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Abstract: This article describes the characteristics of gold—sulfide—quartz and gold—sulfide (gold—
arsenic) ore occurrences in the Manitanyrd region of the Polar Urals. Ore occurrences are confined to
NE-trending shear zones and have the common features of a geological structure. The host rocks are
metamorphosed volcanic and volcanic-sedimentary rocks. We analyzed the mineral and chemical
composition of the ore mineralization in all studied ore occurrences, showing that they belong to
the same mineral type—pyrite-arsenopyrite, with a variable ratio of the main minerals. Arsenic
pyrite is present in all ore occurrences. Two stages of ore formation were distinguished: early gold—
pyrite-arsenopyrite with finely dispersed gold and late gold—galena—chalcopyrite—sphalerite with
coarse gold, fahlore, and sulfosalts Pb, Cu, Bi, Sb. Native gold of the first generation, finely dispersed
in arsenopyrite and pyrite, had an average to high fineness (800%0.—1000%.) with a relatively low
dispersion. Native gold of the second generation was larger, and its fineness in ore occurrences
varied; in one of them, it varied from 300 %o to 950 %o, while in others, it varied from 800 %o to 950 %o.
The isotope composition of sulfur in sulfides (534S) ranged between —0.2%. and —8.0%o. 534S values
of sulfides in the range of —0.2%o to —3.5%. were similar to meteorite, indicating the participation
of a single deep magmatic source of sulfur in the ore formation. According to the study of fluid
inclusions, the formation of ore quartz veins occurs in the temperature range of 467-109 °C. The
similarity of the geological-structural, mineralogical-geochemical, and isotope-geochemical features
of the gold—sulfide—quartz and gold-sulfide occurrences in the area suggest their formation in a
single hydrothermal system.

Keywords: native gold; gold-sulfide-quartz (gold-arsenic) and gold-sulfide formations; Polar Urals;
Manitanyrd ridge; ore occurrences; ore mineralogy; sulfur isotopes

1. Introduction

Gold deposits are widely developed in the various ore provinces of the world. In the
literature, a significant proportion of hydrothermal vein gold deposits are classified as oro-
genic in metamorphic terranes, and they display large variations in their mineralization age
and style [1-5]. A feature of the mineral composition of these deposits is the constant pres-
ence of pyrite and arsenopyrite in varying proportions. Arsenopyrite is the most common
sulfide mineral in metasedimentary country rocks, while pyrite or pyrrhotite is more typical
of metamorphosed igneous rocks [1,2]. According to [6-8], hydrothermal gold deposits are
subdivided into gold—quartz, gold—sulfide—quartz, and gold—quartz—sulfide formations.
The gold—quartz—sulfide formation is characterized by a high content of sulfides (>15%),
with the gold—arsenic subformation standing out. The typical features of the gold-arsenic
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deposits are (1) a predominance of arsenopyrite or pyrite in ores; (2) a predominant con-
nection between gold and sulfides, with finely dispersed “invisible” gold in ores; (3) a high
positive correlation between gold and arsenic; (4) refractory arsenic primary ores [9,10].
In Russia, this type includes bulk mineable gold deposits such as Olimpiada, Mayskoe,
Nezhdaninskoe, and Kyuchyus [8,11-16]. Gold-arsenic deposits occur in various rocks,
such as carbon-bearing terrigenous rocks and carbonate—terrigenous suites of different
ages and formation categories, metamorphosed under conditions of low (not higher than
greenschist) facies of regional metamorphism, which are less common in igneous rocks of
basalt-andesite—dacite formation [8,17,18]. Typical of such deposits is a paragenetic rela-
tionship with minor intrusions of variegated composition and a considerable distance from
large granitoid intrusions. Zones of shear, stratification, cleavage, cutting folds, and areas
of injection in the crest parts of the folds serve as ore-hosting structures of gold—arsenic—
sulfide deposits. Ore bodies, represented by mineralized zones and deposits, have different
forms, subject to the elements of lithological and structural control. Gold is distributed
rather evenly in ore bodies with relatively moderate mean contents [8].

Gold ore occurrences of the Manitanyrd region belong to the gold—sulfide-quartz and
gold-sulfide formations. Their increased content of arsenopyrite allows us to consider
them as gold—arsenic—sulfide. A feature of the geological structure of gold manifestations
in this area is their localization in volcanogenic and volcanogenic-sedimentary rocks.

The Manitanyrd gold mining area is located on the western slope of the Polar Urals,
within the Manitanyrd ridge. Studies of ore mineralization in this region started in the
1960s when the first gold—sulfide—quartz deposit, Verkhniayuskoye-2, along with several
closely spaced gold—sulfide occurrences, were discovered. According to exploration data,
the reserves of the Verkhniayuskoye-2 deposit amounted to 3.4 tons of gold (up to 4.8 g/t)
and 10.9 tons of silver; it was recognized as small, with refractory pyrite-arsenopyrite
ores, and unpromising. No further exploration was carried out, although boreholes traced
mineralization to a depth of 240 m without signs of wedging out, and with a high gold
grade (approximately 14 g/t), i.e., there were prospects for increasing gold reserves at
depth, as well as on the flanks of the deposit. As a result of subsequent prospecting and
revision works (1988-2009), two more new occurrences of gold and numerous points with
signs of gold mineralization were discovered in the area [19]. At present, the Manitanyrd
region is considered one of the industrially promising gold-bearing regions in the north of
the Urals.

