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Abstract: The study was aimed at dating of Au ores from the Yubileinoe, Irokinda and Uryakh
deposits located in the Baikal-Muya fold belt and Pb-Zn ores from the Ozernoe deposit in the
Barguzin-Vitim super-terrain (Transbaikalia, Russia). The 40Ar/39Ar ages on pyrite-encapsulated
sericite of gold-bearing quartz sampled from veins in the Yubileinoe, Irokinda and Uryakh deposits
are 265 ± 33 Ma, 276 ± 13 Ma and 287 ± 7 Ma, respectively. The age of disseminated mineralisation in
the Ozernoe deposit is 329 ± 19 Ma. The results of this study and previously published data suggest
two stages of ore mineralisation at Transbaikalia: 330–320 Ma for the disseminated mineralisation
and 290–270 Ma for the vein mineralisation. Irrespective of the location and the nature of the host
rocks, the former and the latter mineralisation are transiently associated with the initial and final
stages of the emplacement of the Angara-Vitim granitic batholith. The granitoids provided heat
and possibly fluids, while Au, Pb and Zn were sourced from the host rocks. Gold deposits to the
north and south of the batholith are generally older and younger, respectively, and were formed by
different geological processes.

Keywords: 40Ar/39Ar dating; ore deposits; Baikal-Muya super-terrain; Barguzin-Vitim super-terrain;
Yubileinoe; Irokinda; Uryakh; Ozernoe; Mukodek

1. Introduction

Determining the age of an ore deposit is often difficult for a number of reasons. Firstly,
ore formation can be a multistage process and, for example, dating the host rock may not
provide an answer to the age of the ore itself. Secondly, it is difficult from an analytical
point of view because the ore minerals cannot always be dated by routine geochronological
tools, while spatially associated minerals suitable for dating may not have crystallized
synchronously with the ore. Recently, it has been suggested that pyrite, which is often an
important host for gold mineralisation, can be dated by the 40Ar/39Ar method on encapsu-
lated sericite grains [1–4]. For example, at the Mukodek gold-ore field in the Baikal-Muya
Belt (northern Transbaikalia, Siberia, Russia), two stages of mineralisation were identified
using such an approach: fine-grained (first generation) and coarse-grained (second gener-
ation) pyrite yielded ages of 321 ± 1.9 Ma and 284 ± 15 Ma, respectively [4]. These ages
correspond to the early and late stages of the Angara-Vitim batholith emplacement [5–8],
suggesting a link between felsic magmatism and gold ore formation in Transbaikalia in
the Late Palaeozoic (Figure 1). Understanding the “scenario” of gold mineralisation in the
Mukodek gold deposit, whose reserves are relatively small, may help to elucidate the min-
eralisation history of larger ore zones in the Baikal-Muya Belt and other tectonic structures
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of Transbaikalia [9]. This paper presents some new results of 40Ar/39Ar dating results of
pyrite-encapsulated sericite from three deposits in the Baikal-Muya Belt (BMB) and one
deposit in the Barguzin-Vitim super-terrain of the Central Asian Orogenic Belt (CAOB),
and reviews available geochronological data for some of these and other deposits (Figure 1).
All these deposits are characterised by spatial association with the Early Carboniferous–
Early Permian Angara-Vitim batholith [5–8] (Figure 1). The results of our research show
that the deposits under consideration were formed in two stages and are coeval with this
batholith, in contrast to the gold deposits to the north and south, which were formed in the
Silurian–Early Carboniferous [10–13] and Jurassic–Early Cretaceous [14,15], respectively
(Figure 1).
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2. Geological Characteristics of the Deposits

In general, the Yubileinoe, Uryakh and Irokinda deposits are located within the
Baikal-Muya Belt (BMB) (Figure 1). These deposits have been classified as belonging
to mesothermal formations with low-sulphide gold-quartz and gold-(pyrite)-galenite-
sphalerite (±chalcopyrite faded ore) mineralogical types. Alteration zones are represented
by disseminated and veined ore types. The main gold ore of these deposits is hosted
in quartz veins. Vein-disseminated ore is poorly investigated for gold and is generally
considered to be less profitable.

