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Abstract: The Blagodatnoye deposit with 340 t gold reserves is one of the most productive mines
in Russia. Modern methods of studying fluid inclusions were used to determine the properties of
fluids that formed this deposit. A comprehensive study revealed that the Blagodatnoye gold deposit
was formed between 120 and 350 ◦C and at 0.2–2.6 kbar, and from fluids with salinities ranging
from 0.5 to 30 wt.% (NaCl–eq.). These fluids are: 1—water–carbon dioxide; 2—carbon dioxide–
hydrocarbon; 3—highly saline aqueous. According to Raman spectroscopy and gas chromatography–
mass spectrometry, ore–forming fluids contained H2O, CO2, hydrocarbons and oxygenated organic
compounds, sulfonated, nitrogenated and halogenated compounds. Early oxidized water–carbon
dioxide fluids formed barren associations of the deposit. Later reduced carbon dioxide–hydrocarbon
fluids had a key role in the formation of gold-bearing quartz veins. The stable isotope data (δ34S = 0.8
to 21.3‰, δ13C = −2.8 to −20.9‰, 3He/4He = 0.14 ± 0.3 × 10–6) suggest the ore-forming fluids have
a crustal source.

Keywords: Yenisei Ridge; Blagodatnoye deposit; gold; fluid inclusions; gas chromatography–
mass spectrometry

1. Introduction

The Blagodatnoye deposit is one of largest gold deposits in Russia. Gold reserves
are estimated at 340 tons averaging 1.3 g/t in ore according to the data of “Polyus Gold”
company [1]. The deposit is attributed to orogenic gold deposits [2]. Gold deposits of this
type formed at the final stages of the formation of folded and thrust mountain structures [3].
The deposit was discovered in 1967 by Krysin M. V. in the process of geological survey
1:50,000. Polus Gold started miming at the deposit in 2010 [1]. The Blagodatnoye lies
25 km away from the Olimpiadinskoe deposit (652 t) in the North–Yenisei district of the
Krasnoyarsk Territory (Figure 1a). These deposits are situated within the Yenashim ore
field. The field is unique in gold reserves and ranks first in metal production of Russia [4].
There are a number of works in international and Russian journals devoted to the study
of gold deposits by fluid inclusions analysis. In these works, data on the temperatures,
pressures and salinity of fluids are reported [5–10]. Development of Raman spectroscopy
and its application to individual fluid inclusions resulted in an increased number of works
in which fluid composition is discussed [6,10–19].

Recently we developed a special device that is used for gas mixture injection upon
shock destruction of a sample, which in combination with a highly sensitive gas chroma
tography–mass spectrometer allowed obtaining original results on the composition of
gas component of fluids in native gold, quartz and sulfides from gold deposits of the
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Yenisei ridge [18–21]. The aim of our work is to reveal the physicochemical properties of
ore–bearing fluids that formed the Blagodatnoye deposit in the Yenisei Ridge, which ranks
the second in gold reserves.

2. Geological Setting

The Blagodantoye deposit is located on the Yenisey ridge, the tectonic evolution of
which was discussed by Vernikovsky [22]. The description of the Blagodatnoye deposit is
most fully considered in the works [23–25] and consists in the following provisions. The
ore field of the deposit is located in the Severo–Yeniseisky district of the Yenisei Ridge on
the southeast wing the Panimba anticlinorium bounded by the Tatarka deep fault in the
west and Ishimba deep fault in the east (Figure 1a).

Minerals 2021, 11, 1090 2 of 20 
 

 

ridge [18–21]. The aim of our work is to reveal the physicochemical properties of ore–
bearing fluids that formed the Blagodatnoye deposit in the Yenisei Ridge, which ranks the 
second in gold reserves. 

2. Geological Setting 
The Blagodantoye deposit is located on the Yenisey ridge, the tectonic evolution of 

which was discussed by Vernikovsky [22]. The description of the Blagodatnoye deposit is 
most fully considered in the works [23–25] and consists in the following provisions. The 
ore field of the deposit is located in the Severo–Yeniseisky district of the Yenisei Ridge on 
the southeast wing the Panimba anticlinorium bounded by the Tatarka deep fault in the 
west and Ishimba deep fault in the east (Figure 1a). 

 
Figure 1. (a)—Geological structure of the North-Yenisei ore region [4]; (b)—Geological map of the Blagodatnoye deposit 
[24]. a: 1—deposits of the Paleozoic grabens (PZ); 2—sandy-silty-clayey rocks of cata- and metagenesis zones (RF3); 3—
phyllites of the Uderey and Gorbilok formations of the Sukhoy Pit Group (RF3); 4—crystalline schists of the biotite zone 
(Sukhoy Pit Group RF1, Corda Group; 5—crystalline schists of epidote-amphibolite and amphibolite facies (Gorbilok and 
Corda formations; Penchenga Formation and Karpinsky Ridge Formation, Teya Group, PR1); 6—ore zones of local dyna-
mothermal metamorphism: I—Verkhnee Yenashimo, II—Blagodatninskaya, III—Perevalninskaya, IV—Aleksandro-
Ageevskaya, V—Sovetskaya; 7—granitic plutons: K—Kalami, G—Gurakhta, T—Tyrada, Ch—Chirimba, Ts—Teya; 8—
metamafic rocks, 9—disjunctive faults; 10—gold deposits: 1—Sovetskoye, 2—Ogne-Poteryayevskoye, 3—Skalistoye, 4—
Sergievskoe, 5—Polyarnaya Zvezda, 6—Zayavka 14, 7—Uspenskie Zhily, 8—Buyan, 9—Ishmurat, 10—Aleksandrovo-
Ageevskoye, 11—Albanskie Zhily, 12—Proletarka, 13—Vershinka, 14—Udarny, 15—Pervenets, 16—Eldorado, 17—Ol-
ginskoye, 18—Blagodatnoye, 19–20—Olimpiada (19—Eastern, 20—Western), 21—Tyrada. (b): 1 — Quaternary sediments; 
2 — Upper section of the Corda formation. Upper bench (RF1kd𝟐𝟑). Rhythmically layered quartz-feldspar schists; 3 — 
Upper section of the Corda formation. Bottom bench (RF1kd𝟏𝟑). Spotted staurolite slates; 4 — Middle section of the Corda 
formation. Upper bench (RF1kd𝟐𝟐): a) quartzitic schists; b) leucocratic quartzitic schists; 5 — Middle section of the Corda 
formation. Bottom bench (R1kd). Medium-grained arkose metaaurolites with porphyroblasts of muscovite; 6 — Ryazanov 
formation (Pr1rz). Calcyphyres; 7 — granite-porphyry dikes. Tatar-Ayakhta intrusive complex; 8 — zones of metasomati-
cally altered rocks and diaphthorites; x - (chlorite ± pyrrhotitepyrite); e - (chlorite ± actinolite ± epidote ± sulfides); k - 