Gold ore occurrences of the Manitanyrd region belong to the gold—sulfide—quartz
and gold—sulfide (gold—arsenic) formation types and a gold—pyrite-arsenopyrite mineral
type [19,20]. According to previous research [21], ore-grade gold mineralization in this
region is polygenetic and polychronous. Early pyrite-arsenopyrite mineralization with
finely dispersed gold, accompanied by propylitic alteration, is typical of mesothermal
Au-Ag deposits and was formed during the Riphaean age. Late ore-grade mineralization
(sphalerite + galena + native gold), confined to beresites, listvenites, and quartz—sericitic
metasomatites, is shallow in depth and is likely to be related to the Late Paleozoic collision
processes in the Urals. It is assumed that there is a deep-seated source of the substance of
gold occurrences in the Manitanyrd region. It is reasonable that the Verkhneniyayuskoye-2
deposit, most thoroughly studied by the data of mineralogical studies, has two prominent
stages of ore formation: gold-pyrite-arsenopyrite and gold—chalcopyrite-galena—sphalerite,
separated by the period of cataclasis of the primary ores [22].

A basic understanding of the polygenetic and polychronic nature of the ore-grade
gold mineralization in the Manitanyrd region is based on geological, structural, textural,
mineralogical, and geochemical data and a few determinations of the absolute age of the
associated metasomatites.

To date, the gold ore occurrences of the Manitanyrd region have been studied in
various degrees of detail. This study reports on new mineralogical and geochemical data—
data on the fluid inclusions and sulfur isotopes of the gold-sulfide mineralization of the area
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in order to decipher the characteristics of ore-forming fluids and to ultimately determine
the sources of the substances.

2. Geology of the Area
2.1. Regional Geological Setting

In the tectonic structure of both the Polar Urals and the entire Urals, the Manitanyrd
ridge is positioned in the meridionally elongated West Uralian folded zone, involving the
shallow- and deep-water sediments of the Paleozoic continent margin [23]. It constitutes
the autochthone in the form of the Manitanyrd anticlinorium, a compound anticline fold,
northwestwardly overturned with a predominant southwestward dip of the axial planes
at a 60-75° angle [24]. The structure is northeasterly oriented. An anticlinal core is built
by the Upper Riphaean and Vendian rocks of the Bedamel series, and the Enganepe suite
wings by the Vendian—Cambrian deposits of the Manitanyrd series (Figure 1).
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Figure 1. The geological structure and location of gold ore occurrences in the Manitanyrd region
(modified from [20]). 1, Quaternary deposits; 2, undivided Manitanyrd series (Upper Cambrian—
Lower Ordovician); 3, Enganepe suite (Upper Vendian-Lower Cambrian); 4, undivided Bedamel
series (Upper Riphean-Vendian). Intrusions: 5, Lekvozhsky complex: olivine gabbro, dolerites
and picrodolerites; 6, Kyzygeiskii complex: diorites, granodiorites, and plagiogranites; 7, Lower
Bedamel complex: gabbro and gabbro—dolerites; 8, Niyayu complex: diorites, granodiorites, and
plagiogranites; 9, Enganepe complex: serpentinites, apoperidotite, and apopyroxenite; 10, overthrust
nappes; 11, faults: a—proved, b—probable; 12, Niyayu ore zone; 13, gold ore deposits (a) and

occurrences (b); 14, placer gold occurrences.

The Bedamel series is undivided (R3—V;bd). In the deeper section, it is composed of
basalts, andesite-basalts, andesites, trachybasalts and their clastolavas and lava breccias,
dacites and their tuffs, and tuff-conglomerates and tuff-gritrock. The upper section contains
acidic lavas, their clastolavas, and tuffs [24]. The series thickness is 2000-2700 m.

The Enganepe suite (V,—€1en) is characterized by rough interbedding of medium-
and course-grained sandstones, tuff sandstones, and tuff-conglomerates (coarse-grained
arenaceous flysch or molasse). The suite thickness is 1200-1500 m.
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The Manitanyrd series (€-O;mnt), with angular unconformity, superposes the ero-
sional surface of the Bedamel series and Enganepe suite rocks. It is formed by conglomer-
ates, metaquartzites, and siltstones. The series thickness varies greatly from 500 to 800 m.

The volcanites of the Bedamel series are considered to have been formed during the
development of the island arc that, perhaps, had not undergone the final stages of its
evolution [24]. The lower age limit of this series is unknown, while the upper limit is
identified by the age of the latest geological relationships between the subvolcanic and
extrusive rhyolites of the upper part of the series—555-547 Ma [25].

