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4
INTRODUCTION

Research relevance.

The age of mineralization is an important geological criterion because it
allows us to relate its formation to geodynamic conditions and to discriminate the
age of potential ore objects. Determining the age of ore mineralization is a difficult
isotope—geochemical task due to the frequent lack of reliable mineral
geochronometers.

The Re—Os method is often used for direct dating of sulfides (Stein et al.,
2000; Hnatyshin et al., 2020). However, analysis of the Re—Os system often fails to
provide reliable age estimates due to isotopic heterogeneity of trapped Os or
perturbation of this isotopic system by superimposed processes. The complexity of
estimating Os behavior during sulfide recrystallization under conditions of
secondary alteration makes it difficult to distinguish the stages of ore mineralization
formation. In some cases, Ar—Ar, Rb—Sr, and Sm—Nd methods have been applied
for direct dating of sulfide mineralization (Smith et al., 2001; Ivanov et al., 2015;
Christensen et al., 1995; Yang et al., 2002). The main limitation of these systems is
the low content of parent isotopes in sulfide minerals. Also, it is not always possible
to prove that mineral inclusions, which are the main concentrators of isotopes, are
genetically related to sulfide mineralization. Therefore, the dating of ore paragenesis
is often performed using the “*Ar—Ar method on K-bearing minerals (sericite,
feldspar, etc.). Recent studies have shown the promise of using one of the most
common ore minerals, pyrite, as a (U,Th)-He geochronometer (Yakubovich et al.,
2020, 2021). The new approach to dating ore—forming processes requires refinement
of the methodology and its validation.

The Toupugol-Khanmeishor gold district (Polar Urals), which has great
potential for identifying new industrial targets, was selected to evaluate the
applicability of the (U,Th)-He method for determining the age of sulfide
mineralization. Unlike the developed areas of the Central and Southern Urals, the
inaccessible and eroded northern areas of the Ural fold system remain poorly

explored, resulting in a large number of unevaluated gold deposits and individual
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industrial objects. Currently, the Polar Urals are producing chromite in the Rai—Iz
Massif, while in the western part of the Yamal-Nenets District more than 200 gold
and gold-bearing occurrences remain unevaluated. In the Polar Urals in the
Toupugol-Khanmeishor ore district, two gold deposits have been discovered: the
Novogodnee-Monto gold—iron—skarn ore deposit (7 t Au) and the Petropavlovskoe
gold—porphyry deposit (26 t Au), and a number of ore deposits (Kariernoe,
Karachentseva, etc.) have been identified (Vikentyev et al., 2017). The region is
considered promising for the discovery of new gold ore objects (Kenig and Butakov,
2013; Mansurov, 2016). Their effective search requires geodynamic and ore—
magmatic reconstructions based not only on geological, but also on modern
analytical data obtained using new high—precision methods and approaches. Reliable
geochronological data are needed to create such reconstructions and to expand the
understanding of the evolution of ore—magmatic systems in the Paleozoic Island arcs
of the Urals, to which the object of study belongs.

The objective of this study is to develop and validate a method for (U,Th)—
He dating of pyrite to determine the age of sulfide mineralization in the Toupugol—
Khanmeishor district's ore occurrences and gold deposits.

To achieve this goal, the following tasks were set:

1. Study of pyrite grains in order to identify the shape of the location of
potential sources of radiogenic helium in it to adjust the (U, Th)—He dating technique.

2. Methodological work to determine the criteria of pyrite suitability for
(U,Th)-He dating, peculiarities of sample preparation, selection of optimal
conditions for radiogenic helium extraction and chemical decomposition of samples,
processing the results of analytical studies.

3. Assessment of reliability of application of (U,Th)-He method of pyrite
dating for determination of age of sulfide mineralization on the basis of objects of
known age: Novogodneye Monto, Petropavlovskoye deposits and Karyernoye ore
occurrence.

4. Determination of the age of sulphide mineralization within the Toopugol—

Khanmeishor gold ore district by (U,Th)-He method for pyrite dating.
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The objects of the study are sulphide mineralization of the Toupugol—
Khanmeyshor gold ore district: Au porphyry deposit Petropavlovskoe, Au—Fe—skarn
deposit Novogodnee-Monto and gold ore occurrence Kariernoe.

Factual material and research methods.

The work is based on geological observations and factual material collected
by the author as a member of the field team of IGEM RAS during field work in
2018, 2019 and 2021 in the northern part of the Voykar zone of the Polar Urals.
Mineral determination and analysis of structural and textural features of rocks
hosting ore mineralization were conducted using optical microscopy methods
(SPGU) on 92 slides in transmitted light. Additionally, the chemical composition of
pyrite was studied on 110 grains using a scanning electron microscope (RC
'Geomodel', SPbSU). Radiogenic helium content measurements were conducted on
50 samples using the highly sensitive mass spectrometer MSU-G-01-M at IPGG
RAS. The pyrite grains' uranium and thorium contents were measured using the
isotopic dilution method on a single—collector inductively coupled plasma mass
spectrometer (ELEMENT XR ICP MS) at GEOCHI RAS. The Re-Os age
determination was performed at the Jamstec laboratory in Japan.

The author directly participated in all stages of the work. The study involved
collecting and analyzing stock and published literature, conducting field work to
select actual material, and carrying out detailed petrographic characterization of
volcanogenic and metasomatic formations. The rocks were typed and the
mineralogical and geochemical features of pyrite from the study objects were
studied. The age of ore mineralization was determined using the (U,Th)—He method,
which involved measuring the concentration of radiogenic helium and preparing the
sample for further determination of the contents of the (U, Th)—He mineralization.

Scientific novelty

1. The technique of selection, preparation of samples for (U,Th)-He
dating of pyrite and their chemical decomposition was improved.

2. The possibility of (U,Th)-He dating of pyrite from volcanogenic and

metasomatically altered rocks was substantiated.
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3. New isotope—geochronological data on the age of sulfide mineralization
within the limits of the Toupugol-Khanmeishor ore district were obtained.

Theoretical and practical significance

The conducted studies contribute to the development of dating methods for
ore—forming processes. On the example of gold mineralization of the Toupugol—
Khanmeishorsky gold ore district it is shown that (U,Th)-He method by pyrite can
determine the age of sulfide mineralization. The obtained data on the age of pyrite
made it possible to identify new age stages of sulfide mineralization within the study
area.

Publications and approbation of the work

On the subject of the thesis 15 works have been published: 4 articles, 3 of
which are indexed in WoS and Scopus databases, 1 — in the editions recommended
by VAK of the Ministry of Education and Science of Russia; 11 materials of
meetings and abstracts of reports. The research results were reported and discussed
at international and Russian scientific conferences and meetings: 17th SGA Biennal
Metting (Zurich, 2023); International conference on Thermochronology (Riva del
Garda, 2023); XIII A.P. Vinogradov Symposium on Isotope Geochemistry
(Moscow, GEOKhI RAS, 2023); "New in knowledge of ore formation processes"
(Moscow, IGEM RAS, 2017, 2018, 2019, 2022); "Metallogeny of ancient and
modern oceans, 2019. A quarter of a century of achievements in the study of
submarine deposits" (Miass, IMin Ural Branch of RAS, 2019); "Actual problems of
Precambrian geology, geophysics and geoecology" (Apatity, FIC KSC RAS, 2019).

Structure and scope of the work

The thesis consists of an introduction, 7 chapters and a conclusion. The
volume of the work is 120 pages, including 41 figures, 7 tables and a list of literature
of 148 titles. The introduction formulates the purpose and objectives of the study,
substantiates the relevance, scientific novelty, theoretical and practical significance
of the work, provides information about the actual material and applied research
methods, presents the main provisions for defense. Chapter 1 presents brief

information on the history of the discovery of the (U,Th)-He method, characterizes
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its nuclear—physical basis, indicates the isotopic—geochemical limitations and the
modern area of use. Chapter 2 includes information on (U,Th)—He isotope system in
pyrite — stability of radiogenic helium, forms of uranium and thorium, gas—liquid
inclusions in it. Chapter 3 contains a detailed description of the methodology of work
at each stage of the study: peculiarities of sampling and use of analytical methods
are specified. Chapter 4 describes the geological position of the Voykar zone, the
history of geological development of the Polar—Ural region, peculiarities of sulphide
mineralization location and geological structure of the objects of the Toupugol—
Khanmeishor ore district. Chapter 5 is devoted to mineralogical and petrographic
characterization of the rocks hosting the mineralization. Chapter 6 contains data on
the form of uranium and thorium occurrence, the character of distribution of
impurity elements and mineral inclusions in the pyrite composition, and includes
substantiation of the correction of the selection and decomposition methodology for
(U,Th)-He dating. Chapter 7 presents the results of isotope—geochronological
studies of sulfide mineralization of the Toupugol-Khanmeyshor ore district. Using
an integrated approach, the duration and stage of evolution of ore—-magmatic sources,
the influence of tectonic and hydrothermal-metasomatic impact on ore formation
were evaluated, and the age of ore formation was correlated with geodynamic
conditions. The main results of the study are formulated in the conclusion.
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Main scientific results:

1. Based on the results of a detailed study of possible sources of radiogenic
helium in pyrite (Ivanova et al., 2024, p. 6-7; Yakubovich et al., 2021, p. 11-13), the
methodology of sample collection and preparation was improved and the chemical
decomposition protocol for (U,Th)-He dating was modified. Personal participation
of the author in obtaining the results (Yakubovich et al., 2021): geological
characterization, determination of the (U,Th)-He age of pyrite, interpretation of the
results, compilation of graphical material.

2. On the example of gold mineralization in the Toupugol-Khanmeishor
ore district, the possibilities of systematic determination of (U,Th)-He age of pyrite
from different types of objects are shown (Ivanova et al., 2024, p. 11-12;
Yakubovich et al., 2021, p. 10-11) under the control of certified standards (Durango
apatite, Santiago River platinum (Yakubovich et al., 2023)). Personal participation
of the author in obtaining these results (Yakubovich et al., 2023): mineralogical
characterization, methodological part, compilation of graphical data.

3. Petrological and mineralogical study of gold-bearing rocks of the
Voykar zone is presented (Ivanova et al., 2024, p. 10-11; Ivanova and Ivanova, 2021,
p. 6-10). Original data on the age of pyrite from the Petropavlovskoe Au-porphyry
deposit, the Novogodneye-Monto Au-Fe-scarne deposit (Yakubovich et al., 2021,
pp. 10-11), and the Karyernoe gold-ore deposit (Ivanova et al., 2024, pp. 11-12)
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were obtained, which allowed to distinguish new time stages of mineralization in the
study area.

Protected Provisions

1. Micron inclusions of uranium (thorium)—containing minerals are one of
the sources of radiogenic helium in the crystal lattice of pyrite. To ensure reliable
(U,Th)-He dating of pyrite, it is necessary to decompose it completely. This can be
achieved through autoclave decomposition in Teflon bouquets using a mixture of
hydrofluoric, nitric, and perchloric acids (in a 10:2:1 ratio) under the following
conditions: 220°C for 48 hours.

2. The (U, Th)-He dating of pyrite from the volcanics of the Kariernoe ore
occurrence and metasomatites of the Novogodnee-Monto deposit agrees with the
age values determined by independent methods, such as biostratigraphy and 39Ar—
40Ar. This indicates the applicability of the (U,Th)-He method for determining the
age of sulfide mineralization.

3. A new stage of sulfide mineralization of Permian age (293+8 Ma) was
identified within the limits of the Toupugol-Khanmeyshor ore district. The sulfide
stage of mineralization (42446 Ma) is present in the Toupugol stratum's volcanics,

as evidenced.
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CHAPTER 1. BACKGROUND OF THE (U,Th)-He METHOD AND

HISTORY OF THE DEVELOPMENT OF GEOCHRONOLOGY ON
RADIOGENOUS HELIUM

1.1 History of the discovery of the (U, Th)-He method

The study of radioactivity and the structure of atoms led to the development
of isotope physics, which is also applicable to geology. Progress in the study of
radioactive decay processes made it possible to reconstruct the chronological
sequence of rock formation and estimate the duration of geological processes based
on the radioactive transformations of chemical element isotopes.

Information about helium first became available after J. Jansen and J. N.
Lockyer studied the chemical composition of prominences in the Sun's atmosphere
using spectral analysis in 1868 (Yakutseni, 1968). However, interest in studying
helium was particularly piqued by W. Ramsay's isolation of its radiogenic isotope
from the urantum—bearing mineral kleveite in the late 19th century. The first half of
the 20th century was a crucial period in the development of isotope geochronology
methods. During this time, E. Rutherford discovered the possibility of using decay
products accumulated in the course of geological history to determine the age of
natural objects (Rutherford, 1906). To achieve this goal, it was proposed to use the
uranium content and the amount of accumulated helium in minerals, while the
contribution of thorium was not considered. The U-He method, proposed by E.
Rutherford and B. Boltwood in 1905, was the first attempt to estimate the age of
rocks on Earth. They based their results on dating fergusonite (Nb—Ta oxide)
(Badash, 1969; Reiners, 2017).

However, it was soon discovered that losses of radiogenic helium distorted
the obtained ages, making the method extremely limited in its use (Gerling, 1939,
1961; Harley, 1956). During the first half of the 20th century, Rutherford, Holmes,
and Panet, along with a group of scientists from the USSR, including Khlopin,
Gerling, and Starik, attempted to eliminate the underestimated results of the (U, Th)—

He method compared to other isotopic systems. The challenge was the high
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diffusivity of helium, which is a characteristic of a noble gas. The physical property
of helium to migrate through natural defects and dislocations in mineral structures,
including those caused by metamict destruction due to radiation, has resulted in
almost complete loss of helium over geological time. U-Pb dating is a more accurate
and reliable method for providing consistent stratigraphic results. For a period of
time, the (U,Th)-He method was considered unsuitable for determining the age of
rocks.

However, in the latter half of the 20th century, research on the (U,Th)—He
1sotope system continued. Numerous studies were published during this period on
the behavior of the system in various minerals and rocks. Among them, M. Dodson's
study on the factors influencing the complete or partial loss of helium is particularly
noteworthy due to the high mobility of helium even at low temperatures of the order
of the first hundred degrees (Dodson, 1973). This paper provides a definition of the
concept of system closure temperature and develops a mathematical solution to
reconstruct the temperature—time history of rocks and minerals. The temperature at
which the rate of loss of a radiogenic component equals the rate of its accumulation
is elucidated. The article discusses the possibility of using helium loss data to obtain
information on the duration and intensity of temperature effects on minerals during
geologic processes. This information can be used to compile the thermal history of
a mineral, leading to the development of thermochronology, a new direction in
isotope geology. The article emphasizes the importance of understanding helium
migration characteristics in this process. This information can be used to compile
the thermal history of a mineral, leading to the development of thermochronology,
a new direction in isotope geology.

In the 1990s, P. Zeitler and colleagues renewed interest in the (U,Th)-He
research method. They studied apatite and interpreted its dating results as the time
of cooling of the rock to the closure temperature, which was set at 100°C (Zeitler et
al., 1987). Subsequently, scientists such as C. Farley and R. Wolf continued studying
the (U, Th)-He isotope system using apatite as an example (Farley and Stockli, 2002;
Wolfet al., 1996). The method's reliability was confirmed by the satisfactory results.
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The study of radiogenic helium migration is ongoing and has been proposed for use
in zircon research, which has positively impacted low—temperature
thermochronology (Reiners, 2005). The study of helium behavior in various
minerals has made it possible to date a number of uranium— and thorium-rich
minerals, including accessory minerals such as uraninite, titanite, monazite, and
brannerite, as well as hydrothermal minerals like hematite, magnetite, fluorite, and
sphalerite (Boschman et al., 1993; Evans et al., 2005), and metamorphic minerals
like garnet and rutile (Flowers et al., 2022).

Several studies have been published on the diffusion and migration patterns
of helium from metals and other technical materials. These include the behavior of
helium produced by nuclear irradiation and implanted by an ion beam into the
structure of metals such as Pd, Ni, and Al, as well as several reactor materials
(Whitmore, 1976; Benedek, 1978; Wilson et al., 1981; Puska and Nieminen, 1984;
Malkin, 2018). Additionally, experiments have been conducted on the study of He
conservation in the aforementioned minerals. The studies revealed a peculiarity in
the cluster distribution of helium atoms within the metal structure, which leads to
high—temperature conditions for its separation. This discovery makes isotope
systems based on radiogenic helium in such minerals potentially useful for
geochronology. To confirm this theory, researchers conducted a study on the kinetics
of radiogenic helium extraction from the crystal lattice of nugget gold. The study
was carried out using a highly sensitive helium mass spectrometric complex at the
Institute of Geology and Geochronology of Precambrian RAS (Shukolyukov et al.,
2010). The study confirmed that radiogenic helium is preserved in nugget gold as
sparsely soluble helium bubble—clusters. They have low mobility (Shukoliukov et
al., 2012). These clusters are positioned based on energetic benefit and migrate to
metal structure defects, dislocations, or grain boundaries. The use of nugget metals
is supported by their packing density, which slows down the migration rate of helium
and increases its preservation in the substance (Shukolyukov et al., 2010). This
makes it possible to date nugget metals, including platinum, due to the difficult

thermodesorption of helium. Thermodesorption requires extremely high
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temperatures for its release, up to the melting point (Shukolyukov et al., 2012).

Additional research on the migration of radiogenic helium from minerals that can be
attributed to semi—metals and semiconductors, based on their conductivity, has
shown that sperrylite (PtAs,; Yakubovich et al., 2015) and pyrite (Yakubovich et al.,
2019) preserve helium at a sufficiently high rate, making them useful as He—

geochronometers.

1.2 Nuclear—physical basis of the (U, Th)-He method

There are ten natural long—lived alpha—emitting radionuclides known on
Earth: Nd, “7Sm, “8Sm, 2Gd, MHf, '86Qs, '9Pt, 232Th, 25U, and 23%U.
Radiogenic helium (“He) is one of the stable products of their radioactive decay. The
(U,Th)-He method is based on the alpha decay of uranium isotopes 2*°U, 238U, and
thorium 232Th. These isotopes undergo a series of consecutive alpha and beta decays,
forming radioactive series. If the age of the mineral is over 1 million years,
intermediate decay products can be ignored in further calculations, and simplified

formulas for nuclear reactions (1) can be used.

232Th — 238Pb + 6 sHe
235U - 237Pb + 75He (1)
238Th — 235Pb + 8%He

In the decay series of Uranium and Thorium, 6 to 8 helium atoms are emitted.

The equation for the accumulation of radiogenic helium from uranium and thorium

is as follows (Farley and Stockli, 2002):

137.88
(137.88+1)

1

He* = —_—
(137.88+1)

Cy-(e?zst —1)+7- Cy-(e?35t — 1)+ 6 Crp -

(22t — 1) 2)

The concentrations of helium, uranium, and thorium (in atoms) are represented by
He?, Cy, and Cry, respectively. The decay constants for the isotopes are represented

by Azss (1.55125x107'0 g™), Azss (9.8485%107"" g™'), and 437 (4.94775x107" g7).
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The coefficients 8, 7, and 6 correspond to the number of helium atoms produced by
the decay of the respective atom. The value 137.88 represents the modern isotopic
ratio of #3U to ¥ U.

