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Abstract: The distributions of trace elements in pyrite were studied in samples of high-grade gold ores
from the Talatui, Teremkyn, and Darasun deposits. The paper presents LA-ICP-MS data on concen-
trations of trace elements in pyrite in gold ores from mineral deposits of the Darasun goldfield, which
were produced by a single fluid–magmatic system at various temperatures. The high-temperature
pyrite was found to be enriched in Co, Se, and W, whereas the medium-temperature pyrite was
enriched in Cu, Zn, Ag, Te, As, and In. The behaviors of some elements (Ni, Au, Bi, Sb, and Pb) seem
to be independent of temperature. The identified trends and relations in the behaviors of elements
can be used in studying the Au-Bi mineralization of the intrusion-related type.
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1. Introduction

Pyrite is one of the most widely spread minerals at various hydrothermal ore deposits.
This mineral can provide valuable information on the ore-forming processes reflected in
some features of the distributions of trace elements in it (e.g., [1–7]). The technique of
laser ablation–mass spectrometry with inductively coupled plasma (LA-ICP-MS) makes
it possible to highly accurately study the minor- and trace-element compositions of var-
ious minerals. Information thus recovered was used by many researchers in resolving a
wide area of geological problems, including elucidation of the possible sources of metals,
evolution of hydrothermal fluids, and mechanisms able to form mineral deposits [8–17].

This study is focused on the distribution patterns of admixture elements in pyrite from
auriferous veins and mineralization zones at the Darasun goldfield. These deposits were
formed at different temperatures in various parts of the single fluid–magmatic system [18].

The Darasun goldfield has a very long exploration history. The gold placer has been
known since 1861. The first yields of gold-bearing quartz-sulfide vein of 1900 m length
were found in 1883, which marked the beginning of the Darasun gold deposit. Gold was
extracted by washing from the fractured vein material. Later, oxidized sulfide ores were
extracted by underground mining at depths of 35–50 m. As the mines deepened, the degree
of oxidation of the ores decreased, up to the appearance of unchanged sulfide ores.

Since the systematic study of the region′s geological structure was started in 1927, one
after another, new gold veins of Darasun deposit were discovered. There turned out to
be more than 200. It became clear the deposit is large. Intensive mining of Darasun took
place in the period from 1934 to 1954. In the mid-1970s, the main lodes were depleted, and
exploitation of the deposit has become less intensive. However, during the study of the
district, the Teremkyn deposit was discovered in 1971 and the Talatui one in 1974.
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2. Geological Background

The Darasun, Teremkyn, and Talatui gold mines are located in the Chita area of the
eastern Transbaikalian region, 70 km southwest of the Mongolian-Okhotsk suture zone
generated by the collision between the Mongolian and Siberian continents in the latest
Mesozoic. The tectonic evolution of the region is complicated by a sequence of thrusting,
folding, and magmatic episodes that lasted for about 50 m.y., from the Early and/or Middle
Jurassic to the end of the Jurassic. The Darasun goldfield has been known for more than
a century and comprises three mineral deposits: the large Darasun gold deposit, the
medium-sized Talatui gold deposit, and the small Teremkyn deposit, as well as several
occurrences of auriferous mineralization. The Darasun goldfield is a mining district in
Transbaikalia, Russia that is of relevant geologic and economic importance [18,19]. The
district is named after the largest deposit of the region, the Darasun gold mine, which
was under exploration for more than a century [19]. Darasun was discovered in 1861
and produced 118 metric tons (t) from underground operations and an additional 40 t
from surface (gold placer) operations. Long-term studies in the field have proved its
gold deposits were produced by a single magmatic–fluid mineral system of the Jurassic
age, which was related to the emplacement of granodiorite porphyry of the Amudzhikan–
Sretenskii complex [19,20]. This ore field is hosted in Paleozoic magmatic rocks, mostly of
mafic composition (Figure 1). The deposits occur at different distances from the granitoid
intrusion of the Amudzhikan–Sretenskii complex, which was dated at 160.5 ± 0.4 Ma, and
the age of the wall-rock metasomatites at the Darasun deposit is 159.6± 1.5 Ma [21], i.e., the
ore-forming hydrothermal process that produced the Au mineralization was correlated in
age with the magmatic process.
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Figure 1. Schematic geologic map of the Darasun district and its vicinities [22]. (1) Quaternary;
(2) Upper Turga subseries (K1tr2): sandstone, siltstone, mudstone, conglomerate, basaltic andesite,
trachybasalt, rhyolite, tuff, tuffaceous rocks, and coal; (3) Nerchinsk poorly defined series (J3nr): latite,
quartz latite, trachybasalt, trachyandesite, trachyrhyodacite, rhyolite, trachirhyolite, tuff, conglomer-
ate, sandstone, siltstone, and tuffaceous rock; (4) Dotulur complex (γJ3d): leucogranite, pegmatoid
granite, and amazonite granite; (5–7) Amudzhikan–Sretensky complex (qξ2J3as): (5) phase-II quartz
syenite, (6) phase-II granodiorite porphyry, (7) phase-II granite porphyry; (8–10) Amanan complex
(γ2J2-3a): (8) phase-II granite (γ) and aplite-like granite, (9) phase I quartz syenite (qξJ2-3a), (10) phase I
granodiorite (γδ1J2-3a); (11) Bichura complex, phase III (γ3P2b): leucogranite, granite, porphyry granite,
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and quartz syenite; (12) Olyokma complex (γPZ1o): granite; (13) Krestovsky complex (γδPZ1kr):
granodiorite, quartz diorite, diorite, quartz syenite, tantalite, and plagiogranite; (14, 15) Kruchina
complex (νδ1PZ1k): (14) gabbro, (15) gabbrodiorite; (16) Late Stanovoy complex (γδ2PR1ps): granodi-
orite; (17) Oloshka complex (δPR1o): diorite; and (18) Tungir complex (qPR1t): gneiss and migmatite.
Circles are gold deposits: (1) Talatui, (2) Teremkyn, and (3) Darasun.

