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Preface

This Special Issue reprint includes one review and fifteen research articles. The review by
Palyanova et al. (2023) summarized the available information on the palladian gold and proposed
classifying the types of deposits based on the fineness, content, and set of impurities in palladian
gold and minerals intergrown with it. Fifteen articles focused on the typomorphic features of native
gold from gold deposits in Russia, India, Chile, Scotland, and Canada. This Special Issue aims to
identify and generalize the reasons for variations in the compositions of native gold. I hope all the
articles in this Special Issue will be helpful and valuable resources for anyone who is interested in
native gold and gold deposits. I thank the Authors and Reviewers for their efforts and contributions.
I am also grateful to the Editor-in-Chief, Editors and Assistant Editors of Minerals for their help.

Galina Palyanova
Editor
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Native gold is the most common and significant industrial gold mineral. Pure native
gold without impurities is rare. The main impurity in native gold is silver, which forms a
continuous solid solution characterized by fineness from 0 to 1000%.. At some deposits, the
fineness of native gold is high and varies over a narrow range, whereas at others, it is low
and covers a wide range of values. Cu, Hg, and Pd concentrations vary from trace to high
in native gold. These metals form solid solutions with gold (Au,Hg; Au,Pd) or intermetallic
compounds (AuCu, CuzAu). Other elements, including Pt, Rh, Ir, Fe, As, Sb, S, Se, Te,
Bi, Ti, Cr, Ni, Co, Mn, W, Sn, U, Th, and He, and rare earth, alkaline, and alkaline earth
elements are less common and, when detectable, occur in minor amounts (between 1 and
0.01%) in native gold. The chemical composition of native gold is one of the most important
typomorphic features, allowing experts to predict possible original sources of metal for
placers. The quantity of impurities in native gold varies drastically between different types
of deposits and primarily depends on the physicochemical conditions of formation and
the metallogenic features of gold-bearing provinces. The concentration levels and ratios of
various elements in gold grains can provide a geochemical history of ore-forming events.
In recent years, special attention has been paid to studying mineral inclusions in native
gold and matrix minerals since they are critical informative features. Minerals intergrown
with native gold can be the best parameter to identify different styles of mineralization.

This Special Issue is a continuation of three previous Special Issues [1-3]. It includes
16 articles focused on the typomorphic features of native gold from gold deposits in Russia,
India, Chile, Scotland, and Canada. This Special Issue aims to identify and generalize the
reasons for variations in the compositions of native gold.

The paper by Savva et al. [4] contains the results of a detailed comparative description
of the typomorphic features of native gold from 14 gold deposits in the northeast of Russia.
These gold deposits are grouped as follows: gold—arsenic-sulfide disseminations in black
shale strata (Natalka, Degdekan, Karalveem, Maldyak), gold—quartz veins in granitoids
(Dorozhnoye, Butarnoye, Shkolnoye, Maltan), and epithermal gold—silver adularia in
volcanogenic strata (Kupol, Olcha, Kubaka, Burgali, Primorskoe, Dalnee). The typomorphic
features of native gold, such as the content of impurities, variations in fineness, internal
structure, and mineral associations, are reliable indicators for identifying the three different
settings of gold deposits.

In the article by Anand and coauthors [5], the petrography, mineral chemistry, fluid in-
clusion, and sulfur isotopic compositions of gold mineralization associated with magnetite
and apatite were used to understand the possible source of ore-bearing fluids. The authors
conclude that this deposit can be classified as an iron—copper—gold oxide (IOCG) and iron
oxide-apatite (IOA) type of deposit.

The paper by Fridovsky et al. [6] studied five orogenic gold deposits (Malo-Taryn, Bad-
ran, Khangalas, V'yun, and Shumniy) in the central sector of the Yana-Kolyma metallogenic
belt in northeast Russia. The native gold in quartz veins has a fineness of 800-900%., and
“invisible” gold is disseminated in arsenian pyrite-3 and arsenopyrite-1 in the ore zones
of these deposits. They report new data on the microtextures, chemical composition, and
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stable sulfur isotopes of auriferous pyrite-3 and arsenopyrite-1 from proximal alterations in
sediment-hosted (Malo-Taryn, Badran, Khangalas) and intrusion-hosted (V’yun, Shumniy)
orogenic Au deposits. The analytical results indicate that subcrustal and metamorphic sys-
tems in the Late-Jurassic-to-Early Cretaceous Verkhoyansk-Kolyma orogeny were, probably,
the primary source of S and Au and mineralizing fluids.

Mayorova et al. [7] investigated the typomorphic features of native gold from gold—
sulfide—quartz and gold-arsenic—sulfide ore occurrences in the Manitanyrd region of the
Polar Urals, Russia. These occurrences are localized in volcanogenic and volcanogenic-
sedimentary Precambrian rocks. The isotope composition of sulfur in sulfides indicates a
single deep magmatic source of sulfur in ore formation. The similarity of the geological—-
structural, mineralogical-geochemical, and isotope—geochemical features of the gold—
sulfide—quartz and gold-arsenic—sulfide occurrences suggests their formation in a single
hydrothermal system.

Kondratieva and coauthors [8] studied the typomorphism of native gold in the Aldan-
Stanovoya gold-bearing province, Aldan Shield, Russia. Denudation processes and gold
placer formations affected the morphological and geochemical properties of primary ores’
native gold and eluvial deposits’ supergene gold in this area.

Murzin and coauthors [9] investigated the mineralogy and sulfur isotope geochemistry
in sulfides from one Au-PGE deposit, Ozernoe, at the Dzelyatyshor wehrlite-pyroxenite
massif, Polar Urals, Russia. They concluded that the variations of sulfur isotopic composi-
tion in pyrite, chalcopyrite, and bornite indicated that a deep-seated magmatic basic melt
was the source of the ore-forming fluid, ore components, and sulfur during Au-Pd ore
formation.

Palyanova et al. [10] studied the composition and structure of uncommon Pd,Hg-
rich placer gold from watercourses draining the Itchayvayam mafic-ultramafic complex,
Kamchatka, Russia. Their paper contains a review and a considerable amount of data on
the composition of minerals in the Au-Pd-Hg system and the formation conditions of
the Pd,Hg-bearing gold and Au-bearing potarite in other regions across the world. These
authors discussed the genesis of Pd,Hg-rich gold and concluded that meteoric waters or
low-temperature hydrotherms rich in Pd and Hg could lead to replacing Pd,Hg-poor gold
with Pd,Hg-rich gold.

The review by Palyanova et al. [11] summarized the available information on the
palladian gold of several compositions and types of isomorphic impurities (Ag, Cu, Hg).
The authors concluded that palladian gold more frequently corresponds to the Au-Pd-Ag,
Au-Pd-Ag—Cu and Au-Pd-Ag-Cu-Hg systems and less often to Au-Pd, Au-Pd-Hg, Au-
Pd—Cu, Au-Pd-Ag-Hg. They also concluded that palladian gold belongs with deposits
where the main components of ores are PGE, Cr, Cu, Ni, V, and Ti. They propose classifying
the types of deposits based on the fineness, content, and set of impurities in palladian gold
and minerals intergrown with it.

Several articles focus on the typomorphic features and sources of native gold placer
deposits [12-19]. Becerra et al. [12] studied the morphology, composition, and mineral
inclusions in native gold from terraced placers in the Pureo Area (Southern Chile). The
authors suggest two possible primary sources of the placer gold: Paleozoic-Triassic meta-
morphic rocks or hydrothermal deposits associated with Cenozoic intrusive activity. Their
results have implications for exploring new placer deposits and gold-bearing hypogene
deposits of the southern Chile Coastal Cordillera.

Nikiforova [13] studied the internal structures, chemical composition, and microin-
clusions of placer gold from the southeast Siberian platform in great detail. The author
documented two stages of ore formation: the first in the Precambrian and the second in the
Mesozoic. The internal structures typical of endogenous and exogenous conditions can be
used for forecasting ore sources and types of gold deposits of the Siberian platform.

Lalomov and coauthors [14] studied the transformation of placer gold from the Sykhoi
Log placer deposits in the Bodaibo gold-bearing district, Siberia, Russia. Weathering crusts
developed along the zones of disjunctive dislocations near the Sukhoi Log gold deposit.
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The morphology, chemical signatures, structure, and inclusions of placer gold from four
different locations led to the conclusion that weathering rims develop mainly from chemical
reactions with infiltrating fluid.

The article by Zmodik and coauthors [15] studied the morphology, composition, in-
tergrowths, and microinclusions of native gold from the alluvial deposits of the Kamenny
stream Ozerninsky area, Western Transbaikalia, Russia. The Kamenny placer is of partic-
ular interest due to finding gold—brannerite nuggets, unique both in size and in weight
(from 1-2 g to 200 g), of various microtextures, and with mineralogical and geochemical
features. The nuggets also contain hematite (magnetite), W-bearing rutile, barite, less
often muscovite, quartz, siderite, goethite, nano- and micro-inclusions of uraninite, native
Pb or Pb oxide, petzite, tellurobismuthite, altaite, and single grains of chalcopyrite. Four
types of placer gold were documented, and possible primary sources were postulated.

Okrugin and Gerasimov [16] studied palladian gold and platinum minerals in placers
of diamonds and precious metals, widespread in the Anabar River basin on the northeastern
part of the Siberian Platform, Russia. The composition of palladian gold, ferroan platinum,
and other associated minerals and their microstructural relationships indicate a paragenetic
connection between native gold and platinum group minerals. The authors conclude that
the primary sources of the placers of the Anabar River basin are alkaline-ultrabasic massifs
and carbonatites.

The paper by Gerasimov [17] focuses on the typomorphism of native gold from two
modern placer occurrences, “Billyah” and “Nebaibyt”, in the Anabar Region northeast of
the Siberian platform, Russia. The results of this study indicate that the native gold in these
modern placers comes from two different sources: paleo-placers and nearby “primary” ores.

The paper by Chapman et al. [18] is devoted to the alluvial gold from six localities
south of Loch Tay in central Scotland. The compositional features and inclusions in native
gold were interpreted to represent two broad geographical groupings. This paper demon-
strates that research on gold composition and microinclusions can contribute to exploration
campaigns.

Chapman et al. [19] reported the results of studying detrital gold from 160 localities
of nine different deposit types in British Columbia. They documented that different
deposits have specific compositional characteristics of native gold and specific suites of
mineral inclusions. Their data demonstrate that mineral inclusion assemblages in gold
particles provide far more information than the fineness of native gold. The authors
developed compositional templates for identifying diagnostic signatures of native gold
from different types of deposits, including orogenic, low-sulfidation epithermal, and alkalic
porphyry settings.

A new Special Issue of Minerals, “Native Gold as a Specific Indicator Mineral for Gold
Deposits, volume 2” [20], is planned. Three previous Special Issues [1-3] were printed
as books [21-23]. This new Special Issue aims to further develop effective criteria for
forecasting and searching for gold deposits beyond the scope of this Special Issue.
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Abstract: This study presents the typomorphic features of native gold grains from three different
geological-industrial types (GIT) of gold deposits in the North-East of Russia: (1) gold—-arsenic-sulfide
in black shale strata (Natalka, Degdekan, Karalveem, Maldyak deposits), (2) gold—quartz veins in
granitoids (Dorozhnoye, Butarnoye, Shkolnoye, Maltan deposits), and (3) gold-silver adularia in
volcanogenic strata (Kupol, Olcha, Kubaka, Burgali, Primorskoe, Dalnee deposits). The reliability of
the geological interpretation is directly related to mineral associations, fineness variations, its internal
structure and the content of microimpurities. Native gold is a reliable indicator for identifying
various GIT of gold deposits at the early geological-prospecting stages of studying gold-bearing
areas. Typomorphic features of native gold for each of the considered GIT are stable and do not
depend on the age and scale of mineralization. It is shown that using an integrated approach obtains
genetic information about a particular ore object, which makes it possible to predict the vertical
range of mineralization and outline the technology for processing ores. The information obtained
can also be effectively used in the search for placer deposits in nearby watercourses. Identification of
typomorphic features of ore and placer native gold opens up wide opportunities for delineating the
distribution areas of placer deposits.

Keywords: geological-industrial types; ore formations; typomorphic features of native gold; gold
deposits in the north-east of Russia

1. Introduction

Successful exploration for gold is impossible without scientifically based forecasts,
the reliability of which increases significantly due to the improvement of methods for
integrated study of gold ores and the formation of their industrial grouping on this basis.
Fundamentals of the geological and industrial grouping of mineral deposits were laid
down by [1], who defined the geological-industrial type (GIT) as “a group of geologically
similar deposits that have proven themselves in world and domestic practice as a real
supplier of this type of mineral raw material”. It was V.M. Kreiter who proposed to classify
as industrial such natural geological and mineralogical types of deposits that provide more
than 1% of the world production of a certain mineral type. It should be noted that, due to
the fact that each deposit has some specific features, the unified technological schemes of
concentrating plants at large mines are set up to process ores of one bulk geological and
industrial type with all the range of its mineral varieties [2].

V.M. Kreiter’s followers continued working in this direction [3-8]. They showed
that the geological and industrial grouping of deposits is determined by their geological
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homogeneity and belonging to certain gold formations—groups of deposits with a similar
material composition of ores and genesis. In Northeast Asia, gold deposits are most widely
developed, which are grouped into the following GIT types: gold—arsenic-sulfide in black
shale strata, gold—quartz veins in granitoids, gold—silver adularia in volcanogenic strata [3].
When studying a particular deposit and its geological and industrial typification, it often
turns out that each mineral variety of ores may well be mistaken by researchers for a new
or unconventional GIT. This often occurs on poorly studied fragments of gold deposits, ore
fields and nodes. In this regard, at an early stage of prospecting and exploration, when
predicting the industrial type, an important role belongs to the establishment of a set of
typomorphic features of native gold obtained during its study. To be precise, these features
give contrasting differences for each group of deposits. The methodical manual for the
study of native gold in [9] allows researchers to develop a scientifically based forecast.

The description of the typomorphic features of native gold for each particular gold
deposit makes it possible to obtain genetic information about a particular object. Native
gold, due to chemical resistance, is capable of such information. To date, plenty of factual
material has been obtained on the indicator properties of native gold in the study of ore and
placer deposits for various regions of the world [10-23]. The beginning of a comprehensive
study of this mineral was laid by outstanding works [24,25].

The concept of the typomorphism of minerals was formulated by A.E. Fersman [26]
and developed in the form of the teaching of N.P. Yushkin [27,28]. It is that the mineral
composition and properties contains information about its genetic nature, indicating condi-
tions for the formation of the entire deposit. The authors of the doctrine emphasize that
over the course of geological time, such information may be erased. In this regard, native
gold can be attributed to one of the most stable minerals, preserving genetic information
for a long time due to the ability to resist chemical weathering and the absence of brittle
deformations. Thus, the complexity of constitutional features of native gold (composition,
structure, mineral intergrowths) has excellent indicator qualities.

This study presents a solid dataset of using typomorphism of native gold grains from
various types of gold deposits in northeastern Russia as examples to show the importance
of applying such a concept. This will allow, with a limited amount of material, at an early
prospecting and exploration stage of geological research, to determine the type of deposit,
to predict the vertical range of mineralization and a possible method of processing ores.

2. Regional Geological Setting and GITs of Gold Deposits
2.1. Geological and Structural Position of Northeast Asia

In geological and structural terms, the north-east of Russia is a complex composition
of the Kolyma Chukchi and Primorsky terranes of passive continental margins, island-arc
and oceanic terranes, as well as middle cratons. According to A.I. Khanchuk [29], all layers
of the earth’s interior—from the Precambrian strata to the modern majestic volcanoes of
Kamchatka—are exposed in this region and are available for the most detailed studies. Large
gold deposits in the region are characterized by different tectonomagmatic stages of their
development. The GITs of the deposits considered by us are confined to large structural
elements, including the following: the passive margin of the Siberian craton (deposits of the
Verkhoyansk complex); collisional structures in the zone of the Tenka deep fault with large
zones of tectonomagmatic activation, Omolon cratonic terrane, Kedon—Late Paleozoic and
Okhotsk-Chukotka—Mesozoic marginal-continental volcanic belts (Figure 1).

The article will consider three, contrastingly different, GITs of gold deposits in the
north-east of Russia: (1) gold—arsenic-sulfide in black shale strata (Natalkinskoye, Degdekan,
Maldyak, Karalveem); (2) gold—quartz veins in granitoids (Shkolnoye, Butarnoye, Dorozh-
noye, Maltan), (3) gold-silver adularia in volcanogenic strata (Kubaka, Kupol, Olcha,
Burgali, Primorskoe, Dalnee). Further in the text and captions, the abbreviated names of
these GITs will be used—gold-arsenic-sulfide, gold—quartz veins and gold-silver adularia.
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Figure 1. Location of research objects on a schematic geological and structural map of the north-east
of Russia. The image was constructed by the authors of the present paper using data from [30].
The legend contains the following: 1—Siberian craton; 2—terranes with continental crust of the
Siberian Craton (a—Omolon, b—others); 3, 4—deposits of the passive margin of the Siberian craton:
3—Paleozoic-Mesozoic deposits, 4—Mesozoic deposits; 5—folded cover of the Chukotka;
6—Paleozoic-Mesozoic deposits of the Verkhoyansk complex; 7, Late Mesozoic collisional sutures;
8—Kedon Late Paleozoic continental marginal volcanic belt; 9—Late Jurassic-Early Cretaceous
volcanic belts; 10—Okhotsk-Chukotka Late Cretaceous volcanic belt; 11-13, Koryak-Kamchatka
accretionary belt: 11—Late Jurassic-Early Cretaceous island-arc systems, 12—Late Mesozoic volcanic
belts, 13—Cenozoic volcanic belts; 14—deep faults; 15—the main GITs of gold deposits: a—gold-
arsenic-sulfide in black shale strata (1—Natalka, 2—Degdekan, 3—Maldyak, 4—Karalveem), b—gold—
quartz veins in granitoids (5—Shkolnoye, 6—Butarnoye, 7—Dorozhnoye, 8—Maltan), c—gold-silver
adularia in volcanogenic strata (9—Kubaka, 10—Kupol, 11—Olcha, 12—Burgali, 13—Primorskoe,
14—Dalnee).

2.2. GITs of Gold Deposits
2.2.1. Gold-Arsenic-Sulfide in Black Shale GIT

In genetic terms, these are hydrothermal-metamorphogenic deposits, localized mainly
in the Permian-Triassic sedimentary strata. In the north-east of Russia, deposits of this
type are mainly concentrated in the area of the Kularo-Nera terrane and are controlled by
the Tenkinsky deep fault zone, which forms all gold deposits into a single Yano-Kolyma
gold-bearing belt. In Chukotka, a similar type of deposits is also noted in the area of the
Chukchi terrane. All the deposits of this GIT described the similarity of tectonomagmatic
conditions of formation, paragenetic associations, as well as similar conditions for the
development of the ore process, can be attributed to the gold—quartz geological formation
of the medium-deep type.
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Natalka Deposit

The Natalka deposit is one of the largest in Russia (the giant deposit) and is located
in the Tenkinsky district of the Magadan region. Structurally speaking, the deposit is
confined to the zone of the Tenkinsky deep fault and is associated with the collisional
stage of development of the Yano-Kolyma gold-bearing belt as part of the Verkhoyansk-
Chukotka folded system. The age of the host rocks is Late Paleozoic (P3-T1), and the
ores are presumably Mesozoic (J3-K1). The NW bearing of the ore deposit (320-340°) in
hydrothermally altered, predominantly silicified Permian-Triassic sedimentary strata is a
mineralized zone penetrated by a network of quartz veins, lenses, brecciation areas, thin
branching or parallel veinlets, with areas of massive silicification and arsenopyritization of
varying intensity. The most common ore minerals are arsenopyrite and pyrite, less common
are galena, chalcopyrite, sphalerite, pyrrhotite, rutile, and native gold. The size of gold
grains is from 0.01 to 2 mm. A detailed description is given in [31].

Maldyak Deposit

The Maldyak deposit is located in the basin of the Berelekh river (upper reaches of
the Kolyma river). It occurs in the Kularo-Nera terrane in the influence zone of the Tenka
deep fault. The deposit was explored in 1938-1949, partially exploited in 1945-1948, and
on a small scale in 1994-1998. It is estimated as large. At individual intersections defined
by drilling, the concentration of Au in ores reaches 20.1 g/t [32]. Currently, prospecting
and exploration work has been resumed at the Maldyak field. The ore field area of about
20 km? is composed of Middle Jurassic marine terrigenous deposits (J,): shale, siltstone,
sandstone. Intrusive rocks are represented by felsic and intermediate dikes belonging
to the Ner-Bokhapcha complex (yaJ; nr-bhr). The rocks form a complex linear folded
structure with a general northwest bearing of 340°. Mineralization is developed both in
sedimentary rocks and in dikes. Hydrothermal transformations of sedimentary rocks—
silicification, in dikes—propylitization and beresitization. Ore bodies are represented by
differently oriented veins, veinlets, and veined and veinlet-disseminated ore folds with a
thickness of 0.5 to 3 m. Their mineral composition is dominated by quartz, accompanied by
calcite, dolomite, sericite, chlorite, carbonaceous matter, and among ore minerals there is
arsenopyrite, pyrite and native gold [10]. The size of gold grains is 0.01-3.50 mm.

Karalveem Deposit

The Karalveem deposit is located in the Bilibinsky district of the Chukotka Au-
tonomous Okrug. Structurally, it is confined to the Anyui subterrane of the Chukchi
terrane, which is considered as a fragment of the Late Paleozoic-Early Mesozoic passive
margin of the continent [30]. The mineralization is located among Triassic gabbro-diabase
sills, which, together with the enclosing sand-shale deposits of the same age, were turned
into folds. The ore field, 15 km by 3 km in size, is elongated in a northwesterly direction
along folded structures and is surrounded by outcrops of granitoids (K;) that intersect
diabases. Sedimentary rocks have intense contact changes and are transformed in a halo
of about 1 km into cordierite-andalusite-biotite hornfelses. The mineralization is located
among the Triassic gabbro-diabase sills, which, together with the enclosing sandy-shale
deposits of the Triassic age, are crumpled into folds. The age of mineralization dated by
K-Ar method is 130 Ma (SVKNII FEB RAS). The ores are partially transformed by Early
Cretaceous granitoids (according to U-Pb determinations, 112 Ma). The deposit belongs to
the vein type, where NW-bearing quartz vein bodies have a thickness of 0.5 to 2 m. The
main vein minerals are quartz, ankerite, scheelite, ore minerals are arsenopyrite, galena,
and native gold. The bonanza distribution of gold in veins with grades from traces to
190 g/t is typical [32].

Degdekan Deposit

The Degdekan deposit is located in the Tenkinsky district of the Magadan region
(60 km north of the Natalka deposit). The ore-bearing area is confined to the Omchak-
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Nelkoba metallogenic zone, which was revealed based on the interpretation of gravimetric
data. Structural features of the Degdekan ore field are due to different scale manifestations
of dynamometamorphism in Permian carbonaceous shales (P,_3). Sedimentary rocks are
intruded by Upper Jurassic (J3) diorite porphyry dikes and Late Cretaceous (K;) rhyo-
dacites and dolerites of the Nera-Bokhapcha complex. Metasomatic transformations are
represented by intense silicification, to a lesser extent by Fe-Mg carbonatization and albiti-
zation with cuts in carbonaceous matter. The ore bodies are represented by gold-bearing
quartz-vein zones and quartz veins of sublatitudinal bearing (340-350°) up to 2 m thick.
The main vein minerals are quartz, carbonates and ore minerals such as pyrite, pyrrhotite,
marcasite, and chalcopyrite. The size of gold grains is from 0.1 to 1.5 mm. The age of gold
mineralization dating is estimated at 133137 Ma [33], i.e., the ore formation refers to the
upper Jurassic—the beginning of the Early Cretaceous (J3-K).

2.2.2. Gold—Quartz Veins in Granitoids GIT

Deposits of this type are predominantly concentrated in the Kularo-Nera terrane,
along which the thick Tenkinskaya fault zone extends, cutting through the Permo-Triassic
sedimentary sequences. A zone of tectonic-magmatic activation is oriented along this zone,
marked by a series of Mesozoic granitoid intrusions (Figure 1). It is assumed that the
main contribution of gold to intrusive magmatic systems was provided by gold-bearing
Permo-Triassic sedimentary strata. Deposits of gold—quartz veins in granitoids or porphyry
gold [5,7] of the GIT are associated with granitoid intrusions that by according to the level
of formation, deep and medium—deep.

Shkolnoye Deposit

The Shkolnoye deposit is located in the Tenkinsky district of the Magadan region.
Its structural position is determined by its confinement to the southeastern flank of the
Yano-Kolyma gold-bearing belt, its Ayan-Yuryakh segment (Duskaninsky ore cluster).
Fissure sublatitudinal fault tectonics had a great influence on the formation of ore bodies.
The mineralization is confined to the Burgaginsky stock of granitoids with an area of
about 2.6 km?. The stock is composed of diorites, gabbro-diorites, tonalites, granodiorites,
and biotite granites. The age of granitoids according to Rb/Sr determination by the
North-East Common Use Center of the SVKNII FEB RAS is 127-152 Ma (J3-K7). Gold
mineralization is localized in granodiorites and adamelites. Metasomatic changes are
represented by silicification, muscovitization, carbonatization. The ore bodies are quartz
veins up to 5 m thick and have a sublatitudinal bearing. They are confined to zones of
cracking and increased fracturing of rocks. Gold is predominantly free in the ore. Gold
mineralization is accompanied by the following: arsenopyrite, fahlore, silver lead sulfosalts;
Au:Ag ratio—1:12 [34].

Butarnoye Deposit

The Butarnoye deposit is located in the Khasyn district of the Magadan region. It is
confined to the central part of the Khurchan-Orotukan zone of tectonic-magmatic activation,
traced in the submeridional direction for 150 km, with a width of 20-50 km. It is localized in a
slightly eroded Late Jurassic-Early Cretaceous granitoid stock (J3-K;). The Butarny stockwork
with an area of 4.6 km? is elongated in the submeridional direction for 2.9 km with a width of
about 1.5 km. Granitoids of the Butarny stockwork belong to the Late Jurassic complex (J3).
Judging by the K-Ar dates obtained at the North-East Common Use Center of the SVKNII
FEB RAS, the age of the granitoids is 142 £+ 5 Ma. This age was also confirmed by U-Pb
zircon dating at 150 &= 3 Ma [35]. The deposit is dominated by subvertical quartz veins and
veinlets, NE-bearing (30-35°) with dip angles from 75° to vertical. The gold content in veins
and veinlets reaches tens of grams per ton (up to 93.8 g/t). The ore bodies are represented
by quartz veins up to 2 m thick and veinlets feathering them with poor nested-disseminated
sulfide mineralization. Arsenopyrite predominates among ore minerals, rare finds of galena,
galenobismuthite, Bi sulfotellurides, and maldonite are noted [36].
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Dorozhnoye Deposit

The Dorozhnoye deposit is located on the right bank of the middle course of the
Dorozhny brook in the Magadan region. It is localized in the Sylgytar granitoid intrusion.
The territory is confined to the central part of the Burustakh synclinorium, which is part
of the Inyali-Debinsk megasynclinorium of the Yano-Kolyma belt. It is composed of
miogeosynclinal terrigenous sandy-silty flyschoid deposits of the Verkhoyansk complex
(J1-2). Ore bodies are gold-bearing quartz veins. They are gently dipping plates, 0.1-2.0 m
thick, up to 800 m long, lying vertically inside the granitoid stock at intervals of 100-120 m.
Presumably, these are contraction (concentric) and radial cracks that arose during the
cooling of granitoids. Their bearing is as follows: northeast, dip northwest 10-15°. When
leaving the granites in the hornfelses, the veins branch and wedge out. The average content
of Au ranges from 8 to 17 g/t, and Ag from 10 to 350 g/t. The Au/Ag ratio varies from
1:1 to 1:20. At the Nadezhda site, the veins are steeply dipping (radial) cracks and veining
zones, the prevailing thickness is 10-30 cm, the zones are up to 2 m, their bearing is as
follows: sublatitudinal and northeast, dip to the northwest at an angle of 60-80°, length up
to 125 m. Au content is from 6 to 25 g/t and Ag up to 300 g/t. The deposit is described in
detail in a number of publications [37].

Maltan Deposit

The Maltan deposit is located in the Tenkinsky district of the Magadan region. The
deposit is located on the northwestern flank of the Taryn ore-placer cluster. The ore field
is limited by the adjacent Malo- and Bolshetarynskaya branches of the Adycha-Tarynsky
fault, which separates the zone of the Verkhoyansk fold-thrust belt from the Kular-Nersky
shale belt. It is localized in echeloned backstage (fractured bodies) of biotite gabbro, quartz
diorite, granodiorite-porphyry and Cretaceous porphyritic granite cutting sedimentary
rocks of the Middle and Upper Triassic (T,—T3). The length of the veins is 2.5-3.0 km.
Mineralization is controlled by NE-bearing fractures, which are transverse with respect
to the elongation of fractured intrusions. There are quartz, quartz-carbonate, and sulfide-
quartz veins with a length of a few hundred meters, up to 50 cm thick. Together with
gold, ore veins contain Bi (0.001-0.5%), As (0.1-1%) and W up to 1.0%; in rare cases, Mo
is noted. The vein bodies are composed of quartz with large cluster-disseminated ore
mineralization of arsenopyrite, native gold and bismuth, maldonite, bismuth tellurides,
scheelite, and rarely molybdenite. The concentration of gold in ores is from 0.5 to 20 g/t.
Gold mineralization is closely associated with bismuth and tellurium minerals.

2.3. Gold-Silver Adularia GIT

Gold-silver adularia GIT refers to the epithermal-volcanogenic, the most developed
in the north-east of Russia. The deposits are confined to various volcanogenic belts. The
considered objects are located in the Okhotsk-Chukotka and Kedonsky volcanic belts
(Figure 1). According to the conditions of formation, the deposits are classified as shallow
and near-surface. Most of them are composed of low-sulfidation, enriched ores.

2.3.1. Kubaka Deposit

The Kubaka deposit belongs to the class of large deposits. It is located in the basin of
the Pravaya Aulandzha River in the North-Evensky district of the Magadan region. The
ore field is composed of volcanics of the Kedon series (D,_3-C; kd), represented by tuff
sandstones, tuff siltstones, tuffs, and ignimbrites of intermediate and felsic composition.
The structure of the ore field is a collapse caldera that underwent resurgent dome formation
during intrusion of subvolcanic bodies and was influenced by Jurassic and Early Cretaceous
magmatism (C3-K;). The ore bodies are composed veins and stockwork-type zones. The
subscripts of the veins are sublatitudinal, and the thickness is unsteady along the strike
with bulges up to 20 m and constrictions up to 10 cm, averaging 1-10 m. A series of ore
veins stretches for 2 km [31,36]. Main minerals are quartz and adularia, and ore minerals
in early veins are native gold, and in later veins include native gold, pyrite, arsenopyrite,
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acanthite, Sb-Ag and As-Ag sulfosalts and Ag selenides. The average grades of Au and
Ag in the ore bodies of the Central zone are in the range 11-33 g/t and in the late ones the
range is 12-23 g/t, with Au/Ag ratios of 1:1 and 1:100, respectively [31].

2.3.2. Kupol Deposit

The Kupol deposit is large in terms of reserves, located in the Anadyr region of the
Chukotka Autonomous Okrug in the northwestern part of the Anadyr Highlands. The
Kupolsky ore cluster is confined to the Upper Yablonsky metallogenic zone of the Central
Chukotka sector of the Okhotsk-Chukotka volcanogenic belt. Currently, its first stage has
already been put into operation. The ore field is composed of Late Cretaceous andesite
lavas (K1), less often basaltic andesites with interlayers of ash tuffs and Late Cretaceous
tuffites. The ore body is a single thick (25-30 m) vein over 3 km long, presumably the mouth
of a fissure volcano. Mineralization has been traced to a depth of more than 400 m. The
mineral composition of the veins is quartz-adular, ore minerals are native gold, acanthite,
Sb-Ag and As-Ag sulfosalts and Ag selenides. The concentration of Au in ores is from
0.1to0 230 g/t. Au/Ag ratio 1:10-1:100. Currently, Kinros LLC continues its operational
work. The deposit is described in [31,38,39].

2.3.3. Olcha Deposit

Olcha deposit, average in reserves. It is located on the watershed part of the Khebikendzha
mountains and the Yukagir plateau. The ore field is composed of sedimentary-volcanogenic
strata attributed to the Kedon series of the Middle-Upper Devonian-Carboniferous (Dy_3-C1),
which are underlain by Archean gneisses, granite-gneisses, and other various Cambrian
and Ordovician rocks. The recent relationships between Devonian volcanics and basement
strata of different ages are tectonic. In the central part, the ore field is intersected by an
extended and thick post-ore granodiorite-porphyry dike of northeastern orientation and
rare thin submeridional dikes of andesitic porphyrites. The ore bodies of the deposit are
multidirectional quartz, carbonate-quartz and adularia-quartz veins and vein zones of a
simple lenticular and bead-like shape. The host rocks are predominantly rhyodacite tuffs.
Ore bodies are a series of echelon-shaped quartz-adularia veins with a thickness of 0.4 to 8 m.
More than 40 mineral species were identified in the ores of the Olcha deposit, but quartz,
adularia, native gold, acanthite, selenides and Ag sulfoselenides predominate [40-42]. The
ores are characterized by low sulfide content (no more than 2%, and in bonanza the amount
of ore minerals reaches 70%). The distribution of useful components in ores is uneven—on
average 10-15 g/t, Ag 70-120 g/t, and the Au content in bonanza is up to 14 kg/t, Ag is up
to 10 kg/t; Au/Ag ratio in ores 1:1-1:100.

2.3.4. Burgali Deposit

The Burgali deposit is located in the Severo-Evensky district of the Magadan region.
The deposit is present in the Kedon volcanic belt. The ore field is composed mainly of
rhyodacite tuffs of the Kedon volcanic series (D3-C; kd). The structure of the ore field is
blocky. From the north and south, it is controlled by northeast-trending thrusts (20-35°),
from the west and east—by steeply dipping northwest-trending faults (350°). Within
these limits, a system of intersecting faults of a lower order (NE 40—45° and NE 60-65°) is
developed. The gold-bearing stockwork is controlled by this fault system and consists of
parallel enchelon zones, characterized by the most intense veining of quartz and carbonate-
quartz composition. The stockwork is traced along the strike for 3700 m. The thickness of
individual veins is 1.5-2 m, the length is 300-500 m [43]. Au in veins vary from 5 to 50 g/t,
Ag—5-200 g/t, Au/Ag ratio—1:4. The vertical range of mineralization, according to
exploration data, is about 250 m.

2.3.5. Primorskoye Deposit

The Primorskoye deposit is located in the south of the Omsukchansky district of the
Magadan region. The territory is located at the junction of the Omsukchan (Balygychano-
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Sugoi) tectonomagmatic zone with the Okhotsk volcanic zone of the Okhotsk-Chukotka
volcanogenic belt, which developed on the folded base of the Sugoi marginal trough. The
ore field is confined to an intrusive-dome structure and is localized in a gently sloping
sequence of Late Cretaceous rhyolite ignimbrites (K;_) more than 700 m thick, which is
intruded by dykes of intermediate and basic composition. The array of leucocratic granites
(K3), according to drilling data, is located under the deposit at a depth of 400-500 m.
Metasomatic changes are largely due to the intruded intrusion and are represented by
skarnoid associations of garnet-epidote-rhodonite composition. The veins and vein zones
are 250-600 m long and 1-3 m thick, with a vertical span of 150 m [44]. The distribution
of useful components is uneven. In the veins, Au content reaches 10-15 g/t, Ag reaches
100-150 g/t, and in ore columns values are 100 and 17,000 g/t, respectively. The Au/Ag
ratio averages 1:10.

2.3.6. Dalnee Deposit

The Dalnee deposit, average reserves. It is located on the territory of the Severo-
Evensky district of the Magadan region. The structure of the ore field is determined by its
location in the southwestern part of the Gizhigin trough, with the structures of the Chukotka
branch of the Okhotsk-Chukotka volcanic belt (Even volcanic zone) superimposed on it. In
terms of Au reserves, the deposit belongs to the class of small deposits. A series of veins
was found at the deposit, confined to faults of the northwestern and northeastern directions
with a steep and vertical dip. These veins, together with subparallel smaller veins, form a
veined and veinlet-disseminated system about 1300 m long and 150-300 m wide. The host
rocks are represented by Late Cretaceous andesites (K;). Isotopic determinations for host
rocks by K-Ar are 92 £ 2 to 81 4= 2 Ma, and the age of Rb-5r mineralization is 80 & 5 Ma [45].
The ore bodies are represented by steeply dipping quartz, adularia-quartz veins and zones
of explosive breccias with poor sulfide mineralization. Metasomatic alterations of host
rocks are kaolinite-quartz-sericite. Vein minerals are mainly quartz and adularia, and
ore minerals are predominantly pyrite, to a lesser extent native gold and silver, acanthite,
pyrargyrite, and polybasite. Gold in ores is unevenly distributed and, on average, its
content is 5.2-12.9 g/t, and in bonanza it is up to 500 g/t. The Au/Ag ratio ranges from
1:20 to 1:50. A detailed description of the deposit is given in the works [46,47].

3. Research Methods and Objects
3.1. Research Objects

The research objects for the study were ore samples and samples with visible gold
from deposits of various GITs (see Sections 2.2.1 and 2.2.2), selected by the authors of this
article in geological prospecting routes at a scale of 1:10,000 in different years of work, from
1978 to 2015. We also used technological samples provided to us for mineralogical study in
different years by geologists of industrial organizations.

To date, the ore fields have been studied with varying degrees of details, since some of
them are already in operation (Natalka, Butarnoye, Shkolnoye, Kubaka, Kupol, Primoskoye,
Dalnee), while others (Maldyak, Degdekan, Maltan, Olcha, Burgali) are at the stage of
detailed exploration.

3.2. Research Methods

From ore samples containing visible gold, silicates were dissolved with hydrofluoric
acid and grains of native gold were isolated, which were then transferred to spectral quan-
titative analysis, and also placed in a compound for the preparation of polished sections.

The determination of microimpurities in native gold was carried out by a quantitative
spectral method on a spectrograph from a micro-sample according to the method [48].
The advantage of this method is that before analysis, gold undergoes pre-treatment by
rolling gold particles into the thinnest plate, followed by acid treatment to release it from
mechanical mineral impurities.
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The mineragraphic study of polished sections was carried out using optic microscopy
(OM) on a Carl Zeiss AXIOPLAN Imagin reflected light microscope (Oberkochen,
Germany). In these sections, minerals intergrown with native gold were studied and
photographed using the MC-LCD visualization complex with the MMC software (LOMO,
Petersburg, Russia).

The internal structure of native gold was revealed by etching the polished surfaces of
the grains with standard reagents: for high-grade gold (HCI + CrOs of various concentra-
tions) and for medium- and low-grade gold (HCI + 4HNO3). Interpretation of the nature
of internal structures was carried out in accordance with the recommendations from [9].
Photographing of mineral intergrowths and internal structures of native gold was carried
out using a microphotographic attachment on a reflected light microscope.

The determination of the native gold fineness was carried out in polished sections
on a modernized POOS-1 microspectrophotometer with an internal standard and a high
degree of stabilization of the illuminator and PMT power source according to the method
of L. N. Vialsova [49], fineness in each grain was measured by 3-5 points. In each ore
sample, measurements were carried out by the authors on 30-50 grains of native gold.
Processing of measurement results by methods of mathematical statistics was carried out
in the GOLD program developed by S.V. Preis. A significant part of the gold was analyzed
by X-ray spectral electron probe microanalysis (XSMA) on the CAMEBAX device, for
four main elements—Au, Ag, Cu, Hg—by the operator E.M. Goryacheva (North-East
Common Use Center of the SVKNII FEB RAS, Magadan); on the same device, equipped
with the mounting attachment “OXFORD INSTRUMENT”, photographing of native gold
in reflected electrons was performed.

4. Results
4.1. Typomorphic Features of Native Gold
4.1.1. Gold—-Arsenic-Sulfide in Black Shale Strata GIT
Fineness of Native Gold

This geological and industrial type is characterized by native gold of medium and high
purity with maxima of this value in the areas of 750 %o and 950%o (Figure 2). Trial histograms
are unimodal with a relatively low dispersion of this indicator (from 600 %o to 1000 %o).

Trace Elements

It has been established that, in addition to Ag, native gold grains constantly contain
microimpurities of As, less often Sb, Pb, and Fe, and in rare cases Cu, Bi, Hg, and Sn.
As concentrations range from 0.5 to 120 g/t, all other impurities do not exceed 50 g/t
(Table 1). Sn microimpurities are usually associated with the influence of granitoids on the
geochemistry of gold mineralization.

Table 1. Concentration of microimpurities in native gold from ores of gold—arsenic-sulfide GIT deposits.

