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GEOLOGY OF ORE DEPOSITS
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Abstract—The results of study of the chemical and S isotopic composition of disseminated pyrite and arsen-
opyrite from metasomatites of the orogenic Malo-Taryn, Badran, Khangalas, V’yun, and Shumniy gold
deposits of the Yana—Kolyma metallogenic belt are presented. Pyrite and arsenopyrite are characterized by a
nonstoichiometric composition. Arsenopyrite is enriched in S (an As/S ratio of 0.77—0.99) and contains Sb,
Co, Ni, and Cu, the total amount of which is <0.15 wt %. Pyrite contains the same elements (up to 3.71 wt %
in total), as well as rare Pb, is depleted in S, and is enriched in As (up to 3.16 wt %). The Ni/Co ratio of pyrite
(10.0 > Ni/Co > 0.1) is typical of hydrothermal negatively charged pyrite with high conductivity (p-type). It
is suggested that the mode of occurrence of invisible Au™ in disseminated pyrite and arsenopyrite is mostly
isomorphic structurally bounded. The 8%*S values of sulfides of the studied deposits range from —6.4 to
+5.6%o0, which is characteristic of juvenile/magmatic S sources.
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INTRODUCTION

A significant (often, most) part of gold is invisible
in disseminated pyrite and arsenopyrite of proximal
sericite—chlorite—carbonate—quartz metasomatites at
large orogenic gold deposits (OGDs) of the Yana—
Kolyma metallogenic belt (YKMB) [1—4]. The study
of isotopic-geochemical characteristics of sulfides
from metasomatites allows better understanding of
ore-forming processes and the formation of gold min-
eralization, which is critically important for the re-
estimation of the resource potential of known deposits
and preparation of programs of searching for large
deposits in the YKMB. Here we present the results of
studies of the chemical composition and S isotopy of
pyrite and arsenopyrite of the Tithonian—Valanginian
OGDs of the YKMB. The Malo-Taryn, Badran, and
Khangalas deposits are hosted in the Upper Permian—
Triassic sedimentary sequences, and the V’yun and
Shumniy deposits are associated with the Late Jurassic
dikes (151—145 Ma, zircon, U—Pb SHRIMP-II [5])
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of trachibasalts, andesites, trachiandesites, dacites,
and granodiorites of complex of small intrusions and
their exocontacts zones (Fig. 1).

The position of the deposits is controlled by the
Adycha—Taryn (Malo-Taryn deposit), Mugurdakh—
Selirikan (Badran deposit), Charky—Indigirka (V’yun
and Shumniy deposits), and Chai—Yurei (Khangalas
deposit) regional faults (Fig. 1). Several mineral
assemblages are recognized in vein and disseminated
ore bodies: metasomatic pyrite—arsenopyrite—quartz,
vein pyrite—arsenopyrite—quartz, gold—polysulfide—
quartz, and sulfosalt—carbonate [6]. Our studies [3, 4]
and works [2, 7] beyond the known ore bodies and
metasomatites of the YKMB OGDs revealed diage-
netic (Pyl), metamorphic (Py2), and metasomatic
(Py3) pyrite and metasomatic arsenopyrite (Apyl).

MATERIALS AND ANALYTICAL METHODS

Samples for mineralogical—geochemical and iso-
topic—geochemical studies were collected from out-
crops and surface/underground mines in various areas
of the Malo-Taryn, Badran, Khangalas, V’yun, and
Shumniy deposits. The polished sections (74 in total)
and grains in epoxy resin (100 sulfide grains in ten pol-
ished sections) were prepared for mineralogical,
microtextural, and geochemical studies of dissemi-
nated sulfide mineralization. The chemical composi-
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Fig. 1. Scheme of the geological structure of the central part of the Yana—Kolyma metallogenic belt and the position of the stud-
ied deposits. Faults: MS, Mugurdakh—Selirikan; AT, Adycha—Taryn; ChYu, Chai—Yurei; Chl, Charky—Indigirka; D, Darpir;

Ch, Chibagalakh.

tion of pyrite and arsenopyrite was analyzed at the
Department of Physicochemical Analytical Methods
of the Diamond and Precious Metal Geology Insti-
tute, Siberian Branch, Russian Academy of Sciences
(DPMGI SB RAS, Yakutsk, Russia). The chemical
composition of pyrite (281 analyses) and arsenopyrite
(94 analyses) was measured by profiles using electron
microprobe analysis (EMPA) on a Camebax-Micro
microprobe (Cameca, Courbevoie, France). The Au
contents of >2 ppm were determined in powder
monomineral samples using atomic-absorption spec-
trometry (AAS) with electrothermal dispersion on a
MGA-1000 spectrometer (LYUMEKS, Russia). The
S isotopic composition (8**S) of 57 sulfide samples

DOKLADY EARTH SCIENCES

Vol. 507  Suppl. 2

was determined using local and bulk methods in the
Laboratory of Stable Isotopes of the Center for Col-
lective Use of the Far East Geological Institute, Far
East Branch, Russian Academy of Sciences (FEGI
FEB RAS, Vladivostok, Russia) following standard
methods published in [3, 4]. The 6**S values (%o) are
given relative to the VCDT international standard. The
accuracy of the analysis of S isotopic composition was
10.20%o (106).