The Talatui deposit with stringer and disseminated gold mineralization is hosted in
gabbroids of the Kruchininskii complex and is the closest to the intrusive granitoid body of
the Amudzhikan–Sretenskii complex, whereas the auriferous veins of Teremkyn and Dara-
sun deposits are located 7 and 12 km, respectively, southeast of this body. The Teremkyn
deposit is hosted in gabbroic rocks of the Kruchininskii complex. The Darasun deposit
occurs at the contact between gabbroids of the Kruchininskii complex and granitoids of the
Krestovskii one. The different distances between the two deposits and the granitoid massif
of the Amudzhikan–Sretenskii complex are well seen on the map.

Three stages (early, productive mineral, and late) have been recognized in formation
of deposits in the Darasun goldfield, and the bulk of gold was deposited during the
second (productive) stage [18,19,23,24]. The three deposits in the Darasun gold field have
many similarities in that the dominant minerals of the ores are quartz, pyrite, pyrrhotite,
tourmaline, bismuth and tellurium minerals, and native gold. At the same time, the
deposits display several differences [18]. The mineral compositions of the ores become
more complicated from the Talatui to Darasun deposits. For example, the mineralogy of
the Talatui deposit ores is relatively simple (pyrite, magnetite, chalcopyrite, tourmaline,
plus some very rare bismuth and tellurium minerals), while the Teremkyn deposit contains
more various minerals, tourmaline and quartz are more abundant, and the veins contain
arsenopyrite, galena, sphalerite, fahlores, and abundant bismuth mineralization. The ores
at the Darasun deposit are the most complicated (they contain much arsenopyrite, antimony
and bismuth sulfosalts, tellurides, and various rare minerals). Differences were also found
between the morphologies of the orebodies, ore structures, the mineralogy of the ores
and metasomatic rocks within this ore field, which may be explained by variations in the
physicochemical parameters of the ore-forming processes (e.g., [18,25]). The chemistry of
native gold in the various deposits is also different (Figure 2). The content of Au is at a
maximum in the stringer and disseminated ores at the Talatui deposit (99.8–67.3 at. %)
and is somewhat lower at Teremkyn (88.1–51.0 at. %), whereas native gold in veins at the
Darasun deposit is the richest in silver (content of Au 83.4–57.0 at.%). At all deposits, native
gold and pyrite aggregates were often deposited during the productive (mineral) stages
(Figure 3). These aggregates are commonly interpreted as evidence of the simultaneous
crystallization of native gold and pyrite (e.g., [19]), and hence, information on the trace-
element composition of the pyrite may shed light onto some details of the crystallization of
the gold.