Figure 1. (a)—Geological structure of the North-Yenisei ore region [4]; (b)—Geological map of the Blagodatnoye de-
posit [24]. (a): 1—deposits of the Paleozoic grabens (PZ); 2—sandy-silty-clayey rocks of cata- and metagenesis zones
(RF3); 3—phyllites of the Uderey and Gorbilok formations of the Sukhoy Pit Group (RF3); 4—crystalline schists of the
biotite zone (Sukhoy Pit Group RF1, Corda Group; 5—crystalline schists of epidote-amphibolite and amphibolite fa-
cies (Gorbilok and Corda formations; Penchenga Formation and Karpinsky Ridge Formation, Teya Group, PR1); 6—ore
zones of local dynamothermal metamorphism: I—Verkhnee Yenashimo, II—Blagodatninskaya, III—Perevalninskaya,
IV—Aleksandro-Ageevskaya, V—Sovetskaya; 7—granitic plutons: K—Kalami, G—Gurakhta, T—Tyrada, Ch—Chirimba,
Ts—Teya; 8—metamafic rocks, 9—disjunctive faults; 10—gold deposits: 1—Sovetskoye, 2—Ogne-Poteryayevskoye, 3—
Skalistoye, 4—Sergievskoe, 5—Polyarnaya Zvezda, 6—Zayavka 14, 7—Uspenskie Zhily, 8—Buyan, 9—Ishmurat, 10—
Aleksandrovo-Ageevskoye, 11—Albanskie Zhily, 12—Proletarka, 13—Vershinka, 14—Udarny, 15—Pervenets, 16—Eldorado,
17—Olginskoye, 18—Blagodatnoye, 19–20—Olimpiada (19—Eastern, 20—Western), 21—Tyrada. (b): 1—Quaternary sedi-
ments; 2—Upper section of the Corda formation. Upper bench (RF1kd2

3). Rhythmically layered quartz-feldspar schists;
3—Upper section of the Corda formation. Bottom bench (RF1kd1

3). Spotted staurolite slates; 4—Middle section of the Corda
formation. Upper bench (RF1kd2

2): (a) quartzitic schists; (b) leucocratic quartzitic schists; 5—Middle section of the Corda
formation. Bottom bench (R1kd). Medium-grained arkose metaaurolites with porphyroblasts of muscovite; 6—Ryazanov
formation (Pr1rz). Calcyphyres; 7—granite-porphyry dikes. Tatar-Ayakhta intrusive complex; 8—zones of metasomat-
ically altered rocks and diaphthorites; x—(chlorite ± pyrrhotitepyrite); e—(chlorite ± actinolite ± epidote ± sulfides);
k—(chlorite ± epidote ± calcite ± pyrrhotite); t—tourmaline; 9—contour of ore-bearing mineralized zone; 10—ore bodies;
11—geologic boundaries: (a) proven; (b) probable; 12—anticipated overthrusts; 13—strike-slip fault: (a) main; (b) secondary;
14—upthrusts: (a) probable; (b) hidden under overlying deposit; 15—contours of Quaternary sediments, taken from the
map; 16—number of a tectonic plate of a tectonic block, 17—projections of axial lines: a—anticlines, b—synclines; 18—well
and its number.
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The deposit lies in the Riphean rocks of the Corda formation intruded by granitoids
of the Tatarka–Ayakhta complex. The radiometric age (Rb–Sr isochrone) of granitoids
is 880–752 Ma. The carbonized sericite metasomatites in the tectonic zone were formed
at 571–647 ◦C and 6.1–8 kbar in the time interval 800–780 Ma [25]. The surrounding
schists of regional metamorphism were formed at T = 474–550 ◦C and P = 4.5–6.6 kbar
1000–1050 million years ago. The most prolific gold-bearing sulfide mineralization oc-
curred between 745 and 698 Ma [23–26].

The Blagodatnoye deposit consists of a steeply dipping S–shaped gold–bearing miner-
alized sinistral strike-slip fault zone stretching for 3800 m with the thickness of swellings
up to 250 m. The depth of the zone is not outlined. The ore–bearing zones are divided into
the Northern and Southern parts by submeridional upthrow (Figure 1b). In the Northern
part, ore body No.1 was identified, and in the Southern part, ore bodies No.2 and No.3,
which merge with each other at a depth of 120 m. The central part of the ore bodies consists
mainly quartz–vein formations of nodular and bead–like forms, which are outlined along
the periphery by sulfidized sericite metasomatites with quartz–carbonate veinlets.

We distinguish three stages (pre-ore, ore and post-ore) of hydrothermal mineral
formation based on spatial distribution, structural setting and mineral composition. The
stage of pre-ore metasomatites occurred with the formation of garnet–containing quartz–
muscovite and two–mica with banded carbonization varieties. At this pre-ore gold-barren
stage, early generations of pyrite and pyrrhotite were formed frequently in association
with quartz, which are spatially confined to schists designated as sulfidized schists. The
sulfidation is mainly confined to fractures.

The beginning of the ore stage was preceded by rather powerful tectonic shifts, which
led to the formation of a series of ore–supplying cracks filled with an ore mineral association
with quartz, sulfides and native gold. Damping of hydrothermal process at the quartz–
ore stage is indicated by the galena–sphalerite–chalcopyrite association in which early
gold underwent recrystallization and enlargement in particle size. At the ore stage, gold–
bearing quartz–vein zones were formed. These zones are composed of thin (5–10 cm)
quartz nodules and ptygmatite quartz veins. Thicker zones (0.5–1.5 m) are rare. The
thickness of quartz–vein zones ranges from 5 to 60 m with a lateral length to 450 m and
depth of 680 m. Gold–ore and sulfide mineralization preferably develops on salbands of
quartz veins in schists and along cracks in quartz veins. The main ore minerals of the ore
stage are arsenopyrite, pyrite and pyrrhotite, in intergrowth with which native gold occurs.

The post-ore stage of hydrothermal activity is represented by the areas of contiguous
thread–like quartz-carbonate ± fluorite veinlets widely spread within the ore–bearing
zones. These accompany quartz veins and increase the overall thickness, width and depth
of quartz–veined zones. The thickness of these veinlets rarely attains 1 cm, and the length,
10–20 cm.

Quartz at the deposit is represented by a translucent aggregate of gray, light gray,
smoky gray and white. The color of quartz is influenced by a different amount of finely
dispersed carbonaceous matter, which is concentrated in the intergranular space and in the
form of inclusions inside quartz grains. Quartz of filamentary quartz–carbonate veinlets
usually does not contain carbonaceous inclusions.

The morphology of native gold varies; discontinuous veinlets, separate inclusions of
isometric, plate–like, drop–like and wire–like shapes are commonly localized in the microc-
racks of veined quartz (Figure 2). The fineness of gold ranges from 710 to 993‰. Native
gold contains insignificant admixture of Cu (0.001–0.15 wt.%) and Hg (0.006–1.73 wt.%).
Invisible gold was found in arsenopyrite [4].
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3. Samples and Methods

In this case, 80 rock samples from the collection of prof. A.M. Sazonov were studied
from 19 wells and Northern and Southern open pits of the deposit. The location of wells is
shown in Figure 1b. The samples were collected from ore bodies No.1 and 2 (Figure 1b) in
the range of depths from 0.6 m (well 112) to 680 m (well 0166) with a varying gold content,
which ranges from 0.2 to 35.5 g/t. We used half of the sample to make doubly polished
thin sections for studying individual fluid inclusions. The second half was crushed and
forced through a sieve. Pure quartz, sulfides and calcite without visible impurities were
picked over using a binocular magnifying glass.

