions of micrometers)
filaments were found, which, as if overlapping each other, form a shell. In the cavities of
spherical gold, no “seed” minerals have been found on which gold would be deposited, but
inclusions of detrital quartz, zircon, ilmenite, rutile and other minerals have been identified.
All of the above does not allow us to consider toroidal and spherical hollow gold as the
product of chemical processes occurring in the weathering crust and, therefore, to accept
the chemogenic hypothesis to explain their genesis.

The mechanogenic hypothesis, despite all the apparent logical validity of the origin
of toroidal and spherical hollow gold in hydrodynamic conditions, has a number of
weaknesses that do not allow us to explain all the nuances of the formation of spherical
forms. The hypothesis of the formation of spherical gold by mechanical flattening of crystals
in an water–alluvial medium [17,21] is not consistent due to the fact that in hydrodynamic
conditions, gold particles flatten regardless of their original shape, which is established
experimentally [43,44]. The proof of this assumption is provided by natural observations
that in any placer, various forms of gold are observed in the “head”, and in the “tail”, only
flattened gold grains are observed.

The hypothesis of the biogenic origin of the discussed morphological type of native
gold was first expressed by Yablokova [3]. She believed that the formation of hollow forms
is associated with the sorption of gold by the Precambrian organisms. The presence of
carbon (up to 0.001%) in native gold and their similarity in shape to the Precambrian
organisms confirmed this idea. Other researchers also hypothesized the biogenic origin
of spherical gold during the nucleation of gold on bacterial spores with a diameter of
1–2 microns [38]. The direct proof of the validity of this hypothesis for them is a certain
similarity of the spherical forms of the mineral with the appearance of Precambrian mi-
croorganisms. The main contradiction is that spherical hollow gold is observed not only
in the Precambrian deposits but also in the Quaternary deposits. It is found in sedimen-
tary rocks from the Riphean to the Cenozoic inclusive. The second proof in favor of a
possible biochemogenic hypothesis for the authors was the presence of carbon in native
gold. However, the discovery of carbon in spherical hollow gold does not refute or prove
its biogenic origin. During the formation of hollow spherical gold, any particles can be
captured, not only quartz, ilmenite, zircon but also fragments of organic origin, primarily
vegetable origin. In this regard, the discovery of carbon in the cavities is not an argument
for the biogenic origin of spherical hollow gold particles. Finally, the hypothesis under
consideration does not explain the mechanism of formation of a large variety of forms of
hollow gold.

Gas-condensate (hydrothermal) and meteorite origin. Gladkov et al. [39] suggested
that the spherical gold had a gas-condensate origin.They have an almost perfect rounded
shape—these are gas microchambers, they do not have dividing partitions, as in spherical
hollow gold particles, and they are an order of magnitude smaller in size. The cosmogenic
hypothesis is problematic [40] since the possibility of a meteorite falling into gold-bearing
formations is unlikely.

It is shown above that each of the proposed hypotheses has weaknesses, and none
of them reveals the essence of the process of formation of specific forms of gold particles,
constantly observed on ancient platforms.

The mechanical hypothesis of the deformation of flake gold and its transformation
into spherical hollow form is beyond doubt, but under what conditions does this happen?
Does it occur in stream water? Or does mechanogenic transformation occur in another
condition?

We have suggested that the sequence of deformation of flake gold and its gradual
transformation into a toroidal and then into a spherical hollow form is more likely in
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aeolian conditions than in a hydrodynamic environment. Analysis of the distribution
mechanism of toroidal and spherical hollow gold and comparison of its location with the
geographical paleoenvironment of the east of the Siberian Platform also allowed us to
confirm the hypothesis about the origin of such forms of native gold in aeolian conditions.
The proof of this assumption was the fact that the sites of finds of toroidal and spherical
hollow gold are well correlated with the deflation deserts mapped by Kolpakov [45].

Transformation of placer gold in ancient gold-bearing sources. In the ancient conglom-
erates of the Devonian age of the Timan Ridge, along with the typical placer-shaped gold
particles, gold particles of the “ore” appearance were found [33], which was the reason for
researchers to suggest secondary gold mineralization on the formed ancient placer [14,46].

Gold particles of placer and ore appearance of paleoplacers of the Timan Ridge
were studied by us in detail. Along with placer aeolian gold, gold particles of “ore”
appearance were found. Gold particles are characterized by a coarse-shagreen surface,
with casts of pressing of minerals and a rounded shape, with no growth facet, it often
forms pseudo-growths with quartz, ilmenorutile and garnet, which are easily destroyed
(Figure 2). The occurrence of gold particles of the “ore” appearance in the placer is usually
a small percentage, but sometimes, in some areas, it reaches 80%.

Figure 2. Pseudo-growths of native gold with quartz (Qz), ilmenorutile (Ilm-Rt) and garnet (Grt).

The presence of such native gold allowed previous researchers to assume the proximity
of the primary source. However, the above-detailed analysis of individual typomorphic
features of this native gold called into question the validity of its distinguishing as gold
ore appearance. In this connection, it was suggested that this is placer gold, which took on
a pseudo-ore appearance under the influence of the lithostatic pressure of the overlying
strata, which was proved experimentally [33,47].

In view of the above, we put forward an assumption about the formation of toroidal
and spherical hollow gold with a partition inside as a result of the deformation of flake
gold in aeolian conditions and the formation of “pseudo-ore” gold in ancient gold-bearing
sources under the influence of lithostatic pressure of the overlying strata. In order to
test these assumptions, experiments were conducted that simulate the mechanism of
transformation of gold particles of various shapes in aeolian conditions and in ancient
gold-bearing conglomerates.

2. Materials and Methods

The article is based on the results of field, experimental and analytical studies on
placer gold. The objects of study were placers from the east of the Siberian Platform, Tuva,
Mongolia, gold-bearing conglomerates of the Timan Ridge (Ural), as well as the collections
of placer gold of the A. E. Fersman Museum, TsNIGRI, MGA, and “VNESHMET” JSC.

In the study, a wide range of well-known mineralogical and geochemical methods for
studying the typomorphic features of native gold was used [41,48]. All analytical work
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was carried out in the laboratory of physical-chemical methods of analysis, DPMGI SB RAS
(Yakutsk). The study of the morphology, surface structures, and internal structure of the
gold particles was carried out using a scanning electron microscope “JEOL JSM-6480LV”
(Japanese Electron Optics Laboratory, Tokyo, Japan), stereoscopic microscope “LEICA
MZ6” (KaVo, Biberach an der Riss, Germany) and an ore microscope “JENAVERT SL 100”
(Carl Zeiss AG, Oberkochen, Germany). The trace element composition of native gold
was analyzed on an X-ray microanalyzer, “JXA-50A”, “JSM-6480LV” (Japanese Electron
Optics Laboratory, Tokyo, Japan). The content of impurity elements in it was studied by
the atomic emission spectrography. Microinclusions in native gold were identified using a
scanning electron microscope “JEOL JSM-6480LV”, with an energy-dispersive spectrometer
Energy 350 of Oxford Instruments (London, UK). Software Oxford Instruments INCA
the microanalysis Suite Issue v.4.17. Quantitative analysis and processing of the results
were carried out using the XPP method in the software INCA Energy (Software Oxford
Instruments INCA the microanalysis Suite Issue v.4.17). In addition, experimental work
was carried out on specially designed equipment by V. E. Filippov, simulating the aeolian
process and the lithostatic pressure of the overlying strata.

In the course of experimental studies, the mechanical transformation of gold forms
under the influence of sand–air flow under aeolian conditions and the lithostatic pres-
sure of overlying strata on ancient gold-bearing conglomerates, was studied for the first
time [47,49].

Experimental studies on the transformation of native gold in a simulated aeolian
environment were carried out in several stages.

1. Experiment. First, the transformation of flake gold particles of various configurations
in the plan view was studied, then more massive grains of lamellar, tabular and
lumpy gold particles were studied.

2. Experiment. In addition, the transformation of endogenic native (further “ore”) gold
in a simulated aeolian environment was studied. For the study, a large ore gold
particle was selected (half of the particle was used in the experiment, and the second
part was left for comparison).

3. The experiment was conducted to identify the genesis of the gold film on quartz. For
this purpose, the ore gold particle in an intergrowth with quartz was taken and placed
in an experimental facility.

Experimental studies of alluvial gold transformation in simulating the influence oflitho
static pressure of overlying strata.

The placer gold was covered with sand, imitating the overlying deposits, and was
placed under a hydraulic press, where the minerals were pressed in at a certain pressure.

3. Results

3.1. The Results of Experimental Studies Simulated Aeolian Environment

Transformation of flake gold into toroidal and then into spherical hollow shapes. As a
result of the experiment, it was possible to obtain spherical hollow forms of gold particles.
After a 100 h stay in the imitation conditions of the aeolian process, the gold flakes gradually
transformed into typically toroidal and then into hollow spherical formations (Figure 3).
The initial stage of transformation is a thin ridge’s appearance along the edge of the flake
gold particle (Figure 3a). The middle stage—the flake’s formation with a well-defined
ridge-toroidal shape (Figure 3b). The final stage of transformation is the formation of a
hollow ball (Figure 3c).
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Figure 3. Sequential change of the flaking gold in the course of the experiment: (a) the appearance of
a thin ridge along the edge of the scaly gold particle; (b) the flake’s formation with a well-defined
ridge toroidal shape; (c) forming a hollow ball.

It is established that the change in the shape of the gold grains in the experimental
aeolian conditions depends on their initial shape (Figure 4). Toroidal and spherical hollow
gold is formed as a result of the transformation of coin-shaped flakes. Scaly gold of other
configurations takes on hollow formations of a more complex shape: pear-shaped, canoe-
shaped, etc. (Figure 5a,b). Lamellar gold particles are transformed into disc-shaped forms
(Figure 5c) and rod-shaped particles—into dumbbell-shaped ones (Figure 4). On the lumpy
particles, the protrusions are smoothed out to form a foil, which in the form of the thinnest
shell envelops the main core.

Figure 4. Transformation of gold particles of various shapes in an air–sand flow.

Figure 5. The different nature of the transformation of gold particles, depending on their shape in
the course of the experiment: (a) canoe-shaped; (b) ellipsoid-shaped, lamellar gold particle with
ridgelike edges; (c) tabular gold particle with a ridge.

Ore gold, after a 100 h stay in the simulated aeolian environment, also changed its
shape; its protrusions smoothed out and acquired a rounded shape (Figure 6b).
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Figure 6. Transformation of a gold particle of ore-appearance in an air–sand flow: (a) before the
experiment; (b) after a 100 h stay in an air–sand flow.

Transformation of “ore” gold in intergrowths with quartz in an air–sand flow. During
asimulation of the aeolian process lasting 30 h, protrusions of the gold particles smoothed
out, the growth facets and the shiny surface disappeared. After a 100 h stay in the simulated
aeolian environment, the gold–quartz intergrowths changed even more, and the surface
of the gold acquired a more distinct matte shade, characteristic of wind-worn processes
(Figure 7a,b). On these intergrowths, as a result of blows with sand grains, the thinnest films
of gold enveloped quartz (Figure 8a). The formed film has a filmy-fibrous surface typical
for the transformed gold in aeolian processes (Figure 8b). As a result of the experiment,
gold-encrusted quartz was obtained. The mechanism of formation of a filmy-fibrous
surface on the intergrowths of gold and quartz is identified.

In the course of the experiments, all the gold particles were compacted, as a result, of
which they decreased in size, acquired new various forms. As determined by the control
weighting, their weight is practically not changed. According to the structural features, the
spherical hollow forms of gold particles obtained during the experiment (Figure 9a–c) are
similar to the forms of native gold of natural objects. Inside the hollow chambers, there is a
“filamentous” gold (Figures 3 and 9a). In natural gold and in experimental gold, inclusions
of quartz, ilmenite, zircon, etc., are observed in ”blebs”, the capture of grains of quartz and
various minerals is recorded.

Figure 7. Intergrowth of native gold and quartz (quartz relics in the depth of the cavity, transformed
into a lumpy-spherical shape in an experimental facility): (a) general view; (b) detail, the filmy-fibrous
surface of gold (shown by arrows); Qz = quartz.
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Figure 8. Gold-encrusted quartz obtained as a result of blows with grains of sand and intergrowth
of native gold with quartz in an experimental facility: (a) general view; (b) detail, the filmy-fibrous
surface of gold (shown by arrows); Au = gold; Qz = quartz.

Figure 9. Cross-sections of various forms of hollow gold obtained during the experiment: (a) spherical
hollow; (b) canoe-shaped; (c) curved; 1, internal partition; 2, filamentous twisted gold; 3, shell.