Equation (2) does not have an analytical solution for the parameter t, so its
value must be obtained numerically with a given accuracy. Based on the uranium
and thorium content in the sample being studied, as well as its helium concentration,
it is possible to determine the age of the mineral.

A peculiarity of isotope systems based on radiogenic helium is the presence
of the alpha-recoil effect (nucleus—recoil), which requires correction. Radioactive
decay releases kinetic energy (4-8 MeV), causing the alpha particle to travel a
relatively long distance (10—18 pum in apatite; Farley et al., 1996) before coming to
a complete stop in the mineral. If the parent isotope is located more than the length
of the a—braking path away from the grain boundary, the particle will be trapped
inside the crystal regardless of its trajectory (Figure 1.1). On the other hand, if the
radioactive isotope is situated at the grain boundary, there is only a 50% chance that
the alpha particle will remain within the grain boundary. The reverse process can
also occur based on a similar principle, resulting in helium implantation from the
outside. It is important to consider the uneven distribution of parental isotopes in the
mineral and host rocks. Underestimating this phenomenon in grains less than 200
pum can significantly underestimate the helium age of the mineral. For larger grains,
the contribution of this surface effect can be considered negligible (Farley et al.,

1996).
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Figure 1.1. — o-recoil effect in the boundaries of a schematic crystal. 1)

implantation of a—particle; 2) retention of a—particle; 3) possible ejection of o—
particle. The center of the circle is the position of the parent isotope, the boundaries
are the area for possible a—particle arrest, and the arrow is one of the possible
trajectories of the a—particle during radioactive decay (Farley et al., 2002).

There are various methods to calculate the 'average' age of a set of (U,Th)—He
analyses. The traditional approach of determining the arithmetic mean is less
accurate than alternative methods, such as the 'pooled' age, isochronal age, and
central age (Vermeesch, 2008).

The pooled age is determined by analogy with the division track method. The
age calculation is based on a single 'synthetic' measurement that is reconstructed
mathematically by adding the respective U, Th, and He contents of several grains
together. Pooling multiple grains increases signal strength and may improve
averaging of the alpha particle emission correction error for inhomogeneous mineral
structures (Vermeesch et al., 2007). One disadvantage of this approach is the
potential for bias in the combined age towards samples with high U, Th, and He
contents. Additionally, there may be an exaggeration of the o emission contribution,
particularly in the presence of radiation damage and implanted helium in the studied

grains.
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The isochron age is calculated by determining the slope of the linear
approximation of the diagram depicting the relationship between the helium content
in the sample and the modern rate of its formation. The presence of U—and Th-rich
inclusions may affect the helium age, as reflected in the isochrone plot. The plot will
not pass through the origin of He—P coordinates, where P is the modern helium

formation rate:

137.88 1
b= (8 " (137.88+1) Aazg + 7 (137.88+1) /1235) (U] + 6~ A532[Th] (3)

To avoid age bias toward coarse grains, the helium amount is recalculated in
concentration units.

To calculate the age of a sample using the parameter P for (U,Th)—He dating,
use the following approximate equation, which has high accuracy for samples

younger than 1 billion years (Mesters and Dunai, 2005)

t=—2"In (1 + ’“VT’” [He]) 4)

Awm

t represents the age of the sample in million years, Aiwm is the weighted decay
constant, P is the modern helium formation rate in at./million years, and [He] is the
helium content of the sample in at.

The formula for calculating the weighted decay constant is

o137.88

v — (”138.88
wm

7
1%38+138.8/1%35)[U]+6/1%32[Th]
. (5)

where An are the decay constants of U and Th isotopes with mass number, [U] and
[Th] are the uranium and thorium contents in the sample (at.).

The central age is recognized as the most accurate method from a
mathematical point of view (Vermeesch, 2008). In the calculations, the geometric
mean of U, Th, and He contents for individual grains is used. This method is
applicable for computing the mean value of grains with varying Th/U ratios using
the (U,Th)-He ternary system.

1.3 Noble gas migration models and their limitations

The migration process determines the conditions for the loss of helium from
the crystal lattice of a mineral during geologic history. Even a slight increase in

temperature up to 100-200°C can cause partial or complete loss of helium, resulting
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in an underestimation of the obtained age value (Farley and Stockli, 2002).
Migration parameters are estimated empirically or through mathematical modeling
(Yakubovich et al., 2010; Flowers et al., 2022).

The method of stepwise annealing is a common empirical approach for
determining migration parameters. This involves determining the amount of released
helium at a given temperature during gradual heating. The resulting spectra of
radiogenic helium release kinetics can be used to calculate kinetic parameters for the
mineral.

Currently, two main theoretical approaches are emphasized to describe the
migration of helium and other noble gases from the crystal lattice of a mineral.

1.3.1 First order monomolecular chemical reaction model

The single—jump model, also known as the first—-order monomolecular
chemical reaction model, was initially proposed by E.K. Gerling in 1939. This model
gained popularity among Russian researchers and is now commonly used in isotope—
geochemical models of Earth's evolution and in the study of helium migration from
reactor materials. The model assumes that the crystal lattice of minerals is defective
in the region of alpha particle formation. In this model, it is worth noting that the
binding energy of atoms in the crystal lattice is around 2—4 eV. On the other hand,
the decay of the uranium atom nucleus through alpha particles is characterized by
the release of energy, which is approximately equal to 108 MeV, and its subsequent
dissipation in the mineral structure. As a result, a defect is formed in the crystal
lattice where helium atoms can accumulate due to the large amount of energy
released during radioactive decay. The energy required for migration is determined
by the time it takes for the atom to detach from the accumulation center, which is its
escape from the defective position. This explains why a radiogenic atom behaves
similarly during migration and simple chemical reactions (Gerling, 1961). The one—
jump model is based on the hypothesis that the primary complexity for an atom is
the first jump, which is the atom's exit from the energy trap after radioactive decay.
Further diffusion from the mineral grain along the disturbed structure requires less

energy costs.
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1.3.2 Classical Fick diffusion

The alternative model of helium migration is based on Fick's diffusion laws,
which describe the change in the concentration of radiogenic gas atoms in minerals
due to temperature (Yakubovich, 2013). The size of helium atoms, which i1s much
smaller than the distance between interatomic bonds in minerals, is the key factor in
this model. Unlike the single—jump model, this model assumes that the diffusion
process incurs the highest energy cost. In the former case, the exit of an atom from
the mineral lattice is limited by the time required for its separation from the
accumulation center. On the other hand, the diffusion model suggests that the main
contribution is made by the time taken for the atom to wander in the grain. The
diffusion model assumes that mineral grains are of equal size, spherical or of another
specified shape, and have a homogenecous concentration of radioactive and
radiogenic isotopes when describing helium migration from minerals. The
concentration of remaining gas is determined by a function of the diffusion
coefficient, temperature, and size (spherical grain radius) (Fechtig and Kalbitzer,

1966). The fraction of gas lost can be calculated from the laws of classical diffusion

(6).

F=1-— %Z%oﬂnie—nzm (6)

2

D s : : : :
B =m? — D — the diffusion coefficient, t — time, R — the grain radius, and n — a

natural number.

1.3.3 Advantages and limitations of the models

The single—jump model offers the advantage of proving multidirectional
migration of radiogenic atoms in real mineral structures. It also confirms the
existence of defect zones with varying degrees of disorder in the crystal lattice,
including primary traps for mobile atoms. The variation of uranium and thorium
forms in mineral grains and different energy states of atoms help to clarify the
complex kinetics of the migration process. The empirical evidence also establishes
the nonhomogeneous distribution of radiogenic helium in the crystal lattice, which
is not supported by uranium (Figure 1.2). The mathematical apparatus used to

estimate migration parameters from experimental data is characterized by its
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simplicity of use. However, the method's resolving power is limited, making it
difficult to distinguish between migration processes with different kinetic
parameters (Shukolyukov et al., 2009).
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Figure 1.2. — CL images of zircon grains (A,E,I,M) and distributions of helium
(B,F,J,N) and uranium(C,G,K,O) contents in them (Danisik et al., 2017)

The model based on the diffusion process is subject to certain limitations.
Therefore, grains are approximated by a regular shape, such as a sphere, cylinder, or
cube, with a homogeneous distribution of radioactive parent isotopes and radiogenic
noble gas isotopes to prevent any disturbance of the diffusion profile. However,

interpreting experimental data can be challenging due to the discrepancy between
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practical migration conditions and idealized assumptions about the distribution of
uranium and thorium in the crystal structure. This distribution is not always
homogeneous (Tugarinov and Bibikova, 1980; Shukolyukov, 1970; Krasnobaev,
1986), and the energy position of all atoms of the migrating gas in the structure is
also a factor (Shukolyukov et al., 2009). Accordingly, the nonhomogeneous
distribution of uranium and thorium can affect the emission of alpha particles,
influencing the diffusion behavior and gradient of the helium concentration
distribution (Farley, 2002). To address these issues, modeling approaches are used,
and in some cases, minerals are irradiated to generate homogeneously distributed
3He isotopes (Flowers et al., 2022).

Migration of radiogenic helium can occur through both mechanisms (Figure
1.3). Limited helium solubility in some minerals can cause saturation of the solid
solution with helium, which is then relieved by diffusion towards defects that
subsequently serve as a cell of helium accumulation in the crystal lattice
(Yakubovich, 2013). Initially, helium diffuses towards energetically favorable
positions such as grain boundaries or radiation defects, where it accumulates in the
form of atomic clusters. Detaching a helium atom from such a center requires a large

amount of energy, which is enough to destroy the bulk defects enclosing the formed

clusters.
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Figure 1.3. — Schematic of the diffusion path (Gautheron et al., 2022). Ea —
activation energy, green circle — radiogenic helium atom.
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In summary, it is important to note that in practice, using real minerals as
examples, each of the above models leads to the calculation of similar values of the
migration activation energy (Yakubovich et al., 2010; Reiners, 2005). Therefore,
differences in the results will be determined by the interpretation of the data,
specifically, whether grain sizes need to be taken into account for subsequent
operations. Accordingly, both models are appropriate for their respective fields.
However, in the field of low—temperature thermochronology in silicate minerals, the
diffusion model (Rosso, 2005) 1s more commonly used. In describing helium
migration from metals, a single—skip model is employed (Shukolyukov et al.,
2012ab).

In recent years, there has been an increase in works focused on mathematical
modeling of helium migration processes from the crystal lattice of various minerals.
These works include those by Balout et al. (2017), Djimbi et al. (2015), Gerin et al.
(2017), Gautheron et al. (2020), and Bassal et al. (2022), which have all benefited
from the development of modern computing power. The simulations model ideal
crystals, which have significantly different helium migration from natural samples.
However, they help establish factors important for understanding migration
processes, such as the influence of impurity elements and the presence of defects on
helium conservation in minerals.

1.4 Challenges of using the (U,Th)-He system and their solutions

1.4.1 Nuclear recoil effect

The (U,Th)-He system presents a challenge in interpreting results due to the
presence of the alpha—recoil effect. When the parent isotope undergoes radioactive
decay, it releases energy of approximately 5—6 MeV, with binding energy values of
2—4 eV (Yakubovich, 2013). As a result, the radiogenic helium nucleus has a
relatively high energy and requires a distance of tens of micrometers (11-34 pm) to
be completely trapped in the mineral (Zeigler et al., 2010). The selection of suitable
grains for analysis is limited by the presence of the alpha—recoil effect. Grains that

are less than 30 um are not suitable for analysis because they do not allow for helium
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accumulation, as there is a high probability of radiogenic isotope escape from the
grain into the environment.

In addition to the potential loss of helium, there is also the risk of alpha particle
implantation (alpha—ejection) from neighboring minerals near the dated sample
(Farley, 2000). This can result in overestimated age measurements.

For grain sizes larger than 200 um, the contribution of the ejected and
implanted component can usually be disregarded. For smaller grains, the issue is
resolved by abrading the edge by 15-20 um (Farley et al., 2000; 2002), or by
applying a mathematical correction based on grain size and shape to account for the
fraction (FT) of a U and Th decay particles that are not retained in the crystal (Figure
1.4; Farley et al., 1996).
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Figure 1.4. — Fraction of retained helium in spheres of different radius for *3U, **° U,
and #*Th decay chains in apatite and zircon (Farley et al., 1996). The distribution
of the parent isotopes is homogeneous.

1.4.2 Gas-liquid inclusions

Mineral cavities frequently preserve mineral-forming solutions that were
trapped during their growth, reflecting the environmental conditions of formation.
These cavities also fill secondary fractures that indicate changing physicochemical
conditions. Inclusions in these cavities may contain trapped helium, which can cause
an increase in (U, Th)-He age. Magmatic fluid typically has a low “He content (10—

810-1071° ¢m?/g) compared to the average radiogenic helium concentrations in
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minerals, which exceed 107¢ cm?/g (Yakubovich et al., 2019). However, in certain
geological settings, such as when a mineral crystallizes in the presence of
groundwater, the concentration of trapped He can be significant (Cabral et al., 2022).
If a significant fraction of trapped helium is present, the derived age values may be
overestimated and not reproducible. This behavior can be identified by the lack of
correlation between U and He contents.

1.4.3 The problem of radiation damage

A series of radioactive decays of uranium and thorium cause radiation damage
through alpha—particle recoil, resulting in alpha damage. These defects act as
1solated traps for diffusing helium atoms, which can affect the helium diffusion
characteristics by slowing down the normal diffusion jumps, leading to the retention
of radiogenic helium. This phenomenon has been studied by Zeitler (2014) and
Gautheron et al. (2022). Therefore, the migration rate of helium in a mineral is not
constant, and its closure temperature is dependent on the time elapsed since its
formation. If the rock cools rapidly or has low U and Th contents, the impact of
alpha damage on helium age is insignificant.

1.5 Current applications of the (U,Th)-He isotope system

The (U,Th)-He method is a thermal or geochronometer used to determine the
age of geologic events and decipher the thermal history of a mineral. It covers a wide
range of temperatures and time periods, applicable for ages ranging from 4.5 billion
years to 2 thousand years (Min et al., 2003; Marsden et al., 2021) and temperatures
ranging from 20 to 300°C.

The (U,Th)-He method is commonly used to reconstruct the evolution of
orogenic regions, estimate cooling rates of magmatic bodies, and determine the
thermal history of sedimentation basins (Farley, 2002; Reiners, 2005; Aciego et al.,
2003; Dunai, 2005; Wolf et al., 1998). Iron oxide dating results provide a record of
weathering processes (Farley et al., 2018; Flowers et al., 2022). The method enables
the inference of eruption time for young volcanoes and the formation of young
rupture faults, as well as the age of archaeological finds (references in Yakubovich,

2013). The data obtained can be used to model the evolution of sedimentary systems
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and determine the genesis of mineral deposits. Analysis of extraterrestrial material
can be conducted to assess the history of impact (Kelly et al., 2018; Tremblay and
Cassata, 2020). The method has various applications, including determining
paleofire distribution fields and paleolandscape reconstruction (Reiners, 2005).
Additionally, computer modeling can be used in conjunction with track and/or other
geochronological research methods to generate different scenarios of rock cooling

and exhumation (Dunai, 2005; Wolf et al., 1998).
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CHAPTER 2. (U,Th)-He isotope system in pyrite

2.1 Mineralogy of pyrite

Pyrite has a crystal structure based on a cubic face—centered lattice, which is
characteristic of the NaCl structural type (Betekhtin, 2008) (Figure 2.1). The anionic
group [S;]* is formed by close pairs of sulfur ions. The crystal habitus is mainly
cubic, pentagondodecahedral, and octahedral, with combinations of their forms,
pseudomorphs on minerals, and organic residues also occurring. Pyrite is a
semiconductor based on its electrical properties. The chemical formula FeS; is
considered ideal, with characteristic impurities including Co, Ni, As, and Sb, and
less frequently Cu, Au, and Ag. These impurities are scattered throughout the

composition as small mineral inclusions or fine impurities.

Figure 2.1. — Scheme of crystal structure of pyrite (Betekhtin, 2008)

Pyrite is a frequently occurring ore mineral that forms in various geological
settings (Betekhtin, 2007; Pshenichkin et al., 1976; Reich et al., 2013) due to the
redistribution and concentration of matter during diagenesis or crystallization from
hydrothermal solutions. In the oxidation zone, pyrite is unstable and transforms into
iron (II) sulfate, which then oxidizes to iron (III) sulfate in the presence of excess
free oxygen. Under hydrolysis conditions, the resulting product transforms into
limonite and releases sulfuric acid, forming pseudomorphoses on pyrite. The
stability of pyrite in oxygen—free conditions is limited by its thermal decomposition

temperature into pyrrhotite and sulfur (approximately 500—-600°C).
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2.2 Stability of radiogenic helium in pyrite

Pyrite exhibits high thermal stability of radiogenic helium (Yakubovich et al.,
2019). The stability of radiogenic helium in minerals is determined by their high
bulk density and electrical conductivity (Yakubovich et al., 2015), which prevent
helium dissolution. As a result, helium atoms occupy energetically favorable
positions in various defects (Shukolyukov et al., 2012). This location of helium
limits its diffusion, ensuring high conservation in the mineral structure. This effect
1s most pronounced for nugget metals (Shukolyukov et al., 2012ab).

The increase in the conductivity of semiconductor compounds is directly
dependent on the temperature increase, which allows for the thermal preservation of
helium in semiconductor compounds. The stability of helium in a natural conductive
nonmetallic compound, sperrylite (PtAs2), was experimentally demonstrated, taking
into account the peculiarities of the conductivity of compounds (Yakubovich et al.,
2015). This information enables the consideration of other minerals with similar
crystallographic structures as geochronometer minerals, including pyrite. Pyrite has
been identified as the most promising sulfide mineral for (U,Th)-He
geochronometry based on migration characteristics and helium release kinetics
(Yakubovich et al., 2019). The high preservation of helium in pyrite is supported by
its cubic lattice, high packing density of atoms, and electrical conductivity. These
three conditions are necessary for complete preservation of helium in the mineral.
The example of pyrrhotite and chalcopyrite proves the opposite. These minerals
have a high packing density of atoms and specific conductivity, but possess low
activation energy due to the monoclinic singony (Yakubovich et al., 2019). Helium
is retained in pyrite up to the temperatures of thermal transition to pyrrhotite with
sulfur release. Abrupt explosive release of helium occurs at temperatures around
450°C. High frequency factor values confirm that pyrite crystal lattice alteration

activates helium migration from the mineral.
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2.3 Forms of uranium and thorium in pyrite

Pyrite can contain uranium in the form of inclusions of primary uranium or
uranium isomorphous minerals, or in sorbed form as a relatively homogeneous
impurity (Baranov and Vertepov, 1966). The most common inclusions are uraninite,
monazite, xenotime, rutile, zircon, and apatite. The concentration of radioactive
isotopes depends on the ore type and can vary from pg/t to g/t (Baranov and
Vertepov, 1966; Large et al., 2014). On average, pyrite contains 0.2 to 11 pg/g of
uranium (Melekestseva et al., 2014; Yakubovich et al., 2020). Uranium
accumulation in mineral inclusions smaller than 10 pm does not occur due to the
peculiarities of the o—recoil effect. Radiogenic helium is implanted into the crystal
structure of the mineral, and the (U,Th)-He age reflects the timing of helium

accumulation in pyrite.