The temperatures of total and partial homogenization, eutectic, ice melting, dissolution
of daughter crystals and melting of liquefied gas were measured for individual inclusions.
The measurements were performed in the Linkam TH–MSG–600 heating/freezing stage.
The standard accuracy of measurements was ±0.1 ◦C in the negative and ±5 ◦C in the
positive temperature range. The obtained microthermometric data allowed determination
of fluid pressure according to the methods given in [27–29].

The aqueous phase composition of individual fluid inclusions was determined from
the eutectic temperature, which characterizes the water–salt system [30]. The salinity of
aqueous phase of inclusions was estimated from the melting point of ice and the dissolution
temperature of daughter salt crystal, using the two–component water–salt NaCl–H2O
system [31] through NaCl equivalent, wt.%.

The composition of the gas phase of individual fluid inclusions in quartz was analyzed
by Raman spectroscopy on Horiba J.Y. LabRAM HR800 Raman spectrometer equipped
with an argon laser with a diameter of 1.5 µm and a power of 3 W, according to the method
described by Dubessy [11].
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The bulk composition of gas component of fluid was determined using the gas
chromatography–mass spectrometry (GC-MS) on the FOCUS GC/DSQ II MS (Thermo
Scientific, Waltham, MA, USA) gas chromatography–mass spectrometer. The minerals
were placed in a special device connected to the gas scheme of the chromatograph in front
of the analytical column. The gas mixture from fluid inclusions was extracted without
pyrolysis with a single shock mechanical destruction of the sample in an inert helium flow.
The purity of helium was 99.9999%. The procedure of GC-MS analysis was described
in [21,32,33]. When preparing the samples for analysis, we did not use acids, solvents or
organic substances which could distort the initial (parental) composition of the extracted
fluid.

The sulfur isotopes (δ34S) of sulfides were measured in the SO2 gas obtained during
the interaction of sulfides with CuO at 1000 ◦C and normalized to the isotope composition
of troilite from the Canyon Diablo meteorite. The reproducibility of δ34S values, including
sample preparation, was 0.1% [34].

The isotope composition of helium in fluid inclusions of quartz was determined in
the Laboratory of Geochronology and Geochemistry of Isotopes in the Geological Institute
of the Kola Science Center of the Russian Academy of Sciences (Apatity). Methodological
techniques are described in [35–39].

The isotope composition (δ13C) of carbon–containing compounds in fluid inclusions
from quartz was determined in the gas extracted from 1000-mg samples by decrepitation
with heating to 600 ◦C. CO2 was bound at liquid nitrogen temperature, after which the
cryo trap was isolated from the vacuum line. The ampules with CO2 were analyzed on the
ThermoFinnigan Delta Plus-XP mass spectrometer equipped with the double inlet system.
The results were normalized using the VPDB (Pee Dee Belemnite) standard [10].

Isotope–geochronological data were obtained on the basis of the Ar-Ar method for deter-
mining the ages of muscovite. Muscovite from schists of quartz-muscovite-biotite ± garnet
composition in dynamothermal metamorphism zones of the Blagodatnoye deposit ore
field. An installation with a quartz reactor with a fast external heating furnace was used to
perform a step-heating procedure [40].

4. Results
4.1. Fluid Inclusion Types

Individual fluid inclusions were studied in quartz and calcite. Four types of fluid
inclusions were found in quartz (Figure 3, Table 1):

Type A—two-phase aqueous liquid-vapor (LH2O + V). Liquid/vapor ratios vary from
80:20 to 20:80, respectively.

Type B—two-phase to three phase aqueous–carbonic inclusions (LH2O + LCO2 ± CH4 ± N2,
LH2O + VCO2 ± CH4 ± N2). The ratio of water and gaseous phase also varies.

Type C—apparently single–phase liquid (or vapor) carbon dioxide–hydrocarbon
(LCO2 ± CH4 ± N2, VCO2 ± CH4 ± N2, LCH4 + N2, VCH4 + N2 ± CO2). When the temperature de-
creases below 0 ◦C, a thin rim of water solution appears in these inclusions near the walls
of vacuoles.

Type D—three phase high-salinity inclusions (LH2O + V + S). These inclusions, in
addition to aqueous and vapor phases contain solid phase (cubic crystal).

Calcite contained only one type of fluid inclusions (type A), in which the liquid phase
prevails (LH2O >> V).

The size of individual inclusions in the minerals under study ranges from 3 to 20 µm.
Type B fluid inclusions are typically the largest, while inclusions representing post-ore
stage are the smallest (<5 µm).
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Figure 3. Types of fluid inclusions in quartz from the Blagodatnoye gold-ore deposit: (a)—
type A, (b)—type B, (c)—type C (1—grain boundary, 2—secondary FI cutting the grain boundary),
(d)—type D.

Among examined 65 quartz plates, no quartz grains with growth zones were found.
We used the following criteria to distinguish between FI generations [41,42]. The pri-
mary and pseudosecondary generations are inclusions that are either evenly distributed
throughout the quartz grain or form groups of 5–10 inclusions outside healed cracks. The
inclusions of secondary generations form chains in healed cracks, which cross the borders
of quartz grains.

Vein quartz of pre-ore metasomatites contains primary and pseudosecondary vapor–
liquid (type A) and aqueous–carbon dioxide (type B) fluid inclusions the size of which is
no more than 5–10 µm. The same quartz contains three types of secondary fluid inclusions
localized in cracks that cut the borders of quartz grains. The secondary fluid inclusions with
the sizes of vacuoles less than 5–7 µm are filled with the vapor–liquid mixture (type A), in
which the liquid H2O phase prevails. The secondary generation inclusions are single–phase
essentially vapor–fluid inclusions (type C, VCO2 ± CH4 ± N2) and inclusions with salt crystal
(type D, LH2O + V + S) (Table 1).

In quartz of ore stage all four types of fluid inclusions were trapped (Table 1, Figure 3):
type A primary and secondary generations; type B primary and pseudosecondary genera-
tions; type C pseudosecondary and secondary generations; type D Ssecondary generations.

In quartz and calcite from quartz–calcite veins of the post-ore stage, primary vapor–
liquid inclusions (type A, LH2O >> V) are trapped.
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Table 1. Summary of fluid inclusion microthetrmetric data from the Blagodatnoye gold deposit.

Fluid Inclusion
Type

Generation of Fluid
Inclusions *

Th Total, ◦C
Type of Homog-

enization
**

Tm, ◦C

Aqueous Phase
Tm of

CO2 ± CH4 ±
N2, ◦C

Partial Th, ◦C Type of Ho-
mogenization

Pressure,
kbarTeut, ◦C Tm, ◦C Salinity, wt.%,

NaCl-eq.