RESULTS AND DISCUSSION

The Au-bearing (up to 159.5 ppm) Py3 and Apyl,
the amount of which reaches 4—6%, are the major ore
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minerals of proximal sericite—chlorite—carbonate—
quartz metasomatites of the studied deposits. Py3 has
a cubic and pentagondodecahedral form and zoned
structure [3]. Apyl has a short-prismatic and pseu-
dopyramidal form. The size of the crystals varies from
a few to 1.0—1.5 mm (rarely, up to 2—3 mm); the dikes
contain metacrystals up to 5 mm in size.

Py3 contains As, Co, Ni, Cu, and rare Sb and Pb;
the content of other trace elements is below the EMPA
detection limits (Fig. 2a). In Py3 from terrigenous
sequences, As is the main trace element (0.31—-3.16 wt %)
and most analyzed grains (68%) contain 0.5—1.5 wt % As.
Pyrite from dikes has the most variable As content:
from As-free to 2.03 wt % As (Shumniy deposit)
(Fig. 2a). The total content of other trace elements
varies from 0.01 to 0.55 wt %, but pyrite grains with a
total Co, Ni, Cu, Sb, and Pb content of <0.15 wt % are
dominant. The distribution of trace element contents
in Py3 from terrigenous rocks and dikes is comparable
in some specific features (Fig. 2a). Py3 from the
Badran deposit has a higher Sb content (up to 0.21 wt %);
the Sb content in Py3 of the Malo-Taryn deposit is
below the detection limit (Fig. 2a); Py3 of the Khan-
galas deposit contains up to 0.11 wt % Pb. Some pyrite
crystals from dikes of the V’yun and Shumniy deposits
exhibit higher contents of Sb (0.12 wt %), Cu (up to
2.31 wt %), and Ni (up to 3.52 wt %). Py3 from dikes
has a negative correlation for Fe?* — Co?" and Fe?* —
Ni*" (r=—0.7 to —0.9). Py3 is characterized by zoned
As distribution with central (up to 3.07 wt %), inter-
mediate (<2.0 wt %), and marginal (up to 2.20 wt %)
zones. The Co and Ni contents can vary significantly
within one grain. The higher Co and Ni contents (up
to 0.22 and 0.46 wt %) are determined in the central
and marginal parts of the crystals, respectively. The
empirical formula of Py3 from the studied OGDs is

Feg.95-1.08(Nig.0-0.01C00.0-0.01)S1.95-2.00480.01-0.05-

Trace elements in sulfides can occur in isomorphic
structural-bounded mode and in the form of native
nano-/microinclusions [8]. Py3 from the deposits in
terrigenous sequences (Malo-Taryn, Badran, Khanga-
las) and deposits in dikes (V’yun, Shumny) has a non-
stoichiometric composition (63% of analyses Fe/S +
As#0.5,S/Fe = 2.00). The S/Fe ratio varies widely in
the deposits (V’yun S/Fe = 1.87—2.04; Badran S/Fe =
1.88—2.09). The composition of Py3 differs from the
calculated values (46.547 wt % Fe and 53.453 wt % S)
indicating the presence of vacant positions in its struc-
ture, which are occupied by trace elements. In most
analyses, pyrite is depleted in S, the deficit of which is
compensated by As'~, but As in a crystal lattice can
replace Fe (As?>* and As*") or occurs as nanoinclusions
(As?). Cobalt, Ni, Cu, Sb, and Pb (Me?") in pyrite iso-
morphically replace Fe [9]. The As—Fe—S diagram
demonstrates the possible scenarios of incorporation
of trace elements in the pyrite structure (Fig. 2b). This
is the most striking for the S—As couple: higher As
contents are typical of the S-deficient pyrite: the S—As
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correlation for the entire sampling is —0.68 increasing
in some objects (—0.77 at the Malo-Taryn deposit and
—0.80 at the V’yun deposit). The correlations among
Fe, S, and other trace elements vary and are mostly
typical of the Malo-Taryn (S—Cu correlation of —0.54)
and Shumniy (Fe—Cu correlation of —0.65) deposits.