Deposit Element Concentrations, g/t
(No. in Figure 1) As Sb Cu Bi Fe Hg Pb Sn
Natalka (1) 0.5-18.7 1.5-16.0 - - - 0.5-12.2 1.0-17.0 -
Degdekan (2) 1.041.0 0.1-11.3 10.2-353 - 1.5-9.6 - - -
Maldyak (3) 8.4-89.2 1.2-37.9 - 0.1-5.7 1.0-10.5 - 0.7-12.5 0.01-5.4
Karalveem (4) 5.0-120.1 - 1.045.5 - - - 0.5-10.4 -
Notes: —below detection limit.

Minerals in Intergrowth

In most cases, the study of mineral parageneses reveals an association of native
gold with arsenopyrite, less often with galena and sphalerite. Gold mineralization is
associated with late stages of mineralization evidenced by superimposing and filling cracks
in previously deposited minerals and intergranular space (Figure 3a,b). A significant part of
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native gold is deposited directly in quartz. This type of deposit is favorable for enrichment
of ores and is called “free gold”.
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Figure 2. Histograms showing fineness of native gold for deposits of gold—-arsenic-sulfide GIT
on the abscissa axis—frequency of occurrence, %; along the x-axis, fineness intervals, %o; in the
numerator—fineness, %o, in the denominator—the number of determinations.

Figure 3. Typical mineral intergrowths of native gold in ores of gold—arsenic-sulfide GIT deposits:
(a) intergrowth with arsenopyrite (Natalka); (b) development of native gold along cracks in arsenopy-
rite (Karalveem); (c) small inclusions of native gold in a single crystal of arsenopyrite (Degdekan);
(d) overlay of native gold on an intergrowth of arsenopyrite crystals (Maldyak).
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Internal Structures

Structural etching revealed a homogeneous polygonal-grain structure of native gold
with simple twins (Figure 4), which indicates the medium-deep formation of this GIT
and relatively stable conditions for gold crystallization. We associate the occurrence of
twins with the formation of gold segregations in a turbulent tectonic setting, which is often
evidenced by arsenopyrite cataclasis.

Figure 4. Polygonal-granular structure of native gold with simple twins in ores of various deposits of
gold-arsenic-sulfide GIT: (a) Natalka, (b) Degdekan, (c) Maldyak.

4.1.2. Gold—Quartz Veins in Granitoids GIT
Fineness of Native Gold

Gold—quartz veins GIT is characterized by native gold of medium and high purity
with maxima of this value in the regions of 850-950%. (Figure 5). Fineness histograms are
predominantly unimodal with a higher dispersion of this indicator (from 500 %o to 1000 %.)
compared to gold-arsenic-sulfide GIT. Often, in the frame of this type of deposits, there is a
sharp decrease in the fineness of native gold and the appearance of silver mineralization
(stephanite, freibergite, polybasite, acanthite, pyrargyrite).
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Figure 5. Fineness histograms of native gold for deposits of gold-quartz veins GIT along the abscissa
axis—frequency of occurrence, %; along the x-axis, fineness intervals, %o; in the numerator—fineness,
%o, in the denominator—the number of determinations.
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Trace Elements

It has been established that native gold from deposits of this type constantly contains
As in significant concentrations and Bi, Sb, Pb, Cu, and Fe are less common, while Hg, Sn
are noted in rare cases (Table 2). As concentrations range from 0.8 to 300 g/t, all other
impurities do not reach 50 g/t. Bi and Sn are classified by most researchers as granitogenic
elements. Among the deposits of gold—quartz veins GIT, a gold-rare metal formation stands
out [44-46], where Bi and Sn, and often W, form noticeable concentrations and are included,
along with gold, in the list of useful components.

Table 2. Concentration of microimpurities in native gold from ores of gold-quartz veins GIT deposits.

Deposit Element Concentrations, g/t
(No. in Figure 1) As Sb Cu Bi Fe Hg Pb Sn
Shkolnoye (5) 100.0-300.0  1.0-30.0 1.0-7.5 1.5-12.4 30.0-100.4 30.1-99.6 - 1.7-31.1
Butarnoye (6) 0.8-100.0 - - 1.5-22.3 1.0-12.7 - - -
Dorozhnoye (7) 1.0-15.3 - - 1.5-21.0 - - 1.0-82.0 -
Maltan (8) 10.0-150.0 2.5-16.3 - 1.0-50.0 - - 1.5-12.3 -
Notes: —below detection limit.

Mineral Intergrowths

The widespread association of gold—quartz veins GIT is naturally quartz, which was
the reason for its name. In addition, the diversity of mineral associations of native gold is
determined by its intergrowth with Sb and Bi minerals, and often Te (fahlore, joseite, native
bismuth, bismuthine, etc.), as well as with Fe-Sb sulfosalts (Figure 6). Intergrowths with
vein minerals are characterized by the features of host rocks—granitoids. At the Dorozhnoye
deposit, native gold often forms intergrowths with muscovite (Figure 6h). Figure 6a—f shows
mineral intergrowths of native gold in the ores of the Shkolnoye deposit for various horizons.
Changes in the average fineness value with depth change in waves, but the dispersion of this
indicator naturally falls from the upper horizon to the lower one (Table 3).
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Figure 6. Intergrowths of native gold typical for gold-quartz veins GIT: (a—f) for different horizons of
the Shkolnoye deposit: (a) native gold in the intergranular space of arsenopyrite, (b) in quartz with
inclusions of small grains of arsenopyrite, (c) intergrowth with tennantite and jamesonite in quartz,
(d) intergrowth with tetrahedrite in quartz, (e) inclusions in native gold of jamsonite and plagionite,
(f) gold in the intergranular space of quartz; (g) (Maltan) inclusion of native gold in an intergrowth of
bismuth, bismuthine, and joseite A; (h) (Dorozhnoye) intergrowth of native gold with muscovite;
(i) (Butarnoye) small segregations of native gold in arsenopyrite intergrown with joseite A.
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Table 3. Characteristics of native gold from ores of different horizons of the gold-quartz veins GIT

Shkolnoye deposit.
Horizon, m Scatter of Fmeneos S Fineness Dispersion Mineral Paragenesis
Values Average, %o

850 % 11,375 Native gold + quartz + arsenopyrite + fahlore
800 % 1060 Native gold + quartz + arsenopyrite + tennantite

750-850 . . o .
750 804.9 271.5 Native gold + quartz + arsenopyrite + tetrahedrite + jamsonite
700 % 2235 Native gold + quartz + arsenopyrite + tetrahedrite

750-850 . . . . .
600 806.4 191.5 Native gold + quartz + arsenopyrite + jamsonite + plagonite

Internal Structures

For gold—quartz veins GIT deposits localized in granitoids, the structure of native
gold is coarse-grained with rare simple and polysynthetic twins and patchy heterogene-
ity, presumably associated with the incorporation of microparticles of native Bi, which,
unlike gold, undergoes intense etching even in air (Figure 7). A similar type of patchy
heterogeneity for gold from deposits in granitoids was previously described in [8].

Figure 7. Polygonal-granular structure with simple polysynthetic twins and fine spotted hetero-
geneity in native gold from ores of gold—quartz veins GIT deposits: (a,b) Butarnoe; (c,e) Shkolnoye;
(d) Maltan, (f) Dorozhnoye.

4.1.3. Gold-Silver Adularia in Volcanogenic Strata GIT
Fineness of Native Gold

The gold-silver adularia GIT is characterized by native gold of a relatively low fineness
with a polymodal distribution on fineness histograms. The spread of the values of this
indicator lies in the areas of 200-850%. (Figure 8).

Deposits in genetic terms belong to the volcanogenic class, but often fall into areas of
tectonomagmatic activation with late intrusions, which leads to the superposition of high-
temperature processes on ores of early stages, to thermometamorphism of ores, differentiation
and redistribution of matter, and staged mineral formation. It is these factors that are reflected
in the histograms of gold in the form of polymodal graphs. Heterogeneity in fineness due to
thermometamorphism can manifest itself within one grain of native gold (Figure 9).
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Figure 8. Fineness histograms of native gold for deposits of gold-silver adularia GIT: along the
abscissa axis—frequency of occurrence, %; along the x-axis, fineness intervals, %o; in the numerator is
the fineness, %o, in the denominator is the number of determinations.

Au-435 %o

10 um

Figure 9. Heterogeneity of native gold within one grain: (a) Kupol deposit (from 435 %o to 702%o);
(b) Dalnee deposit (from 276 %o to 767 %o), taken in reflected electrons.

Trace Elements

It has been established that native gold from deposits of this type constantly contains
impurities of Sb, Cu, Hg in noticeable concentrations (Table 4), and the highest concentra-
tions reach Hg up to 1000 g/t in gold from the Dalnee deposit. Quite often, Fe is found,
from 1.5 to 26.5 g/t (Kubaka, Burgali, Primorskoye), and also As, from 0.1 to 27.3 g/t
(Kupol, Primorskoe, Dalnee).
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Table 4. Concentration of microimpurities in native gold from ores of gold-silver adularia GIT deposits.

Deposit Element Concentrations, g/t
(No. in Figure 1) As Sb Cu Bi Fe Hg Pb  Sn
Kubaka (9) - 0.8-1.3 0.6-35.0 - 1.5-15.0 0.5-60.0
Kupol (10) 0.1-27.3 0.1-25.5 - - 0.1-1700.0
Olcha (11) - 1.3-16.4 0.8-45.3 - - 0.7-45.5
Burgali (12) - 2.4-12.8 0.1-16.4 - 0.8-26.2 0.5-11.8
Primorskoye (13) 0.1-0.9 1.0-12.3 2.0-68.4 1.0-24.4 0.3-14.7 0.1-65.2
Dalnee (14) 2.7-12.1 1.5-21.1 0.1-7.3 - - 0.1-1000.0

Notes: —below detection limit.

Mineral Intergrowths

The ores of the gold-silver adularia GIT deposits are characterized by a wide variety
of mineral intergrowths with Ag sulfides, selenides, and sulfosalts. The sharply gradient
conditions for the formation of epithermal Au-Ag deposits predetermine the predominantly
fine-grained character of native gold segregations and its intergrowth with a wide range of
Cu, Pb, Zn, Fe sulfides and Ag sulfosalts and sulfoselenides. The deposits of the Omolon
cratonic terrane show intergrowths of native gold with magnetite and hematite. This is due
to the peculiarities of the rocks of the base of volcanic apparatuses, among which Archean-
Proterozoic ferruginous quartzites are widely developed. At the same time, volcanic
activity manifested itself much later—on the border of the Devonian and Carboniferous
periods. Segregation forms are predominantly xenomorphic; in quartz they are interstitial.
On the example of only one Olcha deposit, we have shown an exceptional variety of such
intergrowths (Figure 10). For other deposits of this GIT, examples of the most common
intergrowths of native gold in ores are given—with pyrite, tetrahedrite, sphalerite, galena,
acanthite, polybasite (Figure 11).

Figure 10. Types of intergrowths of native gold with ore minerals in quartz-sericite vein material at
the Olcha deposit: (a) gold with hematite; (b) inclusion of kustelite in chalcopyrite; (c) close inter-
growths of gold with argentotetrahedrite; (d) vein-like intergrowths of gold with argentotetrahedrite;
(e) gold with bornite; (f) gold with acanthite; (g) inclusion of chalcopyrite in gold; (h) inclusion of
gold in chalcopyrite; (i) intergrowth of gold with acanthite and stromeyerite; (j) gold with freiber-
gite; (k) complex intergrowth of gold with naumannite and stromeyerite; (1) gold with acanthite;
(m) gold-freibergite + jalpaite; (n) gold with chalcopyrite. (All taken at 100 x magnification).
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Figure 11. Mineral intergrowths of native gold from ores of gold—silver adularia GIT deposits in
quartz: (a) with pyrite and tetrahedrite (Dalnee deposit); (b) with acanthite and sphalerite (Dalnee);
(c) with galena (Primorskoe); (d) with polybasite and acanthite (Burgali); (e) with polybasite (Burgali);
(f) heterogeneous in fineness of native gold with the inclusion of galena (Kupol deposit).

Internal Structures

The internal structures of native gold for gold-silver adularia GIT are predominantly
zonal and are well identified by structural etching (Figure 12). In the case of thermometa-
morphism of ores, patchy heterogeneity often appears (Figure 13a) and there are granulation
structures with the expansion of boundaries (Figures 12a and 13b,d) with expansion of
grain boundaries. At the Olcha deposit, native gold has an unusual gulf-like shape with
a zonal structure. This is due to the fact that it crystallized in quartz vacuoles filled with
highly concentrated hydrothermal solutions (Figure 13).

Figure 12. Internal structures of native gold from ores of gold-silver adularia GIT deposits:
(a) spotted (Kubaka); (b) clear zonal (Dalnee); (c) zonal (Olcha); (d) zonal with a break in the
boundaries (Kupol); (e) zonal (Burgali); (f) zonal (Primorskoe).
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Figure 13. Filling of vacuoles with native gold in quartz at the Olcha deposit ((a) quartz in transmitted
light without analyzer, black—vacuoles; (b—d) in reflected light, native gold in quartz, structural etching).

5. Discussion

All considered GIT deposits are hydrothermal and most of the features of native
gold are associated with the depths of formation of these deposits. It is the depth that
determines the duration, stability, and temperature zoning of mineral formation. To no
lesser extent, the metallogeny of ore regions affects the formation of certain GIT deposits
and their specific mineral types.

In genetic terms, the three most common GITs are generally accepted:

1. Orogenic [4]—hydrothermal-metamorphogenic in sedimentary strata (in most cases,
these are black shale strata that have experienced metamorphism, mid-deep and deep
(gold-sulfide quartz in sedimentary strata);

2. Porphyry (“intrusion-related”) [7,9,50,51]—gold deposits associated with granitoid
intrusions, deep and medium deep (gold—quartz veins in granitoids);

3. Volcanogenic (epithermal) [52]—in volcanic belts of any age associated with volcanic
activity in basic volcanic rocks of the oxidized type, shallow (gold-silver adularia).

At medium-deep and deep deposits in GITs 1 and 2, the hydrothermal system is in a
relatively stable state with a long cooling process. This creates conditions for the growth of
large individuals during the crystallization of both native gold and any other mineral. A
different picture in the shallow type of deposits is GIT type 3, where, during the outburst
of volcanoes, sharply gradient conditions are created with high initial temperatures and
a rapid cooling of the ore-forming system, which generally prevents the differentiation
of natural gold-silver compounds (high content of silver in gold and, accordingly, its
reduced fineness). In this unstable environment with a limited cooling time of the system,
no conditions are created for the growth of large gold individuals—more often it is fine-
grained. Therefore, the first two types are placer-forming (large gold, which quickly
precipitates and accumulates in a water stream), and volcanic—although it carries fine and
fine gold with a water stream during the destruction of ores, it precipitates more slowly,
and in most cases, does not give industrial accumulations.

The scope of mineralization is determined mainly by the depth of deposit formation and
the largest has an “orogenic” GIT (many hundreds of meters)—volcanogenic, 50-100 m—but
in the case of localization of mineralization in the vent facies, it can reach 300-400 m.
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At an early stage of geological prospecting at ore deposits, we do not consider the
size of native gold as an indicator property, since the amount of gold particles found in
specimens and lump ore samples is not representative enough for sieve analysis. How-
ever, in the study of placer gold, this typomorphic feature can be of great importance, in
combination with roundness and flatness.

To determine the GIT at an early stage of prospecting and exploration at ore gold
deposits, we considered the following typomorphic features of native gold: microimpurities,
average fineness and fineness distribution of gold on histograms in combination with
fineness dispersion value, as well as mineral intergrowths and internal structures of native
gold. The given descriptions and examples of typomorphic features of native gold deposits
for various GIT showed characteristic differences for each type (Table 5).

Table 5. Main typomorphic features of native gold for various GITs.

Geological and

Fineness Variations, %o

Industrial Type Dispersion Microimpurities Mineral Intergrowths Internal Structures
Gold-arsenic-sulfide in 780-908 As (Pb) Quartz + arsenopyrite + Polygonal-grained with
black shale strata 408-1746 galena simple twins
o 852-980 Quartz + arsenopyrite + . B .
GOld_‘giﬁgi‘o’éms mn 2127-5626 As, Bi, Sn (W) minerals BiTe + Sb-Fe- Pr":t%ﬁ“a;legtz‘gu;reylth
& (191-11,375) * (Ag) sulfosalts patchy genetty
Quartz + hydromica +
Pb, Zn Cu sulfides +
Gold-silver adularia 502-627 Sb, Cu, Hg (As, Fe)  pale ores + Ag sulfides Cle.ar and unclear zgnal
6320-17,287 with border extension
and sulfosalts + Ag, Cu,

Pb selenides

Note: * for the Shkolnoye deposit, the dispersion values are determined horizontally (see Table 3).

For gold-arsenic-sulfide GIT in black shale strata there is relatively coarse Au and
high fineness with low dispersion of this index, polygonal-grained structures with simple
twinning and a constant microimpurity of As in the composition; for the gold—quartz-
porphyry type in granitoids—coarse gold predominates, fineness decreases slightly and
its dispersion increases, heterogeneities are noted in the structures, and granitogenic
elements Bi, Te, W, Sn act as microimpurities; for the epithermal gold-silver adularia GIT is
characterized by fine, relatively low-grade Au with a high dispersion of this indicator, up
to native Ag, a constant increased admixture of Sb, Cu and Hg, zonal internal structures
complicated by heterogeneities during thermometamorphism of ores.

The study of the typomorphic features of native gold, tied to the geological environ-
ment and named by N.P. Yushkin [28] with topomineralogy, is a rational way to display
the features of native gold. It makes it possible to establish the spatial patterns of the distri-
bution of these features in connection with the geological structure and morphostructure of
the territory.

Here, we give an example of such a study for the Maldyak deposit (gold—arsenic-
sulfide in black shale strata GIT). It was the indicator properties of native gold that made
it possible to speak about the existence of a granitoid pluton under the deposit, as well
as about the dome-ring structural position of the Maldyak ore field (Figure 14). The con-
clusion is justified by the concentric-zonal arrangement of typomorphic features of native
gold associated with the radial and concentric orientation of ore bodies. The ubiquitous
presence of Bi impurities and the appearance of Sn and W impurities suggest that they
were introduced by an undiscovered intrusion that formed a dome-shaped structure. All
this made it possible to predict the different positions of gold-bearing veins (ore-bearing
cracks), both radial—steeply dipping, and concentric—consistent with the schistosity of
sedimentary rocks, crumpled into folds. Thanks to this approach, one of the rich ore bodies,
previously unknown, was identified during exploration work at the deposit in 2001 by
geologist, who called it the “Sedlovidnya vein”, due to its confinement to a radial crack
and a sharp bend (fold) in the black shale sedimentary sequence.
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Figure 14. Topomineralogical map of typomorphic features of native gold in the Maldyak ore field.
The image was constructed by the authors of the present paper using data from [10] with additions.
1-3—sedimentary deposits of the Jurassic age: 1—lower mudstone-siltstone sequence; 2—middle

argillite sequence; 3—upper predominantly sandstone strata; 4—quaternary deposits; 5—residential
zones; 6—mineralized dikes; 7—on the pie chart along the periphery shows the content of impurity
elements Pb, As, Fe, Cu, Sb (the sector is 100%), in the center—the degree of hypogene transformations
in native gold; 8—other microimpurities found in native gold; 9—mineral associations of native
gold: a—gold-quartz, b—gold-arsenopyrite, c—gold-galena-sphalerite, d—gold-sulfoantimonite;
10—sample of native gold (in ppm): numerator—variations, denominator—average value.

For the Shkolnoye deposit (gold—quartz veins in granitoids GIT), we analyzed the
average fineness value of native gold from well cores from six ore horizons. It turned out
that changes in the average fineness value change with depth in waves, but the dispersion
of this indicator naturally falls from the upper horizon to the lower one, indicating an
increase in a more stable situation in this direction, as well as a consistent differentiation of
gold-silver from the lower horizons to the upper ones (Figure 6a—f, Table 3).

It should be noted that the metallogeny of the region can influence the formation of
various GITs. In this article, we considered the typomorphism of native gold for the North-
eastern region—the Yano-Kolyma orogenic belt with its specific As, Sn, W metallogeny and
block terrane composition with an extended covering complex of the Okhotsk-Chukotka
volcanogenic belt, as well as the Kedon volcanic belt in a rigid block—Omolon craton
terrane with Au—Ag specialization. The main axis of the orogenic gold mineralization here
is the Ayan-Yuryakhsky anticlinorium with the Tenkinsky deep fault extending along it.

At the same time, the Verkhoyansk fold system adjacent to the Northeast from
the west has an independent collisional terrane structure of the Verkhoyansk-Chukotka
thrust belt and its own metallogenic Sb-Hg and Ag-Pb-Zn specialization. Here, along
the Adycha-Taryn deep fault, gold deposits related to the gold-arsenic-sulfide (gold-
antimony-mercury) GIT prevail—the Sarylakh, Kyuchus and other deposits. The study
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of the typomorphic features of native gold from this province showed the presence in its
composition of high concentrations of As, Sb, especially Hg. Native gold may contain
from 5 to 15 wt.% Hg (Figure 15). In intergrowths, along with arsenopyrite, aurostibite,
antimonite, and berthierite are often found; a higher sulfide content of ores (up to 15%) is
typical. For this GIT, the appearance of native gold is significantly different (Figure 15b), the
most common spongy gold with a fineness of 940-970%. intergrown with antimonite [53,54].
In the north-east of Russia, gold-antimony—mercury GIT deposits have not yet been found.

a)

Age6o
[(X]1[e]2[Aa]3[0]a[e]s5[o]6 [mt7

Figure 15. Typomorphic features of native gold (gold—antimony-mercury) GIT: (a) Ag-Hg-Au
diagram of native gold of the Kyuchus deposit. The image was constructed by the authors of the
present paper using data from [54]; (b) spongy gold intergrown with antimonite, Sarylakh deposit.

6. Conclusions

Summing up our study, we can state that native gold is an indicator mineral for
various GITs of gold deposits. In a comprehensive study, it allows us to obtain the physical
and chemical parameters of the main useful component of ores, to determine the deposit
GIT, as well as genetic information about a particular object. All this makes it possible to
preliminarily assess the scope of mineralization and outline schemes for processing ores, as
well as to plan exploration work in order to identify placers.

On the example of different GITs and geological formational types of gold deposits in the
north-east of Russia (gold—arsenic-sulfide—Natalka, Degdekan, Karalveem, Maldyak; gold—
quartz veins—Dorozhnoye, Butarnoye, Shkolnoye, Maltan; gold-silver adularia—Kubaka,
Olcha, Burgali, Kupol, Primorskoye, Dalnee) a comparative description of the typomorphism
of native gold was carried out and it was shown that the reliability of geological interpretation
is directly related to a comprehensive study of this mineral, including fineness variations, a
spectrum of trace elements, internal structure and mineral intergrowths.
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Abstract: The Jagpura Au-Cu deposit is situated within the Aravalli craton in the northwestern part
of India. In the present work, petrography, mineral chemistry, fluid inclusion and sulfur isotopic com-
positions were used to study the Jagpura Au-Cu deposit. The ore mineral association of the deposit
is arsenopyrite, loellingite, chalcopyrite, pyrrhotite and pyrite, along with native gold, magnetite and
apatite. The gold fineness ranges from 914-937%. (avg. 927 %o0). The presence of Au-Bi-Te phases,
pyrite (>1 Co/Ni ratio), magnetite (>1 Ni/Cr ratio, <1 Co/Ni ratio) and apatite (>1 F/Cl ratio) sug-
gest the hydrothermal origin Au-Cu mineralization. A fluid inclusion study indicates the different
episodes of fluid immiscibility with the homogenization temperatures varying between 120-258 °C
and salinities range within the 8.86-28.15 wt% NaCl eq. The sulfur isotopic composition of sulfides
varies from 8.98 to 14.58%. (avg. 11.16%o). It is inferred that the variation in the sulfur isotopic
compositions of sulfides is due to the cooling and dilution of the metalliferous fluid of mixed origin,
derived from the basement meta-sedimentary rocks and the high saline basinal fluid. The iron
oxide-copper-gold-apatite associations, structural control of mineralization, pervasive hydrothermal
alteration, fluid salinity and sulfur isotope compositions indicate that the Jagpura Au-Cu deposit is
similar to the iron oxide-copper-gold (IOCG)-iron oxide-apatite (IOA)types of deposits. Based on the
ore geochemistry and the trace elements systematic of magnetite, the deposit is further classified as
an IOCG-IOA type: IOCG-Co (reduced) subtype.

Keywords: Jagpura Au-Cu deposit; Aravalli Craton; high fineness gold; hydrothermal magnetite; fluid
inclusions; sulfur isotopic composition; IOCG-IOA type: IOCG-Co (reduced) subtype mineralization

1. Introduction

Gold occurs mainly in a native state and often contains Ag, Cu, Hg and other im-
purities [1,2]. Native gold is an indicator mineral of gold deposits [2,3]. On the basis
of their genesis, the gold deposits are classified into different types, viz. Orogenic lode
gold, Carlin-type gold deposit, Porphyry type gold and Iron oxide-copper-gold (IOCG)
type gold deposit [4-10]. The majority of these gold deposits is of hydrothermal origin
and constitute a significant portion of the world’s gold resources [11].In these deposits,
gold mineralization is commonly associated with pyrite and magnetite. Magnetite is stable
across a wide variety of physicochemical circumstances and contains various trace elements,
including Al, Ti, Mg, Mn, Zn, Cr, V, Ni, Co, and Ga [12-16]. These elements are useful
petrogenetic tools for modern-day exploration [15,17-22]. Accordingly, magnetite’s trace
element composition is used to distinguish between IOCG, Volcanogenic Massive Sulfide
(VMS), copper porphyry, Cu-Fe skarn, magmatic Fe-Ti-V-Cr, Ni-Cu-PGE, Kiruna-type iron
oxide-apatite (IOA) and BIF deposits [14,16,18,20,22-28]. Apatite is also a vital pathfinder
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mineral for IOCG/IOCG-IOA type deposits and is effectively used as an indicator mineral
for IOCG system [29,30].

The Jagpura Au-Cu deposit lies in the southern part of the Salumber-Ghatol Met-
allogenic Belt (SGMB), within the Paleoproterozoic Aravali Delhi Fold Belt (ADFB) Ra-
jasthan, India. The Au-Cu mineralization of the SGMB, is hosted by carbonate rocks and
albitite [27,31,32]. Previous workers advocated the magmatic-hydrothermal model for
the origin of gold-sulfide mineralization within the Bhukia-Jagpura deposit [33]. How-
ever, recent investigations in the Jagpura deposit reveals that the Au-Cu lodes are hosted
within the albitite and quartz-mica schist [34,35]. Since, the Jagpura Au-Cu deposit is a
relatively recent finding; there are significant gaps in the understanding of the nature of the
gold-sulfide mineralization, associated magnetite-apatite mineral chemistry, and source-
transportation-precipitation mechanism of the ore bearing fluid to form the deposit. This
requires a detailed investigation of the mineralization and hence, an integrated approach is
attempted to constrain the genesis of gold-copper mineralization.

The present study was carried out with an aim to (i) characterize the gold miner-
alization associated with magnetite and apatite, (ii) understand the possible source of
ore-bearing fluids and (iii) classify the Jagpura deposit in the light of the recent classifica-
tion scheme for Cu-Au-Fe (CGI)/ IOCG deposits [36]. In this work, we present new data on
the genetic aspects incorporating mineral chemistry of Au, Au-Bi, Bi-Te, Cu-sulfide phases,
besides associated magnetite and apatite, the sulfur isotopic composition of major ore min-
erals, and fluid inclusion micro-thermometry of mineralized quartz veins of the Jagpura
deposit. This study fills up the existing gaps in the understanding of the metallogeny of
the Salumber-Ghatol Metallogenic Belt and has a broader exploration implication on this
belt and allied areas of similar geological settings.

2. Regional Geological Setting

The Northwestern Indian shield is represented by 3.3-2.5 Ga Archean basement known
as the Banded Gneissic Complex (BGC) and is overlain by 2.2-1.85 Ga Paleoproterozoic
cover sequence of Aravalli-Delhi Fold Belt (ADFB), (Figure 1), [37—41]. The Archean
basement consists of granite gneiss with meta-volcano-sedimentary rocks and intrusive
rocks [38,39]. The BGC is in tectonic contact with or unconformably overlain by two
Proterozoic supracrustal sequences, the Aravalli and Delhi supergroups [42]. The Aravalli
Supergroup is widely distributed in the eastern and southeastern parts of the Aravalli-Delhi
Fold Belt. The relationship between ADFB and BGC is unconformable along the entire
Aravalli Fold Belt margin [42].
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Figure 1. (A) Inset map showing the location of the Aravalli craton and Aravalli Delhi Fold Belt in
Indian subcontinent, modified from reference [43]; (B) Geological map of the Aravalli-Delhi Fold
Belt showing location of the basement Banded Gneissic Complex (BGC), Paleoproterozoic Aravalli
Supergroup and Salumber-Ghatol metallogenic belt, modified from references [44].

The ADEFB is composed of calcareous and argillaceous meta-sedimentary rocks, meta-
volcano-sedimentary rocks, and intrusive rocks. The Aravalli sequence belongs to the
continental rift basin settings [45,46]. Geochronological studies showed that the Aravalli
sedimentation period ranges from ~2.3 to ~1.6 Ga [47,48]. The 4-6 km wide and 70 km long
Salumber-Ghatol Metallogenic Belt (SGMB) is exposed in the extreme southeastern part
of the ADFB and forms a part of the eastern margin of the Debari Group of the Aravalli
Supergroup. It extends from Salumber in the northwest to Ghatol in the southeast, exposing
a meta-volcano-sedimentary sequence unconformably overlying the BGC (Figure 2), [49,50].
Staurolite schist is a part of the basement rock [51]. The contact between the staurolite
schist of the BGC and the meta-sediments of the Jagpura Formation of the Debari Group
is sheared and referred to as Ghatol Shear Zone [31]. The lithostratigraphic sequence of
the Debari Group, exposed in the SGMB is classified into five formations viz., the Gurali
Formation (Basal quartzite and conglomerate), Delwara Formation (metabasalt with inter-
calations of conglomerate, marble, quartzite and feldspathic schist), Jaisamand Formation
(conglomerate, feldspathic quartzite, mica schist and dolomitic marble), Mukandpura For-
mation (dolomite, phyllite and carbonaceous phyllite with intercalations of mica schist) and
Jagpura Formation (quartzite, quartz-mica schist, garnet-biotite schist, dolomitic marble,
calc-silicate rock and amphibolite).
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Figure 2. Geological map of Salumber-Ghatol metallogenic belt showing location of study area,
modified from reference [51].

The general structural trend of the lithologic units of the SGMB is NNW-SSE with
moderate to steep dips towards WSW. The rocks of the SGMB are affected by three phases
of deformation events [33,52] and have undergone upper greenschist to middle amphibolite
facies metamorphism [53]. The lower part of the Aravalli Supergroup i.e., Debari Group,
lying close to the BGC, hosts several Au-Cu deposits/prospects in the SGMB viz. Bhukia,
Jagpura, Delwara, Dagocha, Ghagri etc. [31]. The Geological Survey of India (GSI) has
discovered gold-copper mineralization in the Bhukia area of SGMB in 1993 [49]. The
subsequent exploration by the GSI has established 114.78 mt of gold resource with an
average grade of 1.95 g/t gold, 0.15% associated copper, 93 g/t nickel and 130 g/t cobalt
resource [54]. The interface of the BGC and the Aravalli Supergroup between Delwara
and Ghatol in southeastern Rajasthan is mineralized (Cu-Au-iron oxide-graphite), [32].
In SGMB, the deposits/prospects situated in the southern part are more promising gold
deposits in Western India [31,32,39,51,55].

The mineralization in this belt is represented by pyrrhotite, chalcopyrite, arsenopyrite,
pyrite, loellingite along with magnetite, goethite and native gold. The host rock for aurifer-
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ous mineralization is carbonate rocks and albitite. The U-Pb zircon ages of albite-rich rock
from Bhukia deposit ranges from 1740 to 1820 Ma [56]. Gold-copper mineralization in this
belt occurs as disseminations, massive ore, veins, stringers and smears along with shear
fractures. The localization of ore is controlled by shears, genetically related to the D, phase
of deformation. The ore is localized along with hinges of F; folds and F, axial plane which
are parallel to D, shear planes. The associated alteration is characterized by pervasive
Na-Ca-Mg-Fe-B-Ti alterations [31]. The present work is focused on Jagpura Au-Cu deposit,
located in the southern part of the SGMB belongs to the Jagpura Formation of the Debari
Group of the Aravalli Supergroup.

3. Deposit Geology

The lithologic units of the Jagpura deposit are classified into two different tectonos-
tratigraphic domains: one is part of the Archean basement known as the Banded Gneissic
Complex (BGC) and the other is part of Paleoproterozoic meta-sedimentary units of the De-
bari Group of the Aravalli Supergroup (Figure 3). The BGC is represented by medium grade
staurolite schist, overlain by meta-sedimentary rock sequence comprising of dolomitic
marble, amphibole quartzite, quartz-mica schist and albitite of the Jagpura Formation,
Debari Group of the Aravalli Supergroup with a tectonic contact.
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Figure 3. (A) Geological map of the Jagpura deposit showing different litho-units and mineralized
zones, modified from reference [57], Albitite is from reference [27]; (B) longitudinal borehole cross-
section showing the position of ore lodes; (C) Geological cross-section along line A-B in Figure 3A.

Staurolite schist is asilver-grey to dark grey colored fine to medium grained rock. The
contact between staurolite schist and dolomitic marble is sheared, marked by various kine-
matic indicators in which sigma structure of quartz porphyroblast indicates a dextral sense
of shearing. Dolomitic marble is medium to coarse-grained, fawn colored crystalline rock
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and exhibits well-developed elephant skin weathering and saccharoidal texture. Amphi-
bole quartzite is exposed in the southern part of the deposit and is brown to pink colored,
medium grained, hard and compact rock. It is composed mainly of quartz, actinolite and
K-feldspar. Quartz-mica schist is the most dominant lithologic unit in the deposit. It is
abuff-grey to greenish-grey colored, fine-grained rock with a silvery sheen at places with
more muscovite concentration. The rock shows the development of quartz porphyroblasts,
crenulation cleavage, well-developed schistosity marked by a strong preferred orientation
of muscovite, chlorite and biotite (Figure 4A). The rock is traversed by foliation parallel
magnetite veins and highly ferruginized at places (Figure 4B-D). Albitite is a brown to
brick-red colored, fine grained, hard and compact rock (Figure 4E). It occurs as competent
bands within quartz-mica schist, contains foliation parallel tourmaline rich bands and
ferruginized at places.

>
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Figure 4. Field photograph showing: (A) Well-developed foliation in quartz-mica schist; (B) Quartz-mica
schist is characterized by the presence of foliation parallel magnetite veins; (C) Magnetite veins within
quartz-mica schist; (D) Intense Fe alteration in quartz-mica schist; (E) Albitite occurring within quartz-mica
schist as competent bands; (F) Ferruginized quartz vein within quartz-mica schist; (G) Well developed
gossan zone within quartz-mica schist; (H) Old workings at contact of quartz-mica schist and albitite;
(I) Malachite staining in wall of old workings; (J) Hydrothermal ferruginized breccias within quartz-mica
schist indicate brecciation due to hydrothermal activity; (K) Na-B alteration marked by occurrence of
albite and tourmaline veins; (L) Two generations of quartz veins occurring parallel to S; and S; foliation,
depicting cross cutting relationship with each other.
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Intrusive quartz veins are observed in all the lithologic units of the study area. Two
generations of quartz veins are observed: the first-generation quartz veins are disposed of
parallel to the S;foliation plane, the second-generation quartz veins are disposed parallel to
the S, foliation plane and show a cross-cutting relationship with each other (Figure 4L). The
second-generation quartz veins are prominent and associated with ore mineralization. The
length of these quartz veins varies from 2 cm to 5 m and the width varies from 2 cm to 1 m.
The quartz veins are ferruginized at places (Figure 4F). Quartz-mica schist and albitite are
also traversed by pegmatite veins. The length of pegmatite veins varies from 5 cm to 4 m and
the width varies from 2 to 15 cm. Calcite veins are present in quartz-mica schist, albitite and
dolomitic marble lithologic unit and are variable in size ranging from 1 to 20 cm in length
and 2 to 10 cm in width. Iron oxides in the deposit are represented by magnetite which
occurs ubiquitously within quartz-mica schist and albitite as discontinuous veins parallel
to the S, foliation plane (Figure 4B,C) and also as disseminations at places. The length of
iron oxide veins varies from 15 cm to 2 m and the width varies from 1 to 10 cm.The mineral
assemblages in different lithologic units of Jagpura deposit indicate upper greenschist to
middle amphibolite facies of metamorphism.

3.1. Structure

The lithologic units of the Jagpura deposit show NNW-SSE to N-S structural trends
with moderate (50°) to steep (82°) dip towards WSW and ESE. Three distinct phases of
deformation have been identified in the area. F; type rootless, isoclinal folds represent
D; phase deformation. The trends of the first-generation axial traces are NNW-SSE to
NW-SE. D; phase deformation is marked by symmetrical to asymmetrical, tightly to openly
inclined, moderately to steep plunging F; folds towards NW. F; folds control the outcrop
pattern of the area and axial traces strike towards NW-SE. Broad warps with widely spaced
fracture cleavage and chevron folds represent the D3 phase of deformation. The trends of
the third-generation axial traces are ENE-WSW to E-W. The third generation of folds is
less pervasive and has least affected the outcrop pattern of the area. The contact between
basement and cover rock is traversed through a ductile shear zone which is evident from
several kinematic indicators along with mylonitic foliation. The sense of shear is dextral.
The NNW-SSE trending shear zone is exposed in the eastern side of the study area and is
part of the regional Ghatol shear zone. The shear zone is sympathetic to the regional D,
deformation and shear plane is parallel with S; foliation. The ore microscopic studies show
that the mineralization is localized along shear plane and fold hinges related to D, phase
deformation event. In the study area, second-generation quartz veins occurring parallel to
S, foliation are prominent and associated with mineralization. The fluid inclusion study of
mineralized quartz vein suggest that the high saline ore fluids injected during the D, phase
of deformation is responsible for the transportation of metals in the ore system as metals
chloride complex.

3.2. Mineralization

In the Jagpura deposit, surface indications of mineralization are gossan zones, old
workings, malachite-azurite stains, hydrothermal alteration, veins and disseminations of
iron oxide (magnetite), as well as the presence of visible sulfides (Figure 4G-I). In the
study area, 12 old workings are present which are semi-circular in shape and open-pit
type. The length of these old workings varies from 08 to10 m and the width varies from
2 to 5 m. Gossan zones are yellow, deep brown to brick-red, massive, hard and compact,
and parallel to sub-parallel discontinuous bands. At places, native gold is seen as fine flakes
and specks within the gossan zone. Albitite and quartz-mica schist are the host rocks for
gold-copper mineralization. Three parallel gold-copper mineralized zones are exposed in
the deposit. The cumulative strike length of the mineralized zones is about 1050 m (400 m,
350 m and 300 m), with the width varying from 20 to 30 m.The ore mineral association of
the Au-Cu mineralization is native gold, arsenopyrite, loellingite and chalcopyrite with
associated pyrrhotite, pyrite and abundant magnetite. Alongside these mineral associations,
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maldonite (AuyBi) and hedleyite (Bi;Tes) are also observed as bismuth phases. Apatite,
quartz, chlorite, biotite, albite, tourmaline and muscovite are common gangue minerals
associated with the Au-Cu ore.

Subsurface mineralization is shallow in nature and all the three mineralized zones
have been intersected in drillholes. Four different styles of mineralization are present in
drillhole core samples i.e., (1) semi-massive to massive type, (2) vein and fracture fill type,
(3) foliation parallel disseminations/smears and (4) patchy and stringer type (Figure 5A-F).
The Geological Survey of India (GSI) has augmented a total resource of 6.07 mt gold with an
average grade of 1.67 g/t Au and 8.05 mt copper with an average grade of 0.23% Cu [34,58].
Gold-copper mineralized zones occur along the hinges of F, fold and F, axial planes parallel
to the D, shear planes. The mineralization is also observed in epigenetic quartz and pegmatite
veins (Figure 5G,H).

Figure 5. Photograph of drill core showing nature of sulfide mineralization in the Jagpura deposit.
(A) Association of pyrrhotite, chalcopyrite and arsenopyrite in borehole core; (B) Massive to semi
massive type pyrrhotite mineralization; (C) Foliation parallel semi massive arsenopyrite; (D) Vein
and fracture filled chalcopyrite, pyrrhotite and arsenopyrite; (E) Euhedral coarse grained arsenopyrite
specks of first generation; (F) Fine grained massive arsenopyrite of second generation; (G) Second
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generation arsenopyrite in quartz vein; (H) Stringers of pyrrhotite and disseminations of arsenopyrite
in pegmatite vein. (Apy = arsenopyrite, Po = pyrrhotite, Ccp = chalcopyrite).