Pre-ore stage. Quartz of pre-ore metasomatites.

A
LH2O + V

P, PS 180–290 (37) L - −31.3 ÷ −30.5
(19)

−3.0 ÷ −10.0
(15) 6−15 - - -

0.2–1.6

S 140–170 (8) L - −22.0 ÷ −26.3
(3) −1.0 ÷ −3.0 (3) 2–6 - - -

B
LH2O + LCO2 ±

CH4 ± N2

P, PS 250–300 (19) L - −33.4 ÷ −39.0
(11) −5.9 ÷ −7.0 (11) 10–11 −58.1 ÷ −60.3

(9)
−31.8 ÷ +15.1

(9) L, V

C
L(V)CO2 ± CH4 ± N2

S - - - - - - −59.3 ÷ −61.3
(7)

−19.0 ÷ −23.8
(7) L, V

S - - - - - - −103.5 ÷ 120.3
(5)

−90.5 ÷ −92.5
(5) V

D
LH2O + V + S S 190–210 (9) L 170−200 (3) −49.4 ÷ −56.0

(5)
−21.4 ÷ −20.5

(5) >30 - - -

Ore stage. Quartz of gold-sulfide veins.

A
LH2O + V

P, PS 220–350 (68) L, V - −29.3 ÷ −34.2
(28)

−3.9 ÷ −12.0
(27) 8–16.5 - - -

1.8–2.6

S 130–230 (31) L - −18.0 ÷ −21.5
(15) −0.5 ÷ −2.5 (15) 1–8.5 - - -

B
LH2O + LCO2 ±

CH4 ± N2

P, PS 230–280 (39) L - −36.8 ÷ −45.9
(16) −6.1 ÷ −8.0 (16) 10–12.5 −57.9 ÷ −63.8

(19)
−53.3 ÷ +21.3

(19) L, V

C
L(V)CO2 ± CH4 ± N2

P, PS - - - - - - −59.0 ÷ −61.3
(31)

−37.6 ÷ +19.8
(31) L, V

PS - - - - - - −90.1 ÷ −105.1
(17)

−78.5 ÷ −96.6
(17) L, V

D
LH2O + V + S S 150–250 (19) L 140−190 (15) −47.2 ÷ −54.3

(11)
−38.1 ÷ −42.1

(11) >30 - - -

Post-ore stage. Quartz, calcite filamentous veins.

A
LH2O > >V P, PS Quartz

110−180 (9) L - −18.5 ÷ −21.0
(5) −0.5 ÷ −3.0 (6) 1−6 - - - -

B
LH2O > >V P, PS Calcite

120–160 (7) L - - - - - - - -

Note: * P—primary, PS—pseudosecondary, S—secondary. ** L—into the liquid phase, G—into the gas phase. In parentheses—the number of measurements.
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4.2. Homogenization Temperatures, Composition, Salinity and Pressure of Fluid

Results of microthermometric studies of fluid inclusions in quartz from the Blagodat-
noye deposit are summarized Table 1.

Pre-ore stage. The temperatures of total homogenization of primary and pseudosec-
ondary fluid inclusions in quartz of pre-ore metasomatites are in range of 180–300 ◦C with
homogenization into the liquid phase. The aqueous phase consists of a mixture of chlorides
Na and Mg with the salinity of 6–15 wt.%, NaCl eq. These fluids contain CO2 and probably
CH4, which is suggested from the melting point (−58.1 ÷−60.3 ◦C); the temperature of par-
tial homogenization (into liquid/vapor) is in the range between +15.1 to −31.8 ◦C (Table 1).
Quartz of pre-ore metasomatites contains trapped low–temperature (140–170 ◦C), low–
salinity (2–6 wt.%, NaCl–eq.) aqueous (type A), carbon dioxide–methane–nitrogen (type C)
and high–salinity (>30 wt.%, type D) fluid inclusions in the form of second-generation
inclusions (Table 1). Fluid pressure at this stage of mineral formation ranged 0.2–1.6 kbar.

Ore stage. The temperatures of total homogenization of primary and pseodusecondary
inclusions in quartz of gold–bearing associations varied in the range of 220–350 ◦C with
homogenization into both liquid and vapor. The eutectic temperatures suggest that Mg
and Na chlorides are present in the water phase of inclusions (Table 1). Fluid salinity is
8–16.5 wt.%, NaCl eq. Among pseudosecondary and secondary generations of inclusions,
one can observe constant presence of inclusions with CO2 (type B) and carbon dioxide–
methane–nitrogen (type C), respectively.

In the secondary inclusions with daughter salt crystals (type D, LH2O + V + S), the
fluid with salinity higher than 30 wt.%, NaCl–eq. is trapped, the salinity background of
which is determined by Na and Ca chlorides. The temperature of total homogenization
varies in the range of 150–250 ◦C during homogenization into a liquid phase. In the same
temperature range, daughter crystals were dissolved almost simultaneously with the vapor
bubble disappearance (Table 1). Crystals appeared again with decreasing temperature.

In the secondary vapor–liquid (type A) inclusions, homogenization temperature range
was 130–230 ◦C during homogenization into liquid, the salinity of the fluid was 1–5 wt.%,
NaCl–eq. and the composition of fluid was determined by Na chlorides. Fluid pressure
during the mineral formation of gold–bearing associations at the Blagodatnoye deposit
varied in the range of 1.8–2.6 kbar (Table 1).

Post-ore stage. Homogenization temperatures of primary and pseudosecondary
inclusions in quartz and calcite from thread–like quartz–calcite veins were 110–80 ◦C
during homogenization into a liquid phase. Fluid salinity was 1–6 wt.% (NaCl–equiv.).

4.3. Composition of the Gaseous Phase of Fluid Inclusions

The gas component composition of fluids from the Blagodatnoye gold–ore deposit
was determined using Raman spectroscopy and gas chromatography–mass spectrometry
(GC-MS). Raman spectroscopy analysis showed that individual inclusions in quartz (type B,
LH2O + L(V)CO2 ± CH4 ± N2 and type C, L(V)CO2 ± CH4 ± N2) contain three main components:
CO2, CH4 and N2 (Table 2). Water–carbon–dioxide inclusions (type B) are dominated by
CO2 and N2, and the content of CH4 is considerably lower. In carbon–dioxide–hydrocarbon
inclusions (type C), CH4 is prevalent and its content amounts to 98.5 mol.% (Table 2),
whereas in the inclusions of type B, it is no more than 9.0 mol.%. Partial homogenization in
type B and type C fluid inclusions occurs both to the gas and to liquid phase (Table 2). The
CO2/CH4 ratio in type B inclusions varies in the range of 4.7–94.0, averaging 47.4 (n = 12),
whereas in the inclusions of type C, this value varies from 0.01 to 0.2, averaging 0.1 (n = 8)
(Table 2).
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Table 2. Microthermometric characteristics and composition of the gas phase of individual fluid inclusions in quartz of the
Blagodatnoye gold deposit (according to Raman spectroscopy data).