The intrusive rocks in the Manitanyrd region were developed in a minor way (Figure 1).
Most numerous are the small bodies and dikes of gabbro and dolerites of the Lower
Ordovician Lekvozhsky complex (476 £ 61 Ma [24]). Generally, they are northeasterly
elongated, in line with the predominant extension of geological structures. Minor intrusions
have been found of serpentized picrites, granodiorites, gabbro, and gabbro-dolerites of the
Late Riphean age and quartz diorites of the Vendian age (Figure 1).

The central part of the region is characterized by large, mostly NE-trending faults,
which probably occurred in the pre-Ordovician, with subsequent renewal in the Ordovician
and at a later time. These faults are confined to the bodies of gabbro and gabbro—dolerites,
zones of intense schist-forming and crushing of rocks, and their metasomatic alterations
(sericitization, chloritization, and epidotization).

All rocks of the region underwent regional metamorphism of greenschist facies. Com-
monly developed are hydrothermal quartz, sulfide—quartz, quartz—carbonate, quartz—
chlorite, quartz-tremolite, and quartz—epidote veins and veinlets, mostly filling NE-trending
cracks, oriented in conformity with the schistosity of the rocks. The veins have a lenticular,
slab-shaped form with a thickness that varies from a few centimeters to 20-30 cm. Thus,
lode gold mineralization, barren quartz veins, and veinlet-disseminated mineralization in
the host rocks are present in the area.

2.2. Ore Deposit Geology

All of the examined gold ore occurrences in the Manitanyrd region are located
within the 4-5 km-wide northeast-trending Niyayu ore zone, extending for approximately
25 km [19]. Here, Niyahoyskoye-1 and -2, Yagodnoye, Verkhneniyayuskoye-1 and -2,
and Verkhnelekeletskoye gold occurrences are positioned from northeast to southwest
(Figure 1).

2.2.1. Verkhneniyayuskoye-2 Deposit

The Verkhneniyayuskoye-2 deposit is located in the central part of the Manitanyrd
region and the Niyayu ore zone (Figure 1). Within the deposit area, effusive rocks have
been found that have the principal composition of the Bedamel series—their tuffs, tuff
sandstones, tuff siltstones, and orthoschists [21,26]. Four ore zones stand out in the de-
posit: Southern, Intermediate, Northern, and Polar, that are northeasterly elongated for
1200 m [19,21,22,27]. The ore zones are 4 to 6 m wide and are traceable downward to
a depth of 240 m. The ore zones contain veins and veinlets of sulfide-quartz, quartz,
and quartz—chlorite compositions. Quartz veins with sulfide mineralization incorpo-
rate lenses of massive sulfide ores with the highest gold content. The thickness of the
ore veins is up to 0.2-0.5 m, while that of the veinlets is 4-5 cm. There are distinct
boundaries between the veins and host rocks. In selvages, there are traces of slipping,
with the intra-ore layers being schistosed and mylonitized. All of the veins are cata-
clased and often transformed into breccia. The ore bodies are oriented according to the
schistosity of the rocks, which have a NE trend (35-50°) and a SE dip at 60-70° [21,26].
In terms of their mineral composition, the ores are classified as arsenopyrite + pyrite,
pyrite + sphalerite + arsenopyrite, and sphalerite + arsenopyrite. In the upper part of the
deposit, the ores are considerably oxidized.

All other ore occurrences (Niyahoyskoye-1, Niyahoyskoye-2, Yagodnoye, and
Verkhneniyayuskoye-1) are confined to the posterior deposits of the Enganepe suite of the
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Late Vendian—Early Cambrian; tuff stones, tuff schists, and albite—sericite schists with rare
interlayers of basic effusive rocks. Inherent in them is the development of gold-bearing
vein zones and veinlet-disseminated sulfide mineralization in the host rocks.

2.2.2. Verkhneniyayuskoye-1 Occurrence

The Verkhneniyayuskoye-1 occurrence is 1.6 km northeast of the Verkhneniyayuskoye-
2 deposit. The ore zone is northeasterly elongated as a narrow strip for 1.4 km. The ore
mineralization is confined to zones of intense schistose rocks. The thickness of the veinlets
varies from several millimeters to 10-15 cm. They occur as an echelon, in accordance with
the host rocks, and form zones that are 2-3 m and, rarely, 8-10 m long. Mineralization
has been traced by wells to a depth of 32 m. The ore veinlets have a NNE strike (15-20°)
and a SE dip at 60-70° [21,26]. The ores in the upper part of the occurrence are also
considerably oxidized. In addition to sulfide and quartz—sulfide veinlets, quartz and
quartz—carbonate barren veins also occur conformably with the host rocks and are well
represented throughout the ore occurrence.

