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Abstract—The gold-bearing sulphides (pyrite and arsenopyrite) from disseminated refractory ores of the
Mayskoe gold deposit (Central Chukotka) were studied using modern precision methods (electron micro-
probe analysis and laser ablation-inductively coupled plasma-mass spectrometry). The distribution patterns
of macro elements (As, Fe, S), as well as trace elements (Ni, Zn, Sb, Co, Cu, Ag), in pyrite and arsenopyrite,
including the content of “invisible” Au and its correlation with other elements were studied. Based on
recieved data, the sequence of crystallization and the relationships of gold-bearing sulphides at the main and
most productive gold–sulphide stage of the deposite formation were established.
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INTRODUCTION
The Mayskoe gold deposit (Chukotka), along with

such deposits as Olympiada and Veduga (Krasnoyarsk
region), Nezhdaninskoe and Kyuchus (Yakutia), and
Albazino (Khabarovsk region), is one of the most
famous gold deposits in Russia containing gold in a
dispersed form mainly or predominantly in sulphides
(so-called “invisible” gold) (Volkov and Sidorov,
2007). The study of gold-bearing sulphides in these
deposits is relevant from both a scientific and practical
point of view. The presence of invisible gold in sulphi-
des gives the ores refractory properties and so data on
the distribution of such gold in individual minerals are
valuable for developing ore-treatment processes.
Studying the distribution of trace elements in gold-
bearing sulphides that form commercial accumula-
tions can supplement the known information about
the formation conditions of such unique ore objects.

Gold-bearing sulphides of disseminated ores of the
Mayskoe deposit, especially fine-acicular arsenopy-
rite, attracted the attention of many researchers,
A.M. Gavrilov being the first one (Central Research
Institute of Geological Prospecting for Base and Pre-
cious Metals (TsNIGRI)). A.M. Gavrilov and
A.P. Pleshakov (Gavrilov et al., 1982) revealed an
irregular, dense cluster of rounded gold inclusions

(0.04–0.3 μm) in arsenopyrite using scanning elec-
tron microscopy and electrone microanalysis meth-
ods. It was found that finely dispersed gold is distrib-
uted throughout the entire volume of arsenopyrite
grains. According to atomic absorption and neutron
activation analyses, the average Au content in arseno-
pyrite was 620 ppm, and in pyrite it was 40 ppm
(Novozhilov and Gavrilov, 1999).

In addition, the study of gold-bearing sulphides
from the Mayskoe deposit were carried out by
researchers of Moscow State University under the
direction of M.S. Sakharova. The results obtained are
discussed in detail in the monograph (Shilo et al.,
1992). Geochemical features of sulphides were studied
by laser microspectral analysis of monomineral frac-
tions. According to the authors' data, the maximum
gold content in arsenopyrite is 500 ppm. In pyrite,
maximum gold content (up to 156 ppm) was noted in
rounded sedimentary–diagenetic varieties.

Small gold particles of rounded and isometric
shape up to 6 μm in size, which are characterized by
increased emission of secondary electrons, were iden-
tified using scanning electron microscope on the sur-
face of crystals of fine crystalline arsenopyrite and, to
a lesser extent, pyrite. This phenomenon is character-
istic for native chemical elements with high average
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atomic numbers (Au, Ag, Pt). According to this, as
well as to the similarity of the studied particles with the
morphology of visible gold, it was assumed that these
are particles of finely dispersed gold (Shilo et al.,
1992).

In (Bortnikov et al., 2004), the results of EMPA
and atomic absorption study of pyrite and arsenopyrite
from the quartz-pyrite-arsenopyrite mineral associa-
tion with finely dispersed gold of the Mayskoe deposit
are presented. According to EMPA data, S/As ratio in
elongated-prismatic arsenopyrite ranges from 1.054 to
1.482; gold content reaches 1.2 wt %. Up to 6.5 wt %
As and up to 0.4 wt % Au were measured in pyrite.
According to atomic absorption spectroscopy (AAS)
data, the gold content is 182.4–1030 ppm in arsenopy-
rite and 1.44–42.74 ppm in pyrite. The authors of
(Bortnikov et al., 2004) noted that no native gold was
found in arsenopyrite grains with maximum gold con-
tent under microscopic studies.

According to (Volkov et al., 2007), it was deter-
mined by the EMPA method that the gold content in
arsenopyrite from samples of disseminated ores of the
Mayskoe deposit varies from 0 to 1100 ppm (320 ppm
average for 10 grains). According to neutron-activa-
tion analysis data, gold content varies from 300 to 1975
ppm. The authors also noted that arsenopyrite with
the highest S–As ratio has the maximum gold content.
The gold content in pyrite of disseminated ores of the
Mayskoe deposit was below the measurement detec-
tion limit of the electrone-microprobe micro-analysis.
However, high arsenic contents were found in the rims
of pyrite metacrystals.