No. * Tm, ◦C Th, ◦C Type ** of Homogenization
Content, mol.%

CO2/CH4
CO2 CH4 N2

FI type B (LH2O + L(V)CO2 ± CH4 ± N2)
111/59.3/1 −58.1 +8 L 78 2.0 20.0 39.0
111/59.3/2 −57.1 +10 L 76 2.0 22.0 38.0
111/60.8/1 −56.8 +13 L 94 1.0 5.0 93.0
111/60.8/2 −57.3 +19 L 88 2.0 10.0 44.0
111/90.3/1 −59.5 −6.5 L 81.5 1.0 17.5 81.5
111/90.3/2 −61.2 −9.5 L 74.5 2.5 23.0 29.8
111/120.6/1 −60.3 −8.0 L 85 1.5 13.5 56.7
111/129.5/1 −64.0 −9.5 V 52 1.0 47.0 52.0
111/129.5/2 −63.8 −32.5 L 47 1.5 51.5 31.3

33/29.3/1 - - - 74.7 0.9 24.4 83.0
33/29.3/2 - - - 42.7 9.0 48.3 4.7
33/29.3/3 - - - 61.4 4.0 34.6 15.4

FI type C (L(V)CO2 ± CH4 ± N2)

111/76.5/1 - −90.0 V 8.0 49.0 43.0 0.2
111/90.3/1 - −82.0 L 10.5 80.0 9.5 0.1
111/120.6/2 −94.5 −79.0 L 10.5 76.0 13.5 0.1
111/120.6/3 - −78.5 V 0.0 87.5 12.5 -
111/120.6/4 - −86.5 V 0.5 98.5 1.0 0.01
111/120.6/5 - −78.5 L 11.0 86.5 2.5 0.1
111/129.5/3 - −83.0 L 4.5 86.0 13.5 0.05
111/129.5/4 - −84.0 V 0.5 98.0 1.5 0.01

33/29.3/4 - - - 7.7 38.6 53.5 0.2

Note: * hereinafter, the first digit is the N of the well, the second is the depth in meters, and the third is the inclusion number; ** type of
homogenization: L—into the liquid phase, V—into the vapor phase.

Gas chromatography–mass spectrometry (GC-MS) analysis showed that fluid inclu-
sions from quartz, arsenopyrite, pyrrhotite and calcite contains water, carbon dioxide and
a wide range of oxygen–free and oxygenated hydrocarbons, nitrogenated, sulfonated and
halogenated compounds (Table 3, Supplementary Tables S1–S14). Table 3 shows the most
representative results and in Figure 4b data of 14 samples are given. The total number of
detected compounds in fluids from the Blagodatnoye deposit reaches 209 in sulfides, 168
in quartz and 162 in calcite.

The GC-MS data indicate that water and carbon dioxide are the main components of
fluids from the Blagodatnoye deposit. This is suggested from the CO2/CO2 + H2O ratio,
which is always below 1, varying in the range of 0.01 to 0.15 both in quartz and in sulfides
(Table 3).

Table 3. Content (rel.%) and number (in parentheses) of volatiles extracted by mechanical shock crushing of minerals from
the Blagodatnoye deposit (according to GC-MS).

Component

Mineral Association

Gold-Bearing (Au = 1–35.5 g/t) Barren (Au = 0.2–0.8 g/t)

Quartz Quartz Arseno-
Pyrite

Arseno-
Pyrite Quartz Pyrrhotite Calcite

111/90.3 7/96.0 7/96.0 BKS-10 86/107.7 34/105.9 35/178.1

Aliphatic hydrocarbons
Paraffins (alkanes) 1.27 (16) 7.48 (21) 2.24 (18) 3.64 (14) 1.04 (12) 0.87 (16) 0.57 (16)
Olefins (alkenes) 0.07 (17) 0.12 (19) 1.08 (20) 0.11 (19) 2.77 (31) 0.96 (27) 0.06 (19)
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Table 3. Cont.

Component

Mineral Association

Gold-Bearing (Au = 1–35.5 g/t) Barren (Au = 0.2–0.8 g/t)

Quartz Quartz Arseno-
Pyrite

Arseno-
Pyrite Quartz Pyrrhotite Calcite

111/90.3 7/96.0 7/96.0 BKS-10 86/107.7 34/105.9 35/178.1

Cyclic hydrocarbons
Cycloalkanes,

cycloalkenes, arenes,
PAH

0.03 (17) 0.09 (14) 0.44 (24) 0.14 (22) 2.27 (16) 0.68 (28) 0.04 (20)

Oxygenated hydrocarbons
Alcohols, ethers and

esters 0.33 (23) 0.61 (19) 0.24 (11) 2.78 (19) 28.14 (28) 0.71 (27) 1.13 (17)

Aldehydes 0.50 (22) 0.30 (24) 0.33 (22) 1.17 (22) 0.85 (17) 1.08 (26) 0.44 (21)
Ketones 0.29 (21) 0.21 (15) 0.08 (11) 0.13 (18) 1.47 (12) 0.91 (21) 0.08 (19)

Carboxylic acids 0.73 (13) 0.76 (15) 0.96 (13) 0.3 (14) 0.95 (12) 5.71 (21) 0.41 (13)
Heterocyclic compounds

Dioxanes, furans <0.01 (6) 0.01 (3) <0.01 (4) <0.01 (5) 0.02 (4) 0.025 (7) <0.01 (6)
Nitrogenated compounds

N2, ammonia, nitriles 0.85 (19) 1.44 (7) 0.38 (3) 1.21 (19) 0.78 (4) 1.71 (22) 23.28 (18)
Sulfonated compounds

H2S, SO2, CS2, COS,
thiophenes 0.06 (8) 0.08 (8) 2.59 (10) 0.24 (10) 0.46 (5) 3.85 (11) 0.22 (9)

Inorganic compounds
CO2 14.77 2.13 1.53 1.48 0.83 10.3 15.09
H2O 81.08 86.78 90.14 89.52 60.42 73.45 58.67
Ar <0.01 0.01 <0.01 - <0.01 <0.01 <0.01

Number of
components 165 149 139 165 144 209 162

Halogenated
compounds: Cl, F, Br 0.004 (4) 0.004 (2) 0.001 (1) 0.001 (2) 0.06 (3) 0.06 (2) -

Alkanes/alkenes 17.6 60.8 2.1 33.4 0.4 0.9 10.0
CO2/(CO2 + H2O) 0.15 0.02 0.02 0.02 0.01 0.12 0.2

Σ(C5-C17)/Σ(C1-C4) 0.1 0.5 0.31 0.04 14.8 0.14 0.63

Note: The relative concentrations (rel.%) of volatile components in the mixture under study were obtained by normalizing the areas of
individual chromatographic peaks to the total area of all peaks.
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The homologous series of oxygen–free aliphatic hydrocarbons is dominated by me-
thane (СН4), which accounts for 67.6 to 93.8 % in fluid inclusions from minerals of gold–
bearing associations. In fluid inclusions from quartz and sulfides of barren associations, 
the proportion of СН4 decreases to 6.3%. 

