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A B S T R A C T   

The mineral sequence and LA-ICP-MS study of the trace-elements distribution in chalcogenides (arsenopyrite, 
pyrite, pyrrhotite, sphalerite, chalcopyrite, ullmannite, tetrahedrite, berthierite, stibnite, gudmundite, james
onite) of the Olympiada gold ore deposit (Yenisei Ridge, Russia) are presented. The deposit was formed in three 
stages, separated by tectonic breaks. Early (I) corresponds to the paragenesis of acicular arsenopyrite + pyrite +
pyrrhotite. At the stage of base-metal sulfides (II), the deposition of the bulk of chalcopyrite, sphalerite and 
galena occurred. Mineral associations of these stages determined the gold-arsenic (Au-As) type of ores. The stage 
of late sulfides (III) is characterized by the paragenesis of antimony minerals (stibnite + berthierite + gud
mundite) and corresponds to the gold-antimony (Au-Sb) ore type. Commercial concentrations of gold were 
formed at the early sulfides stage in the lattice bonded and nanosize mode in acicular arsenopyrite (12.5–1,512 
ppm). The progress of the ore deposition process with the formation of late polymetallic and stibnite-berthierite 
mineralization led to recrystallization of early sulfides (prismatic arsenopyrite Au ~ 36.4 ppm → dipyramidal 
arsenopyrite Au ~ 0.5 ppm), remobilization and re-deposition of gold in a native form. Pyrite of the deposit does 
not contain significant amounts of gold (~0.4 ppm). Silver is absent in early sulfides, but is concentrated in 
tetrahedrite (348.0–3,811 ppm), jamesonite (0.1–7.7 ppm), berthierite (0.1–2.3 ppm) and stibnite (0.2–2.0 ppm) 
of the later stage (III). Early sulfides (stage I) are characterized by the As-Au-W-Se-Te geochemical association; 
polymetallic sulfides (stage II) — by the Cu-Zn-Pb-Cd-In association; and late sulfides (stage III) — by the Sb-Co- 
Ni-Te-Bi-Pb-Hg-Ag association.   

1. Introduction 

The Olympiada gold deposit is located within the Eastern gold- 
bearing belt of the Yenisei Ridge (Krasnoyarsk Territory, Russia) and 
it’s the largest in the world. As of today, its reserves amount to about 
1,000 tonnes of Au, and the ore intersections at depths of over 1,500 m 
allow forecasting a further increase in reserves (Sazonov et al., 2019b; 
Sazonov et al., 2020). The deposit has a unique constitution of the ores, a 
complicated geological structure and a long-term multistage formation 
process. 

The history of studying the Olympiada deposit extends for >50 years 
(since 1968–1974). During this period many aspects of geology and ore 
genesis were covered to varying degrees, but in the modern scientific 

geological literature there is a limited amount of data about the deposit. 
Recent works (Savichev et al., 2006; Borisenko et al., 2014; Yakubchuk 
et al., 2014; Naumov et al., 2015; Gibsher et al., 2019a, b; Sazonov et al., 
2019b; Sazonov et al., 2020) focus on the geological structure of the 
deposit, the thermodynamics of mineralization, age limits of ore for
mation and its sources. 

Meanwhile, the mineralogical and geochemical features of the de
posit are as yet not fully understood (Silyanov et al., 2021a). The 
mineralogy of the upper horizons of the deposit was previously char
acterized by L.V. Li, Yu.I. Novozhilov, A.M. Gavrilov, A.D. Genkin, V.G. 
Mikheev, E.A. Zvyagina and others (Genkin et al., 1994; Novozhilov & 
Gavrilov, 1999; Grigorov, 2002; Savichev and Gavrilenko, 2003; Li, 
2003; Savichev, 2004; Savichev et al., 2006; Novozhilov et al., 2014 etc.) 
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Now the deep horizons of the deposit have been explored (up to –400 
m). Information about mineralogy of these ores is limited. Therefore, the 
first task of our work is focused on the study of the mineralogy of gold- 
sulfide ores of deep horizons of the deposit. 

Data on the distribution of trace elements (primarily Au) in sulfide 
minerals of the deposit are also extremely limited. The Au contents in 
arsenopyrite, pyrrhotite, and pyrite were determined mainly by INNA, 
ICP-MS and atomic absorption, with the exception of single analyzes of 
arsenopyrite and pyrite by SIMS (Genkin et al., 1994; Genkin et al., 
1998; Novozhilov & Gavrilov, 1999; Genkin et al., 2002; Silyanov et al., 

2021a). 
Today, one of the main approaches to the studying gold deposits is to 

combine mineralogy and geochemistry methods using LA-ICP-MS. The 
LA-ICP-MS method is one of the most powerful tools for the paragenetic 
analysis of trace elements, determination of basic carrier minerals and 
concentrators of Au, its associations and sources. A large number of 
publications with the results of such works demonstrate the validity and 
efficiency of such studies (Sung et al., 2009; Large et al., 2011; Gregory 
et al., 2015; Meffre et al., 2016; Maslennikov et al., 2017; Augustin & 
Gaboury, 2019; Gregory et al., 2019a; Wu et al., 2019; Large & 

Fig. 1. Yenisei Ridge: a – geographical position; b – tectonic map (Vernikovsky et al., 2016, simplified); c – schematic geologic map of the Eastern gold-bearing belt.  
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Maslennikov, 2020; Gourcerol et al., 2020 etc.). 
Thus, large-scale studies of the distribution of gold mineralization 

and trace-elements in sulfides of various stages of ore formation have not 
previously been carried out for the Olympiada deposit. On this basis, the 
second task of our work carried out the first LA-ICP-MS study of the 
distribution of trace elements in arsenopyrite, pyrite, pyrrhotite, 
sphalerite, chalcopyrite, ullmannite, tetrahedrite, berthierite, stibnite, 
gudmundite and jamesonite, collected from the ores of deep horizons in 
the Eastern part of the Olympiada deposit. 

Thus, the main goal of our work is to construct a genetic model of the 
formation of gold-sulfide parageneses, as well as the development and 
evolution of the hydrothermal ore system, based on the results of 
detailed mineralogical and geochemical studies. 

2. Geological background 

2.1. Geology of the Yenisei Ridge 

The Yenisei ridge is a Neoproterozoic (860–800 Ma) collisional 
orogen that changed to an extensional setting around ~ 750–680 Ma 
(Metelkin et al., 2007; Likhanov et al., 2014; Kuzmichev & Sklyarov, 
2016; Vernikovsky et al., 2016; Nozhkin et al., 2017; Kozlov et al., 
2020). The Yenisei Ridge consists of two large segments: South Yenisei 
and Trans-Angara, which are separated by the ENE striking Angara fault 
(Fig. 1). The main gold ore bodies are located in the Trans-Angara part as 
a belt along the eastern edge of the structure (Eastern gold belt of the 
Yenisei Ridge). 

In the tectonic structure of the ridge, the East-Angara, Central- 
Angara and Isakov terranes are distinguished, the boundaries of which 
are long-lived deep faults (Ishimba, Tatar, Pri-Yenisey and Ankinovsky) 
of mainly NW orientation and subvertical dip (Likhanov et al., 2014; 
Vernikovsky et al., 2016). Gold mineralization is tectonically controlled 
by the Tatar-Ishimba fault zone, which has a dynamic impact on most of 
deposits in the region (Sazonov et al., 2020). 

The oldest lithologic and stratigraphic subdivisions of the Trans- 
Angara part of the Yenisei Ridge are Early Cambrian gneisses and 
slates of the Teya series, which are overlain by thick (15–17 km) Meso- 
and Neoproterozoic rocks of the Sukhopit, Tunguska, Oslyan, Chingasan 
and Taseyev series (Nozhkin et al., 2011). The deposits of terrigenous, 
carbonaceous-terrigenous and carbonate-terrigenous composition of the 
Kordinsky, Gorbilok and Uderey suites of the Sukhopit series (Early and 
Middle Ripehan) are the most productive for gold mineralization 
(Sazonov et al., 2010). 

Intrusions of ultramafic to felsic and alkaline composition occur in 
the region, among which syn- and post-collision granitoids formed in the 
interval of 880–455 Ma prevail (Vernikovsky et al., 2003; Vernikovsky & 
Vernikovskaya, 2006; Sazonov et al., 2010). Gold deposits are located at 
distances from 1.5 to 18.0 km from intrusive granitoid bodies, and their 
genetic relationship is still under discussion (Konstantinov et al., 1999; 
Li, 2003; Zabiyaka et al., 2004; Serdyuk et al., 2010; Sazonov et al., 
2010; Nozhkin et al., 2011). 

2.2. Geology of the Olympiada gold deposit 

The Olympiada gold deposit is situated 430 km north from the city of 
Krasnoyarsk in the taiga-dominated mountainous area in the Yenisei 
Ridge (Fig. 1). It is part of the Verkhnee Enashimo mineral district in the 
eastern portion of the Central Angara terrane. 

The ore field of the deposit is limited to the NW and SW by large NW 
faults, which are part of the Tatar deep fault system, and it is squeezed 
from the SW and NW between the Chirimbinsky and Tyradinsky granite 
massifs. The structure of the ore field is defined by the conjugation of 
three folds (Innokentyevsky and Chirimbinsky synclines and Medvez
hinsky anticline between them), forming an open W-shaped structure. 
The limbs of the folds are outlined by NW, NE and broadly W-E faults. 

Olenye (Au-W), Vysokoe-2 (W), Innokentievskoe (Au-Sb), 

Tyradinskoe (Au-Sb) and Titimukhta (Au-Bi) deposits are also located 
within the ore field. 

On the surface, the Olympiada deposit consists of two spatially 
separated parts, Western and Eastern, which are joined at a depth (In
termediate). The deposit is localized within Medvezhinsky anticline 
complicated by inter-stratal tectonic zones. The core of the fold is 
composed of quartz-two-mica slates, and quartz-mica-carbonate slates 
with strata and lenticular interlayers of marmorized limestones and 
quartz-mica-carbonate slates developed on the limbs (Fig. 2). Ore bodies 
of the deposit are confined to the limbs and the hinge part of the fold 
(Sazonov et al., 2019b; Sazonov et al., 2020). 