2.2.3. Niyahoyskoye-2 Occurrence

The Niyahoyskoye-2 ore occurrence is located in the north-northeastern part of the
Niyayu ore zone (Figure 1). It contains a stripe of mineralized rocks, extending along a
NNE strike fault (20-30°) with a SE dip at 50-70°, and is confined to its lower plate near
the eastern contact of the dike of dolerites [28]. The ore mineralization is penetrated by up
to 122 m-deep wells and has been traced at 160 m with a mean thickness of approximately
14 m. The host tuff stones of the Enganepe suite within the ore zone are strongly cataclased
and schistosed, with the hydrothermal alteration involving pyritization, silicification,
chloritization, sericitization, and carbonatization. The ore mineralization is represented
by quartz—sulfide and sulfide veins and veinlets, oriented according to the schistosity
of the rocks. The length of the veins and veinlets reaches 1-3 m, with a thickness that
varies from 1 to 30 cm. The ores are pyrite + arsenopyrite. There are also barren quartz,
quartz—chlorite, and quartz—carbonate veins and veinlets. A feature of the occurrence
is the wide development, along with lode ore veins, of the veinlets and disseminated
gold-bearing mineralization.

2.2.4. Niyahoyskoye-1 Occurrence

The Niyahoyskoye-1 ore occurrence is positioned northeast of the Niyahoyskoye-2
occurrence. The ore mineralization is confined to the sites with the most intense deformities
and schist formation in the fault zone and is controlled by a system of fine cracks. The host
rocks, i.e., deposits of the Enganepe suite and dikes of gabbro—dolerites, are schistosity,
and their hydrothermal alterations include silicification, carbonatization, sericitization, and
chloritization. The gold-bearing veins are quartz—pyrite-arsenopyrite, which is concordant
with the host rocks and cutting them. Barren quartz, quartz—chlorite, and quartz—epidote
veins are well represented.

2.2.5. Verkhnelekeletskoye Occurrence

The Verkhnelekeletskoye ore occurrence is located in the SE part of the Niyayu ore
zone (Figure 1). The ore occurrence is in the margin part of the dolerite dike of the
Lekvozhsky complex and is 4-6 m thick. The ore zone constitutes a stripe of metasomatites
of variable thickness (0.5-2 m) parallel to the dike contact, with disseminated sulfide
mineralization, a lenticular quartz vein, and numerous veinlets, also containing sulfide
(gold + arsenopyrite + pyrite) mineralization. The quartz vein has a maximum thickness
of 40 cm and a length of approximately 5 m [29].

2.2.6. Yagodnoye Occurrence

The Yagodnoye ore occurrence is positioned in the northeastern part of the Niyayu
ore zone between the Verkhneniyayuskoye-1 and Niyahoyskoye-2 occurrences (Figure 1).
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It constitutes a mineralized zone of schistosed, cataclased, and hydrothermally altered tuff
stones and tuff siltstones extended along a NE-trending fault. On the surface, the zone
thickness is approximately 20 m, increasing to a depth of 30 m. The ore mineralization
is mostly represented by disseminated pyrite with a content that is no more than 1%.
Single gold-bearing quartz-arsenopyrite veins (2-30 cm thick) have been identified. Quartz,
quartz—carbonate, and epidote—quartz veins and veinlets with disseminated sulfides (pyrite,
chalcopyrite, pyrrhotite, and, rarely, galena) are represented more extensively. Free native
gold has been found in the mineralized zone rocks.

3. Materials and Methods
3.1. Sampling

This research study employed 150 specimens of rock, ore, and vein quartz collected
in the course of field works from 1982 to 2009 in the Manitanyrd region, in the gold ore
occurrences Verkhneniyayuskoye-1 (10), Verkhneniyayuskoye-2 (50), Niyahoyskoye-1 (10),
Niyahoyskoye-2 (30), Yagodnoye (30), and Verkhnelekeletskoye (20). To examine the
mineral composition of the ores and the chemical composition of the minerals, 2—4 polished
sections, each from the most representative specimens, were used. A total of 60 polished
sections were analyzed. Pure free gold separates were handpicked under a binocular
microscope after crushing, followed by magnetic and heavy liquid separation. Then, 15 ore
specimens from various ore occurrences were selected to determine the isotope composition
of sulfur. Pure sulfide separates were handpicked under a binocular microscope after
crushing, followed by magnetic and heavy liquid separation. These separates were then
ground to an approximate 200 mesh in an agate mortar. To study the fluid inclusions,
double-polished plates were made from the quartz specimens. More than 20 crystal plates
were analyzed.

3.2. Methods

Most of the analytical studies were carried out in the Institute of Geology, Komi
Research Center, Ural Branch of Russian Academy of Sciences (Syktyvkar, Russia), Centre of
Isotope Studies of the All-Russian Geological Research Institute (Saint Petersburg, Russia),
the Laboratory of Stable Isotopes of the Research Equipment Sharing Centre of the Far
East Geological Institute of the Far-Eastern Division of Russian Academy of Sciences
(Vladivostok, Russia), and, in part, the Institute of Geology and Mineralogy of the Siberian
Branch of Russian Academy of Sciences (Novosibirsk, Russia).