3.3. Alteration Pattern

Hydrothermal alteration in the Jagpura deposit is represented by pervasive Na-B alter-
ation besides chloritization, sericitization, silicification, ferruginization and hydrothermal
iron oxide breccias present close to the gold-copper mineralized zones. In the Jagpura
deposit, hydrothermal alteration is dominated by Na-B metasomatism (Figure 4K), marked
by the ubiquitous presence of albite and tourmaline in all the lithologic units of the Jagpura
Formation [34,35]. In the study area, B metasomatism postdates Na metasomatism. Within
quartz-mica schist, Na metasomatism was so intense that it has formed albitite rock. Silicifi-
cation is present along the S; and S, foliation. However, quartz veins occurring parallel
to the S; foliation are dominant and close to the ore zones. Chloritization (of biotite and
amphibole) near sulfide mineralization is mainly associated with the shear zone Calcic
alteration is marked by the presence of calcite veins besides tremolite, actinolite (calcic
amphibole) and oligoclase, andesine mineral assemblages. A lesser degree of K-alteration is
also observed along the shear planes marked by biotite enrichment and albite replacement
by K-feldspar. Alteration of feldspar to sericite is noted throughout the host rocks Intense
ferruginization (magnetite, goethite) is present in the quartz-mica schist, albitite and in
quartz veins. Hydrothermal iron oxide breccia occurs in patches within the host rock.
It is composed of rounded to angular clasts made up of polycrystalline quartz set in a
ferruginized matrix (Figure 4]). The occurrence of albite, tourmaline, magnetite, chlorite,
actinolite, tremolite, calcite and sphene represents Na-B-Fe-Mg-Ca-K alteration within the
host rock proximal to Au-Cu ore zones.

4. Materials and Methods
4.1. Sampling

For petrography, mineral chemistry, fluid inclusion, and sulfur isotope study, samples
were collected from the Jagpura deposit of the SGMB. Both surface and drill core samples
of host rocks and ore zones were collected for analysis (Figure 3). Samples from all stages of
ore formation, representing different ore and gangue mineral assemblages, were collected.
These samples were used for petrographic study and representative samples were used for
electron probe micro analyzer (EPMA). Auriferous quartz vein (n = 10) occurring parallel
to S, foliation was sampled for fluid inclusion study. A pure fraction of sulfides viz. pyrite,
arsenopyrite, pyrrhotite and chalcopyrite were collected from the different ore zones for
sulfur isotope analysis.

4.2. Petrography and EPMA

Thin polished and polished sections of host rocks (n = 25) were studied for ore
mineralogical and petrological studies using Leica DMRX advanced polarizing petrological
microscope at the Regional Petrology Laboratory, the Geological Survey of India, Jaipur,
India. Representative sections (n = 10) were studied to determine the mineral chemistry
and to understand the nature of the gold and sulfide mineral phases using Electron Probe
Micro Analyzer (EPMA), CAMECA 5X-100 with five wave dispersive spectrometers (WDS)
at National Centre of Excellence in Geoscience Research (NCEGR), GSI, Faridabad, India.
The polished thin sections were examined using an optical microscope to characterize the
mineralogical and textural relationship of the ore and associated gangue minerals. EPMA
analysis was carried out using the operating column conditions of 20 kv accelerating voltage
and a probe current of 15 nA. Analyses were carried out using a beam diameter of 1 um.
Peak and background counting times for major elements were 20 s and 10 s, respectively,
whereas those for trace elements were 40 s and 20 s, respectively. Natural standards were
run before and after analysis to determine the analytical error. Two sections were studied
to determine the mineral chemistry of magnetite using Electron Probe Micro Analyzer
(EPMA), CAMECA SX-5 at Central Research Facilities in Indian Institute of Technology
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(Indian School of Mines), Dhanbad, India. The analyses were carried out for Si, Ti, Al,
Fe, Mn, Mg, Ca, Na, K, Ni, Co, V and Cr using the operating column conditions 15 kv
accelerating voltage, probe current of 12 nA and beam diameter of 1 pm. Standards were
run before and after analysis to determine the analytical error. The standards used for
calibration of the instrument are as follows: spinel for Mg and Al, ilmenite for Ti, vanadium
metal for V, chromite for Cr and Fe, and manganese oxide for Mn. Vanadium concentrations
were corrected for the overlap between Ti Kg and V Ko peaks by analyzing V-free and Ti
bearing standards of rutile and metallic Ti. Matrix correction was carried outusing the ZAF
correction. The analytical inaccuracies and uncertainties of the analysis are negligible and
as follows: <0.1% for Cr; <1% for Al, Si, K, Ca, Fe, Mg, Ti, Co, V; <2% for Mn and Na.

4.3. Fluid Inclusion Micro Thermometry

At the Fluid Inclusion Lab of NCEGR, GSI, Bengaluru, India, the fluid inclusions were
observed under a microscope at high magnification and the temperatures of thermally
induced phase transitions in fluid inclusions were evaluated using a calibrated LINKAM
THMSG 600 heating/freezing stage. The heating and freezing stage is equipped with
an Olympus BX-50 transmitted light microscope, an LNP-95-LTS liquid nitrogen chilling
unit, and a digital video capturing system for temperature monitoring. LINKSYS is the
program used to study fluid inclusions. The system was calibrated, and the reproducibility
of measurements at room temperature was tested using natural fluid inclusion standards
from quartz crystals tested in other established laboratories, as well as LINKAM'’s standard
CO, standards, with reproducibility achieved within the standard accepted error limits.
The apparatus operates at temperatures ranging from 196 to 600 °C.

4.4. Sulfur Isotopic Composition

A total of 31 sulfide samples were selected for conducting the sulfur isotope studies
and the respective data were generated from the Isotope Ratio Mass Spectrometry (IRMS)
laboratory, NCEGR, GSI, Bengaluru, India. Sulfide grains were separated by hand from
gangue minerals under a stereomicroscope and then powdered avoiding any contamination.
Using the ANCA GSL (Automated Nitrogen and Carbon Analyzer for Gas Solids and
Liquid) peripheral system; the separated powdered samples were analyzed for sulfur
isotopes in continuous flow mode using an Isotope Ratio Mass Spectrometer (Make: SerCon,
Model: Geo 2020). Around 3550 mg powder of each sulfide mineral was manually packed
into tin capsules and placed into the auto-sampler unit above the ANCA, with the positions
noted. Each tin capsule was put one by one into a furnace at 1050 °C with an additional
oxygen pulse during the analysis. In the presence of oxygen, the tin ignites and burns
exothermally, raising the temperature to around 1800 °C and oxidizing the sample. Water
is removed using a Nafion dryer and anhydrous magnesium perchlorate trap. Helium
is the carrier gas used (99.99%). The gas stream is routed through a gas chromatograph,
where sulfur is separated and injected into a mass spectrometer for isotope analysis of
sulfur. Each sample’s total analysis time is 9 m 10 s. Analytical techniques and fractionation
mechanism was followed in accordance with [59,60]. Each sample was analyzed three
times in a batch, along with international reference (NBS) and internal laboratory standards.
All sulfur-bearing samples are measured using the VCDT scale [61].

4.5. Geochemical Analysis

For geochemical analysis, drill core samples (n = 10) were collected from mineralized
zone. The samples were crushed to —100 mesh size, sieved, coned and quartered, for
major, trace, base metal and REE analysis. The geochemical analysis was carried out at
NABL accredited (ISO/IEC17025:2005) chemical laboratory of Geological Survey of India,
Western Region, Jaipur.The trace elements including REE were analyzed using Varian
820 Inductively Coupled Plasma Mass Spectrometry (ICP-MS instrument, following the
closed digestion sample preparation technique). Standard reference materials (SRMs) were
employed to estimate accuracy and precision of the instrument. Gold was analyzed using
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fire assay technique with ICPMS/GTAAS instrument. The base metal (Cu, Ni, Co, Pb, Zn)
was analyzed using Flame Atomic Absorption Spectrophotometer (FAAS, Agilent Duo
280 AAS) instrument. The samples were pulverized to —200 mesh size using vibratory cup
mill and taken in tightly packed zip plastic bag. For digestion, 0.2 g of the sample was
weighed in a test tube and 5 mls of HNO3: HCl mixture in 1:2 ratios were added to it. The
solution was heated over hotplate for 4 h and then made up with Type-I water and allowed
to settle. The final solution was used for the determination of Cu, Ni, Co, Pb, Zn.

5. Results
5.1. Petrography and EPMA Study
5.1.1. Petrography of Host Rocks

Detailed petrographic studies of gangue and ore minerals of the host rocks were
carried out to understand the relationship between gangue and ore minerals, nature of
gold mineralization, microstructures, mineral paragenesis and hydrothermal alteration
pattern. Quartz-mica schist is composed of muscovite, chlorite, sericite and quartz with
an accessory amount of apatite, feldspar, tourmaline, biotite, ilmenite, rutile, hornblende,
orthoclase and sphene (Figure 6A-F). A few sections also observe the alteration of biotite
and amphibole to chlorite. The rock shows well-developed schistosity, marked by the
parallel alignment of chlorite, muscovite, and sericite. S-C fabric, mica fish and pressure
shadow are also observed within the rock. Orientation of mica fish and S-C fabric shows a
dextral sense of shearing (Figure 6]) and alteration of feldspar to sericite. (Figure 6K).
The rock shows well-developed crenulation cleavage and microfolds associated with
the second phase of deformation. In chlorite, Fe/Fe+Mg ratio varies from 0.42 to 0.61
and Mg/Fe + Mg ratio ranges from 0.39 to 0.58. Most chlorites are ripidolite with few
pynochlorite and diabantite (Figure 8E). Feldspar is mostly albite (Abgg 91 Ang»-940r3 1)
to oligoclase [(Abgs g-70.9AN27.1-1460r703), (Figure 8F) and tourmaline is dravite variety.

Albitite comprises albite (Abgg 7_998Ang 1 7) and tourmaline as major minerals (Figure 6D)
along with apatite, biotite, muscovite, actinolite, quartz, orthoclase, rutile and ilmenite as
accessory minerals. Albite occurs as subhedral, polygonal grains and generally untwined in
nature. In some sections, albite constitutes up to 90% volume of the rock. Tourmaline occurs as
euhedral to subhedral grains and shows strong pleochroism in brown shades. The concentration
of tourmaline ranges from 5 to 50% volume of the rocks. A higher concentration of tourmaline
is observed in the mineralized zones. Albite and tourmaline grains in albitite are elongated and
aligned, parallel to the shear foliation close to the shear zone (Figure 6G,H).

5.1.2. Ore Petrography and Ore Chemistry

The sulfide mineral assemblages of the Jagpura deposit are represented by pyrrhotite,
chalcopyrite, arsenopyrite, loellingite and pyrite in the order of abundance (Figure 7A-O).
Moreover, native gold, maldonite (AuyBi) and hedleyite (BiyTe3) are present as gold and bis-
muth ore, respectively (Figure 8D). The sulfide minerals occur as semi-massive to massive
type, vein and fracture fill type, foliation parallel type, patchy and stringers type. Magnetite
is the dominant oxide phase and is closely associated with gold-sulfide mineralization
(Figure 7G,J,M); it is euhedral to subhedral in shape and occurs as disseminations and
veins (Figures 7E, LM and 8A,B). Apatite is euhedral, hexagonal in shape and occurs as
disseminations parallel to the foliation plane of host rocks (Figure 7L). Apatite is associated
with magnetite and chalcopyrite at many places (Figures 7L and 8C). The ore minerals
indicate replacement, remobilization and deformational textures. Major sulfide phases
show replacement textures. Two types of arsenopyrite are observed in the ore zones: one
is coarse grained, granular and intensely fractured with cataclastic texture (Figure 7A)
and the other is idiomorphic, euhedral, rhombic in shape, fine to medium grained with-
out deformation texture (Figure 7B). The healing of fractures within the arsenopyrite by
chalcopyrite shows that the former is replaced by the later (Figure 7C). The convexity of
chalcopyrite grain boundary within pyrrhotite shows that pyrrhotite has formed earlier
(Figure 7D). Occurrence of sulfides along weak planes viz. fractures, veins and shear planes
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(Figure 7H,K) and the hinge of F, folds represents ore remobilization (Figures 6E,F and 7F).
In mineralized zones, sulfide veins cross-cutting the albite-tourmaline grains (Figure 6I),
deformed albite twin lamellae and cataclastic fragments of sulfide minerals indicate ore
deformational textures (Figure 7K). Sulfide minerals such as pyrite and arsenopyrite are
associated with gold [62]. Arsenopyrite has a higher gold content than pyrite, and the gold
content of arsenian pyrites increases with arsenic content [63].

Figure 6. Photomicrograph showing mineral assemblages related to alteration zones, D, deformation
and shear system. (A) Quartz-mica schist is mainly consists of muscovite, chlorite and quartz; (B) Al-
ternate bandings of quartz and chlorite rich layers within quartz-mica schist; (C) Mica fish structure
within quartz-mica schist indicating dextral nature of the shear zone; (D) Gold-sulfide mineralization
is associated with extensive hydrothermal alterations viz. albitization and tourmalinization, also
to note that mineralization is occurring parallel to the fractures of tourmaline grains; (E,F) F, fold
in quartz-mica schist with disposition of opaque minerals at the hinge; (G,H) Elongated albite and
tourmaline grains in albitite close to shear zone; (I) Sulfide vein cross cutting the foliation of albite-
tourmaline grains in albitite; (J) Alteration of biotite to chlorite in proximity to sulfide disseminations;
(K) Sericitic alteration in albitite (PPL); (L) Angular grains of magnetite within iron oxide breccia.
(Mag = magnetite, Ms = muscovite, Qz = quartz, Chl = chlorite, Ab = albite, Tur = tourmaline,
PPL = plane polarized light).
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Figure 7. Photomicrograph showing various generations of mineral assemblages such as magnetite-
apatite-sulfides-gold and their linkages to the shear zone characteristics and deformation patterns.
(A) Catascatically deformed arsenopyrite of the first generation, where fractures are healed by
pyrrhotite; (B) Undeformed isomorphic, euhedral, rhombic shaped second generation arsenopyrite;
(C) Fractures of arsenopyrite are healed by later formed chalcopyrite; (D) Convexity of chalcopyrite
grain in pyrrhotite indicate that pyrrhotite has formed earlier; (E) Occurrence of abundant subhedral
magnetite grains within quartz-mica schist; (F) Saddle reef structure having sulfide mineralization at
the hinge of microfold indicating ore remobilization; (G) Disseminations of arsenopyrite, pyrrhotite,
chalcopyrite and magnetite of early stage mineralization; (H) Nature of mineralized shear system
showing shear planes cross cutting the albite grains; (I) Magnetite vein of second stage mineralization,
occurring parallel to shear fracture; (J) Coarse grained magnetite with associated chalcopyrite; (K) De-
formed albite twin lamellae in albitite close to mineralized vein; (L) Occurrence of subhedral apatite
grains associated with magnetite in quartz-mica schist; (M) Disseminated magnetite and arsenopyrite
of early stage mineralization; (N) Native gold grains in quartz-mica schist; (O) Skeletal gold speck in
second generation quartz vein intrusive within quartz-mica schist. (Apa = apatite, Mag = magnetite,
Apy = arsenopyrite, Po = pyrrhotite, Ccp = chalcopyrite, Au = gold, Tur = tourmaline, Ab = albite,
Chl = chlorite).

Ore petrography revealed that gold is mainly present within the arsenopyrite and
loellingite. Within the arsenopyrite, gold occurs in association with loellingite, maldonite
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and hedleyite. Gold occurs as specks, fine flakes and films varying in size from a fraction
of a micron to 40 microns (Figure 7N). Gold also occurs along the fractures within the
arsenopyrite and loellingite. Epigenetic quartz vein within the host rocks also contains
native gold (Figure 7O). Arsenopyrite and loellingite are intimately associated and form
the main gold bearing minerals in the study area. EPMA analysis of native gold indicates
that Au concentration ranges from 89.25 to 94.72 wt% and it contains silver as a minor
impurity (6.15 to 8.46 wt%). Gold fineness ranges from 914-937 %., with average value of
927%o (n = 6).

EPMA analysis of the sulfides also indicates the presence of invisible gold. Gold content
ranges from 0.02 to 2.58 wt% in arsenopyrite, 0.02 to 0.20 wt% in chalcopyrite, 0.08 to 0.11wt%
in pyrrhotite and up to 0.17 wt% in loellingite. The EPMA study reveals that loellingite
and arsenopyrite occur as coexisting phase within the ore zones. However, loellingite is the
preferred residence for gold mineralization compared to arsenopyrite (Figure 8D). Arsenic
content is higher in loellingite (72.20 to 72.36 wt%) than arsenopyrite (47.07 to 51.05 wt%).
Loellingite and arsenopyrite are also rich in nickel and cobalt wherein, loellingite shows higher
values compared to arsenopyrite [Table 1]. The nickel and cobalt values in loellingite range
from 2.10 to 2.45 wt% and 1.08 to 1.44 wt%, respectively. The nickel and cobalt values in
arsenopyrite are 0.39 to 2.22 wt% and 0.18 to 0.40 wt%, respectively.

Table 1. EPMA data of Au, Au-Te, Au-Bi and sulfide phases (in Wt%) from the Jagpura gold-copper
deposit, western India.

Lithology: Albitite, Sample No. JGB-10

I\S;:Ir:l Gold (Au) Arsenopyrite (FeAsS) Pyrrhotite (FeS) Chalcopyrite (CuFeS;)
EPMA
Analysis 1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11 1/12 1/13
No.
S 0.09 0.02 0.02 17.74 17.70 17.33 38.27 39.04 39.17 34.14 34.18 34.03 33.88
Fe 0.68 0.12 0.12 31.10 31.60 34.68 59.85 58.75 59.22 30.08 29.35 30.02 29.92
Co bdl bdl 0.02 2.22 0.88 0.39 0.01 0.03 bdl bdl 0.01 bdl 0.03
Ni 0.10 bdl bdl 0.40 0.29 bdl 0.07 0.04 bdl bdl 0.03 bdl bdl
Cu 0.08 0.02 0.01 bdl 0.02 0.03 0.01 0.01 0.01 32.66 33.79 32.6 33.02
Zn bdl 0.10 0.02 bdl bdl bdl bdl bdl bdl bdl 0.02 0.05 0.02
As 0.25 0.08 0.01 48.10 49.14 47.07 bdl 0.02 bdl bdl 0.04 bdl bdl
Mo bdl bdl bdl bdl 0.24 0.22 0.51 0.56 0.49 0.46 0.50 0.43 0.58
Ag 7.20 6.15 6.58 0.03 bdl 0.04 bdl bdl 0.02 0.08 bdl bdl bdl
Cd 0.14 0.02 0.08 bdl 0.01 bdl bdl 0.02 bdl bdl 0.06 bdl bdl
Te bdl bdl bdl bdl bdl bdl bdl 0.02 bdl 244 bdl 242 2.19
Au 89.95 9212 92.21 0.13 0.06 0.07 0.11 0.08 0.10 0.10 0.20 0.06 0.02
Pb bdl bdl bdl 0.15 bdl 0.13 bdl bdl bdl bdl 0.13 bdl bdl
Bi bdl bdl bdl 0.10 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Total 98.49  98.63 99.07 99.97 99.94 99.96 98.83 98.57 99.01 99.96 98.31 99.61 99.66
Lithology: Quartz-mica schist, Sample No. JGB-7
hﬁ:ﬁ:‘:l Gold (Au) Loellingite (FeAs;) l\/{zljzo];i)te I_:E?:;Zse Arsenopyrite (FeAsS)
EPMA
Analysis 1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11 1/12
No.
S 0.05 0.07 0.01 1.29 1.17 1.30 0.07 bdl 0.04 0.02 16.65 18.25
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Table 1. Cont.

Fe 0.22 0.72 0.21 24.71 24.06 24.38 1.52 0.32 0.32 0.30 31.03 32.13
Co bdl bdl bdl 1.08 1.44 1.41 0.06 0.04 0.07 0.09 0.69 0.67
Ni 0.01 0.11 0.05 2.45 2.50 2.10 0.11 0.06 0.14 0.15 0.29 0.18
Cu 0.03 0.07 0.04 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Zn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.02
As 0.08 0.21 0.03 70.36 70.20 70.34 0.32 0.22 0.49 0.42 47.55 48.32
Mo bdl bdl bdl 0.02 bdl 0.04 bdl bdl bdl bdl 0.19 0.28
Ag 8.46 7.60 712 bdl 0.08 bdl 0.12 0.09 bdl bdl 0.02 bdl
Cd 0.03 0.12 bdl bdl bdl bdl 0.19 0.12 bdl bdl bdl 0.07
Te bdl bdl bdl bdl bdl bdl bdl bdl 20.39 21.30 0.05 bdl
Au 89.93  89.25 91.12 bdl bdl 0.17 64.71 66.47 bdl bdl 2.58 0.02
Pb bdl bdl bdl bdl bdl 0.11 bdl bdl 0.10 0.08 bdl bdl
Bi bdl bdl bdl bdl bdl bdl 32.68 31.52 78.11 77.18 0.80 bdl
Total 98.81 98.15 98.58 99.91 99.45 99.85 99.78 98.84 99.66 99.54 99.85 99.94

Lithology: Quartz-mica schist, Sample No. JGB-8

Mineral

Name Pyrite (FeS;)
EPMA
Analysis 1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11
No.
S 53.00 53.25 53.11 53.25 52.49 53.15 52.86 53.13 53.00 53.11 53.25
Fe 4588 45.62 46.25 45.62 46.33 46.36 45.80 46.34 45.88 45.25 45.62
Co 0.06 0.15 0.10 0.15 0.04 0.03 0.19 0.07 0.06 0.10 0.15
Ni 0.03 0.06 0.04 0.06 0.03 0.02 0.10 0.06 0.03 0.03 0.06
Cu bdl bdl 0.02 bdl bdl 0.02 0.02 0.01 bdl 0.02 bdl
Zn bdl 0.04 bdl 0.04 0.03 bdl bdl bdl bdl bdl 0.04
As bdl 0.01 bdl 0.01 bdl 0.01 0.01 0.02 bdl bdl 0.01
Ag 0.01 0.02 0.04 0.02 bdl 0.04 bdl 0.03 0.01 0.04 0.02
Total 98.99  99.17 99.53 99.16 99.11 99.82 98.99 99.96 99.33 99.13 99.61
Co/Ni 1.96 2.54 240 2.54 1.17 1.76 1.89 1.17 1.96 3.20 2.54
S/Fe 1.16 1.17 1.15 1.17 1.13 1.15 1.15 1.15 1.16 1.17 1.17
Fe/(S+As) 0.87 0.86 0.87 0.86 0.88 0.87 0.87 0.87 0.87 0.85 0.86

bdl = below detection limit

42



Minerals 2022, 12, 1345

Daphnite
8
-
7 .
% 6 Pseudothuringite Bl‘llrs"glle
-
O] L oli‘e. 5
4 » R
3 &-ochlnriglabanme
2 Corundophilite
Clino chlore .
1 Sheridanite Penninite  1alc-chlorite
0 I
€ ¢ e 7w
Si
100,000
10,000 4 _ )
160007} Magmatic magnetite
E 1000 §
% = Hydrothermal magnetite w lé
g 1000 1 3 F 100 o® T 3
g = ° o
3 * L X N ] =
8 10 4
100 N
0.1
T T T T T
(G) 10, % X pr = — (H) 01 1 10 100 1000 10,000 100,000
Ni ppm ! Al ppm

Figure 8. BSE images of magnetite-apatite-gold-sulfide mineral assemblages along with plots sug-
gesting hydrothermal nature of pyrite and magnetite in the study area. (A) Magnetite megacryst
in quartz-mica schist; (B) Disseminated magnetite within quartz mica-schist; (C) Subrounded to
rounded apatite grains associated with chalcopyrite; (D) Association of gold, loellingite, arsenopyrite,
maldonite and hedleyite; (E) Mineral composition classification diagram of chlorite, (Red = albitite,
green = quartz-mica schist); (F) Or-Ab-An classification diagram of feldspar. (Red = albitite,
green = quartz-mica schist); (G) Co vs. Ni plot of pyrite show hydrothermal signature, fields for
pyrite composition from references [64]; (H) Ti vs. Al covariation plots of magnetite indicates
magnetite is hydrothermal in nature, fields from reference [65]. (Apa = apatite, Mag = magnetite,
Ccp = chalcopyrite, Au = gold, Mdl = maldonite, Lo = loellingite, Hed = hedleyite).
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The EPMA study of magnetite from the study area reveals that the concentrations
of TiO, ranges from(0.01 to 0.11 wt%), Al,O3 (0.06 to 0.28 wt%), MnO (up to 0.01 wt%),
FeO (83.39 to 89.02 wt%), MgO (0.01 to 0.08 wt%), V,03 (0.03 to 0.26 wt%), Cr,O3 (0.01
to 0.09 wt%), NiO (0.04 to 0.31 wt%), CoO (0.02 to 0.05 wt%) and CaO (0.01 to 0.08 wt%)
[Table 2]. Magnetite shows low concentrations of TiO; (0.01 to 0.11 wt%) and Al,O3 (0.06
to 0.28 wt%). The Co/Ni ratio of magnetite is <1 (0.04 to 0.67) and Ni/Cr ratio is >1 (1
to 4). Co/Ni ratio of pyrite from the study area is >1 (1 to 2.54, n = 22). The EPMA analysis
of apatite reveals that apatite is of fluorapatite variety with F content >1 wt% and >1F/Cl
ratio [Table 3]. Apatite has a higher concentration of F (4.23 to 5.97 wt%, n = 10) and a lower
concentration of Cl (0.08 to 0.73 wt%), FeO (0.01 to 0.28 wt%), and MnO (0.01 to 0.07 wt%).

Table 2. EPMA data of magnetite from the Jagpura gold-copper deposit, western India.

Lithology: Quartz-mica Schist, Sample No. JGB-8

Mineral Name Magnetite
EPMA Analysis No. 1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10
Wt%
SiO, 0.02 0.17 0.06 0.10 0.02 bdl 0.05 0.04 0.10 0.06
TiO, 0.05 0.01 0.05 0.07 0.01 0.10 0.05 0.09 0.01 0.05
Al O3 0.12 0.14 0.13 0.11 0.10 0.28 0.15 0.27 0.26 0.21
Cr,03 0.05 0.06 0.04 0.05 0.07 0.06 0.07 0.04 0.05 0.03
V7,03 0.20 0.17 0.18 0.07 0.17 0.15 0.08 0.15 0.19 0.17
FeO 89.02 87.69 88.49 87.88 87.82 83.39 83.82 88.57 86.63 88.98
MnO bdl 0.06 bdl 0.06 bdl 0.01 0.03 bdl bdl bdl
MgO 0.05 0.08 bdl bdl 0.03 bdl 0.01 bdl bdl bdl
CaO bdl 0.03 bdl bdl bdl 0.01 0.02 bdl 0.02 bdl
Na,O 0.02 0.01 0.05 0.03 bdl 0.08 0.01 0.01 0.01 0.05
KO 0.04 0.03 bdl bdl bdl 0.02 bdl 0.01 0.02 bdl
NiO 0.05 0.05 0.05 0.06 0.07 0.05 0.06 0.07 0.05 0.05
CoO 0.02 0.03 0.02 0.03 0.04 0.02 0.03 0.04 0.02 0.02
Total 89.64 88.53 89.07 88.46 88.33 84.17 84.38 89.29 87.36 89.62
apfu Number of ions on the basis of 4 (O)
Si 0.01 0.08 0.03 0.05 0.01 bdl 0.02 0.02 0.05 0.03
Ti 0.03 0.01 0.03 0.04 0.01 0.06 0.03 0.05 0.01 0.03
Al 0.06 0.07 0.07 0.06 0.05 0.15 0.08 0.14 0.14 0.11
Cr 0.03 0.04 0.03 0.03 0.05 0.04 0.05 0.03 0.03 0.02
\Y% 0.11 0.10 0.10 0.04 0.10 0.08 0.04 0.08 0.11 0.10
Fe 69.20 68.16 68.78 68.31 68.26 64.82 65.15 68.85 67.34 69.17
Mn bdl 0.05 bdl 0.05 bdl 0.01 0.02 bdl bdl bdl
Mg 0.03 0.05 bdl bdl 0.02 bdl 0.01 bdl bdl bdl
Ca bdl 0.02 bdl bdl bdl 0.01 0.01 bdl 0.01 bdl
Na 0.01 0.01 0.04 0.02 bdl 0.06 0.01 0.01 0.01 0.04
K 0.03 0.02 bdl bdl bdl 0.02 bdl 0.01 0.02 bdl
Ni 0.04 0.04 0.04 0.05 0.06 0.04 0.05 0.06 0.04 0.04
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Table 2. Cont.

Co 0.01 0.02 0.01 0.02 0.03 0.01 0.02 0.03 0.01 0.01
Co/Ni 0.25 0.50 0.25 0.40 0.50 0.25 0.40 0.50 0.25 0.25
Ni/Cr 1.18 1.00 1.48 1.67 1.20 1.00 1.06 2.00 1.18 1.95

Lithology: Albitite No. JGB-10
Mineral name Magnetite
EPMA Analysis No. 1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9
Wt%
SiO, 0.10 0.10 0.02 0.04 0.01 0.03 0.03 0.09 0.03
SiO, 0.10 0.10 0.02 0.04 0.01 0.03 0.03 0.09 0.03
TiO, 0.03 0.03 0.06 0.04 0.11 0.02 0.03 0.07 0.01
AlL,O3 0.17 0.19 0.19 0.08 0.25 0.09 0.06 0.25 0.17
Cr,0O3 0.04 0.08 0.07 0.01 0.06 0.09 0.04 0.09 0.09
V503 0.15 0.12 0.26 0.20 0.13 0.13 0.16 0.03 0.08
FeO 86.27 88.91 85.43 88.23 87.69 87.28 88.19 84.06 88.37
MnO bdl bdl bdl bdl 0.10 0.06 0.03 bdl 0.09
MgO 0.04 bdl 0.01 bdl bdl bdl bdl 0.01 bdl
CaO 0.04 bdl 0.04 bdl bdl 0.01 bdl 0.05 bdl
Na,O bdl 0.08 0.03 0.03 0.02 bdl 0.01 0.02 0.01
KO bdl bdl 0.02 bdl bdl 0.01 0.03 bdl 0.01
NiO 0.04 0.07 0.09 0.05 0.09 0.09 0.04 0.31 0.14
CoO 0.02 0.05 0.02 0.03 0.05 0.04 0.02 0.02 0.04
Total 86.90 89.63 86.24 88.71 88.51 87.85 88.64 85.00 89.04
apfu Number of ions on the basis of 4 (O)

Si 0.05 0.05 0.01 0.02 bdl 0.01 0.01 0.04 0.01

Ti 0.02 0.02 0.04 0.02 0.07 0.01 0.02 0.04 0.01

Al 0.09 0.10 0.10 0.04 0.13 0.05 0.03 0.13 0.09

Cr 0.02 0.05 0.05 0.01 0.04 0.06 0.02 0.06 0.06

\% 0.08 0.07 0.15 0.11 0.07 0.07 0.09 0.02 0.04

Fe 67.06 69.11 66.41 68.58 68.16 67.84 68.55 65.34 68.69

Mn bdl bdl bdl bdl 0.08 0.05 0.02 bdl 0.07

Mg 0.02 bdl 0.01 bdl bdl bdl bdl 0.01 bdl

Ca 0.03 bdl 0.03 bdl bdl 0.01 bdl 0.04 bdl

Na bdl 0.06 0.02 0.02 0.01 bdl 0.01 0.01 0.01

K bdl bdl 0.02 bdl bdl 0.01 0.02 bdl 0.01

Ni 0.03 0.06 0.07 0.04 0.07 0.07 0.03 0.24 0.11

Co 0.01 0.04 0.01 0.02 0.04 0.03 0.01 0.01 0.03
Co/Ni 0.33 0.67 0.14 0.50 0.57 0.43 0.33 0.04 0.27
Ni/Cr 1.50 1.20 1.40 4.00 1.75 1.17 1.50 4.00 1.83
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Table 3. EPMA data of apatite (in Wt%) from the Jagpura gold-copper deposit, western India.
Lithology: Quartz-mica schist, Sample No. JGB-11.

Mineral Name Apatite

EPMA Analysis No. 1/1 1/2 1/3 1/4 1/5 1/6 1/7
SiO, 0.04 0.21 0.04 0.06 0.53 0.04 0.23

TiO, bdl bdl 0.07 bdl bdl 0.19 bdl

Al O3 bdl 0.02 bdl 0.01 0.07 0.01 0.03

Cry03 bdl 0.12 0.03 bdl bdl bdl bdl

FeO 0.15 0.01 0.04 0.04 0.28 0.13 bdl

MnO bdl bdl 0.07 0.05 0.01 bdl bdl

MgO bdl bdl bdl bdl bdl bdl bdl
CaO 54.42 53.55 54.34 54.10 53.45 54.46 53.23
Na,O 0.54 0.07 0.03 0.09 0.08 0.03 0.07
K,O 0.02 0.01 bdl bdl 0.01 0.02 0.02
P,05 38.10 3991 39.92 41.05 41.14 38.99 41.12

F 5.89 5.20 4.74 4.32 4.23 5.97 5.10

Cl 0.73 0.14 0.12 0.29 0.16 0.08 0.16
Total 99.89 99.23 99.40 100.00 99.94 99.91 99.96
E/Cl 8.05 38.52 38.19 15.06 26.75 79.53 32.28

bdl = below detection limit

5.1.3. Paragenesis Study

In the Jagpura deposit, the ore minerals are semi massive to massive type, fracture
fill type, vein type, disseminations/stringers type, patchy and foliation parallel types.
Based on ore and gangue minerals assemblages, the texture of ore minerals and their grain
boundary relationship, three different stages of ore formation are recognized (Figure 9).

Stage-I: This stage is called the dissemination/stringer stage and is characterized
by fine disseminations/stringers of magnetite, arsenopyrite, pyrrhotite and chalcopyrite
grains within the host rocks (Figure 7G). The common gangue mineral assemblages of this
stage are quartz, biotite, apatite, albite, tourmaline, muscovite, biotite, chlorite and sericite.

Stage -II: This is the shear stage marked by the regional D, phase of deformation and
it is the most dominant phase of mineralization in the Jagpura deposit. Most hydrothermal
alterations were formed during this stage, viz. chloritization, sericitization, silicification,
ferruginization and iron oxide breccia. The common gangue mineral assemblages of
this stage are quartz, chlorite, sericite, biotite, apatite, albite, tourmaline and muscovite.
Semi-massive to massive type ore, foliation parallel ore and vein filled ore were formed
during this stage. Pyrrhotite, pyrite, chalcopyrite, magnetite, arsenopyrite, loellingite, gold,
maldonite and hedleyite mineral assemblages represent the shear stage.

Stage-III: This stage is the final ore formation stage, marked by the second phase of hy-
drothermal fluid activity. It exhibits mineralization along fracture planes and replaces early
formed ores with later ones, i.e., arsenopyrite is replaced by pyrrhotite and chalcopyrite.
Native gold was precipitated in this stage, showing stringers and patchy textures.
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Figure 9. Trace elements plots of magnetite and geochemical discrimination diagrams suggesting
IOCG type mineralization style in the study area. (A) Ti vs. Ni/Cr ratio of magnetite from reference [14]
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suggest hydrothermal nature of magnetite; (B) Ni/(Cr+Mn) vs. Ti+V plot from reference [18]
suggesting IOCG type deposit; (C) Ca+Al+Mn vs. Ti+V plot from reference [18] indicates
IOCG type mineralization style; (D) Al+Mn vs. Ti+V plot from reference [26] also cor-
roborate the IOCG affiliation based on magnetite EPMA data; (E) The IOCG-ISCG cube of
the Jagpura deposit from reference [36] shows reduced mineralogical subtypes based on Fe-
Cu-O-S mineral assemblages. (Key deposits are shown in red text: EH—Ernest Henry de-
posit, Elo—FEloise, OD—Olympic Dam, OE—Orlando East, Seq—Sequeirinho-Sossego); (F) The
(Au g/t x 10,000)/ Cu ppm vs. (Co + Ni + 10*Bi + 10*Se + 50*Te) /(U + La) IOCG discriminator dia-
gram for geochemical subtypes of IOCG deposit from reference [36] indicates that the Jagpura deposit
is IOCG-Co (reduced) subtype; (G) The La vs. Co discrimination diagram from reference [36] also
indicates that the Jagpura deposit is IOCG-Co (reduced) subtype and unrelated to porphyry and
skarn type deposit; (H) The Cu vs. Co + Ni + U + La discrimination diagram from reference [36]
further suggest that the Jagpura deposit is IOCG type and unrelated with porphyry Cu-Au-Mo, skarn
Fe-Cu-Zn-Au, greisen Sn-W-Mo and Intrusion-Related Gold (IRG) deposits).

5.2. Fluid Inclusion Study
5.2.1. Fluid Inclusion Petrography

Fluid inclusions were investigated using fluid inclusion assemblage (FIA) methods [66].
The size of the inclusions varies from 2 to 30 um. The size of water vapor/CO; bubbles
varies from 0.50 to 6.85 um. These inclusions are classified into four types based on the
phases present: type-I primary monophase carbonic inclusions, type-II primary aqueous
carbonic inclusions, type-III primary aqueous bi-phase inclusions, and type-IV secondary
aqueous inclusions (Figure 10). Type-I inclusions are more common and abundant in
mineralized quartz veins than any other type of inclusion. These inclusions have only
one phase, but two phases have been observed at room temperature in some cases. The
CO, vapor phase is perfectly circular, spherical, and occasionally oval in shape, and at
room temperature, a few of the CO,vapor bubbles have a dark rim on the periphery due to
the presence of a thin film of liquid CO; over vapor CO; and are homogenized into the
liquid phase. Type-II inclusions are less common and appear in isolated patterns containing
CO; (liquid) + CO; (gas) + H,O (liquid) + NaCl. Aqueous carbonic inclusions frequently
have varying degrees of fill. In general, the vapor content ranges from 25% to 60% by
volume. Type-III inclusions are more abundant than any other type of inclusion, and
they occur as isolated inclusions and fluid inclusion assemblages (FIA). These are usually
tiny, rounded, and irregular, with two phases: liquid (H,O+NaCl) and a vapor bubble
H,O homogenized to liquid upon heating. The type-IV inclusions are secondary aqueous
inclusions and are very similar to the aqueous inclusions of type-IIL

5.2.2. Microthermometry

The melting temperatures (T, CO,) of type-I inclusions range from —56.6 to —60.2 °C,
with the maximum depression in TmCO; (—60.2 °C) indicating an admixture of other
gases, most likely CHy or Nj [67], and the melting temperatures (Tm, CO;) are graphi-
cally illustrated in histograms. The temperatures at which CO, was homogenized into
the vapor phase ranged from 1.9 to 28.0 °C (density varies from 0.72 to 0.81 g/cm3) and
were graphically plotted in a histogram. The primary aqueous carbonic inclusions (type
II) are less abundant and occur in isolated and cluster patterns. These are identified
by the formation of vapor bubbles upon cooling, which corresponds to the composition
CO;, (liquid) + CO; (gas) + HyO (liquid) + NaCl. These aqueous carbonic inclusions fre-
quently have varying degrees of fill and coexist with aqueous-rich inclusions, inferring that
fluid immiscibility occurred later in the crystallization process [66]. The total homogeniza-
tion temperature (Thy,)) ranges from 235 to 258 °C. The CO,clathrate temperature (Tm,¢,)
ranges from 6 to 12 °C. The initial eutectic temperatures (Te) of ice melting range from
—26.5 °C to —32.0 °C. This implies that the fluid system’s main component in the aqueous
phase is NaCl + MgCl,. The melting temperatures of solid CO, range from —56.6 °C to
58.2 °C. The maximum melting temperature indicates a lesser amount of methane [68]
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and the homogenization temperature of CO, varies from 2.5 to 4.2 °C. The density of
aqueous the carbonic phase varies from 0.87 to 0.98 g/cm3. Type-III inclusions are aqueous
inclusions that freeze at temperatures ranging from —52 to —72 °C. The homogeniza-
tion temperature ranged from 146 to 252 °C, and the first melting (eutectic) temperatures
(Teu) observed during the heating runs ranged from —51 to —30 °C, with an average of
—41.65 °C, indicating that the major component in the fluid system is NaCl £ FeCl,. The
presence of CaCl, =+ FeCl, with NaCl and H,O may be indicated by the maximum eutectic
temperature of —51 °C [69]. The final melting temperature of ice (Tm, ice) ranges from
—6.9 to —30.0 °C, with salinities ranging from 10.35 to 28.15 wt% NaCl equivalent. The
density of the aqueous phase varies from 0.98 to 1.10 gms/cm3. The type-1V, secondary
bi-phase inclusions are predominantly aqueous-rich. The first melting temperature (eutec-
tic) varies from —22.5 to —44 °C with an average value of —32.1°C. This suggests that the
major component in the aqueous phase is MgCl, in the fluid system. The final ice melting
temperatures range from —4.5 to —22.7 °C, corresponding to the wide range of salinity
varying from 7.10 to 24.09 wt% NaCl equivalents. The total homogenization temperature
(Th) varies from 120 to 238 °C. The density of inclusions varies from 0.93 to 1.11 gm/ cm?
(Figure 11), [Table 4].