Eastern Olympiada is the main part of the deposit — constituting 
about 90% of all gold reserves (ore body No. 4). The site is located in the 
hinge of the Medvezhinsky anticline complicated by the junction of 
broadly EW, NE and NW faults. The ore body has a saddle shape with 
bulges in the hinge part and limbs with uneven length (Fig. 2) on the 
surface in the horizontal section. At a depth, while maintaining its 
saddle shape, it steeply plunges southward in the form of a column at an 
angle of 65–75◦ (Fig. 3). 

Ore bodies are localized in zones of quartz-mica-carbonate meta
somatically altered rocks, where the content of disseminated sulfides 
varies from 2 to 7%. In the underlying quartz-garnet-two-mica slates and 
overlapping quartz-mica-carbonate slates, mineralization is observed 
only near their contact with carbonate- bearing and carbonate rocks 
(Fig. 3). Visually, ore bodies are identified on the basis of the occurrence 
of abundant sulfide mineralization, mainly arsenopyrite, pyrite, pyr
rhotite, and stibnite, but the boundaries of ore bodies are determined by 
sampling. 

In terms of ore properties, the predominance of main ore components 
and minerals, as well as formation conditions, several types of ores are 
distinguished in the deposit. Gold-arsenic ores (Au ~ 3.9 g/t; native gold 
fineness 910 to 1,000‰) correspond to the fields of development (Fig. 3, 
b) of the early mineral association — fine acicular and prismatic arse
nopyrite, pyrrhotite and pyrite with subordinate polymetallic sulfides. 
Gold-antimony ores (~2.9 g/t; native gold fineness 650 to 760‰) are 
represented by late aggregates of stibnite and berthierite often forming 
ore breccias. Increased concentrations of Au (up to ~ 5.4 g/t) are 
observed in the ore intervals of the combined gold-arsenic-antimony 
mineralization (Sazonov et al., 2019b; Sazonov et al., 2020). 

Gold in primary sulfide ores is mainly fine (~10 μm). Free gold in 
crushed (minus 0.074 mm) ore makes about 15%, up to 45% is present 
in the cyanidable form in aggregates with ore minerals, and the amount 
of refractory non-cyanidable gold reaches 39–60% (Sazonov et al., 
2019b; Sazonov et al., 2020). 

More detailed information about the deposit geology can be found in 
(Novozhilov and Gavrilov, 1999; Li, 2003; Savichev et al., 2006; Gibsher 
et al., 2019a, b; Sazonov et al., 2019b; Sazonov et al., 2020; Silyanov 
et al., 2021a; b). 

2.3. Previous data for mineralogy of the Olympiada gold deposit 

Ore minerals occur as fine crystalline-granular disseminations, as 
well as massive segregations in silicified carbonate rocks. The total 
sulfide content in ores is about 3–5% (Genkin et al., 1994; Novozhilov & 
Gavrilov, 1999; Grigorov, 2002; Savichev & Gavrilenko, 2003; Li, 2003; 
Savichev, 2004; Savichev et al., 2006; Sovmen et al., 2009; Novozhilov 
et al., 2014). 

The main minerals in the deposit are arsenopyrite and pyrrhotite. 
Their quantitative ratios differ based on where in the deposit they are 
and how close to mineralization. It is noted that pyrrhotite predominates 
in low-grade ores. Stibnite and berthierite are subordinate and are 
confined to the upper horizons of ore bodies. Small amounts of sphal
erite, chalcopyrite, galena, goodmundite, tetrahedrite, native antimony, 
pentlandite, violarite, breithauptite, bournonite, cubanite, molybdenite, 
jamesonite, and other minerals are noted (Genkin et al., 1994; Novoz
hilov & Gavrilov, 1999; Grigorov, 2002; Savichev & Gavrilenko, 2003; 
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Li, 2003; Savichev, 2004; Savichev et al., 2006; Novozhilov et al., 2014). 
All of these works indicate the presence of two types of ores – early Au- 
As and late Au-Sb. 

Early work performed on the material of the upper horizons of the 
Olympiada, as well as at the Olenye (Au-W), Vysokoe-2 (W) and Inno
kentievskoe (Au-Sb) deposits, show the presence of abundant tungsten 
mineralization up to ore grade in some areas. 

There are several sequences of mineralization within the ore field of 
the deposit. Savichev (Savichev & Gavrilenko, 2003; Savichev, 2004; 
Savichev et al., 2006) identified six stages of ore formation: I pre-ore 
metasomatic changes; II early ore (wolframite-quartz); III main ore 
(gold-scheelite-sulfide); IV minor ore (gold-sulfosalt-quartz); V late ore 
(gold-stibnite-quartz); VI post-ore. Novozhilov and Gavrilov (Novozhi
lov & Gavrilov, 1999; Grigorov, 2002) proposed six paragenetic asso
ciations: I pre-ore (sphalerite-chalcopyrite-pyrrhotite); II early pre- 
productive non-gold bearing (pyrite-arsenopyrite); III early pre-ore 
(arsenopyrite with “invisible” gold); IV interproductive pyrite; V late 
productive gold-stibnite; VI post-ore fluorite-carbonate. Baranova et al. 
(Baranova et al., 1997) identified the following stages: I pre-ore (quartz, 
calcite, muscovite); II early ore (scheelite, pyrrhotite, arsenopyrite, gold, 
chalcopyrite, sphalerite, stibnite); III late ore (berthierite, gold, anti
mony, aurostibite, gudmundite, scheelite); IV post-ore (quartz, calcite, 
fluorite). The works of Sovmen et al. (Sovmen et al., 2009) identified at 
the deposit an early gold-sulfide (mainly pyrrhotite-arsenopyrite) asso
ciation and a late, sulfoantimonide-polymetallic association associated 
with stibnite, berthierite, ulmannite, goodmundite, tellurides, and base- 
metal sulfides. In our opinion, the main disadvantage of the above 
schemes is their generalization to all deposits of the ore field. In this 
paper, we propose an alternative sequence of mineralization based on 

the study of ores from deep horizons of the Olympiada deposit. 
We do not consider here the mineralogy of oxidized ores, which was 

described in our previous work (Silyanov et al., 2021b). 

3. Samples and analytical methods 

3.1. Sampling approach 

The mineralogy and stages of ore formation are characterized on the 
basis of the results of mineralogical study of about 500 polished sections 
made from the core of twelve exploration drill from the deep horizons of 
the deposit (Figs. 2 & 3). Optical studies were performed on Carl Zeiss 
Axioskop 40A Pol and Olympus BX53 microscopes at the Siberian Fed
eral University, Krasnoyarsk. 

Samples for our study were taken from the core of exploratory drill 
503, which crosses the main ore body of the Eastern (Vostochny) 
Olympiada in its full thickness (Figs. 2 & 3). In total, 63 polished samples 
were made from the depth interval of 1.5 to 509.2 m (drillhole depth 
538.0 m), including the main sulfide minerals of the deposit at all stages 
of ore formation (see Section 4.1). Epoxy blocks containing polished 
fragments were initially viewed under an optical microscope in order to 
select specific grains for analysis as well as to clarify the paragenetic 
association and position in the mineral formation stages. The selected 
grains were then studied using SEM EDS and LA-ICP-MS. 

In each sample, from one to ten-point LA-ICP-MS analyses were 
performed. Depending on the common mineral associations, from one to 
three coexisting minerals were analyzed in the sample. 

The distribution of trace elements was studied in the main ore 
minerals of the deposit, namely: arsenopyrite, pyrite, pyrrhotite, 

Fig. 2. Geological map of the Olympiada gold deposit (Sazonov et al., 2020). See Fig. 3 for the cross sections along line RL 25.5.  
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sphalerite, chalcopyrite, ullmannite, tetrahedrite, berthierite, stibnite, 
gudmundite, and jamesonite. 

3.2. SEM EDS 

The major element compositions of individual sulfide grains were 
analyzed using SEM (Tescan Vega III SBH with EDS Oxford X-Act) in the 
R&D Nornickel SibFU Krasnoyarsk, Russia (analysts S.A. Silyanov). The 
analytical conditions were the following: accelerating voltage of 20 kV, 
beam current of 1.2 nA and 120 s measuring time. X-ray lines were used 
to analyze the different elements of S (Kα), Fe (Kα), Co (Kα), Ni (Kα), Cu 
(Kα), Zn (Kα), As (Lα), Sb (Lα) and Pb (Mα). Pure elements (Co, Ni), as 
well as FeS, FeS2, FeAsS, ZnS, CuFeS2, Sb2S3, PbTe were used as internal 
standards; detection limit was 0.05 wt%. Analysis data were processed 
using Oxford Instruments software. 

3.3. LA-ICP-MS 

The trace elements in sulfides were studied using a New Wave 
Research UP-213 (USA) laser ablation system, coupled with an Agilent 
7700x (Agilent Technologies, Santa Clara, CA, USA) plasma mass 
spectrometer in the Institute of Mineralogy SU FRC MG UB RAS Miass, 
Russia (analysts D.A. Artemyev). The measurements were carried out 
with an Nd: YAG UV source, frequency quadrupled (wavelength 213 
nm) with fluence settings of 1.8–5.5 J/cm2 (for pyrite, pyrrhotite, stib
nite, ullmannite, jamesonite, gudmundite – 1.8–3.0 J/cm2; for chalco
pyrite, arsenopyrite – 3.0–4.5 J/cm2; for sphalerite – 4.0–5.5 J/cm2), 
helium cell carrier gas and a flow rate of 0.50–0.65 L/min. Mass spec
trometer settings were as follows: RF Power – 1,550 W; carrier gas – Ar; 
flow rate – 0.8–0.9 L/min; plasma gas flow (Ar) – 15 L/min; auxiliary gas 
flow (Ar) – 0.9 L/min. 