The Yubileinoe deposit is located in the central part of the Baikal-Muya belt (Figure 1).
The rocks are metarhyolites, metadacites and metasediments of a Neoproterozoic volcanic
arc intruded by post-collisional metagabbro and plagiogranites of uncertain age and by
granitic dikes of the Konkudero-Mamakan complex (320–280 Ma [6]) (Figure 2). The
alteration zone is hosted in schists and mylonites that have developed along a fault on
metamorphosed volcanic-sedimentary rocks (Figure 2).
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The vein-type ore at the Yubileinoe deposit is represented by quartz and quartz-
carbonate veins with a total length of up to 360 m and a thickness of 0.6–1.6 m (Figure 3).
The main minerals in the veins are quartz (80%–90%) and carbonates (10%–20%). There
are four generations of quartz in four mineral associations (from old to young): quartz,
quartz-pyrite, quartz-sphalerite-chalcopyrite-galenite and gold-telluride-quartz [16]. The
disseminated ore type (Figure 4a) is represented by albite-chlorite-quartz-sericite-carbonate
and sericite-quartz-chlorite-carbonate metasomatic rocks. The former are known in Russian
geological literature as beresites, while the latter are known internationally as listvenites.
The gold-bearing veins (Figure 4b) cut the metasomatic rocks of the disseminated forma-
tion (Figure 3). The disseminated- and vein-type ores contain rounded (Figure 4a) and
rectangular (Figure 4b) pyrites belonging to the first and second generations.
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Figure 4. Examples of pyrites of the first (a) and second (b) generation from different type ores of the
Yubileinoe deposit.

Ore minerals, mainly pyrite, and less commonly chalcopyrite, galenite, sphalerite,
fahlore (tetrahedrite), tellurides (altaite, petzite, hessite, melonite, etc.) and native gold
make up to 3%. Two generations of pyrite have been identified. The first generation of pyrite
is restricted to the disseminated ore. It has rounded grains with a size of 0.05–0.07 mm,
sometimes with formed grains close to octahedral. The second generation of pyrite has the
euhedral, cubic or free forms with a typical grain size of 0.1–5 mm. It is found in both the
disseminated- and vein-type ores (Figure 4a,b).

Gold in the veins occurs either in native form (0.01–3 mm in size) or as tellurides (pet-
zite and calaverite) associated with sulphides. Gold concentrations in pyrite separated from
the vein and ore disseminated from the vein reach up to 70 ppm and 15 ppm, respectively.

The Uryakh deposit is located in the northern BMB on the border of the Baikal-Patom
Belt (BPB) (see Figure 1). Gold reserves are estimated at ~10 metric tonnes [17]. Its geological
units include Neoproterozoic terrigenous-carbonate rocks, Neoproterozoic metagranitoids,
metagabbro, metavolcanics and Upper Paleozoic mafic and felsic dikes. The host rocks are
terrigenous carbonates, metagranitoids, metagabbro and metavolcanic rocks. The deposit
is located in the zone of the regional Syulban fault (Figure 5).

The amount of sulphide in the ores reaches up to 1%. Similar to the Yubileinoe deposit,
the Uryakh deposit has two generations of pyrite: the first generation is restricted to veinlets
and the second generation occurs in both ore types (Figures 6 and 7). Gold occurs in both
ore types within either quartz or second-generation pyrite (Figure 8b,c).

The vein type at the Uryakh deposit (Figures 6 and 7) is represented by quartz veins
with a total length of up to 100 m and a thickness of up to 3 m. The disseminated ore type
(Figures 6 and 7) is represented by beresites composed of sericite, ankerite, quartz and
pyrite. The veins cut the structure of the veinlets (Figure 6a,b).

For sericite collected from the exocontact of the gold-quartz vein in terrigenous-
carbonate rocks, the ages constrained by Rb-Sr and 40Ar/39Ar dating are 281 ± 5 Ma and
275 ± 6 Ma, respectively [18]. The sericite used for dating was collected from the contact
zone with the vein and is therefore likely to represent the age of the vein formation.