3.2. Results of Experimental Studies on the Transformation of Placer Gold in Simulating the
Influence of Lithostatic Pressure of Overlying Strata

During the experiment, it was found that under the influence of lithostatic pressure in
the simulated environment, gold particles, due to their ductility, are dented by the sand
grains depressed into them and acquire a pitted-lumpy surface (Figure 10). Ragged edges
and through holes appeared on them, as well as traces of pressing-in of minerals in the
host deposits.

Figure 10. Surface of gold particles with casts of sand grains impressed in them.

Experimental observations of the transformation of native gold in aeolian conditions
and in ancient gold-bearing conglomerates allowed us to solve a number of controversial
issues that have not been clearly explained for a long time.

1. It turned out to be possible to understand and explain the origin of the filamentous
gold and the formation of the shell, which many researchers took for clots of rede-
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posited gold. This morphological feature is due to the continuous “bombardment” of
the edges of the flakes with grains of sand so that the thinnest threads were stretched
from the edges of the flakes, which, overlapping each other, formed a shell;

2. The presence of carbonaceous matter in the cavities of gold particles has led some
researchers to associate the genesis of the studied forms with chemogenic processes.
However, from the point of view of the conducted experiment, it is quite likely that
both fragments of minerals and vegetative detritus can be found in the cavities of
spherical gold particles. These inclusions reflect only the possibility of capturing the
material that was present in the environment;

3. Obtained experimental data also logically explain the origin of the hollow forms of
gold particles of various configurations, depending on the initial variety of morpho-
logical features of the gold particles that got into the aeolian conditions. It should be
emphasized that hollow spherical forms are formed only from gold flakes. Lamellar
and tabular shapes are transformed to disc-shaped forms;

4. The formation of brittle aggregates of growth of native gold with quartz, ilmenite,
zircon and other minerals is quite possible under the influence of the lithostatic
pressure of the overlying strata;

5. The appearance of scar furrows on the surface and through holes in the native gold
occurs when simulating the processes of the effect of lithostatic pressure and tectonic
displacements.

3.3. Typomorphic Features of Placer Gold under Various Exogenous Conditions

Native gold, regardless of its original shape, is flattened in hydrodynamic conditions.
Identified regularity is proved for the first time by experimental studies Tischenko [43].
Therefore, in the “heads” of all classic placers [50,51], various forms of gold particles are
observed, represented euhedral, anhedral, subhedral and other forms [52–54], and in the
”tail“ of the placer, there are only flattened lamellar forms. The surface of gold particles
in hydrodynamic conditions changes from coarse-pitted to fine-shagreen–polished. On
the surface of autochthonous placer gold, there are imprints of ore minerals, growth
facets typical for the ore gold. Perfectly rounded alluvial placer gold is characterized by a
smooth, polished surface, but at high magnifications (500–2000× and more), it has a loose
porous structure.The mineralogical–geochemical properties of placer gold in hydrodynamic
conditions do not change and depend on the composition of the gold of the destroyed ore
source [55,56].

3.3.1. Typomorphic Features of Aeolian Gold

This section presents the results of the study of placer gold with signs of aeolian
transformation, its morphological and internal structure and chemical composition on the
example of aeolian gold of the east Siberian platform [57]. Depending on the shape of the
gold particles and the degree of their transformation under aeolian conditions, they are
divided into two groups (Figure 11).

First group—gold particles with signs of wind-worn processing, formed due to the
gradual transformation of flakes of different configurations in the plan view into hollow
spherical formations. Coin-shaped flakes are transformed into toroidal, and then into
spherical hollow ore ellipsoid forms, into canoe-shape or irregular forms, into pear-shaped
forms, etc. They are found in aeolian placers, both in the deflation zone and in the transit
zone, and sometimes in accumulative aeolian deposits (dunes).
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Figure 11. Morphological features of aeolian gold particles depending on their initial forms.

Second group of aeolian gold—this is the result of the transformation in aeolian
conditions of massive gold particles with a thickness of more than 0.1 mm, lamellar, tabular,
clotted, appendage-like initial forms. In contrast to the first group, the aeolian gold in
question is generally more massive and larger, with an average particle thickness of 0.2 mm.
Lamellar and tabular forms have a ridgelike edge. Sometimes the ridge is smoothed;
consequently, the gold particles become disc-shaped. In the aeolian environment, massive
spherical individuals are formed from clotted gold particles with processes. Gold particles
of the second group are found in placers only in the deflation zone, at a relatively small
distance from the source.

Characteristics of toroidal and spherical hollow gold. As shown experimentally,
toroidal and spherical hollow forms are the result of the transformation of flake gold under
aeolian conditions. According to the degree of aeolian transformation of the end of flakes,
it is advisable to distinguish the stages of this process: initial, middle and final. At the
initial stage, a thin ridge appears on the edge of the gold particle, occupying no more than
a tenth of the diameter of the original flake. At each subsequent stage of transformation,
the ridge increases in size, and at the final stage of transformation, a spherical hollow shape
is formed (Figure 12a–c), in which up to half of the conditional diameter of the flake, the
gold has passed to the formation of a rounded shell.

Figure 12. The sequence of the transformation of natural flake gold particles in aeolian conditions
(the East Siberian platform, the size is 0.25 mm). Stages of transformation: (a) initial (flake with thin,
ridgelike edges; (b) middle (toroidal shape); (c) final (hollow spherical shape).
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Depending on the mode of aeolian activity, the process of transformation can stop at
any stage or be repeated again and again until the deposits with gold are removed from the
zone of influence of aeolian processes. Therefore, in the gold concentrate, all the transitional
differences of gold particles are observed from thin flakes with a barely noticeable ridge
along the edge to flakes with a well-defined ridge, shaped like a “ring-shaped roll”– toroid
and various hollow spherical formations.

Unlike native gold from alluvial deposits, the surface of perfectly rounded aeolian gold
is represented, regardless of the magnification scale, by a dense and smooth microrelief.
At a magnification of 300×, a specific, film-fibrous surface is observed on this gold. With
further magnification (2000–5000×), the surface of aeolian gold remains the same plane,
dense and smooth with rare pores. The mechanism of formation of the film-fibrous surface
is as follows: in aeolian conditions, as a result of processing with grains of sand, gold is
drawn out in the form of the thinnest film, which, superimposed on each other, forms a
dense film-fibrous surface.

Spherical hollow gold particles always have a partition that is significantly (2 times or
more) greater than the thickness of the shell. In its internal structure, it reveals similarities
with the internal structure of the original gold flake. The chambers of hollow spherical
gold particles can be symmetrical and asymmetric. At 200–500-fold magnification in the
scanning mode of the JEOL microanalyzer JXA-5OA (Japanese Electron Optics Laboratory,
Tokyo, Japan), filamentous and weblike gold was found on the inner walls of the chambers
(Figure 13a–c). Sometimes mechanical inclusions of quartz, zircon, ilmenite, as well as
the remains of vegetative detritus are found in the cavities/chambers of gold particles.
When observed in a scanning microscope, no facets of gold crystal growth were found
in the internal cavities of spherical hollow gold particles from natural objects. Neither
the primary crystallization of gold microindividuals nor the inclusion of any minerals
indicating the chemogenic nature of such gold particles was recorded. The morphology of
spherical hollow gold, the composition and shape of the inclusions in it clearly indicates
the mechanical nature of the studied forms.

Figure 13. Cross-sections of various forms of hollow gold from natural: (a) internal partition;
(b) filamentous twisted gold; (c) shell.

It should be emphasized that sub-spherical gold particles are formed not always
in the final stage of the transformation of the flakes. Depending on the primary form
of flakes, canoe-shaped and dumbbell-shaped gold particles are also formed from them.
When the flake forms are transformed into spherical ones, the surface of the gold parti-
cles becomes smooth; the individuals decrease in size, their thickness and their increase
(Table 1). Simultaneously with the external morphological transformations, there is a
gradual change in the internal structure and fineness of native gold. As a result, each stage
of changes from the flake to the hollow ball corresponds to certain typomorphic features of
native gold. It is known that the degree of recrystallization and changes in the chemical
composition of native gold is determined by the duration of its stay in an exogenous
environment. Our studies confirmed the previously revealed fact that recrystallized fine-
grained structures predominate in all varieties of modified gold particles with ridgelike
edges. However, in the central parts of some relatively large, massive gold particles, areas
with primary medium-grained structures and even blocks of monocrystals of the mineral
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were identified. High-grade shells of different thicknesses of the fine-grained structures are
always developed on these gold particles.

Table 1. Typomorphic features of complex-deformed gold particles of the Lena–Viluy interfluve (east Siberia platform).
Number of objects: 300.

Gold
Particle
Shape

Average Weight of
Gold Particles (mg)
by Fractions, mm

Average
Size,
mm

Average
Thickness,

mm

Average
Hydro-Size,

m/sec

Degree of
the Surface
Processing

Average
Fineness,
‰ from-

to/Average

Trace
Elements,

%

Degree of
the Trans-
formation

Main Internal
Structures

0.1 0.25

Flake 0.009 0.05 0.25–0.5 0.02 5–6
From pitted-

lumpy to
polished

810–
970/890

Pb-0.003
Cu-0.05
Fe-0.1

Mn-0.01
Pd-traces
Ni-traces
Hg-traces

Initial

Inequigranular
Luder’slines,
the presence

of high-grade
fringe,
partial

recrystallization

Toroidal 0.012 0.05 0.15–0.2 0.05 7–10
Thin-

shagreen,
polished

920–
970/940

Fe-0.1
Cu-0.02
Mn-0.03
Ni-traces
Hgtraces

Middle

Fine-,medium-
grained,

high-grade
fringes,

Intergranular
veinlets,

partial and
complete

recrystallization

Spherical
hollow 0.013 0.05 0.1–0.16 0.1 12–17

Thin-
shagreen,
polished

960–
990/970

Fe-0.1
Cu-0.017
Mn-0.001

Final

Fine-grained,
complete

recrystallization
(decompression)

Toroidal gold is mainly characterized by a fine-grained structure with a partially
or completely recrystallized shell. Occasionally, gold particles with well-developed fine-
grained high-grade shells are observed with preserved relics of an unchanged medium-
grained core with a lower fineness. The spherical hollow forms are usually completely
recrystallized with the formation of the fine-grained internal structure of native gold.

When the flake forms are transformed into a spherical hollow form, the native gold is
ennobled, the fineness is increased, and the trace elements are reduced (Table 1). Permanent
trace elements of gold particles of flake forms are iron, lead, nickel, copper, manganese
and some others. In spherical gold particles, only such trace elements as iron, copper and
manganese are found.

Toroidal and spherical hollow forms of gold particles, regardless of their location, are
characterized by surprisingly similar typomorphic features. They have a size of mainly
0.1–0.16 mm, high fineness >900‰ and low content of trace elements. It is found out that,
in aeolian conditions, when flake gold transforms into toroidal, and then in a spherical
hollow, there is a change not only in the morphology (decrease in size from 0.25 to 0.16 mm),
the internal structure (recrystallization–decompression) but also in chemical composition
(from 900 to 999‰). It is determined that the long period of transformation of flake gold
particles into a spherical hollow form in aeolian conditions contributed to their ennobling.
At the same time, there was a decrease in the variety and content of trace elements, an
increase in the fineness and the formation of a high-grade shell in spherical hollow gold to
1000‰.

The main signs of deflationary aeolian gold. Native gold transformed in aeolian
conditions, in addition to the considered toroidal and spherical hollow forms, is also
represented by lamellar and tabular individuals that have thickenings along the periphery
and form trough-shaped, canoe-shaped and boomerang-shaped morphological forms, as
well as dumbbell-shaped and massively lumpy-shaped gold particles. A specific film-
fibrous surface typical for gold transformed under aeolian conditions is observed on all
gold grains. The size of gold grains of such forms is from 0.25 to 5.0 mm or more. The
average thickness is 0.1–0.8 mm. The average grain weight is 0.5 to 50 mg; the average
fineness is from 750 to 900‰. The internal structure can be coarse-grained, medium-
grained, or the individual is a mono-grain. The presence of thin shells of high-grade gold is
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noted. The granulometric and chemical composition of massive gold with signs of aeolian
transformation in other regions may be different since it depends on the type of gold
ore sources. In this case, specific values are given for the placer deflationary gold of the
Lena–Viluy interfluve (east of the Siberian Platform). In general, the gold in question is
less chemically altered. It is characterized by a larger size and is, therefore, non-mobile,
occurring only in the basal Aeolian horizon at a relatively short distance from the ore
source. Such gold can form high concentrations and be of commercial interest.