Each analysis (spot or line with length from 60 to 1,500 µm and 
ablation speed 1–10 µm/s) was performed with a laser spot size of 
25–110 µm diameter at a frequency of 5–10 Hz. The analysis time for 

Fig. 3. Cross sections of the Eastern Olympiada, along line RL 25.5 in Fig. 2: a — structural-lithologic pattern (Sazonov et al., 2020); b — ore mineral associations 
distribution scheme. 
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each sample was 90 s, comprising a 30 s measurement of the background 
and a 60 s analysis. A pre-ablation of 3–4 s was carried out prior to each 
analysis; a 70–120 s washout took place between analyses as well as pre- 
ablation and analyses. Calibration of the mass-spectrometer was per
formed using calibration multi-element solutions and reference material 
NIST SRM-612. Production of molecular oxide species (i.e., 
232Th16O/232 Th) and doubly-charged ion species (i.e., 140Ce++/140Ce+) 
was maintained at levels below 0.2%. The 238U/232Th ratio with NIST 
SRM-612 adjustment was 1:1. The external calibration standard USGS 
MASS-1 (Wilson et al., 2002) and NIST SRM-610 was analyzed every 
10–15 spots to account for the instrument drift. All mass fractions for 
NIST SRM-612, NIST SRM-610 and USGS MASS-1 were taken from the 
GeoReM base preferred values. 

Different spot sizes were used for different minerals, depending on 
the grain size of that mineral. Large ablation spot sizes of 80–110 µm 
(pyrite, arsenopyrite, gudmundite) were used for greater composition 
averaging, in particular for pyrite and arsenopyrite, which can be zoned. 
For some minerals, “Line mode” was also used to allow for possible 
zoning. For the rest of the minerals, predominantly the size of the craters 
was 55–60 µm (pyrite, pyrrhotite, chalcopyrite, sphalerite, arsenopyrite, 
ullmannite, jamesonite, berthierite, stibnite), and only a few particularly 
small grains were investigated with a size of 25–30 µm (pyrrhotite). 
Average LOD are presented in Table A.1. 

Arsenopyrite were measured last after pyrite, pyrrhotite, chalcopy
rite, sphalerite. Antimony-containing minerals also were measured after 
low-antimony minerals. 

Data processing was carried out using the Iolite software package 
(Paton et al., 2011). As an internal reference use: 57Fe for pyrite, pyr
rhotite, chalcopyrite, arsenopyrite, gudmundite; 66Zn for sphalerite; 
65Cu for tetrahedrite; 208Pb for jamesonite; 60Ni for ullmannite; 34S for 
stibnite. 34S used as an internal standard for stibnite, because in the 
external standard USGS MASS-1, the Sb content is too low (about 60 ± 9 
ppm) and, at the same time, Sb is highly volatile. As a consequence, the 
extrapolation of the data to a content of about 71 wt% when data 
calculation, causes a greater error than the unstable of S. At the same 
time, the S content in stibnite is similar to the S values in the MASS-1 
standard, which is very good. In some cases, normalization of up to 
100% of the total number of components was performed using tradi
tional methods (Longerich et al., 1996). The list of determined isotopes 
are: 34S, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 72Ge, 75As, 
77Se, 95Mo, 103Rh, 105Pd, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 182W, 
193Ir, 195Pt, 197Au, 202Hg, 205Tl, 208Pb, 209Bi. 

Due to polyatomic interferences with 40Ar + 32S and 56Fe + 16O, 72Ge 
values are conditional. 

4. Results 

4.1. Mineral paragenesis of the Olympiada gold deposit 

About 50 minerals (sulfides, sulfosalts, stibnides, sulfoarsenides, 
sulfostibnides, tellurides, native elements, etc.) were recognized in the 
ores, among which pyrrhotite, arsenopyrite, pyrite, stibnite, and 

Fig. 4. Paragenesis of the mineralization at Olympiada gold deposit, compiled by A.M. Sazonov and S.A. Silyanov. Age and PTX parameters after (Gibsher et al., 
2019a, b; Sazonov et al., 2019b; Sazonov et al., 2020). 
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berthierite prevail (Table A.2). Ore minerals occur in the form of ori
ented disseminations of granular aggregates located along cleavage 
fractures, schistosity and banding of rocks. There are also vein, pocket- 
like and massive (homogeneous) accretions several millimeters to 
several centimeters thick and above, as well as ore breccia. 

A number of minerals have been identified in the deposit, which 
correspond to the different stages of hydrothermal activity of the ore 
system separated by tectonic breaks (Fig. 4). 

The early disseminated sulfide complex of gold-arsenic ores is rep
resented by fine acicular arsenopyrite-I, pyrrhotite-I of the early sulfides 
stage and a later stage of overprinted mineralization of base-metal sul
fides (sphalerite-I, chalcopyrite-II, galena, etc.). The paragenesis of the 
early sulfide stage is represented by the predominant acicular 
arsenopyrite-I and pyrrhotite-I with subordinate amounts of pyrite-I and 
chalcopyrite-I. The mineral composition of the stage of base-metal sul
fides is characterized by the development of recrystallized prismatic 
arsenopyrite-II, pyrrhotite-II, pyrite-II, smaller amounts of chalcopyrite- 
II, sphalerite-I and rare galena, cubanite, bornite, and tetrahedrite-I. 

Arsenopyrite-I occurs as scattered fine acicular crystals (several µm 
to 1.5 mm in length) as disseminations among the main mica-quartz- 
calcite ore material (Fig. 5). When mineralization of the polymetallic 
sulfide stage is implemented arsenopyrite was recrystallized and formed 
long and short prismatic grains (arsenopyrite-II). The process of 

recrystallization of early sulfides also leads to native gold precipitation. 
The content of arsenopyrite varies from 0.1 to 5.0%, averaging 1.0 to 
1.5%. The arsenopyrite typically forms agglomerations with pyrrhotite 
in the form of skeletal crystals with pyrrhotite inclusions, sometimes in 
growth zones and pyramids. Pyrrhotite is widespread in regular and 
low-grade ores as well as outside ore-bearing areas (up to 1.5–3.0%). 
This mineral forms fine disseminations, strip-like accretions of coarse- 
grained aggregates and solid coarse-grained growths confined to the 
coarse crystal quartz segregations. 

Visible gold is noted in single cases, commonly where there is a 
combination of the early arsenopyrite and later polymetallic sulfides 
mineralization in the form of micron sized inclusions in pyrite, pyr
rhotite, arsenopyrite, as well as aggregates up to 10–30 µm in size in 
fractures and on the surfaces of grains. 

Gold-arsenic mineralization was formed in the period of 803–758 Ma 
by heterogeneous fluids at a temperature of 260–470 ◦C and pressure of 
1.1–2.5 kbar. The fluid was characterized by increased salinity of ~ 
16.0 wt% NaCl-eq. (NaCl + MgCl), with CO2-CH4-N2 dominating the gas 
phase (Gibsher et al., 2019a, b; Sazonov et al., 2019b; Sazonov et al., 
2020). 

The late gold-antimony (stage of late sulfides) association occurs 
with a significant break and is overprinted by the parageneses of early 
associations. Mineralization of the complex is developed mainly in the 

Fig. 5. Associations of ore minerals and gold (Sazonov et al., 2020): a — acicular crystals of early arsenopyrite (Apy) in quartz-carbonate mass; b — recrystallized 
arsenopyrite; c — coarse-grained late arsenopyrite; d — numerous acicular crystals of arsenopyrite cemented by stibnite aggregate; e — symplectite aggregate of 
pyrrhotite (Po) and gudmundite (Gud) in association with stibnite (Stb); f — pyrrhotite, chalcopyrite (Ccp) and tetrahedrite (Ttr) along the contact of gudmundite 
with stibnite; g — cataclastic crystal of prismatic arsenopyrite in quartz-carbonate matrix, gold (Au) inclusions and fracture fillings in arsenopyrite; h — gold in 
intergranular space and fractures in arsenopyrite and pyrrhotite aggregate; i — gold and aurostibite (AuSb) in association with berthierite (Ber). 509/485.5 Au 16.8 
— sample numbers (drill hole/depth), gold grade in g/t. 
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Southern block of the Eastern Olympiada in the Medvezhy fault zone. 
Ore textures are disseminated-veinlet, pocket-like, breccia, with 
frequent massive homogeneous antimony minerals and coarser visible 
native gold and aurostibite AuSb2 (Fig. 5). Arsenopyrite-III is recrys
tallized and has dipyramidal or short-prism morphology (up to 5 mm 
across) with increased Sb concentrations (wt. %) up to 1.02%; Co up to 
2.96%; and Ni up to 0.74%. Pyrrhotite-III is also developed here in 
significant quantities, which is found in association with both Ni-Co and 
antimony minerals. Pyrite III was found much less frequently in the form 
of separate grains, as well as chalcopyrite III and sphalerite II. 

The mineralogy of the complex is extremely diverse (Fig. 4) and is 
characterized by the development of symplectic, reaction and marginal 
structures (Fig. 5). The initial period of this stage formation is charac
terized by the deposition paragenesis of Ni-Co minerals and tellurides 
(ullmannite NiSbS, gersdorffite NiAsS, altaite PbTe, hedleyite Bi7Te3, 
etc.). This mineralization is characterized by the presence of small grains 
and marginal rims of gersdorffite and ullmannite on grains and aggre
gates of pyrrhotite-II and the formation of ullmannite-pyrrhotite sim
plicities. This is the most diverse and abundant mineral association of 
the deposit, but in terms of scale it occupies a subordinate position. 
According to our long-term observations, traces of this mineralization 
are observed at many gold deposits of the Yenisei Ridge, but it is 
widespread only at some deposits (Olympiada, Poputninsky, Veduga). 

The final period of the late sulfides stage corresponds to crystalli
zation paragenesis of antimony minerals: stibnite, berthierite, gud
mundite, native antimony and subordinate tetrahedrite-II, and 
jamesonite (Fig. 4). The development of this mineralization occurred in 
a narrow temperature interval with a general reduction of sulfur 
fugacity to minimum values in the following generalized sequence: 
berthierite → stibnite → native antimony. Gudmundite occurs in several 
associations: idiomorphic crystals; symplectite accretions with tetrahe
drite and chalcopyrite; symplectites of gudmundite-pyrrhotite compo
sition at the boundaries of berthierite, which suggests its several origins. 
The interrelations of the stage minerals, as a whole, do not rule out the 
reactive nature of formation of some of them. 