. Stage-l Stage-ll Stage-lll

Mingrals (Disseminations/| (ghear Planes) (Fractures/
Stringers) Replacement)
Magnetite
Goethite — S—
Pyrrhotite .
Arsenopyrite —
Chalcopyrite — [ — S—
Loellingite —
Maldonite =
Hedleyite —
#Invisible * Native

Figure 10. Paragenetic sequence showing evolution of gold mineralization with respect to various
oxide and sulfide minerals based on relationships between host rock mineral assemblages, ore textural
and micro-structural relationships.
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Figure 11. Types of fluid inclusions observed from study area. (A) Primary monophase carbonic
(CO,) inclusions; (B) Primary aqueous carbonic inclusions; (C) Primary aqueous bi-phase inclusions;
(D) Secondary aqueous bi-phase inclusions.

Table 4. Fluid inclusion results of different inclusions from the Jagpura deposit.

Samples Descriptions Type Origin Size (um) TmCOy Te Tmice ThCO, Th Total Salinity Density
Mono phase . —56.6 to o _ -
carbonic inclusions 1 Primary 2-15 _602°C 19t028°C 0.66t00.92 g/cc
. . ‘Aqueous carbonic . —56.6 to —26.5to —3to ° °
Mineralized inclusions I Primary 6-30 588°C _3oc _7°C 25t042°C 235t0258 °C 4.86 t0 10.48 0.87t00.98 g/cc
Quartz
veins . ) . ° —69to °
Aqueous inclusion i Primary 2-28 —30to —51°C _300°C 14610252 °C 10.35 to 28.15 0.98t01.10 g/cc
Secondary aqueous —22.5 —45to °
indlusions v Secondary 1-15 to —44°C _on7oC 120 t0 238 °C 7.10 to 24.09 0.93to 1.11 g/cc

5.3. Sulfur Isotopic Composition

The §3*Sycpr (%») values obtained from major sulfide minerals of the Jagpura deposit
show a narrow range from +08.89 to +14.58 %. with an average value of +11.16%o [Table 5].
The %S value of pyrite ranges from 10.28 to 11.05%., pyrrhotite from 8.89to 12.34%o,
chalcopyrite from 10.14to 12.14%. and arsenopyrite from 10.98 to 14.58%.. The average
534S values of pyrite, pyrrhotite, chalcopyrite and arsenopyrite are +10.60%o, +10.65%o,
+11.15%0 and +12.31%o., respectively, in the increasing order of heavier isotope enrichment
of 8345 values.
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Table 5. 534Sycpr (%o0) values of various sulfide minerals of the Jagpura deposit.

SI. No. Sample No. 8%4S yepr¥%o St. dew. Sulfide Mineral Phase
1. JPSI-1 8.89 0.20
2. JPSI-2 9.80 0.17
3. JPSI-3 10.87 0.37
4. JPSI-4 10.67 0.16 Pyrrhotite
5. JPSI-5 10.52 0.27
6. JPSI-6 10.82 0.31
7. JPSI-7 11.36 0.14
8. JPSI-8 12.34 0.37
9. JPSI-9 12.81 0.11
10. JPSI-10 10.98 0.20
11. JPSI-11 11.00 0.07
12. JPSI-12 11.42 0.13 Arsenopyrite
13. JPSI-13 11.73 0.16
14. JPSI-14 13.68 0.11
15. JPSI-15 14.58 0.08
16. JPSI-16 10.77 0.10
17. JPSI-17 10.90 0.05
18. JPSI-18 11.18 0.26
19. JPSI-19 10.99 0.03
20. JPSI-20 10.14 0.09 Chalcopyrite
21. JPSI-21 10.67 0.33
22. JPSI-22 11.56 0.18
23. JPSI-23 12.03 0.28
24. JPSI-24 12.14 0.15
25. JPSI-25 10.28 0.06
26. JPSI-26 10.39 0.16
27. JPSI-27 10.29 0.05
28. JPSI-28 10.71 0.46 Pyrite
29. JPSI-29 11.05 0.52
30. JPSI-30 10.62 0.30
31. JPSI-31 10.87 0.59

5.4. Geochemical Results

The values of Fe in oxide range from 11.25 to 42.22 wt% and values of Fe in sulfide range
from 4.27 to 22.37 wt%. The value of nickel ranges from 70 to 400 ppm, cobalt from 130 to
1600 ppm, Cu from 470 to 15,200 ppm, Cr from 155 to 348 ppm, Au from 0.20 to 18.60 ppm,
Pb from 25 to 400 ppm, Zn from 10 to 100 ppm, La from 0.64 to 75.61 ppm and U from 2.42 to
3.84 ppm [Table 6]. The total REE varies from 76.64 to 346.38 ppm. The geochemical result
shows enrichment of Co, Ni in Cu-Au ores and low values of REE and U.
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Table 6. Geochemical results of samples from theJagpura deposit.

Lithology: Quartz-Mica Schist

Trace Elements & REEs (ppm)

Ga 38 31 28 54 69 46 53 46 51 109
Sc 10 11 10 23 20 09 09 9 13 11
\Y% 78 85 92 122 90 104 87 88 92 88
Th 20 21 30 27 26 30 23 21 27 22
Pb 120 400 70 40 50 30 25 25 25 40
Ni 300 140 100 90 130 70 80 100 70 400
Co 1100 950 480 860 480 730 290 330 840 1600
Cr 155 176 179 306 348 223 234 215 218 228
Sr 69 70 72 78 64 56 63 68 68 53
Zr 142 134 121 97 76 119 102 105 114 60
Cu 4600 2400 1200 15200 4700 4600 3100 7100 1100 4700
Zn 20 100 10 40 20 20 10 10 10 10
Be 3.88 4.30 3.47 2.67 294 3.00 2.34 1.82 2.48 1.54
Ge 1.64 1.72 1.52 1.03 0.98 1.32 1.23 1.31 1.42 1.11
Y 34.86 28.68 19.68 47.61 96.01 23.40 19.14 19.99 18.95 38.82
Mo 1.54 1.74 2.10 2.38 4.23 2.28 3.29 3.00 2.88 3.00
Sn 3.76 3.76 3.73 3.81 274 3.98 2.75 3.21 3.76 5.06
La 50.29 75.60 34.52 10.63 32.64 31.74 21.73 19.90 16.53 24.16
Ce 89.24 133.66 59.79 0.06 4.93 56.72 39.25 35.17 65.10 6.87
Pr 10.41 15.44 6.99 0.27 0.86 6.79 4.96 4.37 7.83 1.02
Nd 40.40 59.37 28.11 1.72 4.35 27.60 19.83 17.54 31.42 474
Sm 6.88 9.26 473 0.86 1.67 431 3.53 2.78 5.05 1.21
Eu 1.24 1.62 0.84 0.34 0.49 0.89 0.75 0.66 0.95 0.41
Gd 6.32 7.62 4.04 2.71 5.40 3.85 3.25 2.84 4.17 2.34
Tb 1.18 1.27 0.73 1.00 1.98 0.74 0.62 0.58 0.69 0.77
Dy 7.05 6.15 4.07 8.34 17.44 4.61 3.60 3.63 3.78 6.74
Ho 1.31 1.11 0.74 1.76 3.60 0.89 0.72 0.76 0.68 1.39
Er 3.72 3.09 223 4.84 9.88 2.61 2.01 217 2.00 391
Tm 0.58 0.45 0.31 0.71 1.40 0.37 0.28 0.31 0.27 0.56
Yb 3.39 2.65 2.04 3.93 7.50 242 1.74 2.02 1.82 3.26
Lu 0.46 0.38 0.30 0.52 0.95 0.31 0.25 0.29 0.26 0.45
Hf 4.36 4.20 4.15 3.27 2.83 4.61 3.80 3.88 3.89 2.82
Ta 1.27 1.14 1.16 1.46 0.66 1.26 1.14 1.11 1.06 0.88
W 27.00 6.42 6.47 6.76 4.76 14.72 11.26 11.41 11.70 10.11
U 3.15 3.31 242 3.62 2.98 3.83 3.48 3.39 3.16 2.89
Bi 0.16 0.27 0.38 2.65 294 1.31 2.17 2.33 1.05 5.46
Te 1.26 1.09 1.02 0.20 0.27 1.21 0.97 0.92 1.02 1.01
Se 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Au 4.62 1.70 1.20 3.10 1.70 2.20 2.40 4.30 1.40 3.30
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6. Discussion
6.1. Nature and Control of Mineralization

The mode of occurrence of mineralization as (1) semi-massive to massive type, (2) vein
and fracture fill type, (3) foliation parallel disseminations/smears and (4) patchy and stringer
type indicates hydrothermal origin of the mineralizing fluid. Textural investigations indicate
the mineralization occurring as a fracture and open space-filling. The mineral boundary
relationship, exsolution and the replacement and deformation textures further substantiate
the hydrothermal nature of mineralization. This is further corroborated by the presence
of iron oxide breccia, epigenetic quartz and pegmatite veins within the deposit. The ore
mineralization is associated with pervasive hydrothermal Na-B alteration besides Fe-Mg-Ca-K
alteration. Disseminated mineralization occurs parallel to Sy I S; planes, related to the first
deformation episodes. The ore mineralization is remobilized and concentrated within the
hinge zone of F; folds and sympathetic shears (Figures 6E,F and 7EH) during second phase of
deformation. The NW-SE trending shear planes are parallel to F, axial planes of the second
stage deformation event. The ore localization along these structures suggests distinct structural
control of mineralization in the study area.

6.2. Geochemistry of Native Gold, Pyrite, Magnetite, Apatite and Their Implications

EPMA analysis of gold indicates that Au concentration ranges from 89.25 to 94.72 wt%
and it contains silver as minor impurity (6.15 to 8.46 wt%). Gold fineness ranges between
914-937 %o with an average value of 927%o. indicating high purity gold. The Co/Ni ratio of
pyrite is >1 (1 to 2.54) suggests hydrothermal origin [64,69-71], [Table 1; Figure 8G].

The Co/Ni ratios [15], Ti and V concentrations [14,72,73] are important parameters to
differentiate hydrothermal magnetite to magmatic magnetite. The hydrothermal magnetite is
depleted in Ti (<2 wt%) and Al (<1 wt%), [14,15,18,20,26,74]. Low TiO; (0.01 to 0.11 wt%) and
Al,O3 (0.06 to 0.28 wt%) concentrations in magnetite indicates the presence of hydrothermal
magnetite in the study area [Table 2]. The Ti vs. Al and Ti vs. Ni/Cr bivariate plot of magnetite
from study area also indicates magnetite is hydrothermal in origin (Figures 8H and 12A). The
Ni/(Cr+Mn) vs. Ti + V plot, Ca + Al + Mn vs. Ti + V and Al + Mn vs. Ti + V plot of magnetite
suggest IOCG deposit style (Figure 12B-D). Apatite from study area is of fluorapatite variety
with F content >1 wt% (4.23 to 5.97 wt%) and >1 F/Cl ratio [Table 3]. Apatite has a higher
concentration of F and a lower concentration of Cl, FeO, and MnO, which indicate that it is
hydrothermal in nature and is sourced from metavolcano-sedimentary units [75].
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Figure 12. Histograms showing the relationship between: (A) Melting temperature of CO, (Tmco,)
vs. frequency; (B) Homogenization temperature of CO, (Thcop) vs. frequency; (C) Homogenization
temperature (Thy1) vs. Frequency; (D) Salinity (wt% NaCl equivalent) of the inclusion vs. frequency.

6.3. Evolution of Ore Fluids

The characteristics of the mineralized quartz vein hosted fluid inclusions are listed in
Table 4 and Figures 9 and 10. The homogenization temperature versus salinity diagram
indicates that the mineralization within the Jagpura Au-Cu deposit is the result of the
isothermal mixing of ore fluids with boiling/effervescence (Figure 13A), [76]. Most hy-
drothermal deposits have coexisting liquid rich, highly saline, and vapur rich low saline
inclusions, indicating that the different phases are generated by immiscibility [77].
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Figure 13. Homogenization temperature vs. salinity diagram of fluid inclusions from study area:
(A) showing typical trends in homogenization temperature-salinity space due to various fluid evo-
lution processes, from reference [78]; (B) Salinity vs. Homogenization temperature diagram from
reference [79] indicates mixing of basinal brine, sea water and metamorphic fluids in ore fluid.

In the study area, type-III inclusions are liquid rich [(H,O + NaCl ()] and highly saline
(10.35-28.15 wt% NaCl equivalent); however, type-II inclusions are vapor rich and low
saline (4.8-10.48 wt% NaCl equivalent). These data indicate that there is an immiscibility
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of ore fluids. Generally, salinity of metamorphic fluids ranges between 3-10 wt% NaCl,
with homogenization temperature varying between 150-425 °C and salinity of the basinal
brine ranges between 5-40 wt% NaCl, with low homogenization temperature varying
between 75-200 °C. In the Jagpura area, type-II inclusions match with the metamorphic
fluids whereas type-III inclusions show similar character with basinal brine. Salinity versus
homogenization temperature diagram indicates that the ore fluid is the result of the mixing
of basinal brine, sea water and metamorphic fluids (Figure 13B), [80]. The high saline ore
fluid transported metals in the system as metals chloride complex.

6.4. Source of Metals, Sulfur and Ore-Forming Fluids

The 6% Sycpr values of sulfides from the Jagpura Au-Cu deposit are within the range
of 8.98- to 14.58%0, with an average value of 11.16%. (Figure 14A). This narrow range
of sulfur isotopes indicates that (i) sulfur has originated from one uniform source un-
der stable physicochemical condition or (ii) local disequilibrium between two phases of
mineralization [81].
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Figure 14. Sulfur isotope compositions of different sulfide minerals from the Jagpura deposit: (A) His-
togram showing values of various sulfide minerals; (B) Range of 534S for magmatic, sedimentary,
metamorphic, seawater and evaporite systems from references [59,82]. Plot showing the variation in
534S values of sulfides from the Jagpura IOCG deposit, and comparison of the §3*S values of sulfides
from the Jagpura deposit with major geological sulfur reservoir and with various IOCG deposit
worldwide from reference [24,83] and India from references [27,28,31,39,44,84].
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The major gold bearing sulfide mineral within the Jagpura Au-Cu deposit is arsenopy-
rite and it contains a higher isotopic ratio than the other sulfide phases. The higher isotopic
range in the sulfur isotope compositions imply that sulfide minerals are enriched in heavy
isotopes (Figure 14B). In various deposits around the world, isotopically heavy sulfur
(8%4S > 5) suggests the presence of non-magmatic sulfur sources. Higher positive values
of the sulfur isotope rule out magmatic (534S = 05), [85,86], mantle (534S = 01), [87], and
seawater/biogenic sulfur sources (§*S = > 20), [83]. The presence of relatively higher §3*S
rich sulfides indicates that the possible source of heavy sulfurs is (i) seawater, (ii) evaporitic
water and (iii) oxidized meta-sedimentary fluids [88,89]. Therefore, the moderately high
534S values of the Jagpura deposit values suggest a meta-sedimentary source for sulfur.

The lack of sulfate minerals in the Jagpura deposit indicates that the sulfur was present
in the hydrothermal fluids as reduced sulfur (H,S). The potential source of reduced H,S was
the basement rocks. The sulfur isotope compositions of sulfides from the Jagpura deposit
are similar to the major geological sulfur reservoirs and other IOCG type deposits in India
and the world (Figure 14B). External fluids, primarily basinal brines and modified seawater
with high 5%*Svalues (>+10), play an important role in IOCG ore-forming systems [90]. The
sulfur isotope data indicate the mixed source of sulfur derived from the non-magmatic
hydrothermal fluids, and the high saline brine (marine/evaporitic). Variation in the sulfur
isotopic compositions of sulfides is the result of dilution and cooling of the metalliferous
fluid derived from the basement meta-sedimentary rocks, which along with highly saline
brine triggered the precipitation of Au along structural weak planes.

6.5. Geochemical Characterization of the Jagpura Deposit

There are three mineralogical subtypes of IOCG deposits based on dominant ore
assemblages i.e., (i) oxidized (ii) intermediate-redox and (iii) reduced mineralogical sub-
types [36]. The reduced mineralogical subtypes are represented by pyrrhotite and/or
Fe-silicates and variable modal proportions of magnetite, pyrite, and chalcopyrite. The
reduced IOCG-ISCG deposit group commonly includes phases hosting Co, Ni, As and Bi;
however, REE, U, fluorite, barite or anhydrite phases are rare [36]. The Jagpura deposit
is represented by the dominant ore assemblages of pyrrhotite-chalcopyrite-arsenopyrite-
pyrite-magnetite. The deposit includes phases hosting Co, Ni, As and Bi; however, REE,
U, fluorite and barite are not present. The IOCG-ISCG cube diagram based on Fe-Cu-O-S
mineral assemblages (Figure 9E) suggests that the Jagpura deposit is characterized by
reduced mineralogical subtypes. The geochemical result shows enrichment of Co, Ni in
Cu-Au ores and low values of REE and U [Table 6]. The occurrence of >15% Fe in oxide,
(Au g/tx 10,000)/ Cu ppm vs. (Co + Ni + 10*Bi + 10*Se + 50*Te) /(U + La), La vs. Co and
Cu vs. Co+Ni+U+La geochemical discrimination diagrams (Figure 12F-H) for geochemical
subtypes of Cu-Au-Fe (£ Co, REE) deposits including IOCG deposits indicates that the
Jagpura is IOCG-Co (reduced) subtype deposit and unrelated to porphyry Cu-Au-Mo,
skarn Fe-Cu-Zn-Au, greisen Sn-W-Mo, and intrusion-related gold (IRG) deposits.

6.6. Genesis of the Jagpura Au-Cu Deposit

The genesis of an ore deposits is closely related to the geological environments,
i.e., pressure -temperature conditions, and the nature/source of the hydrothermal flu-
ids [66,73,78,79]. Fluid inclusion study is a vital tool to understand the genetic aspects,
whereas the sulfur isotope signatures help in the understanding of the nature and source
of the mineralizing fluids of an ore deposit. [90-92]. Sulfur isotope data also provides the
information about the source of metals in a deposit [59,93]. The sulfur isotope variations in
an ore mineralizing systems are very complex and, hence, best understood in the context of
the total geological framework of a deposit in conjunction with the fluid inclusion study.

Au-Cu sulfide mineralization within the Jagpura deposit is hosted by quartz-mica
schist and albitite. The mineralization is localized along NW-SE trending D, shear planes
parallel to F; axial planes and F, fold hinges and correlated to the second deformation
phase (Figure 15). The ore mineral association is represented by the iron oxide (magnetite),

56



Minerals 2022, 12, 1345

copper, gold and apatite. The mineralization includes arsenopyrite, loellingite, chalcopyrite,
pyrrhotite and pyrite, along with the native gold and abundant magnetite. Further the
maldonite and hedleyite occur as Au-Bi-Te phases. The mode of occurrence of mineral-
ization as open space-filling, vein and fracture fill type indicates hydrothermal nature.
The mineralization is associated with pervasive hydrothermal Na-B alteration besides
Fe-Mg-Ca-K alteration. The occurrence of maldonite, hedleyite associated with gold lode,
epigenetic quartz-pegmatite veins in host rocks and pervasive hydrothermal alteration
indicate hydrothermal origin of ore fluids.

Layer parallel
Sp I S;) mineralization

e |

Ore remobilization along
K, fold hinges, S, foliation
plane and sympathetic

Chevron fold shear fractures.
and Broad Dominant Na-B along
warps with Fe-Mg-Ca-K

alteration, formation of
iron oxide breccia

Figure 15. Schematic diagram showing the stage of evolution of the structure and polymetallic
mineralization at theJagpura deposit based on field and petrographic studies.

The Co/Ni ratio of >1 in pyrite, gold-sulfide associated low TiOp, Al;O3 hydrothermal
magnetite (Co/Ni ratio < 1 and Ni/Cr > 1) and fluorapatite (>1 F/Cl ratio) support the
hydrothermal origin of mineralization. Apatite has a higher F concentration and a lower
concentration of Cl, FeO, and MnO, indicating its source from the metavolcano-sedimentary
units. Fluid inclusions micro-thermometry indicates the presence of aqueous rich, mixed
carbonic-aqueous and minor vapor rich aqueous inclusions. The FI's show episode of
fluid immiscibility with the homogenization temperatures and salinities varying between
120-258 °C and 8.86-28.15 wt% NaCl eq., respectively. This data indicates that the high
saline ore fluids are injected during the D, phase of deformation. The high salinity ore
fluid transport metals in the ore system as metals chloride complex.

The iron oxide-copper-gold (IOCG) type deposits are characterized by abundant
(>10%) hydrothermal iron oxides (magnetite or hematite) and economic grade Cu and/or
Au. It also contains Ag, U, Th, F, Co, Bi, W, rare earth elements (REE) and other met-
als. These deposits are diverse in age (Neo-Archaean to the Cenozoic), tectonic setting,
P-T conditions, characteristic Na-Ca-K alterations, host-rock package and mineralization
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style [36,90,94-98].The field characteristics, trace element geochemistry of pyrite, apatite
and magnetite, fluid inclusion and sulfur isotope compositions of the Jagpura Au-Cu de-
posit are compared with the Epithermal gold deposit of high sulfidation and low sulfidation,
Carlin type gold deposit, Orogenic lode gold and IOCG type Cu-Au deposits [4-10] and this
suggeststhat the Jagpura gold-copper ore system is similar to the IOCG type. The Jagpura
Au-Cu deposit indicate the: (i) iron oxide-copper-gold-apatite association of hydrothermal
origin, (ii) distinct structural control of mineralization, (iii) Na-B-Mg-Fe-Ca-K hydrothermal
alteration(dominant Na-B alteration), (iv) presence of iron oxide breccia, (v) abundant
hydrothermal Fe oxides (>15%), (vi) trace element geochemistry of magnetite (Ti, Al + Mn,
Ti + V concentrations and Ni/(Cr + Mn) vs. Ti + V, Ca + Al + Mn vs. Ti + V, Al + Mn vs.
Ti + V ratios of magnetite Figure 8]-L) suggests IOCG style of mineralization, (vii) presence
of late-stage sulfides with economic gold-copper resources, (viii) high saline ore fluid and
sulfur isotope compositions within the range of IOCG deposits worldwide (—30 to +26%.)
and (ix) The (Au g/t x 10,000)/ Cu ppm vs. (Co + Ni + 10*Bi + 10*Se + 50*Te) /(U + La),
La vs. Co and Cu vs. Co + Ni + U + La and discrimination diagrams (Figure 12F-H), [36]
indicates a IOCG-Co (reduced) subtype deposit and is unrelated to porphyry Cu-Au-Mo,
skarn Fe-Cu-Zn-Au, greisen Sn-W-Mo, and intrusion-related gold (IRG) deposits. These
characters of the Jagpura deposit are well corroborated with the IOCG-IOA type and the
IOCG-Co (reduced) subtype deposit.

7. Conclusions

The Jagpura Au-Cu deposit shows pervasive hydrothermal alteration zones associated
with the iron-oxide and sulfide mineralization along the brittle-ductile shear zone. The
ore petrography and EPMA study show the presence of Au-Bi-Te phases, Co/Ni ratio of
>1 in pyrite, gold-sulfide associated low TiO,, Al,O3 hydrothermal magnetite (>1 Ni/Cr
ratio, <1 Co/Ni ratio). The presence of apatite with higher F concentration (>1 F/Cl ratio)
and a lower concentration of Cl, FeO and MnO is consistent with its hydrothermal origin.
Fluid inclusion microthermometric studies indicate the presence of aqueous rich, mixed
carbonic-aqueous and minor vapor rich aqueous inclusions. The FI's show episodes of fluid
immiscibility with the homogenization temperatures and salinities range of 120-258 °C and
8.86-28.15 wt% NaCl eq., respectively. These data indicate a mixture of highly saline ore fluid
of basinal brine and metamorphic origin, responsible for the transport of metals in the system
as metals chloride complex. The 534S values of sulfides are within a narrow range of 8.98 %o to
14.58 %o, with an average value of 11.16%o. This indicates the non-magmatic origin of sulfides.
Variation in the sulfur isotopic compositions of sulfides resulted from the dilution and cooling
of the metalliferous fluid derived from the basement rocks. The mixing of high saline brine
triggered the gold precipitation along the structural discontinuities. The Ti, Al + Mn, Ti + V
concentrations and Ni/(Cr + Mn) vs. Ti + V,Ca + Al + Mn vs. Ti + V, Al + Mn vs. Ti + Vratios
of magnetite suggest an IOCG type of mineralization. The (Au g/t x 10,000)/ Cu ppm
vs. (Co + Ni + 10*Bi + 10*Se + 50*Te)/(U + La), La vs. Coand Cuvs. Co + Ni + U + La
geochemical discrimination diagrams indicates that the Jagpura Au-Cu deposit is an IOCG-Co
(reduced) subtype deposit. Iron oxide-copper-gold-apatite association of hydrothermal origin,
nature and distinct structural control of mineralization, pervasive hydrothermal alteration,
trace element characteristics of magnetite, pyrite and apatite, high saline ore fluid and sulfur
isotope compositions suggest that the Jagpura deposit is an IOCG-IOA type and is similar to
those described for the shear fault-controlled-IOCG deposits found elsewhere in the world.
The classification of the Jagpura deposit as an IOCG-IOA type: IOCG-Co (reduced) subtype
has significant implications for the deeper level sub-surface exploration in the Salumber
Ghatol Metallogenic Belt within the Aravalli Craton.
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Abstract: The Yana—Kolyma metallogenic belt, NE Russia, is a world-class gold belt with resources
numbering ~8300 tons of gold. The belt is localized in the central part of the Verkhoyansk-Kolyma
orogen, formed by a collage of diverse terranes. The Tithonian-to-Early-Cretaceous orogenic gold de-
posits are hosted in a sequence of Permian—Triassic and Jurassic clastic rocks and altered Late Jurassic
andesite, dacite, granodiorite, trachyandesite, and trachybasalt dykes. High-fineness gold (800-900 %o )
in quartz veins and invisible gold in disseminated arsenian pyrite-3 (Py3) and arsenopyrite-1 (Apy1l)
are present in ores. Here, we present new data about microtextures; the chemical composition
and stable sulfur isotopes of auriferous pyrite-3 and arsenopyrite-1 from proximal alterations in
sediment-hosted (Malo-Taryn, Badran, Khangalas); and intrusion-hosted (V’yun, Shumniy) oro-
genic Au deposits in the central sector of the Yana-Kolyma metallogenic belt to better constrain
the ore-forming process and tracking their evolution. Detailed petrography defined the following
generations of pyrite: syn-sedimentary/diagenetic Pyl, metamorphic Py2 and hydrothermal Py3,
and Apyl. Hydrothermal Py3 and Apy1 are localized in the proximal pyrite-arsenopyrite—sericite—
carbonate—quartz alteration in ore zones and make a major contribution to the economic value of
the veinlet-disseminated mineralization with “invisible” gold in the orogenic deposits of the Yana—
Kolyma metallogenic belt. Electron microprobe analysis (EMPA) of Py3 in both types of deposits
shows concentrations of As (up to 3.16 wt%), Co, Ni, Cu, Sb, and Pb. Py3 in intrusion-hosted orogenic
gold deposits reveals elevated concentrations of Co (up to 0.87 wt%), Ni (up to 3.52 wt%), and Cu (up
to 2.31 wt%). The identified negative correlation between S and As indicates an isomorphic substitu-
tion of sulfur by As'~. Py3 from igneous rocks is characterized by a high degree of correlation for the
pairs Fe?* — Co?* and Fe>* — Ni?*. For hydrothermal Apy1, Co (up to 0.27 wt%), Ni (up to 0.30 wt%),
Cu (up to 0.04 wt%), and Sb (up to 0.76 wt%) are typomorphic. According to atomic absorption
spectrometry, the concentration of Au in Py3 reaches 159.5 ppm; in Apyl, it reaches 168.5 ppm. The
determination of the precise site of the invisible gold within Py3 and Apyl showed the predominance
of solid-solution Au* in the crystal lattice. The values of §3*S in Py3 and Apy1 (from —6.4 to +5.6%o,
mean value of about +0.6%o), both from sediment-hosted and from intrusion-hosted deposits, display
a relatively narrow range and are characteristic of the hydrothermal ore stage. Our analytical results
showed no systematic differences between the chemical and stable sulfur isotope compositions of both
auriferous pyrite-3 and arsenopyrite-1 from the proximal alteration in sediment-hosted (Malo-Taryn,
Badran, Khangalas) and intrusion-hosted (V’yun, Shumniy) orogenic Au deposits, indicating that the
primary source of sulfur, gold, and mineralizing fluids was likely from subcrustal and metamorphic
systems in the Late-Jurassic-to-Early-Cretaceous Verkhoyansk-Kolyma orogen.

Keywords: disseminated Au-sulfide mineralization; orogenic gold deposits; Yana-Kolyma
metallogenic belt; sulfide microtextures and mineralogy; stable sulfur isotopes; mineral chemistry;
source of gold

63



Minerals 2023, 13, 394

1. Introduction

Orogenic gold deposits (OGDs) are an economically important source of gold in the
world. According to estimates [1], the relative significance of OGDs (including intrusion-
related OGDs) in past production and known reserves and resources is 32%. In addition,
Goldfarb R/J. et al. [2] indicated that most (45%) of gold deposits worldwide containing
more than 1 Moz of gold belong to orogenic gold deposits, much more than other types
of deposits.

The Yana—-Kolyma metallogenic belt (YKMB), NE Russia, is known for its large bulk-
tonnage OGD at Natalka (1500 t Au), Degdekan (400 t Au), Pavlik (169 t Au), Drazhnoe
(50 t Au), and other sites [3-6]. Similar Paleozoic-to-Mesozoic major deposits of this type
are also known in Russia (Sukhoi Log), Uzbekistan (Muruntau), Kyrgyzstan (Kumtor),
Australia (Bendigo, Ballarat), USA (Juneau, Treadwell), China (Jiaodong), and in other
countries [5-8]. The endowment of the YKMB is ~8300 tons of gold [3,6]. However, the
YKMB'’s main gold production came from placer deposits, sourced from OGDs.

Gold in the orogenic gold deposits of the Yana—Kolyma metallogenic belt is mainly
found as “visible” gold grains in quartz veins/veinlets and rarely as inclusions in the pyrite
and arsenopyrite of the proximal alteration envelopes in the host rock. In disseminated
pyrite and arsenopyrite (up to 5-8%) in carbonaceous clastic rocks with pyrite—arsenopyrite—
sericite—carbonate-quartz alterations, there is also “invisible” gold, which is in the form
of a solid solution or nanoparticles [6,9-12]. Currently, the greatest economic value in
the YKMB is Au-quartz veins and/or the Au-sulfide—quartz-veinlet-disseminated styles
of mineralization. The reserves and resources of bulk YKMB deposits can be estimated
in the Au-sulfide-quartz-veinlet-disseminated type of mineralization [4,13]. The geolog-
ical, mineralogical, geochemical, and geochronological characteristics of the vein and
veinlet mineralization in the YKMB are described in detail elsewhere (see [14-24] and
references therein), but the study of disseminated mineralization and its contribution
to the overall gold content of orogenic deposits in the central sector of the YKMB is in
its infancy [11,12,25,26]. In addition, there are not many detailed investigations of the
mineralization processes.

Fridovsky V.Y. et al. [11,26] and Kudrin M.V. et al. [12] showed that pyrite grew in
clastic rocks in the central sector of the YKMB from sedimentation due to late metamor-
phism and finally formed together with arsenopyrite from hydrothermal fluids. Recent
geochemical studies [11,12,26] revealed different concentrations of trace elements (As, Co,
Ni, Cu, Pb, and Sb) in pyrite generations. However, the origin and sources of ore-forming
fluids and metals in gold-bearing, disseminated mineralization from proximal alterations
in sediment-hosted and intrusion-hosted OGDs in the YKMB remain unclear. Several
genetic models of gold-bearing quartz veins and disseminated ores in the YKMB have
been discussed: (a) magmatic-hydrothermal [17]; (b) formation from metamorphic flu-
ids and boiling during uplift and decompression [22]; (c) and juvenile and metamorphic
sources [23,27]. This creates serious difficulties in generating representative models and
identifying potential targets.

The microtextures and mineral chemistry of pyrite and arsenopyrite are very useful
for studying the processes of Au mineralization (e.g., [11,12,28-38]). These minerals can
incorporate various metals and semi-metals (As, Co, Ni, Cu, Pb, Sb, etc.), showing the
chemical evolution of gold ores [11,15,22,39-48] and many others. It is equally important
that gold is either in solid solutions or micro- to nano-sized inclusions (e.g., [11,12,48,49]).
Our understanding of the sources of ore-forming metals and fluids and the processes that
form OGDs are also constrained by sulfur isotope analyses on sulfide minerals that are
co-genetic with gold [11,15,20,21,23,26,39,43,50-56]. Additionally, sulfur isotope analyses
allow us to assess the role of intrusions adjacent to hosting orogenic gold deposits in the
providing metals (e.g., [43]).

Here, we present new data about microtextures and analyses of the chemical com-
position and stable sulfur isotopes of auriferous pyrite and arsenopyrite from proximal
alterations in sediment-hosted and intrusion-hosted orogenic gold deposits in the central

64



Minerals 2023, 13, 394

sector of the YKMB. New characteristics and information about the origin and gold grade
in disseminated mineralization from proximal alterations can contribute to the further
development of prospecting programs and provide important data for the reassessment of
known deposits and the discovery of new deposits in the central sector of the YKMB. Ob-
servations of microtextures using scanning electron microscopy (SEM) were combined with
major and trace-element analyses performed using electron probe microanalysis (EPMA)
and the sulfur isotope data of pyrite and arsenopyrite. This information was used to
understand ore-forming events and to reinterpret the source of gold and the hydrothermal
fluid-flow processes that formed the sediment-hosted and intrusion-hosted OGD orogenic
Au systems in the YKMB.

2. Geological and Metallogenic Background
2.1. Regional Geological Setting

The Yana-Kolyma metallogenic belt is localized in the central part of the Verkhoyansk—
Kolyma orogen, formed by a collage of diverse terranes [57]. Parfenov L.M. and Kuzmin
M.IL [57], Parfenov L.M. [58], Parfenov L.M. et al. [59], Toro ]J. et al. [60], and Nokleberg
W.J. et al. [61] provided detailed descriptions of terranes. The majority of OGDs in the
YKMB are located in Upper Permian, Triassic, and Lower Jurassic clastic rocks and, less
often, in Late Jurassic dykes of mafic, intermediate, and felsic composition, as well as grani-
toids of the small intrusions complexes in the Kular-Nera terrane, the adjacent Verkhoyansk
fold-and-thrust belt, and the Polousny-Debin terrane [6,14,23,57,62] (Figure 1). Clastic rocks
are represented by proximal and distal sediments in the eastern margin of the Siberian
craton, metamorphosed under conditions no higher than the greenschist facies [57]. The
rocks are deformed into the linear folds of the northwestern strike, fold-parallel faults, and
transverse/oblique faults. The Adycha-Taryn and Charky-Indigirka faults are the longest
faults, having an NW strike and limiting the terranes of the eastern margin of the Siberian
craton. There are also cross-cutting faults in the NE and WE strikes.

Clastic rocks are intruded by granitoids from the main (Kolyma) batholitic belt
(154-144 Ma, zircon, U-Pb SHRIMP-RG [63], SHRIMP-II [64]), volcanic rocks and intrusive
rocks with intermediate and felsic compositions from the Tas-Kystabyt belt (151-148 Ma,
zircon, U-Pb SHRIMP-II [64,65]), and Late-Jurassic-to-Early-Cretaceous granitoids from
small massifs and dykes with basic-to-felsic compositions (151-143 Ma, zircon, U-Pb
SHRIMP II [62,66]). Based on the geodynamic setting, structural geometry and control,
host rocks, alterations, ore mineralogy, geochemistry, isotopes, and geochronological char-
acteristics, the studied deposits have been classified as orogenic [5,6,21,23,67,68]. The
morphological styles of the ore bodies are veins, breccias, and veinlet-disseminated. The
deposits are localized mainly near the Adycha-Taryn and Charky-Indigirka thrusts and
subsidiary faults.

As reviewed by [13,18,19,21,23,69], the ore formation of OGDs in the central sector of
the YKMB occurred at pressures ranging from 1.2 to 0.25 kbar and temperatures ranging
from 300 to 200 °C. Ore-forming fluids contained a dilute water—salt solution (salt concen-
tration 0.5-9.3 wt% NaCl-eq.), carbon dioxide (8.5-15 mol%), and methane (up to 1 mol%).
The hydrothermal fluid contained the following major micro-components: As, B, Sb, Zn, Fe,
and Cu. The parameters and composition of the ore-forming fluids in the studied deposits
are typical of Phanerozoic OGDs [43].

The combined structural observations of the central sector of the Yana-Kolyma met-
allogenic belt [57,70], including deposit-scale observations [20,21,67-69,71], new Ar-Ar
and Re-Os dating of minerals from ore veins [21,27], and the U-Pb dating of igneous
rocks [62,66], allowed us to decipher the sequence of deformation events and their connec-
tion with OGDs [67,68]. A three-stage deformation history is proposed. D1 compression
led to the formation of folds and faults in the northwest strike. When these progres-
sive deformations were completed at the turn of the Late-Jurassic-to-Early-Cretaceous
and at the beginning of the Early Cretaceous, the formation of OGDs in the YKMB took
place during accretion—collision events on the eastern margin of the Siberian craton and
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in the Verkhoyansk-Kolyma orogen. D2 sinistral strike-slip and D3 dextral strike-slip
movements activated faults in the NW strike. The youngest events are a reflection of
superimposed subduction—-accretion processes at the rear of the active Cretaceous East
Asian continental margin.

140°00' 142°00' 144°00'

Verkhoyansk.
fol

\d-agel-thrust. ’/\/\‘\{\:_ O
d et f R aadanes =) Khangalas
65°20" | / m ‘ S :

140° 150°
Yana-Kolyma
metallogenic belt

Okhotsk-Chukotka
volcanic belt

I:l Quaternary, Neogene L/:';khoy BSSQIR-ATISA Ik - Kular-Nera terrane

I:I Polousny-Debin terrane I:I Nagondzha terrane - Omulevka terrane

[ | tin-Tas anticiinorium [ ® | Main (Kolyma) batholitic beit | ®h | Tas-Kystabyt magmatic belt
Uvandina-Yasachnaya -" Granitoids of the complex i
volcanic beit of small intrusions E st |: Deposits

Figure 1. Geology of the central part of the Verkhoyansk-Kolyma orogen with main tectonic units,

Jurassic—-Cretaceous magmatism, and studied deposits. Faults: AT—Adycha-Taryn, CI—Charky—
Indigirka, D—Darpir, Ch—Chibagalakh.

2.2. Ore Deposit Geology

The studied sediment-hosted (Malo-Taryn, Badran, Khangalas) and intrusion-hosted
(V’yun, Shumnyi) gold deposits are typical OGDs with vein—-veinlet quartz and dissemi-
nated mineralization with proximal pyrite-arsenopyrite—sericite-carbonate-quartz alter-
ations controlled by faults [6,21,67,72,73]. Geological sketches of individual deposits are
shown in Figures 2 and 3, and the common characteristics of the studied OGDs are pre-
sented in Table 1. Below is a brief geological description and information about the mineral
composition of these ore deposits.
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Table 1. General characteristics of the studied OGDs, central YKMB.