Fluid inclusion studies [18,20,25,26] have uncovered significant differences in the
temperatures of mineral deposition at the deposits (Figure 4). The veins at the Darasun de-
posits were deposited at relatively low temperatures (429–118 ◦C), the ores of the Teremkyn
deposit were formed at temperatures of 466–118 ◦C, and the stringer and disseminated
ores of the Talatui deposit were produced at even higher temperatures of 611–32 ◦C. Fluid
inclusions in ore quartz show evidence of heterogenization (boiling), but it is not possible
to compare the scale of this process at the various deposits. The isotopic study of oxygen,
carbon, and sulfur isotopes in carbonates, quartz, pyrite, arsenopyrite, and chalcopyrite
from the Darasun deposit indicate the mineralizing fluids at the Darasun deposits were of a
magmatic nature [27], which is consistent with the hypothesis that the Darasun, Teremkyn,
and Talatui deposits were produced by the single fluid–magmatic system [28]. This is
also consistent with interpretations that they belong to the intrusion related Au–Bi type
deposits [18]. It has been found the temperature ranges of the ore-forming processes widen,
and the temperatures at which these processes began become higher with decreasing dis-
tance from the intrusion bodies (possibly, magma chamber), and the composition of the
mineralizing fluid systematically changed from the high-temperature-deposited veinlets
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and disseminated ores of the Talatui deposit to the medium-temperature-formed veins
of the Darasun deposit. The mineralizing fluid of the veinlets and disseminated ores at
the Talatui deposit was richer in weakly volatile compounds (Cl, SO4

2−, Ca, Br, Sr, etc.),
whereas the medium-temperature fluid of the ore veins at the Darasun deposit was rel-
atively enriched in mobile and volatile components (CO2, CH4, HCO3

−, As, Hg, Te, Se,
Li, etc.) [29].
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Figure 2. Concentrations of Au (at. %) in native gold in the gold ores at deposits of the Darasun
goldfield (recalculated data from [18]). Here and in Figures 4 and 10–12, lines in the boxes are medi-
ans, crosses are averages, and spots are outliers (https://towardsdatascience.com/understanding-
boxplots-5e2df7bcbd51).
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Figure 4. Homogenization temperature of fluid inclusions in quartz of gold ores of deposits of the
Darasun goldfield. The figure format is the same as in Figure 2.

Variations in the chemical composition of mineralizing fluids at the Darasun goldfield
were closely interrelated with variations in the parameters of ore deposition, depending
on the distance from the granitoid intrusive body and physical properties of the fluid,
with temperature being the primary factor. Fluid near the magmatic body boiled and
segregated into immiscible brine and a less dense phase, which migrated to deep levels
more distant from the sources of the fluid and ore components. Because of this, the fluid
became richer in relatively volatile components away from the central part of the system.
The high-temperature region of the system near the magma chamber was enriched in less
mobile volatile components. Thus, variations in the composition of the fluids when the
Darasun deposit was produced can be explained by the operation of a single hydrothermal
system, which predetermined the geochemistry of the ores and minerals in various parts of
this system. It is thus reasonable to expect notable differences between concentrations of
admixture elements in pyrite at the three deposits. These results are presented below.

3. Materials and Methods

The distributions of trace elements in the pyrite were studied in samples of high-grade
gold ores from the Talatui, Teremkyn, and Darasun deposits. Data from microscopic studies
available for these deposits indicated the pyrite contained native gold (Figure 3). However,
the analyzed pyrite did not contain segregations of either native gold or other minerals.
We studied seven samples of the high-temperature stringer–disseminated ore from the
Talatui deposit (which were formed at temperatures of 600–400 ◦C), two samples of the vein
medium-temperature ore of the Teremkyn deposit (produced at 466–250 ◦C), and seven
samples of the vein medium-temperature ore of the Darasun deposit (430–200 ◦C).

Electron probe microanalysis (EPMA) of pyrite was carried out on a Camebax SX
100 X-ray microprobe at the Vernadsky Institute of Geochemistry and Analytical Chemistry,
RAS (analyst N.N. Kononkova). The current was 30 nA, and the accelerating voltage was
20 kV. The measurements were done according to the following analytical lines: PbMα,
SKα, BiMα, AgLα, AuLα, ZnKα, FeKα, CdLα, MnKα, CuKα, HgLα, and SeLα; the beam
diameter was 2–5 µm. The detection limit is 0.02 wt %; and the measurement uncertainty
was ±2 % for major elements and ~20% for trace elements. RAR corrections were used.

Concentrations of trace elements 33S, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 72Ge,
75As, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 197Au, 202Hg, 208Pb, and 209Bi in sulfides
were determined by LA-ICP-MS at IGEM-Analitika. At least 28–152 in-situ LA-ICP-MS
analyses of trace elements in pyrite were obtained to compare the Darasun, Teremkyn,
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and Talatui ores and are presented in Supplementary Table S1. The LA-ICP-MS system
consisted of a New Wave UP-213 solid state Nd:YAG laser coupled to a Thermo XSeries2
quadrupole ICP-MS. Calibration was performed using USGS-certified reference material
MASS1. The artificial sulfide reference material UQAC-FeS-1 [30], which is produced at
UQAC based on a modified technique developed by [31], was used to monitor data quality.