Microscopically visible (up to 70–120 µm) gold is most frequently 
observed in this association in the form of fractured and pocket-like 
accretions, as well as inclusions and aggregates with antimony and 
telluride minerals. Aurostibite is also present but in subordinate amount, 
mainly in association with stibnite, berthierite, sulfostibnides, carbon
ates and late quartz. 

The gold-antimony association occurred 660–615 Ma ago and due to 
the circulation of a heterogeneous medium-temperature (240–300 ◦C) 
fluid with a pressure of 1.8–2.1 kbar. The salinity of the solution did not 
exceed 7.0 wt% NaCl-eq. (NaCl + MgCl), with a gas phase dominated by 
CO2-CH4-H2O (Gibsher et al., 2019a, b; Sazonov et al., 2019b; Sazonov 
et al., 2020). 

The post-ore veinlet fluorite-carbonate mineral group is widely 
developed within the ore field, but its intensity is low (Sazonov et al., 
2019b; Sazonov et al., 2020). 

As mentioned above, the total amount of sulfides in ores varies from 
2 to 7%. The proportion of sulfide minerals in different types of ores (Au- 
As and Au-Sb) is different (Table 1). Both types of ores are dominated by 
pyrrhotite (0.5–4.0%), arsenopyrite (0.1–2.6%), and pyrite (0.1–2.1%); 
however, in the Au-Sb ores, the proportion of antimony minerals 
significantly increases (stibnite and berthierite up to 0.3–2.5%), sulfides 
of base metals, Ni-Co minerals and tellurides, with a much lower their 
amount in Au-As ores (Table 1). 

Given the wide variety of sulfide minerals, as well as their different 
amounts in different types of ores, it is difficult to establish the exact 
percentage of each of them. Based on PJSC Polyus and Sovmen et al., 
2009 data, as well as our mineralogical observations, the table shows the 
percentage of major sulfide minerals in different types of ores. 

4.2. Trace element geochemistry 

200 LA-ICP-MS analyses were performed to study the distribution of 
trace elements in ore minerals of the Olympiada deposit. Some of the 
elements analyzed occurring in significant concentrations in most min
erals: Co, Ni, Cu, Zn, As, Se, Ag, Sb, Te, Au, Pb, and Bi. Others are noted 
only in some minerals that have “affinity” with this element, such as Mn, 
Ga, In, Hg in sphalerite. The grades of some elements (Cr, Rh, Pd, Ir, Pt) 
were below the detection limit in all analyses. Judging by the smooth 
nature of the elements signal in the LA-ICP-MS curves, most of the trace 
elements are isomorphously distributed in the minerals, but the pres
ence of few intensive peaks does not rule out the probability of the 
presence of some of them in the form of nano- and microinclusions 
(Fig. 6). The results are presented in Table A.3. 

4.2.1. Pyrrhotite Fe1-xS 
Twenty-five spot analyses of pyrrhotite of the early sulfides stage (8 

analyses), polymetallic sulfides (13 analyses) and late sulfides (4 ana
lyses) were performed. The studied pyrrhotite is characterized by a 
continuous chemical composition with insignificant prevalence of S (Fe/ 
S = 0.87–0.88). 

The pyrrhotite is characterized by a minimum amount of trace ele
ments. Only Co and Ni are present in almost all analyses (~0.4–393 and 
~ 15–1,135 ppm, respectively). About a half of the analyses showed 
insignificant concentrations of Sb (up to 12.0 ppm) and Pb (up to 6.5 
ppm). 

The Co and Ni grades show the general trend of depletion from early 
to late generations of the mineral, while the Co/Ni ratio remains 
approximately at the same level (~0.5). No regularities are noted in the 
distribution of other trace elements. Such a limited set of trace elements 
(mainly Co, Ni, Se), as well as low Au concentrations are typical for 
pyrrhotite of gold deposits (Thomas et al., 2011; Belousov et al., 2016; 
Xu et al., 2020b). 

4.2.2. Arsenopyrite FeAsS 
Three generations of arsenopyrite (see Section 4.1) have been iden

tified at the deposit — early acicular, late prismatic and dipyramidal. In 
total, 44 spot analyses of the mineral were performed (20 for acicular, 9 
for prismatic, and 15 for dipyramidal). Moreover, traverses were made 
on three grains of dipyramidal arsenopyrite. Scanning along the profile 
and mapping were not performed for needle-like and prismatic arse
nopyrites due to the small size of their grains. 

The studied arsenopyrite are characterized by strong variations in S 
and As contents. The tendency of reducing the share of S and increasing 

Table 1 
Amount of the main ore minerals in sulfide ores of Olympiada deposit*.  

Mineral Average amount (wt. %) 

Au-As ore Au-Sb ore 

Pyrrhotite ~2.3 (<0.5–4.0) ~1.6 (<0.1–2.0) 
Arsenopyrite ~1.4 (<0.1–2.6) ~0.8 (<0.1–1.2) 

Pyrite ~0.8 (<0.1–2.1) ~0.9 (<0.1–1.0) 
Base-metal sulfides: ~0.01 ~0.05 

Chalcopyrite prevail prevail 
Sphalerite subordinate subordinate 

Galena subordinate subordinate 
Antimony sulfides: ~0.1 (<0.1–0.4) ~0.7 (<0.3–2.5) 

Stibnite prevail ~0.5 
Berthierite subordinate ~0.2 

Gudmundite traces <0.01 
Antimony sulfosalts Traces <0.01 

Ni-Co minerals and tellurides Traces <0.01 
Minerals of Au (Au, Au(Ag, Hg), 

AuSb2) 
Traces (Au ~ 3.9 g/ 

t) 
Traces (Au ~ 2.9 g/ 

t) 
Total ~4.6 ~4.1  

* According to PJSC Polyus and Sovmen et al., 2009 data, with additions of 
authors. 
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As is observed from early acicular (S/As = 1.12) to later recrystallized 
prismatic (S/As = 1.06) and dipyramidal (S/As = 0.98) varieties 
(Table A.4, Fig. B.1). In terms of the ratio of cations and anions, all ar
senopyrites are close to stoichiometry ((S + As)/Fe = 1.95–2.16). 

The following trace elements are above detection limits in most an
alyses and vary between, ppm: Co ~ 1–4,620; Ni ~ 39–455; Sb ~ 
1,160–10,050; Te ~ 6.7–379; Au ~ 0.07–1,512; Pb ~ 0.5–50; and Bi ~ 
0.3–10. The following were detected in approximately half of the ana
lyses, ppm: V up to 4.3; Se up to 127; Mo up to 7.4; and W up to 15.4. The 
smooth 197Au signal on the LA-ICP-MS curves indicates the state of the 
metal in a structurally bonded form, but in some samples the presence of 
peaks and the saw-cut like nature of profiles is established, which may 
indicate the presence of Au0 nano-inclusions (Fig. 6) (Sung et al., 2009; 
Gregory et al., 2015). Also in single cases, correlating peaks of the 197Au, 
208Pb and 209Bi signal are observed, which together with the positive 
trend in the distribution of these elements may suggest the inclusion of 
Au-Bi-Pb alloys or a native gold with Pb-Bi sulfosalts. 

The LA-ICP-MS traverses across the grains of prismatic and dipyr
amidal arsenopyrites do not establish the presence of any zoning in the 
distribution of trace elements, which may be associated with the 
alignment of the inhomogeneous chemical composition during the ore 
metamorphism and recrystallization of the mineral. 

Reduction of the V, W, Au, Pb, and Bi concentration was identified 
from early to late arsenopyrite. Se was found in acicular and dipyr
amidal arsenopyrite, and its concentrations in acicular arsenopyrite are 
much higher than those in recrystallized arsenopyrite. Co and Te 
demonstrate the same accumulation levels in all mineral generations. 

Minimal Ni concentrations are typical for prismatic arsenopyrite, and 
maximal concentrations are typical for acicular arsenopyrite, while 
dipyramidal arsenopyrite takes the middle position. Sb demonstrates the 
trend of increasing grade from early to late arsenopyrites. Direct trend 
between W and V, Te and Se, Pb and Ni, Bi and Ni, Bi and W and inverse 
trend between Sb and Ni are characteristic. 

4.2.3. Pyrite FeS2 
For pyrite generations from the deposit 21 point analyses were per

formed (10 for pyrite I, 7 for pyrite II and 4 for pyrite III), and 2 traverses 
for euhedral pyrite II. The chemical composition of the mineral is stable 
for all generations and is close to stoichiometry (S/Fe = 1.96–2.03). 

Typical trace elements include, ppm: Co ~ 4.7–512; Ni ~ 7.2–5,750; 
As ~ 6.2–2,340 and Sb ~ 0.1–111. Approximately half of the analyses 
showed, ppm: V up to 3; Cu up to 122; Ge up to 3; Se up to 145; Mo up to 
2; Ag up to 1.4; Te up to 40; W up to 1.2; Au up to 2; Pb up to 33; and Bi 
up to 2.6. Flat LA-ICP-MS patter indicate that most of the elements are 
isomorphically distributed in the mineral structure, but in single cases 
the presence of Au and sulfosalt (As-Sb-Pb-Cu) inclusions can be 
assumed (Fig. 6). 

Profiles for two grains of euhedral pyrite II show weak zoning in the 
distribution of As, Co, Sb, Ni, Bi, expressed in depletion of the periphery 
with arsenic grains and their enrichment with Co, Sb, Ni, and Bi. 

In the Se, Sb, Te, and Pb distribution, the tendency is for their con
centration to decrease from early to late mineral generations. The As, 
Ge, Au and Bi concentrations are approximately at the same level in all 
generations. The Au grade is about 0.6 ppm on average and decreases 

Fig. 6. Representative time-resolved LA-ICP-MS depth profiles for arsenopyrite (A10), pyrite (Py4), tetrahedrite (Ttr3) and gudmundite (G15) of the Olympiada gold 
deposit. 503/311.2 (A10) – sample numbers (drill hole/depth), analysis number (see Table A.3). 
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from early to late generations. Ag appears only in pyrites of the first two 
stages, with a weak tendency to increase in pyrite II. 