In the group of nitrogenated compounds, molecular nitrogen (N2) is a prevailing 
component of the gas phase of fluids both in gold–bearing and barren mineral associa-
tions. 

A constant component among carboxylic acids is acetic acid, the proportion of which 
in many fluids of gold–bearing associations averages 22.3 % (n = 10) and it is significantly 
lower in barren associations −8.5% (n = 5). 

Figure 4. Vapor phase composition of fluid inclusions in minerals of quartz veins from the Blagodatnoye gold deposit
(explanations are given in the text): (a) from Raman spectroscopy data. Types of fluid inclusions in quartz: 1—type B, LH2O

+ L(V)CO2 ± CH4 ± N2; 2—type C, L(V)CO2 ± CH4 ± N2. (b,c) from gas chromatography-mass spectrometry data. Mineral
associations: I—gold-bearing, II—barren.

The homologous series of oxygen–free aliphatic hydrocarbons is dominated by methane
(CH4), which accounts for 67.6 to 93.8% in fluid inclusions from minerals of gold–bearing
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associations. In fluid inclusions from quartz and sulfides of barren associations, the propor-
tion of CH4 decreases to 6.3%.

In the group of nitrogenated compounds, molecular nitrogen (N2) is a prevailing
component of the gas phase of fluids both in gold–bearing and barren mineral associations.

A constant component among carboxylic acids is acetic acid, the proportion of which
in many fluids of gold–bearing associations averages 22.3% (n = 10) and it is significantly
lower in barren associations −8.5% (n = 5).

Sulfonated compounds detected in the gas phase of fluids from quartz and sulfides of
god–bearing and barren associations are dominated by SO2, the amount of which varies in
the range of 42.9% to 98.3%.

Moreover, in the composition of fluids, halogenated compounds such as C7H7F,
C4H4Cl, C8H9F, C6H11BrO, C10H21Cl, C4H7ClO were identified, the content of which
equals 0.001–0.06 rel.% (Table 3).

4.4. Isotopic Characteristics

Sulfur isotopes (δ34S) were measured in 27 monofractional microparticles of sulfides,
including 5 in pyrrhotite, 4 in pyrite and 18 in arsenopyrite. The isotopic composition of
sulfur ranges from 2.6 to 8.9‰ in pyrrhotite, from 9.1 to 11.0‰ in pyrite, and from 6.3 to
20.1‰ in arsenopyrite (Table 4). Most δ34S values in arsenopyrite are in a narrower range
of 7.7‰ to 12.0‰. Most of δ34S values in pyrrhotite are also in the same range (Table 4).
The distribution pattern of isotope values of sulfur in sulfides does not change over the
studied depth interval (42.6m to 570 m) (Table 4).

Table 4. Sulfur isotopic composition of sulfides from the Blagodatnoye gold deposit.

Sample No. Mineral δ34S,‰ CDT

34/105.9

pyrrhotite

8.3
53/112.8 2.6

100/216.5 8.9
0166/500 8.7
0166/540 8.6

111/76.5

pyrite

10.1
111/129.5 9.1

B-10 11.0
B-14-b 10.1

7/42.6

arsenopyrite

6.8
7/48.5 9.4
7/61.3 12.0
7/96.0 8.9
87.69.3 6.3

100/221 9.5
100/223 8.7
111/76.5 8.9
111/97.1 11.0

112/191.2 12.0
0166/340 20.1
0166/570 11.2

B-2 7.7
B-3 9.8
B-6 8.9

B-11-a 9.9
B-16 11.6
B17 9.4

Note: The sulfur isotopic composition of sulfides was determined at the Analytical Center for multi-elemental
and isotope research SB RAS, Novosibirsk. Analysts: V.N. Reutsky, M.N. Kolbasova.
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Carbon isotope composition of carbon–containing compounds in fluid inclusions.
Carbon isotopes (δ13C) were detected in fluid inclusions of gold–bearing and barren quartz
(Table 5, Figure 5). The δ13C values in fluids of gold–bearing quartz range from –2.8‰
to −12.0‰. Fluids from barren quartz with gold content less than 0.6 g/t were found to
contain a lighter carbon isotope in the range of −3.3‰ to −20.9‰ (Table 5, Figure 5).

Table 5. Carbon isotopic composition (δ13C) of CO2 and other carbon-containing compounds in fluid
inclusions in quartz of the Blagodatnoye gold ore deposit.

Sample No. * δ13CCO2, ‰ (VPDB) Au, g/t

Quartz of gold-bearing associations

7/48 −10.8 8.6
7/61.3 −2.8 1.6
7/96 −3.0 31.5

100/216.5 −9.8 10.2
100/221 −12.0 1.3
100/223 −10.8 1.6
111/97.1 −4.4 0.8

112/191.2 −3.0 4.9

Quartz of barren associations

7/55 −10.0 0.6
86/107.7 −17.4 0.2
86/131.8 −3.3 0.2
86/241.4 −4.6 0.3
69/157 −20.9 0.4

34/105.9 −6.4 0.5
Note: * the first digit is the well number, the second is the depth in meters. The isotopic composition of carbon
(δ13C) was determined at the Analytical Center for multi-elemental and isotope research SB RAS, Novosibirsk.
Analysts: V.N. Reutsky, M.N. Kolbasova, O. P. Isoch.
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Figure 5. Carbon isotope composition (δ13CCO2, ‰) of carbon-containing compounds of fluid
inclusions in gold-bearing (1) and barren (2) quartz from the Blagodatnoye gold deposit.

Isotopes of helium. In fluid inclusions in quartz from ore body No.2 (sample 100/216.5,
with gold content 10.2 g/t) 3He and 4He isotopes of helium were detected. The contents
of 3He and 4He are 0.12·10−12 and 0.85·10−6 cm3/g, respectively. The 3He/4He ratio is
0.14 ± 0.3 × 10−6.
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Ar-Ar age. Argon–argon dating was used to determine the age of muscovites of
schists from the local zones of dynamothermal metamorphism of the Blagodatnoye deposit
ore field. The Ar-Ar crystallization age of muscovite is 798.6 ± 6.2 and 735.7 ± 5.9 Ma
(Figure 6).
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5. Discussion

Results of fluid inclusion study in the minerals from the Blagodatnoye gold–ore
deposit suggest that the deposit was formed with three types of participation fluid: water–
carbon dioxide, carbon dioxide–hydrocarbon and high salinity fluids. The main types
are water–carbon dioxide and carbon dioxide–hydrocarbon and, to a lesser degree, high
salinity fluid.