This paper presents the results of studying gold-
bearing sulphides (pyrite and arsenopyrite) of the
Mayskoe deposit by EMPA method and laser abla-
tion-inductively coupled plasma-mass spectrometry
(LA-ICP-MS). The main purpose of this work was to
determine typomorphic characteristics of distribution
of trace elements in gold-bearing sulphides with
“invisible” gold.

GEOLOGICAL SETTING AND MINERAL 
COMPOSITION OF THE MAYSKOE

GOLD-ORE DEPOSIT
The Mayskoe deposit is located 180 km east of the

city Pevek, the administrative center of Chaunsky dis-
trict of the Chukotka autonomous region (Fig. 1,
inset).

The deposit was discovered in 1972 as a result of a
1 : 50000 scale geological survey by S.A. Grigorov and
N.M. Samorukov (Grigorov et al., 1973). Exploration
of the deposit was carried out until 1982 (Novozhilov
et al., 1983). The Mayskoe deposit is one of the five
largest gold deposits in Russia in terms of reserves. In
2009, it was acquired by Polymetal Co. Since 2010, an
underground mine has been operating at the deposit,
and since 2016-an open pit. A f lotation plant with a
G

capacity of 850 thousand tons per year came into oper-
ation in 2013. According to the data available
(www.polymetal.ru), the reserves and resources of the
deposit are 155 t of gold at the end of 2021. In 2021, the
mine produced 4.3 t of gold.

The refractory ores of the Mayskoe deposit are pro-
cessed by f lotation to produce gold-bearing sulphide
concentrate, which is then transported by sea to the
Amur Metallurgical Plant to extract gold by autoclave
oxidation and cyanidation, or sold on the global mar-
ket (www.polymetal.ru).

Geological Setting

The Mayskoe ore field is located within the bound-
aries of the Kukeney Satellite Intrusive Dome Struc-
ture (IDS) located in the central part of the Chukotka
folded system of the Mesozoides at the border zone
with the Okhotsk–Chukotka volcanic belt (Volkov et al.,
2006). The ore field is composed of dislocated sand-
stone-shale rocks of Middle and Upper Triassic age,
intruded by numerous dikes and subvolcanic bodies of
the felsic composition and solitary Cretaceous lam-
prophyre dikes.

The Mayskoe deposit is confined to a daughter
dome uplift within the IDS. The structure of the
deposit is defined by a NE-striking horst-anticlinal
fold (eroded dome) with southern dip of the hinge at
an angle of 15°–20°, complicated by block motions
along latitudinal and submeridional faults. Along the
latter the linear dynamometamorphic zones hosting
ore bodies were emplaced.

About 30% of the deposit volume is represented by
dikes, which form a 3 × 3-km field of convergent sub-
parallel bodies with general meridional strike. There
are two generations of dykes that consistently followed
each other: (1) granite–granodiorite porphyries,
aplites, and lamprophyres and (2) subvolcanic rhyolite
porphyries. The thickness of the dikes varies from the
first meters to 50–60 m, their dip is predominantly
southeastern, at angles of 50°–70°. Late dikes of rhy-
olite porphyries constitute the bulk of igneous rocks of
the deposit. According to isotopic age dating (K–Ar
method, Laboratory of Isotope Geochronology, Shilo
North-East Interdisciplinary Scientific Research
Institute, Far East Branch, Russian Academy of Sci-
ences (NEISRI FEB RAS) (Volkov et al., 2006)), the
intrusion time for dyke bodies is estimated to be
boundary of Early and Late Cretaceous. In the
deposit, the dyke field is accompanied by a wide devel-
opment of explosive breccias, predominantly in the
central part of the deposit. The breccias occur in the
form of convergent branching vein-shaped bodies and
extend to a depth of more than 700 m from the surface.
The general strike of dikes is also submeridional, with
a predominant eastern dip, at an angle of 60°–75°.
The breccias are composed of fragments of all types of
sedimentary rocks occurring in deposit, cemented by
EOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025
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Fig. 1. Schematic geologic map of the Mayskoe deposit after (Novozhilov and Gavrilov, 1999; Volkov et al., 2006), with amendments.
The geographic location of the deposit is shown in the inset. Middle Triassic: (1) siltstones of the Keveem Formation; (2) inequigranular
sandstones of the Vatapvaam Formation, lower subformation; (3) inequigranular sandstones of the Vatapvaam Formation, upper sub-
formation. Upper Triassic: (4) alternating of sandstones and siltstones of the Relkuveem and Mleluveem formations; (5) alternating of
sandstones and siltstones of the Kuveemkai Formation; (6–9) Early to Late Cretaceous igneous rocks: (6) granodiorites and granite por-
phyries; (7) aplites; (8) lamprophyres; (9) rhyolite porphyries; (10) faults (a) established and (b) inferred; (11) ore bodies (a) exposed
and (b) blind; (12) geological boundaries; (13) outline of sericite metasomatic rocks (beresites).
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crushed in varying degrees fragments of the same
rocks.