The composition of the native gold and ore minerals in the polished sections and in
the individual grains was studied using a JSM-6400 scanning electron microscope (JEOL
Ltd., Tokyo, Japan) with a Microspec wave spectrometer, model WDX-400 (City, Microspec
Corporation, Fremont, CA, USA), and a Link energy-dispersive spectrometer with the ISIS
analysis program. The analytical conditions were as follows: accelerating voltage 20 kV,
beam current 30 nA, beam diameter 2 um, and live spectra acquisition time 30 s. The
following X-ray lines were selected: Ka for Fe, Cu, Zn, As, and S; La for Ag; Ma for Pb,
Bi, Au, Sb, and Hg. Pure metals (Fe, Cu, Zn, Ag, Au, Pb, Bi, and Sb) were used as the
standards: FeS; for Fe, PbS for S, InAs for As, and CdHgTe for Hg. The detection limits
(wt.%) were: 0.1 Fe, 0.15 Cu, 0.25 Ag, Sb, 0.3 As, 0.6 Au, and 0.8 Hg. Part of the chemical
analyses of the simple sulfides was performed on a Tescan Vega 3LMN scanning electron
microscope (Tescan, Czech Republic) with an X-Max 50 energy dispersive spectrometer
(Oxford Instruments, Oxford, UK). The following parameters were used: accelerating
voltage 20 kV, beam current 15 nA, beam diameter up to 1 pum, and time to register the
spectra of 600,000 counts. The following X-ray lines were selected: K« for Fe, Cu, Zn, and
S; La for Ag, Sb, and As; M« for Pb, Au, Bi, and Hg. Determination error (wt.%): 0.15 Fe,
0.22 As,0.14 S, 0.29 Cu, 0.69 Pb, 0.51 Bi, 0.2 Sb, 0.5 Au, 0.38 Ag, 0.43 Hg, and 0.2 Zn. Pure
metals for Fe, Cu, Zn, Ag, Au, Pb, Bi, and Sb were used as the standards: FeS; for Fe and S;
PbTe for Pb; InAs for As; HgTe for Hg. The compositions of the fine gold particles (<10 um)
and sulfide microinclusions in pyrite and arsenopyrite were determined with a 190 nm
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point probe, but the size of the generation region of the X-ray emission in gold and sulfides
with an electron beam energy 20 kV was up to 1 um. Therefore, these analyses cannot be
considered quantitative if the minimum size of the object under study is approximately
1 um. Scanning electron microscopy was used to determine the textural and structural
characteristics of the ores and the morphology of the minerals, with the resulting images in
back-scattered electrons (BSEs).

The fluid inclusions in the quartz were studied in polished plates with a thickness of
200-300 pm. Homogenization and cryometry of the inclusions were partially carried out in
a Linkam THMSG 600 thermal cryo-chamber mounted on an Olympus BX51 microscope
(Institute of Geology and Mineralogy, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk), with the precision of the measurements being +1 °C during heating and
£0.2 °C during freezing using a measurement range from —196 to 600 °C. Homogenization
of the inclusions was also carried out on a commercial UMTK-3 setup mounted on an
Amplival microscope (Carl Zeiss Jena, Germany) with a long-focus objective of 50x/0.50 BD
(Institute of Geology, Komi Research Center, Ural Branch, Russian Academy of Sciences,
Syktyvkar), a measurement error of 2 °C, and a range of measurements from room
temperature to 600 °C. The salt composition of the fluids in the inclusions was defined
by the eutectic temperature of the liquid phase [30]. The salinity of the solutions in the
inclusions was measured by the ice melting temperature [31]. The study of fluid inclusions
and the interpretation of the obtained data were carried out on the basis of the criteria
proposed by Roedder [32].

Isotope analysis of the sulfur in the sulfides was conducted on a Finnigan MAT
253 isotope mass spectrometer (ThermoFinnigan, Bremen, Germany) using the double-
puffing system according to Grinenko’s methodology [33]. The sulfur isotope ratio is
reported as the permil (%) deviations of the international VCDT standard. The monomin-
eral specimens of sulfides weighing 10 mg were analyzed. The accuracy of §*S (20)
was 30.20%o.

4. Results
4.1. Mineral Composition of the Ores

The Niyayu ore zone (Figure 1) extends from the northeast to the southwest. In terms of
structure, this is a zone of contiguous tectonic disturbances with a north-northeastern strike,
characterized by excessive fracturing of the rocks, broadly developed zones of schistose
and crushing rocks, and metasomatic alterations (chloritization, epidotization, silicification,
and pyritization). All of the major gold occurrences are located within the Niyayu ore
zone [19]. Gold-sulfide, gold—sulfide—quartz vein, and vein-disseminated mineralization
are located in the pre-Ordovician volcanogenic and volcanogenic sedimentary rocks and
are controlled by faults.

The small-scale Verkhneniyayuskoye-2 deposit and gold Niyahoyskoye-2 and Verkhnelekelet-
skoye occurrences are the most thoroughly studied. Mineralogical-geochemical and isotope-
geochemical surveys have been undertaken in the Verkhneniyayuskoye-1, Niyahoyskoye-1,
and Yagodnoye ore occurrences.