The variable negative correlations between Co, Ni,
and Fe are observed in Py3 of the OGDs in terrige-
nous sequences (Malo-Taryn, Badran, Khangalas)
and dikes (V’yun, Shumniy): from weak (r = —0.3 to
—0.5) to moderate (= —0.65). The Ni/Co ratio of Py3
widely varies (0.1—19.1), but the Co contents are
higher than the Ni contents in most cases, and 90% of
analyses exhibit 10.0 > Ni/Co > 0.1, which is typical of
hydrothermal negatively charged pyrite with high con-
ductivity (p-type) [11] (Fig. 2d). The Co-poor Py3
with a Co—Au negative correlation is highly auriferous
(Fig. 2e).

The Au content of Py3 varies from 0.3 to 159.5 ppm
(Fig. 3a). Observations of microinclusions of native
gold are few in number (Khangalas deposit) [4]. The
As content is most informative for the assessment of
the gold potential of pyrite. The change in the deport-
ment and the content of As in pyrite of gold deposits
reflects the evolution of a hydrothermal system. The
high Au—As correlation (up to 0.9) is determined for
Py3 (Fig. 3b). In the Au—As correlation plot for Py3,
the studied deposits are located below the Au satura-
tion line: C,, = 0.02 X C,, + 4 X 107> (Fig. 2¢) [8].
This indirectly indicates the predominance of the
structurally bounded deportment of invisible gold
in Py3.

Both Apyl and Py3 contain Sb, Co, Ni, and Cu,
whereas the content of other trace elements is below
the EMPA detection limit (Fig. 4a). Their total con-
tent varies weakly, but in most grains is no more than
0.15 wt %. The content of some elements is unstable
and individual for different objects. Antimony is the
main trace element of Apy3 (Fig. 4a). At the Malo-
Taryn deposit, Sb comprises 60% of the total amount
of trace elements reaching, on average, 85% in Apy3
from dikes and 1.03—1.80 wt % in some samples. The
amount of Co is 30—45% of the total amount of trace
elements. The Co content of Apyl from dikes of the
V’yun deposit is 0.01—0.06 wt %, whereas the Co con-
tent of terrigenous rocks is below the EMPA detection
limit. Nickel (0.01—0.30 wt %) and Co (0.01—0.04 wt %)
are measured in 65% of the grains analyzed. Apy1 has
a nonstoichiometric composition (Fe/S + As # 0.5 in
72% of analyses) and is typically enriched in S
(As/S ratio 0f 0.77—0.99) (Fig. 4b). Apy1 of the Malo-
Taryn deposit is most stoichiometric. The main iso-
morphic substitutions in Apyl follow the scheme of
S — As'™ (r = 0.92-0.99) and Fe?"(Fe’") —
As?T(AS*") (r = 0.65—0.84). The trace elements in
Apyl1 (Sb, Co, Ni, Cu) can occur as anion and cation
vacant positions in the crystal structure and their dis-
tribution in arsenopyrite is more ordered than in
Vol. 507
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pyrite. The weak and moderate negative correlations tent of Apyl of the studied deposits reaches 126.3 ppm
are dominant for the main and trace elements. The (Fig. 3a).

As—Sb correlation is the strongest (» = —0.45 to —0.61).

One of the possible reasons for the variable S, As,

Arsenopyrite with a nonstoichiometric composition  and Fe contents of Apy! of the studied deposits could
and S excess is typically auriferous [12]. The Au con- be related to the heterogeneous temperature field of
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Table 1. S isotopic composition of pyrite and arsenopyrite from metasomatites of the studied deposits of the YKMB

Deposit Mineral Rock d**Syepr, %o n Source
Malo-Taryn | Arsenopyrite | Sandstones, siltstones —1.6;—-14 2 | This work
Pyrite —5.5;-2.3;14 3
Badran* Arsenopyrite | Sandstones, siltstones —1.1/-0.6; —0.7/-0.8; 18 | Fridovsky et al., 2022
—0.5/—-0.2; —0.4/—0.3;
—0.4/0.1; —0.3/-0.3
-0.3/-0.2;0.0/—0.3;0.3/0.3
Pyrite —0.7/1.4; -0.5/1.0; —0.2/—0.3; | 24
0.1/1.8;0.4/1.6; 0.5/1.8;
0.6/1.9;0.8/1.1; 1.0/1.2; 1.0/0.7;
1.1/1.0;1.5/1.5
Khangalas Arsenopyrite | Sandstones, siltstones =2.1; —1.4; —1.2; —1.1 4 | Kudrin et al., 2021 and
Pyrite —1.9; —1.5; —1.5; —1.3; —0.8; 7 | this work
—1.0; —0.6
V’yun Arsenopyrite | Sandstones, siltstones 4.4 1 This work
Pyrite 2.3;3.7;4.4;5.6 4
Pyrite Dikes —6.4;—-4.7,—4.6;—19;3.1;3.1| 6
Shumniy Pyrite Sandstones, siltstones 4.3;5.0 2 | This work
Dikes 2.1;2.4;2.5;4.8; 5.1 5