According to the published data, lamellar and tabular gold particles with ridge like
edges or lumpy-shaped forms with rounded appendages were found in the east of the
Siberian Platform in a number of objects of the Viluysyneclise [2], Anabaranteclise [1], as
well as in the Urals [12]. Since the aeolian features of deflationary gold are less evident
in comparison with the morphological features of toroidal and spherical hollow gold, the
halos of its distribution are not so widely found. Apparently, such gold was usually taken
by researchers as a native metal of alluvial placers. However, based on the results of
mineralogical, experimental and field observations, we have every reason to assert that
massive gold with signs of wind-worn processing with toroidal and spherical hollow forms
is found together. In a single aeolian deflationary placer, in its main part, more massive
gold is mainly concentrated—lamellar and tabular forms with ridgelike edges, and in the
tail part of the placer—toroidal and spherical hollow formations. Thus, it is easiest to
detect a deflationary gold placer by the halo of its distribution of individuals of toroidal
and spherical hollow forms, which can serve as a search mineralogical criterion of the
aeolian-type of placer gold content.

In addition, deflationary gold includes rounded quartz grains encrusted with gold
(Figure 14a,b), found along with lamellar forms of gold with ridgelike edges, toroidal and
spherical hollow. The analysis of the literature data showed that the identified form of
gold occurs together with the gold particles of aeolian appearance in placers of the Timan
Ridge [33]; the Nindzhi River in Tanzania [31]; the Khuzhir gold-bearing conglomerates
of the Vendian [58], in alluvial deposits of the east of the Siberian Platform [59], and in a
number of other.

Figure 14. Gold-encrusted well-rounded quartz found in one of the placer occurrences of the Lena–
Anabar interfluve: (a) general view; (b) detail, the film-fibrous surface of gold, characteristic of
aeolian transformations (shown by arrows); Au = native gold, Qz = quartz.

The origin of the rounded quartz encrusted with a gold film is still debatable. Re-
searchers who have studied similar-shaped gold particles in the Khuzhir gold-bearing
conglomerates have suggested that this is the result of the precipitation of “new” gold
formed during the dissolution of gold in the process of epigenesis [7,58]. Some researchers
believe that the gold film on the intergrowths of gold with quartz could be formed under
hydrodynamic conditions. The formation of gold-encrusted quartz in a hydrodynamic
environment is impossible since, in this environment, the quartz intergrowths from ore
gold are first destroyed and removed, and then the appendages of gold particles are
flattened [44]. In this regard, it was suggested that the transformation of gold–quartz
intergrowths resulted from blows by gold grains under the influence of aeolian processes,
which was confirmed experimentally (section methodology).
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3.3.2. Characteristics of Pseudo-Ore Gold

Pseudo-ore gold includes gold particles in “growth” with quartz, ilmenite, zircon and
other minerals of the host deposits, as well as flake gold particles with casts of pressing-in of
minerals, traces of scars, scratches and slickensides on the surface, sometimes with ragged
edges or with through holes (Figure 15). The surface of such particles is coarse-pitted and
fine-cellular. The size of the gold particles is 0.1–0.25 mm; it is mainly of high fineness with
recrystallized internal structures.

Figure 15. Pseudo-gold appearance.

The genesis of such forms of gold is explained by the influence of the overlying
strata’s lithostatic pressure on the formed placer, while the minerals of the host deposits
are pressed into the particles of gold. Placer gold acquires an ore appearance, which is
proved experimentally (see the section methodology).

Three types of placer gold have beenare identified—alluvial, aeolian and pseudo-ore.
We first discovered this process when studying native gold from Devonian placers on the
Timan Ridge [33], where, as a result of tectonic processes, the formed placer was buried
by thick (up to 700 m) deposits. In this regard, the placer’s gold-bearing deposits were
subjected to both vertical and horizontal micromovements, which led to the deformation of
the placer gold particles. Under the influence of vertical lithostatic pressure, the minerals
of the host deposits were pressed in, and with horizontal displacement, scratches, furrows,
and slickensides appeared on the gold particles up to the rupture of the gold particles. The
process of deformation of gold particles under the influence of lithostatic pressure (vertical
and horizontal micromovements), as shown above, was proved by us experimentally.

4. Discussion

The results of studying the typomorphism of placer gold and the mechanisms of its
distribution in the east of the Siberian Platform are generalized for the first time. Based
on the identified typical morphological features, it is pseudo-ore. In this connection, the
following genetic types of placers were first identified in the studied area—alluvial modern
and ancient (gold-bearing intermediate sources), aeolian (unconventional type).

In hydrodynamic conditions, gold grains, regardless of their shape, flatten, which
is proved experimentally [43,44]. In the east of the Siberian Platform, flake and lamellar
gold particles are observed in all alluvial bar placers. Slightly processed autochthonous ore
gold in modern alluvial deposits was found locally—in the basins of the Eekit, Ebelyakh
(Morgogor) rivers, the middle course of the Anabar River, as well as in the southeast in
the middle Lena basin at the mouth of the Bolshaya Patom, Kamenka, and the Tokko and
Torgo rivers [60,61]. For the first time, native gold of ore appearance (“Anabar” type) was
identified by Shpunt [1] in the northeast of the Siberian platform. Identification of “ore”
gold along the entire length of the Morgogor River (25 km) indicates the presence of an
ore source in the riverbed itself [62]. The presence of gold particles of ore appearance in
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alluvial placers in well-rounded flattened gold particles indicates just an additional supply
of gold from the ore source.

In gold-bearing deposits, placer gold does not retain its morphological features but
acquires a pseudo-ore appearance [47]. It is defined that gold of pseudo-ore appearance
and gold particles, which surface records the casts of pressing-in of host strata’s minerals,
are widely distributed in the Quaternary alluvial deposits in all watercourses of the east
of the Siberian Platform (Figure 16a–f). Such native gold is found at the Lena–Viluy
interfluve in the river basins of the Viluy and the middle Lena, and in areas of erosion of the
Ukukut formation of the Jurassic age, and the Anabar-Olenek interfluve of the basins of the
Anabar, Eekitrivers, etc. and draining gold-bearing conglomerates of different ages. Earlier,
previous researchers identified this gold as ore—“beligs-khaisky” [2] and “Olenek” [1]
types of native gold (intergrowth of gold with quartz, ilmenite and other minerals), which
gave them the reason to assume that the ore mineralization was superimposed on the
gold-bearing intermediate sources of the Permian and Jurassic age.

Figure 16. Pseudo-ore gold from deposits of different ages in the east of the Siberian Platform: (a,b)
pseudo-intergrowths of gold (Au) with quartz (Qz), Lena–Anabar interfluve; (c,d) flake gold particles
with casts of pressing-in on the surface of the minerals of the host deposits of the middle Lena basin;
(e,f) flakes with ragged edges and depressed quartz on the surface of the Lena–Viluy interfluves.

Identified morphological features of native gold allowed us to refer to pseudo-ore one.
This is due to the fact that native gold in ancient deposits undergoes several changes as a
result of the impact of the lithostatic pressure of the overlying strata; in this case, there is a
false “ intergrowth” of native gold with quartz, ilmenorutile, zircon and other minerals of
the host rocks, and in case of horizontal movements—the genesis of interstitial formations,
splinters, hooks, needles and other forms. Pseudo-ore gold often forms aggregates, as
it were, “intergrowths” of native gold with quartz and other minerals, which are not
typical for intergrowths of “ore” gold since they do not have strong contacts of intergrowth
of native gold with minerals (Figure 16). The surface of pseudo-ore gold from ancient
conglomerates has a coarse-pitted, lumpy, fine-cellular microrelief, with casts of pressing-in
of minerals of the host deposits. They differ from the primary casts of ore minerals by
rounded shapes with no sharp appendages on the edges of the pits and from corrosion
structures of the relief of supergene zones by a wider range of pits from 0.01 to 0.05 microns.
Angular, elongated dents in the form of scars, longitudinal furrows, scratches, and areas of
a mirror-polished surface are observed on the surface of gold particles.

This native gold is found in all alluvial bar placers and is represented by allochthonous
well-rounded particles, mainly flake and lamellar forms with signs of pressing-in on the
surface of minerals of the host deposits. They have a size of 0.1–0.25 mm, high fineness,
are characterized by a practical absence of trace elements, and by recrystallized internal
structure and thick high-grade shells. The presence of flaky gold with signs of pressing-in

295



Minerals 2021, 11, 381

on the surface of the host deposits’ minerals indicates only the supply of native gold from
gold-bearing intermediate sources of various ages.

Pseudo-ore gold, along with aeolian-shaped gold particles, was also first discovered by
us in the Devonian conglomerates of the Timan Ridge [33]. Previous researchers explained
the presence of “ore” gold by superimposed gold mineralization on the formed ancient
placer [14,46]. In this regard, intensive searches were conducted in this area to find ore
sources. However, we have revealed that the gold particles of the “ore” appearance are
placer gold, and they are characterized by a coarse-pitted, lumpy and fine-cellular relief, the
appendages have rounded outlines, and on the edges of some “ore” gold particles, relicts
of ridges and a film-fibrous surface acquired in aeolian conditions were found. Sometimes
in the “ore” gold, a capture of rounded minerals and pseudo-intergrowth of gold particles
with quartz, ilmenorutile, garnet, etc., is observed. The casts of pressing minerals are
characterized by a rounded shape and lack of growth facets. Identified morphological
features in gold indicate its exogenous nature.

In the analysis of typomorphic features of placer gold in the Lena–Viluy and the
Anabar-Olenek interfluves of the East Siberian platform, previously identified by Izbekov [2]
—“beligs-khaisky” and by Shpunt [1]—“olenek” types of placer gold of ore, appearance was
referred by us to pseudo-ore gold [47]. Gold of pseudo-ore appearance has been found in
all watercourses in the east of the Siberian Platform [60]. The presence of gold of a pseudo-
ore appearance indicates that the placer occurrences were formed due to the arrival of
gold from ancient gold-bearing intermediate sources and not from primary sources. Thus,
identifying pseudo-ore gold in alluvial placers is a specific criterion for determining which
sources formed a gold-bearing placer (gold ore or gold-bearing intermediate sources).

Based on the identification of “ore” gold, called the “olenek type” by B. R. Shpunt [1],
the Yakutskgeologiya conducted prospecting work to find ore sources of native gold in
the Permian conglomerates of the Olenek uplift in the Sololi River basin, in the late 80s.
However, we found that there are no signs of superimposed mineralization on this object.
Recommendations on the inexpediency of searching for ore sources both in the Sololi
River basin in the east of the Siberian Platform and in the Devonian conglomerates of the
Ichet’yuTimanRidge were given by “Yakutskgeologiya”, “Polyarnouralgeologiya”, Ukhta
Expedition. Thus, the discovery of pseudo-ore gold indicates only the supply of native gold
from intermediate sources and not from primary sources, which serves as a morphogenetic
criterion for determining the provenance of the gold placer.

The discovery of gold particles with signs of pressing of minerals of the host deposits
and pseudo-ore gold in the gold-bearing deposits of the Paleozoic and Mesozoic in the
east of the Siberian Platform is typical for all platform areas and served as the basis for
the search for gold ore sources. It should be emphasized that the native gold of the ore
appearance of the Proterozoic conglomerates of the Witwatersrand has the same shape and
origin [24]. The identification of pseudo-ore gold indicates just the presence of gold-bearing
conglomerates but not gold deposits. Identified morphological features of pseudo-ore gold
can be a criterion for determining which sources formed the placer (ore or gold-bearing
intermediate sources).

In aeolian conditions, regardless of the shape, native gold tends to acquire a ball
shape. As a result of experimental, mineralogical and field studies, a new morphological
type of placer gold—aeolian and a new genetic type of placer—aeolian were identified
and proved [63]. The unusual forms are the result of the mechanical transformation of
native gold in aeolian conditions. A detailed study of the typomorphic features of aeolian
gold showed that it has certain morphological forms, granulometry, chemical composition
and internal structure. Aeolian gold is not only of mineralogical interest but also forms
high commercial concentrations, for example, the Witwatersrand deposit [25]. It is widely
distributed; it occurs in deposits from the Proterozoic to the Cenozoic and is typical for all
platform areas [4].

Experimental and mineralogical studies have proved that in the east of the Siberian
Platform, the types of gold particles previously identified by Izbekov [2]: “baaginsky”—
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toroidal, “chokulsky”—spherical hollow (globular), “kyuellyakhsky”—lamellar and tab-
ular with rounded edges, lumpy, Shpunt [1] “udzhinsky” (toroidal and globular) are of
aeolian origin. Formation of “baaginsky”,“chokulsky”, “udzhinsky” types of placer gold is
associated with the mechanical transformation of flake gold in aeolian conditions into a
toroidal and then into a spherical hollow form [49]. The origin of the gold “kyuellyakhsky”
type is explained by transforming the more massive lamellar, tabular, lumpy and rod-
like shapes that form trough-shaped, canoe-shaped, disc-shaped, etc., and also massively
lumpy and dumbbell-shaped gold particles with a film-fibrous surface, acquired in aeolian
conditions.