Verkhneniyayuskoye-2 deposit. Based on mineral composition, the Verkhneniyayuskoye-2
deposit ores were mostly arsenopyrite—pyrite. The textures of the ores were massive and
banded (Figure 2a), disseminated, veinlet-disseminated, and taxitic. The content of the sul-
fides in the ore veins reached 50%. Along with pyrite and arsenopyrite, the ores contained
pyrrhotite, pentlandite, sphalerite, galena, chalcopyrite, tetrahedrite and tennantite, cuban-
ite, sternbergite, freibergite, aurostibite, electrum, kustelite, native bismuth, and minor
supergene minerals (chalcocite, covellite, goethite, limonite, scorodite, and cerussite) [22].

Pyrite was represented by cubic, pyritohedron-shaped, 1.5-2 mm-sized grains or
crystals. Arsenopyrite was seen in up to 0.5 mm- and, in certain cases, 2 mm-sized
individuals with columnar, short-columnar, or complex shapes. Arsenic (up to 3.3 wt.%) in
pyrite and antimony (up to 3.2 wt.%) in arsenopyrite were sometimes found as impurities.
Grains and aggregates of arsenopyrite and pyrite were quite often strongly cataclased, with
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inclusions of chalcopyrite, galena, sphalerite, and other sulfides, often confined to the cracks
(Figure 2). Very typical was the replacement of pyrite with iron hydroxides and arsenopyrite
with scorodite. Chalcopyrite, sphalerite, and galena were rather common; however, their
content in the ores was lower than that of pyrite and arsenopyrite. Silver (up to 1.5 wt.%),
bismuth, and thorium were sometimes found in small amounts in galena. Pyrrhotite,
tetrahedrite, and tennantite were rarely observed. The tetrahedrite contained silver, whose
content could be rather high (up to 15.4 wt.%), corresponding to the independent mineral
phase freibergite.

a

Figure 2. (a) Photo of the representative ore hand specimen Verkhneniyayuskoye-2 occurrence;
(b) submicron inclusions of native gold in arsenopyrite; (c) native gold and sphalerite, developed
along the cracks in arsenopyrite; (d) native gold and galena in pyrite; (e) native gold in chal-
copyrite; (f) chalcopyrite, galena, and native gold, developed along the cracks in arsenopyrite;
(g) aurostibite intergrown with native gold in arsenopyrite; (h) relationship between native bismuth
and galena and sphalerite; (i) microinclusion of sulfosalt in pyrite. BSE images. Acronyms for
minerals: Apy, arsenopyrite; Py, pyrite; Ccp, chalcopyrite; Sp, sphalerite; Gn, galena; Aur, aurostibite;
Bis, native bismuth.

Free gold was extracted by crushing the entire samples taken from sulfide-enriched
sections of the veins and host rock. This native gold was predominantly small (less than
0.2 mm), though sometimes particles of up to 2-7 mm in diameter were found. The gold
particles had a complex shape and were a yellow, greenish-yellow, or reddish-yellow color.

In the polished sections, gold could be seen as the smallest isolated isometric in-
clusions in arsenopyrite (Figure 2b), pyrite, and, rarely, chalcopyrite (Figure 2e). Such
particles of gold were 1-5 pm in size. At the same time, of note were relatively large (up
to 10-50 um) particles with an elongated, irregular shape of late generation, located in
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the pyrite and arsenopyrite microcracks, often together with chalcopyrite, galena, and
sphalerite (Figure 2c,d,f).

From the microprobe analysis results, Ag was the principal impurity in the native gold,
with Hg observed. Submicron particles of gold, inherent in pyrite and arsenopyrite, usually
have 8-10 wt.%, although sometimes 15-20 wt.%, of Ag (Table 1). The Ag content was
generally higher in the native gold and was confined to the microcracks in the arsenopyrite
and pyrite grains, being associated with galena, chalcopyrite, and sphalerite (Table 1).
Occasionally, grains occurred, comprising more Ag than Au of up to 61 wt.%. Almost
without exception, the native gold contained up to 3.6 wt.% of Hg. Cu impurity was
observed rarely and in small amounts. The Ag content and other impurities within the
gold particles varied to one extent or another. Sometimes, rims were noted with a relatively
high content of Ag.