The accuracy (marked as E % in Table S2) of the analysis was generally <20% and was
calculated as the relative difference between the average individual SRM measurement and
the known concentration in the reference material (Table S2). The precision of the measure-
ments is reported as a relative standard deviation (RSD) for each element, calculated as the
standard deviation divided by the average concentration (Table S1). The relative standard
deviation was <20%. The results of the SRM measurements of all sessions and the detection
limits for each element are given in Supplementary Table S2.

LA-ICP-MS analyses were conducted using a beam 80 µm in diameter for spots
and 50 µm for lines, a laser frequency of 15 Hz, 5–7 J/cm2 energy density, and 7 µm/s
ablation speed for lines. The carrier gas was a mixture of helium (0.7 L/min) and argon
(0.85 L/min). The acquisition time in the spot mode was 30 s for the backgrounds, 60 s
for the mineral analysis, and 30 s for washout. Each line profile was preceded by 30 s of
background. The material was analyzed using ICP-MS operating in a time-resolved mode,
using peak jumping and a dwell time of 10 ms/peak per element. All major and trace
elements measurements were carried out using the time-resolved analysis (TRA) mode,
which operated in fast, peak jumping mode. Signal quantification was carried out by the
Iolite software [32], using 33S as an internal standard. Sulfur concentration was calculated
from the stoichiometry of the sulfides. If micro-inclusions of gold, silver, or other minerals
were identified in the LA-ICP-MS spectra, the corresponding part of the spectrum was
cut out off-line. Minerals in the profiles through intergrowths were calculated separately,
avoiding areas around contacts.

4. Results
4.1. EPMA

The EPMA results on pyrite samples from the deposits of the Darasun goldfield are
presented in Table 1. The S and Fe contents of the Talatui deposit are 51.51–54.03 wt.% (avg.
53.09 wt.%) and 43.84–46.99 wt.% (avg. 46.01 wt.%), respectively, those at the Teremkyn
deposit are 53.00–55.28 wt.% (avg. 54.01 wt.%) and 45.30–47.72 wt.% (avg. 46.76 wt.%),
respectively, and those at the Darasun deposit are 51.20–55.23 wt.% (avg. 53.38 wt.%)
and 45.64–47.79 wt.% (avg. 46.76 wt.%) (Table 1, Figure 5a), respectively. The Cu and Au
contents vary from 0.01 to 0.30 wt.% (avg., 0.09 wt.%) and 0.01 to 1.73 wt.% (avg. 0.29 wt.%)
in pyrite of the Talatui deposit, respectively, from 0.01 to 0.37 wt.% (avg. 0.11 wt.%) and
0.01 to 0.71 wt.% (avg. 0.27 wt.%) in pyrite of the Teremkyn deposit, respectively, and
from 0.01 to 0.48 wt.% (avg. 0.14 wt.%) and 0.01 to 0.61 wt.% (avg. 0.19 wt.%) in pyrite
of the Darasun deposit (Table 1, Figure 5b), respectively. The samples have also been
analyzed for As, Co, Ni, Se, Ag, Sb, Te, and Bi, but many analyses by this technique showed
concentrations of admixtures below the detection limits (Table 1).

Table 1. Summary of EMPA analyses (wt.%) of pyrite from the gold deposits of the Darasun goldfield.

Parameter S Fe Co Ni Cu As Se Ag Sb Te Au Bi Total S/Fe(at)

Talatui

Max. 54.03 46.99 2.57 0.29 0.30 0.60 1.42 0.16 0.11 0.12 1.73 0.30 101.60 2.10
Min. 51.51 43.84 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 98.79 1.95
Mean 53.09 46.01 0.59 0.06 0.09 0.09 0.45 0.06 0.03 0.05 0.29 0.14 100.10 2.01

Median 53.17 46.17 0.30 0.05 0.08 0.04 0.08 0.04 0.03 0.04 0.07 0.14 100.11 2.01
n 111 111 104 66 72 36 28 39 32 36 17 64 111 111

Teremkyn

Max. 55.28 47.72 0.29 0.96 0.37 1.39 0.06 0.10 0.06 - 0.71 0.24 102.95 2.09
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Table 1. Cont.