Early pyrite is significantly depleted in both Co and Ni, with the Co/ 
Ni ratio usually < 1. Pyrite II is characterized by an increase in the 
amount of Co by approximately an order of magnitude, while Ni remains 
at approximately the same level (Co/Ni 2.9–19.5). The Co content in 
pyrite III remains at the level of pyrite II, but here the amount of Ni 
increases by approximately an order of magnitude, which leads to a 
decrease in the Co/Ni ratio to the pyrite I levels. The increase in the Co 
content in pyrite II may be related to the simultaneous formation of 
pyrrhotite, which accumulated mainly Ni (Conn et al., 2019). 

A part of trace elements (Co, Ni, Cu, Zn, Hg, Pb, Bi) probably replaces 
Fe2+ in the mineral structure (Dehnavi et al., 2018; Voute et al., 2019). 
At the same time, a weak negative trend between S and As indicates a 
preferred substitution as per As → S type and the formation of the 
mineral in reducing medium (Keith et al., 2018). 

4.2.4. Sphalerite ZnS 
We carried out 11 point analyses of sphalerite (2 for sphalerite I and 

9 for sphalerite II). Sphalerite is one of the few minerals that concentrate 
a large amount of trace elements. In terms of the S content, the mineral is 
close to stoichiometry (S 32.21–33.48 wt% SEM EDS). 

In most analyses, significant ppm concentrations of the following 
elements were noted: Mn ~ 87.7–337.3; Fe ~ 28,000–67,600; Co ~ 
0.4–74.7; Cu ~ 30.8–194; Ga ~ 0.5–2.1; As ~ 0.6–52; Ag ~ 0.2–1.2; Cd 
~ 68.5–532; In ~ 1.1–32.6; Sn ~ 0.4–1.8; Sb ~ 2.8–174.3; Au ~ 
0.02–0.20; Hg ~ 282.6–1,690; and Pb ~ 0.4–17.2. Approximately a half 
of the analyses also showed, ppm: Se up to 166.5; Te up to 1.1; and Bi up 
to 2.20. Inhomogeneity in the distribution of Cu is noted, which is re
flected in the presence of single peaks, as well as fluctuations in the 
content depending on the depth of ablation. This may be due to the 
presence of chalcopyrite microinclusions in the mineral. 

Sphalerite of the polymetallic sulfides stage is characterized by Mn 
and Hg predominance, while sphalerite of stage III is enriched with Co, 
Ni, Se, Sn, Sb, Au, Pb, and Bi. Ag, Cu, Ga, Ge, As, Cd and In are present 
approximately at the same level in both mineral generations. Negative 
trend between Zn and Fe, Cd, In, Hg, and Cu and positive trend in the 
Mn-Hg, Au-Cu, Ag-Ga, and Ag-Sn pairs are characteristic. The observed 
trends agree well with the abundance of variants of isomorphic substi
tution in a mineral, and it is assumed that most of the trace elements are 
“dissolved” in its lattice (Cook et al. 2009, Murakami & Ishihara, 2013; 
Belissont et al., 2014; Lee et al., 2019b; Wei et al., 2019; Zhuang et al., 
2019; Xu et al., 2020a). 

4.2.5. Chalcopyrite CuFeS2 
Due to the limited distribution and small size of grains, only 8 spot 

analyses of chalcopyrite were performed (4 analyses of chalcopyrite at 
the polymetallic sulfide stage and 1 analysis at the late sulfide stage). 
The chemical composition of the mineral varies within a narrow range, 
approaching stoichiometry (SEM EDS), wt. %: Cu – 34.44; Fe – 30.84; S – 
34.53. 

The most common trace elements noted, ppm: In ~ 0.8–9.2; Sn ~ 
12.7–76.2 and Sb ~ 11.5–103. Half of the analyses had the following 
elements above detection limits, ppm: Mn up to 362; Ni up to 11.6; Zn up 
to 439; As up to 4.3; Ag up to 3.3; Pb up to 15.6; and Bi up to 1.4. Trace 
elements are present both in the form of a solid solution in the mineral 
structure (e.g., Sn, In, Zn) and in the form of nanoinclusions, and zoning 
in depth is additionally noted in the distribution of some elements. 

The volume of the available data shows enrichment of chalcopyrite I 
with Mn, Ni, Zn, As, Ag, Sb, Pb, while late chalcopyrite II mainly con
centrates In and Sn. As compared to co-existing sphalerite, chalcopyrite 
is insignificantly enriched in Ag and Sn, but it is depleted in Cd and In, 
which agrees well with earlier published data on elements redistribution 
between minerals (Xu et al., 2020a). It has been demonstrated that 
chalcopyrite crystallizing together with other polymetallic sulfides (e.g., 
sphalerite and galena) is prone to low concentrations of almost all trace 

elements, which probably also takes place at the Olympiada deposit 
(George et al., 2018). 

4.2.6. Ullmannite NiSbS 
It is a rather rare mineral in the deposit, usually forming small size of 

grains, therefore only six point analyses were performed in one spec
imen. The chemical composition of ullmannite is close to stoichiometry 
in terms of S and Sb (S ~ 14.68 wt% and Sb ~ 58.8 wt% SEM EDS). At 
the same time, we found a strong variation in the content of Ni and Co — 
Ni 15.7–24.6 wt% and Co 3.8–14.5 wt% (SEM EDS). 

The mineral is characterized by a limited set of trace elements, the 
most common being As (~72–248 ppm) and Bi (~806–1,206 ppm). 
Almost all trace elements are characterized by an even nature of the 
signal in the LA-ICP-MS curves, except for lead, for which there is a 
“step” change in the grade in some analyses. 

The first data on the distribution of trace elements in ullmannite is 
given in this paper. However, due to the small analytical selection, only 
the main type of chemical trends can be specified: the mineral is char
acterized by wide isomorphism between Co and Ni; main trace elements 
are As and Bi; As is assumed to replace S in the mineral structure, while 
Bi takes the position of Ni. 

4.2.7. Tetrahedrite Cu12Sb4S13 
Eight spot analyses of tetrahedrite were carried out, which, on the 

basis of a permanent association with antimony minerals, is attributed to 
stage III. The main components of the mineral show no significant var
iations (Cu 37.3–38.3; Sb 30.3–30.8; S 24.3–24.8 wt%), except for Fe 
and Zn, whose contents vary between 3.2 and 5.5 and 2.3–8.5 wt%, 
respectively (SEM EDS). 

The mineral conistantly contains the following elements above 
detection limits, ppm: Mn ~ 5.4–159; Co ~ 0.8–31; As ~ 41.1–300; Se 
~ 22.3–56; Ag ~ 348.8–3,811; Cd ~ 8.8–91.6; In ~ 0.1–4.3; Hg ~ 
62.3–868; Pb ~ 2.0–1,820; and Bi ~ 0.2–442. 

Tetrahedrite in association with sphalerite, pyrrhotite, berthierite 
and jamesonite is characterized by maximum concentrations of Cd and 
Hg and minimum concentrations of As and Ag. Tetrahedrite in the same 
association, but without pyrrhotite, shows maximum concentrations of 
As, Se, and Ag, but minimum concentrations of Mn, Cd, Pb, and Bi. If, 
instead of pyrrhotite, native antimony occurs in the association, the 
maximum concentrations are typical for Mn, Co, Ni, Te, Pb, and Bi (also 
Au are noted only here), and the minimum concentrations are typical for 
Se and Hg. 

A weak positive trend between Ag and As was noted. Previously it 
was assumed that Ag and As were incompatible in tetrahedrite (Ebel and 
Sack, 1991), but Zhang et al. showed that coherent accumulation of 
elements in a mineral is possible due to their concentration in a hy
drothermal solution at a later stage (Zhang et al., 2020). Therefore, the 
most Ag-enriched tetrahedrites should correspond to the final stage of 
mineralization formation. 

The mineral is also characterized by the correlation of Bi, Pb, Au and, 
to a lesser extent, Ni peaks in the LA-ICP-MS curves, while other ele
ments (Ag and As primarily) do not show such a tendency (Fig. 6). 

4.2.8. Berthierite FeSb2S4 
Nineteen spot analyses of the berthierite composition at the deposit 

were performed. The chemical composition of the mineral is charac
terized by high stoichiometry; the content of the main components is on 
average (SEM EDS), wt. %: S – 30.1; Sb – 57.0; and Fe – 12.5. 

The mineral is enriched with a large number of trace elements, 
among which the most common are, ppm: Mn ~ 113.6–7,722; Co ~ 
0.2–440; Ni ~ 0.9–299; Cu ~ 1.1–90; As ~ 7.4–2,001; Se ~ 3.7–1,002; 
Ag ~ 0.03–2.30; Cd ~ 0.3–29; In ~ 0.2–8; Sn ~ 1–14; Te ~ 1.2–16.5; Pb 
~ 606.7–4,310; and Bi ~ 1.7–632. Approximately a half of the cases 
showed the following elements above detection limits, ppm: Zn up to 
605; Hg up to 33 and Tl up to 0.20. 

The studied mineral grains are characterized by three main 
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associations: berthierite; berthierite + native antimony; berthierite +
jamesonite ± pyrrhotite and ullmannite. Jamesonite is usually present in 
the form of submicron elongated inclusions in berthierite, confined to 
the boundaries of pressure twins, which can be interpreted as the 
breakdown of berthierite originally enriched with lead into berthierite 
+ jamesonite. In, Cd, Pb and Bi are the most contrasting in the identified 
associations. Thus, pure berthierite, which seems to be the earliest, is 
characterized by minimal amounts of Cd and In, as well as Pb and Bi. 
Berthierite in association with jamesonite (later than pure berthierite) 
shows high levels of Cd and In as well as maximum levels of Pb and Bi. 
There are two analyses of berthierite in association with jamesonite and 
native antimony, which are characterized by the maximum content of In 
and Bi. The association of berthierite and native antimony is the latest 
and has maximum levels of Cd and In, while Pb and Bi are at the level of 
pure berthierite. 