The Irokinda field is located in the South Muya BMB tectonic block (Figure 1). Gold
reserves are estimated at ~24 metric tonnes [16]. The geological structure includes Neopro-
terozoic gneisses, amphibolites, metagabbro, granitoids and late Palaeozoic felsic and inter-
mediate composition dikes. Neoproterozoic gneisses and granitoids host gold zones [19]
(Figure 9).

The ore-controlling structure is the Kelyansky Fault. Over one hundred gold-bearing
quartz veins have been identified in the deposit. The veins range in length from 60 to 400 m
and in thickness from 0.4 to 5.5 m. The sulphide content of the quartz veins does not exceed
1.5%. Pyrite (Figure 8d–f) in the quartz veins is dodecahedral and cubic, ranging in size
from 0.3 to 3 mm, forming nest-vein clusters and disseminated.

The disseminated type is represented by tectonised beresites and listvenites with quartz
veins and disseminated sulphide mineralisation. Gold is common in vein-disseminated and
vein-type ores in quartz and pyrite. Gold is rarely found in fractures in pyrite of vein-type
ores (Figure 8d,e).
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The age of the alteration zone is determined by K-Ar and Rb-Sr dating of sericite from
metasomatic zones within the deposit: 271 ± 5 Ma and 275 ± 7 Ma, respectively [20]. The
age of sericite from quartz veins determined by the 40Ar/39Ar method is 268 ± 5 Ma [21].

The Kedrovka field is located in the South Muya BMB tectonic block [20] (Figure 1).
Gold reserves are estimated at ~28 metric tonnes [16]. The geological structure includes
Neoproterozoic metasedimentary rocks, 800–750 Ma granodiorites [9,22], 735 Ma metagab-
bro [23], and Paleozoic dikes and massive granites. Metasediments, granites and gabbro of
the Muya Complex host gold (Figure 10).
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The ore-controlling structure is the Tuldun Fault. Ore zones are represented by quartz-
pyrite association with scheelite and gold-polysulphide (gold-sphalerite-galenite) asso-
ciation. Sheelite is common in the vein quartz. In the work of [24], near-metasomatites
and sericitolite in vein quartz were analysed by the Rb-Sr method, which most likely gave
the age of the quartz veins. In [20], a bulk sample of the ore zone was analysed without
separation of the vein type and the disseminated vein type.

The Mukodek ore field is described in [4,25]. Gold reserves are estimated at ~20 metric
tonnes [16]. It is hosted within island arc formations—volcanogenic-sedimentary sequence
and metagabbroids that are intruded by 600 Ma plagiogranites (unpublished author’s
data). The ore-controlling structure is a fault (Figure 11). In the ore field, alteration
zones are represented by disseminated- and vein-type ores. Both disseminated and vein
types are of practical importance. The disseminated ores are sericite—chlorite—ankerite—
albite—quartz. The vein-type ores are represented by quartz-carbonate veins. The vein-
disseminated ores are folded in the right-lateral folds. The position of the vein-type ore
relative to the vein-disseminated ore is inclined at an angle close to the angle of the fold
axis (Figure 12).
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The alteration zone contains two generations of pyrite. Pyrite-1 is widespread in the
vein-disseminated ore. Pyrite-2 is found in the vein type of ore. Pyrites-1 are <1 mm in size,
while those from the veins are up to a few cm in size. 40Ar/39Ar ages of 321 ± 2 Ma and
284 ± 15 Ma were obtained for pyrite-1 and pyrite-2, respectively [4].