Table 1. Chemical composition of gold from the Verkhneniayuskoye-2 gold deposit (wt.%).

nglilsrl::lo. Gold Grain No. Au Ag Hg Total Fineness, %o
Submicron gold inclusions in pyrite and arsenopyrite (gold I)
1 7717 10.53 0.00 87.70 880
2012-6 2 90.55 9.54 0.00 100.09 905
3 80.42 18.79 0.00 99.21 811
1 89.01 7.86 0.00 96.87 919
2012-15 2 75.01 20.76 0.00 95.77 783
3 77.87 8.24 0.00 86.11 904
1 86.37 9.48 0.00 95.85 901
2012-17 2 86.45 9.77 0.00 96.22 898
3 86.06 9.65 0.00 95.71 899
1 82.03 9.33 0.00 91.36 898
2013-1 2 89.45 9.11 0.00 98.56 908
3 87.23 9.01 0.00 96.24 906
1 94.15 5.97 0.00 100.12 940
2013-2a 2 9052 604 000 9656 937
2013-4 1 81.33 17.65 0.00 98.98 822
Gold in association with chalcopyrite, galena, and sphalerite (gold II)
1 30.74 59.42 2.05 92.21 333
20125 2 2903 6095 239 9237 314
2012-8 1 51.83 38.71 0.81 91.35 567
2012-6 1 40.48 48.65 0.00 89.13 454
1 58.97 35.85 0.00 94.82 622
2012-15 2 86.12 10.14 0.00 96.26 895
3 84.15 14.3 0.00 98.45 855
1 57.22 39.28 091 97.41 587
2012-17 2 5715 3793 143 9651 592
1 65.29 6.87 0.00 72.16 905
2013-1 2 634 359 172 10102 628
2013-2a 1 65.78 32.62 1.74 100.16 657
2013-4 1 66.77 27.21 1.21 95.19 701

A specific feature of the ores from this deposit was the presence of bismuth minerals
and silver fahlores.

Niyahoyskoye-2 ore occurrence. In terms of mineral composition, the ores were sub-
stantially arsenopyrite with a subordinate amount of pyrite. The ores were massive and
banded (Figure 3a). Their structures were small- and medium-grained with course-grained
plots. The sulfide content reached 70% in the ore veins and veinlets, and 1%-2% in the host
rocks. In the near-surface zone, the ores were considerably oxidized.

It has been established that there was chalcopyrite, sphalerite, galena, tetrahedrite,
aikinite, native bismuth, and supergene minerals—covellite, scorodite, and oxysulfosalts
of lead with bismuth—in the composition of the ores, in association with arsenopyrite
and pyrite [29]. Arsenopyrite formed continuous granular masses. Individual grains
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were elongated columnar or relatively isometric in shape. Most of the arsenopyrite grains
were crushed due to cataclasis, with the formation of numerous small cracks across which
scorodite had developed (Figure 3c). Pyrite occurred in a subordinate amount, distributed
unevenly and forming single disseminations or accumulations of various shapes and sizes
in the bulk of the arsenopyrite. Pyrite was represented by crystals of cubic or cuboctahedral
shape (Figure 3b) or subhedral grains (Figure 3d,e). It often contained impurities of arsenic
(up to 1.46 wt.% As). Pyrite and arsenopyrite often contained microinclusions of sphalerite,
galena, tetrahedrite, and gold (Figure 3b,c). Chalcopyrite and tetrahedrite formed relatively
large xenomorphic segregations of elongated or close-to-isometric shapes (Figure 3d).
Sphalerite and galena occurred rarely, found only as microinclusions in arsenopyrite (or
scorodite), pyrite, and quartz.

Figure 3. (a) Photo of the representative ore hand specimen Niyahoyskoye-2 occurrence. Mineral
assemblages: (b) crystal of As—pyrite with inclusions of gold and sphalerite; (c) galena, gold, and
tetrahedrite in arsenopyrite; (d) gold in association with tetrahedrite; (e) association between gold and
pyrite, arsenopyrite, scorodite, and oxysulfosalts Pb and Bi; (f) inclusion of sulfosalt in arsenopyrite.
BSE images. Acronyms for minerals: Apy, arsenopyrite; Py, pyrite; Ttr, tetrahedrite; Sp, sphalerite;
Gn, galena; Sk, scorodite; Kov, covellite; SIf, sulfosalt; Au, native gold.

In close association with sulfides, few, usually 6-200 pm-sized elongated occurrences
were rarely found in quartz, close in chemical composition to the sulfosalts of lead and
copper with bismuth and antimony [29]. The analyzed occurrences of the sulfosalts had
a variable composition with considerable variations in the content of principal elements.
Inclusions of sulfosalts (2-10 um in size) were often found in arsenopyrite and pyrite,
forming isometric or elongated, single (Figure 3f), or grouped (cloud-like) occurrences.
Due to the small sizes of the inclusions and a strong effect of the matrix of the host mineral
(arsenopyrite or pyrite), it was difficult to precisely identify sulfosalts, though they were
diagnosed by the set of elements (Pb, Cu, Bi, Sb, and S).

Free gold was found in the intergrowths with arsenopyrite and other sulfides (Figure 3d,e),
often observed in the form of microinclusions in pyrite and arsenopyrite (Figure 3b,c). In
terms of particle size distribution, the particles mostly qualified as finely dispersed and
dust-like (0.001-0.05 mm) or extra fine and fine (0.05-1.00 mm). Medium-grained gold of
up to 1.5 mm in size also occurred. The gold particles were plate-like, scaly, lumpy-shaped
dendritoids, and also partially faceted crystals were found.
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Ag and Hg were the major impurities in the gold. The Ag content varied from
7.11 to 22.61 wt.%. Hg was not always observed; its content amounted to 1.23-8 wt.%. The
fineness of the gold varied from 643 %o to 898 %o (Table 2). Medium fineness gold prevailed.
Analyzing the surface composition of the gold grains demonstrated that most of them had
rims with a lower fineness (700%0—-800%o), typical of ore gold. At the same time, some of
the gold grains had rims with a high fineness (approximately 990%o), indicative of the effect
of supergene processes.