The water–carbon dioxide fluid took part in the formation of both gold–bearing
and barren quartz–veined zones of the deposit. This is indicated by the presence of gas–
liquid (type A, LH2O + V) and water–carbon dioxide (type B, LH2O + L(V)CO2 ± CH4 ± N2)
of primary and pseudosecondary inclusions in quartz (Table 2, Figure 4). This is also
suggested from the composition of fluid detected in fluid inclusions in quartz, sulfides and
carbonate using GC-MS. The water content in the fluid ranges from 58.7 to 96.4 rel.%, and
that of CO2—from 0.8 to 15.1 rel.% (Table 3, Supplementary Tables S1–S14). In addition to
water and carbon dioxide, the mineral–forming fluid both in gold–bearing and barren veins
of the deposit was found to contain a wide range of hydrocarbon compounds (e.g., paraffins,
olefins, etc.) and their derivatives as well as nitrogenated, sulfonated and halogenated
components. Table 3 demonstrates the most representative results, and Figure 4 shows
the results of analysis of 14 samples (Supplementary Tables S1–S14). The total number of
detected compounds in one sample reaches 209 (Table 3).

The hydrothermal activity at the Blagodatnoye deposit started from the formation of
pre-ore metasomatites consisting of gold–poor (Au < 1 g/t) garnet–bearing quartz–two–
mica, quartz–muscovite and their carbonized varieties, often with earlier generations of
pyrite, pyrrhotite and vein quartz. The temperature of formation of early quartz–sulfide–
parageneses ranged 180 to 300 ◦C, fluid pressure varied from 0.2 to 1.6 kbar, salinity range
was 6–15 wt.%, NaCl–eq. (Table 1).

Raman spectroscopy analysis shows the virtually constant presence of CO2 in the
gas phase of individual inclusions in quartz (Table 2). GC-MS data (Table 3) also indicate
the presence of H2O and CO2 in the fluid, i.e., the fluid can be attributed to a water–
carbon dioxide type. Early thin quartz–sulfide veins were affected by later fluids of carbon
dioxide–hydrocarbon and high salinity composition. This suggests by the presence of two
generations of secondary fluid inclusions. The first generation is filled with the CH4 ± N2
± CO2, mixture, and the second, with the high salinity (>30%) fluid. These generations of
secondary inclusions are concentrated in the healed cracks cutting the boundaries of early
quartz grains.
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The gold–bearing quartz vein bodies of the deposit formed in the temperature range
of 220–350 ◦C, fluid salinity from 8.0 to 16.5 wt.%., NaCl–eq. (Table 1, Figure 7) and fluid
pressure from 1.8 to 2.6 kbar. It was revealed, however, in quartz from the ore stage, that
homogenization in primary and pseudosecondary fluid inclusions occurred into both liquid
and vapor phase, suggesting that the parental fluid was trapped in a heterophase state
(Table 1), which was not observed in fluid inclusions in quartz from pre-ore metasomatites.
Trapping of fluid in a heterophase (liquid or gaseous) state was, probably, synchronized
with strong tectonic movements, which resulted in a series of ore–conducting cracks filled
with ore mineralization with gold.
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LH2O + L(V)CO2 ± CH4 ± N2) and post-ore (5—type A, LH2O + V) stages.

Raman spectroscopic analysis showed that the gas phase of individual fluid inclu-
sions contains various amounts of CO2, CH4 and N2 (Table 2). The water–carbon dioxide
inclusions are dominated by CO2, CO2/CH4 > 1 (Table 2). In the inclusions filled with
the CH4 ± N2 ± CO2 mixture, the proportion of CH4 increases with CO2/CH4 < 1. Ho-
mogenization in these inclusions occurs to vapor, suggesting a gaseous state of the fluid.
Data from [5–9,43,44] show that the CO2/CH4 value is an indicator of redox conditions
of hydrothermal systems. Based on this fact, the fluid trapped in the inclusions in which
CO2 > CH4 (CO2/CH4 value ranges from 15.4 to 93.0, Table 2) is attributed to the oxidized
type. In the inclusions filled with the CH4 ± N2 ± CO2 mixture, the proportion of CH4
increases, CO2/CH4 values range from 0.01 to 0.2 (Table 2) and this fluid is attributed to
the reduced type.

The redox properties of the fluids participating in the formation of the Blagodatnoye
deposit are indicated by data on the composition of volatile components in inclusions
of quartz and sulfides obtained by GC-MS (Table 3). The redox properties of fluids are
suggested from the of ratio alkanes to alkenes [45,46]. GC-MS data (Table 3) show that
in the fluids of gold–bearing associations of the Blagodatnoye deposit the alkane/alkene
value is 28.5, and in barren, it is 3.8, suggesting redox properties of mineral–forming fluids.
Thus, gold-bearing fluids were slightly more reduced than the gold-poor ones.

Quartz–veined zones of the deposit were formed mainly by oxidized fluid of water–
carbon dioxide composition. Early quartz in these zones was overlain by carbon dioxide–
hydrocarbon fluid with reducing properties. The observations of T.V. Poleva and A.M
Sazonov [24] showed that native gold in the studied wells of the Blagodatnoye deposit is
typically occurs in the microcracks of quartz. The similar microcracks were healed by CH4
± N2 ± CO2 fluid which is a reduced fluid accompanying the segregations of invisible
gold. All of this suggests that this fluid was a gold–transporting fluid.
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The main argument supporting the conclusions gold was transported by reduced car-
bon dioxide–hydrocarbon fluid is the composition of fluid extracted from fluid inclusions
in native gold from the Sovetskoe deposit. GC-MS analysis showed that the proportion of
hydrocarbons in total with S–N–Cl–F–Si–compounds in the composition of gold–bearing
fluid reaches 52.0 rel.% [21].

At all depth levels of the occurrence of quartz veinlets and veins of the deposit
(from 42 to 680 m), gaseous carbon dioxide–hydrocarbon inclusions were found in quartz,
i.e., gaseous fluids functioned at all levels of the hydrothermal system, and were, most
likely, coming from deeper horizons and deep long–term sources. A similar pattern was
revealed at the Olympiada giant gold deposit in the depth interval from 4.5 m (well 503) to
817 m (well 510) of ore body No. 4 in the Eastern area of the deposit [19], at the Panimba
deposit at the depth up to 692.5 m (well 145) [18], and at the Eldorado gold deposit [20].

Quartz veinlets, veins, lenses and nodules of pre-ore and ore stages of hydrothermal
activity are frequently broken by a system of cutting later cracks filled with calcite, white
transparent quartz, occasionally with fluorite, which were formed at the post-ore stage.
In quartz and calcite of tread–like veinlets only aqueous (liquid–vapor) primary and
pseudosecondary inclusions are trapped, the homogenization temperature of which is
in the range of 110–180 ◦C with homogenization to liquid. The salinity of this fluid is
no higher than 6 wt.% (NaCl–equiv.) (Table 1, Figure 7). The fluid taking part in the
formation of thread–like quartz–calcite veinlets is a water–carbon dioxide type with the
predominance of H2O, CO2 and nitrogenated compounds (Table 3).