Parameter S Fe Co Ni Cu As Se Ag Sb Te Au Bi Total S/Fe(at)

Min. 53.00 45.30 0.10 0.01 0.01 0.02 0.02 0.01 0.01 - 0.01 0.10 99.82 1.97
Mean 54.01 46.76 0.08 0.14 0.11 0.35 0.03 0.05 0.03 - 0.27 0.15 101.40 2.01

Median 53.86 46.60 0.07 0.06 0.09 0.25 0.03 0.06 0.03 - 0.11 0.12 101.82 2.00
n 22 22 16 13 13 16 6 8 9 - 6 8 22 22

Darasun

Max. 55.23 47.79 1.00 0.10 0.48 1.54 0.02 0.05 0.08 0.11 0.61 0.24 102.73 2.05
Min. 51.20 45.64 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.10 98.61 1.93
Mean 53.38 46.76 0.09 0.04 0.14 0.38 0.02 0.03 0.03 0.06 0.19 0.15 100.69 1.99

Median 53.37 46.65 0.06 0.03 0.07 0.10 0.02 0.04 0.03 0.06 0.12 0.13 100.65 1.99
n 33 33 30 19 20 22 3 3 15 2 10 4 33 33
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The S/Fe atomic ratio varies from 2.10 to 1.93 (Table 1), suggesting a deviation of
chemical composition of pyrite in the sample studied from the stoichiometric one [33].

4.2. LA ICP MS

The LA-ICP-MS study was conducted with pyrite from the Talatui, Teremkyn, and
Darasun deposits. The median and geometric mean as well as the maximum and minimum
values of all measurements, are presented in Table 2. Trace elements are heterogeneously
distributed within the grains, thus defining various trends and combinations with one
another in minerals from the various deposits (Figures 6–8). Cobalt is strongly concentrated
in accordance with the temperature range estimated for each deposit. The high-temperature
pyrite from the Talatui deposit contains up to 20,559 ppm of Co (median 541.5 ppm),
whereas a middle-temperature pyrite from Teremkyn contains up 5607 ppm, and pyrite
from Darasun bears up to 3231 ppm Co (Figures 6 and 7A; Table 2). Arsenic contents
also vary over a wide range, from 5.82 to 7636 ppm at Talatui, from 67.82 to 9105 ppm in
Teremkyn pyrite, and from 0.61 to 10,360 ppm in pyrite from Darasun (Table 2). Although
the geometric means of As content in pyrites from Teremkyn and Darasun do not show
a strong correlation with temperature, as is the case with Co, we believe this is due to a
smaller set of data on the Teremkyn pyrite.

Table 2. Compilation of LA-ICP-MS analyses (ppm) for trace element of pyrite from Talatui, Teremkyn,
and Darasun deposits.

Deposit n Parameter Co Ni Cu Zn As Se Ag In Sb Te W Au Pb Bi

Talatui 152 Median 541.5 40.05 18.1 13.51 204 51.8 3.76 1.56 0.95 8.86 1.55 0.87 1.79 1.85
GM 309.5 39.72 20.43 15.24 185.3 52.64 3.08 0.78 1.59 8.69 1.2 0.82 2.23 1.62
Min 0.6 2.67 1.59 5.13 5.82 17.3 0.24 0.21 0.41 2.08 0.05 0.13 0.21 0.06
Max 20559 3647 3257 176.2 7636 134.6 46.46 2.92 36.85 44.38 89.18 6.78 347.1 79.03
n* 149 139 87 31 151 60 68 2 24 18 15 19 115 104

GSD 29.67 4.58 3.36 3.47 16.51 7.91 0.45 0.16 0.35 2.05 0.57 0.19 0.4 0.31

Teremkyn 29 Median 70.25 299.6 4.68 13.24 1132 - 4.22 - 0.81 8.68 - 0.3 12.12 12.28
GM 74.83 148.4 10.65 13.24 643.2 - 3.69 - 1.45 7.72 - 0.74 11.71 7.29
Min 3.95 2.05 1.87 13.24 67.82 - 0.11 - 0.52 2.08 - 0.15 0.72 0.06
Max 5607 913.1 165.5 13.24 9105 - 45.39 - 15.91 24.35 - 6.94 662.2 496.6
n* 28 26 20 1 29 - 11 - 8 18 - 10 25 21