Characteristics Malo-Taryn Badran Khangalas V’yun Shumnyi
Mineral type Au-Py-Apy Au-Py-Apy Au-Py-Apy Au-Py-Apy Au-Py-Apy
CO((’I{?}E‘)“QS 63°54//143°11"  64°14//141°31'  64°06//144°55'  65°58//138°16'  66°00'/138°08'
Metallogenic Adycha-Taryn Mugurdakh- Olchan—Nera Olchan—Nera Olchan—Nera

zone Selerikan
Ore cluster Taryn Selerikan Khangalas Burgandzha Burgandzha
Dykes/andesite, Dykes/andesite,
dacite, dacite,
Magmatism/ dyke/ No No granodiorite, granodiorite,
composition trachybasalts trachyandesite, trachyandesite,
trachybasalt trachybasalt,
trachyandesite trachyandesite
Age, Ma: 145- .. ,151, 146/andesite,
composition/ 160? / trachybasalts /Rb- No No 1é?é;rgglg?ﬁ%eﬁlte/ trachyandesite/
method Sr U-Pb SHRIMP II
. . . Dykes (J3), Dykes (J3)/clastic
Host rock Clastic rocks (T3)  Clastic rocks (T3) clastic rocks (P5) clastic rocks (Ts) rocks (Ta)
Pyrite— Pyrite- Pyrite- Pyrite— arsfggite;ite—
Alteration arsenopyrite— arsenopyrite— arsenopyrite- arsenopyrite— sericPRIe—
sericite— sericite- sericite— sericite— carbonate—
carbonate—quartz =~ carbonate-quartz  carbonate-quartz  carbonate-quartz quartz

Reverse fault in Thrust in the SW Reverse fault in Transverse NE Transverse NE
Ore locati the SW wing of wing of the the SW wing of faults to the faults to the
re location the Malo-Taryn Mugurdakh the Khangalas folding of the folding of the
syncline syncline anticline NW strike NW strike
. Mineralized faults with Au-quartz veins/veinlets Au-quartz veins/veinlets and
Ore bodies . . ; . ) .
and Au-sulfide-disseminated Au-sulfide-disseminated
Au-Bi,
Pyt_ Apy—()t; Py-Apy-Q
metasomatic, y-Apy-Qz Ao
Py-Apy-Qz vein, metasomatic, Py-Apy-Qz Py-Apy-Qz Py-Apy-Qz
Au-polysulfide- Apy-Py- metasomatic, metasomatic metasomatic
polysultide py-'y _ g , ,
Mi (3’ Py-Apy-Qzvein, 5o A ! Py-A !
ineral Z, carbonate-Qz, Au-polveulfide- y-Apy-Qz vein, y-Apy-Qz vein,
associations * AIF-Sbl, C%L)-S —Ag—QZ, p (372 Au-polysulfide- Au—pogsulflde-
sulfosalt- tr-Ser-Qz, ’ Z, Z,
carbonate, Ag-Qz, sulfosalt- fahlore-Qz Sbn-Qz
berthierite— Sbn-carbonate-Qz carbonate-Qz
antimony,
Ag-Sb
Sulphide ::ontent, 1-3 1-2 1-5 1-3 1-2
vol%
894-995, 462-998, 780-850, 700-920,
Au fineness, %o predominantly predominantly predominantly predominantly 800-900
901-925 800-899 820-830 800-899
Au, Cpy, ppm 4.2 7.8 3.9 12.1 80.0
Au reserves/Au ~12.5/- ~9.3/- ~9.5/- ~25/~19 -/6.8

resources, t

Compiled using [12,21,62,66,68,74-85]. Abbreviations [86]: Py—pyrite, Apy—arsenopyrite, Au—native gold,
Qz—quartz, Ccp—chalcopyrite, Sp—sphalerite, Ab—albite, Ttr—tetrahedrite, Ser—sericite, Sbn—stibnite.
* Mineral associations: Au-Bi—gold-bismuth, Py-Apy-Qz metasomatic—pyrite-arsenopyrite-quartz metaso-
matic, Py-Apy-Qz vein—pyrite-arsenopyrite-quartz vein, Au-polysulfide-Qz—gold—polysulfide-quartz, Au-Sb—
gold-stibnite, sulfosalt-carbonate-Qz—sulfosalt-carbonate-quartz, Ag-Sb—silver-stibnite, Apy-Py-carbonate-
Qz—arsenopyrite—pyrite—carbonate—quartz, Ccp-Sp-Ab-Qz—chalcopyrite—sphalerite-albite-quartz, Ttr-Ser-Qz—
tetrahedrite-sericite-quartz, Ag-Qz—silver—quartz, Sbn-carbonate-Qz—stibnite-carbonate—quartz, fahlore-Qz—
fahlore—quartz, Sbn-Qz—stibnite-quartz.
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2.2.1. Geology and Mineralization of the Sediment-Hosted Orogenic Gold Deposits

Information about the geology, magmatism, and mineral composition of the Malo-
Taryn deposit is provided in [27,62,76,77,84,85,87,88]. The deposit is located on the left bank
of the Malo-Taryn River, 100 km southeast of the settlement of Ust-Nera. Tectonically, the
deposit is localized along the border of the Verkhoyansk fold-and-thrust belt and the Kular-
Nera terrane, in the axial part of the Malo—Taryn branch of the Adycha-Taryn fault. The
host clastic Upper Triassic rocks (Figure 2A) are deformed into folds of several generations.
The early ones associate with the NW-trending thrusts, and the later ones associate with
sinistral and dextral movements along the reactivated NW thrusts. In the Malo-Taryn
fault zone, the stratified rocks dip at 30°-55° to 60°-70°, including overturned beddings.
The Early Cretaceous Samyr (144.5-143 Ma, zircon, U-Pb SHRIMP-II [62]), and Kurdat
(141-137 Ma, biotite, “*Ar /3 Ar [89]) granitoid massifs of the Tas-Kystabyt magmatic belt
are located NW of the deposit at the intersection of the Malo-Taryn fault and the Kurdat
transverse fault zone. Dykes of trachybasalts (145-160 Ma, Rb-Sr, rock [84,85]) are usually
localized in the ore zones of the NW and NNW strikes. Their thickness is 0.1-2.0 m, and
their lengths are up to the first tens of meters. The age of polychronous mineralization was
constrained by different methods (40Ar/% Ar, K-Ar, Re-Os) at 148 to 126 Ma [21,27,87,90].
The ore bodies of the deposit occur along the faults of the NW and NS strikes with a dip
to the SW and W at 30° to 85°. They are up to 40 m thick and can be traced 6 km along
the strike.

The geological structure and mineral composition of the vein bodies and their local-
ization at the Badran deposit have been studied in detail [74,91-94]. Underground gold
mining at the deposit started in 1984. The deposit is located on the left bank of the Indigirka
River, 130 km west of Ust-Nera in Upper Triassic clastic rocks (Figure 2B). The deposit is
localized along the Badran—Egelyakh fault, up to 30 m wide, traceable for a distance of more
than 5 km, and more than 1.2 km downdip. The northwestern and southeastern segments
strike west—east and dip at 50°-60°. In the central segment, the fault dips at 24°-30° to the
northeast. The quartz veins/veinlets and proximal pyrite-arsenopyrite-sericite-carbonate—
quartz alteration are gold-bearing. The thickness of the quartz veins varies from tens of
centimeters up to 4-5 m, with a length of up to 200 m. The gold content in altered rocks is
at first grams per ton, reaching several kilograms per ton in the veins.

The structure and structural-tectonic setting of the formation and localization, as well
as the mineralogical-geochemical and isotope—geochemical characteristics of the Khangalas
deposit are described in [12,68,95-97]. The deposit is located on the left bank of the Nera
River, 135 km southeast of the Ust-Nera settlement. Structurally, the deposit is confined
to the Dvoinaya anticline (Figure 2C). The core of the anticline is composed mainly of
Upper Permian sandstones; the limbs consist of Lower and Middle Triassic siltstones
and mudstones. The Khangalas fault of the NW strike is the major ore-controlling fault.
The ore bodies are represented by five extended (up to 1400 m) mineralized faults with
quartz—carbonate veins/veinlets and pyrite—arsenopyrite-disseminated mineralization in
the proximal alteration. The thickness of the faults is up to 32 m; their dip varies from
SW to S and SE at 30°-50° to 70°-80° [67]. Re-Os data on the native gold from the quartz
vein of the deposit showed that it was 137 million years old [27]. The gold content in the
alteration is up to 5.29 ppm Au, with a mean of 0.73 ppm.

2.2.2. Geology and Mineralization of the Intrusion-Hosted Orogenic Gold Deposits

Detailed geological, mineralogical, and geochemical characteristics for the V'yun and
Shumnyi deposits are provided in [66,75,78,98]. Underground gold mining at the V'yun
deposit started in 2020. The V'yun and Shumnyi deposits are located in the upper reaches
of the Adycha River. The tectonic structure of the deposit is controlled by longitudinal
NW fold-and-thrust structures and transverse NE faults activated by late strike-slip faults
(Figures 4 and 5). The Upper Triassic clastic rocks are crumpled into linear isoclinal and
compressed asymmetric folds in the northwest strike. Mineralization is localized in the
Late Jurassic dykes of trachybasalts, andesites, trachyandesites, dacites, and granodiorites

68



Minerals 2023, 13, 394

(151-145 Ma, zircon, U-Pb SHRIMP-II [66]) and faults in the NE strike (Figure 4). Dykes are
2 to 8 m thick, extending for more than 2 km. The style of ore bodies is vein—stockwork and
disseminated. In the veins and stockworks, the main minerals are quartz and carbonate
made up of, at most, 1-3% sulfides, represented mostly by arsenopyrite. Rarer sulfides and
sulfosalts are pyrite, galena, sphalerite, chalcopyrite, tetrahedrite, and argentotetrahedrite.
There are insignificant quantities of bournonite and antimony. Gold in the veins is free and
characterized by high grades of up to several hundred grams per tonne. The disseminated
gold-sulfide mineralization is localized both in the fault zones up to several tens of meters
thick and in dykes. The main ore minerals in them are auriferous pyrite and arsenopyrite.
The host alteration is sericite—chlorite—quartz in composition.

Cross-section

Holocene

Cross-section Cross-section

E Upper Triassic Permian \ Mafic dykes |~ ~|Bending

lPIeistncene Cl Lower Triassic ++ Unexposed granitoid _ | Ore zone

" intrusions

Figure 2. Geologic map and simplified cross-sections of the sediment-hosted OGDs, central YKMB:
(A) Malo-Taryn; (B) Badran; (C) Khangalas.

2.3. Mineral Composition of the Deposits and Mineralization Types

There are several types of mineralization at the Malo-Taryn, Badran, Khangalas,
V’yun, and Shumnyi deposits: gold—quartz/gold—sulfide-quartz, stibnite, and silver—
stibnite (Table 2) [23]. Gold—quartz mineralization developed in quartz veins and veinlets;
gold is native here. Disseminated mineralization with “invisible” gold is localized in the
proximal arsenopyrite-pyrite—sericite-carbonate-quartz alteration. Berthierite-stibnite and
silver—stibnite mineralization is superimposed on OGDs sporadically.

Gold—quartz/gold—sulfide—quartz-type mineralization is characterized by a number of suc-
cessively alternating paragenetic associations: arsenopyrite—pyrite-quartz alteration, pyrite-
arsenopyrite-quartz veins, Au-polysulfide-quartz, and sulfosalt-carbonate [18-21,23]. The
number of ore minerals takes up 1-3% or, less often, up to 5%. A detailed mineralogical—-
geochemical and isotopic characterization of the disseminated Py-Apy-Qz paragenesis is
provided in Section 4 of this article.

The pyrite-arsenopyrite-quartz vein association is composed of coarse- and medium-
grained subhedral and anhedral milky-white quartz (85-95%), carbonate, chlorite, albite,
and sericite. The texture of the veins is massive, banded (Figure 6A—C), and breccia-like
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(Figure 6D,E); the structure is hypidiomorphoblastic (subhedral-blastic structure), and
small veinlets are characterized by a comb structure. Pyrite4 and arsenopyrite2 occur in
the form of individual crystals up to 1-2 mm in size; veinlets up to 1 mm in thickness; and
nests up to 3—4 cm in size (Figure 6I) or, less often, 50-70 cm or more.

Pyrite4 and arsenopyrite2 form intergrowths and mutual inclusions (Figure 7A).
The primary euhedral grains of early sulfides are cataclazed and corroded. Native gold,
quartz, and sulfides from late mineral paragenesis occur in microcracks in arsenopyrite2
(Figure 7B,C) (Au-Qz-polysulfide and sulfosalt-carbonate).

Quartz'veinletiore
Sandstone

Py-ApyL &’
disseminated’

iQz*Py veinlets

\.—’/-- : < 2

Py-Apy disseminated i —Py veinlets

\

Figure 3. Ore bodies of (A,D,G,J) Malo-Taryn; (B,E,HK) Badran; and (C,FIL) Khangalas oro-
genic gold deposits: (A-C) veins; (D-F) veinlets; (G-J,I,L) veinlet-disseminated; (K) disseminated.
Abbreviations: Qz—quartz, Py—pyrite, Apy—arsenopyrite.
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Figure 4. Geologic map and simplified cross-sections of the intrusion-hosted OGDs, central YKMB

(A) V’'yun and (B) Shumnyi.
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Figure 5. Photographs of the ore bodies in the intrusion-hosted OGDs, central YKMB: (A,C) V'yun
(B) Shumnyi; (D) stereogram of the veins, bedding, and dykes. Abbreviations: SO—bedding, Qz—
quartz vein, D—dyke. Structural data were plotted on the upper hemisphere of the Wulff stereo-

graphic net.
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Table 2. Mineral composition of ores and mineralization types of the studied OGDs, central YKMB.

Mineralization Paragenesis Minerals Malo-Taryn Badran Khangalas SX;};I:;,I
Pyrite
Py-Apy-Qz Arsenopyrite
metasomatic Danaite e

Fe-gersdorﬁte ................................................

Quartz

Sericite @= @ @ m======: e eeee.  mmmemmems ammo—a.

Py-Apy-Qz Chlorite @ memm———adaaaa.
vein Albite _ mmmee e

Au-Qz/Au- Pyrite
sulfide-Qz Arsenopyrite

Gold =======:  —eeeee. | mmmmmms mmmm e
Au- Galena -------. = —-=====-  —-—---. === ——--
polysulfid Chalcopyrite =~ -=--=-==-=:  ======- oo —mmmm—

Sphalerite =~ @ —======.  —=====- - ———. —mmm—

Carbonate @ — =——— — e e -

Tetrahedrite

Sulfosalt-
Carbonate-

Boulangerite

Jamesonite s e s

Bournonite =000 e e

Berthierite @ = seveeresessennnnn

Berthierite- ..
ibni o Stibnite = = 0o mm— == m = —
Stibnite Stibnite

Quartz ..................................................................

Quartz @  —======.  mmmmaa

Pyrite ..........................

Ag_ Ag_ Arsenopyrite ..........................
Stibnite Stibnite Tetrahedrite

Argentite e

Acanthite e

The width of the lines represents the relative abundance of minerals.

The Au-polysulfide-quartz association is composed of sphalerite, galena, and chal-
copyrite, which, in the form of small aggregates and micro-veinlets, are confined to the
minerals in earlier paragenetic associations (Py-Apy-Qz metasomatic and Py-Apy-Qz
vein). The intergrowths of the minerals in the Au-polysulfide-Qz association are up to the
first few millimeters. Anhedral-blastic structures and solid solutions (emulsions) devel-
oped (Figure 7D). When interacting with earlier sulfides, microtextures due to corrosion
(Figure 7E,F) and crack-filling are formed. Native gold formed simultaneously with the
sulfides in this association, as evidenced by their joint presence and close intergrowths
(Figure 7E). Common native gold developed in interstitial quartz grains or filled micro-
cracks in earlier minerals. The shape of the gold particles is mainly elongated—lumpy
(Figure 7G), lumpy-branched, and dendritic (Figure 7H), fractions of a millimeter to the
first millimeter. The fineness of native gold is 800-900 %o .
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In the sulfosalt—carbonate association, the leading mineral is carbonate. It is localized
in the selvages of vein bodies and near clay interlayers (Figure 6F), and it forms nest-like
clusters and fills cracks and voids in minerals in earlier associations (Figure 6G). In the
fractured areas, carbonate is a cementing material and forms comb structures (Figure 6H).
The amount of carbonate in the veins varies from 5 to 15%. Fahlores are represented by
tetrahedrite (Figure 7I). They form anhedral grains in quartz veins in association with
galena, sphalerite, and chalcopyrite. Carbonate minerals contain acicular crystals and
microaggregates of boulangerite and jamesonite. At the Badran and V’yun deposits,
bournonite is observed in intergrowths with galena (Figure 7]).

Berthierite—stibnite-type mineralization can be identified at the Malo-Taryn and Badran
deposits [21,94]. Minerals occur in the form of individual aggregates and thin veinlets
(up to 2-3 cm) in the gold—quartz veins. The superposition of late berthierite—stibnite
mineralization on earlier gold—quartz/gold—sulfide—quartz mineralization leads to the
development of corrosion (Figure 7K). The intensively cataclazed quartz experienced
volumetric dissolution, and small (1-2 mm) euhedral crystals of regenerative quartz formed
(Figure 7L) [20].
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Figure 6. Photographs showing representative mineral assemblages and textures of the vein
minerals in the studied OGDs, central YKMB: (A) Milky-white quartz with a massive texture;
thread-like interlayers of siltstone composition separate the bands of subhedral quartz from the
anhedral quartz; (B) banded texture of quartz vein; (C) Alternation of banded and massive quartz;
(D) breccia-like texture of quartz vein, milky-white quartz forms overgrowth textures around the
rock fragments; (E) spherulitic and cryptogranular quartz cement vein quartz (Qz1); (F) Fe-dolomite
forms a rhythmically-banded texture in a quartz vein; (G) veinlets and nests of intensely oxidized
dolomite—ankerite; (H) quartz with siltstone xenoliths overgrown with combed dolomite—ankerite
with Mg-siderite inclusions; (I) in milky-white quartz, a nest of arsenopyrite with dendrite-like
gold in cracks. Abbreviations: Gn—galena, Sp—sphalerite, Apy—arsenopyrite, Dol—dolomite,
Ank—ankerite, Sd—siderite.
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Ag-stibnite-type mineralization is represented by spherulitic, cryptogranular, or
collomorphic-nodular quartz with a slight dissemination of fine-grained pyrite with el-
evated concentrations of Au and Ag and individual crystals of arsenopyrite with an Sb
admixture of up to 2-3%. Tetrahedrite, argentite, and acanthite are typomorphic miner-
als [21,94]. This epithermal mineralization is the latest in the YKMB [99]. It occurs at the
Malo-Taryn, Badran, and Khangalas deposits.

Figure 7. Photomicrographs showing the representative mineral assemblages and microtextures
of the ore minerals of each vein-type ((A)—backscattered electron images, (B-L)—reflected light)
of the studied OGDs, central YKMB: (A) pyrite and arsenopyrite intergrowths in a quartz vein;
(B) cataclase structures in arsenopyrite grains; cracks are healed with quartz in the Au-polysulfide-
quartz paragenesis; (C) in cataclazed arsenopyrite aggregate, native gold developed along cracks;
(D) sphalerite—galena—chalcopyrite aggregate with an allotriomorphic blastic structure. Chalcopyrite
emulsions in sphalerite aggregates with a solid solution decomposition structure; (E) microtexture
from corrosion and substitution of pyrite (Py) crystal caused by minerals of the Au-polysulfide-quartz
paragenesis; (G) native elongated lumpy gold in interstitial quartz grains; (H) lumpy-branched
native gold in microcracks; (I) tetrahedrite aggregates intergrown with arsenopyrite; (J) intergrowths
of burnonite with minerals from the Au-polysulfide-quartz paragenesis; (K) microtextures from
berthierite corrosion due to pyrite crystals; (L) euhedral crystals made of regenerative quartz in stib-
nite aggregates. Abbreviations: Gn—galena, Sp—sphalerite, Ccp—chalcopyrite, Apy—arsenopyrite,
Ttr—tetrahedrite, Bnn—burnonite, Brt—berthierite, Sbn—stibnite.
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3. Materials and Analytical Methods
3.1. Sample Preparation

Samples for mineralogical-geochemical and isotope—geochemical studies were col-
lected from natural outcrops and the walls and dumps of surfaces and underground
workings; 62 thin sections and 36 polished mounts were prepared for mineralogical and
microtextural studies. For mineralogical, microtextural, and geochemical studies of dis-
seminated sulfide mineralization, thick polished sections (74 in total) and epoxy-mounted
grains (100 sulfide grains in 10 mounts) were prepared.

The microtextural and paragenetic features of the sulfides were studied using a Karl
Zeiss Axio M1 optical microscope (Carl Zeiss AG, Jena, Germany) at the Diamond and
Precious Metal Geology Institute, Siberian Branch, Russian Academy of Sciences, Yakutsk,
Russia. The qualitative chemical and mineral compositions of the samples were studied
with the use of a JEOL JSM-6480LV scanning electron microscope (SEM analysis, JEOL Ltd.,
Tokyo, Japan) equipped with an Energy 350 Oxford energy dispersive spectrometer (20 kV,
1nA, beam diameter 1 um) at the Diamond and Precious Metal Geology Institute, Siberian
Branch, Russian Academy of Sciences (Yakutsk, Russia).

3.2. Electron Probe Micro-Analyzer (EPMA)

The major element compositions of pyrite and arsenopyrite were determined with
standard X-ray spectral analysis on a Camebax-Micro microanalyzer (Cameca, Courbevoie,
France) at the Diamond and Precious Metal Geology Institute, Siberian Branch, Russian
Academy of Sciences (Yakutsk, Russia). The analytical conditions were as follows: acceler-
ating 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 FeS, for Fe
and S, FeAsS for As, Fe-Ni-Co alloy for Co, Ni, Au-Ag alloy for Au and Ag, CuSbS; for Sb,
and PbS for Pb. The detection limit was 0.01%. In each grain, 3 measurements were made:
core, midway between core and rim, and rim. In total, 422 analyses were used, of which
293 were used for the first time and 129 were taken from earlier studies [11,12].

3.3. Determination of Gold and Silver Content

The Au and Ag contents were determined using powdery monomineral samples via
atomic absorption spectrometry (AAS) with electrothermal atomization on a spectrometer
MGA-1000 (LUMEX, St. Petersburg, Russia) at the Diamond and Precious Metal Geology
Institute, Siberian Branch, Russian Academy of Sciences (Yakutsk, Russia). The detection
limit for gold is 0.02 ppm. In total, 71 analyses were used, of which 34 were used for the
first time and 37 taken were from earlier studies [11,12].

3.4. S isotope Analysis

The sulfur isotope composition was analyzed at the Laboratory of Stable Isotopes,
Center for Collective Use, Far East Geological Institute, Far East Branch, Russian Academy
of Sciences (Vladivostok, Russia). For sulfur isotope analysis of sulfides from the Malo-
Taryn, Khangalas, V’yun, and Shumnyi deposits, we used pure sulfide fractions (54 samples)
selected by hand and ground into powder. In total, 75 analyses were used, of which 30 were
used for the first time and 45 were from earlier studies [11,12]. The analysis was performed
using a Flash EA-1112 elemental analyzer (Thermo Scientific, Dreieich, Germany) in the S
configuration according to the standard protocol for converting sulfur from sulfide to SO;.
The sample preparation for mass spectrometric sulfur isotope analysis from the Badran
deposit (20 samples) was carried out with the local laser method using an NWR Femto
femtosecond laser ablation complex [100,101]. The 3*S/32S isotope ratios were measured
on a MAT-253 mass spectrometer (Thermo Fisher Scientific, Germany) in continuous He
flux mode. The measurements were performed against a standard laboratory gas, SO,,
calibrated according to international standards IAEA-S-1, IAEA-S-2, IAEA-S-3, and NBS-
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127. The results of the §**S measurements are provided in reference to the international
VCDT standard. Determination accuracy: 534S £ 0.2%0 (10).

4. Results
4.1. Pyrite and Arsenopyrite Types and Textures

Our [12,26,78] and other works [10,102], beyond any known orebodies and in alteration
of the OGDs in the central YKMB, have identified several generations of pyrite (Py1, Py2,
Py3) and arsenopyrite (Apyl); a summary of the common textures and pyrite-arsenopyrite
classifications for the central YKMB is shown in Table 3. Pyrite is the main and most
common ore mineral in sedimentary strata, with diagenetic (Py1), metamorphic (Py2), and
metasomatic (Py3) pyrites identified.

Table 3. Summary of common textures and pyrite-arsenopyrite classification OGDs Central YKMB.

. __— Co-Geneti Evid f
Pyrite Timing Host Rock Structure/Texture O enetic vicence tor
Minerals Timing
-sedi t dst Framboid dul . .
Pyl Syn s.e 1men. ary/ Sa.n stones, rambords, nodular Detrital quartz Along the layering
diagenetic siltstones aggregates
Sandstones Euhedral-subhedral; zoning
Py2 Metamorphic . ’ structure; corroded Sericite, carbonate Fault zones
siltstones
structure
Euhedral-subhedral;
fine-grained inclusions of
Sandstones, alena, sphalerite Arsenopyrite Proximal
Py3 Metasomatic siltstones, andesite, & 'SP . .. pyrite, .
. chalco-pyrite; zoning sericite, carbonate alterations
dacite
structure; corroded
structure
Euhedral-subhedral;
fine-grained inclusions of
Sandstones, . . . . .
. . . galena, sphalerite, Pyrite, sericite, Proximal
Apyl Metasomatic siltstones, andesite, hal L . 1 .
dacite chalco-pyrite; zoning carbonate alterations

structure; corroded
structure

4.1.1. Syn-Sedimentary/Diagenetic Pyrite (Py1)

The earliest form of pyrite is observed in the Upper Paleozoic clastic sedimentary rocks
(Figure 8). Pyritel is represented by dust-like and fine-grained spherical (framboidal) parti-
cles (Figure 8A) and nodular aggregates ranging in size from 10 to 100 microns (Figure 8B).
They are composed of pyrite microcrystals with a zonal structure in a carboniferous-silicon
matrix. Nodular aggregates often have a porous texture, which suggests the formation of
minerals as a result of rapid crystallization [33]. In pyritel, marcasite can be observed as
anhedral-to-colloform grains. The location of Pyl follows the primary sedimentary texture
of rocks (Figure 8C).

4.1.2. Metamorphic Pyrite2

Pyrite2 can be most widely observed in the zones of regional faults (Adycha-Taryn,
Charky-Indigirka, Chai-Yureya). It is represented by crystals with subhedral and euhedral
shapes, ranging in size from 2-3 microns to 2-4 mm, which form dissemination (Figure 9A),
intergrowths, nests (Figure 9B), and thin veinlets (Figure 9C). In individual crystals and
aggregates, a xenomorphic porous central part can be observed, formed during diagenesis,
surrounded by an idiomorphic shell of metamorphogenic Py2 (Figure 9).
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Figure 8. Microtexture of diagenetic Pyl (reflected light) OGDs, central YKMB: (A) framboids
and zonal structure; (B) nodular aggregate pyrite and marcasite as anhedral-to-colloform grains;
(C) layered arrangement of Py1 crystals in siltstone.

Figure 9. Microtextures of metamorphic pyrite2 (reflected light) OGDs, central YKMB: (A) inter-
growths of cubic pyrite; (B) accumulation of crystals and pyrite intergrowths. The central part of the
individual grains is corroded; (C) micro-veinlets of pyrite along cracks.

4.1.3. Hydrothermal Pyrite3 and Arsenopyritel from Proximal Alteration

Sulfides (Py3 and Apy1) are localized in the proximal sericite-carbonate—quartz alter-
ation and make a major contribution to the economic value of the veinlet-disseminated
mineralization containing “invisible” gold. A proximal alteration is characterized by
various types of transformation in rocks. Sericitization, carbonation, and silicification
developed in the clastic rocks (sandstones, siltstones). Carbonation, chloritization, and
argillization manifested in the dykes of basic, intermediate, and felsic composition. The
hydrothermal alteration of both clastic and intrusive rocks involves pyrite-arsenopyrite
sulfidation. Py3 is cubic and pentagondodecahedral in shape and often has a zonal struc-
ture (Figure 10). The second typomorphic mineral of the association is arsenopyrite (Apy1)
with a short-prismatic and pseudopyramidal form (Figure 10A). The size of Apy1 crystals
ranges from fractions up to 1-1.5 mm or, less often, up to 2-3 mm. Microinclusions in the
minerals of the Au-polysulfide-quartz and sulfosalt—carbonate associations can be noted
in Py3 and Apy1 crystals (Figure 10B). These minerals are confined to pores, voids, and
microcracks, as well as the growth zones of pyrite and arsenopyrite crystals. A rod-like
quartz—carbonate rim is often formed at the edges of sulfide crystals (Figure 10C). The
content of disseminated sulfide mineralization in proximal alteration can be up to 6-8%.
Usually, pyrite prevails at a distance from quartz veins/veinlets, and arsenopyrite prevails
near them.

4.2. Chemical Composition of Pyrite and Arsenopyrite

The EPMA analyses revealed distinct trace-element abundances in the various genera-
tions of pyrite and arsenopyrite (for the full dataset, see Supplementary Tables S1 and S2).
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Figure 10. Microtextures of alteration pyrite3 and arsenopyritel from proximal alteration rock
sediment-hosted OGDs (A-C) and from proximal alteration rock intrusion-hosted OGDs (D)
((A,C,D) reflected light and (B) backscattered electron images), central YKMB. (A) Dissemination of
Py3 and Apyl: pentagondodecahedral shape and zoning are characteristic of individual large pyrite
crystals; (B) microinclusions of galena (gn), chalcopyrite (Ccp), and sphalerite (Sp) in pores, voids, and
microcracks of pyrite crystals; (C) rod-like rims of quartz—carbonate composition; (D) dissemination
of the alteration Py3 and Apy1 in a dyke.

4.2.1. Chemical Composition of Pyrite in Sediment-Hosted Orogenic Gold Deposits

Most of the analyzed pyrites of the sediment-hosted orogenic gold deposits have a non-
stoichiometric composition (in 63% of analyses, Fe/(S + As) # 0.5) and the trace elements
As, Co, Ni, Cu, and Sb, as well as, less often, Pb (Supplementary Table S1). Pyrite is charac-
terized by a deficit of sulfur (in 75-95% of analyses, S/Fe < 2.0 at Cs = 51.16-53.82 wt%).
Concentrations of trace elements vary within wide limits; the values of the coefficients of
variation indicate the heterogeneity of the sample (Vo from 38% to 138%).

Arsenian Py is an indicator. In the metamorphic Py2, Cag < 0.32 wt%. In alteration
Py3, the main trace element is As (from 0.31 to 3.16 wt%) (Figure 11A). For the majority
(70%) of the analyzed grains, Cag < 1.5 wt%. The zonal distribution of As in pyrite crystals
is typical. Core (Cag to 3.08 wt%), intermediate (Cas < 2.0 wt%), and rim (Cag to 2.20 wt%)
zones were found.

Cobalt, Ni, Cu, Sb, and Pb are typomorphic trace elements in Py3 (Supplementary
Table S1). Other elements are present in quantities below the detection limit of EPMA
analyses. The total trace-element content varies from 0.01 to 0.55 wt%; the entire spectrum
of elements can be found in 20% of crystals. Py3 X (Co, Ni, Cu, Sb, Pb) < 0.15 wt% prevails
(Figure 11B). There is a decrease in the amount of trace-element content in Py3 compared
with Pyl and Py2 (Figure 11B). The pyrites of the Badran deposits are characterized by
an increase in the concentration of Sb, and at the Malo-Taryn deposit, the Sb is below the
detection limit (Figure 12E). In Py3, the common trace element is Co (from 0.01 to 0.22 wt%;
in 90% of analyses, Cc, < 0.1 wt%). In zonal crystals, the maximum concentration of Co is
characteristic of core Py3. Ni and Cu are present in 50% of the analyzed grains in quantities
exceeding the detection limit. Ni (up to 0.46 wt%) can be observed in the rim Py3. There is
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no zoning in the distribution of Cu. The Py3 of the Khangalas deposit is characterized by Pb
(to 0.11 wt%) in the core zone. The general formula of pyrite in the sediment-hosted orogenic
gold deposit alteration (Py3) pyrite is Feg.98-1.08(Ni0.0-0.01C00.0-0.01)51.95-2.00A80.01-0.05-
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Figure 11. Distribution of trace elements in pyrites of different generations in the studied OGDs,
central YKMB: (A) ternary diagram As—Co+Ni-Sb for Py2 and Py3; (B) content of X (Co, Ni, Cu,
Sb, Pb).

4.2.2. Chemical Composition of Pyrite in Intrusion-Hosted Orogenic Gold Deposits

Pyrite in the intrusion-hosted orogenic gold deposits is analyzed both in the host
clastic rocks and in dykes of intermediate composition. Most of the pyrite analyzed had a
nonstoichiometric composition (in 57% of analyses, Fe/S + As # 0.5) and they showed a
deficit of sulfur (in 75-95% of analyses, S/Fe < 2.0 at Cg = 51.01-54.08 wt%) (Supplementary
Table S1). The concentrations of trace elements vary within a large range; the values of the
coefficient of variation indicate the heterogeneity of the samples (Vo from 42 to 227%). The
distributions of trace-element concentrations in Py3 from clastic rocks and from dykes are
comparable, but a number of features can be observed.

In the alteration Py3 of the clastic rocks, As is the main trace element (from 0.30 to
3.16 wt%) (Figure 12A). Concentrations of Cas < 0.5 wt% are only in 14% of grains, for
60% Cps >1.0 wt%. High As contents are recorded in individual Py3 grains from dykes
(Cas = 0.57-2.02 wt%); 34% of Py3 have Cpq = 0.01-1.00 wt%, and 44% have non-arsenian
varieties (Supplementary Table S1).

Cobalt, Ni, Cu, and Sb are typomorphic trace elements in Py3 from clastic rocks
(Figure 12). The remaining trace elements are present in quantities below the detection limit
of the EPMA analysis. The total content of these elements varies from 0.01 to 0.42 wt%,
but the whole spectrum of elements is fixed in single crystals. Py3 grains of 2. (Co, Ni, Cu,
Sb) < 0.15 wt% prevail (Figure 11B). Co, Ni, and Cu are typomorphic trace elements in
Py3 from dykes. Antimony is determined in Py3 from some dykes; it is characterized by
increased concentrations (to 0.10 wt%,) (Figure 12E). The total content of these elements
varies widely from 0.003 to 3.97 wt%, but the whole spectrum of elements is fixed in
single crystals. Elevated concentrations of Ni and Co can be observed in individual
crystals (Cnj = 3.52 wt%; Ccy = to 2.31 wt%) (Supplementary Table S1). The remaining
trace elements are present in quantities below the detection limit of EPMA analyses.
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Figure 12. Boxplots showing the compositional difference in Py1-2 and Py3 acquired using an EPMA
analysis of the studied OGDs, central YKMB. The lower border of the line shows the minimum value;
the upper shows the maximum value. Horizontal lines in the boxes denote the median, the X marks
in the boxes denote the mean, and the bottom and top of each box denote the first and third quartiles,
respectively. Concentrations are on a logarithmic scale.

4.2.3. Chemical Composition of Arsenopyrite in Sediment-Hosted Orogenic Gold Deposits

Most of the analyzed Apy1 has a nonstoichiometric composition (in 72% of analyses,
Fe/(S + As) # 0.5) and is rich in sulfur (As/S from 0.77 to 0.99). In some cases, the
ratio is As/S > 1.0. For Apyl, the trace elements Co, Ni, Cu, and Sb are typomorphic
(Supplementary Table S2, Figure 13). Other elements are present in quantities below the
detection limit of EPMA analyses.

The concentrations of typomorphic elements vary significantly, and in most of the
analyzed grains, . (Co, Ni, Cu, Sb) is no more than 0.15 wt% (Figures 13A and 14). The
ratios of trace elements are individual for different deposits (Figure 13B). Thus, at the Malo—
Taryn deposit, Sb accounts for 60% of the trace elements, and at the Khangalas deposit,
45% is Co. Antimony is found in all the analyzed grains; its content is not stable (Vo up to
124%), but this is the main trace element in Apy1.
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Figure 13. Distribution of trace elements in arsenopyritel of the studied OGDs, central YKMB:
(A) content of X (Co, Ni, Cu, Sb); (B) the ratio of individual trace elements in the studied deposits.
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4.2.4. Chemical Composition of Arsenopyrite in the Intrusion-Hosted Orogenic
Gold Deposits

Arsenopyritel in intrusion-hosted orogenic gold deposits is rare. Most of the analyzed
arsenopyrites from the dykes of the V'yun deposit have a nonstoichiometric composition (in
67% of analyses, Fe/(S + As) # 0.5) and are rich in sulfur (As/S from 0.75 to 0.94). For Apy1
intrusion-hosted orogenic gold deposits, the typomorphic element is Sb (Supplementary
Table S2), averaging 85% of the total volume of the trace elements. In some samples, the Sb
content reaches 1.03-1.8 wt%. Ni and Cu were determined in 65% of the analyzed grains;
Co in the Apy1 of the dykes is present within C¢, = 0.01-0.07 wt% and in clastic rocks in
quantities below the detection limit of EPMA analyses.
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Figure 14. Boxplots showing the compositional difference in the arsenopyritel of the studied OGDs,
central YKMB, in this study acquired by EPMA. The lower border of the line shows the minimum
value; the upper one shows the maximum value. Horizontal lines in the boxes denote the median,
the X marks in the boxes denote the mean, and the bottom and top of each box denote the first and
third quartiles, respectively. Concentrations are on a logarithmic scale.

4.3. Gold and Silver Content of Sulfides from Proximal Alteration according to AAS Data

Data on the gold and silver content in pyrites and arsenopyrites from the proximal
alteration are shown in Table 4 and illustrated in Figure 15.

Table 4. Results of atomic absorption atomic spectrometry (ppm) of sulfides from the proximal
alteration of the studied OGDs, central YKMB.

Rock Mineral Au, ppm Ag, ppm Au/Ag N References
Malo-Taryn deposit
Pyrite 0.4-10.1% 0.9-8.1 12-52 6 ]
Alteration rock after sandstones 55‘;/ 52';11 05;1/ 16(')32 029‘2/1 19‘126 Th1sdst;11dy,
Arsenopyrite 1717178 42733 55.7/15.1 4 and [21]
Badran deposit
. : 13.7-1555 12-16.9 12-834
Alteration rock after sandstones Pyrite 575/41.1 6.0/3.6 17.0/9.9 12 [11]
and siltstones : 34.8—168.5 1.3-126 9.5-42.6
Arsenopyrite 66.9/54.6 49729 21.8/175 9
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Table 4. Cont.

Rock Mineral Ay, ppm Ag, ppm Au/Ag N References
Khangalas deposit
. ; 0.8—39.3 1.1-174 0.5—10.9 .
Alteration rock after sandstones Pyrite 112/74 62761 26/18 13 This study,
and siltstones . 12.3-23.8 04-11.8 1.4-28.6 and [12]
Arsenopyrite 17.5/16.4 65/7.2 11.1/33 3
V’yun deposit
: : 0.3-25.8 0.9-2.0 0.3—16.0
Alteration rock after dykes Pyrite 50707 13711 ST1706 6
Alteration rock after sandstones Pyrite 0.3—-159.5 0.4—23.7 0.2—30.5 8
and siltstones 35.6/144 56/3.0 6.0/23 This study
Alteration rock after sandstones .
. Arsenopyrite 28.9,58.4 22,23 12.8,26.8 2
and siltstones
Shumnyi deposit
Alteration rock after dykes Pyrite 8539 0.6-2.8 40409 4
SR AR W s sty
Alteration rock after sandstones Pyrite B2760 1710 577150 4
% Minimum—Maximum
Mean/Median
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300 ot 2000 200535
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25.0 160.0 aiocs ki 300
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Figure 15. The gold and silver content in sulfides from the alteration of the studied OGDs, central
YKMB: (A) Malo-Taryn; (B) Badran; (C) Khangalas; (D) V'yun; (E) Shumnyi; (F) comparative
diagrams between the maximum, mean, and median values of the gold and silver content in sulfides
from the alteration.
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4.4. Sulfur Isotopic Composition of Sulfides

The 534S isotopic composition of pyrite and arsenopyrite from the Malo-Taryn, Badran,
and Khangalas proximal alterations in the sediment-hosted deposits and the V’yun and
Shumnyi proximal alterations in the intrusion-hosted deposit of the central YKMB is shown
in Table 5.

Table 5. Sulfur isotope data of pyrite and arsenopyrite from proximal alteration rock sediment-hosted
deposits and intrusion-hosted deposits of the studied OGDs, central YKMB.

Ne Sample Deposit Mineral Rock d34SycpT, %o Reference
1 MT-66-16 Arsenopvrite Alteration rock after —14
2 Y-2012/1 Py sandstones -16
3 M-1-16 Malo-Taryn Alteratilon rock after -2.3 This study
siltstones
Pyrite
4 MT-76-16 Alteration rock after —55
5 Y-2012/2 sandstones 14
6 B-24/2-19 -0.3/-0.2
7 B-16-19 Altera’silon rock after 0.0/—0.3
siltstones
8 B-35/2-19 —-0.7/-0.8
9 B-10/2-19 -0.3/-0.3
10 B-54/2-19 Arsenopyrite —0.5/-0.2
1 B-14/3-19 Alteration rock after —04/01
sandstones .
12 B-56/2-19 -1.1/-0.6
13 B-40-19 —-0.4/-0.3
14 B-24/1-19 04/1.6
15 B-44-19 0.3/0.3
16 B-17-19 Badran * Alteration rock after 1.0/12 [11]
siltstones T
17 B-26-19 0.8/1.1
18 B-35/1-19 —-0.7/14
19 B-10/1-19 0.1/1.8
20 B-54/1-19 Pyrite 0.5/1.8
21 B-14/1-19 0.6/1.9
22 B-51-19 Alteration rock after 1.0/0.7
23 B-52-19 sandstones 1.1/1.0
24 B-41-19 —-0.2/-0.3
25 B-56/1-19 1.5/1.5
26 B-33-19 —-0.5/1.0
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Table 5. Cont.