4.2.9. Stibnite Sb2S3 
Twenty-two stibnite analyses were performed. All mineral grains are 

characterized by high stoichiometry (Sb ~ 71.3 wt%; S ~ 28.1 wt% SEM 
EDS). 

As compared to berthierite, stibnite differs in much smaller amount 
of trace elements, ppm: Cu ~ 17.5–120; Se ~ 107–2,554; Ag ~ 0.2–2; Sn 
~ 0.5–7.9; Te ~ 3.4–124; Pb ~ 127.4–505; and Bi ~ 0.3–2.2. 

Stibnite is also found in several other associations: in the form of 
independent accretions; stibnite + berthierite; stibnite + berthierite +
jamesonite; stibnite + native antimony. However, no regularities in the 
distribution of trace elements in stibnite of different associations have 
been revealed. The mineral is also characterized by a lack of regularities 
in the distribution of trace elements, except for Se and Te, which show a 
positive relationship, and Pb and Cu with a strong positive correlation 
(r2 = 0.85). 

4.2.10. Gudmundite FeSbS 
The deposit has several gudmundite growths within the late sulfide 

stage (see Section 4.1). Some of them were developed as a result of the 
reaction of sulfides already formed or during their decomposition. Such 
gudmundite growths are characterized by complex symplectite struc
tures and small size, which does not allow their analysis with the LA-ICP- 
MS method. On the contrary, euhedral gudmundite occurs as coarse (up 
to 1 mm) crystals and does not form complex aggregates with other 
minerals, thereby allowing 13 spot analyses as well as one profile. 

While its composition is close to stoichiometry (Fe 25.9; Sb 58.1; S 
15.5 wt% SEM EDS), the mineral is characterized by a limited set of trace 
elements, ppm: Cu ~ 7.3–171; Zn ~ 10–190; As ~ 9.1–692; Au ~ 
0.2–4.7; Pb ~ 1.5–63, and Bi ~ 0.5–71. 

The profile along one of the mineral grains shows complex zoning in 
the distribution of As, Ni, Co, Te and, to a lesser extent, Au (Fig. B.2). 
However, high grades of Bi, Ni, Co, Te, and Au are typical for the same 
areas, while As demonstrates an opposite trend. Gudmundite is the only 
mineral of the late sulfides stage that contains higher (>1 ppm) Au 
concentrations (Fig. 6). 

Since only one type of mineral was analyzed, the distribution of trace 
elements does not show any significant variations. The differences 
formed as a result of reaction processes probably have a different 
microelement composition, but this requires further investigation. 

4.2.11. Jamesonite Pb4FeSb6S14 
Six analyses of jamesonite from the deposit were carried out. The 

average chemical composition of the analyzed grains corresponds to 
(SEM EDS), wt. %: Sb – 35.8; Pb – 41.1; S – 20.7; and Fe – 2.6. The 
mineral is characterized by an admixture of a large number of trace 
elements, ppm: Mn ~ 154.7–1,168; Co ~ 0.4–22.1; Cu ~ 1.3–68.7; Zn ~ 
17.2–33.6; As ~ 5.0–206; Se ~ 35–173; Ag ~ 0.1–7.7; Cd ~ 4.6–51; In 
~ 0.8–7.8; Sn ~ 11.2–31.4; Te ~ 364–882; Au ~ 0.03–0.40; Tl ~ 
0.3–1.1; and Bi ~ 91.5–3,262. 

Jamesonite were analyzed in two different associations: jamesonite 

+ berthierite + native antimony and jamesonite + pyrrhotite + ull
mannite. The trace element composition of the mineral varies signifi
cantly depending on its mineral association. Thus, the mineral of the 
first association is characterized by minimum concentrations of Mn, Co, 
Cd, In, Sb, Te, Au, and Bi, and maximum concentrations of Cu, Se, Ag, 
Sn, Hg, and Tl. Inverse regularities are typical for the mineral in asso
ciation with ullmannite. 

5. Discussion 

5.1. Distribution of Au 

At Olympiada deposit there is a tendency in the distribution of 
“invisible” gold to decrease its concentrations in sulfides in the trend 
from early to late stages, which correlates inversely with an increase in 
the share of free metal in the late sulfides association (Fig. 7). The main 
carrier mineral of “invisible” gold is early acicular arsenopyrite with 
12.5–1,512.0 ppm Au. The later recrystallized varieties, such as pris
matic (Au 4.3–114.0 ppm) and dipyramidal (Au 0.07–2.40 ppm) arse
nopyrite, contain considerably less Au (Fig. 7). It is characteristic that 
analyses with the Au grade below detection limits are noted only for a 
dipyramidal variety of the mineral (more than half of the analyses). This 
also confirms the decrease of the share of Au during the mineral 
recrystallization. 

Previous studies show similar Au grades in arsenopyrite. By INNA, 
ICP-MS, and atomic absorption methods, Au concentrations were 
determined to be from 0 to 2,130 ppm (Genkin et al., 1994; Genkin et al., 
1998; Genkin et al., 2002; Novozhilov & Gavrilov, 1999; Novozhilov 
et al., 2014; Silyanov et al., 2021a). Spot analyzes by SIMS and EPMA 
methods show the following Au ranges (ppm): 0.07–2,298 and 
0.03–4,700 (Genkin et al., 1998). In some of these works, it was also 
shown that increased Au concentrations are characteristic of acicular 
arsenopyrite (Novozhilov & Gavrilov, 1999; Novozhilov et al., 2014; 
Silyanov et al., 2021a). 

Pyrite deposition, regardless of the stage, contain equally low 
amounts of Au ~ 0.4 ppm, whereas Au > 1 ppm concentrations are 
found in single cases. However, the concentration of “invisible” gold is 
on average higher in the mineral of the early sulfides stage (~0.6 ppm), 
while pyrites of later stages have a large number of analyses with the Au 
grade below detection limits. 

Previous studies also show low Au grades in pyrite: SIMS 0.03–0.53 
ppm; INNA 0–10.41 ppm; ICP-MS 0.15–2.54 ppm (Genkin et al., 1994; 
Genkin et al., 1998; Silyanov et al., 2021a). 

The positive correlation between Au and As in pyrite has been 
demonstrated in many papers (Cook and Chryssoulis, 1990; Arehart 
et al., 1993; Pals et al., 2003; Reich et al., 2005; Benzaazoua et al., 2007; 
Deditius et al., 2008), but is weak in pyrite of Olympiada deposit, which 
is also described in the literature (Simon et al., 1999; McClenaghan 
et al., 2004; Reich et al., 2005; Chouinard et al., 2005; Paktunc et al., 
2006; Benzaazoua et al., 2007; Gregory et al., 2016) suggesting that As is 
not a mandatory condition for the isomorphic incorporation of Au into 
the mineral structure. 

The most common valence state of Au, both in natural As-pyrite and 
in a synthetic As-free mineral, is Au1+ (Simon et al., 1999; Trigub et al., 
2017; Pokrovski et al., 2019; Merkulova et al., 2019), but both Au3+ and 
Au1- are not excluded (Arehart et al., 1993; Simon et al., 1999; Choui
nard et al., 2005). Based on the presence of weak positive trend in Au-As 
and Au-Cu pairs, several isomorphism variants can be assumed: joint 
Fe2+ → Au3+ and S2- → As1- or paired 2Fe2+ → Au3++ Cu+ substitution. 

As mentioned above (see Section 4.1), the main minerals of the de
posit’s ores are arsenopyrite and pyrrhotite. Pyrite is significantly less 
common. This fact, as well as low concentrations of Au in pyrite, and the 
absence of Au in pyrrhotite, suggest that at the stage of early sulfides and 
base-metal sulfides, it is arsenopyrite that is the main concentrator of 
“invisible” Au. 

Early acicular arsenopyrites with an increased content of “invisible” 
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gold on the one hand and a reduced structural and chemical stoichi
ometry on the other, are generally characterized by elevated formation 
temperatures (up to 450–500 ◦C) both for the Olympiada deposit and for 
other gold-bearing objects of the Yenisei Ridge. At the same time, late 
stoichiometric Au-poor varieties are formed at lower (~300–400 ◦C) 
temperatures (Sazonov et al., 2019a). This does not exclude the possi
bility of a decrease in the capacity of the lattice of a mineral with respect 
to gold with a decrease in the temperatures of its formation or 
recrystallization. 

Most analyses of minerals of the late sulfides stage show low con
centrations of Au (<1 ppm). Only gudmundite and single grains of late 
dipyramidal arsenopyrite contain higher Au grades. Gudmundite ex
hibits maximum concentrations of “invisible” gold ~ 0.9 ppm, which is 
about twice as high as the grade in pyrite. Obviously, such enrichment of 
gudmundite with “invisible” gold is due to its structure. As is known, 
gudmundite is completely isostructural to arsenopyrite, which, firstly, 
explains the constant impurity of Sb in arsenopyrite and As in gud
mundite and, secondly, relatively high concentrations of Au in gud
mundite. The same mechanisms for inclusion of impurity atoms in the 
structure may act in the case of arsenopyrite and gudmundite. 

The Au grade was also determined for almost all analyses of james
onite (0.03–0.40 ppm) and sphalerite (0.07–0.20 ppm) at this stage. 
Single analyses show an impurity of Au in berthierite up to 0.6 ppm and 
tetrahedrite up to 0.2 and 4.4 ppm. Overlap of Bi, Pb and Au peaks in the 
LA-ICP-MS curves of tetrahedrite may indicate the presence of inclusions 
of Au-Bi-Pb composition, which may have been formed as per the hy
drothermally-assisted melt-collector model (Tooth et al., 2013; Belousov 
et al., 2016; Vikent’eva et al., 2018; Cave et al., 2019). 

Stibnite and berthierite, some of the most abundant late sulfide 
minerals, contain extremely low concentrations of “invisible” Au. On the 
other hand, gudmundite developed in subordinate quantities contains 
an order of magnitude more “invisible” gold. The same tendency is 
shown by single analyses of arsenopyrite of this stage. This, in our 
opinion, suggests that the main concentrations of “invisible” gold at this 
stage are associated with gudmundite and, to a lesser extent, with 
arsenopyrite. 

