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A B S T R A C T

The Dzuunmod area located in the North Khentii Gold belt (NKGB) of northern Mongolia includes lode gold
deposits such as Gatsuurt, Sujigtei and Boroo with several minor gold deposits and occurrences. They show
similar hydrothermal alteration assemblages (sericitic, siliceous and potassic) and ore mineral assemblages
(pyrite and arsenopyrite with minor amount of galena, sphalerite and chalcopyrite). Gold occurs as native form
and invisible gold in pyrite and arsenopyrite. The major sulfide minerals are separated into earlier non-aur-
iferous stage and later auriferous grains containing invisible gold. Native gold postdates the major sulfide mi-
neralization.

Gold and arsenic content of pyrite grains indicates that gold exists mainly as solid solution form (Au+1) in the
Gatsuurt and Boroo deposit whereas gold nanoparticle (Au0) is present in the Sujigtei deposit. High Co/Ni and
Mo/Ni ratios of pyrite grain suggest a post-sedimentary or hydrothermal origin and the ore-forming fluid was
significantly affected by fluid-host rock interactions during mineralization processes.

Large variation of δ34S values of pyrite and arsenopyrite from−2.6‰ to 17.2‰ indicates that sulfur seems to
be mainly derived from a source with heterogeneous sulfur isotope composition, even though the role of
magmatic sulfur as one of possible sulfur sources cannot be ruled out. Consistent with geological evidence,
relatively positive δ34S values suggest that sulfidation plays an important role for gold and sulfide precipitation.
The calculated δ18O values of hydrothermal fluid from the measured δ18O values of quartz samples (from 14.7‰
to 17.7‰) indicate a metamorphic derivation of ore-forming fluid.

Gold mineralization processes in the Dzuunmod area seem to occur several times by multiple input of hy-
drothermal fluid and fluid-host rock interactions. The gold deposits in the Dzuunmod area are considered to be
orogenic gold type influenced by fluid-host rock interactions in the deposit area.

1. Introduction

Orogenic gold deposit is one of main gold sources in the world and
widely distributed in a long time range from Phanerozoic orogenic belts
to Precambrian cratons (Goldfarb et al., 2001). It had been considered
that they show consistent geological and geochemical characteristics
including host rocks, alteration assemblages, fluid inclusion composi-
tion and oxygen isotope composition (Goldfarb et al., 2001 and refer-
ences therein). An alteration assemblage of sericite, quartz, sulfide ±
carbonate in greenschist-facies host rocks, low-salinity, CO2-rich fluid
and restricted range of δ18O values (see the Samples and analytical

method section for definition of notation) had been regarded as typical
characteristics of this deposit type (Goldfarb et al., 2001, 2005).
However, with an accumulation of recent studies on the orogenic gold
deposits, there seem to be many uncertainties to interpret the fluid and
metal sources mainly attributed to complicate geological settings of the
orogenic gold deposit (Goldfarb and Groves, 2015 and references
therein).

The trace element geochemistry of sulfide grains such as pyrite and
arsenopyrite from various ore deposits is able to provide a valuable
information about fluid and metal sources in the deposit area as well as
in the source area (e.g., Clark et al., 2004; Koglin et al., 2010; Zhu et al.,
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2011; Li et al., 2014; Niu et al., 2016; Yuan et al., 2018; Zhang et al.,
2018). Trace element contents such as arsenic (As), cobalt (Co), nickel
(Ni) and molybdenum (Mo) and their ratios like Co/Ni and Mo/Ni have
been utilized to constrain the source characteristics and change of fluid
composition during ore-forming processes in the gold deposit (Su et al.,
2008; Sung et al., 2009; Yuan et al., 2018; Zhang et al., 2018). Espe-
cially, the As and gold (Au) content in the auriferous pyrite and ar-
senopyrite can be an useful indicator of gold occurrence form, esti-
mated by an empirical gold solubility line as a function of As content
(Reich et al., 2005).

Stable isotope measurement such as sulfur and oxygen has been
pervasively applied to trace the fluid and sulfur sources and to under-
stand the ore-forming processes in orogenic gold deposits for many
decades (Kerrich, 1987, 1989; Nesbitt, 1991; Goldfarb and Groves,
2015). Most studies reported a narrow δ18O range of auriferous hy-
drothermal fluids from 5‰ to 15‰ in the orogenic gold deposits
(Kerrich, 1987; Bierlein and Crowe, 2000; Ding et al., 2016; Zhang
et al., 2018). The δ18O values of ore-forming fluid can be calculated
from the δ18O values of auriferous quartz vein and mineralization
temperature estimated by fluid inclusion data (Vallance et al., 2004;
Goldfarb and Groves, 2015; Wen et al., 2015; Hoefs, 2018) and/or ar-
senopyrite geothermometry (e.g., Koh et al., 1992; Zoheir, 2008; Deng
et al., 2017). The uniform oxygen isotope composition of fluid favor-
ably suggests the origination of ore-forming fluid from metamorphic
devolatilization at depth (Goldfarb et al., 2005).