2.4 Gas-liquid inclusions in pyrite

The grains may contain gas—liquid inclusions, in addition to mineral
inclusions, that trap excess helium with the fluid. The helium isotopic composition
of these inclusions has been used to reconstruct fluid sources (Stuart et al., 1995;
Kendrick et al., 2001; Burnard and Polya, 2004). Typically, the concentration of
helium in magmatic fluid does not exceed 1078-10-10"'%cm3/g (Bortnikov et al.,
2000; Luders and Niedermann, 2010; Yakubovich et al., 2019). Pyrite grains with
radiogenic helium concentrations greater than 10 cm?/g are suitable for (U, Th)-He
age determination. Figure 2.2 illustrates the relationship between the concentration
of radiogenic helium in pyrite, its age, and uranium content. For the average range
of uranium concentrations in pyrite, the mineral suitable for dating should be at least

10 million years old to avoid overestimation and ensure reproducibility.
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Figure 2.2. — Dependence of 4He concentration on age and uranium content in
pyrite, where gray indicates the range of helium concentrations characteristic of
fluid inclusions, red — threshold values of age suitable for dating based on uranium

content.
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CHAPTER 3. LABORATORY RESEARCH METHODS

3.1 Methods of field work and selection of material for research

The author conducted geological observations and collected factual material
as a member of the field team of IGEM RAS during field work in 2018-2019 and
2021 in the northern part of the Voykar zone on the eastern slope of the Polar Urals
in the Toupugol-Khanmeishor ore district. The area includes the Au—Fe—skarne
deposit Novogodnee-Monto, the gold porphyry deposit Petropavlovskoe, and the
gold ore occurrence Kariernoe.

During the pre—field season preparation, the author reviewed literature and
stock data related to the object of study. Additionally, the author familiarized
themselves with the collection of samples and previous works. The field work
involved documenting natural outcrops and collecting petrographic and geochemical
samples through reconnaissance routes that were approximately 10 km in length.
Field studies were conducted with consideration of the actual outcrop of the territory.
Special attention was given to the signs of hydrothermal alteration of volcanogenic—
sedimentary rocks and the distribution of sulphide mineralization near tectonic zones
and intrusive contacts. During the traverses, macroscopic diagnostics were
performed, and structural and textural features were noted. The size and occurrence
parameters of the host rocks were also determined. During macroscopic diagnostics
of samples, we determined their mineral composition, textures, and macrostructures.
We paid increased attention to the degree and nature of superimposed alteration. We
collected characteristic representative samples at each observation point with

appropriate GPS georeferencing.

3.2 Methodology of petrographic studies

The mineral composition of the host rocks was determined using optical
microscopy methods. The microscopic analysis consisted of diagnosing the rock,
identifying the mineral composition, studying mineral relationships (determining
structure and texture), determining forms of separation and sizes of minerals, and

quantitatively counting minerals. The study analyzed 92 polished stone splits
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selected during field work and from the collection of I.V. Vikentyev (IGEM RAS).

Transmitted light was used with a polarizing microscope (Leica DM750P) at the
Department of Mineralogy, Crystallography, and Petrography (MCP) at St.
Petersburg Mining University. X—ray diffraction methods of matter research were
conducted on a Leica microscope at the resource center of St. Petersburg State
University.

To achieve the most precise results in the petrographic study, a detailed
characterization of the rock types was performed using the 'group description'
method (Naumov et al., 2017). Following this methodology, each schist was
described individually to compile a comprehensive characterization of the rock
group. In determining the minerals comprising the rocks, only the necessary
properties for identification were considered. These properties include mineral
coloration, refractive index, relief, shagreen surface, cleavage, birefringence value,
extinguishing character, elongation sign, optical axis, and optical axis angle value.
Conclusions about the shape and size of the outcrops were drawn by comparing
different cross sections of a particular mineral. The identification of rock structures
and textures was based on several features, including the degree of crystallinity,
absolute size of mineral grains, and the shape, relationships, and orientation of grains
in space. Mineral content in the slides was quantitatively calculated through visual
estimation using low magnification lenses (10x, 20x). The estimation presents the
average measurements of quantitative relations among minerals in various fields of
view. The results are presented as a percentage relative to the total area of the slip,
which is considered 100%. Photographs of the sections were taken using a Leica
DM4P microscope equipped with a camera for graphical imaging. The recorded
features of the structure and composition of a particular rock type are the most

representative and characteristic.

3.3 Scanning Electron Microscopy

Monofractions of pyrite were isolated from rocks using heavy liquid

separation (CH;Br) at IGEM RAS (Moscow) for (U,Th)-He dating. To determine
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the form of uranium and thorium occurrence in pyrite, 110 grains ranging from 100—
500 um in size were selected and mounted in epoxy resin washers. The washers were
then polished using 6 and 3 um sandpaper and diamond slurry. A scanning electron
microscope equipped with an energy dispersive X-ray spectral analysis detector
AzTec Energy 350 in the resource center 'Geomodel', St. Petersburg State University
(St. Petersburg, analyst N.V. Vlasenko) was used for microanalysis.

The study of pyrite grains focused on the composition and size of uranium—
bearing mineral inclusions, which directly affect the results of (U,Th)—He dating.
The pyrite's generation was diagnosed by considering the paragenesis of ore
minerals and the distribution of chemical elements. Silicate inclusions were noted to
prevent distortion of the dating results and to enable reconstruction of the ore

formation's geologic history.

3.4 (U,Th)-He Dating Technique

3.4.1 Sample Preparation

For (U,Th)-He dating, pyrite crystals larger than 250 um without visible
inclusions were selected using a stereomicroscope with a magnification of up to 5
times (IPGG RAS). Each sample consisted of a suspension of 1.5-2.5 mg of
substance, on average containing 45 pyrite grains. To determine the He, U, and Th
contents in each sample sequentially, we placed the sample in a quartz ampoule and
sealed it under forevacuum conditions (10~ torr) using a LIGA oxygen-hydrogen
torch (Figure 3.1a). The crystallochemical properties of quartz allow helium released
during heating to freely diffuse through the walls of the ampoule, while thermal
decomposition products of pyrite (pyrrhotite, sulfur) containing uranium and

thorium impurities remain inside the ampoule (Figure 3.1b).
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Figure. 3.1. — Pyrite sample in a quartz ampoule. a — pyrite before annealing; b —
decomposition products (pyrrhotite and sulfur) after the experiment.

3.4.2 Determination of radiogenic helium concentration

The microquantities of radiogenic helium concentration were measured using
a highly sensitive mass spectrometer MSU-G-01-M at [PGG RAS, as shown in
Figure 3.2. A cuvette containing the prepared sample is placed inside a rhenium
cylinder using a special device made of refractory material. The language used is
clear, concise, and objective, with a formal register and precise word choice. The
sample is gradually heated in static mode under high vacuum conditions (2x10~
torr). High vacuum is achieved through a three—stage pumping process. First, a
mechanical oil pump provides forvacuum. Second, a diffusion oil pump maintains
high vacuum. Finally, getter pumps (SAES NP 10) in the extractor and analyzer sorb
the active gases (Hz, N, O, etc.) released during the experiment. Helium atoms are
ionized through electron impact. The charged particles enter the analyzer and are
separated based on their mass—to—charge ratio under the influence of a magnetic
field. The focused ion beams entering the receiver were registered by the secondary

electron multiplier.



Figure. 3.2. — Magnetic—sector mass—spectrometric complex MSU-G-01-M (IPGG
RAS)

To remove the low—temperature atmospheric helium remaining in the
ampoule after pumping, the samples are heated to 200°C for 30 minutes. The
samples are then gradually heated in steps of 200-250°C for 10 minutes each to
1100°C, allowing complete helium release from the pyrite. The quantity of helium
released was recorded after each heating step to estimate the amount of helium
released in the relatively low temperature range (<500°C). The measurements were
conducted using the following analyzer settings: emission current of 0.05 mA,
acceleration voltage of 2.5 kV, and counting time of 300 msec.

To determine the representative blank of the procedure, empty quartz
ampoules were utilized. The blank signal was —107'° ¢m®, with an instrument
sensitivity of 107! cm?® “He per pulse (counting time 300 msec). The reliability of
analytical 4He measurements was checked using a certified standard, Santiago River
platinum (39.6 = 0.7 Ma; Yakubovich et al., 2023).

3.4.3 Determination of Uranium and Thorium Isotope Content

The isotope dilution method was used to determine the uranium and thorium
content. The degassed quartz ampoule was completely decomposed with the thermal
decomposition products of pyrite containing uranium and thorium impurities in a
mixture of acids (0.4 ml tsar vodka, 0.5 ml conc. HF, 0.05 ml HC104) with the
addition of 1 drop of mixed tracer 230Th-235U in closed Teflon vials at a
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temperature of 180°C for 24 hours. The samples were dried on a hot plate at 2001 IC

and the resulting dry residue was transferred to a 2 mL solution of 5% HNO3 for
further U and Th measurements. The isotope ratios of 235U/238U and 230Th/232Th
were measured using an ELEMENT XR ICP MS magnetic sector mass spectrometer
at GEOCHI RAS in Moscow by analysts M.M. Podolskaya and M.O. Anosova
(Figure 3.3). Simultaneous experiments were conducted with Durango apatite,
which is recognized as the international standard for the (U,Th)-He method (31+1
Ma; McDowel et al., 2005), to evaluate the accuracy of the analytical procedure. The
complete chemical blank of the procedure, including background U and Th
concentrations, was determined from blank quartz ampoules dissolved by a similar

technique. The blank values were —1x10'° for U and 6x10'° for Th.

Figure. 3.3. — ELEMENT XR magnetic—sector inductively coupled plasma mass
spectrometer (GEOHI RAS)
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CHAPTER 4. GEOLOGICAL SKETCH

4.1 Geological Situation of the Toupuogol-Khanmeyshor Ore District

The studies were conducted in the Toupuogol-Khanmeyshor ore district,
which is situated in the northern part of the Voykar zone of the East Ural megazone
of the Polar Urals (Figure 4.1). This region is one of the less explored segments of
the Urals. The Voykar zone is located south of the Sob transversal uplift and north
of the Khulga River. It has a submeridional (S—SW) strike and its structure includes
Paleozoic paleoceanic and paleostrovoductal formations thrusting along the Main
Ural Fault (sutura) over the Late Precambrian—Paleozoic formations of the West
Ural Megazone, which represents the deformed edge of the East European platform.
This information is based on the works of State (2007, 2014), Kuznetsov and
Romanuk (2014), and other references cited in this paper. The northwestern part is
composed of Early Paleozoic oceanic formations of ophiolite association, which are
represented by metamorphosed hyperbasites and gabbroids. These formations have
been extensively studied by Perevozchikov (1974), Savelyev (1974), Savelyev and
Savelyeva (1977), Savelyeva (1987), Dobretsov et al. (1977), Yazeva and
Bochkarev (1984), Remizov (2004), and others (Figure 4.1). The southeastern part
of the zone is dominated by Late Ordovician—Middle Devonian island—arc rocks of
the Malouralsky volcanic—plutonic belt. The island arc intrusives and associated
volcanogenic formations extend more than 250 km N—-NE in the form of a narrow
band 1040 km wide. These formations are the northern continuation of the Tagil

Zone structures of the Middle and Northern Urals (Kuznetsov and Romanuk, 2014).
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Figure 4.1. — Geological position of the Toupugol-Khanmeyshorskoye gold ore
district in the structures of the eastern slope of the Polar Urals, compiled using data
(State...2007; 2014; Sobolev et al., 2017 and references in these papers).

The Toupugol-Khanmeishor gold ore district is located at the northeastern
end of the Voykar zone, among the Paleozoic Island arc formations. Within this
district, the Novogodnenskoe ore field (Figures 4.1; 4. 2) contains two identified
gold deposits in the Polar Urals: Petropavlovskoe gold—porphyry (26 t Au) and the
Novogodnee-Monto gold—iron—skarn (7 t Au), as well as several ore deposits

(Karachentseva, Kariernoe et al) (Vikentyev et al., 2017).
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Figure 4.2. — Geological map of the Novogodnenskoe ore field according to
(Volchkov et al., 2008) with modifications.The ore field's structure comprises the
following strata, listed from bottom to top: Sokolinskaya (0,3 sk),
Khanmeishorskaya (O3S, hn), Toupugolskaya (S;-2 tp), and Toupugol'egartskaya
(D> tg) (Figure 4.3) (Prymanosov et al., 2004; Zyleva et al., 2014).

The rocks in this area that contain ore are Silurian—-Middle Devonian island—
arc volcanogenic and sediment—volcanogenic rocks, which consist of tuffs, tuffites,
and lavas of basalt-andesite composition, as well as limestones from the

Toupugolskaya and Toupugol'yegartskaya strata. Additionally, Early—Middle
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Devonian plagiogranitoids from the Sobs Batholith penetrate these rocks. The rocks
of volcanogenic and volcanogenic—sedimentary origin form a monocline that is

complicated by a series of flexural bends with a southeastward dip (Figure 4.4).
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Figure 4.3. — Stratigraphic column for the Toupugol-Khanmeishor ore district of
the Voykar zone of the Polar Urals (after (State..., 2007, 2014, Sobolev, 2019) with
modifications: 1 — lavas of basic composition, 2 — interbedded basalts and basallts,
andesites and their tuffs; 3 — interbedded sandstones and siltstones; 4 — limestone;
5 — break in sedimentation, angular unconformity.

The Toupugol Formation (S, ; tp) is exposed in the section along the
Sokoliny and Khanmeishor creeks. It consists of lavas and clastolavas of aphyric,

pyroxenophyric basalts, pyroxene—plagiophyric andesibasalts, less frequently
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andesites, and their tuffs. Lateral replacement of volcanics by volcanomictic and
polymictic variegated gravels, often with fragments of reefogenic limestones of
Venlockian—Ludlovian age, sandstones, siltstones, and limestones express
intraformational erosions (Zyleva et al., 2014). Stratiform sulfide mineralization,
predominantly pyrite in composition, is hosted by layers of thinly clastic carbonate
rocks (Zyleva et al., 2014). The rocks of the Toupugol formation are dissected by
veins with hydrothermal-metasomatic mineralization: chlorite-sericite-quartz,
quartz-sericite-chlorite, carbonate-quartz-sericite, chlorite-epidote. Additionally,
the contact zones between the rocks and intrusions exhibit brecciation and
orogenization. The age of the Topougol strata rocks was determined based on the
findings of fauna, including foraminifera, corals, brachiopods, crinoids, and
conodonts, in limestones, sandstones, siltstones, and flints (Zyleva et al., 2014). The
sedimentary packs are rhythmically layered and cumulatively reach 500 m, with a
total formation thickness of 1500 m.

The Toupugoljegarta Formation (D;_, tg) is exposed by mine workings and
boreholes in the area of Mt. Toupugol, as well as in local quarries of building stone
(Zyleva et al., 2014). The formation comprises of carbonate and terrigenous
flyschoid rocks that overlie the volcanics of the Toupugol Formation, despite
stratigraphic disagreement. The lower section consists of white and pinkish
organogenic limestones, ranging from 50—170 meters in thickness, with occasional
inclusions of limestone breccias and conglobreccias. These limestones are overlain
by ribbon—layered cherry clayey—siliceous and calcareous—clayey siltstones and silt—
sandstones. The section consists of layered gray sandstones with occasional packs
of alternating gray and variegated polymictic sandstones, siltstones, conglomerates,
and gravelites containing fragments of rifted limestones, andesites, basalts, and their
tuffs. Locally, weathering crusts up to 0.2 m thick are observed at the contact
between the Toupugol and Toupugoljegart strata (Zyleva et al., 2014); metasomatic
processes are not present. The Toupugoljegarta Formation rocks' age is Ems—
Eifelian, determined by foramenifera, stromatoporoids, tabulate corals, rugose

corals, brachiopods, crinoids, algae, radiolarians, and conodonts finds
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(Pryamonosov et al., 2009; Dushin et al., 2014; Plotitsyn et al., 2022). The strata's

total thickness ranges from 80 to 295 m.

In the studied ore district, the Soba batholith is the primary ore—magmatic
source. It is composed of Early Devonian gabbroids and plagiogranitoids, as shown
in Figure 3.4. According to the latest legend of the Polar Urals series of
Gosgeolkarta—200 sheets (State..., 2007, 2014), the Soba complex is divided into
three intrusive phases. The intrusion is composed of three phases. The first phase is
represented by porphyritic hornblende gabbro, which most often occurs as xenoliths
in rocks of the second phase. The second (main) phase is composed of diorites,
quartz diorites, and tonalites, and it makes up the overwhelming part of the
intrusions. The third intrusive phase is represented by numerous low—thickness dikes
of hornblende quartz diorite—porphyrites, tonalite—porphyries, plagiogranite—
porphyries, and aplitic leucoplagiogranites. The Paleozoic formations in the area are
interrupted by a sill of gabrodolerites and dikes of dolerites, montsodiorite
porphyries, and lamprophyres. The sources cited for this information are Mansurov
et al. (2017) and Sobolev et al. (2020). These formations are commonly attributed
to the Early Carboniferous Musyur (Malokhanmean) complex, which is associated
with the accretion of the Polar—Ural island arc and the formation of the Early Ural

orogen.

Volcanic and volcanic-sedimentary Intrusive rocks
rocks Sob complex D1z
Toupougolskaya serigs Si-2 gabbro-diorite, quartz diorite (a); - epidote-gamete skarn (a);
mafic twffs (a); plagiogranite porphyries (b) magnetite bodies (b)
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Figure 4.4. — Geologic section of the Novogodnenskoe ore field along the A-B line
(Figure 4.2) (according to (Volchkov et al., 2008) with modifications).
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The area under study is situated in a long—standing tectonic zone and is
characterized by a mosaic—block structure resulting from a combination of
disjunctive faults with different orientations, including east—northeast and northwest
(submeridional) strikes. The first type of tectonic disturbances is represented by
steeply dipping faults and shears (Volchkov et al., 2008). The main ore—bearing
structures are the north—west strike—slip faults, which coincide with the orientation
of basite dikes of the Musyur complex and zones of vein—vein and vein—embedded

mineralization.