We have already noted that the bulk of the native gold of the deposit 
is confined to the stages of base-metal sulfides and late sulfides. This 
may indicate that at the stage of early sulfides, the fluid was unable to 
precipitate native gold and conditions existed for the deposition of only 
“invisible” Au in arsenopyrite. 

According to the LA-ICP-MS patterns, most of Au in the minerals is 
evenly distributed and in a structurally related form. The As-Au profile 
with a line reflecting the limit of Au solubility in the arsenic pyrite 
structure also testifies to the same fact (Fig. 8) (Reich et al., 2005). This 
curve also indicates a general weak positive trend between Au and As in 
the minerals of the deposit, except for arsenopyrite. 

The positive trend between Au and W, which is mainly characteristic 
of early stage arsenopyrite, is most distinct (Fig. 8). Weak positive trend 
were established for the Au-Co, Au-Ni, Au-Se, and Au-Te pairs. On the 
Au-Sb, Au-Pb, Au-Bi curves, the positive trend is weaker (Fig. B.3). In 
general, we note the possibility of identifying two trends or populations 
in the distribution of trace elements in sulfides of the Au-As (stage I and 
II) and Au-Sb (stage III) associations (Fig. 8). Moreover, there is no 
correlation (r2 = 0.001) between Au and Ag. 

In general, the Au-W-Se-Te association of the early stage may indi
cate a relationship with a magmatic source, but this is not always 
considered correct (Goldfarb et al., 2005; Goldfarb & Groves, 2015). At 
the same time, the association of Au with W, as well as Bi and Pb, is 
typical for the deposit of the reduced intrusion-related gold systems group, 
associated with acidic intrusions of the ilmenite series (Hart, 2005). 
However, Se and Te may also have been scavanged from meta- 
sedimentary sequences (Nekrasov, 1991). Such contradictions do not 
allow at present to unambiguously indicate the source of the ore matter 
of the deposit. However, in our opinion, the association of Au with W, as 
well as the general Au-Sb-W-Bi specificity of the ore field deposits 
(Olenye (Au-W), Vysokoe-2 (W), Titimukhta (Au-Bi)), does not confirm 
borrowing of these metals from metasedimentary strata. 

5.1.1. “Invisible” gold in arsenopyrite 
The data shows that “invisible” gold is concentrated mainly in early 

arsenopyrite, with weak negative trend between Au and As content. The 
data contradicts the well-established concepts which suggest Au re
places Fe in the structure of the mineral with the formation of the closest 
arsenic-dominated environment, which determines the positive corre
lation between Au and As and the negative correlation with Fe (Nek
rasov, 1991; Fleet & Mumin, 1997; Benzaazoua et al., 2007; Morey et al., 
2008). However, absence of direct correlation with As is also reported 
(Fleet & Mumin, 1997; McClenaghan et al., 2004; Lee et al., 2019a). 

It is also assumed that “invisible” gold can concentrate in defects in 
the crystal structure of arsenopyrite, as well as accumulate on the sur
face of a growing crystal (Nekrasov, 1991; Kravtsova et al., 2015; 

Fig. 7. Au content in sulfide minerals of the Olympiada deposit (b.d.l. – below detection limit). Quantity of free native gold sufficiently increased in the late stages of 
the ore-forming process. 
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Kravtsova et al., 2020). 
The study of the interrelation between increased concentrations of 

“invisible” gold and the mineral composition (according to the extended 
selection covering the main gold deposits of the Yenisei Ridge) shows 
the trend of increasing amount of Au with deviation of the S/As ratio 
from stoichiometric values. Also, a consistent increasing grade of 
“invisible” gold is established for arsenopyrite of the Olympiada deposit 
(Fig. B.4) with a decrease in structural stoichiometry due to the different 
composition of the first coordination sphere around the Fe atom 
(Sazonov et al., 2016; Kirik et al., 2017; Sazonov et al., 2019a). 

The LA-ICP-MS curves of arsenopyrite show that most of Au is in a 
structurally bound form, as evidenced by the even nature of the 197Au 

signal. However, the presence of single peaks and a “saw-like” nature of 
the signal indicate the presence of Au0 nanoinclusions, which is 
consistent with the data of the 197Au Mössbauer spectroscopy, according 
to which up to 97% of “invisible” gold may be present in arsenopyrite of 
the deposit as nanoinclusions (Genkin et al., 1998). 

The mechanism of inclusion of structurally bound gold in arseno
pyrite remains questionable. The absence of assumed negative trend 
with Fe, as well as the dependence of the “invisible” gold grade on the 
ratio of anions do not confirm the mechanism of substitution as per Au 
→ Fe type, but assume the connection of substitution processes with the 
mineral anion sublattice. 

Thus, at this stage of research, it is possible to postulate that 
“invisible” gold in the early acicular arsenopyrite of the deposit is pre
sent both in the form of Au0 nanoinclusions and in a structurally bound 
form, which does not contradict the established concepts (Boiron et al., 
1989; Mumin et al., 1994; Genkin et al., 1998; Cabri et al., 2000; Palenik 
et al., 2004; Morey et al., 2008; Sung et al., 2009; Trigub et al., 2017; 
Merkulova et al., 2019). The relationship between these probably varies 
widely and is determined by different factors. 

5.2. Distribution of Ag 

Ag behaves in contrast with Au, showing the trend of enrichment of 
later stage minerals (Fig. 9). Tetrahedrite containing high Ag concen
trations (from 348 to 3,811 ppm) in its crystal structure is most 
responsible for this. Moreover, we provide first data about presence in 
the ore deposit of argentotetrahedrite-(Fe) (Ag1,84Cu8,00

Fe1,48Zn0,58)11,90Sb4,06S13,00 with Ag content up to 11 wt%. 
Jamesonite containing low Ag concentrations (0.1–7.7 ppm). 

Sphalerite, stibnite and berthierite concentrate Ag at about ~ 0.6 ppm. 
In single cases Ag concentration are noted in gudmundite as well 
(0.2–0.4 ppm). 

Stibnite and berthierite predominate in this association in terms of 
relative abundance; tetrahedrite, jamesonite, and sphalerite are present 
in subordinate amounts. This allows us to say that the bulk of Ag at this 
stage is concentrated in tetrahedrite, stibnite, and berthierite. 

The highest concentration of Ag in the polymetallic sulfides stage 
association and chalcopyrite has concentrations of ~3.0 ppm; pyrite and 
sphalerite at this stage concentrate an order of magnitude less Ag. The 
only mineral of the early sulfides stage in which stable impurities of Ag 
are noted is pyrite (0.2–1.4 ppm). 

The chalcopyrite is most enriched in Ag at this stage is developed in 
small amounts, which probably indicates its insignificant contribution to 
the overall Ag balance. Galena can also be a potential Ag concentrator at 
this stage. However, the small size of its grains, as well as the extremely 
low abundance in ores, did not allow for its analysis. In this regard, it can 
be assumed that, even at high contents, galena is unlikely to concentrate 
more Ag than minerals of the late sulfide stage. 

The absence of Ag in arsenopyrite of all generations (except for one 
analysis) is typical, which is consistent with the data on the absence of 
correlation (r2 = 0.001) between Au and Ag. The obtained data indicate 
that Ag played a significant role in the ores only at the stage of poly
metallic sulfides – late sulfides. The data partly solves the question of the 
mode of Ag occurrence in the Olympiada ores, an answer that hasn’t 
been provided since the beginning of studies of the deposit. Single 
publications indicate the presence of silver minerals in the ores (Ber
natonis, 1999; Silyanov et al., 2021a). The presence of native silver in 
the ores was also reported (Li, 2003), but this was not confirmed by 
further research. However, according to the results obtained, most of Ag 
in the deposit is concentrated in the mineralization of Stage III as 
isomorphic admixture. 

5.3. Distribution of other trace elements 

As and Sb dominate the ore process in the most contrasting way. In 
general, it is natural that As dominated at the early stages of mineral 

Fig. 8. Plots of the Au grade dependence on As, W and Bi. Au vs As diagram is 
according to (Reich et al., 2005). 
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development, as the result of which most of arsenopyrite was formed 
(Au-As ores), but at later stages Sb was the main element controlling 
mineral formation (Au-Sb ores). These trends can be clearly seen in the 
mineralogy of the deposit (see Fig. 4). However, the analysis of the LA- 
ICP-MS data (diagrams shown in Fig. 10) allows us to state that Sb 
played an important role at the initial stages of mineral formation as 
well. The distribution of As is more heterogeneous, but its grades 
remained significant throughout the mineral formation. 

Co and Ni are transitional elements at the deposit, occurring in sig
nificant quantities in almost all minerals of all mineral formation stages 
(Fig. 10). There is a tendency to decreasing Ni content from the stage of 
early sulfides to the end of the polymetallic sulfides stage and its growth 
at the stage of later sulfides. The exceptions are tetrahedrite, berthierite, 
gudmundite, and jamesonite, which have Ni at the level of early sulfides 
(or slightly below). The distribution of Co is more homogeneous; in 
general, there are approximately equal levels of accumulation at all 
stages of mineral formation. A decrease in Co concentrations in tetra
hedrite, berthierite, gudmundite, and jamesonite, by analogy with Ni, 
draws attention (Fig. 10). Most analyses have the Co/Ni ratio between 
0.1 and 10.0, but both higher (up to 1,000) and lower (~0.01) values are 
noted. 

Increased concentrations of granitophile elements (Bi, Te, W), as well 
as As, Sb in arsenopyrite of Olympiada deposit are interpreted by some 
researchers as a relationship with intrusions (McFarlane et al., 2011; 
Augustin & Gaboury, 2019). However, there are other opinions, ac
cording to which As, Bi, Sb, Te, and W are released from hosting sedi
mentary rocks during metamorphism (Pitcairn et al., 2006). 