A detailed study of typomorphic features of aeolian gold and mechanisms of distri-
bution in the East Siberian platform made it possible to determine that aeolian gold of
toroidal and spherical hollow form (transit gold) is widely observed in the territory of
the Lena–Viluy and Lena–Anabar interfluves. On some objects, there are massive gold
particles (deflationary gold), lamellar, tabular with ridgelike edges, and lumpy-spherical
forms with signs of aeolian transformation (Figure 17a–i).

Figure 17. Gold with signs of wind-worn processing and ventifacts from the Quaternary deposits
of the East of the Siberian Platform: (a–c) Lena–Anabar interfluve; (d–f) Lena–Viluy interfluve;
(g,h) basin of the middle course of the Lena River; (i) ventifacts.

Aeolian gold (transit gold) forms high concentrations in the heads of the rivers of the
Lena–Anabar and Lena–Viluy interfluves, where the basal aeolian horizons of the Cenozoic
deposits formed during the Quaternary glaciation are eroded (sartanskoe, karginskoe,
etc.). The producing layer overlaps the deflationary surface in a blanket-like manner and
is complicated by jet fans. This layer has a low thickness (no more than 15–30 cm), is
represented by pebble-gravel deposits with a low content of clay fraction, where there
are gold particle sand associate minerals with signs of wind-worn processing, as well as
ventifacts (Figure 17i).

The sites of the finds of aeolian gold are well correlated with the fragmentally devel-
oped surfaces of deflationary palaeodeserts, which halo can be reconstructed from the finds
of ventifacts [45]. Gold particles with signs of wind-worn processing (flakes with ridgelike
edges) with a size of 0.1–0.25 mm have an extensive halo of dispersion (transit) compared
to aeolian gold particles larger than 0.25 mm (deflationary) since the latter isnot transported
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over long distances due to their massiveness (aero-size). Therefore, it is possible to discover
a deflationary gold placer by the halo of the distribution of toroidal and spherical hollow
gold particles, which can serve as a search morphogenetic criterion for the aeolian type of
placers.

Gold particles of aeolian-type in the natural environment are most likely formed in
the zone of aeolian denudation. It is assumed that the grains of sand, drawn by the airflow,
bombard the golden particles brought by denudation to the surface of the day. In this
regard, there is a gradual deformation of the gold particles and their transformation.

Analysis of the mechanism of distribution of gold particles with signs of wind-worn
processing based on the literature data and collections provided by Russian scientists
allowed us to determine that toroidal and spherical hollow forms (aeolian gold) are widely
distributed on all platforms of the world and are found in sedimentary deposits from the
Proterozoic to the Cenozoic (Figures 1 and 18a–i).

Figure 18. Gold particles with signs of wind-worn processing of platform areas, as well as on
the territory of Tuva and Mongolia: (a,b) Russian [41]; (c–e) African [37]; (f,g) Tuva (TIIDNR);
(h,i) Mongolia (IGM SB RAS).

Gold grains of a similar shape have been found on the Siberian, East European, North
American, South American, African, and Australian platforms [4]. An extensive halo of
dispersion of toroidal and spherical hollow gold was first identified in the Siberian Platform
deposits of different ages. Massive gold particles with signs of wind-worn processing
were found in the ancient Precambrian metaterrigenous rocks of the Baltic Shield [11]
in the Northern Urals [12], in metal-bearing conglomerates of the Devonian age of the
Timan Ridge [33], as well as in fluvioglacial deposits of the Cenozoic age of the Kola
Peninsula [34] and in the central part of Russia [13,15,29,30,35]. Similar forms of gold
particles were also found in deposits of different ages in the Scandinavian countries, France,
Czechoslovakia, and Cyprus [18,19,21,26]. On the North American platform, spherical
hollow forms of gold are observed in the alluvial deposits of the Alberta deposits in
Canada, Abitibi—the province of Ontario and states of Oregon and Alaska—Colorado,
Klondike and Nome [16,22,23]. In the south of the American platform, gold particles
with signs of wind-worn processing were found in placer deposits of Bolivia, Colombia,
Panama, Ecuador, and in the south-eastern part of Africa—in Mozambique, Zimbabwe,
and Tanzania [22,58]. On the African platform, aeolian gold particles were found in the
Baffing River basin (Republic of Guinea), in the Kangaba (Mali) deposits [28] and in the

298



Minerals 2021, 11, 381

Witwatersrand [25,64]. On the Australian platform, spherical hollow forms of native gold
were found in alluvial deposits [17]. Native gold of a similar shape is found in the alluvium
(Papua New Guinea) [20], in the Yinan deposit (China) [27]. Aeolian gold was discovered
in Mongolia (Samar Mine) and Tuva (Tanku-Tuva).

Massive gold particles with signs of wind-worn processing are not so widely found
since the alluvial signs of this gold are less evident, in contrast to the morphological features
of toroidal and spherical hollow forms. In this regard, it was usually taken for alluvial gold.
This gold was found in a number of objects of the Anabaranteclise [1], the Viluysyneclise [2],
as well as in the Urals [12] and in Mongolia and Tuva [4,36]. Thus, gold with signs of
wind-worn processing is widely distributed on all platforms of the World and adjacent
territories in sedimentary deposits from the Proterozoic to the Cenozoic [4] (Figure 1).

Based on the discovery of native gold particles with signs of wind-worn processing, it
is determined that aeolian placers of gold can occur both due to the direct destruction of
the ore source and due to previously formed proluvial alluvial and coastal-marine placers.
In this connection, in the east of the Siberian platform and in other studied territories
(the East-European platform, Mongolia, Tuva, etc.), aeolian placers (autochthonous and
allochthonous) and placers of heterogeneous origin (aeolian-proluvial, aeolian-alluvial, etc.)
are identified. Since gold particles with wind-worn processing are not only of mineralogical
interest but also form high concentrations of metal, the conclusion about the prospects
of discovering aeolian placers of gold of various ages on all platforms, as well as on the
territory of Tuva and Mongolia, is proved.

In general, it is determined that aeolian gold is found in both Proterozoic and Cenozoic
sediments and is typical for most epochs of the earth’s development, where the aeolian
processes intensively occurred. At the same time, it was revealed that aeolian gold has not
only a scientific “mineralogical interest” but also forms concentrations on a commercial
scale. For example, the famous Witwatersrand deposit—here, the aeolian forms of gold
deposits form high metal contents in specific deposits (conglomerates), where ventifacts
are noted, and clay material is practically absent [25,64].

The extent of the influence of aeolian processes on the formation of placers is poorly
understood. In the existing classifications, only the hydrodynamic factor of the formation
of these placers is considered. However, Vernadsky [65] described the aeolian placers of
gold found in Western Australia in Kalgoorlie and Kolgurla: “The richest placers lay on the
very surface and towards the bottom the placer gold-depleted” (V. II p. 161–162). Shilo [66]
believed that the development of the problem of the formation of aeolian gold placers
deserves special attention and can serve as a basis for improving the search and exploration
work for the discovery of aeolian gold placers and methods for their study. The arid climate
is most favorable for the formation of gold-bearing aeolian placers. However, the literature
data analysis showed that even during the glaciation, aeolian processes also played an
important role in sedimentation, which affected the formation of the landscape [46] and,
undoubtedly, the nature of placer formation and transformation of gold particles. We
found aeolian landforms (basins) (deflation grooves, etc.) on the modern landscape of the
east of the Siberian and East-European platforms, as well as on the territory of Mongolia
and Tuva [4]. It is revealed that in the sediments composing these landforms, the presence
of aeolian gold particles and minerals with signs of wind-worn processing and ventifacts is
reported. Aeolian processes affected the formation of placers in the Quaternary and the
ancient epochs of the earth’s evolution. This is evidenced by the revealed signs of aeolian
activity (the presence of aeolian gold particles and ventifacts, a thin producing horizon,
etc.) in the Devonian placers of the Timan Ridge [33] and in the Witwatersrand field with a
huge gold content [25].

Based on the discovery of gold particles with signs of wind-worn processing, it is
determined that aeolian placers of gold can occur both due to the direct destruction of the
primary source and due to previously formed proluvial alluvial and coastal-marine placers.
In this connection, in the east of the Siberian Platform and in other studied territories (the
East-European Platform, Mongolia, Tuva, etc.), aeolian (autochthonous and allochthonous)
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placers and placers of heterogeneous origin (aeolian-proluvial, aeolian-alluvial, etc.) are
distinguished.

The presence of massive gold particles with signs of wind-worn processing in the
deposits indicates the formation of an autochthonous aeolian placer in this area. Aeolian
placer is characterized by a specific structure of the producing horizon, which covers the
deflationary surface in a blanket-like manner, is complicated by jet fans, and has a low
thickness (10–30 cm). This horizon is represented by a pebble-gravel material with a low
content of clay fraction, with the presence of ventifacts and massive gold particles with
signs of wind-worn processing. The formation of autochthonous aeolian placers with
the presence of aeolian gold particles is possible not only in the platform areas but also
in the territories of Mongolia and Tuva. The discovery of toroidal and spherical hollow
gold indicates the formation of an allochthonous aeolian placer in this area. These placers
are characterized by a high differentiation of aeolian gold, presence of toroidal and flake
gold particles with thin ridgelike edges. Gold particles here are a transit metal and are
characteristic of both autochthonous and allochthonous aeolian placers. The formation of
such placers is possible both in the basins and in the deflation grooves. Gold particles of
a very fine fraction less than 0.1 mm can be found in dune deposits, but they are not of
commercial interest.

5. Conclusions

Based on the identified typomorphic features of placer gold, a set of determined
morphogenetic criteria is proposed to identify the genesis of placers and different sources
in the platform areas, which allows more correctly selecting search methods and improving
the efficiency of forecasting ore and placer gold deposits. The discovery of native gold with
signs of wind-worn processing in Quaternary deposits indicates aeolian placers’ formation.
Gold particles with signs of wind-worn processing (flakes with ridgelike edges, toroidal
and spherical hollow) with a size of 0.1–0.25 mm, forming an extensive halo ofdispersionin
the Quaternary deposits (allochthonous placers), were identified by us as transit gold
according to sieving. Gold larger than 0.25 mm with signs of wind-worn processing (lumpy
with rounded appendages with a film-fibrous surface, etc.) is less common and belongs, in
terms of sieving, to a deflationary metal. This gold is not transported over long distances
and forms autochthonous placers. The presence of disc-shaped and lamellar gold particles
with ridgelike edges in alluvial placers is typical for placers of heterogeneous origin, formed
due to deflation of proluvial placer. Deflationary (autochthonous) placers of native gold
can be found by the halo of its distribution of toroidal and spherical hollow forms, which,
of course, are the search morphogenetic criterion of aeolian placers.

The discovery of pseudo-ore gold in alluvial placers only indicates the arrival of gold
from intermediate gold-bearing sources of different ages and not from primary endogenic
sources, which is a morphogenetic criterion for determining different sources of the placer.
In modern gold placers, the presence of native gold of a pseudo-ore appearance can serve
as a search criterion for the discovery of gold-bearing conglomerates with a high gold
content, which are ancient buried placers of various ages, for example, the placer of the
Devonian age of Ichet-Yu (TimanRidge) or the Permian placer of Sololi (Olenek uplift).