GSD 6.57 13.43 1.99 3.63 42.98 - 0.77 - 0.29 1.87 - 0.16 2.2 1.48

Darasun 112 Median 24.56 16.5 45.39 395.2 735.6 26.01 3.14 6.49 2.02 7.48 0.93 0.87 12.31 6.73
GM 24.03 26.9 49.2 314 423.8 28.15 3.71 5.86 2.31 8.49 0.64 0.85 18.04 8.91
Min 0.49 2.11 4.01 5.34 0.61 15.01 0.12 0.23 0.46 2.03 0.23 0.1 0.39 0.08
Max 3231 1232 19491 10466 10360 89.71 304.4 44.64 26.17 50.2 1.22 21.95 21734 2350
n* 58 57 99 45 104 29 78 32 62 31 3 29 72 73

GSD 3.67 3.83 6.51 53.54 42.72 3.86 0.63 0.98 0.41 1.82 0.11 0.13 2.53 1.51

Median
detection

limits
0.3 2 1.5 5 3 15 0.1 0.04 0.4 2 0.03 0.1 0.2 0.03

Note: GM—geometric mean, GSD—geometric standard deviation, n—number of analyses, n*—number of
analyses above the detection limit, n.a.—not analyzed as major component, “-”—below detection limit.
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Figure 8. Photomicrographs of the LA-ICP-MS profiles in pyrite from Darasun (A,B), Talatui (C), and
Teremkyn (D) ores in reflected light. A—LA-ICP-MS profile through an euhedral pyrite grain from
sample 6Vd89. B—profile through pyrite grains in arsenopyrite from sample 6Vd89. C—profile in a
distinct anhedral pyrite grain from sample 50-01. D—profile in pyrite aggregate from sample 2415Sht.

Pyrite from the Teremkyn deposit accommodates Ni in a mean concentration of
299.6 ppm, while the Darasun and Talatuy pyrites are relatively depleted in Ni (Figure 6;
Table 2). Copper and zinc as well as arsenic are concentrated mostly in the middle-
temperature pyrite from the Darasun deposit than in the high-temperature Talatui pyrite.
The lowest median concentrations of Cu were detected in the Teremkyn pyrite (Figure 7B;
Table 2). Zinc also shows a strong correlation with Ag, Bi, and Sb in LA-ICP-MS profiles of
the Darasun pyrite. Except for a few analyses (Figure 7C), pyrites from all deposits have
similar concentrations of Ag; however, Ag concentrations are different in other minerals.
Furthermore, the Darasun pyrite contains much higher concentrations of In, Sn, Au, Pb,
and Bi and lower contents of W than the Talatui pyrite (Figure 6; Table 2). The maximum
content of Sn (22 ppm) was detected in the Darasun pyrite, which is also enriched in Sn and
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In, and these elements demonstrate a positive correlation with one another in all analyses
of the Darasun pyrite (Table S2).

Pyrite from the Darasun deposit is characterized by the highest gold concentrations
compared to pyrite at the others deposits (Table 2). To avoid a possible influence of
gold micro-inclusions on the bulk composition, we carefully identified each time-resolved
spectrum and recognized several distributional patterns in gold accommodation. Micropho-
tographs of the LA-ICP-MS profiles in the ores are presented in Figure 9, and the spectra for
these profiles are shown in Figure 8. In the high-temperature pyrite from the Talatui deposit,
Au, Bi, and Te form distinct peaks regardless of the As concentration (Figure 9C). However,
arsenic contents in the middle-temperature Darasun and Teremkyn pyrite correlate with
Au (Figure 9A,B). Gold in the Teremkyn pyrite shows a strong correlation with As, Ag, Sb,
and Bi (Figure 9B).
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Figure 9. Time-resolved signal counts for trace elements for LA-ICP-MS profiles in pyrite from the
Darasun (A, Figure 8A), Teremkyn (B, Figure 8D) and Talatui (C, Figure 8C) deposits.

The Darasun pyrite does not show any clear correlations between Au, Ag, Sb, and Bi
distributions (Figure 9A). Gold is distributed heterogeneously and sometimes forms peaks
and zones of enrichment together with these elements but mostly seems to be independent.
Silver and Bi correlate with each other and, to a lesser extent, with Sb and Au. A direct
correlation between Ag and Bi and between Au and As in the middle-temperature pyrites
is also clearly seen on Figure 7C,D.