4.2 Geodynamic model of Voykar structural-formation zone
formation

Previous works proposed various ideas about Paleozoic geodynamics of the
Polar—Ural region (Yazeva and Bochkarev, 1984; Didenko et al., 2001; Remizov,
2004; Samygin and Burtman, 2009; Kuznetsov and Romanuk, 2014). N.B.
Kuznetsov and T.V. Romanuk's work (2014) outlines a modern concept of
geodynamic evolution of the region, summarizing geological and modern analytical
data. The Late Cambrian marks the beginning of Ural's history with continental
rifting at the Ural margin of the Arct—Europe. During the Early Ordovician period,
the process of rifting was replaced by oceanic spreading. This resulted in the
detachment of a fragment of continental lithosphere from the Ural margin of Arct—
Europa, which led to the opening of the Voykar basin with oceanic—type crust. At
the beginning of the Silurian period, the Caledonian orogeny caused Arct—Europe to
become part of Arct—Laurussia. During the Silurian period, the oceanic lithosphere
of the Ural paleoocean began to subduct under a detached fragment of the
continental lithosphere. This process led to the formation of the Polar—Ural island—
arc system and the back—arc basin. The Sob—Maloural volcanic—plutonic belt
complexes were formed in the subduction zone until the beginning of the
Carboniferous. During the latter half of the Carboniferous period, the island arc
accreted and the Voykar basin closed. The Sob—Maloural volcanic structure was
thrust over the Voykar ophiolites and then pushed onto the Uralic margin of Arct—

Laurussia. The end of the Carboniferous period marked the beginning of the main
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Ural collision, which lasted until the Early Permian. This was the collision of the
Ural margin of Arct-Laurussia with the Siberian—Kazakh—Kyrgyz continent. The
Ural orogeny was accompanied by the introduction of collisionial granitoids.
Recent studies have corrected this model. Sobolev et al. (2017) and Shadrin
and Sobolev (2017) showed that subduction processes in the Polar—Ural region
began significantly earlier than the Caledonian orogeny, in the middle—late
Ordovician. It was demonstrated that the final occurrences of island—arc magmatism
in the Voykar zone ceased at the boundary of the Middle and Late Devonian, rather
than in the Early Carboniferous (Sobolev et al., 2018). Additionally, the accretion of
the i1sland arc to Arct—Laurussia took place earlier, in the Early Carboniferous

(Sobolev et al., 2020).

4.3 Geological structure of ore objects

The discovery of gold ore objects in the Toupugol-Khanmeishor ore district
dates back to the end of the 20th century. In 1993, during geological exploration,
high gold content were found in the area of the future Novogodnee-Monto deposit
(7 t Au), which was previously classified as an iron ore contact—metasomatic object.
In 2004, appraisal work was facilitated by the prospectivity of the deposit, leading
to the identification of the Petropavlovskoe deposit (26 t Au) as an independent
large—volume object due to its western mineralized zone. The gold deposits garnered
attention from various organizations, including CNIGRI, OJSC Yamalzoloto, OJSC
Yamalskaya GK, OJSC PUGGP, LLC Yamalgeo, LLC NPO Geosphere, IMGRE,
GIN RAS, IG Komi NTs Ural RAS, IGEM RAS, UGGU, RUDN, and others
(Vikentyev et al., 2017). Several occurrences of ore were identified in the ore
district, including the Kariernoe prospect (5 t Au by P, category), which is located 2

km southwest of the Novogodnego—Monto deposit and is considered promising.
4.3.1 Kariernoe ore deposit
The Kariernoe ore deposit is situated on the southwest flank of the

Novogodnee ore field (Figure 3.2). The host rocks are Upper Venlock—Ludlovian

(Pryamonosov et al., 1994; Dushin et al., 2014) volcanogenic—sedimentary rocks
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(flyschoids, polymict breccias with fragments of volcanogenic, intrusive and
carbonate rocks) and Toupugol Formation volcanogenic rocks of basalt—andesite
formation (Figure 3.5). The stratified formations are located in the roof of the Sob
batholith, a multiphase gabbro—diorite—plagiogranite formation from the Early—
Middle Devonian period. All Middle Paleozoic island—arc formations in this area
are interrupted by dikes of dolerites, lamprophyres, and montsodiorite porphyries
from the Musyur complex (Volchkov et al., 2008), which have been dated to the
Early Carboniferous period (Sobolev et al., 2020). The ore occurrence site is situated
in a zone of intense stratification, cataclasis, and brecciation, which is bounded by
the Toupugol and Yevyegan faults (Figure 4.2). The layers of thinly clastic

volcanogenic—sedimentary, terrigenous, and terrigenous—carbonate rocks host

stratiform sinter and significant pyrite mineralization.
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Figure 4.5. — Scheme of the geologic structure of the Kariernoe ore occurrence with
sampling points (according to (Pryvnanosov et al., 2004) with modifications).

Linear zones of gold mineralization are identified in weakly altered berezite

rocks, which are limited to stratified areas composed of sulfide—quartz and quartz—
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carbonate veins. The thickness of mineralized zones ranges from one to tens of
meters, with gold content reaching up to 10 g/t (Volchkov et al., 2008). Several
mineral associations are present within the ore deposit, with pyrite being the
predominant mineral and occasionally accompanied by magnetite, chalcopyrite, and
sphalerite. Based on its mineralogical and geochemical features, the gold ore
mineralization at the Kariernoe ore deposit is classified as the gold—sulfide—quartz
type. This type is found in the zones of hydrothermal-metasomatic changes at the
Novogodnee-Monto deposit.

4.3.2 Novogodnee-Monto deposit

The Novogodnee-Monto Au—Fe—skarn deposit is situated in the central and
eastern parts of the Novogodnenskoe ore field (Fig. 4.2). The deposit is located in
the exocontact zone of a large diorite stock of the Sobo complex among Silurian
volcanics of basic and medium composition, sedimentary volcanogenic rocks with
lenses and packs of marbleized limestones belonging to the Toupugol Formation
(Andreev, 2006). Volcanogenic and intrusive rocks form a single volcanic—plutonic
association. The Sobo complex intrusive formations consist of diorites, quartz
diorites, and tonalites from the second (main) intrusive phase, as well as dikes of
quartz diorite—porphyrites, tonalite—porphyries, plagiogranite—porphyries, and
leucoplagiogranites from the third phase (Figure 4.6) (Mansurov, 2009). The
Paleozoic rocks of the deposit are all intruded by Early Carboniferous basite

intrusives of the Musyur complex (Mansurov, 2009; Sobolev et al., 2020).
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Figure 4.6. — Scheme of the geologic structure of the Novogodnee-Monto deposit
with sampling points (according to (Pryvnanosov et al., 2004) with modifications).

Autometasomatic alteration of volcanogenic rocks is widespread near the
intrusions of the Sob complex. Among the metasomatic processes, propylitization,
skarnization and berezitization are prominent (Trofimov et al., 2005). It is believed
that the formation of the ore district occurred in several stages: 1) volcanogenic—
sedimentary (S,—D1); 2) skarn—porphyritic (D,-2); 3) berezit (D3) (Vikentyev et al.,
2017).

Calcareous skarns form at the contact of volcanics with limestones and

carbonate—bearing volcanogenic—sedimentary rocks due to tectonic disturbances.
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The skarns are located in the intrusive part of diorites of the Soba complex.
Morphologically, the skarn bodies have a lenticular—ribbon shape in cross—section.
The composition of skarns corresponds to the pyroxene—granate—epidote facies
(Figure 4.7a). Skarn formation is completed through magnetite mineralization,
resulting in the creation of magnetite bodies with pyrite phenocrysts and ore
minerals. These are associated with areas of gold—magnetite—sulfide mineralization.

The alteration thickness is typically tens of meters.

Figure 4.7. — Scan of samples of the Novogodnee-Monto deposit: a — pyroxene—
garnete—epidote skarns (NM—-27); b — pyrite—sericite—quartz metasomatites (NM—
17).

The process of propylitization is represented by epidote—chlorite, carbonate—
chlorite, and actinolite—epidote facies. It is confined to the outer zones of
development of the halo skarns. It should be noted that representatives of epidote—
chlorite alteration form halos with a larger distribution area, including endocontact
parts of the diorite massif. In contrast, actinolite—epidote rocks are limited to
discontinuous structures of submeridional and northeastern direction. The
propylitization zone extends for hundreds of meters and has a thickness of up to tens
of meters.

The final stage is characterized by the berezitization process, which is
represented by pyrite—sericite—carbonate—quartz alteration (Soloviev et al., 2013).

These quartz—sericite—sericite metasomatites (Figure 4.7b) contain disseminated
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gold—sulfide—quartz mineralization in low—thickness quartz and quartz—carbonate
veins, including linear veinlets. It is likely that these metasomatites are related to the
die—off and cooling of the magmatic sources of the Sob batholith during the final
stage of island—arc magmatism (Vikentyev et al., 2017, 2019; Sobolev, 2019). The
distribution of metasomatic alteration is controlled by northwest—trending strike—
slip fault systems. The quartz—sericite metasomatite zone is typically tens of meters
thick and extends for hundreds of meters.

The deposit contains several different types of ores, which are superimposed
on each other and occur in a relatively small area of 2.5 km?. Two main industrial
types of ores are distinguished based on the structural and morphological
characteristics of the deposit: 1) gold—sulfide-magnetite, which is confined to
skarn—magnetite bodies; and 2) vein—embedded gold—sulfide—quartz, which is
associated with zones of propylitization (epidote—chlorite—albite association =+
calcite) of host rocks and pyrite—sericite—quartz metasomatic alteration (Ivanova,
Ivanova, 2021).

The gold—sulfide—magnetite mineralization is linked to skarn and skarn—
magnetite subplast lenses located above the diorite massif in the contact zones of
carbonate and tuffogenic—sedimentary rocks. The sulfide—magnetite ore bodies that
contain gold consist of lenses, nests, and bedded deposits that can be several tens of
meters thick. The ore structures are massive, banded—stained, and spotted—
embedded. This mineralization type is directly linked to the intrusion of diorites
from the Soba intrusive complex. The ore minerals present are magnetite, pyrite,
chalcopyrite, cobaltite, pyrrhotite, arsenopyrite, and marcasite. Nugget gold is rare,
and generally corresponds to low assay values (757-893). However, its assay
increases when associated with cobalt-bearing cobaltite, pyrite, and chalcopyrite
(Vikentyev et al., 2021).

The gold—sulfide—quartz mineralization is primarily linked to hydrothermal
metasomatic formations of pyrite—sericite—quartz composition. The low thickness
steeply dipping quartz and carbonate—quartz veins are limited to weakened zones of

buckling and faulting. These ores represent subvertical low thickness (ranging from
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1 to 10 m) vein—embedded zones of mineralization with an average gold content of
up to 3.7 g/t (Volchkov et al., 2008). The mineral association comprises mainly of
pyrite, with smaller amounts of galena, sphalerite, chalcopyrite, and hematite.
Nugget gold is found in association with pyrite and galena. Inclusions in quartz and

chlorite are rare and typically small (up to 20 microns) (Andreev, 2006).

4.3.3 Petropavlovskoe deposit

The Petropavlovskoe gold porphyry deposit is located in the western part of
the Novogodnenskoe ore field and corresponds to the central part of the western
mineralized zone of the Novogodnee-Monto deposit, which is a steeply dipping
east—striking linear stockwork (Koenig and Butakov, 2013) (Figure 4.2). The
Petropavlovskoe deposit consists of Wenlock—Ludlow metasomatized sedimentary
volcanogenic (siltstone — psephitic) rocks of the basalt—andesibasalt series, with rare
lenses of carbonates of the Toupugol Formation intruded by subangular subvolcanic
bodies of abundant porphyritic andesibasalts (Koenig and Butakov, 2013). Plutonic
formations are widespread in the field and are represented by linearly elongated,
submeridional dyke—shaped bodies in varying degrees of metasomatized Early—
Middle Devonian (Vikentyev et al, 2017; Sobolev et al., 2018a, b; Sobolev, 2019)
porphyritic gabbro—diorites, diorites, quartz diorites, tonalites, and plagiogranites of
the Sob Complex, and later — Early Carboniferous dikes of montsodiorite porphyries,

lamprophyres, and dolerites of the Musyur Complex (Sobolev et al., 2020) (Fig. 4.8).
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Figure 4.8. — Scheme of the geological structure of the Petropaviovskoe deposit with
sampling points for (U, Th)—He dating (according to (Vikentyev et al., 2017) with
modifications).

The hydrothermal-metasomatic alteration (Figure 4.9) of the rocks resulted
from the processes of berezitization, oquartzization, albitization, propylitization and
skarnization. The deposit shows the following metasomatic zonation: (epidote)—
carbonate—chlorite rocks (propylites) — pyrite—chlorite—albite and pyrite—albite rocks
— pyrite—sericite—quartz formations (Mansurov, 2009; Mansurov et al., 2017).
Skarns and skarnoids are distributed in minor amounts and are locally manifested in

the southern part of the deposit.
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Figure 4.9. — Hydrothermally altered volcanogenic rocks of the Petropavlovskoe
deposit (309/15)

Low and intermediate temperature epidote—carbonate—chlorite hydrothermal—
metasomatic formations are widespread throughout the deposit. In morphology, the
alteration halos are represented by submeridionally extending lenticular and oval
zones with widths from the first meters to the first tens of meters, with lengths from
tens to hundreds of meters, traced (according to exploration data) to a depth of more
than 300 m (Mansurov, 2009). The distribution halo of hydrothermal-metasomatic
transformations is limited by the diorite—porphyrite bodies of the Soba Complex and
the system of steeply dipping faults to the east and west. All volcanogenic rocks of
the deposit, as well as gabbroids and granitoids of the Soba Complex, have
undergone propylitization, with chlorite—carbonate metasomatites developing on
volcanics and epidote—chlorite metasomatites on intrusives. The propylites are
characterized by low pyrite (<1%) and gold (up to 0.1 g/t) contents (Vikentyev et
al., 2017).

Calcareous skarns have a limited distribution and are extremely rare. The
skarns are spatially associated with northwest trending faults that control the
mineralized zones of the deposit. Thin lenticular bodies (up to 50 m) are localized
in the central part of the deposit (Mansurov, 2009). The skarnization process affected
dikes of diorite porphyrites and volcanogenic—sedimentary rocks of the Toupugol
Formation. In terms of mineral composition, the formations correspond to garnet—
magnetite mineralization, which is the final stage of formation of the productive

skarns of the Novogodnee-Monto deposit.
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Metasomatic formations of pyrite—(chlorite—)-albite composition are
represented by bodies of complex morphology confined to the contacts of
porphyritic dikes (Mansurov, 2009). Secondary alteration is manifested in
sedimentary volcanogenic rocks of the Toupugol Formation. Metasomatites of
mainly albite composition are distinguished in a separate group in connection with
increased concentrations of gold — more than 1 g/t (Mansurov, 2009). Pyrite—
(chlorite)—albite metasomatic alterations determine the gold content of the deposit
ores and are associated with the main productive gold—sulfide stage of ore formation
(Vikentyev et al., 2017).

Pyrite—sericite—quartz formations are characterized by superimposed vein—
vein gold—quartz—carbonate—sulfide mineralization, forming a mineralized zone that
determines the industrial value of the Petropavlovskoe deposit. The width of this
type of alteration halo is estimated at 350—400 m, the length at the surface is not less
than 700—800 m, and the depth is up to 300 and more meters (Vikentyev et al., 2017).
Pyrite—sericite—quartz metasomatites were formed on previously propylitized
gabbroids, granitoids and volcanogenic rocks, and their distribution halo coincides
with the propylitization area. Late—production pyrite—sericite—quartz rocks are
characterized by the highest gold grades (up to 1.5 g/t) due to the superposition of
all previous types of metasomatic alteration (Mansurov, 2009).

Several types of precious metal mineralization are distinguished at the
deposit: 1) vein—vein disseminated gold—sulfide ores in pyrite—albite metasomatites;
2) vein—vein disseminated gold—malosulfide—quartz ores in pyrite—sericite—quartz
metasomatites (Vikentyev et al., 2017). At the same time, it should be noted that the
first type of mineralization significantly exceeds the second type in terms of
distribution area.

Gold—sulphide mineralization is represented mainly by vein—embedded
pyrite, the content of which reaches 15-20 vol%, less frequently by chalcopyrite and
pyrrhotite, magnetite is extremely rare in deep horizons. Native gold is present as

microinclusions in fractures and other defects of pyrite cemented by chalcopyrite,



53

sometimes together with galena. The average gold content in such ores is 25-30 g/t
(Vikentyev et al., 2017). This type of ore contains on average 1.5-2 g/t gold.

The gold—malosulfide—quartz ore type is controlled by host pyrite—sericite—
quartz metasomatites in the inner part of the bodies. Mineralization formed in two
sub—stages: pyrite—carbonate—quartz and gold—telluride with galena (Koenig et al.,
2013). The ores morphologically represent secant steeply dipping quartz veins and
thin veins within large volume lenticular zones of metasomatic alteration. The main
ore mineral is pyrite, less common are galena, chalcopyrite, pyrrhotite, and micron—
sized isolations of antimonite, hessite, nugget gold, tellurium bismuthite, altaiite,
and petzite, the total of which does not exceed 1.5 vol%. The vein mineralization is
superimposed on the previously productive gold—sulphide ores and as a result is
defined by higher gold grades averaging up to 5-10 g/t.

The sulfur isotopic composition of pyrite in the Toupugol-Khanmeyshor area
varies widely, ranging from —17 to +3%o (Figure 4.10). Pyrite from stratiform ore
deposits of the Kariernoe ore deposit has the lightest sulfur isotopic composition
(3**S from —17 to —16%o), according to unpublished data from Tyukova and
Vikentyev. The sulfur isotopic composition of pyrite in skarn ores of the
Novogodnee-Monto deposit corresponds to 8**S from 0 to +3%o. The sulfur isotopic
composition of the chlorite—albite metasomatites closest to skarns at the
Petropavlovskoe deposit is characterized by values of 6*S ranging from —0.5 to
+1.7%o. The gold—sulfide—quartz type of mineralization within the Novogodnee-
Monto deposit is characterized by a sulfur isotopic composition ranging from —2 to
0%o0. The pyrite—sericite—quartz metasomatites of the Petropavlovskoe deposit
exhibits variations in sulfur isotopic composition, with §**S values ranging from —
12 to +0.5%0 (Vikentyev et al., 2017). The deposit's central portion has a uniform
sulfur isotopic composition with deviations of approximately 0.5 from the meteoric
standard. In contrast, pyrite with notably lower 6**S values (< —5%o) is present in the

deposit's northwestern region.
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Figure 4.10. — Sulfur isotopic composition of 034S pyrite of the Toupugol—
Khanmeshora ore district (Vikentyev et al., 2017, unpublished data Tyukova,
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CHAPTER 3. MINERALOGICAL AND PETROGRAPHIC

CHARACTERIZATION OF ORE OBJECTS

5.1 Volcanogenic rocks

The Novogodnenskoe ore field's stratigraphic section comprises volcanogenic
and sedimentary rocks from the Toupugol (S;_;) and Toupugolyegart (D1-2) strata.
The Kariernoe ore occurrence contains volcanogenic rocks that lack obvious signs
of hydrothermal alteration. These rocks consist of medium—small clastic crystalline
andesite and tuffite tuffs with abundant disseminated and layer—by-layer
phenocrysts of pyrite (Figure 5.1) (Ivanova et al., 2024). The alternating layers of
tuff are determined by the wavy, layered texture of the rocks (Figure 5.1a).

=" N ey ¢

Figure 5.1. — Petrographic peculiarities of tuffites of the Kariernoe ore deposit
(14/32): a, b — wavy—layered texture of tuffites. (a — without analyzer; b — with
analyzer), ¢ — idiomorphic cubic crystals of pyrite. Cal — calcite; Pl — plagioclase;
Py — pyrite; Ser — sericite.