Thus, the determination of the genotype of placer gold by morphological features (allu-
vial, aeolian) makes it possible to more correctly reconstruct the geological-geomorphological
conditions of placer formation and, thereby, increases the reliability of the forecast and the
efficiency of the search and mining of placers. The discovery of gold of pseudo-ore and ore
appearance in the Quaternary alluvial deposits makes it possible to identify which sources
formed the modern placers—ore or intermediate gold-bearing deposits (ancient conglom-
erates), which contributes to the improvement of the methods of search and exploration
of placer and ore deposits of gold. The method developed for diagnosing the genotype
of placer gold by its morphological characteristics (alluvial, aeolian, pseudo-ore) can be
successfully used by production geological organizations to search and explore ore and
placer gold deposits.
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Abstract: The solubility of Pt in CO-CO2 fluid was studied experimentally at P = 50–200 MPa and T
= 950 ◦C. A mixture of MgC2O4 and MgCO3 was used as a source of the fluid. Upon the reaction of
the Pt capsule walls and the fluid, a carbonyl of platinum is formed. The use of the high-temperature
quartz ceramics as a fluid trap avoids the effect of mechanical contamination with Pt from the
eroded capsule walls. The total content of platinum in the porous fluid traps was measured by the
Electrothermal Atomic Absorption (ET-AAS) method. In some experiments, the local analysis of
traps was carried out by the Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) method. The composition of fluid in bubbles captured in an albite glass trap was studied by
micro-Raman spectroscopy. On the capsule walls and MgO, Pt “whiskers” of submicron diameter
were observed, which were formed as a product of carbonyl decomposition during quenching.
About 5–15% of carbonyl withstands quenching resulting in 1.5 to 2 ppm Pt soluble in acetone
(runs at P = 200 MPa) in a quartz glass trap. The amount of Pt soluble in acetone from the capsule
walls corresponds to a concentration of up to 8 ppm in the fluid. A high content of soluble Pt of
2000–3000 ppm was determined in a carbon coated MgO matrix. Our study demonstrated that the
solubility of Pt in the CO-CO2 fluid is 15–150 ppm, presumably in the form of Pt3(CO)6

2− under
conditions corresponding to the conditions of the subsolidus stage of layered ultramafic-mafic and
ultramafic-alkaline intrusions formation. Our preliminary data showed that this solubility will
increase with the addition of water at low f O2.

Keywords: platinum; mafic-ultramafic intrusion; carbonic fluid; isoferroplatinum; platinum carbonyl

1. Introduction

Platinum group elements (PGE) are both chalcophile and siderophile elements. Their
lower contents in the mantle and crust relative to those of chondrite are explained by the
strong fractionation into the iron core at the early stage of the Earth’s formation. Likewise,
sulfide melts concentrate all PGE upon separation from basic magmas. At conditions of
high oxygen fugacity (f O2) in the basic magmas of the subduction zones, no sulfides are
formed and PGE are disseminated in the intrusive rocks. In the Ural-Alaska concentric
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intrusions of subduction origin, PGE are mobilized and concentrated at the post-magmatic
stage as a result of the high-temperature fluid-rock interaction [1]. Postmagmatic fluid is
also involved in the formation of the low sulphide type PGE deposits of Merensky reef type
in the layered ultramafic-mafic intrusions with sulfide mineralization (Bushveld, SA and
other) [2]. In the Merensky Reef, zircon and thorite were deposited from high-temperature
fluid along with PGE and chromite [3]. The crystallization temperature estimated by the
titanium contents in the zircon ranges from 750 to 930 ◦C.

Fluids that are active agents during the evolution of PGE-bearing basic-ultrabasic
intrusions contain carbon, which is confirmed by an occurrence of carbonaceous matter in
mineral form and in the form of fluid inclusions. The fluid–rock (melt) interaction continues
in the temperature range from magmatic to the (background) temperature of the host rocks.
Following the high-temperature stage, the fluid-rock system is quenched, and the fluid
equilibrates at lower temperature. In a Stillwater complex (MT, USA), assemblage of
graphite-calcite-forsterite-antigorite was equilibrated at the temperature below 510 ◦C [4].
Association of graphite with quartz and magnetite in the ultramafic pegmatites of the
Bushveld complex was described to be equilibrated at T = 500–600 ◦C [5]. The fluid
trapped in the solidified basic-ultrabasic rocks was also equilibrated at the subsolidus
temperatures, and therefore contained reduced carbon components mainly in the form
of CO2 and CH4. Hanley et al. [6] reported the CO2 ± CH4 fluid and concentrated brine
inclusions in quartz of the late granophyric albite-quartz core of a zoned pegmatite body
in the Gabbronorite of Stillwater Complex. Konnikov and Vasyukova [7] observed fluid
inclusions in quartz from sulfide-bearing amphibolized pyroxenite (Shanuch Ni-bearing
pluton, Kamchatka) containing 79 vol.% of CO2 and 12 vol.% of CH4. Bulk-rock analysis
of the basic-ultrabasic PGE-bearing Yoko-Dovyren intrusion (Trans-Baikal region, Russia)
showed an increased content of CH4 (up to 15 cm3/kg) and H2 (up to 7 cm3/kg) in the
mineralized reefs of the Stillwater type [8]. An appreciable CO content (up to 2 cm3/kg)
was found in the lower dunite-troctolite part of this intrusion. According to fluid inclusion
data (from Au–Pt-rich quartz-sulfide-epidote veins, Sudbury Igneous Complex), Hanley
et al. [9] concluded that at a late stage, Cu and partially Ag and Bi were fractionated into
a gas phase enriched in CH4, in equilibrium with a coexisting brine enriched with Zn,
Pb, Mn.

Graphite deposited from the fluid at the low oxygen fugacity (f O2) near CCO buffer
(carbon dioxide-carbon oxide buffer) below quartz-fayalite-magnetite buffer (QFM)). There
was a unique observation of ilmenite-titanomagnetite inclusion in the isoferroplatinum
crystal in Konder PGE deposit (alkaline-ultramafic concentric intrusion, Russia) which
indicates equilibration conditions at T = 700 ◦C and f O2 = QFM-1.6 [10]. High solubility of
PGE and Au at high oxygen fugacity in form of chloride complexes is well established [11]
and it was attributed to the ore formation in the ultramafic cumulus different from actual
redox conditions. At low f O2 between QFM and wustite-magnetite (WM) buffers, PGE, Au,
Ag, Ni, Co may exist in their native states. Methane is a non-polar compound that weakly
interacts with most substances. While in a reduced carbonic fluid, CO can react with metals
to form carbonyls MexCOy, which can become important PGE transporting species. Many
carbonyls, e.g., carbonyls of Ni, Cr, Mo are stable at low pressures and temperatures up
to 150–200 ◦C and are widely used in metallurgy and chemical industry (e.g., [12]). The
stability of carbonyls at high pressure and temperature is poorly studied.

In geological processes, the main prerequisite of carbonyls formation is sufficiently
high CO content in the fluid. The main forms of the carbon in C-O-H system at high
temperatures are CO2, CO and CH4. At high oxygen fugacity, CO2 prevails while at low
f O2, carbon monoxide and CH4. Maximum CO/CO2 ratio is controlled by the reaction of
CCO buffer:

C + CО2 = 2CО, (1)

Reaction (1) is endothermic and has positive volume effect, therefore ratio CO/CO2 rises
with temperature increase and pressure decrease. As mentioned above, methane pre-
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dominates in the low-temperature fluid inclusions observed mainly in the quartz of late
differentiates of basic-ultrabasic magmas. Ratio CО/CН4 is controlled by reaction:

CО +3Н2 = CН4 + Н2О, (2)

Reaction (2) is exothermic and has negative volume effect correspondingly ratio CО/CН4
rises with temperature increase and pressure decrease. When the oxygen fugacity in
the fluid is buffered externally, for example, by the reaction with cumulus minerals, the
CО/CН4 ratio is also strongly dependent on the C/H ratio in the fluid and f O2. It is
easy to show that at low concentrations of reduced gases in CO2-H2O fluid (that is often
the case), the CН4 concentration reaches a maximum in the fluid with XCO2 = XH2O = 0.5
and increases in proportion to 1/(f O2)2. The CO concentration increases in proportion to
CO2 content and to 1/(f O2)1/2. At the crustal conditions at pressures of 10–1000 MPa and
magmatic temperatures of 900–1200 ◦C, mole ratio CO/(CO + CO2) varies in the range
of 0.05–0.99. At P = 200 MPa in a fluid with C/H = 0.5 (initial composition XH2O = XCO2),
CO prevails over CH4 at T > 700–800 ◦C: f O2 = QFM/QFM-1 [13]. Taking into account
high chlorine content in magmatic fluids (10 atomic % of Cl) at low f O2 and high T, it leads
to the prediction of the high content of CO, CO2, HCl and CH3Cl in expense of CH4 [4].
Fluid inclusions with a high CO contents were found in plagioclases and pyroxenes from
magmatic rocks and in xenoliths quenched at high cooling rates at high temperature
(e.g., [14,15]).

Figure 1 depicting the vapor pressure data of some carbonyls of the transitional
metals as a function of temperature gives a general idea (educated guess) of the stability
of the carbonyls. At the marginal stability of the carbonyl as a phase, its evaporation and
decomposition reactions are in equilibrium. For example, we can write for nickel carbonyl
Ni(CO)4 based on known thermodynamic properties:

Ni(CO)4l = Ni(CO)4g, (3)

Ni(CO)4g = Nis +4COg, (4)

It follows from Figure 1 that near decomposition point (P = 1 bar, T = 180 ◦C) Ni(CO)4
vapor pressure is about 0.1 bar. Based on this pressure, constant of the reaction (4) can be
estimated as (ideal gas limit):

K2(180 ◦C) =
XNi(CO)4

(XCO)
4 ≈ 0.1

0.94 = 0.15, (5)

In accordance with our thermodynamic calculations [16], K2 reaches this value at Т = 171 ◦C.
The similarity between the calculated and observed values confirms our predictions of
the significant Ni solubility of 100–1000 ppm as a carbonyl in the temperature range of
600–900 ◦C and pressures above 500–700 MPa.

Simple platinum carbonyl Pt(CO)4 was only synthesized at low temperature (4–10 K)
by condensation of platinum one atom vapor in the Ar-CO medium [19]. Anionic Chini
complex [Pt3(CO)6]n

2− is the most common carbonyl form in the solutions [20]. The
number of stacked three member rings (Pt3(CO)6)n can reach 15. In each triangle, platinum
atoms are bonded through a bridging CO, and the three terminal CO are bonded to
single Pt atoms. Rings are connected via Pt-Pt bonds (see e.g., [21]). Stable multinuclear
(n = 9–15) carbonyls were synthesized in the zeolite cavities with the method “ship in the
bottle” [22]. Platinum carbonyls are unstable in air due to the oxidation [23]. There are
no thermodynamic data on the platinum carbonyls, therefore it is impossible to predict
theoretically their stability at high pressure–temperature (PT) conditions. We performed
experimental study of Pt solubility in the dry CO-CO2 fluid at PT conditions close to
the subsolidus conditions of upper crust ultramafic–mafic intrusions. Raman spectra
of quenching Pt phases dissolved in acetone confirm the formation of Pt carbonyls in
our experiments.
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Figure 1. Vapor pressures of carbonyls of the transient metals and PGE according to the experimental
data [17,18]. Vertical lines depict decomposition temperature at P = 1 bar. Value of the partial pressure
of Pt carbonyl is plotted in accordance to our experimental data. Crossed rectangle corresponds to
the typical PT parameters of the cumulus processes in the ultramafic–mafic intrusions.

2. Materials and Methods

For the determination of Pt solubility in the CO-CO2 fluid, we use analogue of the
diamond fluid trap method used for the work with water fluid at the mantle parameters in
a rocking multi-anvil apparatus [24]. The reliability of this method is lower than that of
in-situ techniques such as probing of fluid and spectral measurements during a run. In our
experiments, fluid was generated due to the decomposition of MgC2O4 at the temperature
above 650 ◦C in accordance with reaction:

MgC2O4 = MgO + CO + CO2, (6)

To set higher than 0.5 mole fraction of CO2 in the fluid MgCO3 was added which is also
decomposing at the temperature above 750 ◦C at P = 200 MPa. In one experiment (cor102)
siderite was used which at the thermal decomposition generates fluid with XCO = 1/3:

3FeCO3 = Fe3O4 + CO + 2CO2, (7)

Solids used as a fluid source were loaded into the small (diameter of 3 mm) open
capsule, which was placed in the welded larger capsule (diameter of 5 mm and length of
40 mm) loaded with fluid trap (see Figure 2). Both capsules were made of platinum that
was a source of this metal for the dissolution experiment. In our experiments using the
Internally Heated Pressure Vessel (IHPV) apparatus, we tried several types of fluid traps.

(1) Albite glass trap (AGT). It is a powder at the beginning of experiment when it is filled
with fluid. It is sintered rapidly into the dense material with isolated fluid bubbles. In
the loose state, the trap can be mechanically contaminated with platinum particles of
the walls. These particles have larger size (up to 10–15 μm) than particles (usually of
submicron size) deposited from the fluid. Mechanically produced particles contain
less iron than deposited ones. Using of the bulk analysis of albite trap leads to the
severely overestimated solubility. After the initial trials, albite traps were used only
for probing experimental fluid conserved in the bubbles.
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(2) Industrial corundum filter for high temperature gasses (CRT). The advantages of this
filter are the high mechanical stability and chemical resistance of the main corundum
component. The main disadvantage is the use of alkaline aluminosilicate glass as a
binder in the production of ceramics. This glass can react with the fluid and thus affect
the platinum solubility. Another drawback of the corundum traps is the impossibility
of their analysis by the Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) method.