* The values of the S isotopic composition of pyrite and arsenopyrite for the Badran deposit, which are determined by local methods of
measurements at the periphery (denominator) and center (numerator) of the grains..

the mineral crystallization, which was also noted for
the Blagodatnoe and Olimpiada deposits of the Yeni-
sei Ridge [13]. In the correlation plot with the Au sat-
uration line after [10], the average As and Au contents
of Apyl, as well as Py3, are located in the field of iso-
morphically structural-bounded Au™ in Apyl.

The studies of the S isotopic composition provide
data on the S sources of ore fluids, which is important
for understanding the genesis of ore deposits [14—16].
The &%**S value depends on the involvement of various
reservoirs in the formation of ores, variations in phys-
icochemical parameters during the evolution of the
ore-forming systems and other factors [16, 17]. The
84S values of Py3 of the Malo-Taryn deposit vary
from —5.5 to +1.4%o; the 3**S values of Apyl are —1.6
and —1.4%o (Table 1). At the Badran deposit, the &S
values of Py3 and Apyl sampled at different depths
(from 587 to 916 m) have a narrow range from —1.1 to
+1.9%0. The mostly variable 8°*S values are deter-
mined for Py3 (from —0.7 to +1.9%o0); the 8°*S values
of Apy1 vary from —1.1 to +0.3%eo.

The S isotopic composition of sulfides from
metasomatites of the Khangalas deposit has a narrow
range from —2.1 to —0.6%o0: —1.9 to —0.6%o0 for Py3
and —2.1 to —1.1%o for Apyl. A heterogeneous S iso-
topic composition of sulfides is detected at the V’yun
deposit. The highest variations in 8°*S values are
determined for Py3 of dikes (from —6.4 to +3.1%o).
The 6*S values of sulfides from terrigenous rocks are
+2.3 to +5.6%o for Py3 and +4.4%o for Apy. The 6°*S
values of Py3 from the Shumniy deposit are positive
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from +2.1 to +5.1%0. The &*S values of Py3 from
sandstones and dikes vary from +4.3 to +5.0%0 and
from +2.1 to +5.1%o.

The S isotopic composition of sulfides of the stud-
ied deposits generally ranges from —6.4 to +5.6%o (the
average 6>*S values for Apy1 and Py3 from terrigenous
rocks are —0.4 and +0.8%o, respectively; the average
8%S values of Py3 from dikes are +0.5%0) (Table 1).
These data are in agreement with the results of Gamy-
anin et al. [6] for sulfides from vein ores of the OGDs
of the western part of the YKMB; however, the 63*S
values of sulfides are slightly heavier than from gold—
quartz veins of the eastern part of the YK MB (the aver-
age %S values for Apy and Py are —3.9 and —4.4%o,
respectively) [17]. The similar S isotopic composition
of arsenopyrite and pyrite of quartz veins [4, 6] and dis-
seminated ores can indicate their formation during
one homogenous evolving hydrothermal event.

CONCLUSIONS

The nonstoichiometric composition of Apyl and
Py3 from proximal metasomatites of the Malo-Taryn,
Badran, Khangalas, V’yun, and Shumniy orogenic
gold deposits of the Yana—Kolyma metallogenic belt
indicates the presence of vacant positions in the crystal
structure, which are filled by trace elements and struc-
turally bounded invisible Au*. Apyl is enriched in S
(As/S ratio from 0.77 to 0.99) and contains Sb, Co, Ni,
and Cu (a total content of no more than 0.15%).
Py3 contains the same elements (total content of up to
3.71 wt %), rarely Pb, is depleted in S, and is enriched
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in As (up to 3.16 wt %). The Ni/Co ratio of Py3 (10.0 >
Ni/Co > 0.1) is typical of hydrothermal negatively
charged pyrite with high conductivity (p-type). The
range of 6**S values for Apyl and Py3 of —6.4 to
+5.6%o can indicate the involvement of juvenile/mag-
matic sources in ore formation, but does not exclude
the contribution of S to the mineral-forming fluid
from sedimentary rocks of orogenic gold deposits of
the western part of the YKMB.
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