The interbeds of tuff are classified into gradational series, with a gradual

decrease in the size of pyroclastic material up the section (Figure 5.2). The thickness

of gradational lithocycles reaches the first tens of centimeters. The variably oriented
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unsorted angular clasts are composed of plagioclase, quartz, and ore minerals
(Figure 5.1a). The plagioclase composition corresponds to andesine in terms of the
angle of extinguishment of polysynthetic twins. The clasts range in size from silt to
sand (0.05-0.25 mm). The rock base consists mainly of finely clastic volcanogenic
material. The tuffites contain fragments of carbonate composition (Figure 5.1b).
Additionally, carbonate (calcite) and sericite are present as secondary minerals
replacing feldspars, as evidenced by the jagged outlines of calcite among quartz—

feldspar clastic material.

1 cm
| SE—

Figure 5.2. —Tuffogenic rocks of the Kariernoe ore deposit, crumpled in the rift fold
(ob. 14/26)

The ore mineralization is found in stratiform deposits with subplast and
lenticular morphology at different levels of lithological series. It is mainly in the
form of scattered or layer—by—layer pyrite phenocrysts. In schliffs, it is represented
by small sections of cubic grains and their aggregates, with larger crystals occurring
less frequently (up to 0.4x0.4 mm) (Figure 5.1c). Pyrite forms ellipse—shaped
outcrops, reaching a size of 0.04x0.4 mm, and clusters up to 0.12x0.2 mm. The rocks
are dissected by veins of quartz—carbonate and carbonate compositions (0.5-2 mm
thick).

5.2 Altered rocks
The metasomatic formations in the Novogodnenskoe ore field have a similar

mineral composition and structure, but each deposit has its own peculiarities. The
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rocks are categorized by the type of alteration and will be discussed in the order they

were formed.

5.2.1 Propylitized igneous rocks
5.2.1.1 Volcanic rocks

The basalt—andesite series volcanics at the Novogodnee-Monto deposit are the
least altered.

The andesibasalts are porphyritic, hyalopylitic, massive, and slightly to
moderately propylitized. In 1solated cases, the pilotaxite structure of the main mass
1s noted due to subparallel arrangement of plagioclase microlites oriented in the form
of flows. Additionally, newly formed minerals such as chlorite (5-10% by volume),
epidote (5% by volume), and carbonate (10% by volume) are present. Ore minerals
are evenly dispersed throughout the sample and constitute about 10% by volume.
The main minerals in the sample are plagioclase (45-60% by volume),
clinopyroxene (10% by volume), and quartz (5-10% by volume). The phenocrysts
consist of sericitized and sossuritized plagioclase tabulars measuring 3—5 mm in size
(20% by volume), as well as rare grains of clinopyroxene. Isolated occurrences of
zonal plagioclase have been observed, with pure albite composing the rims (Figure
5.3c). The main mass consists of microlites of weakly sericitized and albitized
plagioclase, as well as chloritized volcanic glass.

Greenish epidote is a component of the sossurite mass, which fills the spaces
between plagioclase microlites (Figure 5.3b). It forms thin veins (ranging from 0.1
to 0.25 mm) and lenses (ranging from 0.05 x 0.2 to 0.4 x 2.25 mm), and develops on
plagioclase phenocrysts together with chlorite, while also replacing rare olivine
grains. Quartz and calcite form thin veins (0.05 — 0.25 mm).

Volcanogenic rocks are more exposed to hydrothermal alteration in the area
of the Petropavlovskoe deposit. The rock contains plagioclase (4550 vol. %), quartz
(10-15 vol. %), and carbonate (15 vol. %) as its main minerals. Ore minerals
constitute 15 vol. %, while titanite (1-2 vol. %) is present in single samples. Chlorite
(5-10 vol. %), carbonate (5 vol. %), and sericite (5 vol. %) are newly formed

minerals. The rocks maintain their original primary structure, which is porphyritic.
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Breccia structure with fine—grained cement is rarely formed. The main mass
structure remains primary, exhibiting hyalopilitic, intersertal, and pilotaxitic textures

(Figure 5.3a and b). The textures vary from massive to spotted, with less common

veined and nested textures.

L

Figure 5.3. — Petrographic features of propylitized igneous rocks of the
Novogodnenskoe ore field, with analyzer (a—d), without analyzer (e, f) a —
hyalopylitic structure of the main mass (cl. 308/2), b — pilotaxitic structure of the
rock base (cl. NM-9), ¢ — sericitized plagioclase with direct zonality (cl. NM—11), d
— idiomorphic diopside grain of elongated—prismatic habitus (cluster NM-8), e —
chlorite—1 develops along cracks in plagioclase phenocrystal (cluster 308/4), f —
chlorite-2 in carbonate vein zalbands (cluster 309—60-31). Cal — calcite; Chl —
chlorite; Di — diopside; Ep — epidote; Pl — plagioclase; Ser — sericite.
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Plagioclase phenocrysts are tabular crystals that are single, fractured, and less
frequently fused. They measure up to 0.4 x 0.8 mm. Grains that have undergone
secondary alteration have a turbid grayish-brown tint. Small sericite flakes with
color interference staining are visible when the analyzer is inserted. The main mass
consists of randomly oriented strongly sericitized microlites of plagioclase with an
elongated—prismatic habitus (up to 0.01 x 0.05 mm), immersed in a fine—grained
aggregate of sossyurite, probably replacing phenocrysts of dark—colored minerals
and volcanic glass. Rare grains of clinopyroxene occur less frequently together with
chaotically arranged microlites of plagioclase, forming an intersertal structure.

Milky—white quartz—1 is represented by rare large crystals of elongated
habitus with wavy extinguishment, possibly acquired as stresses increase as a result

of tectonic impacts (Marin, 2015).

5.2.1.2 Intrusive rocks

The rock type known as diorites has a porphyritic and massive texture. It is
composed of plagioclase, clinopyroxene, and titanomagnetite, with small amounts
of quartz in some varieties. Plagioclase phenocrysts are represented by elongated—
prismatic crystals (0.5 to 1.5 mm), with rare simple twins. Colorless clinopyroxene
occurs as phenocrysts (Figure 4.3g), less frequently in the bulk, exclusively near the
Novogodnee-Monto deposit. The grains have a prismatic habitus (up to 1.15113.1
mm). The clinopyroxene phenocrysts were weakly affected by secondary alteration.

During the propylitization process, secondary changes such as albitization,
quartzization, chloritization, carbonatization, and epidotization occurred.

Chlorite is present in two generations. The first generation is pale green
chlorite—1, which is part of a fine—grained epidote—carbonate—chlorite aggregate that
fills the interstices between plagioclase leucites in the base of the andesibasaltic
rock. Large thinly scaly aggregates of chlorite-1, up to 1.1 x 1.75 mm, likely
pseudomorphically replacing rare grains of dark—colored minerals. Chlorite—1
develops on the surface of plagioclase phenocrysts, together with sericite and

carbonate (Figure 5.3d), and fringes carbonate veins (Figure 5.3¢). Chlorite—2 has a
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brighter, light green color and forms irregular, small, lenticular, and vein—like
clusters, ranging from 0.05 to 0.2 mm.

Calcite often develops alongside chlorite and epidote, potentially replacing
dark—colored minerals and volcanic glass in the rock's main mass. It can also be
found in large grains of plagioclase. Calcite forms small carbonate veins (up to 0.2
mm), less frequently carbonate—quartz veins (up to 3 mm), or small nests.

Near deformed quartz—1 grains, newly formed small granular clusters of
quartz—2 are observed, likely due to recrystallization. The rock sample contains
small quartz veins measuring 0.01 to 0.05 mm, quartz—carbonate veins measuring
0.2 to 1 mm, and quartz—epidote veins measuring 0.1 to 0.3 mm. Additionally, there
are rare nests and lenses measuring 0.05 to 0.1 mm filled with finely granular quartz
measuring 0.2 x 0.25 to 0.3 x 0.4 mm, which create vein and nest textures.

Sericite is present as a secondary mineral, forming finely disseminated
phenocrysts in plagioclase phenocrysts measuring up to 0.03 mm.

The secondary transformations of the volcanogenic and intrusive rocks in the
Soba complex of the Petropavlovskoe deposit are characterized by the presence of
leucoxene. Leucoxene is represented by small, irregularly shaped grains, less often
rhomboidal crystals, with a size range of 0.02 to 0.1 mm. It is closely associated with
chlorite and ore minerals such as pyrite and magnetite. Leucoxene is likely a product

of the replacement of magmatic titanomagnetite.

5.2.2 Skarns

Near—ore skarns dominate the Novogodnee-Monto deposit. The pyroxene—
granate—epidote skarns are characterized by irregularly grained granoblast and
nematogranoblast structure, often with brecciated elements. The texture is massive,
rarely veined, and in isolated cases nested. The Novogodnee-Monto deposit skarns
are primarily composed of diopside (30—45% by volume), andradite garnet (10—-30%
by volume), epidote (10-20% by volume), calcite (10% by volume), chlorite (5%
by volume), quartz (1-2% by volume), and titanite (up to 2% by volume). Diopside
crystals can reach sizes of 2.75 x 4.75 mm and are colorless and prismatic in shape

(Figure 5.4a).



Figure 5.4. — Petrographic features of skarns of the Novogodnee-Monto deposit,
with analyzer (a), without analyzer (b—d) a — a large hypidiomorphic diopside grain
(cl. NM=3c); b — irregularly shaped garnet grains (cl. NM-3b); c — irregularly
shaped epidote outcrops (cl. NM—-26),; d — idiomorphic rhombic titanite crystal (cl.
NM=31a). Cal — calcite; Chl — chlorite; Di — diopside; Ep — epidote; Grt — garnet;
Pl — plagioclase; Ttn — titanite.

Garnet is represented by small yellowish grains, often irregularly shaped
(from 0.04 x0.05 to 0.15 x0.13 mm) (Figure 5.4Db).

The minerals belonging to the epidote group are represented by tabular
clinozoisite individuals (measuring from 0.1 x0.2 to 0.5 x0.55 mm), clusters of
colorless or yellowish grains of epidote with irregular shapes (Figure 5.4c), and less
frequently by small scatterings of elongated—prismatic crystals.

Calcite is present in the form of colorless isometric grains, which are often
fractured. Sometimes, there are signs of its plastic deformation. The rock contains
thin carbonate veins and less frequently, carbonate—quartz outcrops that have an
elongated or irregular shape.

Milky—white colored quartz with wavy extinguishing is occasionally found in

carbonate—quartz veins, and in some cases, it forms nested outcrops.
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Titanite is present in irregularly shaped grains, and rhomboidal crystals
reaching 0.25 x0.65 mm are less frequently observed (Figure 5.4g). These
formations are typically associated with ore accumulations.

Chlorite is represented by a light green thinly scaly aggregate, with rare

chlorite aggregates averaging 0.07 x0.12 mm.
5.2.3 Pyrite—(chlorite)-albite metasomatites

The Petropavlovskoe and Novogodnee-Monto deposits exhibit extensive
low—temperature alteration, including albitization and quartzization, of
volcanogenic rocks near the contacts of porphyritic dyke dykes (Mansurov, 2017).
The medium crystalline rocks are composed mainly of albite (60—70 vol.%), chlorite
(1520 vol.%), and pyrite (15-20 vol.%). Albite is present in the form of
xenomorphic grains (ranging from 0.02 x0.04 to 0.08 x0.12) with wavy twins
(Figure 5.5d). The Petropavlovskoe deposit features rare large veins composed of
short prismatic albite grains (0.2—0.3 mm), along with thin albite veins (up to 0.2
mm) in some samples.

Chlorite is widespread at the deposit, with two generations present. The first
generation of pale green chlorite forms uniformly disseminated thinly scaly clusters
(ink—violet interference coloring) up to 0.25 mm. Thick veins of carbonate and
quartz—carbonate composition are often surrounded by brighter light—green chlorite—
2, which frequently forms a network of branching micro veins (Figure 5.5¢). Ore
minerals are often found as inclusions in these veins. Chlorite-2 is also commonly
associated with clusters and independent veins of ore minerals. In some cases, large
thinly scaly aggregates (up to 0.3 mm) that replace dark—colored minerals can be
observed. The concentration of chlorite in the rocks of the deposit decreases as depth
increases. At deeper horizons, it is mainly present in thin, flaky aggregates and
occasionally in the form of veins with indistinct edges. Light—green chlorite is
uncommon at the Novogodnee-Monto deposit and only occurs in the form of worm—

like branching veins.
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5.2.4 Pyrite-sericite—quartz metasomatites

The formation of pyrite—sericite—quartz metasomatites forming vein—vein
zones is attributed to the intrusion of later massifs of acidic composition (Vikentyev
et al., 2017). The rocks consist of fine— to medium—grained quartz with vein clusters
of chlorite and fine— to medium—grained sericite. The prevailing texture is fine- and
medium-grained granoblast structure, with less frequent occurrences of massive,
vein, and nested textures. The Novogodnee-Monto deposit rocks are composed
mainly of quartz (55 vol. %), carbonate (20 vol. %), and sericite (10 vol. %). Chlorite
(5 vol. %) and titanite (less than 1 vol. %) are less common. At the Petropavlovskoe
deposit, the chlorite content increases (up to 15 vol.%) and albite (2540 vol.%) is
the predominant mineral.

The quartz at the Petropavlovskoe deposit corresponds to the first generation
of large—crystalline quartz with an elongated habitus and wavy extinguishing. Near
these sites, small granular quartz outcrops corresponding to the second generation
are occasionally observed. At the Novogodnee-Monto deposit, quartz—1 forms
scattered grains and clusters that constitute the rock's total mass. The second
generation of milky—white quartz forms relatively thick quartz—carbonate veins, up
to 0.4 mm in size (Figure 5.5a), as well as nests of quartz composition up to 0.5 mm

in size, creating vein and nest textures.



Figure 5.5. — Petrographic features of pyrite—sericite—quartz rocks (berezites): with
analyzer: a — quartz—carbonate vein (cl. NM-25a); b — thick vein of carbonate
composition (cl. NM—-21); d — sericite—chlorite vein (cl. 309-20-70); e — albite vein
(cl. 309/8); f — titanite of elongated habitus (cl. NM); without analyzer: c¢ —
branching chlorite vein (cl. 309/7). Cal — calcite; Chl — chlorite; Pl — plagioclase;
Py — pyrite; Oz — quartz; Ser — sericite; Ttn — titanite.

Colorless calcite with brownish-gray interference coloration represents
carbonate. It is distributed in the form of veinlets (0.05 to 0.1 mm) and composes
numerous variably oriented carbonate (Figure 5.5b) and quartz-carbonate veins

0.01-0.2 mm thick. These veins intersect quartz, quartz-carbonate, and chlorite
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veins, often with a shift. Point-like carbonate outcrops are observed in association
with quartz in the case of complete replacement of plagioclase by sericite.

Sericite replaces plagioclase grains with small flake aggregates and also
occurs in clusters. Sericite—chlorite veins (0.05-0.1 mm) (Figure 5.5g) are present,
as well as low—thickness monomineral veins at the Novogodnee-Monto deposit.
Sericite development in chlorite grains (up to 0.05 mm) is observed along with
carbonate.

At the Novogodnee-Monto deposit, titanite forms clusters of small, irregularly
shaped grains. Single individuals of elongated habitus (up to 0.12 x0.28 mm) are

also present (Figure 5.5¢).

5.3 Interpretation

Volcanic rocks of the Topogol strata, which show no signs of hydrothermal
alteration, are frequently found on the flanks of the Novogodnee ore field. The
gradational rhythmic layering of tuffogenic interlayers, with a gradual decrease in
the grain size of pyroclastic material towards the upper parts of the rhythms, and
increased concentration of ore minerals at the boundary of the layers, indicate that
the rocks were deposited in a submarine environment, either on the ocean floor or
near it. The layered texture's waviness indicates the mobility of the water column.
The clasts' angular, unrolled shape, their volcanomictic composition, and the
stratigraphic stability of the interbeds testify to the pyroclastic nature of the ore—
bearing rocks of the Toupugol Formation.

Hydrothermal-metasomatic alteration is strongly developed in the studied
region, with propylites being the most widespread. The process of propylitization is
significant for the metallogeny of the area because it indicates the powerful influence
of upward syn— and postmagmatic solutions (Korzhinsky, 1953). Propylites form
due to the impact of near—neutral and weakly acidic low—temperature solutions on
shallow—depth rocks of medium and basic composition (Marin, 2015). In this case,
they form in the volcanics of the andesibasalt formation. This alteration type
represents the earliest stage and forms the outer near—ore halo of the mineralized

zone in the deposit (Vikentyev et al., 2017). It was formed with the involvement of
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a neutral near—alkaline solution, which has a weaker effect on the rocks resulting in
only minor alteration. The rocks have a relict porphyritic structure, and the original
structures of the main mass of volcanics, namely intersertal, pilotaxite, and
hyalopylite, are also preserved. The texture is massive.

The analysis of propylitized rocks from the Petropavlovskoe deposit, sampled
at various depths in well cores, indicates a decrease in the amount of chlorite with
increasing depth. Chlorite is scarce at deeper horizons, occurring mainly in the form
of thin, flaky aggregates of pale green color. This may be associated with an increase
in temperature and changes in other parameters of postmagmatic fluids closer to the
magmatic source. Based on the X-ray microanalysis results (Ivanova, 2016), the
secondary minerals of rocks in the Petropavlovsk deposit contain chlorite with a
magnesian—iron composition (f=0.56—0.7). The chemical composition of the chlorite
corresponds to repidolite and pycnochlorite, as per the classification diagram of M.
Hey (Hey, 1954). The rock mass contains pale—green thinly lenticular chlorite—1,
which is mostly interstitial and pseudomorphosed by dark—colored minerals. It
occasionally develops in plagioclase crystals and corresponds to the composition of
the ferruginous group (Fig. 5.6). The hydrothermal stage of the intrusion is directly
related to the development of numerous veins of saturated light—green chlorite—2,
which belongs to the magnesian—iron group. At the upper horizons, the more
magnesian variety of chlorite was prevalent, while at deeper horizons, the
ferruginous variety was more common. This change in chemical composition may
be due to the intensive development of the propylitization process, which is
characterized by a decrease in iron content in the final stage upwards along the
metasomatic column. Thus, the development of hydrothermal processes is
characterized by the chemical zonation of chlorite, caused by the diffusion—

infiltration spreading of a solution from its source at depth.
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Figure 5.6. — Positions of chlorite composition points on the classification diagram
of M. Hey (Hey, 1954): 1 — xenomorphic chlorite—1; 2 — veins of chlorite-2;
f— ferricity. (Ivanova, 2016).

Regarding mineral composition, the metasomatites of the deposits differ in
the content and morphology of chlorite and epidote. At the Petropavlovskoe deposit,
a common occurrence is the flake aggregate of chlorite, while at the Novogodnee-
Monto deposit, the development of idiomorphic epidote grains prevails, indicating
a higher—temperature regime. The difference in mineral composition may be related
to the geological position of the Novogodnee-Monto deposit. Specifically, the
distribution of lenses and interlayers of carbonate composition in the protolith
thickness resulted in a wider formation of synskarnous epidote. The aposkarnic
nature of gold—sulfide—magnetite mineralization determines the ore prospectivity of
skarn development zones and is overlain by lower—temperature metasomatites.
Skarns are sparsely distributed at the Petropavlovskoe deposit and are only locally
present due to the lack of carbonate bodies in the geological structure of the site
(which has not been exposed on the surface).