(3) Trap from the optic silica glass (CGT). These traps were prepared by the high-
temperature sintering in the vacuum furnace at T = 1370 ◦C during an hour. Porosity
of this trap measured after experiments at P = 200 MPa is about 40 ± 5%. Traps are
not strong enough to clean their surface with mechanical abrasion after experiment,
therefore some surface mechanical contamination with platinum is possible. To avoid
this effect, trap was split into three pieces analyzed separately with Electrothermal
Atomic Absorption (ET-AAS) method.

  
(a) (b) 

Figure 2. The scheme of our experiments (a) oxalate or (and) carbonate were placed in the small
open capsule within the welded larger one. On the bottom of the large capsule, fluid trap was placed.
Fluid trap was a powder of albite or porous ceramics (b) SEM image of the piece of the quartz glass
ceramics after experiment (qz98).

The procedure for estimating the solubility of Pt from the data on the bulk metal con-
tent in the trap is described in details in [25]. Neglecting the quenching effect and assuming
an absence of adsorption and deposition during the experiment, the bulk platinum content
(Cbulk) in the trap is:

Cbulk =
(1 − ε)Csρs + ερ f lCf l

(1 − ε)ρs
, (8)

where Cs and Cfl are metal content in the trap and fluid, ρs and ρfl are densities of the
material of the trap and fluid and ε is porosity. Because of negligibly small Cs ≈ 0, the
equation may be written as:

Cbulk =
ερ f lCf l

(1 − ε)ρs
=

Cf l

γ
or Cf l = γCbulk, (9)

The porosity of the quartz trap, estimated from BSE images of the slices surface is
0.4 ± 0.05. Quartz glass density is 2.3 g/cm3. Porosity of the corundum trap at P = 200 MPa
is 0.3 ± 0.1, density of corundum is of 4.02 g/cm3. We estimate fluid density via equation
of state for CO2 [26] correcting average molecular weight for CO mole fraction. Fugacity
coefficients of CОand CО2 calculated in accordance with [27] at the experimental conditions
differ by no more than 3% justifying this approach. The fluid density in the reference point
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at P = 200 MPa and T = 950 ◦C is ρfl = 0.589–0.214 XCO. Based on these data, values of
conversion factor γ for corundum and quartz traps are in the ranges of γcor = 14–18 and
γqz = 6–8.5.

Starting materials. We use chemically pure MgC2O4 (Onyxmet reagent). By X-ray
powder diffraction data it is dihydrate MgC2O4 2H2O (CН2О = 24.3 wt.%). Water content
after drying at T = 100 ◦C for 4 h by KFT analysis becomes 10.4 wt.%. After drying at 260 ◦C
for 4 h, it decreases to less than 2 wt.%. As a source of CO2, we used natural magnesite
(S. Ural). To minimize water contamination, all equipped capsules were additionally heated
at 220 ◦C for 1–1.5 h before experiment, flashed with argon and then welded. Optical
quartz (Lytkarino Optical Glass Factory, Lytkarino, Russia) glass was used in the fluid
trap and has the concentrations of all impurities below detection limit for microprobe.
Dry albite glass was prepared by the melting of the natural albite mineral from pegmatite
(Kalba Region, Eastern Kazakhstan).

The experiments were carried out in an apparatus of high gas pressure at the Institute
of Experiment Mineralogy, Russian Academy of Sciences (IEM RAS, Chernogolovka). The
vessel of stainless steel had a free volume of 262 cm3, the working medium was Ar. The
temperature was measured during the experimental run by a Pt–Rh thermocouple, the
gradient-free zone was 40–50 mm. The pressure was measured with piezo sensors accurate
to 5%. Temperature was controlled with precision of ±2.5◦C, pressure was controlled with
precision of ±1%. Quenching was performed by the switching off the furnace at the cooling
rate 150 ◦C/min. The experiments have been performed at a pressure of 100 and 200 MPa
and temperature of 950 ◦C, the duration of the runs was 2 h.

Spectroscopic study of fluid trapped in the albite glass was carried at the Institute of
Geology, RAS (Syktyvkar) and at CEMES (Toulouse, France). Raman spectra of quenching
platinum phases dissolved in acetone were measured in Institute of Experimental Mineral-
ogy RAS (IEM RAS, Chernogolovka, Russia). Details of spectroscopic measurements are
presented in supplementary materials (supplementary text).

Phase compositions of the each run products were studied in IEM RAS (Chernogolovka,
Russia). Samples were prepared by mounting the products of the runs in polystyrene and
polishing one face of a polystyrene cylinder. The textural and chemical analyses were
performed using a CamScan MV2300 and Tescan Vega TS5130MM SEMs with an energy-
dispersive spectrometer (INCA Energy 450). The spectrometer was equipped with semi-
conductive Si(Li) detector INCA PentaFET X3. All phases were analyzed at an accelerating
voltage of 20 kV, the current of the absorbed electrons on the Co sample was 0.1–0.2 nA. The
smallest beam diameter was 0.2 μm for point phase analysis; some glasses were analyzed
using a rectangle scanning area with a width of up to 50–80 μm. The measurements results
were processed by the software package INCA Energy 200.

Water contents in the starting Mg2C2O4 were measured by the Karl–Fischer titra-
tion (KFT) on an Aqua 40.00 system with a high-temperature HT 1300 unit at IEM RAS
(Chernogolovka, Russia). Detectable water weight (mW) range: 1 μg–100 mg, reproducibil-
ity: ± 3 μg at mW 1–1000 μg, 3% at the mW > 1 mg.

Platinum analyses were performed using a New Wave Research I3107 system (Fre-
mont, CA, USA). This is a UV femtosecond laser system equipped with a Pharos HE from
Light Conversions coupled with a high-resolution ICP-MS Element-XR. A 65 μm spot size
was applied with 5 Hz and 3.34 J/cm2 conditions (laser output 48%). The background was
measured during 60 s, ablation for 60 s and wash-out after ablation for 30 s. To quantify
the elemental composition of the glasses, average silica concentrations (based on 29Si)
measured by electron microprobe were used as an internal standard. For external calibra-
tion in bracketing mode, we used NIST SRM 612 reference material [28]. Furthermore,
to control the accuracy, we used the MPI-DING mafic and ultramafic glasses (NIST SRM
610, GOR132-G, GOR128-G) [28,29] as secondary standards. The detection limit for major
elements varied between 1 and 20 ppm, whereas it was 0.2 ppm for 195Pt. The distribution
of platinum in the samples was uneven on a scale of 65 μm, therefore measurements are

310



Minerals 2021, 11, 225

characterized by a large relative standard deviation of 60–80% of the measured values (see
Supplementary text, Table S2, Figure S5).

To prepare for analysis by Electrothermal Atomic Absorption (ET-AAS) method, the
samples were decomposed by heating to 120 ◦C in a mixture of strong HF + HNO3 in
Savillex screw vessels, and then dried to wet salt. Then the sample was treated with Aqua
Regia (HCl:HNO3 = 3:1) to obtain wet salts, and then it was treated with concentrated
HCl to convert the salts into chlorides. After complete dissolution of the salts, the solution
was cooled and filtered in a 5–10 mL flask. Determination of the nanograms quantities of
Pt was carried out using a Solaar MQZ (Thermo Electron Corp. UK) ETAA spectrometer
with a Zeeman background correction [30]. The measurements were conducted on the
most sensitive line of λ = 265.9 using pyrolytically coated graphite furnaces. The sample
was introduced automatically or manually with a micropipette with disposable plastic
tips (5 to 20 μL). The signal was measured using the height of the peak and its area. The
metrological performance of the methods was assayed using standard reference materials
of known composition: SARM-7B, SOP-3-SR and others and samples available under
the international GeoPT Proficiency Testing Programme (peridotite OPY-1, harzburgite
HARZ-01, and iron–manganese nodules FeMn-1). The analytical inaccuracy of ET-AAS
analysis within the concentration range of 1–100 ng/mL is no higher than 4 relative %.
Detection limit is 2.5 ppb for Pt. To analyze the forms of platinum dissolved in acetone and
chloroform, an organic phase was introduced directly into the ET-AAS graphite furnaces.
The measurement was performed using water calibration solutions.

3. Results

3.1. Qualitative Observations of the Reduced Carbonic Fluid Activity

In our experiments, the reduced carbonic fluid reacts not only with the walls of the plat-
inum capsule, but also with the material of the trap. In earlier publication [25] interaction of
such fluid with iron oxides matrix formed at siderite (used as a fluid source) decomposition
was described. Figure 3a shows the SEM image of aliminosilicate glass ellipsoids deposited
from the reduced carbonic fluid in the experiment ab84 (see Supplementary text, Table S3
for details) with albite trap. Small axes of the ellipsoids are in several microns range while
maximum axes are up to 10 microns. SEM-EDS gives composition of the glass close to
the albite with Na/Al ratio less than unity. This probably reflects the tendency of sodium
to fractionate into the fluid. Tiny platinum particles were co-precipitated with albite. In
Figure 3b, SEM image of the surface of the silica glass trap may be seen. Small deposited
silica balls along with Pt particles are on the surface of the glass shreds. In the presence of
water, silica glass began to actively crystallize from the surface at the parameters of our runs.
Upon contact with a dry fluid, only the sharp silica glass edges were smoothed out due to
dissolution. Thus, SEM observations indicate high dissolution ability of carbonic fluid at
relatively low pressure of 200 MPa. The composition of the fluid and the solubility of Pt
were quantitatively characterized by various instrumental methods and described below.

3.2. Fluid Composition
3.2.1. Raman Data Interpretation

The composition of the fluid in the first series of experiments was characterized by
micro-Raman measurements of fluid inclusions in the albite glass trap. In Figure 4, Raman
spectra of a fluid bubble from run ab108 recorded in Syktyvkar and Toulouse are displayed.
They are similar and demonstrate strong CO band at k = 2141 cm−1. Quantitative estimation
of the fluid composition can be made in accordance with the following relation (e.g., [31]).

Xi =
Ai/(σiζi)

∑k=1..n Ak/(σkςk)
, (10)

where Ai area of the peak, σi–Raman cross-section, a ζi–device efficiency coefficient for
component i. The efficiency coefficients of devices are unknown. We use the products
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zi = σiζi as in [15] zCO = 0.95, zCO2 = 1.25 for bands CO with k = 2140 cm−1 and CО2 with
k = 1388 cm−1, correspondingly.

 
(a) 

 
(b) 

Figure 3. Products of experiments with reduced carbonic fluid at P = 200 MPa and T = 950 ◦C (a) SEM micro-image of
quenching glass balls with Pt, run ab84 on the bottom of the capsule; (b) SEM micro-image of Pt microparticles on the
surface of quartz glass shreds of the fluid trap from experiment qz98.

Figure 4. Raman spectrum of the same fluid bubble from AGT of the run ab108 recorded in two
laboratories. CO band is near k = 2140 cm−1 and CO2 bands are at k = 1388 cm−1 and 1286 cm−1.

Results of Micro-Raman Study

The initial CO2/CO ratio in the fluid was determined by the composition of the fluid
source. When the CO content exceeds the level constrained by CCO buffer, it decomposes
into carbon and CO2 at some finite rate. The equilibration of fluid can continue after
trapping. The walls of the bubbles in the albite trap from experiment ab86 (P = 200 MPa)
were covered with an opaque carbon layer formed in-situ, which hampers to carry out
Raman measurements of the fluid composition.

In experiment ab108 (P = 100 MPa) pure MgC2O4 was used and an initial mole ratio
(r = CO/CO2 + CO) was 0.5. The equilibrium value constrained by CCO buffer reaction at
P = 100 MPa T = 950 ◦C is 0.23. For the trapped fluid, we estimated r = 0.40 (Syktyvkar)
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and 0.39 ± 0.03 (Toulouse); the smallest value was obtained for the smallest bubble. All r
values are between the initial and equilibrium values, reflecting incomplete equilibration
in 2 h.

The fluid composition formed at P = 50 MPa (run ab107) measured in Toulouse
corresponds to r = 0.54 ± 0.03. This value is close to the initial value of 0.5 for pure
MgC2O4. From these data, it follows that the used values of coefficients zi are in good
agreement with the values given in [15]. No carbon was detected in the products of the
experiment, despite the fact that the equilibrium XCO = 0.31 is lower than the initial mole
fraction. At this pressure, the CO disproportionation rate was negligible. More information
is presented in supplementary information (Supplementary text, Figures S1–S4, Table S1).