In the central part of the deposit, bleached metaso-
matic rocks of quartz–sericite composition (rarely
with carbonate), classified as beresites, are widespread
(Novozhilov and Gavrilov, 1999; Artemiev, 2016). The
rare-metal mineralization is paragenetically associ-
ated with these rocks. The transition to unaltered rocks
is gradual at a distance of 30–50 m. The metasomatic
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contour looks like the oval elongated in the northeast-
ern direction and extending downward. According to
(Volkov et al., 2006), gold ore bodies are located
beyond the field of beresites.

More than 30 ore bodies have been identified
within the deposit, 70% of which do not reach the sur-
face. A strike length of ore bodies ranges from 200 to
1200 m. Most of them are not outlined along the dip.
The average thickness of the bodies is 2 m, and the



132 SIDOROVA et al.

Fig. 2. The structure of the ore zone (ore body 1) of the Mayskoe deposit (Novozhilov et al., 1988): (1) fine-grained sandstones;
(2) alternating of siltstones and silty clay shales; (3) intensely cleavaged siltstones with impregnated ore mineralization; (4) faults; (5)
quartz–stibnite zones; (6) milonitization zones with slickensides; (7) trench-channel samples and results of gold assay test (ppm).
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Fig. 3. Rich impregnated pyrite–arsenopyrite ore of the Mayskoe deposit, ore body 1. Reflected polarized light photomicrograph.
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average gold grade is 11.5 ppm. The ore bodies have
distinct geological boundaries and are represented by
mineralized crushed zones. Locally, sulphidization,
vein silicification, and, to a lesser extent, sericitization
and kaolinization are manifested in these zones. Ore
outlines are defined both by geological boundaries
that fix the zones of the most dynamometamorphic-
ally transformed sulphidized rocks (Fig. 2) and by
sampling data (Novozhilov et al., 1988).

The ore-bearing rocks are siltstones, clay shales,
and fine-grained sandstones of the Keveem and
Relkuveem–Mleluviem; less frequently those of the
Vatapvaam Formation; and rarely dikes of rhyolite
porphyries with fine-crystal impregnation of Au-rich
sulphides (pyrite and arsenopyrite).

Mineral Composition of Ores

The mineralogy of ores of the Mayskoe deposit is
discussed in detail in a number of articles (Andreev,
G

1984; Shilo et al., 1992; Novozhilov and Gavrilov,
1999; Bortnikov et al., 2004). It was established
(Gavrilov et al., 1982, 1986) that gold at the deposit
occurs both in its native form and in “invisible” form in
sulphides. The bulk mass of gold in ores (up to 90%) is
contained in sulphides, predominantly in arsenopyrite.

Primary ores are represented by impregnation of
the smallest (tenths to hundred-thousandths of a mil-
limeter) crystals and aggregates of Au-rich arsenopy-
rite and pyrite in dark, often weakly silicified sedimen-
tary rocks (Fig. 3). There are also quartz micro veinlets
containing Au-rich sulphides.

The sulphide content in impregnated ores is 6–8
vol % on average, with pyrite predominating (by from
two to three times). The content of antimony in the ore
reaches 0.2 wt %; the content of organic carbonaceous
matter, 0.3 wt % on average; As, 1.5 wt %; and Ag, 4
ppm. Pyrite contains up to 5–7 wt % of As.

Quartz–sulphide–polymetallic and quartz–stib-
nite veins, veinlets, and nests are also observed within
EOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025
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some ore bodies, often with small impregnation of
native gold. The Au content exceeds 20 ppm, the Ag
content reaches 700 ppm. These ores contain coarse
gold (>1 mm) with a fineness of 850–950‰.

The exposed upper part of the ore bodies of the
deposit is oxidized up to a depth of 80 m. The average
gold content in oxidized ores is 22 ppm. Gold grains in
oxidized ores are 0.01–0.1 mm in size, fineness is
950‰ (Novozhilov and Gavrilov, 1999; Volkov et al.,
2006).

According to (Andreev, 1984), the general zonal
distribution of two mineral associations was estab-
lished at the stage of exploration of the deposit: rare
metal–polymetallic (Mo–W–Sn–Zn–Pb) and anti-
mony with a predominant shift of rare-metal mineral-
ization to the eastern f lank of the deposit, and anti-
mony to the western f lank.