Pyrite—sericite—quartz hydrothermal-metasomatic formations are the most

recently formed and host the superimposed vein—vein association of gold—quartz—
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carbonate—sulfide mineralization. This mineralized zone determines the industrial
value of the Petropavlovskoe deposit (Mansurov, 2009).

The Novogodnee-Monto and Petropavlovskoe deposits are characterized by
fully manifested low—temperature alteration of moderately acidic composition. The
distribution of sericite in propylitized volcanogenic rocks at the Petropavlovskoe
deposit indicates a transition zone to berezites. It is important to note that chlorite is
the predominant mineral in the Petropavlovskoe deposit, where rare albite veins
were also discovered, indicating the outer zone of the berezitization halo (Zharikov,
1998). At the Novogodnee-Monto deposit, dark—colored minerals and feldspars
underwent decomposition in rocks of basalt—-andesibasalt composition, resulting in
the removal of Mg, Fe, Ca, Na, and K. As a result, quartz metasomatites, which are
practically monomineral, are the most altered. This suggests that the metasomatic
zonation of berezites is most fully manifested in the Novogodnee-Monto deposit.

Based on detailed mineralogical and petrographic studies of volcanogenic
rocks, it can be concluded that the ore—bearing rocks of the Toupugol formation in
the Kariernoe ore field were formed through pyroclastic processes.

The propylitization process was developed in the area of the studied ore
deposits. At the Petropavlovskoe and Novogodnee-Monto deposits, propylitized
volcanics form the outer peripheral halo of the mineralized zone. The intensity of
propylitic alteration is shown by the chemical zonation of chlorite, which is
characterized by a decrease in iron content at the final stage up the metasomatic
column. The variability of iron content in chlorite is caused by the diffusion—
infiltration spreading of the solution with the removal of the source located at depth.

The near—ore hydrothermal-metasomatic alteration shows a zonality of
epidote—carbonate—chlorite, pyrite—chlorite—albite, and pyrite—sericite—quartz rocks.
The rear zone of the metasomatic column at the Novogodnee-Monto deposit
approaches a monomineral quartz composition. The difference is attributed to the
probable export of magnesium, iron, calcium, sodium, and potassium during the

dissolution of relict dark—colored minerals and feldspars.
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CHAPTER 6. CHEMICAL COMPOSITION OF PYRITE

The mineral's chemical composition varies depending on its formation
conditions, which are determined by physicochemical parameters of the
environment. These parameters also affect the composition and content of impurity
elements, structural features, and physical properties of the mineral. Changes in the
paragenesis of mineral inclusions can indicate the evolution of hydrothermal
systems. Reconstructing the history of mineral formation provides insight into the
geological setting and associated processes.

Pyrite, a common companion in both endogenous and exogenous formations,
1s particularly informative in reconstructing formation stages. The shapes and sizes
of uranium-—bearing mineral inclusions in pyrite can be used to estimate their

influence on the (U,Th)-He isotope system.

6.1 Kariernoe ore occurrence

Pyrite is represented by idiomorphic crystals of cubic, pentagon—dodecahedral
habitus and their intergrowths, and less frequently by irregularly shaped grains (cl.
14/40) (Fig. 6.1). The grain size varies from 250 to 500 pm. Chemical heterogeneity
due to arsenic admixture (up to 3 wt.%) was detected in 9 of the 25 studied pyrite
grains (Fig. 6.1b). The arsenic distribution mainly emphasizes correct (‘concentric')
zoning, with spotty distribution observed less frequently. The arsenic pyrite grains
contain relatively high levels of other minerals, primarily sulfides such as galena,
chalcopyrite, and occasionally pyrrhotite, sphalerite, and arsenopyrite (Ivanova et
al, 2024). Small outcrops (less than 10 microns) of other minerals, including
potentially uranium—bearing minerals like titanite, rutile, and rarely apatite, are also
present (Figure 6.1a). Pyrite is occasionally fractured, and its brecciated grains
contain chalcopyrite and calcite outcrops. Iron oxides/hydroxides develop along

fractures (Figure 6.1c).



Figure 6.1. — BSE—-images of pyrite of the Kariernoe ore occurrence: a — mineral
inclusions in pyrite crystal (cluster 14/7); b — zonal distribution of arsenic in pyrite
(cluster 14/32), c — brecciated pyrite (cluster 14—40); d — intergrowth of idiomorphic
pyrite grains (cluster 14/26). Ap — apatite; As—Py — arsenic pyrite; Cal — calcite;
Ccp — chalcopyrite; Gn — galena, Py — pyrite; Rt — rutile; Sph — sphalerite.

6.2 Novogodnee-Monto deposit

Pyrite crystals have a pentagonal-dodecahedral or cubic shape, with less
frequent combined shapes (Figure 6.2). The regular growth zonation indicates
elevated arsenic contents. Fine arsenopyrite outcrops can accompany arsenic—
enriched zones (Figure 6.2b). Galena is present as fine disseminated phenocrysts and
thin veins. Galenite, hessite, and nugget gold are confined to grain boundaries. In
rare instances, gold and silver tellurides (such as petzite and hessite) develop along
microcracks of cataclazed pyrite (Figure 6.2c). Silicate minerals, such as
clinopyroxene and quartz, occasionally aggregate with pyrite in the form of small
pinpoints (Figure 6.2a). Pyrite from the skarn—magnetite association is closely

associated with chalcopyrite, which occurs in intergrowths and films on pyrite.
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Figure 6.2. — BSE—images of pyrite of Novogodnee-Monto deposit (outcrop NM—
32). a — intergrowth of idiomorphic pyrite with pyroxene; b — growth zoning, with
increased arsenic content; ¢ — thin veins of petzite in pyrite Mineral designations:
Apy — arsenopyrite; As—Py — arsenic pyrite; Gn — galena; Ptz — petzite; Px —
pyroxene, Py — pyrite.

6.3 Petropavlovskoe deposit

The sample contains predominantly irregularly shaped pyrite, sometimes with
partial crystalline faceting. Pentagonal-dodecahedral habitus idiomorphic
individuals are observed less frequently (Figure 6.3). The crystal structure contains
numerous inclusions of nonmetallic minerals, characterized by greater saturation of
inclusions in irregularly shaped grains (Figure 6.3c). The most common inclusions
are large calcite, quartz, and plagioclase, and less frequently pyroxene. Irregularly
shaped inclusions of galena and chalcopyrite are present among the ore minerals.
Independent disseminated point xenomorphic microinclusions of gold and silver
tellurides (hessite, petzite) and nugget gold (Au, Ag) are often found in pyrite

interstices, sometimes in association with galena, and as thin veins along cracks in



72

cataclazed pyrite (Fig. 6.3¢,d). In one instance, tellurium bismuthite was observed
near inclusions of silicate composition. The grains contain numerous small, scattered
inclusions of minerals that are presumed to contain uranium, such as zircon,

xenotime, monazite, rutile, apatite, and titanite (Figure 6.3g).

Figure 6.3. — BSE—images of pyrite of the Petropaviovskoe deposit from berezites:
a — fine dissemination of plagioclase inclusions in pyrite (sample 309/15); ¢ —
scattered dissemination of non—metallic minerals in pyrite of irregular shape
(sample 309—0-40). 309—0—40),; from propylites: b — idiomorphic grain of pyrite
(outcrop 309/11); from dolerites: d — pyrite grain saturated with titanite and apatite
(outcrop S85/15). Ab — albite; Ap — apatite; AuAg — Au—Ag mineral phase; Pl —
plagioclase; Px — pyroxene,; Py — pyrite; Rt — rutile; Ttn — titanite.

6.4 Interpretation

The scanning electron microscopy results revealed significant differences in
the chemical composition, distribution of mineral inclusions, and crystal appearance

of pyrite.



73
Composition of pyrite

Pyrite's crystal structure contains numerous trace elements, with arsenic being
the most significant. Arsenic contributes to the substitution of impurity elements in
the mineral lattice, as noted by Kesler et al. (2010). The scanning electron
microscopy results indicate that the pyrite of the Novogodnee-Monto deposit and
some of the grains of the Kariernoe ore deposit have a zonal structure of arsenic
distribution. This suggests the involvement of multiple generations of pyrite in the
ore formation process. Arsenic is the most significant minor trace element due to its
association with gold in most hydrothermal ore deposits. According to Reich et al.
(2005), Au—Ag epithermal, Au mesothermal, Cu—porphyry, Cu—Zn volcanogenic
massive sulfide ores, and other gold deposits are present. The incorporation of Au
into the inter—nodes of the pyrite lattice, along with sulfur position substitution, may
be facilitated by the presence of As, as noted by Vikentyev et al. (2016). Therefore,
sections of arsenic—enriched pyrite may indicate favorable conditions for gold
deposition.

Pyrite rich in arsenic is an indicator of the impact of hydrothermal processes
(Kesler et al., 2010). The zonal distribution of arsenic provides insight into the nature
of hydrothermal flows, such as changes in temperature or composition of the
influencing fluid. It is probable that the hydrothermal solutions were saturated with
gold, which precipitated on arsenic pyrite. Using arsenopyrite from a low—
temperature Carlin—type deposit as an example, Deditius et al. (2009) and Reich et
al. (2006) demonstrated that gold nanoparticles (<2 nm) dissolve and migrate at
increasing temperatures (>350°C), accumulating as larger particles up to 8 nm at
further stages. The zonal distribution may indicate the evolution of geochemical
specialization of solutions through time. The presence of arsenic—distributed pyrite
grains in the granitoid Soba batholith suggests that magmatic fluids had a pulsational
impact on the ore formation. It is possible that the formation of arsenic—distributed
pyrite rims resulted from the later superimposed impact of magmatic fluids on earlier

pyrite from volcanogenic rocks.
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Mineral inclusions

The composition and paragenesis of mineral inclusions can indicate the nature
of the superimposed processes and their temperature. The low degree of saturation
of the crystal lattice of pyrite in the Kariernoe ore occurrence with mineral
inclusions, particularly the absence of visible gold and its minerals, presumably
indicates that pyrite belongs to the first pre—metallic stage of ore formation. A
portion of pyrite from the Kariernoe ore occurrence has a varied arsenic composition
and 1s distinguished by a higher mineral saturation, including sulfides, likely due to
overlapping processes. The presence of fluid components such as tellurium, fluorine,
and chlorine in hydrogen sulfide solutions increases the migration capabilities of
noble metals (Marakushev, 1979). Novogodnee-Monto pyrite contains rare
inclusions of nugget gold and gold and silver tellurides, which may have resulted
from precipitation in arsenic zones. The pyrite from the Petropavlovskoe deposit is
the most mineral-saturated. Inclusions of quartz and calcite indicate a close
connection between pyrite and host rocks during formation (Sedayeva et al., 2013).
The variability of inclusions, predominance of low—temperature paragenesis, and
sharp development of telluride complexes of noble metals may be due to changes in
the hydrothermal regime. The poikilite structure of pyrite grains at the
Petropavlovskoe deposit suggests the capture of grains of relict nonmetallic minerals
from the replaced host rocks, indicating the hydrothermal-metasomatic origin of
pyrite.

Crystal shape

Morphological transformations can indicate differences in the genetic nature
of the mineral and suggest possible recrystallization. The shape of pyrite crystals in
several objects, including Kariernoe-Novogodnee-Monto—Petropavlovskoe,
undergoes gradual changes. The Kariernoe ore occurrence contains isometric grains
with cubic and pentagon—dodecahedral habitus. In the Novogodnee-Monto deposit,
these grains are complicated by a combination of forms, which may be a result of
syn—ore metasomatosis of ore material. At the Petropavlovskoe deposit, pyrite loses

its faceting and irregularly shaped grains predominate. The morpho—genetic
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differences of pyrite at the Petropavlovskoe deposit are widely manifested,
indicating the full manifestation of the ontogenic cycle of hydrothermal
transformation of pyrite.

Conclusions

The Kariernoe ore deposit's volcanogenic pyrite is believed to serve as a
primer during the crystallization of arsenic pyrite from residual solutions of the Sobo
complex. The active process of oreogenesis involves accumulated sedimentary ore
masses that transform during subsequent tectonic—metasomatic processing. The gold
content of pyrite increases as it evolves from primary volcanogenic to hydrothermal—
metasomatic. It is likely that gold was deposited on thin arsenic—enriched pyrite
rims. When exposed to a saturated hydrothermal solution and as the temperature
decreases, gold is released in the form of mineral phases. The variation in pyrite
crystal forms within one site indicates the participation of several types of mineral—
forming processes. The traceable successive mineralogical rearrangement of pyrite
appearance suggests possible recrystallization of ore substance under the influence
of superimposed hydrothermal processes.

The ore material in the Toupugol-Khanmeishor ore district, which is of
volcanogenic—sedimentary origin, underwent metasomatic transformations due to
superimposed processes. The data obtained allowed for a partial reconstruction of
the hydrothermal workings, new formation, and/or re—deposition of sulfides during
the geological process. Importantly for the interpretation of subsequent results of
(U,Th)-He dating, it is indicated that there are several generations of pyrite present
in the objects of study. Pyrite has a similar manifestation in gold deposits,
characterized by one to several generations corresponding to certain stages and steps
of mineral deposition (Pshenichkin et al., 1976). The data obtained suggests that the
earliest generations of pyrite are associated with the Kariernoe ore occurrence,

where the little-altered volcanics of the Toupugol Formation are preserved.

6.5 Adjustments to sample preparation and decomposition techniques

The method of grain selection for age determination needs improvement when

dealing with the presence of multiple generations of pyrite within a single sample.
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It is proposed to locally select pyrite of a specific generation, identified through

mineralogical studies, from rock samples using a diamond 'miniborer' (Figure 6.4).

Figure 6.4. — Local sampling of pyrite from an ashlip with a diamond miniborer

The analysis of pyrite grains for uranium— and thorium-bearing inclusions
revealed a high prevalence of micron—sized hard—to—soluble minerals, such as
zircon, monazite, xenotime, and rutile, which are a source of 4He. During uranium
and thorium decay, an alpha particle travels a distance of 11-34 um in such
inclusions (which do not exceed the first tens of um), and it is implanted into the
structure of the host mineral without accumulating in the relict mineral (Zeigler et
al., 2010). A precise calculation of the (U, Th)—He age necessitates complete data on
the uranium and thorium contents that served as the source of the accumulated
helium. Therefore, the chemical and thermobaric conditions of its decomposition for
(U,Th)-He dating were revised.

Pyrite decomposition work was carried out in autoclaves at a temperature of
220°C, providing additional pressure. An experiment was conducted to decompose
an artificial mixture of pyrite (1 grain, 3—4 mg), zircon (6 grains, <50 pm), and quartz
ampoule (60-70 mg) (Figure 6.5). Chemical preparation of the samples was
modified during the experiment by eliminating the use of HCl and adding HF,
HNOs, and 0.05 mL of HCIO4 to the sample. Teflon bouquets containing solutions

were sealed and immersed in coverslips. The coverslips were then placed in
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autoclaves (Figure 6.5) with 2 ml of HF added to the bottom of the container. The

autoclaves were kept in a thermostat at 220°C for 48 hours.

. e (60-70 0.5ml 0.1ml 0.05ml
6 grafﬁi(_J_fi um) ampoule C(lz mg) HF+HNO3+HCI04
z/$ \\ R Acid addition

Mixture of zircons Experimental sample

2ml
HF
Decomposition = N
<— ° < |-
48 h. 220°C =
.' s
.j
Sample - s
after decomposition Sample in the autoclave Sample in the case

Figure 6.4. — Experiment on the decomposition of a pyrite sample (pyrite, quartz
ampoule, zircon mixture), including difficult to dissolve uranium—bearing minerals,
under pressure in autoclaves.

The experimental results demonstrate that the chosen conditions guarantee
complete decomposition of the artificial mixture, as shown in Figure 6.5. This
technology minimizes losses of uranium and thorium due to incomplete
decomposition of insoluble inclusions, ensuring the reliability of (U,Th)—He dating

results.
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CHAPTER 7. RESULTS OF PYRITE DATING

7.1 Results of (U,Th)-He dating

To identify the age stages of ore formation in the Voykar zone and the spatial
and temporal relationships of sulfide mineralization with magmatic and/or
hydrothermal processes, pyrite was dated. A total of 45 suspensions from 15 samples
were analyzed, including metasomatites from the Novogodnee-Monto deposit (9
samples), the Petropavlovskoe deposit (25 samples), and tuffites of the Toupugol

formation of the Kariernoe ore occurrence (11 samples) (Table 7.1).

Table 7.1 — Description of samples selected for (U, Th)—He dating, according to
geological and petrographic data.

Sample number Description
Kariernoe

14-7

14-26 .

Y tuffites with scattered and layered pyrite

14-32

1440 quartz—carbonate vein with sulphide
mineralization

Novogodnee-Monto

HM-17 quartz—sericite metasomatites with vein—
embedded pyrite mineralization

HM-27 pyroxene—epidote—garnet skarns

HM 31la pyroxene—epidote—magnetite skarns with
pyrite—chalcopyrite phenocrysts

Petropavlovskoe

308/4 propylites

308/34 carbonate vein with rare disseminated
pyrite mineralization
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309-0-40 quartz—sericite metasomatites
309/11 propylites
309/15 quartz—sericite metasomatites with vein—

embedded pyrite mineralization

S85/15 diorites of the Sob complex
Amphibolitovoe
*S205b/21 dolerite dyke of the Musyur complex

*The Amphibolitovoe ore occurrence (66°48' N, 65 °49'E) is located 27 km east of
the Petropavlovskoe deposit

Pyrite ages ranging from 268 to 426 Ma (Tables 7.2, 7.3, 7.4) were obtained
from (U,Th)-He dating of pyrite from the Toupugol-Khanmeishor ore district. The
variation in (U, Th)—He ages could be due to several factors, including loss or excess
of “He, loss or introduction of U and Th, and multistage formation of pyrite with
different ages.

Excess and lost He

Excess “He in minerals can result from several factors, including trapping of
hydrothermal “He, accumulation of ejected components from inclusions, or
implantation of radiogenic “He.

The specific volume of extracted 4He from pyrite (10107 cm?®/g)
significantly exceeds the known values for helium content in hydrothermal fluids
(10®° -101° cm’/g; Bortnikov et al., 2000; Luders and Niedermann, 2010;
Yakubovich et al., 2019) at all sites. Concentrations of trapped hydrothermal 4He
can rarely reach 10—-6 cm®/g (Burnard and Polya, 2004). Even under such conditions,
the specific volume of trapped hydrothermal “He could only increase the (U, Th)-He
age by 10%. Therefore, the scatter of (U, Th)—He ages in the studied samples cannot
be explained by the contribution of trapped helium.