The Ozernoye Pb-Zn deposit is hosted in Early Cambrian sedimentary volcanic
rocks [26]. The Pb-Zn reserves are estimated at 165 million metric tonnes [27]. The
alteration zone is controlled by an asymmetric synclinal fold and north-east trending
faults (Figure 13). The alteration zone of the deposit is represented by the disseminated
type. The genesis of the deposit is controversial, either volcanogenic-sedimentary [28] or
hydrothermal-metasomatic [29].
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Ore mineralisation is represented by two types of formation: sulphide lead-zinc and
siderite ores. The main ore minerals are pyrite, sphalerite and siderite and the minor
minerals are galena and magnetite. Accessory minerals are native silver, native gold,
pyrite, marcasite, etc. Two main paragenetic associations are known in the deposit: galena-
sphalerite-pyrite and siderite [30]. Two generations of pyrite have been identified. Pyrite-1
is represented by collomorphic aggregates 0.01–1 mm in size. This pyrite contains sphalerite
and galena (Figure 8g,h). Pyrite-2 is represented by angular and cubic forms of various
sizes and has inclusions of gold and silver. Although these metals are not in economic
quantities, the study of the Ozernoye deposit adds to the understanding of the genesis of
gold deposits in Transbaikalia.
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3. Methods

Based on the study of the geological structure, pyrite samples were collected from
quartz veins at the Yubileinoe, Uryakh and Irokinda deposits for 40Ar/39Ar dating. At the
Ozernoe deposit, pyrite-1 was collected, which is common in sulphide polymetallic ores
of the disseminated type. The samples examined, therefore, represent a particular stage
in the formation of the deposit. Pyrite-1 from some deposits did not contain significant
amounts of sericite inclusions and did not give an analytical signal for 40Ar. These are not
discussed in the paper. Pyrite grains of each generation were mounted in epoxy, polished,
coated with carbon and analysed using an LEO electron microscope with an INCA Energy
300 energy dispersive spectrometer at the Institute of Geology, Siberian Branch, Russian
Academy of Sciences, Ulan-Ude, Russia. The analysed pyrites contain inclusions of sericite
and gold (Figure 8).

The 40Ar/39Ar dating procedure has been described in detail by [4]. Briefly, the dating
was carried out at the Centre for Geodynamics and Geochronology of the Institute of
the Earth’s Crust, Siberian Branch of the Russian Academy of Sciences (Irkutsk, Russia).
The instrument used was an ARGUS VI noble gas mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a double vacuum resistance furnace and an
SAES gas purification system. Argon was released using the stepwise heating procedure in
8–10 steps, depending on the amount of radiogenic argon in the dated pyrite samples. Ages
were calculated using conventional decay constants [31] relative to an age of 18.885 Ma
for the BERN 4M standard. Stepwise heating plots were plotted using Isoplot macros for
Excel [32] and redrawn for aesthetic purposes (Figure 14). The original data in Excel format
are provided in a supplementary file.
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4. Results

Each of the four dated samples yielded a number of steps within their analytical
uncertainties (plateau), with more than 50% of the released 39Ar (Figure 14a–d). Following
our previous study [4], we interpret such plateaus as ages of pyrite-encapsulated sericite
crystallisation. A summary of the results is given in Table 1 and Figure 14. Namely, sample
Yb-47 (Yubileinoe deposit)—7 out of 9 steps give an age of 265 ± 33 Ma (MSWD = 0.31,
probability of fit 0.93); sample Y-520 (Uryakh deposit)—7 out of 10 steps give an age of
284 ± 1.1 Ma (MSWD 0.025, probability of fit 0. 995); sample Ir-21 (Irokinda deposit)—6 out
of 9 steps give an age of 276 ± 13 Ma (MSWD = 0.28, probability of fit 0.97); and sample
Oz-5 (Ozernoe deposit)—4 of 8 steps yield an age of 329 ± 19 Ma (MSWD = 1.7, probability
of fit 0.16). This last sample is characterised by an MSWD greater than one and a low
probability of fit, so this age is only a preliminary estimate. The other three samples, from
three different deposits, give ages within the analytical uncertainties.

Table 1. Characteristics of the Transbaikalian deposits.