5. Discussion

In interpreting our data, we proceeded from the hypothesis that the Darasun goldfield
was formed by a single (united) fluid–magmatic system. It has been demonstrated above
that the age of the intrusive granitoid massif coincides with the age of wall-rock metaso-
matites at the Darasun deposit [21]. Detailed published isotope data prove the magmatic
nature of the source of mineralizing fluid at the Darasun deposit [32]. The three deposits
occur at different distances from the granitoid massif, and their spatial distribution should
have controlled differences between the temperatures at which their gold mineralization
was formed. Indeed, data on mineral-hosted fluid inclusions indicate that despite the
general similarities between the physicochemical parameters and compositions of the
mineralizing fluids, they show some differences: the maximum and mean temperatures
of the mineral-forming processes systematically decrease from the Talatui deposit to the
Darasun one [18,20,26,27,29]. These variations are associated with those in compositional
features of some minerals at the same deposits [18,28] at the generally similar mineralogy
of ores at these deposits. This stimulated us to search for differences in the accumulation of
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trace elements in pyrite from the gold ores of the deposits. We believe these differences
should have been controlled first by the crystallization temperature.

According to the principal goal of this study, we found concentrations of some trace
elements in pyrite deposited in various parts of the fluid–magmatic system show correla-
tions with the variations in the pyrite crystallization temperature. The concentrations of
some trace elements (Cu, Zn, Ag, Te, and As,) in the pyrite monotonously increase with the
transition from the mineral of the Talatui deposit to that of the Teremkyn and then Darasun
deposits, i.e., with a temperature decrease. Another element that belongs to this group is
In, whose concentrations have not been analyzed in the ores of the Teremkyn deposits. It is
pertinent to mention the publication [35] in which the example of a modern geothermal
system is employed to show that higher concentrations of Co and Ni and relatively low
concentrations of As, Cu, Pb, Ag, and Au in pyrite may be indicators of boiling. In our
situation, we cannot estimate how boiling affected the concentrations of these elements in
the pyrite because the evidence for boiling has been found at all three deposits.

Some other elements show another temperature dependence of their concentrations:
concentrations of these elements in pyrite decrease from the Talatui deposit to the Teremkyn
and then to Darasun ones. These elements are Co, Se, and W, although data on concentra-
tions of Se and W in the pyrite from Teremkyn are absent. They are regarded to be below
the detection limit. The concentrations of the other five elements (Ni, Au, Bi, Sb, and Pb)
do not linearly correlate with the pyrite crystallization temperature.

To test the aforementioned trends in concentrations of trace elements in the pyrite, we
constructed boxplot diagrams, which are used to compare sets of significantly different data
and enable one to clearly illustrate trends and relations identified by means of statistical
analysis (Figures 10–12). This allowed us to confidently conclude the principal factor
controlling concentrations of many trace elements (Cu, Zn, Ag, Sb, Pb, In, Co, Te, Se, and
W) in pyrite in fluid–magmatic systems is temperature. This property of the elements can
be used in studying the Au-Bi mineralization of the intrusion-related type. However, at
this stage, it is too early to judge whether the found dependences are direct or mediated.
The mechanism of the effect of temperature on the concentration of these trace elements
in such multifactorial systems [36] requires special experimental studies, which may be
stimulated by the publication of our results.

The behaviors of elements whose concentrations are not controlled by temperature may
be explained by various processes and phenomena, for example, some local fluctuations in
the composition of the fluid or host rocks. For instance, the high Ni concentrations in pyrite
from the Teremkyn deposit may be explained by the gold mineralization of this deposit
is hosted in gabbroic rocks, which were enriched in Ni during the magmatic stage. Gold
concentration in pyrite at the Darasun ore field has been experimentally demonstrated [37]
to be much lower than when pyrite crystallized from Au-saturated hydrothermal fluid.
The pyrite may have later recrystallized under the effect of an Au-poor solution.



Minerals 2023, 13, 288 12 of 16

Minerals 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 

relatively low concentrations of As, Cu, Pb, Ag, and Au in pyrite may be indicators of 

boiling. In our situation, we cannot estimate how boiling affected the concentrations of 

these elements in the pyrite because the evidence for boiling has been found at all three 

deposits. 

Some other elements show another temperature dependence of their concentrations: 

concentrations of these elements in pyrite decrease from the Talatui deposit to the 

Teremkyn and then to Darasun ones. These elements are Co, Se, and W, although data on 

concentrations of Se and W in the pyrite from Teremkyn are absent. They are regarded to 

be below the detection limit. The concentrations of the other five elements (Ni, Au, Bi, Sb, 

and Pb) do not linearly correlate with the pyrite crystallization temperature. 