Ne Sample Deposit Mineral Rock d34SycpT, %o Reference
27 KG-9-19 —-14
[12]
28 K-4-17 Arsenopyrite Alteration rock after —12
29 KG-26-19 sandstones ~11
30 KG-29-19 -2.1
31 KG-8-19 Alterat}on rock after _08 This study
siltstones
3 KG-20-19 Khangalas Alteration rocl.< after 10
sandstone and siltstones
33 KG-32-19 Pyri -1.3
yrite [12]
34 K-9-17/1 —-0.6
35 K9-17/2 Alteration rock after 15
sandstones

36 K-4-17 -1.5 This study
37 K-14-17 -1.9
38 V-14-18 -1.9
39 V-15-18 3.1
40 V-20-18 —6.4
1 V-22-18 Pyrite Alteration rock after dykes 31
42 V-43-18 —4.6
43 V-140-18 —4.7

V’yun . This study
14 VF-24-18 Arsenopyrite Alteration rock after 44

sandstones
45 VF-27-18 Alteration rock after 3.7
46 VEF-27-18 sandstone and siltstones 4.4
Pyrite

47 VZ-158-18 Alteration rock after 5.6
48 V-162-18 sandstones 2.3
49 S5-42-18/1 2.1
50 S-42-18/2 2.5
51 SU-22-18 Alteration rock after dykes 2.4
52 S-113-18/1 Shumnyi Pyrite 4.8 This study
53 S-113-18/2 5.1
54 S-17-18 Alteration rock after 4.3
55 S-112-18 sandstones 5.0

* The values of the S isotopic composition of pyrite and arsenopyrite for the Badran deposit were determined
using local measurement methods at the periphery (denominator) and center (numerator).

4.4.1. Sediment-Hosted Orogenic Gold Deposits

In three analyses of Py grains from the alteration of the Malo-Taryn deposit, 3*S has
a range from —5.5 to +1.4%o; two analyses of Apy grains provided a restricted §3S range—
—1.6 and —1.4%o. The 5°*S values of Py and Apy from the alteration sampled at various
depths (from 587 to 916 m) of the Badran deposit have a narrow range of values, from
—1.1 to +1.9%0. The highest variations of §3*S are determined in 26 analyses of Py (from
—0.7 to +1.9%0, mean +0.8 %o, median +1.0%0), and 16 analyses yielded a $34S Apy range
of —1.1to +0.1%0 (mean —0.4%., median —0.3%o). The sulfur §3S isotopic composition of
sulfides from the alteration of the Khangalas deposit is characterized by a narrow range of
negative 5>*S values, from —2.1 to —0.6%o, according to seven analyses of Py (from —1.9
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to —0.6%o, mean —1.2%o, median —1.3%.) and four analyses of Apy (from —2.1 to —1.1%o,
mean —1.5%o, median —1.3%o).

4.4.2. Intrusion-Hosted Orogenic Gold Deposits

At the V’yun deposit, there is a heterogeneous 5>*S in the sulfides. The highest
variations in six analyses of 534S are determined in Py from dykes (from —6.4 to +3.1%o,
mean —1.9%o, median —3.3%.). The highest 634S values are determined in Py (from +2.3 to
+5.6 %0, mean +4.0%o, median +4.1%o) and Apy (+4.4%o.) from clastic rocks. Seven analyses
of §2*S in Py from the alteration of the Shumnyi deposit yielded positive values from +2.1
to +5.1%0. There are no evident isotopic variations between §4S in Py from sandstones
(from +4.3 to +5.0%o) or from dykes (from +2.1 to +5.1 %o, mean +3.4 %o, median +2.5%o).

5. Discussion
5.1. Composition of Pyrite3 and Arsenopyritel
5.1.1. Incorporation of Metals and Metalloids in Pyrite3

Microelements in pyrite can be in the form of isomorphic trace elements and in the
form of micro- and nanoinclusions. Concentrations of trace elements and their correlations
with the major elements indicate the form and conditions of their accumulation in pyrite,
as well as the evolution of the ore formation conditions.

Arsenic is the most informative in the composition of pyrite. A number of researchers,
analyzing changes in the shape and concentration of As in pyrite from gold deposits of
various types, suggest using As to explain the evolution of the hydrothermal system [103].
The chemical zoning of As in pyrites may be the result of physicochemical changes in
the composition of the ore-forming fluid [104-108] and the effects of magmatic fluids
(magmatic vapor plumes) [105].

It was mentioned in Section 4.2 that the Py3 from sediment-hosted (Malo-Taryn, Bad-
ran, Khangalas) and intrusion-hosted (V'yun, Shumnyi) gold deposits are characterized
by nonstoichiometric compositions. The S/Fe ratio varies in individual deposits within
sufficiently large ranges (V'yun, S/Fe = 1.87-2.04; Badran, S/Fe = 1.88-2.09). According
to the obtained results from the EPMA analysis, Py3 differs from the calculated values
(Fe = 46.55 wt% and S = 53.45 wt%) (Figure 16) and indicates the presence of vacant po-
sitions in the structure of pyrite, which are occupied by trace elements. The As-Fe-S
ternary diagram demonstrates the possible variants of the occurrence of microelements in
the composition of pyrite (Figure 16) [104]. Mainly, As isomorphically replaces S (As'™)
(Figure 16), but it can replace Fe in the crystal lattice Fe (As** and As®*) [109,110] or may
occur in the form of nanoinclusions (As®) [104]. The isomorphic substitution of Fe is the
main mechanism for the inclusion of Co, Ni, Cu, Sb, and Pb (Me?*) in the composition of
pyrite [33].

The negative trend between concentrations of elements also confirms the isomorphic
substitutions. This is most clearly manifested for the S-As pair (Figure 17A): elevated As
contents are characteristic of pyrites with a deficit of sulfur; for the entire sample population,
rs-as = —0.68, and it increases in individual objects (Malo—-Taryn, rs.aos = —0.77; Vyun dykes,
rg.as = —0.80). The correlations between Fe, S, and other trace elements are variable and are
better expressed in individual objects (Malo-Taryn, rs.cy = —0.54; Shumnyi, rpe.cy = —0.65)
(Figure 17). Pyrites from igneous rocks are characterized by a negative correlation for the
pairs Fe?* — Co?* and Fe?* — Ni?*(r = —0.7-—0.9) (Figure 17C,D). The similar incorporation
of metals and metalloids in pyrite3 from sediment-hosted (Malo-Taryn, Badran, Khangalas)
and intrusion-hosted (V’yun, Shumnyi) gold deposits indicates their unified nature.
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Figure 16. Ternary diagram showing the As-Fe-S composition of pyrite in the studied OGDs, central
YKMB. The demarcated fields are after [104].

5.1.2. Incorporation of Metals and Metalloids in Arsenopyritel

Arsenopyrite is a three-component system and the main isomorphic substitutions
occur according to the scheme S1= — As'™ (r=0.92-0.99) (Figure 18A) and Fe?*(Fe3*)—
As?*(As*") (Figure 18B) (r = 0.65-0.89). In the studied Apy1 grains, Fe is characterized
by small variations in the content; in 75% of the analyzed grains, C Apy = 33.8-34.8 wt%,
which, in the mean, corresponds to stoichiometry. The sulfur content in all grains exceeds
the stoichiometric composition (19.7 wt%), which varies between 19-24 wt%, with a mean
content of Cg = 21.3 wt%. The As content is less than the stoichiometric content (46.0 wt%
with a mean content). Variations in the concentration of S and As are different in the
individual deposits (Figure 18C). Arsenopyrite of the Malo-Taryn deposit is closest to the
stoichiometric composition (Figure 18 C,D).

A diagram of S/ As and (S+As)/Fe [111] clearly reflects both the nonstoichiometry and
variability of the compositions, as well as the increased sulfur content of Apy3 in the studied
deposits (Figure 18). The deficit of Fe and As is compensated by the trace elements (Co, Ni,
Cu, Sb). They can occupy both anionic and cationic vacant positions in the crystal structure,
and their distribution in arsenopyrite is less ordered than in pyrite. Slight and moderate
negative correlations prevail between the main elements and trace elements (Figure 19). The
connection between As and Sb is most clearly manifested (r = —0.45-—0.61) (Figure 19L).
For alteration arsenopyrites with nonstoichiometric composition and a predominance
(excess) of S, many researchers [39,112,113] specify the increased concentrations of Au. The
following trend can also be observed in the deposits studied by us (Figure 18D). Significant
variations in the S, As, and Fe and trace-element content in the arsenopyrite also indicate
the crystallization of the mineral in an inhomogeneous temperature field [111]. This is
reflected in the zonal distribution of both trace elements and the gold content of Apy3.
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Figure 17. Diagrams of the ratios of concentrations of Fe, S, and trace elements in Py3 in the studied
OGDs, central YKMB. (A) S vs. As; (B) Fe vs. As; (C) Fe vs. Co; (D) Fe vs. Ni; (E) S vs. Co;
(F) Fe vs. Ni; (G) Fe vs. Cu; (H) S vs. Cu; (I) Fe vs. Co; (J) S vs. Cu; (K) Fe vs. Pb; (L) S vs. Pb.
Negative correlation indicates isomorphic substitution. The lines Fe = 46.547 wt% and S = 53.453 wt%
correspond to the stoichiometric composition of pyrite. See symbols in Figure 16.
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5.1.3. Gold—Cobalt-Nickel Relationships in Pyrite3

The analysis of the Co and Ni content and the ratios of these elements is important for
determining the conditions of the formation and genesis of pyrite [29,33,106,114-116]. Py3
is characterized by S/Fe # 2.00 (Figure 20A). In most analyses, pyrites are depleted in sulfur,
the deficit of which is compensated by As. Co and Ni in the pyrite structure occur mainly
as isomorphic replacements of the types Fe?" — Co?* and Fe?* — Ni?* [117]. Elevated
concentrations of Co and Ni are characteristic of pyrites with Fe content of <46.547 wt%,
which corresponds to the stoichiometric composition (Figure 17C,D). The deficit of Fe
indicates the presence of cationic vacant positions in the pyrite structure, which are filled
with Co and Ni [118]. In grains with high iron content, Co and Ni are part of the pyrite
structure and are incorporated there via emplacement isomorphism.
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Figure 18. Diagrams of the ratios of concentrations of Fe, S, and As in Apy1 of the studied OGDs,
central YKMB. (A) As vs. S. (B) As vs. Fe. (C) Variations in the S and As content in the studied
deposits; (D) diagrams of the ratios S/As and (S + As)/Fe. The intersection of the lines S/As =1 and
(S + As)/Fe = 2 corresponds to chemical stoichiometry. See symbols in Figure 16.
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Figure 19. Diagrams of the ratios of concentrations of Fe, S, As, and trace elements in Apy1 of the
studied OGDs, central YKMB. (A) Fe vs. Co; (B) S vs. Co; (C) As vs. Co; (D) Fe vs. Ni; (E) S vs.
Ni; (F) As vs. Ni; (G) Fe vs. Cu; (H) S vs. Cu; (I) As vs. Cu; (J) Fe vs. Sb; (K) S vs. Sb; (L) As vs.
Sb. The lines Fe = 34.30 wt%, S = 19.69 wt%, and As = 46.01 wt% correspond to the stoichiometric
composition of pyrite. See symbols in Figure 16.
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Figure 20. Distribution of the total impurity Co+Ni in Py3 relative to the indicator S/Fe (A) of the
studied OGDs, central YKMB. (B) Diagram of concentration ratios Ni and Co in Py3 of the studied
deposits. The demarcated fields are after [115]. See symbols in Figure 16.

Co concentrations vary markedly in the volume of a single grain. Elevated concentra-
tions are characteristic of the central part of the zonal Py3, which can be formed before the
formation of mineralization. There is an inverse correlation between Co and Au (r = —0.6)
(Figure 21A), which, perhaps, is a temperature effect [119] and indicates the formation of
gold-bearing pyrite in low-temperature conditions.

The Co/Ni ratio in Py3 of the studied deposits varies widely (0.1-28.0), but in most
analyses, Cc, > Cyjj, and in 90% of analyses, 10.0 > Co/Ni > 0.1, which is typical for
hydrothermal pyrite (Figure 20B) [33,102]. High concentrations of Ni in sulfides may
indicate [120] the participation of basic and ultrabasic components supplied into hydrother-
mal fluids and involved in the deposition of sulfides. The Ni/Co ratio can indirectly
characterize the gold content of pyrite [119]. Gold is predominantly isomorphic in pyrite
with conductivity (Ni/Co > 0.1), and cobalt-rich pyrite (Ni/Co < 0.1) is not gold-bearing
(Figure 21B).
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Figure 21. (A) Graph showing the relationship between the concentration of Co and Au in Py3 of the
studied deposits; (B) graph showing the relationship between the concentration of Au and the Ni/Co
indicator of the studied deposits.
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5.2. Gold Occurrence and Concentration in Sulfides from Proximal Alteration
5.2.1. Gold Concentration

Data on the gold content in pyrite and arsenopyrite from the alteration of the studied
sediment-hosted deposits are shown in Table 4 and Figure 15. Minimum mean values of Au
were obtained for Py grains from the Malo-Taryn deposit (Au—>5.1 ppm); the maximum
mean values of Au are determined for arsenopyrite from the Badran deposit (66.9 ppm Au).
For the proximal alteration of the V'yun and Shumnyi intrusion-hosted deposits, there are
obvious differences between the gold contents in sulfides from clastic rocks compared with
dykes. In alteration rocks from dykes in the V'yun deposit, the mean value of Au is 5.0 ppm,
whereas, in Py from alterations in clastic rocks, the mean value of Au is 35.6 ppm. In two
Apy samples from alterations in sandstones, the following values were obtained: 28.9 and
58.4 ppm Au. The Shumnyi deposit is characterized by the inverse value of variations in
the Au content in Py. Thus, in Py from dykes, the mean value of Au is 28.8 ppm, and in Py
from sandstones, the mean value of Au is 13.2 ppm.

In general, for all the studied deposits, gold contents in sulfides from proximal al-
terations were determined from fractions to be 168.5 ppm (Badran deposit, Apy). The
highest gold content is found in Py, with 159.5 ppm (V’yun deposit) (Figure 15). Our results
are comparable with data on the gold content in sulfides from alterations in many gold
deposits in NE Russia, but they are noticeably lower compared with some large deposits
with disseminated ores (Natalka—140-482.6 ppm Au, Mayskoe—300-1975 ppm Au [121],
Nezhdaninskoe—up to 1400 ppm [28,112], Kyuchus—11.5-440 ppm Au [122]). Neverthe-
less, these results show the high economic potential of the disseminated mineralization in
the studied deposits. For example, for the Khangalas deposit, it was shown that with a
minimum gold content in alterations of 0.5 ppm, a length of 1.4 km, a thickness of 50 m,
and a depth of 100 m for ore zones, reserves can be increased by 9.1 t Au [12].

5.2.2. Gold in Pyrite3

Gold in sulfides can occur in an isomorphic structurally bound form and in the form of
native nano- and microinclusions [31,119,123-125]. The problem of invisible gold has been
studied in the most detail in pyrite, which is related to the discovery of a large Carlin deposit
in Nevada, where gold is closely associated with arsenian pyrite [126]. However, it is known
that pyrite and arsenopyrite with invisible gold occur in deposits of various types (e.g.,
orogenic, epithermal, intrusion-related, porphyry-Cu, iron-oxide copper-gold, etc.) [32,119].
Over the past 15-20 years, with the advent of new analytical techniques and technologies,
a lot of information has been obtained about invisible gold and its form of occurrence in
sulfides [31,32,124,127]. It was shown that invisible gold is mainly concentrated in pyrite
with a high solid-solution As content—arsenian pyrite [128]. Arsenic can replace either
Fe or S in pyrite; at the same time, the highest concentration of As is 8-11% [105,126]. It
is assumed that the Au* ionic gold replaces Fe by entering distorted octahedral positions,
and As replaces S in tetrahedral positions [129], but, nevertheless, the nature of invisible
gold occurrence in sulfides is still debated [119]. A negative correlation between Fe and
Au in pyrite may indicate the presence of Au in the lattice via the isomorphic substitution
of Fe [130]. However, the ionic radius of Au* differs from the ionic radius of FeZ* which
makes it impossible to replace Au* with Fe?* [131,132]. Chouinard et al. [133] proposed a
mechanism of conjugate substitution for the Au®* + Cu* <+ 2Fe?* type. Gold nanoparticles
in arsenian pyrite can be localized at the boundaries of block structures, both as a surface
formation and in defects in the crystal lattice [122,129].

It is important to identify [31], for epithermal and Carlin-type deposits, an increase in
the solubility of Au in the pyrite structure with an increase in As content and to determine
the saturation line of Au on an As vs. Au graph. Based on the data from EMPA, laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), secondary-ion mass
spectrometry (SIMS), and particle induced X-ray emission with a microfocused beam
(micro-PIXE) analyses, Deditius A.P. et al. [32] studied the origin of the inclusion of Au and
As and the solubility of gold in pyrite based on Cu-porphyry, Cu-Au, orogenic (OGDs),
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volcanogenic-massive sulfide (VMS), iron-oxide copper—gold (IOCG), Au Witwatersrand,
and coal deposits. They showed that Au!* was the dominant form of Au in arsenian pyrite
of the studied deposits, and the authors defined the empirical solid solubility of Au in
As-pyrite as Cay =0.004 X Cpg +2 % 10~7 for a range of temperature between ~150-250 °C
(Figure 22). Our recent studies of gold-bearing arsenian pyrite and arsenopyrite from
the proximal alteration of the Khangalas deposit have also shown the predominance of
structurally related forms of gold Au* in them [12]. These results were confirmed by rather
low Au contents in the analyzed Py3. In most samples, Au does not exceed 2.5 ppm [12].
According to [124], the content of the structural form of Au in pyrite does not exceed
~ 5 ppm, and according to [32], it is less than 100 ppm Au. Higher concentrations are
mainly related to the presence of nano- and microparticles [134]. The presence of native
surface-bound (nano- or micro-) Au® in alteration sulfides is registered in deposits of
various types [31,119,122,124].

Table 6 shows the mean arsenic content according to EPMA data, gold, and silver
according to AAS data and the Ag/Au ratio in pyrite from the deposits discussed in this
study. We used these results to determine the form of gold in sulfides. In the diagrams of
the As/Au (Figure 22A) and Ag/Au (Figure 22B) ratios, the mean values of As, Au, and Ag
in pyrite from the studied deposits of both types (sediment-hosted and intrusion-hosted)
fall into the field of orogenic deposits of different ages and locations, belonging to the
Au-As association of the Earth [119].

The Ag/Au ratio in Py3 does not differ significantly in the studied deposits; in the
mean, it ranges from 0.07 (1:13.4) to 1.06 (1:0.9) (Table 6). Figure 22B shows that the Ag/Au
ratio in the Py3 of the studied deposits is in good conformity with the results [119], which
determined that, for deposits of the Au-As association, the disseminated arsenian pyrite has
small values for the Ag/Auratio up to 1, and the sedimentary pyrite has a higher, up to 1000,
Ag/Au ratio. Large R. and Maslennikov V. [119] showed that the value of the Ag/Au ratio
is a useful criterion to help distinguish disseminated sedimentary pyrite from hydrothermal-
alteration-disseminated pyrite in sedimentary rocks. The studied deposits are located in
the field of orogenic deposits (Figure 22). The studied orogenic gold in sediment-hosted
(Malo-Taryn, Badran, and Khangalas) and intrusion-hosted deposits (V’'yun, Shumnyi)
have similar ionic structurally bound Au* gold contents in Py3 (Figure 22A).

Table 6. Mean values of As, Au, and Ag in pyrite from the studied OGDs, central YKMB.

Deposit As, ppm (EPMA) Au, ppm (AAA) Ag, ppm (AAA) Ag/Au
Malo-Taryn 7800/27 * 51/6 5.4/6 1.06
Badran 13,340/60 57.5/12 6.0/12 0.1
Khangalas 10,140/47 11.2/13 6.2/13 0.55
V’yun, dyke 15,850/53 5.0/6 1.3/6 0.26
V’yun, sandstone 15,850/53 35.6/8 5.6/8 0.16
Shumnyi, dyke 9970/23 28.8/4 2.1/4 0.07
Shumnyi, sandstone 9970/23 13.2/4 1.1/4 0.08

* Mean values/number of analyses.

5.2.3. Gold in Arsenopyritel

In arsenopyrite, as in pyrite, gold can be in a native or isomorphic form. The inverse
correlation between As and S in Apy (Figure 23) may reflect their conjugate isomorphic
substitution in the process of formation [120,135]. Arsenic in arsenopyrite plays an im-
portant role as an indicator of the mineralization of Au. The atomic ratio As/S is mainly
sensitive to temperature in the sulfur-buffer group, which leads to a higher ratio with an
increasing temperature [135-137]. For the arsenopyritel of the Vorontsovskoye deposit,
rich with sulfur and depleted of gold, it was determined that the ratio is As/S <1, and for
arsenopyrite2, depleted of sulfur and rich with gold, the ratio is As/S >1 [137]. It has been
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shown [137] that Apyl1 crystallizes at a higher temperature and sulfur volatility, whereas
for Apy2, these parameters are significantly lower. Our results do not align with these
data. The atomic ratio of As/S for the gold-bearing Apy1 of all studied deposits shows
that arsenopyrite is rich in sulfur, As/S < 1: Malo-Taryn—from 0.84 to 0.98 (only in two
samples: 1.03), mean 0.94; Badran—from 0.77 to 0.99, mean 0.86; Khangalas—from 0.63
to 0.93, mean 0.83; V'yun—from 0.77 to 0.89, mean 0.85; and Shumnyi—from 0.75 to 0.94,
mean 0.89 (Table 7).

A B
10% 10°F Large, Maslennikov, 2020
: OGD/S_,——Q'//—D{/__/_\ ’
- L /// ) P \\\
10°E 100 S/humn)y<‘ Baciran V'yun, sandstone
F F . 1 dykes ./ \
F L \?"\)"\ Shl l
[ M O O amnyi,
§ 100 i § 10 é_?‘ © sénidsto):]e\. :Il'\(flthgl'alaS 7
=2 E . adran = 3 V'yun, dykes® Malo-Taryrn
g_ F e ..,mzndstone g— - \\M ,_’_/,,— 4‘\
o C Q 1 E __/7 \\\
S Shumnyi, dykes =3 F A h
10F yL, ay . S
< g humnyi, sandstone < 0.1 [ P \
a o Khangalas E g SEDIMENTARY Py  _-
-7 My ks - -7 Large, Maslennikov; 2020
1F ’ .\ Malo-Taryn e \{,'\Q ge, /,,”'0 ’
: 0.01, ®
L F o~ S o
01 Ll Ll Ll Ll ARt 0001 J TR | AR RTIT | MECETRETIT | s vl EITRRTIT
10 100 10° 10* 10° 10° 0.01 0.1 1 10 100 10°
As, ppm (log) Ag, ppm (log)

@ Sediment hosted deposits e Intrusion hosted deposits
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The relationship between Au and Fe may show the form of gold occurrence in ar-
senopyrite [136,137]. In our recent study [12], an inverse dependence of Au and Fe in the
Apy1 of the Khangalas deposit was shown, a strong inverse correlation (r = —0.9) with
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increased contents Au of > 2 ppm was established, and with Au contents of <1 ppm, there
is no correlation (r = —0.18).

To determine the form of gold occurrence in arsenopyrite from the alteration of the
studied deposits, a correlation diagram with the saturation line Au was used according
to [31]. In the diagram, the mean values of As and Au fall into the field of structurally
bound Au” in Apyl.

Table 7. Mean values of As, Au, and Ag in the arsenopyritel of the studied OGDs, central YKMB.

Deposit As, ppm (EPMA) Au, ppm (AAA) Ag, ppm (AAA) Au/Ag As/S
Malo-Taryn 44,740/35 * 17.1/4 42/4 55.7 0.94
Badran 43,320/16 73.6/9 6.6/9 17.4 0.86
Khangalas 42,920/22 17.5/3 6.5/3 11.1 0.83
V’yun, sandstone 42,470/10 28.9,58.4 22,23 12.8,26.8 0.85
Shumnyi, dyke 44,230/21 - - - 0.89

* Mean values/number of analyses.
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The qualitative linear scanning of an Apy1 grain from the Khangalas deposit showed
that the concentrations of invisible Au, Pb, and Cu tend to decrease from the center to
the rim, whereas the Co and Ni contents are noticeably higher in the central zones of the
crystal [12]. It has been suggested that the increase in Au, Pb, and Cu is related to a portion
of later fluids rich in the Au-polysulfide association.

Thus, the predominant form of invisible Au in the arsenopyritel and pyrite3 of the
studied deposits is a solid solution of Au* in their crystal lattices. Micro- and nanoparticles
of native gold are present in a subordinate amount.

5.3. Sources of Components Based on Stable Isotopes S

There are different ideas about potential sources of OGD fluids and metals, such as
in [43] and references therein. Their exhaustive review is given in [138]. The formation
of OGDs from ore fluids with very diverse sources is discussed: some deposits have
magmatic water components [28,139-141], but some or most of the ore fluid is supplied
from metamorphic waters [23,29,54,142,143] and juvenile sources; for example, in [11,43]
and references therein. There are data on the source of some metals in the ore-forming
system from the host rocks [144]. Based on the example of deposits in the Juneau Gold
Belt [145] and, later on, the a comprehensive analysis of the example of Jiaodong Province,
China [43], it was shown that sulfur reached ore-forming fluids during the metamorphic
transformation of pyrite into pyrrhotite. The sulfur source was supposed to be dispersed
syngenetic/diagenetic pyrite in terranes, devolatilized at a depth from the sediment wedge
above a subduction zone [138].

Studies of stable isotopes such as §34S provide important insights into the fluid source
and source(s) of S, which is important for the genetic interpretation of ore deposit forma-
tions; see [43,53,54,140,146] and references therein. In general, a large range of 534S values
in sulfides from —20.0 to +25.0%0 was obtained for the orogenic gold deposits [43]. The
variation of 8345 is related to the involvement of various reservoirs in the formation of
ores and variations in physical-chemical parameters during the evolution of ore-forming
systems [147]. The values of sulfur sulfide isotopes in metamorphic terranes inside or
near transcrustal faults of the Earth’s crust according to [2] range between 0 and 10%., but
both higher and lower values have been observed. In addition, the dependence of the
isotopic sulfur composition of the Phanerozoic deposits on the age of the host rock should
be emphasized [43,51] (Figure 24).

Most of the orogenic gold deposits of the Verkhoyansk-Kolyma orogen have values of
%S ranging from —12 to +10%o (Figure 24) (e.g., [11,15,21,23,39,148]). The mean values
of the sulfur isotopes of the arsenopyrite, pyrite, and polysulfide associations from the
ore veins of these deposits, as well as from clastic rocks at a distance from the ore-bearing
structures, were in a range of —5.0—+6.0%. (Figure 24). In some deposits, a heavier 534S was
identified due to the influence of sedimentary diagenetic sulfides from the host rocks [39].

Recently, Gamyanin G.N. et al. [23] have performed a lot of work in studying the con-
ditions of the formation of precious metal mineralization in the Adycha-Taryn metallogenic
zone, located in the central sector of the YKMB. In particular, the values of 534S in sulfides
from the proximal alteration and veins allow the sources of sulfur to be constrained. Thus,
for OGD veins, a rather narrow range of values of 534S, close to 0, can be set: for arsenopy-
rite, it is from —2.1 to +2.4%. (mean +0.4%o); for pyrite, it is from —6.6 to +5.4%o (mean of
—0.3%0) (Figure 24) [23]. In our recent work, similar values of §**S were obtained for pyrite
and arsenopyrite from the alteration of the Badran deposit [11] and arsenopyrite from vein
ores and the alteration of the Khangalas deposit [12] (Figure 24). The isotopic composition
of sulfide sulfur from the alteration of the Badran deposit studied using the local method
showed the value of §**S in pyrite to be slightly heavier than in arsenopyrite [11] (Figure 24).
Two crystal populations were established in pyrite based on the §3*S variations. The first
population includes isotope-zonal pyrite with sulfur weighing from the center to the rim of
the grains (mean in the center of the grains, 0.2%o; mean at the rim of the grains, 1.5%o). The
difference in the value of 53*S is up to 2.1%o. Similar zoning was noted earlier at the Sukhoi
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Log deposit, where it is related to the evolution of fluid composition [148]. This can also be
caused by variations in the fO,—pH conditions of ore-forming processes [149]. The second
population, taking into account any analysis errors, is isotopically homogeneous pyrite;
the values of §**S in the center of the crystals differ slightly (0.01-0.33%o) from their rim.
It was found that arsenopyrite with values of 3*S close to zero is more gold-bearing and
indicates that sulfur minerals in sediment-hosted orogenic gold deposits were probably
derived from the reduction of seawater sulfate [51].

New data on the isotopic composition of sulfide sulfur from the studied sediment-
hosted and intrusion-hosted deposits, shown in Table 5 and in Figure 24, have a narrow
range of 534S values, from —6.4 to +5.6%o (mean value of about 0%.). These data are consis-
tent with the results of Gamyanin G.N. et al. [23] for OGD vein ores in the Adycha-Taryn
metallogenic zone and our recent studies of disseminated sulfide mineralization [11,12].
Such values of §34S for the gold deposits in the Yilgarn craton (Australia) are estimated to
have a magmatic or mantle source of ore-forming fluid [52]. Similar results were obtained
for a number of orogenic gold deposits in Kazakhstan (5%#S=0.0... —3.3%), the source
of the ore substance of which was determined to be mantle with partial borrowing from
crustal sulfur [150,151], and the Nezhdaninskoe OGD, for which the values of §34S of pyrite
and arsenopyrite from the vein and disseminated ores prevail from —6 up to +0.7%. (a
mean of about +0.6%o) [28].

The plots show that 534S in sulfides in the V’yun, Shumnyi, Malo-Taryn, and Badran
deposits does not depend on the age of the host rocks and does not correlate with the
seawater sulfate curve through the geological time. Near zero mean values of §*4S, together
with the mantle signatures for sulfides and native gold grains [11] from the YKMB sediment-
hosted orogenic gold deposits, indicate subcrustal and metamorphic sources for the Au-
bearing fluid and sulfur. The slightly heavier sulfur isotopic composition of sulfides from
the Shumnyi and V’yun intrusion-hosted deposits may indicate a mixture of subcrustal,
metamorphic, partially magmatic, and sedimentary sources (Figure 24). A similar isotopic
composition of sulfur arsenopyrite and pyrite quartz in the vein ore [23] and disseminated
ore may indicate their formation during a single homogeneous hydrothermal event.

6. Conclusions

This investigation of the chemical composition of disseminated sulfide mineralization
from the proximal alteration of sediment-hosted (Malo-Taryn, Badran, Khangalas) and
intrusion-hosted (V’yun, Shumnyi) orogenic Au deposits from the central part of the Yana—
Kolyma metallogenic belt revealed that the gold endowment of these deposits is associated
with pyrite3 and arsenopyritel, and these minerals are an economically important source of
gold. The determination of the precise site of invisible gold within Py3 and Apy1 showed
the possible prevalence of solid solution Au™ in their crystal lattices. Py3 from clastic and
igneous rocks has a consistent association of As, Co, Ni, Cu, and Sb, as well as, less often,
Pb, and has high conductivity, Co/Ni, and Ag/Au ratio characteristics with respect to
hydrothermal pyrites. Both Py3 and Apy1 exhibit a distinct statistical correlation between
Au and As and Au and Co contents. In the intrusion-hosted orogenic gold deposits,
elevated concentrations of Co and Ni in Py3 were registered, suggesting that the ore fluid
reacted with altered volumes of basic dykes. In Apy1, Co, Ni, Cu, and Sb were identified.

A synthesis of the geological, geochemical, and stable isotope data suggests that the
invisible gold in the disseminated arsenian pyrite3 and in the arsenopyritel is most likely
formed from subcrustal and metamorphic hydrothermal systems in the Verkhoyansk-
Kolyma orogen.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13030394/s1, Table S1: Compositions (wt%) for pyrite in the
proximal alteration rock OGD Central YKMB, analyzed by EPMA.; Table S2: Compositions (wt%) for
arsenopyrite in the proximal rock OGD Central YKMB, analyzed by EPMA.
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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%.—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%o and —8.0%. 534S values
of sulfides in the range of —0.2%o0 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).

N
oo
/ 4 2 g 7% )
§ S / A i g i

/7 y "
// 7 . — Z = € cit
# 4 2 v
/’“ dl e Ve 7/
y / o ] P //
//// Q”// 7/ // "‘\‘.u ﬁdf ' p,\/ﬁ f'd”
/// V= ) \ \/ -‘} ' Vl;l‘/kh‘g/éllli.S'i)’“;kﬂy'é}zA p /,/

2 km

o e [ -
2-61014

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
25km [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 0.2-0.5m, 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

106



Minerals 2023, 13, 747

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 pm, 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 pm, 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; Ma 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 pm)
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 pm. 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; (¢) 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 um 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 2¢,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.%).

5531115111“13\‘]10. 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
2012-5 2 2903 6095 239 92.37 314
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 pm 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%.), indicative of the effect
of supergene processes.

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

Polished

Section No. 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
19001-5 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 1.91 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

113



Minerals 2023, 13, 747

(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 Yagod-
noye ore occurrence: (a) crystallomorphic and lumpy; (b) complex shape; (c) microninclusion of gold
and chalcopyrite in pyrite. BSE images. Acronyms for minerals: Py, pyrite; Ccp, chalcopyrite; Au,
native gold.
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Table 4. Chemical composition of the native gold from the Yagodnoye occurrence (wt.%).

Section No. Grain No. Au Ag Total Fineness, %o
Submicron gold inclusions in pyrite (gold I)

1 90.30 8.72 99.02 912

2 97.26 1.62 98.88 962

T-16 3 98.92 1.16 100.08 988

4 97.84 1.61 99.45 984

Native gold (gold II)

1 90.22 10.61 100.83 895

2 90.22 10.10 100.32 899

BT-16154 3 89.36 10.87 100.23 892
4 92.72 7.76 100.48 923

1 92.27 5.76 98.03 941

BT-16155 2 93.13 5.35 98.48 946
1 91.68 7.66 99.34 923

BT-16157 2 88.14 11.00 99.14 889
3 86.78 11.77 98.55 881

BT-16162 1 94.86 5.25 100.11 948

4.2. Fluid Inclusions

Fluid inclusions in quartz and calcite were studied in the Verkhniayuskoye-2 deposit.
As mentioned above, two groups of veins had developed in the deposit: (1) quartz—sulfide
and sulfide veins and veinlets with gold mineralization; (2) quartz, quartz—-chlorite, quartz—-
calcite, and other barren veins and veinlets. Their relationship is not entirely clear since
both of them were oriented according to the rock schistosity. The vein quartz was milky
white, with subhedral quartz grains up to 0.5-1 mm in size. Quartz crystals were rare and
filled the voids in the quartz veins. In the massive sulfide ores, quartz filled the interstices
between the sulfide grains (Figure 2c) or formed small lenses. Calcite in the quartz veins
was present in the form of nests. Specimens of quartz and calcite were taken from the
quartz veins with gold-sulfide mineralization (herein called ore veins, ore quartz) and
quartz veins with no ore mineralization (herein called barren veins, barren quartz). The
study results are given in Table 5.

Table 5. Microthermometric results of the fluid inclusions of the Verkhneniayuskoye-2 gold deposit.

G-Type o C-Type Salinity (wt.% NaCl eq.), Te, °C Potential Chemical
Th, °C
FI FI (n) (n) Systems
Ore quartz
P 109467 (20) L+V > LoreV _23(10) NaCl-KCI-H,O
PS 85-340 (16) L—L 0.5-17 (17) _35(1) NaCl-MeCl,—H,O
S 109-203 (10) Lol g2
Barren quartz
P 116-491 (41) L+V—LoreV 23016 NaCl-KCI-H,O
PS 87-123 (12) L+V oL 4.0-16.5 (25) B0 NaCLMoCLTLO
S 70-184 (12) L-L g~
Quartz crystals
P 135-358 (11) L+V oL 0.5-2 (3) ~—23(3) NaCl-KCI-H,0
Calcite
P 80-287 (12) L+V oL 15 (1) ~=35(1) NaCl-MgCl,-H,0

Note. Fluid inclusions (FIs): Genetic type (G-type)—P, primary; PS, pseudosecondary; S, secondary. 1, number of
fluid inclusions. Compositional type (C-type): L, liquid aqueous phase; V, vapor phase.

Quartz. Primary, pseudosecondary, and secondary fluid inclusions were analyzed in
the quartz. Primary inclusions were isolated or occurred in small groups within individual
quartz grains, while pseudosecondary inclusions occurred in a trail inside the quartz grains.
Meanwhile, secondary inclusions were located in trails cutting mineral boundaries. The
inclusions were usually oval or irregular in shape, sometimes in the form of a negative
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crystal. Their size reached 80 pum but usually did not exceed 10 pm. The most typical
ore and barren quartz comprised one-phase (L) aqueous inclusions of up to 30 um in size
(Figure 6a). Their abundance was over 90%. Biphase inclusions were encountered less
frequently (Figure 6b). They consisted of two phases, a liquid aqueous phase and a vapor
phase, where the vapor bubble occupied < 5% of the volume of the inclusion. In the two
phases, liquid—vapor inclusions in which the latter occupies > 70% of the volume of the
inclusion were rare. The temperature of homogenization of the inclusions in quartz of both
types of veins was approximately the same. Most of the inclusions became homogenous up
to 394 °C; they usually homogenized into the liquid phase. Higher-temperature inclusions
were rare and homogenized into the vapor phase.

a F b
- g
X /O Liquid

quuld \' \N _-Vapor
l() lm) ‘ ‘ 10 pm 10 pm

Figure 6. Typical fluid inclusions in quartz: (a) One-phase aqueous; (b) biphase; (c) biphase in calcite.

The crystals were a later generation of quartz, dominated by one-phase inclusions (L)
and two-phase (L + V) inclusions, where vapor bubbles occupying 5%-20% of the volume
of the inclusion were less common. They displayed subrounded to rectangular or negative
crystal shapes. The size of the inclusions reached 80 pm but usually did not exceed 20 pm.
Fluid inclusions in the quartz were characterized by low homogenization temperatures
(Table 5) in the vapor phase.

Calcite was the latest in the deposit, containing one-phase (L) and biphase (L + V)
inclusions, where the vapor bubble occupied approximately 5% of the volume of the
inclusion (Figure 6c). The inclusions were often shaped as a negative crystal and were up
to 10 pm in size. The homogenization temperature of the fluid inclusions was up to 287 °C,
and they were homogenized into the liquid phase.

The fluid inclusions of ore and barren quartz contained aqueous solutions of salts with
a eutectic melting point of approximately —23 °C and —35 °C, which corresponds to the
salt system NaCl-KCI-H,O, and NaCl-MgCl,-H,O in very rare cases. The concentration
of salts ranged from 0.5 to 17 wt.% NaCl-equiv. In the fluid inclusions of quartz crystals,
the eutectic temperature was —23 °C, which corresponds to the NaCl-H,O system. The
salinity ranged from 0.5 to 2 wt.% NaCl-equiv. In the fluid inclusions of calcite, the eutectic
temperature was —35 °C, corresponding to the NaCl-MgCl,—H;O system. The salinity was
approximately 15 wt.% NaCl-equiv. Liquid carbon dioxide was not found in the inclusions.

When examining the bulk composition of the gases in the fluid inclusions of ore and
barren quartz, it water vapors and CO, were found to be the principal components. CO,
prevailed among the gases; others were present in dramatically subordinate amounts [26].

4.3. Sulfur Isotopes

The approximate data of the sulfur isotopes of the sulfides are listed in Table 6 and
shown in Figure 7. The sulfides in the ores and ore-hosting rocks of the Manitanyrd region
occurrences were enriched with light sulfur isotopes and had §**S values from —0.2%o to
—8.0%o. The isotope composition of the sulfur in pyrite varied from —0.2%. to —8.0%o, in
arsenopyrite from —0.8%o to —7.9 %0, and in sphalerite from —1.0%o to —1.9%o.

In the Verkhneniyayuskoye-2 deposit, the isotope composition of the sulfur in the
sulfides had a narrow range from —0.2%o to —2.6%0 with §34S values varying from —0.2%o
to —2.6%o for pyrite, from —0.8%o to —2.1%o. for arsenopyrite, and from —1.0%o to —1.9 %o
for sphalerite. In the southern zone of the deposit, with mostly gold—pyrite-arsenopyrite-
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type ores, the sulfur isotopes in the sulfides had the following values of §4S: from —0.5%o
to —2.6%o of pyrite, from —0.8%o to —1.1%. for arsenopyrite, and from —1.0%o to —1.9%.
for sphalerite. Pyrite had the maximum range of variations in §*S value, including the
isotope compositions of arsenopyrite and sphalerite. In the Polar zone of the deposit,
with mostly gold-pyritic-type ores, the sulfur isotopes in the sulfides had the following
values of §34S: from —1.6%o to —1.9%. for pyrite and —2.1%. for arsenopyrite. Pyrite had
a somewhat lighter sulfur composition (mean —1.7%o.) than arsenopyrite (—2.1%o). The
pyrite of the wallrock quartz—sericitic metasomatites (samples 14,170 and 14,171) had the
lightest sulfur isotope composition (from —0.2%o to —0.3%.). Disseminated pyrite in the
ore-hosting volcanics of the Bedamel series (samples BT-14189 and BT-14193) had 534S
values from —1.2%. to —1.5%0 and, thus, in the isotopes, the sulfur was not different from
the pyrite of the ore bodies.