As a result of mineralogical studies performed by
researchers at the TsNIGRI (Novozhilov and Gavri-
lov, 1999), the following scheme of ore process devel-
opment at the Mayskoe deposit was proposed: (1) for-
mation of stockwork pyrrhotite–molybdenite–quartz
rare-metal mineralization associated with the plu-
tonogenic group of dykes in the central part of the
deposit, (2) formation of gold–sulphide (gold–
pyrite–arsenopyrite) disseminated ores in mineralized
crushing zones, (3) development of Ag-bearing
quartz–polysulphide vein mineralization, and (4) for-
mation of quartz–stibnite veins and native As miner-
alization.

According to the studies of the researchers of the
Department of Mineralogy of Moscow State Univer-
sity (Bortnikov et al., 2004), it is assumed that the
Mayskoe deposit was formed during the following
three stages: (1) gold–sulphide with disseminated
pyrite–arsenopyrite association with “invisible” gold;
(2) rare metal, with quartz–molybdenite and quartz–
wolframite association and sulphides (galena, sphaler-
ite, Pb and Cu sulphosalts); and (3) gold–stibnite with
quartz–stibnite association with fahlore, chalcostib-
ite, and chalcopyrite.

The petrography and mineralogy of ore-bearing
metasomatites are characterized in (Artemiev, 2016).
The technological properties of refractory gold–sul-
phide ores are summarized in (Tolkanov et al., 2019).

The combination of different mineral and struc-
tural types of mineralization within the Mayskoe
deposit determines the morphological diversity of ores
and significantly complicates their genetic interpreta-
tion.

SAMPLES AND METHODS
Samples to study from the collection of B.S.

Andreev (NEISRI FEB RAS) (Andreev, 1984) were
taken from ore body 1. They are represented by silici-
fied siltstones with disseminated pyrite-arsenopyrite
mineralization.
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The chemical composition of the studied sulphides
was determined using a JXA-8200 electrone micro-
probe analyzer (JEOL) (EMPA method) in the Insti-
tute of Geology of Ore Deposits, Petrography, Miner-
alogy, and Geochemistry, Russian Academy of Sci-
ences (IGEM RAS) (analyst E.V. Kovalchuk). In
addition to macrocomponents (As, Fe, S) and major
trace elements (Ni, Zn, Sb, Co, Cu, Ag) in pyrite and
arsenopyrite, Au content (measurement detection
limit (3σ) 45 ppm) was measured following the meth-
odology described in detail in (Kovalchuk et al., 2019).

Trace elements in sulphides were determined by
laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) on an Agilent 7700x quadru-
pole mass spectrometer at the Institute of Mineralogy,
Ural Branch, Russian Academy of Sciences (analyst
D.A. Artemiev) and ThermoXSeries 2 quadrupole
mass spectrometer equipped with a NewWaveRe-
search UP-213 laser ablation system at the laboratory
of the IGEM RAS (analyst E.A. Minervina). The f lux
density was 1.8–5.5 J/cm2 for pyrite and 3.0–4.5 J/cm2

for arsenopyrite. Analyses were spot or linear, with a
30- to 55-μm laser beam. In total, 15 spot and 13 pro-
file samples of pyrite and 12 spot and 11 profile sam-
ples of arsenopyrite were analyzed using laser sam-
pling. The external calibration standard is USGS
MASS-1 and UQAC FeS-1. The internal standard
(IS) for pyrite and arsenopyrite is 57Fe. The Fe content
measured by the EMPA method was used for a quan-
titative analysis.

RESULTS OF ARSENOPYRITE STUDY

Arsenopyrite is represented by euhedral and subhe-
dral crystals of an ∼150-μm-long elongated-prismatic
habit (elongation coefficient up to 1 : 10) forming spe-
cific stellate aggregates (Fig. 3).