The mass fractions of U and Th in pyrite are relatively small (0.1-6.0 ug/g),
and in most cases, their contents are dominated by the host rocks. In this regard, it
is important to consider the presence of implanted “He. Assuming mass fractions of

U and Th equal to 1 and 3 ug/g, respectively, in the surrounding host rocks (average
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values for island arc andesites, volcanogenic—sedimentary deposits, and carbonates;
SRIM database) and a density of 2.65 g/cm?®, the amount of implanted and ejected
“He would be nearly equal. Furthermore, the absence of correlation between the U,
Th, and He contents and the age distribution (as shown in Figures 7.1, 7.4, and 7.6)
decreases the likelihood of the implanted and ejected component's contribution. This

is because its impact is most significant for low uranium grains.
450] t.Ma

4257 (%

4001 %{}

375 © 14-32
© 14-27
_— | | ' | U, Hg/g ‘
0 0.2 04 0.6 0.8 1

Figure 7.1 — Dependence of (U, Th)—He age on uranium content in pyrite of the
Kariernoe ore deposit

4He losses

Radiogenic “He was released from the studied samples at temperatures close
to the pyrite decomposition temperature (>450 °C). The fraction of low—temperature
helium did not exceed 12% (Table 7.2; 7.3; 7.4; 7.5), indicating high retention of
radiogenic helium in the studied pyrite grains. The pyrite crystal lattice has a high
thermal retention of radiogenic helium (Yakubovich et al., 2019), which excludes
the possibility of its diffusive losses. The closure temperature concept, when
hypothetically applied to the behavior of the (U, Th)-He isotope system in pyrite,
cannot explain the scatter of age values in grains of similar size within a small area.

Calculation of (U,Th)—He ages requires corrections for nuclear recoil (Farley
et al., 1996). Considering the size of the studied pyrite grains (200—500 um) and the
average o—stopping pathway of 14 um (calculated using SRIM; Ziegler et al., 2010),
it can be estimated that less than 4% of He may have been lost due to the effect of

nuclear recoil (Farley et al., 1996).
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Losses and introductions of U and Th

Experiments conducted on pyrite from the Uzelga deposit have shown that
interaction with weak acids can result in the loss of U (Yakubovich et al., 2020).
Iron oxides and hydroxides that may develop on pyrite in the oxidation zone of
sulfide ores can concentrate uranium (Moses et al., 1987; Scott et al., 2007). The
presence of such phases could rejuvenate (U,Th)-He ages. The pyrite grains used
for (U,Th)-He dating did not show any signs of oxidation or alteration that would
be expected from prolonged contact with slightly acidic groundwater or atmosphere,
except for samples 1440, 308/34 which were excluded. Additionally, the samples
were collected from fresh quarry walls, and no secondary alteration was observed in
the slurries or in pyrite microanalysis. Therefore, it is unlikely that weathering
processes disturbed the (U, Th)-He system of pyrite.

Pyrite can wundergo recrystallization during dynamic and thermal
metamorphism (Vikentyev et al., 2017; Barrie et al., 2011; Craig and Vokes, 1993).
Currently, there is no precise data on the behavior of the (U, Th)-He system during
pyrite recrystallization. However, evidence suggests a low degree of metamorphism
of the Novogodnee-Monto deposit up to the zeolite facies (Puchkov, 2010). Based
on the stability of the (U,Th)-He system during low—temperature metamorphism up
to the prehnite—pumpellite facies at the Uzelginskoye deposit (Yakubovich et al.,
2020), it can be assumed that the (U,Th)-He isotope system behaves in a closed
manner even under low—grade conditions of the zeolite facies in the Toupugol-
Khanmeishor area.

Methodological difficulties

The main methodological difficulties that can lead to scattering of (U, Th)—He
ages are incomplete release of 4He from pyrite grains and incomplete decomposition
of pyrite. According to Yakubovich et al. (2019), “He is released from pyrite grains
at ~1100°C, which is a sufficient temperature to release all “He from pyrite.

Electron microscopy of pyrite revealed inclusions of uranium-bearing
minerals such as zircon and rutile in some grains. The chemical decomposition

technique used for these samples does not allow for complete dissolution, which
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may result in overestimated age values. Because inclusions are distributed
heterogeneously, their contribution can lead to irreproducible age values, as seen in
the case of samples 14-7 and 14-26, which were excluded from subsequent
calculations. To eliminate the influence of this factor in the future, changes to the
method of pyrite decomposition are necessary (Figure 6.5). In cases where hard—
soluble inclusions in pyrite's composition are rare, a mixture of HF, HC1O4, and tsar
vodka should suffice to decompose U and Th from other inclusions.

Pyrite, the most common sulfide mineral in gold deposits, is characterized by
one or several generations corresponding to certain stages and steps of mineral
deposition (Pshenichkin et al., 1976). The high SCWO observed in some samples
may be attributed to later processes of ore matter formation. The pyrite ages obtained
from the samples (268444 Ma) suggest that the mineral may have undergone
multistage formation or partial/complete recrystallization during geological history.
It is important to note that this interpretation is based solely on the obtained data and
does not involve any subjective evaluations. In the following subchapters, clusters
of ages will be identified based on mineralogical characteristics such as chemical
composition and morphology of grains, as well as isotopic data.

7.1.1 Kariernoe ore occurrence

A total of eleven samples of pyrite extracted from five samples of
volcanogenic rocks of the Kariernoe ore field were analyzed. Pyrite in samples 14—
26 and 14-7 contained rutile and zircon inclusions, which are difficult to dissolve
and do not decompose completely at 180°C at atmospheric pressure (Table 7.2).
Therefore, due to the anomalous deviation from the weighted average age, which
likely indicates uranium loss, these samples have been excluded from further
discussion of the results. Sample 1440 was also excluded from the age calculations
due to low levels of radiogenic helium and fracture oxidation of pyrite.

Pyrite helium concentrations at the Kariernoe ore occurrence range from 6.26
— 1.48x107° cm®/g (249.6 — 52.1 107'9 at.), while uranium content ranges from 0.23
to 1.68 pg/g (Th/U = 0.45-2.7). The isochron age obtained from seven
measurements is 421+6 Ma (26, MSWD= 6) as shown in Figure 7.2.



83

Table. 7.2 — Results of (U, Th)—He dating of pyrite from volcanogenic rocks of the
Kariernoe ore occurrence

Sample N Y, o, % Th. o, % | Th/U He, o, % @ Heow | T, -
sample | 10'at. 10"at. 10"at. 1t %o Ma | (20)

14-32 892 4240 | 1.0 | 1894 | 1.0 04 | 2496 | 04 0.27 402 7

902 1369 | 1.1 65.0 0.9 0.5 85.9 1.0 0.21 425 | 11

903 240.0 | 1.3 1132 | 09 0.5 149.6 | 0.7 1.44 423 | 11

904 2872 | 1.1 133.5 | 0.8 0.5 180.1 | 0.7 0.15 425 | 10

905 212.6 | 3.1 93.6 2.7 0.4 127.5 | 0.7 0.30 409 | 22

1095 172.0 1.1 80.8 1.0 0.5 99.9 0.8 2.55 395 9

14-27 1075 58.8 34 | 157.0 | 2.6 2.7 52.1 0.8 0.63 416 | 18

*14-7 1078 19.4 1.9 26.5 2.6 1.4 16.7 2.6 0.00 492 | 27

*14-26 1079 | 154.7 1.2 59.6 1.3 04 | 1228 | 0.8 0.36 541 | 13

1083 | 278.6 1.5 1083 | 2.3 0.4 183.0 | 2.6 1.51 451 7

**14-40 1062 - - - - - 8.1 4.5 0.00 - -

Qu blank 1.3 97.0 6.0 74.0 - 1.1 37.0 - -

**excluded due to anomalous deviation from the weighted average age value
** Jow *He isotopic contents

2.57 *‘He(10" at.) /,»‘-‘5

2 421+ 6 Ma

MSWD = 6 i
15 o
i
1- S
19‘.’
0.5 o~
P (10%at/sec)
0 1 2 3 4 5 6

Figure 7.2 — (U,Th)—He isochrone for pyrite from the Kariernoe ore occurrence. P
is the present—day rate of 4He formation (Vermeesch, 2018). Age determination
error is given at 2 o.
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Interpretation

The 1sochronous (U,Th)-He age of pyrite from Silurian volcanogenic rocks
of the Kariernoe ore occurrence is 421+6 Ma, which is consistent with geological
estimates of the age of rock formation and ore mineralization in the region
(Pryvnanosov et al., 1994; Dushin et al., 2014; Vikentyev et al., 2017). At the same
time, a high MSWD and a wide range of (U,Th)-He ages of pyrite between 402—
425 Ma are observed, which may be due to multi—stage formation of pyrite and/or
partial recrystallization during superimposed processes (Ivanova et al., 2024).

It is possible that pyrite of several different age generations occurs within the
Kariernoe ore occurrence. Scanning microscopy results indicate that some grains
have a zonal structure of arsenic distribution (Figure 6.1). Arsenic pyrite is an
indicator of the impact of hydrothermal processes (Kesler et al., 2010). It can be
hypothesized that the formation of arsenic pyrite rims reflects the later superimposed
impact of magmatic fluids on earlier pyrite from volcanogenic rocks, which is
supported by the dating results.

The dating results reveal two clusters of ages, suggesting the probability of
several generations of pyrite in the sample (Figure 7.3). The age of the Toupugol
Formation's sedimentation is 424+6 Ma (26, n=4, MSWD = 0.6), which corresponds
to the Late Wenlock—Ludlow age according to biostratigraphy data (Pryamonosov
et al., 1994; Dushin et al., 2014; Zyleva et al., 2014). Thus, this early generation
corresponds to the initial stage of ore formation that occurred during active
volcanism, with the accumulation of lavas and tuffs of basaltic, andesibasaltic, and

andesite compositions (Silaev, 2003).
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Figure 7.3 — Weighted average age of pyrite from volcanogenic rocks of the
Kariernoe deposit obtained from 7 suspensions (from two pyrite samples).

The age 0f 402+6 Ma (20, n=4, MSWD = 1.6) is similar to the Early Devonian
ages of zircons from metasomatized diorites of the main phase (410£2 Ma
(Vikentyev et al., 2017)) and dyke plagiogranites of the late phase (403+4 Ma;
Sobolev et al., 2018b) of the Sobo complex. This similarity may be due to pyrite
formation and/or recrystallization. The geological data support the obtained
conclusions: the rocks of the Sobo complex are present within the first tens of meters
from the sampling site (Figure 4.4). The presence of thin disseminated sericite
phenocrysts may indicate superimposed hydrothermal activity associated with their
intrusion.

Th/U ratios in pyrite (Wignall and Twitchett, 1996) serve as an indicator of
the redox conditions of the geological environment, allowing for reconstruction. 1)
reducing (Th/U <2); 2) transitional (2<Th/U<7); and 3) oxidizing (Th/U >7)
environments. The uranium concentration in the analyzed pyrite grains significantly
exceeds the thorium content. Most values of Th/U ratios in pyrite from the Kariernoe

ore occurrence range narrowly from 0.4 to 0.5, with a deviation of up to 2.6 in a
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single case. This range of values may indicate that the medium of accumulation of
metal-bearing volcanogenic—sedimentary rocks had strongly reducing conditions,
which is typical of relatively deep—water conditions. These reducing conditions are
favorable for the concentration of indifferent elements, such as gold, in solutions.
Additionally, the further enrichment of hydrogen sulfide solutions with alkali metals
is an important factor in the concentration of chalcophilic metals and gold
(Markushev, 1979).

The age of the early pyrite generation, 424+6 Ma, corresponds to the age of
formation of tuffs and tuffites of the Toupugol Formation. Therefore, this stage of
ore mineralization likely reflects the formation of stratiform sulfide mineralization
under deep—water conditions. The preservation of early volcanogenic—sedimentary
(cuprous) ores is favored by the geological position of the site, which is sufficiently
remote from large intrusive bodies.

The Early-Middle Devonian Soba complex experienced intrusion of island—
arc granites, which may have caused hydrothermal alteration of the host rocks near
the intrusive contacts. The (U,Th)-He age of the later mineralization (402+6 Ma)
aligns with the previously established formation time of granitoids of the Soba
Complex. Mineralogical and geochemical observations indicate that newly formed
pyrite of late generation is enriched in gold and arsenic, as evidenced by the rims of
its arsenic variety.

7.1.2 Novogodnee-Monto deposit

For the Novogodnee-Monto deposit 9 pyrite samples were analyzed: from
quartz—sericite near—metasomatites (n=6) and skarns (n=3). The results of U, Th and
“He concentrations are presented in Table 7.3. The specific volume of “He ranges
from 1.30x107° to 4.83x10°° cm’/g (51.2—17.8 10'%at.) for the beresites and
7.37 —1.14x107° (45.2 — 3.2 107'? at.) for the deposit skarns. The mass fraction of U
varies from 0.1 to 0.5 pg/g, and the Th/U ratio values for each rock group ranged
from 2.1 to 4.9.

Table 7.3 — Results of (UTh)-He dating of pyrite from metasomatites of
Novogodnee-Monto deposit
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Ne U, o, Th, G, “He, o, T, +,
Sample Th/U “Helow 1,
sample | 10"at. | % | 10"at. | % 10%%t. | % Ma | (20)
%

Pyrite—sericite—quartz metasomatites
HM-17 872 16.6 2.7 81.1 25 | 49 17.8 1.9 0.93 384 | 8
875 54.0 2.5 1362 | 23 | 25 42.0 0.9 0.00 374 | 6
877 332 2.5 1266 | 32 | 3.8 34.0 1.1 0.76 414 | 7
878 43.5 44 | 1709 | 3.8 | 3.9 41.7 1.5 1.31 383 | 10
889 514 57 | 208.8 | 1.3 | 4.1 51.2 0.6 0.00 391 | 11
890 42.7 29 | 181.7 | 1.8 | 43 46.4 0.9 0.15 417 | 7

Skarns
HM-
— 967 9.5 4.0 5.8 2.9 0.6 3.2 3.5 0.72 224 | 11
HM-
31+ 968 6.5 4.1 10.1 2.5 1.6 5.5 3.1 43.07 467 18
a
971 111.4 1.8 235.8 1.5 2.1 452 1.5 11.78 209 8
Qu
blank 1.3 97.0 6.0 74.0 - 1.1 37.0 - -
a

** Jow isotopic contents of *He

Pyrite from pyroxene—epidote—garnet skarns

Helium contents in pyrite from skarns are rather low. Only one of the samples
showed significant amounts of helium. Pyrite from pyroxene—epidote—epidote
skarns is closely associated with chalcopyrite, which forms accretions and films on
its surface. However, chalcopyrite's complex “He emission kinetics and low helium
migration activation energy make it unsuitable for (U,Th)-He dating (Yakubovich
etal., 2019). Sample 971 has been excluded from the calculations due to its potential
impact on helium losses and anomalous age rejuvenation.

Pyrite from pyrite—sericite—quartz metasomatites

(U,Th)-He ages of pyrite from berezites are quite reproducible, but show a
large scatter in the 370—-420 Ma range. The central age calculated for six pyrite
samples from pyrite—sericite—quartz metasomatites is 395+6 Ma (2c; n=6) (Figure
7.4). The age of pyrite from the Novogodnee-Monto deposit is consistent with
independent geological estimates for the age of ore formation (380—400 Ma)
(Vikentyev et al., 2017; 2019; Udoratina et al., 2005). There is no correlation
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between age and the concentration of U, Th, or He in grains (Figure 7.5). This
indicates that there is little likelihood of an effect of trapped or implanted 4He on
the dispersion of (U,Th)-He ages, since trapped He is dependent on the U and Th

concentrations.
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Figure 7.4 — Graph of weighted average values for pyrite of Novogodnee-Monto
deposit (outcrop NM-17) for 6 samples, plotted in Isoplot R program (Vermeesch,
2018).
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Figure 7.5 — Dependence of (U ,Th)—He age on helium concentration in pyrite of
Novogodnee-Monto deposit
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All (U, Th)-He ages fall within the time frame of magmatic and metasomatic
activity associated with the formation of the volcanic—plutonic belt in this region
(382—418 Ma) (Sobolev, 2019 and references in this paper). The relatively large
scatter of (U,Th)—He ages can be attributed to different phases of oreogenesis and
crystallization of pyrite, as evidenced by the zonal structure of some pyrite grains
(Figure 6.2). Sample NM—17 may contain two generations of pyrite. The first
generation (415+10 Ma (26; n=2)) corresponds to the skarn stage of deposit
formation. Most researchers attribute the age of skarn—magnetite mineralization
within the Novogodnee-Monto deposit to the main intrusion phase of the Soba
complex (410+2; U-Pb by zircon Vikentyev et al., 2017) at the boundary of lenses
of limestone and volcanics of basic composition. The age obtained corresponds to
the main stage of dioritic magmatism in the Polar Urals (Yakubovich et al., 2021).

The second generation of pyrite (380+8 Ma (2o0; n=4)) corresponds to a
lower—temperature bresite stage (382-360 Ma) (Vikentyev et al., 2019). The
(U,Th)-He age of pyrite from the Novogodnee-Monto deposit is supported by
independent geological observations (references). The age derived from the data is
correlated with the emplacement time of the Middle—Late Devonian minor granitoid
intrusions of the Janaslor complex in the Voykar zone (387-383 Ma) (U—Pb;
Udoratina et al., 2005). The Rb—Sr isochron age of the dyke of montsodiorite
porphyries of the Musyur complex (some researchers distinguish it as the Kongorian
complex) (382+10 Ma Soloviev et al., 2013; Girfanov et al., 2008), which forms the
geological section of the deposit, coincides with the obtained values. (U,Th)-He
ages are consistent with the results of 40Ar/39Ar dating on sericite from berezitoids
of the Petropavlovskoe deposit (382+4 Ma Vikentyev et al., 2019). The 380 Ma
boundary is interpreted as the final stage of island—arc magmatism, marking the final
extinction of magmatic sources that formed the granitoid bodies of the Sob
Batholith, which influenced the processes of gold and Cu—Fe(+=Au) mineralization

formation (Remizov, 2004; Udoratina et al., 2005; Sobolev et al., 2018).



7.1.3 Petropavlovskoe deposit
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At the Petropavlovskoe deposit, 25 pyrite samples were analyzed from various

rock types:

propylites (n=7), pyrite—sericite—quartz metasomatites (n=12),

granodiorites of the Sob complex (n=3), and a carbonate vein (n=1). The results of

measuring U, Th and *He concentrations are presented in Table 7.4.