Table 6. Sulfuric isotope composition (%.) of the sulfides in the examined ore occurrences in the
Manitanyrd region.

Sample Spot Mineral 5%4SycpT, %o
Verkhneniyayuskoye-2
Zr-207-2 -2.5
Zr-207-2A —2.6
Zr-207-2B Pyrite —2.0
Zr-204-2P —0.5
Zr-204-2R -1.6
75-204-2 Southern zone 11
Zr-204-2 Arsenopyrite -0.8
Zr-204-2A —0.8
Zr-204-2S . -1.8
Zr-204-2F Sphalerite -1.0
14184 -19
14184-2 -1.6
14184-3 -1.6
ﬁi ;(1) Polar zone Pyrite B 8§
BT-14189 -1.5
BT-14193 -1.2
14184-1 Arsenopyrite —-21
Verkhneniyayuskoye-1
Zr-200-2 -72
;i_ggg_ig Drill Hole 19 Arsenopyrite _;:é
Zr-200-2P Pyrite -8.0
Niyahoyskoye-1
Nkh-1 Zone 1 Pyrite —8.0
Niyahoyskoye-2
313701 -39
313701-1 Arsenopyrite —4.0
313701-2 Zone 4 " —47
313701-4 Pyrite —4.1
SO0 e ey 82
Verkhnelekeletskoye
LK-1 Pyrite -15
LK-2 -1.2
LK-1a —24
LK-1b Arsenopyrite -23
LK-1c —3.5

In the Verkhnelekeletskoye occurrence, gold—pyrite ore-grade mineralization was
confined to the quartz vein in the dike of gabbro—dolerites, intruding into the volcanogenic
sedimentary rocks of the Enganepe suite. The isotope composition of the sulfur in the
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© mmm Verkhneniyayuskoye — 1 (4)
[ ] Niyahoyskoye — 1 (1)
e Niyahoyskoye — 2 (6)
- . Verkhnelekeletskoye (5)
@mm @ | Verkhneniyayuskoye — 2, Polar zone (8)
]
. Verkhneniyayuskoye — 2, Southern zone (10)

sulfides varied slightly from —1.2%. to —3.5%0 with variations in the §%*S value from
—1.2%o to —1.5%0 for pyrite and from —2.3%. to —3.5%. for arsenopyrite, i.e., arsenopyrite
had a somewhat lighter sulfur composition.

I lgneous rocks

® mmm Pyrite ® mmm  Arsenopyrite =1 Sphalerite

T T T T T g,
-8 -7 -6 5 -4-3 2 -1 0 5

Figure 7. Isotope composition of the sulfur in the sulfides of the gold occurrences of the Manitanyrd
region. Circle, 8343%, unit values; rectangle, range of variations; bracketed number, the number
of analyses.

The Niyahoyskoye-2 ore occurrence, with gold—-arsenopyrite-type ores, is also located
in the volcanogenic sedimentary rocks of the Enganepe suite. The isotope composition
of the sulfur in the sulfides varied from —3.9 %o to —4.7 %o, at which there is no difference
between arsenopyrite and pyrite in the sulfur isotopes. Compared to the above-described
ore occurrences, the sulfur isotope composition in the sulfides from the Niyahoyskoye-2
deposit was somewhat lighter.

In the small-scale Verkhneniyayuskoye-1 and Niyahoyskoye-1 ore occurrences, which
constitute mineralized zones of vein-disseminated mineralization in Enganepe suite rocks,
the sulfides (pyrite and arsenopyrite) were notable in terms of having a considerably lighter
isotope composition of sulfur. The 534S values varied from —7.1%o to —8.0%o. Arsenopyrite
was enriched with light sulfur isotopes compared to pyrite in all ore occurrences, except
for the Verkhneniyayuskoye-2 deposit (Southern zone), where the 534S values were in the
range of the pyrite 3*S variations, corresponding to a light isotope composition.

The isotope composition of the sulfur in the sulfides of the ore occurrences varied within
rather narrow ranges: Verkhneniyayuskoye-2 from —0.2%o to —2.6%0; Niyahoyskoye-2
from —3.9%o to —4.7%.; Verkhnelekeletskoye from —1.2%0 to —3.5%.. The difference in
the §3*S value of the sulfides from different gold occurrences was 2.41%o, 0.8%., and
2.3%o, respectively.

5. Discussion

All of the studied and other known gold—sulfide—quartz ore occurrences in the Mani-
tanyrd region belong to the same pyrite—arsenopyrite mineral type, with a variable ratio of
main minerals.

The conducted studies show that the ore formation was staged. The staging of the
ore formation is most clearly manifested in the Verkhneniyayuskoye-2 deposit. Here,
pyrite-arsenopyrite mineralization with finely dispersed gold of the early generation
was first superimposed on quartz veins and near-vein rocks. Then, there were tectonic
shifts that caused cataclasis of the ores. This was followed by the deposition of ore
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association of the second stage—chalcopyrite, galena, sphalerite, and relatively large
gold of the late generation. Fahlore crystallized at the end of this stage. Thus, two
stages of ore formation were reasonably distinguished: Gold + pyrite + arsenopyrite and
gold + chalcopyrite + galena + sphalerite. In the Niyahoyskoye-2 occurrence, two stages
of ore formation were also distinguished: early pyrite + arsenopyrite with finely dispersed
gold and late tetrahedrite + chalcopyrite with coarser gold, separated from the early stage
by ore cataclasis. Fahlore and sulfosalts crystallized at the end of the late stage. However,
galena and sphalerite, the main minerals of the late stage in the Verkhneniyayuskoye-2
deposit, occurred here only as microinclusions in arsenopyrite, pyrite, and, rarely, in quartz.

In the Yagodnoye occurrence, we confidently distinguished an early pyrite stage with
finely dispersed gold and, apparently, a late stage with native gold, the paragenetic associ-
ation of which has not yet been determined. In the Verkhnelekeletskoye occurrence, one
stage of pyrite + arsenopyrite (+ sphalerite) with finely dispersed gold was distinguished,
comparable to the early stage of ore formation in the Verkhniayuskoye-2 deposit and the
Niyahoyskoye-2 occurrence. Minerals of the late stage (Verkhneniyayuskoye-2 deposit)—
chalcopyrite + galena + tetrahedrite + lead sulfosalt (presumably boulangerite)—were
present only as microinclusions in pyrite and arsenopyrite [29]. A characteristic feature of
the ore composition of all studied gold occurrences was the presence of arsenic pyrite (up
to 3.3 wt.% As). In the Verkhneniyayuskoye-2 deposit, veins and co-ore quartz crystallized
throughout the entire process of hydrothermal mineral formation. The generalized parage-
netic sequence of ore minerals in the ore occurrences of the Manitanyrd region is shown
in Figure 8.

Mineral Stage I Stage 11

Quartz
Pyrite
Arsenopyrite

Native Gold

Chalcopyrite

i

Sphalerite

Galena

Pyrrhotite

Native bismuth

Fahlore

Sulfosalts

Figure 8. Paragenetic sequence of the ore minerals in the Manitanyrd region gold occurrences. The
thickness of the line shows the relative content of minerals.

In all studied ore occurrences of the early-stage minerals, pyrite, and arsenopyrite,
finely dispersed gold was present in the form of microinclusions ranging in size from
500 nm to 20 um, mainly 1-5 um (gold I). The gold was characterized by medium and high
fineness with maxima values in the areas of 800 %0—900 %o, 900 %0—950 %o, and 950 %o—1000 %o
and relatively low dispersion (Figure 9).

Native gold of the late stage had dimensions of more than 0.5 to 1.5-2 mm (gold II).
The native gold of the Verkhneniyayuskoye-2 deposit was characterized by a relatively
low fineness with a polymodal distribution on the fineness histogram. The scatter of
the values of this indicator was in the region of 300%0.—950%. (Figure 9). Native gold
from the Niyahoyskoye-2 and Yagodnoye occurrences was characterized by medium and
high fineness, unimodal distribution on the fineness histograms, and the distribution of
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this index in the areas of 800%0.—950%. (Figure 9b,d). Thus, significant differences in the
fineness of the gold of the early (gold I) and late (gold II) stages were observed in the
Verkhneniyayuskoye-2 deposit, while they were insignificant in the other ore occurrences.

a c

Frequency, %
w
2z

Frequency, %

300-400 400-500 500-600 G600-700 700-800 800-900 900-950 950-1000 300-400 400-500 500-600 600-700 700-800 800-900 900-950 950-1000

Fineness, %o Fineness, %o
mGold-I mGold-1T m Gold-1

%

Frequency, %

Frequency,

o T T T I T T T ] 0

300-400 400-500 300-600 600-700 700-800 800-900 900-950 950-1000 300-400 400-500 500-600 600-700 700-800 800-00 900-950 $50-1000

Fineness, %o Fineness, %o
wGold-I mGold-IT mGoldI m Gold-II

Figure 9. Histograms of gold fineness variations in the occurrences of the Manitanyrd region:
(a) Verkhneniyayuskoye-2, (b) Niyahoyskoye-2, (c) Verkhnelekeletskoye, and (d) Yagodnoye.

According to the typomorphic features (low fineness, wide scatter of values of this
indicator, and polymodal distribution), the native gold of the Verkhneniyayuskoye-2
deposit was similar to the epithermal-volcanogenic deposits, while the Niyahoyskoye-2
and Yagodnoye ore occurrences (medium and high fineness, unimodal distribution with
low dispersion) were similar to the gold—-arsenic—sulfide ones in the black shale strata of
the northeast of Russia [34].

According to the study of fluid inclusions, in the Verkhneniyayuskoye-2 deposit, a
wide range of temperatures for homogenization of the primary inclusions (109—467 °C)
in the veins of ore quartz was established. The salinity varied over a wide range from
0.5 to 17 wt.% NaCl-equiv., which corresponds to a wide range of inclusion homogenization
temperatures. The compositions of the solutions of fluid inclusions correspond to the
NaCl-KCI-H;,O and, in rare cases, NaCl-MgCl,—H;O systems. Numerous studies of fluid
inclusions in the quartz of gold deposits of various types have generally shown a narrower
temperature range of homogenization of the primary inclusions (<50 °C) and salinity of
solutions 5-10 wt.% NaCl-equiv. [35-39].

Our data on fluid inclusions, together with the identified stages of ore formation, likely
indicate the duration of the hydrothermal process. Quartz is often cataclased, which could
result in overlapping in the same areas of inclusions with different homogenization tem-
peratures. In addition, quartz contains a large number of epigenetic inclusions, indicating
repeated healing of cracks. This imposes a limitation on using the data on fluid inclusions
in quartz to estimate some parameters of the formation of sulfide mineralization.

The isotope composition of the sulfides in the gold occurrences and host rocks of the
Niyayu ore zone was characterized by prevailing light isotopes and negative §°S values,
varying from —0.2%. to —8.0%.. Based on the isotope composition of the sulfur in the
sulfides, two groups of ore occurrences stood apart. The first group (Verkhneniyayuskoye-2
and Verkhnelekeletskoye) was characterized by the lightest isotope composition of the
sulfur in the sulfides (6%S = —0.2 ~ —3.5%0), close to the meteorite standard, narrow
range of variations (the difference in the 534S value did not exceed 2.4 %), which is usually
inherent in systems with magmatic sources of sulfur [40-43]. These ore occurrences belong
to the veined gold—sulfide—quartz type.
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The second group of ore occurrences (Verkhneniyayuskoye-1 and Niyahoyskoye-1) had the
lightest isotope composition of the sulfur in the sulfides of the region (§%S = —7.1 =+ —8.0%o),
being well out of sulfur that has a magmatic origin. These ore occurrences belong to the
type of mineralized zones with vein-disseminated gold—sulfide ore-grade mineralization
and are positioned in the posterior volcanogenic sedimentary rocks. Niyahoyskoye-2 ore
occurrence by isotope composition of the sulfur in the sulfides (6%*S = —3.9 + —4.7%o)
occupied an intermediate position; however, the percentage of magmatic sulfur in the
formation of sulfides here was rather high. Both types of ore-grade mineralization, namely,
the veined gold—sulfide-quartz and vein-disseminated gold-sulfide types of mineralized
zones, were combined in this ore occurrence. It should be noted that ore occurrence was
also localized in the volcanogenic sedimentary rocks of the Enganepe suite.

The considerably lighter isotope composition of the sulfides (§%*S = —7.1 + —8.0%)
from the second group of ore occurrences, for which volcanogenic sedimentary rocks were
the host rocks, is likely attributed to the mixing of magmatic-hydrothermal fluid with
crustal, enriched with sulfur of sedimentary origin [44].

6. Conclusions

Our study results are characteristic of gold—sulfide—quartz and gold—sulfide (gold—
arsenic) ore occurrences of the Manitanyrd region of the Polar Urals, which are local-
ized in volcanic and volcanic-sedimentary Upper Precambrian rocks. We revealed that
they are confined to the fault zone and have the common features of geological struc-
ture. As a result of mineralogical and geochemical studies, the same type of material
composition was established for ore mineralization in all studied ore occurrences, be-
longing to the same mineral type—pyrite + arsenopyrite, with a variable ratio of main
minerals. Arsenic pyrite was 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 the sulfosalts Pb,
Cu, Bi, and Sb. The sulfur isotope composition of §**S sulfides varied from —0.2%o to
—8.0%0. 534S values of the sulfides in the range of —0.2%0 to —3.5%. correspond to the
meteorite standard, which indicates the participation of a single deep magmatic source
of sulfur in ore formation. According to the study of fluid inclusions, the formation of
ore quartz veins occurred in a temperature range from 467 to 109 °C. No substantial dif-
ferences between ore and barren quartz were found. Their fluid inclusions had similar
homogenization temperatures, almost similar salinity of the solutions (equal to 0.5-17 wt.%
and 4-16.5 wt.% NaCl-equiv., respectively), and correspond to the same NaCl-KCI-H,O
and NaCl-MgCl,-H,O systems. Our data on fluid inclusions, together with the identified
stages of ore formation, likely indicate the duration of the hydrothermal process. The simi-
larity of the geological-structural, mineralogical, geochemical, and isotope—geochemical
features of the gold-sulfide-quartz and gold—sulfide occurrences of the area suggests their
formation in a single hydrothermal system.
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Abstract: The ore mineralogy of a new promising target of the Aldan-Stanovoy gold province—the
Spokoininsky cluster—is considered. Gold mineralization is represented by a volumetric, nonlinear
type, unconventional for the region; it is related to elements of fold structures and reverse fault in the
enclosing metamorphic basement rocks. Vein-disseminated sulfide—(pyrite)—quartz ores build up
deposit-like bodies in beresites from gneisses and granite gneisses and are associated with Mesozoic
igneous rocks of subalkaline formations. Mineralization is characterized by polysulfide (Fe-Cu-Pb);
gold-bismuth (Au-Bi) and gold-silver—telluride (Au-Ag-Te) mineral types. Different mineral types
have their own typomorphic minerals and typochemistry (fineness and impurities) of native gold.
The widespread distribution of telluride mineralization and its great importance in the formation of
gold mineralization on the Aldan shield is confirmed. The distribution area of bismuth (including
tellurium-bismuth) mineralization in the southern part of the Aldan shield, in the zone of influence
of the Stanovoy deep fault, has been identified.

Keywords: gold mineralization; metasomatites; bismuth; tellurides; uytenbogaardtite; bismoclite;
cervelleite; native gold; supergene gold; the Spokoininsky cluster; the Aldan-Stanovoy gold province;
the Aldan shield

1. Introduction

The Spokoininsky ore cluster is a new promising ore target of the Aldan-Stanovoy gold
province (ASGP), identified during prospecting in 2020 [1]. The search for ore targets has
been undertaken since the 1970s [2] but resulted in only scattered mineralization points with
an unclear structural position and mineralogy of ores. The territory of the cluster occupies
the upper reaches of the right tributary of the Timpton river—the Ulakhan-Tarakanda
River (Bol. Tyrkanda)—and covers the most productive southeastern part of the Tyrkanda
gold-rich area, known since the beginning of the last century for rich placers of gold, from
which more than 20 tons of gold were extracted. The primary sources of gold feeding the
placers have not yet been identified. The largest placer deposit of the region is the placer of
the Bol. Tyrkanda River, with gold reserves of more than six tons, which is in development
to this day [3]. The placer deposit is localized in the valley of the river, starting near the
mouth of the Spokoiny Creek, i.e., the Spokoininsky cluster.

The first mineralogical studies of the Spokoininsky cluster ores revealed a variety
of Bi, Te, and Ag minerals, as well as a number of rare minerals, such as bismoclite and
uytenbogaardtite. Determination of the connection of gold with certain mineral associations
and the comparative analysis of morphological and geochemical properties of native gold
of primary ores and supergene gold of eluvial deposits are relevant tasks for understanding
the factors of its formation, i.e., the ore genesis.
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2. Materials and Methods

Materials used for our research are 72 hand-sampled specimens of primary ores taken
from surface mine workings and outcrops, as well as 20 shallow-pit samples from loose
detrital clay material of eluvial deposits.

The polished sections made from the samples were optically examined using a Jenavert
ore microscope in reflected light. The minerals were analyzed on a Camebax-micro X-ray
spectral microanalyzer and a JEOL JSM-6480LV scanning electron microscope with an
OXFORD energy spectrometer, and the Back Scattered Electron images were taken at the
Diamond and Precious Metal Geology Institute, Siberian Branch, Russian Academy of
Sciences (Yakutsk, Russia). 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 were 20 kV
voltage, a beam current of 1.08 nA, a beam diameter of 1 mm, and measurement time of 10
s. Analytical lines: Bi, Au—M; Te, Pb, Ag, Sb, S-L; and Cu, Fe, Zn, 5-K. Standards: gold
750-Au, Ag, BiyS3—(bismuthinite)-Bi, HgTe (coloradoite)-Hg, Te, CuSbS, (chalcostibite)—
Cu, Sb, S, ZnS (sphalerite)-Zn, CuFeS, (chalcopyrite)-Fe, PbS (galena)-Pb, and FeAsS
(arsenopyrite)-As. Element detection limits (wt.%) for the X-ray spectral microprobe
analyses: Au 0.145, Ag 0.078, As 0.129, Hg 0.137, Cu 0.057, Fe 0.032, Pb 0.076, Bi 0.108,
Sb 0.044, and Zn 0.074. 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, and
Bi2.7.

3. Geology of the Spokoininsky Cluster

The Spokoininsky cluster is located on the northern slope of the Aldan shield. The
territory is characterized by a large depth of the erosion section—the Archean crystalline
basement—composed of gneisses and crystalline schists of the Sutamskaya and Kyurikan-
skaya formations of the Dzheltula series of the Lower Archean, which is exposed through-
out the area of the region. The basement rocks are migmatized and contain concordant and
transverse bodies of the Archean and Proterozoic granites, ultrabasites, gabbro-diorites,
and gabbro-diabases.

The territory is located in the zone of the regional Tyrkanda fault, which has a north—
northwestern strike and a thickness of up to 10-15 km. During the Mesozoic tectonic—
magmatic events, the Tyrkanda fault zone underwent destruction: the northeastern seams
of the extended faults of the Sunnaginskaya system are superimposed on it, which are a
reflection of the global North Stanovoy fault located to the south.

The position at the intersection cluster of regional faults determines the intense fault
tectonics and magmatism of the Mesozoic activation stage. The Mesozoic igneous rocks
are represented by fields of dikes, small stocks, folded rocks of monzonite-syenite, and
alkaline-syenite formations. The formation of intrusions involved contact-metasomatic
and hydrothermal-metasomatic processes in the form of hornfelsing, chloritization, epido-
tization, sericitization, and silification of host rocks. The Spokoininsky ore cluster is located
within the Mayskaya synclinal structure composed of amphibole and biotite—amphibole
gneisses, with interlayers of bipyroxene and diopside gneisses.

The most promising ore fields are Spokoinoe and Mayskoe (Figure 1). The Spokoinoe
ore field is located on the left bank of the lower reaches of the Spokoiny creek in the northern
part of the cluster, and Mayskoe field covers the watershed of the Spokoiny, Maysky, and
Taborny creeks in the south.

The Spokoinoe ore field is confined to the periclinal closure of the Mayskaya synclinal
structure, where slight granitization of gneiss is noted. Gneisses are injected by the Early
Proterozoic granitoids and intruded by bodies of the Mesozoic igneous rocks (nordmarkites,
syenite porphyries, hornblende and biotite porphyries, minettes, spessartites, and voge-
sites), forming stock-shaped deposit bodies, dikes, and lenticular bodies with sharp swells,
confined to the axial parts of complex folds.
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Figure 1. Schematic map of geological structure of the Spokoininsky ore cluster [1] with changes:
1—technogenous formations: rewashed deposits of prospectors polygons; 2—Quaternary: chan-
nel and low floodplain alluvium; 3—Upper Quaternary deposits: floodplain, channel, above-
floodplain terrace alluvium, and fluvioglacial deposits; 4—dikes of alkaline and alkaline—earth syen-
ites; 5-7—stocks: 5—alkaline—earth syenite, 6—pulaskites, laurvikites, and nordmarkites, 7—alkaline
trachytes; 8—biotite, muscovite, and garnet granites, hypersthene-amphibole microcline granites, en-
derbites, and granites undivided; 9—variously hybridized granitized rocks and granite gneisses;
10—biotite, muscovite, and garnet granites, hypersthene-amphibole microcline granites, ender-
bites, and granites undivided; 11—variously hybridized granitized rocks and granite gneisses;
12,13—Kurikan Formation: 12—upper subformation (hypersthene and biotite-hypersthene gneisses

and crystal schists); 13—middle subformation (biotite-hypersthene and two-pyroxene gneisses

and crystal schists); 14—faults: a—reverse (to thrust) faults controlling distribution of highly

promising anomalous geochemical fields and b—other faults; 15—ore fields: I (Au)—Mayskoe and

IT (Au)—Spokoinoe; 16—gold primary occurrences; 17—shallow-pit samples containing free gold;
18—gold placer deposits.
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Faults belong to the systems of the Tyrkanda fault: strike-slips, strike-slip reverse faults
of the northwestern strike, and the Sunnaginsky fault: normal faults, reverse faults of the
northeastern strike. The gentle strippings of the latitudinal and sublatitudinal strikes, char-
acterized as overthrust reverse faults, are less manifested. The latitudinal and northwestern
directions within the ore field are well expressed by gold anomalies forming a discrete band,
most contrasting at the intersection with the structures of the Sunnaginsky fault.

Gently dipping (10-20°) zones of schistosity of latitudinal and sublatitudinal strike
contain gold ore bodies and are transverse, sub-concordant to the general occurrence of gneiss
(Figure 2). Morphologically, ore bodies form gently dipping lenticular-ribbon-like deposits in
the zones of schistosity, with a wavy surface, alternating with each other echelon-like in the
latitudinal direction when wedging out along the strike. Dip angles are gentle, from less than
10° to 30°, and infrequently, 40°. The general azimuth of the dip is to the north. The thickness
of individual deposits exposed by ditches ranges from 0.1-0.5 m to 1.6-2.5 m.

Mt. Spokoiny
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Figure 2. Geological cross section for gold mineralization of the Spokoininsky ore cluster, longitudinal
section [1] with changes: 1—stocks of alkaline syenites; 2—granitized gneisses and granite gneisses;
3—Kurikan Formation, upper subformation; 4—folds; 5—reverse (to thrust) faults; 6,7—lodes:
a—eroded and b—not eroded.

In contrast to the Spokoinoe ore field, the Mayskoe field is characterized by a signif-
icantly higher degree of granitization, especially in the southern, most elevated part of
the site and the absence of large outcrops of the Mesozoic igneous rocks. The Mesozoic
magmatism occurs in the form of frequent dikes, dike-like bodies of syenite porphyries,
and lamprophyres, filling the faults of the northwestern and northeastern strike. In the
northern, more eroded part of the ore field, a stock-shaped intrusion of alkaline—earth
syenites has been exposed, and due to the presence of high-contrast magnetic anomalies,
similar unexposed bodies are assumed in the south.

The correlation of the Mesozoic magmatic formations and gold mineralization is
well demonstrated at the Mayskoe field. In the northern part of the site, ore zones are
exposed by ditches in contact with the bodies of syenite porphyries and lamprophyries,
which are also slightly gold-bearing. In the south are geochemical anomalies of gold trace
unexposed intrusions. The main role as an ore-controlling factor also belongs to gentle
structures, such as overthrust reverse faults of the latitudinal and sublatitudinal strike.
Another important factor is the presence of plicative structures complicating the Mayskaya
syncline. Ore mineralization is localized in areas of schistosity, with cleavage confined to
various elements of folds, bends of hinges, turns of limbs, and other complicating elements
(Figure 2). Ore bodies form gently and steeply dipping lenticular-ribbon-like deposits,
bodies of complex shape in the zones of schistosity, with dip angles from 10-20° to 70°.
Ore intervals with gold mineralization are 2.0-5.0 m and 7.0-10.0 m. In the identified
ore intervals with a gold content, increased Cu contents are recorded (500-5000 g/t), Pb
(100-200 g/t), Bi (50-100 g/t), and Ag (60-200 g/t) [1].

In general, a model of gold mineralization of a volumetric, nonlinear type related
to elements of plicative structures and reverse fault tectonics in the host-granitized meta-
morphic rocks of the basement is proposed for the Spokoininsky ore cluster, represented
by a combination of deposit-like bodies with vein-disseminated sulfide—(pyrite)-quartz
type of mineralization. Mineralization is localized in beresites from gneisses and granite
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gneisses with vein-disseminated pyrite-quartz gold mineralization and is associated with
the Mesozoic igneous rocks of subalkaline formations.

Considering structural features, brecciated, vein—veinlet, and disseminated types of
ores are common. The main vein mineral is quartz—white, grayish, rarely honey-yellow,
sometimes transparent, opaline silica, fine crystalline, drusoid, massive and brecciate, and
chalcedonic in thin veinlets. It forms veinlets, lenses, geodes, and small net-shaped veinlets
in beresites and beresitized gneisses, with thicknesses from 0.5 mm to 1.0-15.0 cm.

4. Results
4.1. Mineralogy of Ores

Mineralization of the Spokoininsky gold ore cluster is characterized by the following
mineral types: polysulfide (Fe-Cu-As-Pb-Zn), gold-bismuth (Au-Bi), and gold-silver—
telluride (Au-Ag-Te) (Table 1).

Table 1. Typification of the ores of the Spokoininsky cluster.

Type of Ore Minerals

Pyrite, chalcopyrite, galena, arsenopyrite, sphalerite, native tin,
scheelite, and wolframite
Native bismuth, bismuthite, tellurobismuthite, bursaite, matildite,
cuprobismutite, smirnite, and bismoclite
Krennerite, sylvanite, petzite, hessite, cervelleite, polybasite,
native silver, acanthite, and uytenbogaardtite

Polysulfide
Gold-bismuth

Gold-silver—telluride

The polysulfide mineral type is widespread in the area of the ore cluster. The main
ore mineral is pyrite. The mineral—to varying degrees oxidized, often large, cubic, and
pentagon dodecahedral, and up to 1.0 cm across—grows on quartz druse crystals. Fine-
grained pyrite, more often oxidized, forms concentrations, with massive veinlets up to
0.5 cm thick at the base of quartz druses and host beresites. Pyrite is often a matrix for
ore microminerals. Chalcopyrite occurs as allotriomorphic particles in quartz and pyrite.
All other minerals are micron-sized. Galena forms frequent small particles, represented
by thin rounded and irregular shapes. Hypidiomorphic microcrystals (<10 microns) of
arsenopyrite are sporadically observed. Sphalerite is rare, characterized by a Fe content of
up to 12%.

The ores contain very few grains of native tin, scheelite, and wolframite. Native tin and
wolframite form small 10-15 micron interstitial grains in metasomatic quartz and scheelite—
oval-rounded and isometric inclusions in pyrite and iron hydroxides replacing pyrite.

Typomorphic minerals of gold-bismuth mineral type are native bismuth, bismuthite
(BiS), tellurobismuthite (BiyTe3), bursaite (Pb5BisS;1), cuprobismutite (CugAgBij35,4), and
matildite (AgBiS,) (Figure 3, Table 2). Secondary minerals are represented by smirnite
(BiyTeOs) and bismoclite (BiOCI). Bismuth mineralization was identified mainly in ores
of the Mayskoe ore field. Tellurobismuthite forms elongated and oval crystals in pyrite,
and bursaite forms tabular crystals in quartz. Native bismuth in growth with matildite is
enclosed in pyrite. They also revealed matildite with a significant content of Te (7.11 wt.%)
as well as an obscure oxygen-containing phase with a spongy surface in which the concen-
tration of Te reached 23.25 wt.%. Cuprobismutite and smirnite were observed in supergene
gold: smirnite is represented by a disintegrated mass in the form of a border and cuprobis-
mutite in relic grains. Among the bismuth minerals, matildite and bismoclite were found
in the Spokoinoe ore field. Matildite was observed in supergene gold in close growth with
galena in the form of a border and had microinclusions in it. Bismoclite is a secondary
mineral of bismuth, found in a quartz cavity in the form of a tetragonal crystal with faces
truncated at 45°.
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Figure 3. Gold-bismuth mineralization of the Spokoininsky ore cluster: (a)—ellipsoidal grains of
tellurobismuthite (Tbi) in pyrite (Py), (b)—tabular grains of bursaite (Brs) in quartz (Qz), (c)—native
bismuth (Bi) in growth with matildite (Mtd) in pyrite (Py), (d)—relics of cuprobismutite (Cbit) in
supergene gold (Au), (e)—disintegrated mass of smirnite (Smr) on the edge of supergene gold (Au),
(f)—bismoclite crystal (Bmc) in quartz (Qz).

Table 2. Chemical composition of bismuth minerals (in wt.%).

Mineral Bi Te Ag Cu Cl Pb S Si Fe (0] Total apfu
Native Bi 100.33 100.33 Bi1.00
Tellurobismuthite 51.43 47.89 99.32 Bii .96 Tes 00
Bismuthite 81.50 17.51 99.01 Bi2A13S3‘00
Bursaite 36.63 3.96 44.92 14.41 99.92 (Pb5'31 Bi4'27Ag0'90)811400
Matildite 56.32 27.09 15.33 98.75 Ag1‘05Bi1_1282‘00
Cuprobismutite 60.36 4.95 12.28 16.34 93.93 (CU9A10Bi13_54Ag2_16)Sz3,00
Bismoclite 71.59 11.87 200 213 1155  99.13 By g2Feq.11Si021Cl1 00
Smirnite 66.79 19.13 1.86 12.38 100.16 Bi2A06T90A97F80A2205A00

Bismuth minerals are characterized by the presence of a significant impurity of silver
(3.96 wt.%) in bursaite and cuprobismutite (4.95 wt.%). Impurities of Fe and/or Si in the
composition of the bismoclite and smirnite are due to the influence of the background matrix
of quartz and iron hydroxides. There is also a background impurity of iron in smirnite.

129



Minerals 2023, 13, 543

Gold-silver-telluride type is represented by krennerite (AuTe;), sylvanite ((Au,Ag),Tes),
petzite (AgzAuTe;), hessite (AgyTe), cervelleite (Ag,TeS), polybasite, native silver, acanthite
(Ag»S), and uytenbogaardtite (Figure 4, Table 3). The grain size does not exceed 50 microns.
In addition, gold bismuth type is more developed in the Mayskoe ore field. Minerals of
petzite-hessite paragenesis and polybasite are observed in the form of oval and irregular
grains in pyrite. Tellurides of the krennerite group were observed as inclusions in hessite
and petzite, gravitating towards the central parts of the grains. There are cases of hessite
growths with tellurobismuthite. Acanthite, native silver, and uytenbogaardtite are observed
in the ores of the Spokoinoe field, and hessite—cervelleite paragenesis is developed in the
form of rounded micron inclusions (no more than 30 microns) in hypergene gold. Along
with cervelleite of stoichiometric composition, there is cervelleite with a considerable
content of copper up to 5.92%.

4

Figure 4. Gold-silver—telluride mineralization of the Spokoininsky ore cluster: (a,b)—paragenesis
of krennerite (Knn), sylvanite (Syv), petzite (Ptz), hessite (Hes), and native gold (Au) in pyrite
(Py), (c)—jointing of hessite (Hes) and tellurobismuthite (Tbi), (d)—polybasite (Plb) in pyrite (Py),
(e)—cervelleite (Cvl) with hessite (Hes) in supergene gold (Au), (f)—acanthite (Aca) with a border of
uytenbogaardtite (Uyt) in iron hydroxides (Gth).
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Table 3. Chemical composition of Au, Ag, and Te minerals (in wt.%).

Mineral Ag Au Sb Te Cu As S Fe Total apfu
Native Ag 99.98 99.98 Auq
Krennerite 3.71 42.60 52.17 241 100.89 AU4'23 Ag0'67FEO'34T63'00
Sylvanite 7.08 28.34 63.08 98.50 Au1A16AgOA53 TE4,0(]
Petzite 43.17 21.71 35.60 100.48 Agrg7Aug 79Tes 0o
Hessite 62.33 38.40 100.73 Agi9Ter o
Cervelleite 68.23 25.12 5.07 98.42 Ag4v00T8142551v00
Cu-rich cervelleite 66.14 24.14 5.92 5.38 101.58 (Ag3‘65 CUOE(, )T91A13Su)0
. [Feo.ss(Ags.97-Cuygs)sse
Polybasite 64.57 6.81 8.36 2.26 16.28 2.26 100.53 (Aso.655b121)1 8657 [ AgoCuSs]
Uytenbogaardtite 56.45 28.53 11.79 4.33 101.10 Agy g5 Aug 79Feq 4357 00
Acanthite 88.16 8.12 291 99.19 Ag3.23FeU.21Swo

Uytenbogaardtite AgzAuS, was found in association with spongy and xenomorphic
acanthite particles, less often with native gold in oxidized quartz—feldspar metasomatites
(Figures 4f and 5). The matrices for minerals are iron hydroxides replacing pyrite. Uyten-
bogaardtite is characterized by a variable composition (Table 4). It has iron intake from
the matrix.

BSE Image OKal | S Ka1

Ag La Au Ma

Figure 5. Paragenesis of uytenbogaardtite (Uyt), acanthite (Aca), and native gold (Au) in iron
hydroxides: BSE and raster images display the distribution of the elements.

Table 4. Chemical composition of uytenbogaardtite (in wt.%).

No. of Analyses S Fe Ag Au Total apfu
22-5 11.36 6.50 31.66 48.14 97.66 Ag1.66Au1.38Fe0.66SZ.OO
16-5 11.87 4.77 52.14 32.22 101.00 Ag2_61Au0,88Fe0,4682,00
29-1 11.79 4.33 56.45 28.53 101.10 Ags g5Aug 79Fen 4252 00
44-3 12.50 3.21 56.15 28.08 99.94 Ag2.67AuO_73F80.2932_0()
37-2 10.22 3.87 61.92 24.94 100.94 Ag3_60Au0,79Fe0_4382,00
37-1 10.46 4.09 63.71 23.60 101.85 Ags 60Au 73Fe0 455200
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4.2. Typomorphic Features of Gold

Native gold of primary ores and supergene gold of eluvial deposits have been studied.

Granulometry. Native gold in ores is usually finely dispersed and dust-like <5-15 microns,
and single grains reach only 0.1 mm.

Supergene gold records the predominance of gold of a very fine fraction (less than <0.1 and
0.1-0.25 mm); medium-sized gold (0.25-0.5 mm) occurs in smaller quantities, and (0.5-1.0 mm)
is less common. One small nugget with a size of 5.5 x 3.2 mm was found (Figure 6).

Zakuy

Figure 6. Granulometry of supergene gold.

Morphology. In ores, primary gold has an interstitial and cementing nature. It
usually develops in interstices between pyrite grains (Figure 7a) or along cracks in pyrite
(Figure 7b), in addition to single pseudoidiomorphic grains of hexagonal appearance
(Figure 7c). Microscopically native gold has a porous structure.

Zeky X1, 888 18 mm

4

Figure 7. Morphology of native gold of primary ores: (a)—interstitial between pyrite grains;
(b)—cementing along cracks in pyrite; (c)—interstitial pseudoidiomorphic grains of hexagonal appearance.

A significant part of supergene gold has a crystalline appearance and is represented
by individual crystals or their intergrowths (Figure 8a—e). Crystals form isometric and
crystallomorphic grains with shapes close to an octahedron and a combination of a cube and
an octahedron, flattened prismatic, elongated needle-like, drusoid, and dendrite-like and
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coral-like individuals. Striation and growth marks are observed on the crystal faces, and
the edges are mostly smoothed. Hemi-idiomorphic gold is also often found—aggregates of
grain intergrowths with separate developed cubic and prismatic faces, combined with gold
of irregular morphology (Figure 8f). The shape of the grains is of the irregular type, mainly
lumpy, scaly, hook-like, lamellar, or wire-shaped (Figure 8h,i). There is a large occurrence of
idiomorphic gold in the Mayskoe ore field. In the Spokoinoe ore field, lumpy and scaly gold
of irregular morphology was more often observed. Microscopically, gold is usually porous.

Figure 8. Morphology of supergene gold: (a)—isometric crystal of octahedral appearance;
(b)—isometric crystal with the development of a combination of cube and octahedron shapes;
(c)—stepped structure of crystallomorphic druzoid gold; (d)—clusters of crystals of prismatic and oc-
tahedral shapes; (e)—prismatic with a microspongy structure; (f)—hemi-idiomorphic gold; (g)—shell
dendritic; (h)—lamellar-looped; (i)—leafy dendritic.

Often in supergene gold, patterns of the origin of newly formed gold were observed,
according to the rhythmiczonal structure of iron hydroxides.

Chemical composition. The main impurity of primary gold according to the mi-
croprobe analysis is Ag, and there are single grains with a significant impurity of Cu
(6.37-30.04 wt.%). The fineness of native gold has wide variations ranging from 673 to
993 %o. In the Spokoinoe field, low-grade gold prevails (average value—753%.); in the
Mayskoe field exists medium-grade (average value—810%.) (Figure 9a).

According to the results of the X-ray spectral microanalysis, the content of impurities
Zn, As, Hg, Pb, and Sb in supergene gold was below the sensitivity limit (detection). Minor
impurities of Fe (up to 0.139 wt.%), Cu (up to 0.231 wt.%), and Bi (up to 0.199 wt.%) were
found in single samples. The supergene gold of the Spokoinoe ore field is characterized by
low fineness (701 %0—800%o.) of approximately 60%, and the share of medium-grade gold
(801%0—900%o) accounts for 30% (average value—793%o) (Figure 9b). The Mayskoe ore field
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is dominated by medium-grade gold (800 %.—900 %), which accounts for approximately
50% (average value—842%o). Relatively low-grade (700%0:—800%) and high-grade gold
(900%0—-950%0) amount to 20% and 22%, respectively.

A B
80 80
n—131 n—40
70 70
60 60
50 50
40 40
30 30
20 - 20
10 - 10 -
0 - 0 -
<700  701-800 801-900 901-950 951-1000 <700 701-800 801-900 901-950 951-1000

B [ 2

Figure 9. Histograms for the distribution of the fineness of gold: (A)—native gold, (B)—supergene
gold. 1—Spokoinoe ore field, 2—Mayskoe ore field, n—number of analyses.

Compositional heterogeneity. In the same sample, the fineness of primary gold ranges
usually from 10 to 130%., supergene gold usually from 20 to 240%.. Heterogeneous gold,
sharply differing in color from bright yellow to a pale whitish color, was identified in
shallow-pit samples of the Spokoinoe ore field. Considering morphology, gold is more
often thinly lamellar and scaly; in the central part, it has a porous structure, and it is massive
on the periphery. The marginal fluctuations of the fineness as a whole are 480 %0—999 %o
(Figure 10). The overwhelming amount of native gold has a fineness of 750 %.—780 %o
(average value 778 %o ). Two types of heterogeneous gold of zonal structure were identified
in individual grains. There are gold particles in which the fineness varies from an electrum
of 480%0-520%o on the periphery of the grain to a relatively low-grade 737 %0—775%o in the
central parts. Another type of heterogeneous gold is more common—low-grade gold from
668 to 790 %o, with a fringe or fragments of a rim of impurity-free native gold. Noteworthy
is the complete absence of gold of medium and high fineness in the range 791 %0-995 %o.

Figure 10. Heterogeneous of supergene gold (the numbers show the degree of fineness).

Relationship with other minerals. Native gold was observed mainly in pyrite and iron
hydroxides replacing pyrite and less often in association with hessite, petzite, and acanthite.
There is also free gold in quartz and feldspar. In pyrite, native gold is usually located along
cracks in the intergranular space or along growth zones. Microporous hessite containing
oxygen (Te 28.29-29.90, Ag 54.57-56.75, and O 14.22-16.97) was observed in association
with native gold (Figure 11a). Rounded to oval-shaped microinclusions of ore minerals
are found in supergene gold: galena, sphalerite, matildite, cuprobismutite, hessite, and
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cervelleite (Figures 3d, 4e and 11b,c), as well as smirnite from the edge of the grain of gold
(Figure 3e). One of the relict grains found in gold is a mixture of hessite and nonequilibrium
gold-containing cervelleite-like phase (Te 14.6-27.33, Ag 55.82-59.29, Au 9.97-21.50, and
S 3.42-8.62) with microinclusions of cervelleite of stoichiometric composition (Figure 11c).
Goethite in the intergrowths with supergene gold often contains an admixture of tellurium
up to 2—4 wt.%. In addition, there are cases of location of native gold in supergene minerals
similar in composition to plumbojarosite and goethite with rhythmiczonal acanthite threads
(Figure 11d).