As usual, arsenopyrite has a complex zonal struc-
ture visible under a polarizing microscope with
crossed nicols (Figs. 4a, 4b). In addition to the thin
oscillatory zonality, arsenopyrite crystals show a
change in the crystal growth orientation, forming the
clearly visible central (I) and outer (II) zones (Figs. 4c,
4d). Backscattered electron imaging of the surface of
transverse rhomboid-shaped sections of arsenopyrite
crystals confirmed this zoning pattern (Figs. 4–6) due
to the variations in As and S contents. The As/S ratio
in the central, darker (BSE image) zone I is 0.7–0.8.
The As/S ratio in the lighter zone II, toward the rims
of the crystals, increases to 1.17. The amount of Fe (at
%) in zone I varies from 34.8 to 35.2, in the light outer
zone II, it varies from 34.07 to 35.4. According to
EMPA data, arsenopyrite in single analytical points
contains Co (0.07–0.08 wt %), Ni (0.07–0.08 wt %),
and Cu (0.09–0.15 wt %). Antimony (0.06–2.06 wt %) is
a common impurity, and Sb distribution forms an
oscillatory pattern with a tendency of increasing its
content from the cores to the rims of the crystals (Fig. 5).
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Fig. 4. Zonal arsenopyrite of the Mayskoe deposit: (a, b) reflected polarized light photomicrographs, crossed nicols; (c, d) BSE
images, central zone I and outer zone II are shown in red.
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According to EMPA data, the Au content in arsen-
opyrite is above the measurement detection limit in
75% of all analytical points and reaches 0.47 wt %.
Based on probing profiles of longitudinal sections of
individual crystals by main macrocomponents and
gold, it was revealed that the darker (in backscattered
electrons), i.e., more sulfurous, central parts of crys-
tals are enriched in gold. Toward the rims, the gold
content decreases by an order of magnitude in lighter
(in backscattered electrons), respectively more As-
rich zones (Figs. 5, 6). In this case, the Au distribution
is extremely irregular even within the central zones of
crystals and, as can be seen from the plots in Fig. 6, the
maximum Au content is recorded in certain areas in
zone I. The gold-distribution map (Fig. 7) over the
cross-sectional area of an arsenopyrite crystal also
shows that the maximum Au contents are characteris-
tic of lighter (= more As-rich) thin zones within cen-
tral zone I.

No significant correlation between gold and mac-
rocomponents was observed for the entire sample of
data (Fig. 8), although, at a gold content >0.1 wt %,
the correlation coefficient for Au–As pair is 0.5 (at n =
24). Maximum gold contents (from 0.25 to 0.47 wt %)
correspond to As/S ratios equal to 0.93–0.96. Au con-
tents from 0.1 to 0.21 wt % correspond to the As/S
G

ratio of 0.8–0.95. Au contents from 0.0045 to 0.1 wt %
correspond to the As/S ratio of 0.7–0.92. In the prob-
ing profiles of single crystals, the inverse correlation of
gold and antimony is traced (Fig. 5).

In the cross sections of arsenopyrite crystals there
are distinct cracks that do not extend beyond the dark
zone. This suggests that the outer arsenic zones over-
grew with some interruption the earlier more sulfurous
ones. In confirmation of this, Fig. 4d shows uneven
porous light areas, which separate the outer and inner
zones. This may indicate dissolution of a crystal
during a pause or change in the conditions of crystal-
lization.

In total, 35 analyses of arsenopyrite were per-
formed by LA-ICP-MS. The contents of the most
common trace elements (Co, Ni, Cu, Ag, Sb, Au, Tl,
Pb, Bi) that are present in 70–90% of samples are
given in Table 1. The following elements were found in
20–40% of all samples (maximum value, in ppm): Zn
(40), Se (39), Sn (12), W (9), and Hg (30). Although
the laser beam does not capture thin zones, some
trace-element distribution patterns were nevertheless
identified based on the laser profiling data. The cen-
tral, more sulfurous zones of arsenopyrite contain
higher Au and Pb contents. Co and Ni contents are
below the measurement detection limit. Also, a lower
EOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025
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Fig. 5. Distribution of Au, Sb, As, and S (As/S ratio) in arsenopyrite crystal (BSE image), according to EMPA data. Figures in
the photo correspond to the analysis points on the plot.
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content of Cu (50–60 ppm) in the central dark (BSE)
parts of the grains there is common. Co and Ni are
concentrated in the outer As-rich zones, and Sb con-
tent increases. Cu and Bi show relatively uniform dis-
tribution, however, their increased contents are also
confined to rims of grains. When the profile crosses
cracks and porous zones in arsenopyrite, or when the
arsenopyrite-hosted medium is trapped, the group of
elements Tl–Co–Ni–Pb–Cu ± Bi ± Ag ± W form
joint bursts of signals in the ablation spectra. A signif-
icant positive correlation in arsenopyrite was estab-
lished for Ni–Co (r = 0.95), Co–Bi (r = 0.71), Ni–Bi
(r = 0.77), Cu–Ag (r = 0.84), Cu–Tl (r = 0.7), and
Ag–Tl (r = 0.76) pairs under n = 35.
GEOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025

Table 1. Contents of trace elements in arsenopyrite and pyrit

Element contents are given in ppm; GM—geometric mean, defined a
frequency of occurrence of a component.