Table 7.4 — Results of (U,Th)—He dating of pyrite from metasomatites and igneous
rocks of Petropavlovskoe deposit

®
Sample Ne U, o, Th, o, WO “He, o, Hew. T, 1,
sample | 10"at. | % | 10"at. | % 10"at. | % o Ma | (20)
Propylites

308/4 1028 1749 | 24 | 2646 | 24 | 1.5 1053 | 0.3 2.26 339 | 6

1035 196.8 | 1.6 | 301.1 1.6 | 15 1353 | 03 1.11 385 | 5

1040 221.6 | 34 | 3954 | 34 | 18 160.4 | 0.2 1.07 388 | 9
309/11** | 1021 - - - - - 32 5.5 0.00 - -
1027 10.9 25 24.7 25| 23 9.4 3.8 1297 | 426 | 17
*x 1038 - - - - - 4.6 2.7 1.78 - -
*x 1088 - - - - - 6.9 2.4 4.40 - -

Pyrite—sericite—quartz metasomatites

309-0-40 922 33.0 | 2.1 198.7 | 1.5 | 6.0 27.6 4.8 0.00 | 268 | 13
926 35.1 75 | 198.6 | 14 | 5.7 31.5 2.7 2.45 298 | 12

1018 26.3 1.4 | 1609 | 14 | 6.1 253 1.4 0.00 305 | 4
* 1066 25.9 6.7 | 1272 | 1.2 | 49 354 0.9 090 | 485 | 15
309/15 925 55.0 1.5 | 1724 | 1.5 | 3.1 47.9 3.1 9.89 384 | 5
927 2458 | 1.5 | 6595 | 15 | 2.7 1541 | 04 0.38 296 | 3
928 230.6 | 2.1 | 5656 | 1.7 | 2.5 182.0 | 2.3 0.33 383 | 12
929 3745 | 1.4 | 8150 | 1.6 | 22 209.0 | 0.8 1.21 284 | 13

977 2606 | 1.0 | 7485 | 1.0 | 29 227.1 | 03 0.00 398 | 3

983 367.0 | 1.0 | 5151 | 0.8 | 14 269.2 | 0.5 2.71 418 | 4

1063 2647 | 26 | 6802 | 13 | 2.6 2478 | 0.8 0.67 444 | 8

*x 1065 - - - - - 6.7 32 0.00 - -

Plagiogranite porphyries

S 85/15 1082 1486 | 7.0 | 137.0 | 1.9 | 09 97.5 0.6 1.71 408 | 23
1090 290.0 | 22 | 1884 | 15 | 0.6 146.5 | 0.6 1.06 333 | 6

1092 3163 | 23 | 2181 | 34 | 0.7 146.6 | 0.6 4.81 304 | 6
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Carbonate vein
308/34** | 1106 - - - - - 1.8 3.9 0.00 - -
Qu blank 1.3 97.0 6 74.0 | - 1.1 37.0 - -

**excluded due to anomalous deviation from the weighted average age value
** Jow *He isotopic content

Pyrite from propylitized rocks

Four suspensions of pyrite from two samples were analyzed. The specific
volume of “He in pyrite from propylites ranges from 4.15x107 to 3.64x10°° cm®/g
(160.4 — 9.4 x1071° at.). The mass fraction of U ranges from 0.1 to 0.9 pg/g, and the
Th/U ratio ranges from 1.5-2.3. One measurement from sample 308/4 deviated
markedly from the mean age and was excluded from the plot. From a geological
perspective, the single rejuvenated age value of 339+6 Ma (2) aligns with the known
40Ar/39Ar plagioclase age estimates of 339+4 Ma (Sobolev et al., 2020) for the late
dacites of montsodiorite porphyries of the Musyur complex.

The isochron age obtained for the propylites of the Petropavlovskoe deposit
1s 394+10 Ma (MSWD=1; (20); n=3) (Figure 7.6). The probability of incomplete
decomposition of inclusions in pyrite grains is minimized due to their rare and fine
dissemination (Figure 6.3). Propylites are closely related to near—neutral and weakly
acidic low—temperature solutions by nature of origin (Korzhinsky, 1953). Propylite
mineralization zones are limited to the contacts of plagiogranite dikes (403+4 Ma;
zircon U-Pb; Sobolev et al., 2018b), confirming the association of hydrothermal

alteration with magmatic waters of the Soba complex (Mansurov, 2013).
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Figure 7.6 — (U Th)—He isochron for pyrite from propylites of Petropavlovskoe
deposit. P is the reduced modern rate of *He formation.

Pyrite from pyrite—sericite—quartz metasomatites

The volume of *He in pyrite from berezitoids of the Petropavlovskoe deposit
ranges from 6.912x107° to 5.24x107° cm’/g (227.1 —25.3 x1071° at.). The mass
fraction of U varies widely from 0.1 to 1.5 pg/g, and the Th/U ratio ranges from 1.5
to 6.0. Despite the wide range of U values, there is no observed correlation between
its content and age distribution, confirming the lack of contribution of the ejected

and implanted component (Figure 7.7).
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Figure 7.7 — Dependence of (U,Th)—He age on uranium content in pyrite of pyrite—
sericite—quartz metasomatites of Petropavlovskoe deposit
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The dating results were divided into two age clusters: 293+4 Ma (MSWD=5;

2:; n=5) and 396+5 Ma (MSWD=1.6; 2c; n=3) (Figure 7.8). The distribution of
values appears random and is not correlated with uranium isotopic contents, ruling
out the possibility of age cluster separation due to trapped or implanted 4He (Figure
7.7). The age of sample 309—0-40 was determined to be 382+4 Ma through
40A1/39Ar dating of a sericite monofraction (Vikentyev et al., 2019). This age is
similar to one of the values obtained for pyrite—sericite—quartz rocks. The (U, Th)—
He age of pyrite (3965 Ma) from quartz—sericite metasomatites is closest to the age
of zircons (403+4 Ma) from plagiogranite porphyries of the Soba complex (Sobolev
et al., 2018a) during the Early-Middle Devonian period. A part of the pyrite may be
associated with the formation of the largest dioritoid plutons of the Sob Batholith.

©

S Plagiogranites of the late phase of the Sob complex

- (U-Pb; Sobolev et al., 2018a)

O pa—

o

<

Quartz-sericite metasomatites
(*Ar/*Ar; Vikentyev et al., 2019)
2 - 396 + 5 Ma
MSWD = 1.6

oS 0.5

o

8 —
293 £+ 4 Ma
MSWD =5

34
0SS <-0.5
Ural collision
(Kuznetsov, Romanuk, 2014)
.
N
I 1 | | I I I |
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Figure 7.8 — Graph of weighted average values for pyrite of the Petropavlovskoe
deposit.
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The Early Permian age of the pyrite (293+4 Ma) is consistent with known

isotopic data in the region, and the youngest U-Pb ages of zircons from
gabbrodolerites (256+7 Ma) and lamprophyres (248+7 Ma) of the Musyur Complex
(Vikentyev et al., 2017) are not inconsistent.

The tectonic structure of the deposit facilitates the migration, concentration,
and redeposition of chemical elements in paleostratigraphic zones. On a regional
scale, northwest strike—slip fault systems control quartz—pyrite—sericite alteration.
These tectonic disturbances are perpendicular to the Main Ural Fault and represent
the late stage of deformation associated with the action of shear stresses during the
collisional process (Sychev and Kulikova, 2010). The (U,Th)-He age of Early
Permian berezitoids correlates with the collisional stage of the Arct—Laurussia and
Siberia—Kazakhstan—Kyrgyzstan continents (270-300 Ma; Kuznetsov and
Romanuk, 2014), which probably caused partial redistribution of ore material or new
formation of pyrite. The complex morphology and saturation of pyrite inclusions
(Figure 6.3) confirm active tectonic—metasomatic workings of the ore substrate.

The results of (U,Th)-He dating were correlated with the data on the
distribution of isotopic composition &*S (-12 to +0.5%o) within the deposit
(Vikentyev et al., 2017). The central part of the deposit is characterized by a
homogeneous sulfur isotopic composition with deviations from —0.5 to +0.5%o from
the meteoric standard 34S. Pyrite with significantly lower &°*S values (—12 to —5%o)
occurs in the northwestern part of the deposit. The sulfur isotopic composition of
sulfur in pyrite found in the mantle is indicative of mineralization that occurred
during the Devonian period. Pyrite from the northwestern part of the deposit is
dominated by younger Early Permian age estimates and is characterized by a light
sulfur isotopic composition ( 8**S <-5%o), suggesting the involvement of crustal
sources. Therefore, it can be assumed that the most recent generation of pyrite is
associated with collisional tectonic events in the Urals.

Pyrite from igneous rocks

We analyzed five samples of pyrite from igneous rocks: plagiogranite

porphyries of the Soba complex (n=3) and dolerites of the Musyur complex (n=2).
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The (U,Th)-He dating of plagiogranite porphyries resulted in a wide range of ages
(304-408 Ma). The dating of two pyrite samples yielded Carboniferous ages of
333+6 and 304+£6 Ma, respectively. Only one measurement yielded an Early
Devonian age of 408+23 Ma (2 o), which is close to the age of zircons (410+2 Ma)
from main—phase diorites of the Soba complex (Vikentyev et al., 2017) dated at the
Petropavlovskoe deposit a few meters from the sampling site of sample S85—15. The
interpretation of coal-bearing pyrite dating is ambiguous. The young ages of the
sample can be explained by the presence of chalcopyrite films on the surface of
pyrite, which are characterized by reduced helium preservation and close
aggregation with calcite, possibly containing uranium. Alternatively, the
Carboniferous dating may be explained by the restart of the (U,Th)-He isotope
system in pyrite or the formation of later generations of pyrite as a consequence of
accretionary—collisional events in the Urals (Puchkov, 2010). The Novogodnenskoe
ore field was intruded by a significant number of Early Carboniferous basite dykes
of the Musyur complex, which can be used to date the Early Carboniferous period
(Sobolev et al.,). The formation of the island arc occurred during the accretion to the
Arct—Laurussia paleocontinent (360-312 Ma) (Glodny et al., 2000; Kuznetsov and
Romanuk, 2014; Sobolev et al., 2020). The youngest Late Carboniferous age (270—
300 Ma) is well correlated and probably related to the main stage of the Ural
continental collision.

Samples of dolerites from the Musyur complex were collected at a location
distant from the Novogodnenskoe ore field, within the Amphibolitovoye ore field.
Two ages were determined for the dolerites: 383410 and 324+13 Ma (2c) (Table
7.5). The first measurement had high values of U and Th measurement errors, and
therefore the sample was excluded from the discussion. The age of dolerites only
holds estimated value and does not contradict the known results of 40Ar/39Ar dating
of dikes of the third phase of the Musyur complex by plagioclase (313+£10 Ma) and
amphibole (33443 Ma) (Sobolev et al., 2020).
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Table 7.5 — Results of (U, Th)—He dating of pyrite from dolerites of the Amphibolite
ore occurrence

Dolerites
®
Ne U, o, Th, o, “He, o, T, +,
Sample Th/U *Heiow 1,
sample | 10"at. | % | 10"t. | % 10%%t. | % Ma | (26)

%

1085 111.8 | 13.6 | 4102 | 9.1 | 3.7 104.0 | 0.7 0.91 383 | 10
1086 127.2 | 70 | 358.0 | 33 | 28 89.1 0.7 1.45 324 | 13
Qu blank 1.3 97.0 6 740 | - 1.1 37.0 - —

S 205b/21

Pyrite from a carbonate vein
The pyrite vein has a low helium content and was excluded from the
calculations. The kinetics of helium release are complicated by the tight intergrowth

of grains with chalcopyrite and calcite.

7.2 Results of the Re-Os dating

To verify the results of (U,Th)-He dating of pyrite, Re—Os dating of 5 pyrite
samples from the Petropavlovskoe deposit was perfomed on a thermal Ionization

mass spectrometer in the laboratory Jamsrec (Japan) and presented (Table 7.6).

Table 7.6 — Description of samples for Re—Os dating based on geological data

Sample number | Description

308/31 Quartz diorites with lenses and pyrite clusters
308/34 Carbonate vein with rare disseminated pyrite mineralization
309/44 Mafic volcanics with sulfide veins
Late quartz vein with sulfide mineralization rite, rarel
309/48 1 . by Y
chalcopyrite)
310/43 Metasomatic rocks with abundant pyrite phenocrysts and thin

sulfide veins, in contact with late unaltered dyke

The absence of isochron dependence and the wide range of values may be due

to isotopic heterogeneity of trapped Os or disruption of the isotopic system by
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superimposed processes. The Petropavlovskoe deposit is characterized by a
complex, multistage formation, making it difficult to obtain a single Re—Os
isochrone corresponding to the time of ore formation (Figure 7.9).

age = 1329 Ma+130% (n=5)
(**"0s/"®0s)y=-10.9 £ 170%
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Figure 7.9 — Re—Os isochron for pyrite from the Petropavlovskoe deposit.

The non—reproducibility of ages indirectly indicates the transformation of
pyrite and its intermediate enrichment during oreogenesis. Many of the results
obtained are not geologically significant. Elevated '*’Os/'®QOs ratios for sample
309/48 (late quartz vein) reflect the strong influence of a crustal source. This may
indirectly indicate the formation of mineralization in a collisional geotectonic

setting.

Table 7.7 — Results of Re—Os dating of pyrite from Petropavlovskoe deposit

18705/
Sample | Re, mg/t | Os, mg/t | ¥’Re/'®80s | 26, % 180 20, % | Re/Os | Tmod, Ma
s

308/31 1.82 0.03 360.15 1.86 | 098 | 0.01 | 67.84 1496
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308/34 | 3.9 0.03 1388.89 | 23.90 | 7.64 | 0.08 |162.01 | 428

309/44 3.26 0.04 552.92 532 | 1.74 | 0.02 | 96.88 449

309/48 1.03 0.01 1930.16 | 38.19 | 40.43 | 0.60 | 255.63 | 1490

310/43 0.90 0.01 671.66 872 | 446 | 0.05 | 101.71 759

Discussion of results

Isotopic and mineralogical evidence suggest a long and multistage formation
of ore—magmatic systems within the formation cycle of the Toupugol-Khanmeishor
area. The stages of ore formation in the studied region are associated with the
evolution of the Polar—Ural Paleozoic Island arc (Vikentyev et al., 2017; Ivanova et
al., 2020). The results of (U, Th)—He dating of pyrite can be divided into three groups
of ages that correlate with the main geodynamic events of the Paleozoic history of

the Polar Urals (Figure 7.10).
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Figure 7.10. — Scheme of age distribution of (U,Th)—He dating of pyrite of the
Toupugol-Khanmeishor ore district

The early sulfide stage (400—430 Ma) is characterized by the active eruption

of tholeiitic and calcareous—alkaline lavas of basalt-andesibasalt composition in
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deep sea conditions. Additionally, tuff accumulates and spatially associated
carbonate biohermal structures of the Tupuogol formation form. The Kariernoe ore
occurrence's structure preserved the original appearance of volcanogenic rocks and
the earliest colcaustic ore mineralization due to the limited participation of intrusive
formations. The stratiform pyrite mineralization is near—synchronous with the
Wenlock—Ludlow island—arc volcanism and likely served as one of the sources of
sulfur and ore material involved in forming the Petropavlovskoe and Novogodnee-

Monto deposits (Figure 7.11).
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Figure 7.11. — Paleotectonic reconstructions of the Polar Urals island—arc system
(according to (Kuznetsov and Romanuk, 2014; Sobolev, 2019) with modifications).
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Carboniferous, d — Late Carboniferous—Permian. 1 — predominantly Precambrian
crust; 2 — oceanic crust; 3 — Ordovician—Middle Devonian volcanogenic and
volcanogenic—sedimentary island—arc formations; 4 - Middle-Upper Ordovician
volcanogenic and volcanogenic-sedimentary formations of the Ustkongorskaya
Formation, 5 — Early—Middle Devonian gabbroids and plagiogranitoids of the Soba
batholith; 6 — Late Cambrian—Early Ordovician riftogenic magmatic formations, 7
— flysch deposits, 8 — studied deposits and ore occurrences of the Polar Urals; 9 —
slab dehydration, 10— directions relative to plate motion, 11 — clastic rocks.

During the final stage of island—arc magmatism (390-410 Ma), the Sob
batholith served as the primary endogenous source of metals, sulfur, and heat in the
Polar Urals, supporting the activity of the ore—magmatic system (Vikentyev et al.,
2017; Sobolev et al., 2018b). The formation of dioritoids in the main phase of the
Soba complex indicates new physical and chemical conditions in the ore—forming
environment. This is reflected in the diverse composition of the host rocks, as well
as in the chemical composition and morphology of pyrite. The recrystallization of
sinter mineralization was initiated by the formation of island—arc diorites during the
skarn—porphyry stage of deposit formation. The cooling of the main phase of the
Soba complex, along with the subordinate influence of dykes of diorite—porphyrites
and plagiogranite—porphyries from the late phase of the Soba complex, led to the
development of propylitic alteration that hosts sulfide mineralization. This also
contributed to the formation of gold—porphyry stockworks at the beginning of the
Eifel (Vikentyev et al., 2017).

During the accretion of the island arc (313-360 Ma (Kuznetsov, Romanuk,
2014; Sobolev et al., 2020) to the Ural margin of Arct—Laurussia, the final stage of
granitoid magmatism occurred in the Polar Urals. The Yanaslor complex (383—-387
Ma; Udoratina et al., 2005) was introduced in small massifs in the southern part of
the region, which was synchronous with manifestations of berezite alteration within
the gold deposits of the Toupugol-Khanmeishor area (<380 Ma). During the final
stage, dykes and lamprophyres of the Musyur complex were introduced, but they do
not contribute to gold concentration.

The collision of Arct-Laurussia with the Siberian—Kazakhstan—Kyrgyz

continent (250-270 Ma) formed a divergent orogen, as reported by Kuznetsov and
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Romanuk (2014) and Sobolev (2019). The Ural collision was a global geodynamic

event that caused a complex of tectonic deformations, increasing rock permeability
and potentially favoring the movement of upward fluid solutions. The northwestern
section of the Petropavlovskoe deposit, where the Permian (U,Th)-He age of pyrite
was obtained, has a complex tectonic structure. In contrast to the central part of the
deposit, this area contains newly formed non—productive sulfide mineralization. The
sulfur isotopic composition of sulfur in pyrite in this zone is also characterized by a
lighter isotopic composition (8 **S ot -12 10 -5%o).

A complex polystage history of ore formation in the Toupugol-Khanmeishor
area can be traced as a result of active tectonic—metasomatic workings of
volcanogenic ore material during the development of the Polar Urals island—arc
system and its further accretion to the East European paleocontinent. The cycle of
the island—arc ore—forming system involves primary sinter mineralization. During
subsequent tectonic processes accompanied by hydrothermal activity, additional
magmatic matter inflow is responsible for redistributing and enriching the ore
substrate. The transition from magmatic to hydrothermal ore formation during the
development of an ore—magmatic system is supported by the chemical composition,
pyrite crystal morphology, and metasomatic transformations of volcanogenic rocks
in several locations, including Kariernoe, Novogodnee-Monto, and
Petropavlovskoe. The collision of the Arct—Laurussia and Siberian—Kyrgyz—Kazakh
continents resulted in the formation of a complex of stretches and dislocations at the
Petropavlovskoe deposit. However, this event did not contribute to the formation of
gold mineralization. The data obtained from this study can be used as an additional

criterion for forecasting gold mineralization in adjacent territories.
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CONCLUSION

On the example of gold deposits of the Topougol-Haimeshor ore district:

1. The possibility of (U,Th)-He dating of pyrite from volcanogenic and
metasomatic rocks has been demonstrated. It is shown that (U,Th)-He ages of pyrite
agree with ages determined by independent methods (biostratigraphy, 39Ar-40Ar)
and with geological ideas about the history of development of the region,

2. The technique of sampling and preparation of samples for (U,Th)-He
dating has been improved. It is shown that autoclave decomposition of pyrite
samples in Teflon bouquets in a mixture of hydrofluoric, nitric and chloric acids (in
the ratio 10:2:1) at 220 °C, 48 hours, provides complete dissolution of micron
inclusions of uranium (thorium)-bearing minerals, which are one of the sources of
radiogenic helium.

3. New data on the age of pyrite from volcanogenic-sedimentary, skarn-
porphyritic and berezite stages were obtained. These data allowed us to confirm the
424 Ma (%6) sinter stage and to identify a new post-arc Permian stage of 293 Ma
(+4).
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