3.3. Platinum Dissolution in the Fluid
3.3.1. Pt Content in the Traps

The viscosity of the fluid under the PT conditions of our experiments is not more than
1.0 × 10−5 Pas. Due to the efficient diffusion in such a low viscosity fluid, the quenching
phases can become significant in size, which they do. The supplementary information files
(capsule_walls_I.xls, capsule_walls_II.xls) contain images of quenching Pt whiskers several
tens of microns in length. Platinum is deposited from the fluid mainly as the particles
(nuggets). Obviously, the “nugget” picks up metal in a significant volume of the fluid,
forming a wide bare zone around itself, which leads to a greater uneven distribution of
Pt. Similar nuggets were encountered in experimental studies of the solubility of noble
metals in silicate melts (e.g., [32]). However, the possibility of a quenching mechanism of
the nugget’s formation is excluded due to the low diffusivity of these metals in silicate
melts, the contribution of nuggets is excluded from the analytical data.

Thus, the distribution of platinum particles in fluid traps is inherently irregular. First,
the particles were initially located on the surface of the glass shards. When using the local
LA-ICP-MS method, the analyzed volume is an ablation pit, the shape of which can be
approximated by a hemisphere with a diameter equal to the spot width of 65 μm. The
maximum width of fragments of quartz glass was 100–200 μm, albite glass—up to 1000 μm.
When the analytical volume avoids the former grain boundaries, the analysis will give a
blank result.

The next factor is particles size distribution. The largest particles were formed as
a result of mechanical abrasion of the capsule walls. They are rare and there is a small
chance of being captured by the ablation pit. The next set of relatively large particles can
be attributed to a slow change in the intensive parameters during the experiment, causing
a drop in solubility. These particles are larger than the particles formed during the several
minutes of the quenching process. 3D distribution of large particles in the albite trap from
the experiment ab86 was characterized by microX-Ray computer tomography (x-Ray CMT)
with resolution 1.8 mkm (see supplementary information x-Ray_CMTab86.avi). For MCT,
the SkyScan 1172 apparatus (MSU, Moscow) was used. Due to the large density contrast
(21.45 g/cm3 Pt versus 2.2 g/cm3 glass) strong reflections appear in the recordings of
transmission images of sample slices. The actual particles sizes were distorted and x-Ray
CMT data cannot be used for a quantitative analysis. As a result, these factors lead to a
large scatter in the results of local analysis using the LA-ICP-MS (see supplementary_text,
Table S2). The bulk ET-AAS method gives a concentration averaged over the entire volume
of the trap (or part of it) that is approximately 3.5 orders of magnitude greater than the
sampling volume for LA-ICP-MS. However, in this case, all possible large particles are
taken into account that are not related to deposition from the fluid during quenching and,
therefore, to solubility.

The most reliable data was obtained for the reference point P = 200 MPa and T = 950 ◦C
with different traps and different analysis methods. For initial CO/CO2 ratio of 0.5 (pure
oxalate source) and quartz trap (run qz98), bulk CPt = 57.7 ppm (ET-AAS). The local con-
centration obtained with LA-ICP-MS is 22.1 ± 15.6 ppm. This difference can be attributed
to the irregular in space Pt deposition during CO decomposition. The laser ablation spots
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transmit the sparsely distributed large Pt particles, resulting in a lower concentrations
obtained by the LA-ICP-MS. In run qz118 with an initial r = CO/(CO + CO2) = 0.15 close
to the equilibrium ratio r = 0.14, averaged over three parts CPt = 22.9 ± 7 ppm (ET-AAS).
Corundum ceramics is the strongest trap, guaranteeing the absence of mechanical con-
tamination. However, it appeared to have an irregular structure with the locally isolated
pore space and sometime gives low CPt. As mentioned above, even at the highest laser
power, corundum does not evaporate that makes it impossible to use LA-ICP-MS for
analysis. The highest bulk concentration (run cor99) obtained by the ET-AAS method
for an initial CO/CO + CO2 = 0.5 is 27.5 ppm. The density of corundum is high and the
solubility corresponding to this value is practically the same as for qz98 by ET-AAS method
(see Table 1). With the fluid generated by the decomposition of FeCO3 (run cor102) the
bulk CPt is 11.5 ppm. In terms of solubility, it is close to the value obtained using a quartz
glass trap and an equilibrium initial CO/CO2 ratio (183 and 133 ppm for cor102 and qz118,
respectively, see Table 1). To assess the dynamics of equilibration of the fluid trap, exper-
iment qz97 was quenched shortly after the decomposition of oxalate at Т = 800 ◦C and
P = 200 MPa (holding for 5 min at these parameters). The local concentration of platinum
found by LA-ICP-MS is 15.3 ± 11.8 ppm, which is only slightly lower than the value
adopted above for 2 h runs at T = 950 ◦C. Experiments at low pressure 100 and 50 MPa gave
generally lower platinum content. Especially low values of 2.5 and 0.22 ppm were obtained
using LA-ICP-MS analysis of albite traps from experiments ab108 (P = 100 MPa) and ab107
(50 MPa), respectively (see Table 1). However, from the single piece ET-AAS analysis of
CRT from run cor105 and SGT from run qz120 (P = 100 MPa) we get larger values of 5 and
10 ppm with corresponding solubility of 75.3, 70.5 ppm, respectively. And at P = 50 MPa,
the results are similar: the bulk ET-AAS concentrations of SGT (run qz119) and CRT (run
cor104) are 11.6 and 5 ppm, which corresponds to solubility of 119 and 93 ppm, which is
significantly higher than the solubility of 5.2 ppm from LA-ICP-MS analysis data of AGT
(run ab107). In other words, we do not find a large difference between the solubility at 200,
100 and 50 MPa estimated from the bulk analysis of SGT and CRT by the ET-AAS method.
However, AGTs analyzed by local LA-ICP-MS have demonstrated a strongly decreasing
solubility at lower pressures.

3.3.2. Influence of Pressure and CO Concentration on Pt Solubility

All our estimates of Pt solubility at T = 950 ◦C are presented in Table 1 and plotted in
Figure 5. Variations in solubility caused by the different CO concentrations and pressures
are comparable by magnitude. CO concentration in equilibrium with carbon decreases
approximately as 1/P1/2, while stability of carbonyl increases with rise of XCO in accordance
with reaction scheme:

mPt + nCO = PtmCOn, (11)

as defined by the equilibrium condition

γn
COXn

COPn−1

γcrbXPtm(CO)n

= K(T), (12)

where ХCО-mole fraction of CO and γi are fugacity coefficients of CO and Pt carbonyl.
Using the reference pressure P0, the variation in solubility can be expressed as

C(P)
C(P0)

=

(
XCOγCO(P)
XCOγCO(P0)

)n(P0

P

)n−1 γcrb(P0)

γcrb(P)
(13)

In our case, reference pressure is P0 = 200 MPa (T = 950 ◦C). To estimate the activity
coefficient γ for CO, we use the ideal solution model of the non-ideal components and
take the fugacity coefficient of pure CO from [27]. The fugacity coefficient for carbonyl
is unknown. As a first proxy, we take it equal to γco. We also assume that the speciation
of Pt in fluid does not depend on the pressure in the studied interval and its weight
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concentration is proportional to the carbonyl molar fraction used in Equations (12) and (13).
The dependence of Pt solubility as a function of pressure was calculated under these
assumptions with the reaction coefficient n in the range 2–5.5 and is shown in Figure 5.
Plots calculated for n = 4 and 5.5 are in the concentration interval for the pressure range
50–200 MPa. Two groups of experimental points below and above the reference point
(P = 200 MPa) arose due to the influence of CO concentration on solubility. The low point
corresponds to the published estimate [25] obtained with siderite as a source of fluid and
albite fluid trap. The average CO concentration characterized by micro-Raman is 12 mol.%.
The best fit with the reported concentration of Pt in the fluid of 15 ppm is obtained for
n = 5.1. Upper group of points correspond to the effective solubility in the experiment
with MgC2O4 as fluid source. In the course of experiment, mole fraction of CO dropped
from 0.5 to some lower value. In experiment ab108 (P = 100 MPa), the molar fraction
of CO in the fluid from the albite trap, determined using micro-Raman, is XCO = 0.39,
which is between the initial and equilibrium values of 0.5 and 0.21. In experiment ab86
(P = 200 MPa), the walls of the fluid bubbles in the albite trap are coated with carbon,
which makes it impossible to analyze the fluid composition using micro-Raman. Reducing
of CO content towards CCO buffer limit resulted in the deposition of carbon, carbonyl
decomposition and growth of the relatively large Pt particles. By discarding the LA-ICP-MS
data points affected by mechanical contamination of trap and large particles, we get an
estimate of the solubility in fluid of about 500 ppm. The increase in solubility from 130 to
500 ppm at XCO = 0.18–0.19 can be explained by the effective value of n = 5 in Equation (13).
For low pressure experiments with an albite glass trap analyzed by LA-ICP-MS, n = 5.5 is
the best fit. The only value for 300 MPa was obtained with a corundum trap, the use of
which often underestimates the results. However, this solubility is at least 100 ppm and is
expected to be higher (see Figure 2).

Table 1. Results of fluid traps analyses and Pt concentration in the fluid.

Run
T/P

(◦C/Kbar)
XCO/XCOeq

LA-ICP-MS
(ppm)

ET-AAS
(ppm)

Porosity Cfl/CCO2
2

ab86 950/2 0.5/0.14 109.5 ± 129.8 335.5 0.35 1 mechanical
contamination

ab86 950/2 0.5/0.14 55.3 ± 53.0 3 - 0.35 1 489.6/418.5
cor99 950/2 0.5/0.14 - 27.5 0.4 512.4/437.9
qz98 950/2 0.5/0.14 - 57.7 0.35 1 490.0/418.4
ab86 950/2 0.5/0.14 32.7 ± 33.7 4 n.d. 0.4 1 289.5/247.5
qz98 950/2 0.5/0.14 22.1 ± 15.1 n.d. 0.30 136.3/129.3

cor102 950/2 0.33/0.14 - 11.5 0.4 1 192.9/183.1
qz118 950/2 0.15/0.14 - 22.9 ± 7.1 0.5 141.0/133.8
ab108 950/1 0.5/0.22 2.5 ± 2.0 n.d. 0.45 20.5/18.0
cor105 950/1 0.5/0.22 - 5.1 0.5 85.5/75.3
qz120 950/1 0.21/0.22 - 10.2 0.60 80.1/70.5
cor104 950/0.5 0.5/0.31 - 1.4 0.60 24.1/19.7
ab107 950/0.5 0.5/0.31 0.22 ± 0.17 n.d. 0.6 1 6.3/5.16
qz119 950/0.5 0.5/0.31 - 11.6/32.4 0.21 114/93.6
cor106 9500/3 0.5/0.10 - 5.0 0.4 1 145.8/119.3
qz117 950/2;1000/1 0.2/0.29 - 1.3/6.4 0.4 1 44.0/40.8

1 estimate of porosity; 2 solubility recalculated on pure CO2 fluid, 3 excluding largest particle, 4 excluding
large particles.

3.4. Solubility of the Pt Quenching Phases in Organic Solvents

Additionally, we study platinum quenching phases soluble in organic solvents
chlorophorm and acetone, providing an estimate of the decomposition degree of carbonyl
during quenching (Table 2). Platinum deposited from fluid on the walls of capsule, trap, and
periclase matrix has the morphology of whiskers and wires with a submicron width and
up to tens of microns in length (see Figure 6 and supplementary files capsule_walls_I.xls
and capsule_walls_II.xls). This morphology is indicative of high supersaturation and fast
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growth. Due to decomposition of carbonyl, the concentration of the soluble form of Pt is
less than the bulk content determined both by ET-AAS and LA-ICP-MS methods.

Figure 5. Interpretation of the experimental data on the Pt solubility in CO-CO2 fluid at T = 950 ◦C.
Circles are experimental points from Table 1. Curves plotted through the most reliable point
P = 200 MPa and xCO = 0.14 (equilibrium CCO) are results of extrapolation for different formula of
carbonyl complex Ptm(CO)n: n = 2; 3; 4; 5.5. Points beyond curves at P = 200 MPa are for different
CO concentrations. Upper group (xCO = 0.19) short lines are calculated at n = 3 and 4.0 (best fit) and
for the lower point (xCO = 0.09) at n = 3 and 4.5 (best fit). Point at P = 300 MPa is out of sequence.

Table 2. Content of acetone-soluble Pt form in fluid traps and in washes from capsule walls.