Deposits,
Tonnage

Neoproterozoic
Host Rocks Mineral Assemblages Type Ore

Mineralisation Age, Ma Method Reference

Yubileinoe,
25 tonn Metavolcanic

Quartz vein (quartz,
carbonate/pyrite, galena, sphalerite,
chalcopyrite, gold- silver tellurides,

native gold)

Au Vein-type 265 ± 33 40Ar/39Ar (This study)

Uryakh,
10 tonnes

Terrigenous
carbonate
Granitoids

Gabbro

Quartz vein and sulfide
disseminated mineralization (quartz,
carbonate/pyrite, galena, sphalerite,

chalcopyrite, fahlores, scheelite,
goldsilver

tellurides, native gold)

Au
Vein-type
Vein-type
Vein-type

275 ± 6
281 ± 5
284 ± 1

40Ar/39Ar
Rb-Sr

40Ar/39Ar

[18]
[18]

(This study)
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Table 1. Cont.

Deposits,
Tonnage

Neoproterozoic
Host Rocks Mineral Assemblages Type Ore

Mineralisation Age, Ma Method Reference

Irokinda,
24 tonnes

Gneisses
Granitoids

Quartz vein (quartz,
carbonate/pyrite, galena, sphalerite,

chalcopyrite, fahlores, scheelite,
native
gold)

Au
Vein-type
Vein-type
Vein-type
Vein-type

271 ± 5
275 ± 7
268 ± 5

276 ± 13

K-Ar
Rb-Sr

40Ar/39Ar
40Ar/39Ar

[20]
[20]
[21]

(This study)

Ozernoe,
165 M tonnes Metavolcanic sulphide lead-zinc and siderite ores

(galena-sphalerite-pyrite) Au-Pb-Zn Disseminated-
type 329 ± 19 40Ar/39Ar (This study)

Mukodek ore
field,

20 tonnes
Metavolcanic
Plagiogranits

Quartz vein and sulfide
disseminated mineralization

quartz/pyrite, galena, sphalerite,
halcopyrite, gold- silver tellurides,

native gold)

Au
Disseminated-

type
Vein-type

321 ± 2
284 ± 15

40Ar/39Ar
40Ar/39Ar

[4]
[4]

Kedrovskoe,
28 tonnes

Metasedimentary
rocks,

Gabbroids,
Granidoids

Quartz vein (quartz,
carbonate/pyrite, galena, sphalerite,

pyrrhotite, chalcopyrite, fahlores,
scheelite, native gold)

Au Vein-type 273 ± 4
282 ± 5

Rb-Sr
K-Ar

[24]
[20]

5. Discussion

Previously, K-Ar dating of deposits on the southern periphery of the Siberian Craton
suggested late Palaeozoic mineralisation [20]. The 40Ar/39Ar age of the metasomatic
rock sericite from the Uryakh deposit is 275 ± 6 Ma, and from the Irokinda deposit is
268 ± 5 Ma [18,21]. Our studies carried out at the Transbaikalia deposits allowed us to
determine that the quartz vein type of ores intersect the structural pattern (schistosity)
of the disseminated ores (Figures 3, 6 and 12). This fact indicates that the formation of
alteration zones (Au and Pb-Zn ores) in the Transbaikalia are took place in at least two main
tectonic stages. The first stage is associated with the formation of ore-controlling faults
and alteration of the host rocks. The first stage produced disseminated ore types. These
ore types have acquired a structural pattern (schistosity) inherited from the ore-controlling
faults. As the faults continued to “work”, the disseminated ores were deformed into various
asymmetric folds (Figures 3 and 12). The first stage is associated with the formation of
ore-controlling faults and alteration of the host rocks, resulting in the formation of the
disseminated ores.

In the second stage, the ore-controlling faults were reactivated, resulting in the for-
mation of new quartz-filled fractures that formed a quartz vein type of ore. In certain
areas of the deposit, these new quartz-filled fractures either intersected or conformed to
the schistosity of the veined ore. In areas where the quartz-filled fractures have adapted to
the structural pattern of the disseminated ores, a false impression is created that the quartz
vein and disseminated ores formed during the same tectonic stage.