Figure 11. Mineral associations of gold: (a)—association of hessite (Hes) and native gold (Au) in
pyrite (Py); (b,c)—relics of minerals in supergene gold: (b)—galena (Gn) with phases and border
of matildite (Mtd), (c)—a mixture of hessite (Hes) with gold-containing cervelleite-like phase and
microinclusions of cervelleite (Cvl); (d)—the relationship of supergene gold (Au) with plumbojarosite
(Pjrs), goethite enriched with tellurium, and goethite with rhythmic-zonal acanthite (Ght + Aca).

5. Discussion

Aldan-Stanovoy gold province is one of the main gold-mining regions in Russia. The
gold content of the ASGP is related to hydrothermal-metasomatic processes caused by the
Mesozoic tectonic-magmatic activation of the region, involving the intrusion of massifs of
subalkaline and alkaline high-potassium igneous rocks of the Jurassic-Cretaceous age [4-11].

The gold mineralization of the ASGP is characterized by a variety of geological and
structural positions, hydrothermal-metasomatic formations, and mineral types. Ore-
bearing hydrothermal-metasomatic formations are represented by sericite-microcline
metasomatites, beresites, gumbaites, jasperoids, and argillizated rocks. The metasomatites
of the gumbaite formation are represented by pyrite—carbonate—feldspar metasomatites,
which are associated with the main gold and uranium deposits of the Elkon ore cluster.
The formation of sericite-microcline metasomatites is associated with the gold—copper—
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porphyry (Ryabinovsky) type of mineralization, including veinlet-disseminated sulfide
mineralization in alkaline volcano—plutons (Ryabinovoe and Novoe deposits). The jasper-
oid type of mineralization is represented by deposits formed in three geological structural
settings: in contact zones of the Mesozoic alkaline and subalkaline intrusions with car-
bonate rocks of the Vendian among hydrothermally altered dolomite marbles, magnesian
skarns, and syenites (Samolazovsky subtype); in zones of layer-by-layer and intersecting
jointing in the Vendian-Lower Cambrian carbonate rocks (Lebedinsky subtype); and at the
contact of the Lower Cambrian limestones with the Jurassic sandstones (Kuranakhsky sub-
type). The gold-argillizite mineralization of the Nimgerkansky type is spatially confined
to the intrusions of syenite porphyries of Cretaceous age and is associated with crystal-
bearing and amethyst-bearing mineralization. In addition to the Mesozoic mineralization,
the Precambrian gold mineralization of the Piniginsky type occurs in the basites of the
Medvedev complex [12].

Gold mineralization of the Spokoininsky cluster is represented by a volumetric, nonlin-
ear type, which is unconventional for the region, related to elements of plicative structures
and reverse fault tectonics in the enclosing metamorphic basement rocks. Ore zones repre-
sent an echeloned system of scalariform deposits grading into gently plunging ore columns
in the frontal part of the reverse fault. The connection of gold mineralization with the
Mesozoic magmatism is discussed.

For a better understanding of the factors of the formation of gold mineralization, it is
necessary to conduct studies of physical-chemical and isotope—geochemical parameters as
well as determine the age of mineralization for correlation with magmatic events.

Ore content is related to mineralized zones of crush, cataclase, shear, and schistosity.
During the tectonic processing, the porosity of metamorphic and igneous rocks increased,
which was a favorable environment for hydrothermal-metasomatic transformations. On
the basis of the petrographic study of wallrock changes in igneous and metamorphic
rocks and ores of the Spokoininsky cluster, gold-bearing metasomatites can be referred to
as low-temperature hydrothermal-metasomatic formations of the beresite and argillized
formations. Beresites develop along gneisses and syenites and consist of quartz, sericite,
muscovite, hydromica, chlorite, ferruginous carbonates, and fine-grained pyrite. Argillized
quartz—feldspar metasomatites are very common in the area of the cluster, often bear-
ing vein—veinlet mineralization of drusoid quartz. The level of gold content is directly
dependent on the thickness of wallrock metasomatites and the intensity of silification.

Noble metal mineralization is associated with gold-bismuth (Au-Bi) and gold-silver—
telluride (Au-Ag-Te) mineral types.

Gold-bismuth mineralization is locally developed in the deposits of the Aldan shield.
Bismuth mineralization has been identified in the ores of deposits close to the Stanovoy
plutogenic region in the areas of acidic dikes and small intrusions: Altan-Chaidakh (gra-
nodiorites, diorite porphyrites, and dacites) and Bodorono (diorite porphyrites) [13-16].
These deposits, as well as the Spokoininsky cluster, are confined to the zone of the Tyrkanda
fault. In addition, bismuth mineralization is developed in the ores of the Lebedinsky cluster
located in the center of the magmatogenic structure, where the most intense magmatism
occurred in the Central Aldan region. The presence of bismuth mineralization in the ores
of the Spokoininsky cluster suggests the influence of acid magma.

The features of the geological structure of the Altan-Chaidakh deposit are determined
by the occurrences of the Mesozoic magmatism, very significant in volume and area of
distribution, which is related to the Altan-Chaidakh volcanic—tectonic structure. Miner-
alization is localized in the Lower Jurassic sandstones and the sills of porphyry dacites
injecting them. Ore mineralization is represented by complex gold—polymetallic and gold-
tellurium-bismuth mineral associations.

Of particular interest are sulfotellurides and tellurides Bi and sulfosalts Pb-Bi, as they
are related the groundmass of visible native gold. A wide range of bismuth minerals has
been identified, represented by bismuth, tetradymite, bismutoplagionite, bursaite, kosalite,
tellurobismuthite, sulfotsumoite, schirmerite, tellurites, and bismuth oxides. Ag, Sb, Cu,
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and Se are frequent impurities of bismuth minerals. Native gold associated with bismuth
minerals has a fineness of 850%0—890 %o [13].

Two producing associations have been identified at the Bodorono deposit: gold-
polymetallic and gold—tellurium-bismuth [14-16]. The latter contains lillianite (contains
impurities Ag (3.03 wt.%), Sb (1.48 wt.%), and Te (0.52 wt.%)), bismuthite, native bismuth,
pilsenite, rare bismuth sulfoselenide, laitakarite (in composition of the mineral, S completely
replaced by Se), secondary bismuth mineral smirnite, and tetradymite group minerals—
tellurobismuthite, tetradymite, and hedleyite (contains impurity Se (3.72 wt.%)). Native
gold with a high fineness of 820%.—940%o. is found in growths with lillianite, bismuthite,
and tellurobismuthite.

The predominant spread of both bismuth and telluride mineralization in the area of
the Spokoininsky cluster is characterized by the ores of the Mayskoe field. The reason is,
apparently, on the one hand, the large granitization of the host complex, the presence of
unexposed massifs, as well as a higher hypsometric level of gold mineralization. On the
other hand, in the Spokoinoe field, a significant part of the ore bearing the mineralization
of Bi and Te underwent denudation, and likely served as a source of placer gold. Secondary
bismoclite was observed in the ores, whereas matildite, hessite, and cervelleite were
preserved only as relics in supergene gold.

Rare bismuth oxychloride, bismoclite (BiOCl), first described by Mountain (1935), was
identified in a sample of eluvial origin, selected on the surface of a pegmatite outcrop at
Steinkopf, Namaqualand, Cape Province of South Africa [17]. Subsequently, the bismoclite
was identified mainly in the form of alluvial samples near bismuth-containing granite
pegmatites or as weathering products of bismuth sulfides in greisen deposits; it was also
found in epithermal and volcanic massive sulfide deposits with low and high sulfide
content. On the Aldan shield, bismoclite was also found in the Khokhoy karst deposit in
the north of the structure, where no other bismuth mineralization was found [18].

The first finding of bismoclite in an ore sample of hydrothermal-magmatic breccia of
the San Francisco de los Andes porphyry Bi-Cu-Au deposit, Argentina, is described by [19].
Bismoclite (BiOCl) was found in association with preisingerite (Bi3(AsO4),O(OH)). It is
assumed that the bismoclite was formed as a result of weathering of hypogene bismuth-
bearing minerals under the influence of meteoric waters containing O, and HCL. In addition,
the discovery of bismoclite as a mineral phase in the oxidized zone of weathered sediments
indicates the existence of hypogene mineralization of Bi at depth.

In our case, bismoclite, along with relic grains of cuprobismutite and matildite, is
most likely evidence of the former existence of bismuth mineralization in the ores of the
Spokoininsky cluster, which played a significant role in the formation of gold.

Telluride mineralization widely occurs in many gold deposits of the Aldan shield,
where it is late, superimposed on early pyrite—quartz mineralization. Au-Bi-Te, Au-Ag-Te,
and mixed types of telluride mineralization are found in the distribution of which zoning is
identified [20]. In the north of the Aldan shield, the Au-Ag-Te type dominates. In the south,
the gold mineralization of the Bodorono and Altan-Chaidakh deposits, bearing various
bismuth tellurides, is referred to as the Au-Bi-Te type. The ores of the Spokoininsky cluster
are characterized by the presence of mixed Au-Bi-Ag-Te mineralization. Bi-Te minerals in-
clude tellurobismuthite and smirnite; and Au-Ag-Te includes krennerite, sylvanite, hessite,
petzite, and cervelleite. The existing cases of close growth of tellurobismuthite and hessite
are evidence of their paragenetic relationship. While hessite, petzite, and tellurobismuthite
are common minerals of the tellurium of the Aldan shield, gold tellurides of the krennerite
group are found in a limited number of deposits, and cervelleite is found only in the ores
of the Spokoininsky cluster. It was identified as a relict inclusion in supergene gold in
association with hessite.

Cervelleite is found in ores of various deposits, including volcanogenic Bambolla mine,
Moctezuma, Sonora, (Mexico) (the first finding) [21], Um Samiuki, Egypt [22], deposits of
the Southern Urals [23], porphyry San Martin deposit, Argentina [24], Funan Au deposit,
China [25], epithermal Mayflower Au-Ag deposit, Montana [26], Eniovche, Bulgaria [27],
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Larga, Rosia Montand, Romania [28,29], and skarn Baita Bihor and Ocna de Fier, Roma-
nia [28,29]. That is, they were identified in ore systems that were genetically related to
magmatism.

Cervelleite of the Spokoininsky cluster is characterized by a stable admixture of copper
up to 5.92 wt.%. It is not uncommon; a similar cervelleite rich in Cu (up to 6 wt.% Cu) is
reported in several works [22,23,30]. On the basis of wide variations in the composition
and physical properties of cervelleite-like sulfotellurides, Novoselov et al. (2006) [23]
suggest the existence of several new phases which can be distinguished by the Cu content,
Te/S ratios, and, presumably, by the crystal structure.

Uytenbogaardtite AgzAuS; is a rare sulfide of gold and silver. Its formation is possible
both in hypogene [31-34] and supergene [35-38] conditions. Uytenbogaardtite of the
Spokoininsky cluster has a clearly hypergene nature of formation, as it was identified in
association with acanthite in the oxidation zone of quartz—feldspar ore metasomatites. The
matrix for minerals is iron hydroxide replacing pyrite, and the chemical composition of
uytenbogaardtite is characterized by significant dispersion, which can be explained by the
nonequilibrium medium of its formation present in supergene conditions.

The analysis of the obtained data on primary and supergene gold showed the enlarge-
ment of gold and the appearance of crystalline forms in eluvial deposits. At the same time,
there is a tendency to refine gold, but not to a significant extent. Characteristic edges of
pure gold were observed locally. The reason for this was a small degree of oxidation of
gold; relics of sulfides were preserved in it.

The difference in the fineness of native gold in the Mayskoe and Spokoinoe ore fields
was revealed. Different mineral types are characterized by different typochemistry of
native gold. The development of gold-rare-metal mineralization in the Mayskoe ore field
explains the higher fineness of native gold. Low-grade gold is characteristic of ores bearing
gold-silver—telluride association.

The association of native gold with minerals of tellurium and bismuth minerals in-
dicates their paragenetic relationship. The great importance of bismuth and tellurium
mineralization in the formation of gold mineralization has been considered and experimen-
tally proved by many researchers [39-47]. In particular, the model of Au enrichment via
the liquid bismuth collector mechanism and Bi/Te control of gold mineralization processes
in the study is shown in [39-42], and the substitution of Au-Ag tellurides with native gold
in the process of dissolution-reprecipitation is shown in experiments [43—47].

6. Conclusions

The gold mineralization of the Spokoininsky cluster is represented by a volumet-
ric, nonlinear type, which is unconventional for the region, and is related to elements
of plicative structures and reverse fault in the enclosing metamorphic basement rocks.
Veinlet-disseminated sulfide—(pyrite)-quartz ores form deposit-like bodies in beresites by
gneisses and granite gneisses and are related to the Mesozoic igneous rocks of sub-alkaline
formations. Noble metal mineralization is characterized by polysulfide (Fe-Cu-Pb), gold-
bismuth (Au-Bi) and gold-silver—telluride (Au-Ag-Te) mineral types. Different mineral
types have their own typomorphic minerals and typochemistry (fineness and impurities)
of native gold.

The widespread distribution of telluride mineralization and its great importance in
the formation of gold mineralization on the Aldan shield is confirmed. The distribution
area of bismuth (including tellurium-bismuth) mineralization in the southern part of the
Aldan shield, in the zone of influence of the Stanovoy deep fault, has been identified.

The conducted mineralogical and geochemical studies show a large commercial
prospect of the Mayskoe ore field, less affected by denudation processes, in contrast to the
ores of the Spokoinoe ore field, which serve as a source of rich gold-bearing placers.
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Abstract: We studied the mineralization and sulfur isotopic composition of sulfides of gold—palladium
ores in olivine clinopyroxenites from the Dzelyatyshor massif made up of a continuous layered series
of rocks: olivine-free clinopyroxenite-olivine clinopyroxenite-wehrlite. The primary igneous layering
of rocks, manifested as different quantitative ratios of clinopyroxene and olivine in them, controls
the local trends of variability in the chemistry of mineral-forming medium and the concentrations
of ore components, including noble metals, and sulfur in each separate layer during its cooling.
The replacement of primary rock-forming minerals by secondary minerals, when the temperature
decreases, is a characteristic trend for pyroxenites: (a) olivine — serpentine, secondary magnetite,
and (b) clinopyroxene — amphibole, secondary magnetite — chlorite. The deposition of native gold
in parageneses with PGM and sulfides at the Ozernoe occurrence took place during the replacement
of earlier rock-forming minerals by chlorite. This process completed mineral formation at the deposit
and took place at temperatures 150-250 °C and at the high activity of S, Te, Sb, and As of fluid.
The variability of mineral formation conditions during chloritization is reflected in the change of
native-sulfide forms of Pd by arsenide-antimonide forms and the sulfur isotopic composition of
sulfides. The Pd content in native gold increases in the series—Au-Ag solid solution (<1.5 wt.%
Pd)—Au-Cu intermetallides (to 6 wt.% Pd)—Cu-Au-Pd solid solutions (16.2-16.9 wt.% Pd). The
sulfur isotopic composition of pyrite, chalcopyrite, and bornite varies from —2.1 to —2.9%o. It is
assumed that a deep-seated magmatic basic melt was the source of fluid, ore components, and sulfur.

Keywords: clinopyroxenites; palladium gold; platinum group minerals; chlorite geothermometer;
sulfur isotopic composition

1. Introduction

The object of this study is the gold—palladium Ozernoe occurrence at the Dzely-
atyshor wehrlite-pyroxenite massif in the Polar Urals (Russia). The massif is situated
80 km southwest of the town of Labytnangi in the upper reaches of the Dzelyatyshor
stream, left inflow of the Malaya Kharamatalou river. In its geologic, petrographic, and
mineralogic-geochemical features, this occurrence is most similar to the so-called “Baron-
sky” type of gold—palladium mineralization identified among the Uralian deposits [1]. The
typical properties of this type of mineralization are: (1) occurrence in olivine pyroxen-
ites of differentiated clinopyroxenite-gabbro massifs with titanomagnetite mineralization;
(2) uneven dispersed impregnation of noble metals in rocks at extremely low contents
of associated sulfides and (3) absence of visible changes in the appearance or composi-
tion of rocks of ore zones, which are outlined only on the basis of sampling results. In

141



Minerals 2022, 12, 765

the world literature, similar mineralization in the rocks of basic-ultrabasic composition
is described as poorly sulfidic with a high content of PGE—«low-S-high platinum-group
element deposits» [2—4].

A typical object of “Baronsky” type is the Baron-Klyuevo occurrence at the Volkovsky
massif in the Middle Urals (Russia). It occurs in the upper differentiated magmatic sec-
tions of this massif in the rocks of dunite-clinopyroxenite-gabbro association. Zones with
impregnated mineralization (Pd > Au > Pt, 0.02-0.04 wt.% S) are localized in olivinites,
clinopyroxenites, and olivine-anorthite gabbro that smoothly pass into each other in the
southern margin of the massif [1,5,6]. Gold-palladium mineralization at the Baronsky
occurrence consists of two spatially separated mineral associations: (1) sulfide, with pre-
dominant vysotskite PdS, and (2) arsenide—antimonide, with predominant isomertieite
Pd118b2A52 [6,7]

The geologic setting of the Ozernoe occurrence at the Dzelyatyshor massif, petro-
graphic and petrochemical characteristics, and mineralogic-geochemical features of rocks
and gold—palladium mineralization were reported in previous studies [8-11]. In this study,
we conducted a detailed analysis of the mineral composition and mineral parageneses of
gold—palladium ores from the Ozernoe occurrence and obtained the first data on the depo-
sition temperature of noble metal minerals, using the chlorite geothermometer, studied the
sulfur isotopic composition of sulfides, determined the sources of ore matter and fluid, and
revealed the features of the distribution of Pd and Cu in native gold.

2. Brief Description of the Study Area

In the geological aspect, the Dzelyatyshor massif is surrounded by the Voykar-Synya
dunite-harzburgite ophiolite massif, which occurs in the polar part of the Main Uralian
fault zone (Figure 1). The rocks of the northeastern framing of this massif belong to the
Karshor peripheral striped dunite-wehrlite-clinopyroxenite—gabbro complex, whose age
is determined as Late Ordovician [12]. In the southeast, the Karshor complex borders
granitoids of the Sobsky granodiorite-tonalite complex (D;_p).

E=3 Mesozoic - Cenozoic deposits §
E=] Pre-Uralian foredeep

Megazones

D West Uralian

[F<2] Central Uralian

[ Tagil and Magnitogorsk
[ Eost Uralian

[ transuratian

[Z] Main Uralian Deep Fault

500 m

Rayiz-Voykar complex

| Dunite, harzburgite
Kershor complex

Mctabasites

Gabbro

High olivine clinopyroxenite, wehrlite
Au-Pd ore deposit Olivine clinopyroxenites
[®] 0zemoe (1).Baronskoe (2) Clinopyroxenite
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L —— Il AvPdores

Figure 1. (a) Geographic location of the Urals on the Europe-Asia border; (b) position of Baronsky
type objects in the tectonic structures of the Urals (modified from [13]) (on the right); (c) geologic
structure and setting of gold—palladium mineralization at the Dzelyatyshor massif.

Clinopyroxenite bodies hosting gold—palladium mineralization of the Ozernoe oc-
currence were initially attributed to the Karshor complex. In terms of the most mod-
ern concepts [10], these clinopyroxenites are identified in the Dzelyatyshor wehrlite—
clinopyroxenite massif which is isolated from the Karshor complex. In the petrochemical
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characteristics, the Dzelyatyshor massif is similar to the wehrlite-clinopyroxenite series of
the Platinum-bearing Belt of the Urals and possesses the features of layering displayed in
the replacement of olivine by non-olivine rocks from bottom to top. Its contacts with host-
ing gabbroids of the Karshor complex are tectonic. The Dzelyatyshor massif is composed of
a continuous layered series of rocks—non-olivine clinopyroxenite—olivine clinopyroxenite
wehrlite [10]. Mineralization belongs to the poor sulfide stratiform type and tends to
sheet-like bodies of olivine clinopyroxenites in the upper part of the massif. The bodies
consist of 13 ore bodies from 2 to 30 m in thickness [10]. The content of metals in the ores,
determined using atomic absorption spectrometry, are: 1.5 wt.% Cu, 2.9 ppm Au, 3.7 ppm
Pd, and 1.0 ppm Pt [9,10].

Noble metal mineralization is localized at two levels within the massif. The first
lower level occurs in the near-contact part of the massif. The second upper ore level
occurs on the horizon of high-olivine pyroxenites with layers of wehrlite. The ore-bearing
rocks contain impregnation of magnetite (to 5-7%) and hypogene sulfides, among which
chalcopyrite, bornite, pyrrhotite, and pentlandite are predominant. The content of sulfides
is typically less than 0.5%, to 1-3% in some parts. Among ores, we identified primary late
magmatic minerals, forming segregations of interstitial, and secondary minerals in the
form of veinlets and segregations of various shapes, associated with secondary silicates,
mainly with serpentine [10].

Noble metal minerals, which amount to 30, are commonly associated with sulfides.
The contents of Au and Ag directly correlate with copper content. Geochemical and
spatial distribution of the early platinum-metal and later gold—copper mineralization is
observed [10].

3. Samples and Research Methods

We studied the samples of olivine-bearing clinopyroxenites with elevated contents
of Au and Pd (1-2 ppm), collected from near-surface mine workings (ditches 101, 108,
and 126), driven while prospecting for gold by the JSC Yamal Mining Company in 2008.
The rocks consist of coarse-grained varieties with olivine content from 1 to 10-15% and
with grain sizes of main minerals from 1 to 15 mm. Ore minerals in clinopyroxenites are
represented by dispersed impregnations of fine (less than 0.1 mm) and enlarged (to 2-3 mm)
magnetite, and sulfides with grain sizes less than 0.5 mm. The content of magnetite in all
samples is commonly no more than 2-3%, and that of sulfides is less than 0.5%. In rare
cases, the amount of sulfides was 10%, and their grain sizes were more than 2 mm.

The studied samples of clinopyroxenites were separated into three groups according
to the content of olivine and sulfides as well as to predominant minerals in sulfide par-
ageneses (Table 1, Figure 2). Sulfides in clinopyroxenites I-III were attributed by us to
pyrite—pyrrhotite-chalcopyrite, bornite-chalcopyrite and pyrrhotite—chalcopyrite—pyrite
parageneses, respectively. Clinopyroxenites I and III are similar in the specific composition
of sulfides, but differ in the content and quantitative ratios of the main sulfide minerals.
Clinopyroxenites II and III are characterized by an association of sulfides with magnetite, the
crystals of which are enclosed in sulfides or form rims on sulfide segregations (Figure 2c,d).

Table 1. Features of studied clinopyroxenite samples from Ozernoe occurrence.

Trench Olivine Content, Sulfide Content, .

Samples of Groups No Sample Exploration Nor Vol.% Vol.% Sulfide Parageneses
clinopyroxenite I 1545, 1546 K-108, 126 <5 <0.1 Py >>Pyh > Ccp
clinopyroxenite I 101012, 101013 K-101 5-10 0.1-0.5 Bn-Ccp
clinopyroxenite III 211014, 211015 P2110, K-104 >10-15 <10 Pyh > Ccp > Py

Note. Minerals: Py—pyrite, Pyh—pyrrhotite, Ccp—chalcopyrite, Bn—bornite. Abbreviations of minerals are
given following the recommendation of IMA [14].
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200 MKM
—

Figure 2. Relationships of main ore minerals in the samples of clinopyroxenites I (a), II (b), and

III (c,d). Bn—bornite, Ccp—chalcopyrite, Cpx—clinopyroxene, Cu-S—secondary copper sulfide,
Mag—magnetite, Py—pyrite, Pyh—pyrrhotite.

Microprobe analyses of minerals of clinopyroxenites I and II were carried out with a
CAMECA SX-100 equipped with five WDS spectrometers and a Bruker energy dispersive
spectrometer system at the Common Use Center “Geoanalyst” of the Institute of Geology
and Geochemistry, Ural Branch of the Russian Academy of Sciences (Ekaterinburg, Russia).
Quantitative WDS analyses were performed at 25 kV accelerating voltage and 20 nA sample
current, with a beam diameter of about 1 um.

Analysis of the polished sections of clinopyroxenites Il was performed on the scanning
electron microscope Tescan Vega 3LMN (Tescan, Czech Republic) with an energy dispersive
spectrometer X-Max 50 (Oxford Instruments, Oxford, UK) in the Institute of Geology
KomiSC UB of the RAS. Analytical conditions: accelerating voltage was 20 kV, beam
current was 15 nA, with the beam diameter up to 1 um.

Isotopic mass-spectrometric analysis of sulfide sulfur of clinopyroxene II was con-
ducted in the Laboratory of Stable Isotopes in the FEGI FEB RAS. The samples were
prepared by laser method using the NWR Femto femtosecond laser ablation [15,16]. The
ratio of sulfur isotopes was measured on the MAT-253 mass-spectrometer (Thermo Fisher
Scientific, Dreieich, Germany) relative to the laboratory working standard calibrated accord-
ing to international standards IAEA-S-1, IAEA-S-2 u IAEA-S-3. Results of measurements
of 534S are reported relative to the international standard VCDT and are given in ppm (%o).
The accuracy of analysis was +0.2%o (20).

The classification of amphiboles is based on the scheme from [17] and that of pyrox-
enes, on the classical scheme from [18]. The temperature regime of deposition of noble
metal minerals was performed using data for chlorite geothermometer, based on the
amount of tetrahedral aluminum (AI'Y) and molar fraction of iron Xge by the formula T,
°C=175+106.2 x (AI'Y — 0.88 x [Xp. — 0.34]) [19].
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4. Results

4.1. Mineralogy, Mineral Association, and Sequence of Mineral Formation at the
Ozernoe Occurrence

4.1.1. Primary (Early) Rock-Forming Minerals of Clinopyroxenites

1.  Clinopyroxene

Primary clinopyroxene with grain sizes from 0.1 to 10 mm in the samples of all
groups of clinopyroxenites belongs to the diopside-hedenbergite with a varying
ferrosilite mineral (Figure 3a). In clinopyroxenites I and II, it corresponds to diop-
side with an elevated content of FeO (4.47-7.04 wt.%) and Al,Oj3 (0.79-2.74 wt.%)
(Table 2). It contains minor Ti, Mn, Cr, and Na in amounts less than 1 wt.%.
Clinopyroxene in clinopyroxenite IIl is also represented by diopside but with
lower contents of FeO (0.66-2.17 wt.%), Al,Oj3 (less than 1.7 wt.%), and other
trace elements. This clinopyroxene also contains the thinnest plates of iron oxide,
supposedly magnetite, which develop along cleavage cracks (Figure 4a). These
plates seem to be the result of the decomposition of the solid solution or oxidation
of Fe?*.

Enst

80 60 40 20 Fslt Al’os wt %
203, ()

Figure 3. Diagrams of composition of clinopyroxenes (a) and contents of FeO-Al,O3 (b) in primary
and secondary clinopyroxenites. Primary clinopyroxene from clinopyroxenites I (1), II (2), and III (3).
4—secondary clinopyroxene from clinopyroxenite I.

Figure 4. Clinopyroxene in samples of clinopyroxenites III (a) and I (b). (a) Thin plates of Fe-O phase
in primary clinopyroxene (Cpx); (b) secondary clinopyroxene (Cpx 2) in intergrowths with chlorite
(Chl), pyrite (Py), and chalcopyrite (Ccp) in primary clinopyroxene (Cpx 1).

In spite of considerable variations in the composition of primary clinopyroxene,
clinopyroxenites I-III have a direct correlation with the contents of FeO and
Al,O3 (Figure 3b). An inverse correlation dependence was revealed only for
clinopyroxene grains with the highest iron content (Figure 3b, sign 4) (Table 2,
No. 9-12). We attributed this clinopyroxene to a later generation. Along with
sulfides and chlorite, it fills interstices in the aggregates of early primary pyroxene
grains (Figure 4b).
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Table 2. Chemical composition of clinopyroxenes in clinopyroxenites I-III (in wt.%).
No Sample # SiO, TiO, Al,O3 CryO3 FeO * MnO MgO CaO Na,O Total
1 1545-2-3 52.68 0.14 1.36 b.d. 5.44 0.25 14.78 25.17 0.14 99.96
2 1545-2-12 52.13 0.16 1.78 b.d. 6.2 0.2 14.44 2473 0.06 99.70
3 1545-2-14 51.02 0.14 1.67 0.12 6.11 0.21 14.43 23.87 0.09 97.66
4 1545-2-18 52.83 0.04 1.1 0.02 4.47 0.16 15.36 25.6 0.07 99.65
5 1545-1-35 52.31 0.15 2.1 0.06 7.04 0.11 14.37 23.73 0.06 99.93
6 1545-1-45 51.85 0.1 1.83 b.d. 6.45 0.16 14.11 23.88 0.16 98.54
7 1546-3-8 53.4 0.1 0.87 0.13 5.34 0.16 14.29 25.16 0.11 99.56
8 1546-3-13 53.45 0.11 1.45 b.d. 5.84 0.26 14.44 24.46 0.05 100.06
9 1546-3-5 52.1 0.01 b.d. 0.01 13.77 1.25 9.21 24.31 0.03 100.69
10 1546-3-7 52.08 0.04 0.08 0.04 14.51 0.62 8.78 24.16 0.04 100.35
11 1546-3-6 52.91 0.01 0.31 0.09 9.56 0.26 11.92 24.58 0.17 99.81
12 1545-1-41 52.59 0.09 0.36 0.03 9.67 0.32 11.98 23.36 1.16 99.56
13 101013-24 51.74 0.18 2.74 0.12 6.77 0.22 14.8 21.97 0.34 98.88
14 101013-27 53.45 0.09 1.36 0.04 6.02 0.15 15.41 23.4 0.08 100.00
15 101013-33 54.27 0.02 0.79 b.d. 4.98 0.12 15.2 24.79 0.04 100.21
16 101012-39 53.34 0.16 2.1 0.07 5.98 0.11 15.07 23.52 0.1 100.45
17 101012-48 51.6 0.27 24 0.1 6.77 0.16 142 22.67 0.1 98.27
18 101012-57 524 0.09 1.81 0.01 5.42 0.25 14.72 23.38 0.09 98.17
19 211015-1_3 55.5 b.d. b.d. b.d. 1.04 b.d. 18.68 25.57 b.d. 100.79
20 211015-2_6 55.21 b.d. b.d. b.d. 0.66 b.d. 18.35 25.86 b.d. 100.08
21 211015-3_3 54.85 b.d. 0.32 b.d. 0.74 b.d. 19.19 24.48 b.d. 99.58
22 211015-4_1 54.31 b.d. 0.46 b.d. 0.93 b.d. 18.61 25.62 b.d. 99.93
23 211015-6_3 54.05 b.d. 1.56 b.d. 2.17 b.d. 17.61 24.47 b.d. 99.86
24 211014-2_2 55.17 b.d. b.d. b.d. 1.11 b.d. 18 26.15 b.d. 100.43
25 211014-3_4 55.3 b.d. b.d. b.d. 0.85 b.d. 18.23 26.02 b.d. 100.4
Note. Primary clinopyroxene from samples of pyroxenites I (No 1-8), II (No 13-18), and III (No 19-15).
No 9-12—secondary clinopyroxene. Here and below in the tables: FeO *—calculated content from measured Fe;
definitions with the values of element concentrations below 26 (standard error of analysis) are highlighted in
italics; «b.d.»—below the detection limit.
2. Olivine
Olivine in the rocks under study is characterized by ferruginous fayalite component
x(Fa) within 0.13-0.30. The most ferruginous olivine with x(Fa) = 0.25-0.30 is present in
the samples of clinopyroxenite I and II, whereas olivine in clinopyroxenite III contains
less iron x(Fa) = 0.13-0.15 (Table 3). A constant trace element in olivine is manganese
(0.37-0.53 wt.%).
Table 3. Chemical composition of olivine from clinopyroxenites I-III (in wt.%).
Clinopyroxenite I II II1
No 1 2 3 4 5 6 7
Sample # 1545-2-7 1545-2-30 101012-47 101013-26 211015/6 211015/8 211014/4
Si0, 38.34 37.97 38.06 37.79 40.07 40.25 39.96
TiO, b.d. b.d. b.d. 0.03 b.d. b.d. b.d.
Al,O5 0.01 b.d. b.d. 0.04 b.d. b.d. b.d.
Cry03 b.d. b.d. b.d. 0.07 b.d. b.d. b.d.
FeO 22.41 23.36 24.82 27.01 13.75 12.34 13.28
MnO 0.43 0.43 0.4 0.37 0.49 04 0.53
MgO 38.36 37.8 36.06 34.82 45.43 46.95 46.48
CaO 0.01 0.02 b.d. 0.01 0.01 b.d. b.d.
Na,O 0.01 b.d. b.d. b.d. b.d. b.d. b.d.
K,O b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
z 99.57 99.58 99.35 100.14 99.75 99.94 100.25
x(Fo) 0.75 0.74 0.72 0.70 0.85 0.87 0.87
x(Fa) 0.25 0.26 0.28 0.30 0.15 0.13 0.13
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e  Magnetite

Xenomorphic segregations of primary magnetite to 2-3 in size fill interstices in the
aggregates of clinopyroxene grains. Interstitial magnetite contains chains of small spinel
inclusions, oriented in several directions, and rare plates of ilmenite and in some cases is
rimmed by secondary silicates—amphibole (magnesio-hornblende) or chlorite. Interstitial
magnetite is represented by the Cr-Ti-V-bearing variety. The content of Cr,Oj3 in it attains
2.9 wt.%, TiOr—2.5 wt.%, Vo,03—1.1 wt.% (Table 4, # 1-6). Tabular ilmenite in primary
magnetite contains Mg (1.66 wt.% MgO), Mn (3.9 wt.% MnO), and V, Cr, Al in amounts less
than 0.2 wt.%.

Table 4. Chemical composition of primary interstitial magnetite in clinopyroxenites I and II (in wt.%).

No # Sample No. Grain FeO * Cr,O3 TiO, Al,O3 MgO MnO V5,03 Total
1 1545-2-19 89.8 2.53 0.61 0.52 0.14 0.1 0.94 94.64

I 2 1545-2-26 89.16 2.21 0.77 0.11 0.44 0.16 0.85 93.70

3 1545-1-36 87.25 1.57 2.46 1.35 0.25 0.15 0.94 93.97

4 101013-22 87.21 2.89 2.16 1.64 0.16 0.21 0.74 95.01

I 5 101013-23 87.17 2.78 2.44 0.99 0.06 0.14 1.05 94.63

6 101012-49 87.79 2.36 1.74 0.56 0.47 0.21 0.91 94.04

4.1.2. Secondary (Late) Minerals in Clinopyroxenites

Secondary clinopyroxenite minerals are chlorite, serpentine, magnetite, and sulfides,
as well as accessory clinopyroxene, titanite, and noble metal minerals. These minerals are
present in small quantities (no more than 5-10% in total) and are evenly distributed in the
rock mass. Secondary minerals occur in the most permeable zones of granular aggregates
of rock-forming minerals. They develop along the cleavage cracks of clinopyroxene, fill
microcracks in olivine or clinopyroxene, and are localized in the interstices in olivine—
clinopyroxene aggregates.

e  Secondary clinopyroxene

Secondary clinopyroxene was observed in clinopyroxene I in single cases. It occurs
in association with sulfides (pyrite, chalcopyrite) and chlorite, which fill interstices in
the aggregates of primary clinopyroxene grains (Figure 4b). Secondary clinopyroxene in
comparison with primary clinopyroxene has a higher iron content (9.6-14.5 wt.% FeO) and
a low alumina concentration (less than 0.4 wt.% Al,O3) (Figure 3b; Table 2, No 9-12).

e  Amphibole

In the samples of clinopyroxentites I and II, amphiboles belong to the group of
Ca-amphiboles. They consist of actinolite (No 1-6), magnesio-ferri-hornblende (No 7),
magnesio-hornblende (No 8-14), and tremolite (No 15, 16) (Table 5). All amphiboles,
except tremolite, contain minor amounts of sodium (from 0.4 to 1.5 wt.% NaO) and ti-
tanium (to 0.5 wt.% TiO,) (Table 5). Tremolite contains the least amount of Al,O3 u FeO
among amphiboles.

Actinolite is developed mainly in the samples of clinopyroxenite I in the form of
angular interstitial segregations in the aggregate of clinopyroxene grains (Figure 5a). It is
accompanied by small (less than 10 pm) grains of impurity-free secondary magnetite. We
have also detected a grain of magnesio-ferri-hornblende virtually completely replaced by
chlorite (Figure 6¢). Magnesio-hornblende is developed predominantly in clinopyroxenite II
in which it, together with chlorite, forms rims on the segregations of primary magnetite and
a lattice-like chalcopyrite-bornite aggregate in the interstices of clinopyroxene (Figure 5b).
Tremolite is present in all clinopyroxenite samples. It is developed along with the contacts of
large clinopyroxene and olivine grains. In the contact zone of these minerals, clinopyroxene
is replaced by tremolite, and olivine, by serpentine. Along with tremolite and serpentine,
secondary magnetite is formed as symplectic intergrowths with tremolite and larger porous
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segregations in serpentine (Figure 5c,d). Tremolite and serpentine in clinopyroxene II
replace marginal parts of lattice-like bornite-chalcopyrite segregations.

Table 5. Chemical composition of amphiboles in clinopyroxenites I (No 1-5, 7, 14, 16) and II (No 6,
8-13, 15) (in wt.%).

No Sample# SiO, Al,O3 Na,O MgO F Cl1 K;O CaO TiO, FeO* MnO Cr,O3; Total
1 1546-3-9 50.54 6.1 096 1638 007 0.03 0.03 13.16 0.17 9.59 0.16 013 9731
2 1546-3-16 51.26 5.01 0.71 16.33  0.09 0.04 0.08 12.43 0.22 10.32 0.16 0.2 96.85
3 1546-3-19 50.85 5.84 1.05 1752 0.03 0.33 0.01 1253 036 8.01 0.2 016 9691
4 1546-3-20 5228  5.09 063 1734 005 0.03 0.03 12.88 0.28 8.54 0.12 0.2 97.48
5 1546-3-21 53.83 4.23 0.39 18.77 H.O 0.02 0.01 13.00 0.18 6.94 0.14 0.06 97.57
6 101013-31 53.88 451 059 1934 wHo 0.03 011 13.01 013 6.04 0.15 H.O 97.8
7 1546-3-15 47.67 8.12 0.9 15.28 0.15 0.08 0.14 11.48 0.45 12.68 0.24 0.24 97.45
8 101013-32 4719 10.35 14 1648  0.06 0.03 0.26 12.63 0.48 8.45 0.11 0.25 97.68
9 101012-45 49.05 9.59 137 1682 0.03 0.01 0.01 1221 052 7.11 0.08 0.14  96.95
10 10101246  48.58 8.68 1.33 16.87  0.08 0.02 H.O 12.24 0.49 8.27 0.1 0.1 96.77
11 101013-25  51.11 7.35 1.08 17.89  0.07 0.02 0.05 12.28 0.28 7.47 0.1 0.05 97.76

12 101012-55 48.67  9.32 1.28 1711 0.07  0.02 0.04 1233 037 7.46 0.04 0.12  96.83
13 101012-56 48.5 9.82 1.53 17 0.04 0.03 0.03 12.35 0.38 7.63 0.1 0.05 97.45
14 1545-2-4 48.78 7.55 1.01 18.07 H.O 0.01 0.07 12.5 0.35 8.01 0.12 0.06 96.52

15 101012-42 57.72  0.02 b.d. 22,7 0.02 H.O 0.01 1322 0.07 2.65 0.03 H.O 96.44
16 1545-2-5 56.1 1.14 0.19 22.22 H.O 0.01 0.02 12.96 0.08 3.82 0.17 H.O 96.7

Figure 5. Amphibole in the samples of clinopyroxenite I (a,c), II (b), and III (d). (a) Interstitial
segregations of actinolite (Act) in clinopyroxene (Cpx) and associated grains of secondary magnetite
(Mag 2); (b) magnesio—hornblende (Mhbl) and chlorite (Chl) in the rim of primary magnetite segre-
gations (Mag 1); aggregate of bornite (Bn), chalcopyrite (Ccp), and secondary copper sulfide (Cu-S)
in clinopyroxene matrix (Cpx); (c,d) development of tremolite (Tr), serpentine (Spr) and secondary
magnetite (Mag 2) in the contact zone of clinopyroxene (Cpx) and olivine (Ol).

e  Chlorite

In clinopyroxenites I and II, chlorite is developed in the interstices of clinopyroxene
(Figure 6a) or along cutting microcracks (Figure 