Mineral С, ppm Co Ni Cu

Arsenopyrite (n = 35) min 0.4 8.6 50
max 70 370 892
GM 11 84 202
fr. occ., % 79 85 97

Pyrite (n = 46) min 0.3 4 47
max 83 307 693
GM 10.5 46 169
fr. occ., % 100 98 100
RESULTS OF PYRITE STUDY

Anhedral pyrite aggregates have a zonal structure
with porous central and smooth outer zones with crys-
tallographic habit. As seen in BSE images, pyrite
grains have heterogeneous composition with varying
As content. According to the composition and struc-
tural features, there are four zones in pyrite (Fig. 9): (1)
central porous zone, As content does not exceed 0.5 wt %;
(2) thin As-rich halos (2–30 μm) overgrowing porous
zones (up to 5.3 wt % As); (3) thinly zonal outer zone
with crystallographic outlines and As content up to
1.8 wt %; (4) outer porous zone of irregular thickness
(0–20 μm), with less than 0.06 wt % As. There are the
following impurities in pyrite (according to EMPA
e from the Mayskoe deposit according to LA-ICP-MS data.

s the root of the nth degree from the product of n numbers; fr. occ.—

Ag Sb Au Tl Pb Bi

0.7 978 52 0.01 2.3 1.7
117 10702 922 42 270 32.3

3.7 4409 340 1.7 37 8.0
74 100 100 91 100 91

0.1 1 0.3 0.01 0.7 0.2
6.1 321 55 13 716 18
1 40 8 0.2 25 1.5

78 100 100 80 100 70
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Fig. 6. Probing profiles in arsenopyrite crystals with Fe, S, and As (at %) and Au (wt %) distribution plots. Numbers on BSE-
images correspond  with points on probing-profile.

50 μm 30 μm

0.1

10 20 30 40 50 60 70

0.01

0.001

A
u,

 w
t %

0.1

5 10 15 20 25 30 35 40

0.01

0.001

A
u,

 w
t %

5 10 15 20 25 30 35 40

35.4

34.4

35.2

35.0

34.8

34.6

Fe
, a

t %

1–8 9–26 27–44

10 20 30 40 50 60 70

34.4

35.2

35.0

34.8

34.6Fe
, a

t %

1–9 10–41 42–62 63–79

10 20 30 40 50 60 70
28

37

33
32

30
31

34
35
36

29

at
 %

27–44

42–62
63–79

10–41

1–9

9–26

1–8

As

S

105 15 20 25 30 35 40
28

37

33
32

30
31

34
35
36

29

at
 %

As

S

data): Cu up to 0.11 wt %, in single points; Co up to
0.08 wt %, in 30% of analyses; Au content exceeding
the measurement detection limit (0.0045 wt %) in a half
of analytical points and reaches 0.012 wt %. Figure 10
G

shows the variation in Au content along the electron
probing profile of pyrite grains. The maximum Au
contents are confined to light-colored zones with
increased As content. However, no significant correla-
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Fig. 7. Zonal arsenopyrite metacrystal. (a) BSE image; (b) Au distribution map based on EMPA data: Au (Mα, PETH), current
20 nA, time 100 ms.
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Fig. 8. Diagrams of macrocomponent contents (in formula units) and gold content (wt %) in arsenopyrite, based on EMPA data.
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tion between As and Au for the whole sample was
found.

The LA-ICP-MS method was used to perform 46
pyrite analyses. The content range and mean values of
the most widespread trace elements (Co, Ni, Cu, Ag,
Sb, Au, Tl, Pb, Bi) are given in the table. The following
elements (max, in ppm) were detected in 20–50% of
the samples: Zn (13), Se (15), Sn (4), W (23), and Hg
(6). In single samples, pyrite contains Ga, Ge, In, and
Te in minor amounts. Based on LA-ICP-MS data, the
central, porous parts of pyrite aggregates contain
higher contents of the following elements (ppm): Pb
(17–716, GM = 117); Sb (45–320, GM = 121); Bi
(0.4–18, GM = 3.2); Tl (up to 0.8); Ag (0.4–6, GM =
2); Zn (up to 13); and partially Co (10–83, GM = 30);
and Ni (21–237, GM = 75); (Figs. 10, 11). There also
occur V, Ga, Ge, Te, and W. There are lower As and
Au contents (0.3–4 ppm) (Fig. 11). The Au content
increases to the edges of grains, up to 30 ppm on aver-
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age. The Co, Ni, Ag, Tl, and Bi contents decrease
towards the edges up to the measurement detection
limit. The contents of Pb (0.7 ppm) and Sb (1.13 ppm)
decrease reaching the minimum values. Based on high
correlation coefficients in the groups Pb–Bi–Sb (r =
0.9) and Ag–Bi and Ag–Pb (r = 0.7), at n = 46, it can
be assumed that these elements input in the pyrite
composition in the form of galena microinclusions or
bismuth and antimony sulfosalts. A significant cor-
relation is noted for Co–Ni (r = 0.7) and Au–As (r =
0.8) pairs (Fig. 12). Copper is the only impurity trace
element whose distribution in the ablation spectra of
pyrite is relatively uniform.