Run
Time,
Hours

Dissol.
Time, h

XCO/XCOeq
Pt in MgO

ppm
Comments

Pt in Flush
ppm 1

qz121 21 0.5 0.5/0.14 1469 MgO +
acetone stirred 8.8 2

qz122 2 0.5 0.5/0.14 2393 stirred 48.2 2

qz123 2 0.25 0.5/0.14 17.4 not stirred 4.3
O56 21 0.25 0.16/0.14 1.4 no carbon 21.5
O57 21 0.25 0.16/0.14 3.4 no carbon 0.1

qz114 2 12 0.5/- 21.8 fluid with
XH2O = 0.046 -

1 recalculated for Cfl assuming half fluid was out of the trap; 2 walls were scrabbled at washing; all experiments
were carried out at P = 200 MPa and T = 950 ◦C.

3.4.1. Pt in Carbon-Periclase Matrix

As mentioned above, in experiments with MgC2O4 as a fluid source, the periclase
matrix was coated with carbon adsorbing carbonyl from the fluid. At the initial stage
of the research, the capsule is opened immediately after experiment, some days before
being dissolved in acetone. Carbonyl is oxidized in air, and the content of the soluble Pt
in the matrix was only 21.8 ppm and 32.4 ppm in experiments 114qz (acetone) and 91qz
(chloroform), respectively. The total content of Pt in the periclase matrix was 87.1 and
32,403 ppm (high due to the mechanical contamination) in experiments 114qz and 91qz,
respectively. The content of Pt soluble in acetone in experiments 98qz (silica glass trap) and
99cor (corundum trap) was even lower—1.5 and 6.0 ppm, respectively.

When the matrix was placed in acetone immediately after opening of the capsule,
the Pt content in the solution was significantly higher. The matrix from runs qz121 and
qz122 was thoroughly mixed with acetone, and the Pt concentrations in the solution were
1469 and 2393 ppm, respectively. The duration of these experiments was 21 and 2 h, and
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the difference in concentration may reflect the gradual decomposition of excess CO and
carbonyl over time during approaching the C-CO-CO2 (CCO) buffer equilibrium. The
matrix from run 123 was dissolved without stirring, and the concentration of soluble Pt
was 17.4 ppm, which is close to the bulk content of quenching Pt in fluid traps treated at
P = 200 MPa and T = 950 ◦C.

(a) (b) 

Figure 6. Platinum alloys in experimental samples (a) BSE micro-image of carbon and MgO coated platinum capsule wall
from experiment qz121; Pt/Fe atomic ratio is 4.2 ± 0.6; different morphology of Pt particles from dot to hair-like can be seen
(image width 76 μm) (b) BSE micro-image of carbon and MgO coated platinum capsule wall from experiment qz122 (image
width 76 μm); platinum particle from the wall is labeled with an arrow.

3.4.2. Pt in Pure Periclase Matrix

The pure periclase matrix, formed in experiments with MgCO3 + MgC2O4 mixture
providing an equilibrium CO/CO2 ratio, was also investigated. Acetone soluble Pt concen-
trations in the runs O56 and O57 (immediate dissolution) were 1.4 and 3.4 ppm, respectively.
Comparison of the data on the periclase matrix with and without carbon indicated that the
carbonyl adsorbed on the carbon is almost completely retained during quenching. While
in the carbon free matrix only about 13–15% of the carbonyl is conserved.

We also analyze solutions of quenching phases taken by flushing with acetone from
the surface of the capsule walls. The total mass of soluble Pt in the flushing liquid was
recalculated to the concentration in the fluid, assuming that half of the fluid was in the
trap. Residual concentrations in the fluid were estimated at 2–24 ppm, which is 1.5–18%
of our estimate of the equilibrium concentration of 130 ppm at the reference point. No
systematic difference in Pt concentrations in the flush from runs with and without excess
CO was observed.

3.5. Surface-Enhanced Raman Scattering (SERS) Spectra of the Quenching Phase Solution

The concentration of platinum in acetone solution determined with ET-AAS method is
in the range 0.01–1 ppm, which is usually below the detection limit of Raman spectroscopy.
It was discovered in 1977 that the Raman spectra of compounds adsorbed on the Ag
surface are strongly amplified [33]. Currently, this effect known as Surface-Enhanced
Raman scattering (SERS) is widely used in practice. For example, nano-sized supercrystals
of gold (built of micro-spheres) with amplification factor up to 105 times are applied in
medicine and forensic investigations to determine organic compounds [34,35].

In our acetone solutions, native platinum is formed during carbonyls oxidation, which
allows spectroscopic investigation of the quenching phase in solution.
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3.5.1. Excitation of Raman Spectrum with Infrared Laser

In the first series of measurements, fresh periclase and periclase-carbon matrices were
kept in acetone for a day before measurements. In the second series, measurements were
made after 10 min of dissolution. In both cases, acetone bands dominate in the spectra.

When using infrared laser light (1064 nm), a broad fluorescence band in the range
1000–3000 сm−1 was obtained after subtracting the acetone spectrum. This band was
modulated with several peaks. In the series with a long dissolution time (Figure 7), a peak
with a maximum of around 1946 cm−1 is clearly recognized, which corresponds to the
main band of the terminal CO in Pt3(CO)6

2− complex [20]. A bridging CO peak of about
1740 сm−1 can be anticipated from the shoulder of the fluorescence band. In the solution
with a small dissolution time (runs O59 and O63), a peak with a maximum of 1954 cm−1

is clearly recognized and can be associated with a polynuclear Pt carbonyl. In addition,
two bands with wave numbers k = 210 cm−1 and 420 cm−1 are well expressed. These lines
can be attributed to bonds Pt-Pt in metallic nanoparticles. The theoretical Raman spectrum
of three atoms cluster has two lines 147 and 228 cm−1 [36]. Pt-Pt stretching mode in the
crystalline Pt3Fe is prescribed k = 253 cm−1 [37]. Au micro-particles have a strong Raman
band at k = 412 cm−1 [34].

(a) (b)

Figure 7. Spectra of the solution in acetone of quenched phases in periclase-carbon matrix from the runs O56 and O57
measured with red laser (spectrum of pure acetone is subtracted), dissolution time of a day; (a) fluorescence band with
peaks, peaks of Pt carbonyl are labeled with vertical dashed lines; (b) peaks assignment for the O56 spectrum (broad
fluorescence band is subtracted).

3.5.2. Excitation of Raman Spectrum with Green Laser

When using green laser (λ = 532 nm), the low frequency edge of the fluorescence
band is shifted to kleft = 100 cm−1 (Far Infrared), and the maximum—to kmax = 800 cm−1—
compared to kleft = 1000 cm−1 and kmax = 2000 cm−1 for an infrared laser (λ = 1064 nm).
In the spectrum of the O59 sample (Figure 8), the local maximum on the shoulder of
the fluorescence band is located in the region of CO vibrations of about 2100 cm−1. The
spectrum obtained when subtracting the smooth fluorescence band is deconvoluted in four
Gaussians, two of which with k = 1931 cm−1 and 2119.7 cm−1 are close to the platinum
carbonyl lines. Thus, spectroscopic observations are direct evidence of the formation of Pt
carbonyls at high PT parameters.
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(a) (b) 

Figure 8. Spectrum of the solution in acetone of quenched phases in periclase matrix from the runs O59 measured
with green laser (spectrum of pure acetone is subtracted), dissolution time 15 min: (a) fluorescence band with acetone
spectrum subtracted; small sharp peaks and negative peak around 2800 cm−1 are from not completely compensated acetone;
(b) deconvolution of O59 spectrum minus fluorescence band; positions of peaks related to Pt carbonyls from Figure 7b are
labeled by arrows.

4. Discussion

It is generally accepted that in the post-magmatic processes, platinum is dissolved in
a hydrous fluid in the form of chloride, bisulphide, polysulphide, thiosulphate, depending
on pH, f O2, temperature and ligand concentration [38–40]. The calculated maximum
solubility of PtS at f O2 near QFM-1 at T = 300 ◦C as Pt(HS)2 is 3 ppb in an acidic fluid and
0.01 ppb in an oxidized conditions at pH = 2 as PtCl42− [41]. Our results demonstrated
that at P = 200 MPa and T = 950 ◦C platinum solubility in the carbonic fluid in the form of
carbonyl at the low CO content is about 15 ppm and increases to 130 ppm in the equilibrium
with graphite. This value approaches the highest solubility level of Au in the hydrous
fluid under close pressure–temperature (PT) conditions and high f O2 [11]. This means that
the formation of carbonyl itself can be an important mechanism for the transport of Pt
by fluid at the post-magmatic stage of evolution of layered ultramafic-mafic intrusions.
There are numerous observations that the chlorine content in such fluids is high, which
makes it possible to associate the transfer of Pt with chlorine [42]. Mixed chlorine/carbonyl
complexes of Pt are known under ambient conditions and their study at elevated PT
parameters deserves attention.

Our preliminary data indicate that low concentration of H2O in CO-CO2 fluid increases
the solubility of Pt (see supplementary text, Table S3). As described in details in [25], we are
limited in our attempts to quantitatively constrain the solubility of Pt using a dry CO-CO2
fluid due to the use of Pt capsules in the IHPV apparatus. During the experiment, the fluid
is oxidized via the loss of H2 through the capsule walls, and it is not clear to what extent the
high contents of Pt in the traps in hydrous carbonic fluid is caused by the re-deposition of
Pt under conditions of the f O2 gradient. In the presence of water, organic compounds may
form, which are potential ligands for complexation with Pt. However, it is expected that at
P = 200 MPa and T above c.a. 700 ◦C (close to subsolidus conditions of mafic intrusions)
CO predominates as a form of reduced carbon [13], and complexation with organic ligands
can become significant at lower temperatures. As it follows from our experiments, carbon
(graphite) will adsorb Pt carbonyl and may contribute to the concentration of the diluted
relative PGE natural fluids. The origin of graphitized rocks enriched in PGE and Au [43]
may be related to this process.
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Carbonyl speciation may explain origin of isoferroplatinum (Pt3Fe), the most abundant
nonsulfide platinum mineral. It is the main mineral of placer PGE deposits related to
the origin of ring alkaline-ultrabasic (Konder) and ring ultrabasic-basic (Alaska type)
intrusions. Pt alloys are also quite common in the Bushveld intrusion, where the main
forms of platinum are sulfides, arsenides, tellurides [44]. Some investigators attributed the
formation of Pt-Fe alloys to the magmatic stage of evolution of gabbro-pyroxenite-dunite
massifs (e.g., [45,46]). Karpinsky in 1926 (see in [1]) proposed metasomatic mechanism
of formation of chromitite-Pt association as a result of interaction of dunite with fluid
containing Cr and Pt. Some modern researchers are developing similar models of the
interaction cumulus-fluid as a mechanism of PGE localization [1,47].

Assuming crystallization of Pt3Fe from fluid, it should be noted that oxygen fugacity
in ultramafic-mafic intrusions is close to CCO (near QFM-2) and much exceeds the IW
buffer. Consequently, iron is present in the fluid as the Fe2+ ion and is reduced to native
metal during the deposition of Pt3Fe. The specific mechanism of Pt3Fe crystallization
can be associated with the nature of platinum carbonyl. The most probable form is the
multinuclear anion Pt3(CO)6

2−. The origin of the negative charge can be explained with
redox reactions:

Pt3(CO) 6 + O2− + CO = Pt3(CO)6
2− + CO2, (14)

Pt3(CO) 6 + 2Fe2+ = Pt3(CO)6
2− + 2Fe3+ (15)

If the anionic form of the carbonyl does prevail, a neutral complex with Fe2+ will naturally
form in the fluid:

Pt3(CO)6
2− + Fe2+ = FePt3(CO)6 (16)

At the decomposition of this complex during quenching in experiment or in due to a
decrease in the CO fugacity in nature, isoferroplatinum crystallizes:

FePt3(CO)6 = Pt3Fe+ 6CO, (17)

The formation of a Fe-Pt alloy with a higher Fe content (tetraferroplatinum PtFe) can be
explained by the secondary leaching of Pt from isoferroplatinum. The less common Pt2FeCu
and Pt3Cu are also thought to be formed from lower temperature fluid leaching [48].

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-1
63X/11/2/225/s1, word file S1: suppl. text, excel sheet S2: capsule wall I, excel sheet S3: capsule
wall II. Figure S1: Optic images of the bubbles, run ab108, Figure S2: Raman spectra of fluid, run
ab108, Figure S3: Optic images of the bubbles, run ab107, Figure S4: Raman spectra of fluid, run
ab107, Figure S5: Examples of representative LA-ICP-MS transient signals, Table S1: Measurements
of CO concentration in fluid, Table S2: Measurements of Pt concentration by LA-ICP-MS method,
Video S1:. x-Ray_CMTab86.avi.
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