Nitrogenated compounds found in fluid inclusions in quartz, sulfides and calcite from
the Blagodatnoye deposit are dominated by molecular nitrogen (N2). Its fraction ranges
from 71.4 to 99.6%, according to GC-MS data. Elevated contents of N2 (to 53.5 mol.%) were
determined in the gas phase of individual inclusions in quartz, using Raman spectroscopy
(Table 2). Molecular nitrogen and nitrogenated compounds are constantly present in the
gas phase of fluid inclusions in native gold [21]. Nitrogenated, the same as sulfonated and
halogenated compounds, may take part in complex formation and transport of gold [47–50].

The presence of molecular nitrogen and nitrogenated compounds in the fluid is
most likely related to the chemical reactions between the fluid and ammonium–bearing
silicates of host rocks in which nitrogen in the form of NH4

+ isomorphically substitutes
potassium at the regressive stage of metamorphism [51–53]. The presence of N2 in the
fluid is, probably, related to the decomposition of organic substance of carbon–bearing
schists present at the deposit. The most intense decomposition takes place in the zones of
maximum hydrothermal–metasomatic processing of host terrigenous rocks in which the
role of ammonium nitrogen decreases and N2 becomes the predominant component [54,55].

Sulfide sulfur of arsenopyrite, the main gold concentrator at the Blagodatnoye de-
posit [4], is enriched with heavy isotope in a narrow range of variations from 6.3 to 12.0‰
(Table 4). More than 90% values lie even in a narrower range of 7.7 to 12.0‰. The high ho-
mogeneity of sulfur is also preserved throughout the depth of occurrence of quartz–veined
zones from 42.0 m (well 7) to 570 m (well 0166) (Table 4). Most of δ34S values of pyrite and
pyrrhotite are within the same range. The obtained isotope values of sulfur sulfides from
the Blagodatnoye deposit ore bodies are considerably heavier than the range of values
(δ34S = 0 ± 3, ‰), attributed to magmatic sulfur [56–58]. Figure 8 shows the composition
of sulfur isotopes of sulfides of gold deposits on the Yenisei Ridge: Blagodatnoye, Sovet-
skoye [10], Eldorado [20], Olimpiada [19], Gerfed [17], Panimba [18] and Bogunai [15].
According to the data obtained, the δ34S value varies over a wide range from 0.8 to 21.3‰.
Most of the deposits are characterized by the absence of sulfur isotopic homogeneity, which
indicates a variety of sulfur sources in the deposits of the Yenisei Ridge and a complex
scheme of their interaction.
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The obtained data of δ34S sulfides from the Blagodatnoye deposit correspond to
hydrothermal–sedimentary sulfides of gold–ore deposits in carbon–terrigenous complexes
reported in the works of S.G. Kryazhev [14,59]. Sulfur in the ores of the deposit could be
obtained by “averaging” the sulfur of host rocks, which suggests its crustal origin [60].

Carbon isotope data show that δ13C in early barren fluid varies between −3.3 to
−20.9‰ (Table 5, Figure 5). While that of gold-bearing fluid demonstrates a more “heavier”
isotope composition (−2.8 to −12.0‰). This confirms that at the ore stage the fluid was
more reduced (contained more organic compounds) than the pre-ore barren fluid.

Helium isotopes were detected in fluid inclusions in quartz from ore body No. 2
(sample 100/126.5, Au = 10.2 g/t) at the Blagodatnoye deposit. Helium content in
the fluids is 3He = 0.12 × 10−12 and 4He = 0.85 × 10−6, at these parameters the ratio
3He/4He = 0.14 ± 0.3 × 10−6. It is shown in [36–38] that the mantle fluid is enriched with
3He, and the crustal fluid, with 4He. The fraction of mantle helium calculated by the
procedure from [39,61] in the fluids from the Blagodatnoye deposit is about 1%. It should
be noted that 3He/4He value of the other deposits of the Yenisei ridge—Sovetskoye, Eldo-
rado, Olimpiada, Gerfed, Panimba and Bogunai—is similar to that of the Blagodatnoye
deposit [10,15,17–20]. This fact indicates a crustal fluid source for all these deposits.

Results of isotope–geochemical (δ34S, δ13C, 3He/4He) and thermobarochemical stud-
ies indicate a crustal origin of the fluids which formed the gold mineralization at the
Blagodatnoye deposit.

Isotope (Rb-Sr, Ar-Ar) studies were used to determine the age of the main periods of
the formation of the Blagodatnoye deposit [23–26,62,63]. Data of these researchers show
that the regional metamorphism of the ore–bearing Riphean Cordaformation occurred in
the time interval of 1190–1030 Ma. The age of local dynamothermal metamorphism, which
resulted in the schist–forming zones hosting the quartz–veined formations of the deposit,
is 826–775 Ma. The age (Ar-Ar method) of crystallization of muscovite from schists of
local zones of the ore field of the deposit, determined by us, is 798–735 Ma (Figure 6) and
is consistent with the previously determined age (Rb-Sr method) [24]. Thus, the stage of
productive sulfide mineralization with gold lasted for about 50–60 Ma [23,26]. Long-term
functioning of the hydrothermal system of the Blagodatnoye deposit can be associated
with the thermal effect of the mantle plume activity. According to Gertner [64], it probably
controlled the mobilization of hydrothermal fluids in the metamorphic formations. The
variability of parameters (pressure, temperature, redox) can be associated with unstable
environment, reflecting the tectonic activity of the Yenisei ridge.
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The host rocks of the deposit are intruded by granitoids of the Tatarka-Ayakhta
complex within the period of 880–752 Ma [24,65]. The period of intrusion of granitoids is
close to the age of dynamothermal metamorphism. Granites themselves, in the researchers’
opinion [66,67], are unlikely to be the sources of gold–bearing fluids but they could be
responsible for the more slowly cooling of the ore deposition area and thus support longer–
term functioning of hydrothermal solutions. This scenario does not rule out the paragenetic
relationship between the post–magmatic solutions of granitoids and high salinity fluids
present in the form of secondary inclusions in quartz of quartz–veined zones of the deposit.

6. Conclusions

1. The geological, mineralogical and thermobarochemistry data indicate that the for-
mation of the Blagodatnoye deposit took place with the participation of three types
of fluid: water–carbon dioxide (oxidized), carbon dioxide–hydrocarbon (reduced)
and, to a lesser degree, high salinity fluid. The deposit was formed in the temper-
ature range of 120–350 ◦C, pressures 0.2–2.6 kbar and salinity from 0.5 to 30 wt.%
(NaCl–equiv.).

2. Mineral–forming fluids contained H2O, CO2, hydrocarbons and oxygenated organic
compounds, S–, N–, halogenated compounds, which are potentially capable to trans-
port ore elements, including gold.

3. Early barren quartz vein zones of the deposit were formed by oxidized water–carbon
dioxide fluids.

4. Later reduced carbon dioxide–hydrocarbon fluids had a key role in the formation of
gold-bearing quartz veins when superimposed on the earlier formed quartz. The stage
of productive gold–sulfide mineralization at the deposit lasted for about 50–60 Ma.

5. The scales of mineralization depend on the long–term activity of gold–bearing flu-
ids, which is reflected in the degree of saturation of quartz with carbon dioxide–
hydrocarbon inclusions.
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