DISCUSSION
Gold-bearing arsenopyrite from disseminated ores

of the Mayskoe deposit usually has a zonal structure
with a more sulfurous (As/S = 0.7–0.8) central zone I
and more arsenic (As/S up to 1.17) outer zone II (Fig. 4).
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Fig. 9. BSE images of intergrowths of pyrite metacrystals (dark) with arsenopyrite (light); dotted lines separate zones in pyrite
indicated by Roman numerals (see text).
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At the same time, its composition changes discontin-
uously and a change in the crystallographic orienta-
tion of crystal growth is observed. A similar complex
pattern of zonation was described in gold-bearing
arsenopyrite from the Villeranges deposit (Ben-
zaazoua et al., 2007). Here, however, the more arsenic
outer zones are highly enriched in gold. In the arseno-
pyrite of the Mayskoe deposit, the maximum Au con-
tent (up to 0.47 wt %) is recorded in thin (5–10 μm)
more arsenic areas within the central zone I (Figs. 6,
7). In the more arsenic zones, the Au content is an
order of magnitude lower (Figs. 5, 6).

Arsenopyrite from disseminated ores of the Mays-
koe deposit demonstrates inverse Au–Fe and Au–Sb
correlation and direct Au–As correlation.

The correlation of gold with macrocomponents is
discussed for both natural and synthetic arsenopyrite
crystals (Fleet and Mumin; 1997; Genkin et al., 1998;
Cabri et al., 2000; Vykentiev, 2015; Kovalchuk et al.,
2019). Thus, direct Au–As correlation and inverse
Au–Fe correlation in arsenopyrite are noted in a num-
ber of deposits, e.g., Vorontsovskoe (Kovalchuk et al.,
2019; Vikentyev et al., 2019; Tyukova et al., 2022), Vil-
leranges and Le Chatelet (France) (Cathelineau et al,
1989; Marcoux et al., 1989), etc. Antagonistic distri-
bution of Sb and Au in gold-bearing arsenopyrite is
indicated in many deposits (Marcoux et al., 1989;
Genkin, 1998; Genkin et al., 1998; Li et al., 2019; Ash-
ley et al., 2000; Sidorova et al., 2022; etc.).

Pyrite from the disseminated gold–sulphide ores of
the Mayskoe deposit also has a zonal structure with
clearly visible four zones (Figs. 9–11): (1) central
porous, with lower As and Au contents and a higher
Pb–Sb–Co–Ni–Bi–Tl–Ag content; (2) thin, As-rich
(up to 5.3 wt %) and Au-rich (up to 0.012 wt %) halos;
G

(3) an outer thin zone, depleted in other elements,
with As up to 1.8 wt % and Au up to 30 ppm with
decreasing its content towards the grain edge to 6 ppm;
and (4) an outer porous zone, up to 20 μm thick, con-
taining less than 0.06 wt % As.

The classical case of “invisible” gold accumulation
in thin arsenic rims in pyrite is also known for the
Karlin-type deposits. Here, early pre-ore pyrite is
overgrown by ore pyrite enriched with trace elements,
including arsenic and gold (Palenik et al., 2004; Large
et al., 2009; Muntean et al., 2011; Gopon et al., 2019;
Large and Maslennikov, 2020; Liang et al., 2021).
Gold-bearing pyrite of the Mayskoe deposit differs
from “Karlin-type” pyrite in that the outer zones
enriched in gold and arsenic are depleted in other ele-
ments.

Relationships of Coexisting Gold-Bearing Sulphides
at the Mayskoe and Other Deposits with “Invisible” Gold

According to experimental data (Clark, 1966), the
pyrite–arsenopyrite paragenesis is stable in the tem-
perature range of about 200–491°С. Using the exam-
ple of a number of deposits in northeastern Russia, it
was established that associations with arsenopyrite are
formed at the temperature of not below 250 ± 50°С
(Tyukova and Voroshin, 2007). Based on our data, one
can assume that zone I in pyrite was formed before the
inflow of As- and Au-rich solutions into the ore-form-
ing system, while thin zones II of high-Au arsenic
pyrite of the Mayskoe deposit grew under conditions
of rapid crystallization with increasing temperature
and increasing As and Au contents. Arsenopyrite
began to crystallize at the end of growth of zone II; the
further growth occurred simultaneously with the zone
EOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025
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Fig. 10. (a) BSE image of the intergrowth of metacrystal pyrite (dark) with arsenopyrite (light); red arrow indicates the 5-μm elec-
tron probing profile shown in Fig. 10b; white dashed arrows indicate the position of laser ablation profiles at intervals (1–6) shown
in Figs. 10c and 10d.
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III of pyrite. The outer porous zones IV of pyrite,
which are significantly depleted in Au and As, were
probably formed at the post-ore stages.