The 40Ar/39Ar ages obtained for pyrites from the disseminated ores of the Ozernoe
and Mukodek deposits are 329 ± 19 Ma and 321 ± 2 Ma, respectively. These, in our
opinion, reflect the age of the first stage of tectonic activation (including the formation of
ore-controlling faults) and the formation of Au and Pb-Zn (Ozernoe) vein-disseminated
and disseminated ores.

40Ar/39Ar ages of 265 ± 33 Ma, 287 ± 7 Ma, 276 ± 13 Ma and 284 ± 15 Ma were
obtained for pyrites sampled from quartz veins of the Yubileinoe, Uryakh and Irokinda
deposits and the Mukodek ore field. These data probably reflect the second stage of
tectonic activation of ore-controlling faults and formation of vein-type ores. The processes
responsible for gold formation continued for some time after the formation of the second-
stage sulphide mineralisation, as evidenced by the occurrence of gold in the fractures of
late pyrites from quartz veins (Figure 8f). The time interval between the two main stages of
the alteration zone in the Transbaikalia area was approximately up to 40 million years.

We therefore propose as a working hypothesis that there were at least two stages
in the formation of gold mineralisation at Transbaikalia, irrespective of the composition
of the host rock and terrain attribution (Figure 1). The two stages are apparent from
geological data and are supported by 40Ar/39Ar dating at the Mukodek ore field [4] and
the Ozernoe deposit (this study), where in the first stage (~330–320 Ma) rocks in zones of
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ore-controlling faults were locally subjected to metasomatic alteration. Disseminated gold
mineralisation occurred in such zones. Later, the early metasomatic rocks were subjected to
plastic deformation and medium-scale folds were formed. Gold-bearing quartz veins and
quartz-carbonate veins were formed during the second stage (~270–290 Ma). It should be
noted that younger (second stage) 40Ar/39Ar ages are only obtained on pyrite associated
with vein-type ores (Table 1). The 40Ar/39Ar ages constrained for the ore deposits in our
study correlate well with the period of geodynamic processes that caused the formation of
the granitoids of the Angara-Vitim batholith with a size of ~200,000 km2 (330–275 Ma) [5–8].
It should be noted that the Angara-Vitim batholith is a historical name and does not refer to
granite emplacement in a single episode. In the interval of 330–310 Ma calcalkaline granites
were emplaced, then between 305 and 285 Ma, in addition to calcalkaline, transitional
to alkaline granitoids were emplaced, and finally at ~280–275 Ma, peralkaline and alkali
feldspar syenites and granites were emplaced [7]. The batholith is thus composed of
numerous separate intrusions emplaced over a long period of time with evolving chemical
compositions. Each of these intrusions created its own hydrothermal system. The processes
associated with the formation of granitoids provided a source of heat and possibly fluids
for the mineral genesis system. Probably alkaline magmas provided more reactive fluids
leading to a more productive stage of vein-type mineralisation. However, the source of
gold was within the host rocks [26], as demonstrated by Pb isotopic studies of ores from the
Mukodek ore field [33]. Carbonates are only significant in one deposit—Uryakh, which has
the lowest gold resources (Table 1). The presence of interbedded terrigenous (gold-bearing)
and carbonate (gold-free) rocks is probably the reason for the low tonnage. It is also clear
that the age of gold and polymetallic deposits shifts from older to younger as one moves
outwards from the Siberian Craton (Figure 1).

6. Conclusions

In this paper we have studied four deposits located in different terrains in the distribu-
tion area of the Early Carboniferous–Early Permian Angara-Vitim batholith. Within some of
the deposits, two tectonic stages are identified, characterised by first- and second-generation
pyrite. 40Ar/39Ar dating of pyrite-encapsulated sericite indicates that first-generation pyrite
crystallized in the Early Carboniferous, whereas second-generation pyrite crystallized in
the Early Permian. Thus, the formation of the deposits is temporally related to the emplace-
ment of the Angara-Vitim batholith, which probably provided the heat to remobilise the
ore metals. Gold deposits to the north and south of the batholith are generally older and
younger, respectively, and were formed by different geological processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min14111158/s1, Table S1: 40Ar/39Ar data in Excel format.
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