To test the aforementioned trends in concentrations of trace elements in the pyrite, 

we constructed boxplot diagrams, which are used to compare sets of significantly dif-

ferent data and enable one to clearly illustrate trends and relations identified by means of 

statistical analysis (Figures 10–12). This allowed us to confidently conclude the principal 

factor controlling concentrations of many trace elements (Cu, Zn, Ag, Sb, Pb, In, Co, Te, 

Se, and W) in pyrite in fluid–magmatic systems is temperature. This property of the el-

ements can be used in studying the Au-Bi mineralization of the intrusion-related type. 

However, at this stage, it is too early to judge whether the found dependences are direct 

or mediated. The mechanism of the effect of temperature on the concentration of these 

trace elements in such multifactorial systems [36] requires special experimental studies, 

which may be stimulated by the publication of our results. 

 

Figure 10. Boxplot diagrams of elements whose concentrations increase with a temperature de-

crease: a—Cu, b—Te, c—As, d—Ag, e—Zn, f—In. 
Figure 10. Boxplot diagrams of elements whose concentrations increase with a temperature decrease:
(a)—Cu, (b)—Te, (c)—As, (d)—Ag, (e)—Zn, (f)—In.



Minerals 2023, 13, 288 13 of 16
Minerals 2023, 13, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 11. Boxplot diagrams of elements whose concentrations decrease with a temperature de-

crease: a—Co, b—Se, c—W. 
Figure 11. Boxplot diagrams of elements whose concentrations decrease with a temperature decrease:
(a)—Co, (b)—Se, (c)—W.



Minerals 2023, 13, 288 14 of 16
Minerals 2023, 13, x FOR PEER REVIEW 14 of 16 
 

 

 

Figure 12. Boxplot diagrams of elements whose concentrations show no relation to the temperature 

changes: a—Ni, b—Au, c—Bi, d—Sb, e—Pb. 

The behaviors of elements whose concentrations are not controlled by temperature 

may be explained by various processes and phenomena, for example, some local fluctu-

ations in the composition of the fluid or host rocks. For instance, the high Ni concentra-

tions in pyrite from the Teremkyn deposit may be explained by the gold mineralization 

of this deposit is hosted in gabbroic rocks, which were enriched in Ni during the mag-

matic stage. Gold concentration in pyrite at the Darasun ore field has been experimen-

tally demonstrated [37] to be much lower than when pyrite crystallized from 

Au-saturated hydrothermal fluid. The pyrite may have later recrystallized under the ef-

fect of an Au-poor solution. 

6. Conclusions 

Concentrations of trace elements have been analyzed in pyrite from gold ores from 

the Darasun goldfield. These ores were formed by the single fluid–magmatic system at 

different temperatures. We determined Co, Se, and W were enriched in the 

high-temperature pyrite, whereas Cu, Zn, Ag, Te, As, and In were accumulated in the 

medium-temperature pyrite. The behavior of some elements (Ni, Au, Bi, Sb, and Pb) did 

not show any temperature dependence and hence, was likely controlled by some other 

factors. The relations and trends identified in the behavior of the elements can be used 

when the Au-Bi mineralization of the intrusion-related type is studied. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Table S1: Concentrations of trace elements (ppm) in sulfides from Dar-

asun, Talatuy, and Teremki by LA-ICP-M; Table S2: The results of the RSM measurements for es-

timation of accuracy and precision of the LA-ICP-MS analysis. 

Author Contributions: Conceptualization, V.P. and N.B.; methodology, V.P.; software, V.A.; vali-

dation, V.P., V.B. and V.A.; formal analysis, V.P.; investigation, V.P.; resources, V.P., L.Z. and A.K.; 

Figure 12. Boxplot diagrams of elements whose concentrations show no relation to the temperature
changes: (a)—Ni, (b)—Au, (c)—Bi, (d)—Sb, (e)—Pb.

6. Conclusions

Concentrations of trace elements have been analyzed in pyrite from gold ores from the
Darasun goldfield. These ores were formed by the single fluid–magmatic system at different
temperatures. We determined Co, Se, and W were enriched in the high-temperature pyrite,
whereas Cu, Zn, Ag, Te, As, and In were accumulated in the medium-temperature pyrite.
The behavior of some elements (Ni, Au, Bi, Sb, and Pb) did not show any temperature
dependence and hence, was likely controlled by some other factors. The relations and
trends identified in the behavior of the elements can be used when the Au-Bi mineralization
of the intrusion-related type is studied.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13020288/s1, Table S1: Concentrations of trace elements (ppm)
in sulfides from Darasun, Talatuy, and Teremki by LA-ICP-M; Table S2: The results of the RSM
measurements for estimation of accuracy and precision of the LA-ICP-MS analysis.
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