When a certain temperature is reached, sulfuric
arsenopyrite with the highest Au content begins to
grow, while the gold in pyrite zone III decreases. As
has been established for many deposits and confirmed
empirically (Mumin et al., 1994; Fleet and Mumin,
1997; Morey et al., 2008; Sung et al., 2009; Cook et al.,
2013), under equilibrium crystallization of coexisting
pyrite and arsenopyrite, arsenopyrite will be charac-
terized by a higher gold content. Further, an abrupt
change in crystallization conditions is traced, as evi-
denced by indistinct growth zones in pyrite (Figs. 9–
11) and arsenopyrite (Fig. 4d), a change in the compo-
sition and orientation of growth of arsenopyrite, as
GEOLOGY OF ORE DEPOSITS  Vol. 67  No. 2  2025
well as cracks in the central sulfur zones (Fig. 7). Some
enrichment in As in the outer zones of arsenopyrite
and, on the contrary, depletion in As in the outer
zones and partial dissolution of pyrite may be due to
the increase in alkalinity of solutions (Kolonin et al.,
1988).

The following data on the composition and distri-
bution of trace elements were previously obtained for
the Olympiada and Kyuchus deposits of similar gold–
sulphide–antimony industrial type with “invisible”
gold in sulphides. According to the data of (Genkin
et al., 1994, 1998), the highest Au contents in the sul-
phides of the Olympiada deposit correspond to the As-
and Sb-depleted areas. Mössbauer spectroscopy
revealed both chemically bound and metallic forms of
gold in arsenopyrite. In (Sazonov et al., 2019; Sily-
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Fig. 11. On the left: BSE image of an intergrowth of pyrite metacrystal (dark) with arsenopyrite (light); on the right: the laser
ablation profile at intervals (1–3) is indicated by a white dashed arrow.
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anov, 2020; Silyanov et al., 2021), it was established
that arsenopyrite of the Olympiada deposit has a direct
Au–Fe correlation and an inverse Au–Sb and S/As–
Sb correlation. In addition, pyrite from the Olympiada
deposit is characterized by low As and Au contents.

The enrichment of the marginal parts of crystals of
both minerals in Au and As was established in zonal
arsenopyrite and pyrite of the Kyuchus deposit, but no
significant correlation between Au with other ele-
ments in the whole sample was identified (Sidorova
et al., 2022). It was noted that gold was concentrated
G

Fig. 12. Diagram of Au (in ppm) and As (wt %) contents in
pyrite of the Mayskoe deposit, based on EMPA and LA-
ICP-MS data.
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partially in sulphides during their growth, mainly in
acicular arsenopyrite. Another part of gold occurs in
fragments of carbonaceous–silicate matrix in cell and
sieve zones of pyrite and arsenopyrite together with a
group of elements (As–Sb–Tl–Hg–Pb–Bi–Ag–Cu–
Zn, etc.).

CONCLUSIONS
The regularities of behavior of trace elements and

“invisible” gold in gold-bearing sulphides from dis-
seminated ores of the Mayskoe deposit (Central Chu-
kotka) were established using modern precision meth-
ods. Based on the data obtained, the sequence of crys-
tallization and relationships of gold-bearing sulphides
at the main and most productive gold–sulphide stage
of the deposit formation were established.

Arsenopyrite from disseminated ores has a zonal
structure with more sulfurous central zone and more
arsenic outer zone, with maximum gold content (up to
0.47 wt %) in thin (5–10 μm) arsenic areas in the cen-
tral, more sulfurous, zones of crystals. The Au–Fe and
Au–Sb inverse correlation and Au–As direct correla-
tion were established for arsenopyrite.

Pyrite is characterized by a complex zonal structure
of xenomorphic aggregates with central “relict” zones
(with increased contents of trace elements (Pb, Sb,
Co, Ni, Bi, Tl, Ag, Zn, and low contents of As and Au)
and subsequent overgrow with more arsenic gold-
bearing pyrite (zones II, III). Zone II is characterized
by the development of thin aureoles with maximum As
(up to 5.3 wt %) and Au (up to 0. 012 wt %) contents.
The later zone, zone III, is in equilibrium with gold-
bearing arsenopyrite. Due to this, Au is mostly concen-
trated in the latter, and the Au content in zone-III in
pyrite does not exceed 30 ppm with uniform distribution
of Au and As.
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