Pb and Bi demonstrated tendency to concentrate in later stage min
erals (for example, berthierite, tetrahedrite, gudmundite, stibnite) 
compared to early stage minerals (Fig. 10). Except for some anomalies 
(increased concentrations in early associations or on the contrary 
reduced concentrations in later ones, which can be explained by both 
crystal-chemical control and local fluctuations in the fluid composition) 
elements correlate directly (r2 = 0.7) with each other. The most common 
minerals of the late sulfide stage are stibnite and berthierite, with sub
ordinate amounts of ullmannite, tetrahedrite, gudmundite, and james
onite. Their significant enrichment in Pb and Bi allows us to say that the 
main concentrations of these metals are confined to the stage of late 
sulfides. 

Such trends, although less pronounced, are also present for Se 
(Fig. 10). It should be noted that its impurity is almost absent in minerals 
of the base-metal sulfides stage. The Te content is generally stable for the 

early and late sulfides associations, but, by analogy with Se, it is 
noticeably depleted in minerals of the base-metal sulfides stage. Prob
ably, the mineralization of the stage of base-metal sulfides is the most 
depleted in these elements, since the most common minerals either 
contain small amounts of these elements or do not contain them at all. At 
the same time, the main minerals of the early sulfide stage (arsenopyrite 
and, to a lesser extent, pyrite), as well as the late sulfide stage (arseno
pyrite, berthierite, and stibnite) contain approximately the same amount 
of Se and Te. Based on this, the fluid that formed these associations 
contained approximately the same amount of Se and Te. 

The strong bond in the Pb-Cu pair in stibnite indicates a coherent 
accumulation of elements, probably due to crystal-chemical factors, 
namely, pair substitution of Cu++Pb2+↔Sb3+, which was also demon
strated for the Woxi Sb-Au-W deposit (China) (Fu et al., 2020). A posi
tive relationship between Se and Te was also detected for stibnite of the 
Woxi deposit, but the content of these elements is rather low, in contrast 
to their concentrations in the Olympiada mineral (~102 ppm Te and ~ 
103 ppm Se). At the same time, the Woxi stibnite is characterized by high 
concentrations of As (~102 ppm) and elevated Hg (~101–102 ppm), but 
these elements are almost absent in the Olympiada minerals. 

Cd, In, Sn, Hg, Mn also played an important role during the forma
tion of mineral associations of the polymetallic sulfides and later sulfides 
stage, which are not typical for minerals of the early sulfides stage 
(Fig. 11). The distribution of these elements is mainly governed by 
crystal-chemical features. Thus, Cd and In are naturally enriched in 
sphalerite of both stages, while the other minerals concentrate them in 
smaller amounts. Sn has a different tendency, concentrating mainly in 
chalcopyrite, which agrees with data on its distribution in chalcopyrite 
with joint crystallization with sphalerite. 

Elevated Cd and As concentrations are mainly observed in sphalerite 
formed by a low-temperature fluid, while Mn enrichment may indicate a 
relationship with magmatism (Belissont et al., 2014; Frenzel et al., 2016; 
Lee et al., 2019b; Zhuang et al., 2019; Xu et al., 2020a). 

Mn significantly increases in berthierite, which is also due to crystal- 
chemical control. Berthierite with the content of up to 1.3 wt% Mn has 
been previously noted in the deposit. However, high concentrations of 
Mn may also be a feature of the fluids that formed the late mineral 
assemblage, where benavidesite (Pb4MnSb6S14) and alabandite (MnS) 
were found in addition to Mn-berthierite, which may indicate a rela
tionship with magmatism (Lee et al., 2019b). 

Finally, the Hg content remains quite stable during the formation of 
mineralization of the polymetallic sulfides and late sulfides stage. This 

Fig. 9. Ag content in sulfide minerals of the Olympiada deposit (b.d.l. – below detection limit).  
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may be due to the involvement of the element in the ore process at later 
stages and its deposition not only in structurally bound form in sulfides, 
but also in its native form. 

Probably, the listed elements played an insignificant role in the 
general balance of metals in ore fluids, since the most enriched minerals 
(sphalerite, chalcopyrite, tetrahedrite, jamesonite) are distributed in 

subordinate amounts. On the other hand, stibnite and berthierite are 
abundant in the association of late sulfides and are to some extent 
enriched in the listed elements. Despite the limited distribution of these 
elements, their distribution is extremely important in understanding the 
evolution of the fluid and the development of the ore system of the 
deposit. 

Fig. 10. Distribution of trace elements in minerals associations of different ages.  
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Thus, the maximum amount of Au in acicular arsenopyrite occurs in 
a positive trend with the W content, as well as the increased Se and Te 
content in arsenopyrite I and pyrite I determine the As-Au-W-Se-Te 
enrichment of the early sulfides stage, with arsenic occurring as a 
mineral-forming element and Au, W, Se and Te occurring as impurities. 
The presence of polymetallic sulfides and their microelement composi
tion (increased concentrations of Hg, Cd, and In) allow us to allocate the 
Cu-Zn-Pb-Cd-In enrichment of the polymetallic sulfides stage, where Cu, 
Zn, and Pb form their own minerals, and Cd and In are common as 
impurities. The features of the late sulfide stage are the maximum 
concentrations of Ag, Pb, Bi, and Te and elevated Hg concentrations. 
This, together with mineralogical features, determines the Sb-Co-Ni-Te- 
Bi-Pb-Hg-Ag enrichment of this stage, while the presence of individual 
mineral phases has only not been determined for Ag. 

6. Conclusions 

Since the beginning of the study of the Olympiada deposit, three 
main models of the formation of the field have been proposed: (1) 
metamorphogenic-hydrothermal, based on the primary enrichment of 
metasedimentary strata with Au, its redistribution and concentration 
due to the processes of local metamorphism (Petrov, 1974; Grigorov, 
2002); (2) magmatogenic-hydrothermal, linking the formation of the 
deposit with granitoid magmatism (Novozhilov & Gavrilov, 1999; Li, 
2003; Korobeinikov et al., 2013); (3) polygenetic, including meta
morphic, combining the previous two (Sazonov et al., 2010; Serdyuk 

et al., 2010; Sazonov et al., 2020). The metamorphogenic-hydrothermal 
model was further developed in works of R. Large and co-authors at the 
Sukhoi Log deposit (Large et al., 2011; Large et al., 2007). This model is 
now known as “sedimentary metamorphic hydrothermal model (SMH)”. 

Our data on the association of Au with W, Se, Te, Bi, Pb may indicate 
a relationship between mineralization and magmatism, but at the same 
time, these elements could be also be obtained from the host rocks. Early 
data also indicate the enrichment of the metasedimentary strata of the 
Kordinskaya Formation in Au up to 249 ppb (Sazonov et al., 2020). 

On the other hand, despite more than half a century of study history, 
no synsedimentation framboidal pyrites enriched with gold have been 
found either in the ores or in the host rocks of the Olympiad (there are 
only single finds of metamorphosed pyrite nodules with quartz margins 
(Zvyagina, 1989). Gregory et al. (2019b) shows that the early pyrite can 
to be overgrown to form pyrite nodules, but to date there is no evidence 
of this process at the Olympiada). Such a find would serve as a strong 
argument in favor of the SMH model. 

In favor of the connection of the deposit with magmatism, it is also 
indicated: finds in fluid inclusions of the deposit of halogenated hy
drocarbons (Gibsher et al., 2019b); the proximity of the formation of 
mineralization in time to the formation of intrusions of granites of the 
Tatar-Ayakhta complex (Savichev, 2004); the presence within the ore 
field of deposits paragenetically associated with granitoids (Vysokoe-2 
endocontact of granites; Olenye and Innokentievskoe – close exocontact) 
(Savichev et al., 2006). 

Thus, today there is no clear and convincing evidence, as well as a 

Fig. 11. Distribution of Cd, In, Sn, Hg, Mn in minerals of stages II and III.  
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consensus on the genesis of the deposit, and each model has its sup
porters and opponents. 

Based on the data obtained, as well as long-term geological obser
vations, we suggest the following concept for the formation of the main 
concentrations of gold at the deposit. 

The development of gold mineralization began with the deposition of 
acicular arsenopyrite I containing “invisible” gold. This arsenopyrite is 
characterized by sulfuric composition (S/As ~ 1.12; (S + As)/Fe ~ 2.04) 
and a low number of Fe atoms in the stoichiometric environment 
{3S3As} up to 65 % (Sazonov et al., 2020). The source of Au could be the 
meta-sedimentary rocks of the Korda suite, but the presence of positive 
trend between Au and granitophile W, as well as the features of the REE 
distribution in acicular arsenopyrite (Silyanov et al., 2021a) do not 
exclude the possibility of bringing some of Au from another, probably 
magmatic source. 

Further development of the ore system led to hydrothermal meta
morphism of early associations, which was accompanied by recrystal
lization of acicular arsenopyrite, release of Au and its re-deposition in a 
metal form (Fougerouse et al., 2016a; b). At the same time, arsenopyrite 
II and III sequentially approached the chemical (Apy-II S/As ~ 1.06; (S 
+ As)/Fe ~ 2.03; Apy-III S/As ~ 0.98; (S + As)/Fe ~ 2.04) and struc
tural (increase of the Fe share in position {3S3As} to ~ 74%) 
stoichiometry. 

Remobilization and re-deposition of Au could be promoted by Bi, Pb, 
and Te, which, on the one hand, were also released during recrystalli
zation of early sulfides, and, on the other hand, could be introduced into 
the system by new fluid influxes (Wagner et al., 2007; Fougerouse et al., 
2016a; Wu et al., 2019; Gourcerol et al., 2020). The interaction of these 
elements with Au could lead to the formation of melt droplets directly in 
the hydrothermal solution and accumulation of all new gold portions by 
them — hydrothermally-assisted melt-collector model (Tooth et al., 2013; 
Belousov et al., 2016; Vikent’eva et al., 2018; Cave et al., 2019). As a 
result, Au-Bi-Pb alloys could be formed, the presence of which is shown 
in tetrahedrite (see Fig. 6). This mechanism may also be associated with 
the deposition of sporadic Bi-Te mineralization of the deposit. 

In conclusion, evolution of ore process led to the enrichment of late 
stages with visible gold, as opposed to early stages, where “invisible” 
gold prevailed. 
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