Table 2. Chemical composition of the native gold from the Niyahoyskoye-2 occurrence (wt.%).

Sfftlil;}\lzlo. Gold Grain No. Au Ag Hg Total Fineness, %o
Submicron gold inclusions in pyrite and arsenopyrite (gold I)

65.67 22.23 8.00 102.20 643
Bez-3-14 1 67.79 22.61 1.72 98.48 688
2 64.88 22.16 3.29 97.15 668
1 82.43 11.69 1.27 99.97 825
Bez-3-17 2 8974 1024 0 99.98 898
1 85.10 14.95 0 100.05 847
313701 2 8440 1553 0 99.93 845
Gold in association with arsenopyrite, pyrite, chalcopyrite, and tetrahedrite (gold II)
19001-3 1 81.64 14.67 0 96.31 841
1 75.59 17.37 4.28 97.24 777
190015 2 7495 1784 156 9435 794
1 72.99 18.78 2.25 94.02 776
19001-6 2 8355 1330 0 96.85 863
19001-7 1 84.10 14.60 0 98.70 852
1 80.50 18.91 0 99.41 810
19001-8 2 77.49 18.15 7.31 102.95 752
3 76.57 18.45 191 96.93 790
1 84.62 13.46 0 98.08 863
19001-9 2 80.52 14.08 7.62 102.22 788
3 81.93 14.08 5.76 101.77 805
1 83.24 16.36 0.83 100.43 829
2 83.83 15.76 0 99.59 842
313503 8450 1522 0 99.72 847
3 83.63 15.03 1.13 99.79 838
1 82.57 15.79 1.45 99.81 827
313504 2 81.30 16.72 1.38 99.0 818
3 83.90 15.22 0 99.12 846

Verkhnelekeletskoye ore occurrence. Based on mineral composition, the ores were es-
sentially pyritic with a subordinate amount of arsenopyrite (Figure 4a). Sphalerite was the
principal minor mineral (Figure 4b). Gold was found as submicron inclusions in pyrite, and
less frequently in arsenopyrite (Figure 4c). Galena and chalcopyrite occurred only as mi-
croinclusions in pyrite and arsenopyrite (Figure 4d). Moreover, tetrahedrite and sulfosalt oc-
curred as microinclusions (Figure 4e,f). Native gold was medium in fineness (816 %0—847 %o),
with silver as the major impurity (Table 3). Thus, a galena + chalcopyrite + sphalerite
association was weakly manifested, and, in addition to sphalerite, was represented by
micromineralization in pyrite and/or arsenopyrite [29].

Yagodnoye ore occurrence. This occurrence has been poorly studied in the past.
Herein, pyrite was shown to be the major ore mineral. Its content in mineralized rocks
was not more than 1%-2%. In a few ore veinlets, chalcopyrite, galena, and sphalerite were
observed. Free native gold was identified at the ore occurrence, which was extracted from
the host rocks and fully disintegrated into a clayish-micaceous mass. The gold grains were
0.1-0.25 mm-sized. The gold was of ore facies, crystallomorphic and complex in shape
(Figure 5a,b). The fineness of the gold was 700 %0—800%., with Ag being the major impurity
(Table 4). Microinclusions of gold in association with chalcopyrite were found in pyrite
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(Figure 5c). Due to the small sizes, it was difficult to identify the gold composition since
the analysis results always incorporated the matrix elements (Fe and S). The computed
fineness of the gold was 800 %0—900 %o.

Figure 4. (a) Photo of the representative ore hand specimen Verkhnelekeletskoye occurrence.
(b) Structure of the ore and major mineral assemblages; (c) submicron gold inclusions in pyrite;
(d) microinclusions of galena and chalcopyrite in pyrite; (e) inclusion of tetrahedrite in sphalerite;
(f) submicron inclusions of sulfosalt and galena in arsenopyrite. BSE images. Acronyms for minerals:
Qz, quartz; Apy, arsenopyrite; Py, pyrite; Sp, sphalerite; Gn, galena; Ccp, chalcopyrite; Slf, sulfosalt;
Au, native gold.

Table 3. Chemical composition of the native gold from the Verkhnelekeletskoye occurrence (wt.%).

Section No. Grain No. Au Ag Hg Total Fineness, %o
Submicron gold inclusions in pyrite and arsenopyrite (gold I)
LK-2 1 81.81 18.21 0 100.03 818
LKA 1 84.66 15.35 0 100.01 845
) 2 81.54 18.34 0 99.88 816

Figure 5. Photos showing the morphology of the free gold from the mineralized zone of the Yago