The S isotope ratio (34S/32S) of sulfide minerals in various ore de-
posits is indicative of the sulfur sources and the ore-forming processes
(Ohmoto and Rye, 1979; Taylor, 1987; Rye, 2005; Seal, 2006). Espe-
cially, because it has been broadly accepted that gold is transported as
bisulfide complexes in hydrothermal fluid under moderate salinities
and temperature (e.g., Pokrovski et al., 2015), the δ34S values accom-
panied with trace element composition of sulfides can be used to un-
derstand gold mineralization processes and to identify the sulfur
sources in orogenic gold deposits (e.g., Hou et al., 2016; Ward et al.,

2017; Yuan et al., 2018). The δ34S values in in the orogenic gold deposit
show an extremely large variation from −20‰ to 25‰ (Palin and Xu,
2000; Chang et al., 2008; Neumayr et al., 2008; Hodkiewicz et al.,
2009; Ward et al., 2017; Xu et al., 2017; LaFlamme et al., 2018b; Ma
et al., 2018; Yuan et al., 2018; Zhang et al., 2018). Ridley and Diamond
(2000) argued that the δ34S values of sulfide minerals in orogenic gold
deposits reflect the evolution of sulfur isotope composition of sulfur
species during transportation within hydrothermal fluid. This implies
that the broad range of the δ34S values in the orogenic deposits has been
caused by not only multiple sources (e.g., Goldfarb et al., 2005;
Goldfarb and Groves, 2015), but gold precipitation mechanisms such as
fluid-rock interaction (e.g., Palin and Xu, 2000; Evans et al., 2006;
Ward et al., 2017), phase separation by rapid pressure changes (e.g.,
Hodkiewicz et al., 2009), fluid mixing (e.g., LaFlamme et al., 2018a)
and/or input of granitic magma (e.g., Neumayr et al., 2008; Hou et al.,
2016).

The North Khentii Gold Belt (NKGB) is located in the Haraa terrane,
northern Mongolia within the Mongol-Okhotsk orogenic belt and in-
cludes many lode and placer gold deposits with long history of gold
production (Kampe and Gottesmann, 1966; Tumur et al., 1995; Gerel
et al., 1999). The lode gold deposits contain Gatsuurt, Sujigtei, Boroo,
Ereen and Ulaanbulag deposit with several gold occurrences such as
Balj, Biluut, Urt and Baavgait (Dejidmaa, 1996), compiled to the
Dzuunmod area. The Boroo and the Gatsuurt deposit have been esti-
mated to have large tonnage, which is more than 50 Au tons, whereas
the other deposits are lack of economic significance (Dejidmaa, 1996;
Gerel et al., 1999). These deposits have been described to show similar
geological and geochemical characteristics such as host rocks, altera-
tion assemblages, mineralization types by several previous studies,
classified as an orogenic gold deposit (Kampe and Gottesmann, 1966;
Tumur et al., 1995; Cluer et al., 2005; Hendry et al., 2006; Goldfarb
et al., 2014; Khishgee et al., 2014; Khishgee and Akasaka, 2015).
Compared to mineralogical and petrological studies, there have been
few researches about stable isotope compositions of the Dzuunmod

Fig. 1. Distribution of the Late Paleozoic to Early Mesozoic batholiths and belts in Mongolia and Russia (modified from Donskaya et al., 2013).

Y. Kim, et al. Ore Geology Reviews 118 (2020) 103213

2



area.
Here, we reported the trace element composition of auriferous

pyrite and arsenopyrite, δ34S values of sulfide minerals, and δ18O values
of the quartz grains with mineralogical and petrological observation of
ore and gangue minerals (1) to identify the geological and geochemical
features of the deposit, (2) to constrain the fluid and sulfur sources
related to the gold mineralization, and (3) to understand the ore-
forming processes in the Dzuunmod area.

2. Geological setting

2.1. Regional geological setting

Central Asian Orogenic Belt (CAOB) is one of the largest orogenic
accretionary complexes on Earth and contains lots of Phanerozoic
orogenic gold deposits (Yakubchuk et al., 2005; Goldfarb et al., 2014).
Mongol-Okhotsk orogenic belt (or suture), part of the CAOB, was lo-
cated among Siberian Craton and several granitoid batholiths in Late
Paleozoic to Early Mesozoic period (Fig. 1) (e.g., Zorin, 1999; Parfenov
et al., 2001; Badarch et al., 2002). Even though there have been still
some debates on the formation and closure time of the Mongol-Okhotsk
Ocean, its development was linked to the tectonic evolution of North
and Central Mongolia (Şengör et al., 1993; Sengor and Natal'In, 1996;
Zorin, 1999; Parfenov et al., 2001; Tomurtogoo et al., 2005; Bussien
et al., 2011; Donskaya et al., 2013).

The Khangai-Khentii basin in the north-central Mongolia was the
part of the Mongol-Okhotsk Ocean and separated by a northwest fault
system into Khangai basin in the west and Khentii basin in the east
(Fig. 2) (Zonenshain et al., 1990; Sengor and Natal'In, 1996; Badarch
et al., 2002; Kelty et al., 2008). It mainly consists of Devonian to Car-
boniferous turbidite sequence intruded by Mesozoic igneous rocks

(Badarch et al., 2002; Tomurtogoo et al., 2005; Kelty et al., 2008). In
the northern range of the Khentii basin, the Haraa terrane bounded by
the Yeroogol and the Bayangol fault systems occurs (Fig. 2). The terrane
was forearc/backarc basin and mostly consists of Middle-Late Cambrian
to Early Ordovician greenschist metasedimentary rocks such as sand-
stone, siltstone, argillite, phyllite, schist with minor amount of con-
glomerate and tuff, which is intruded by Ordovician to Devonian ig-
neous rocks (Kampe and Gottesmann, 1966; Tumur et al., 1995;
Badarch et al., 2002).

The NKGB is hosted within the Haraa terrane (Fig. 2) and con-
sidered to form during the closure of the Mongol-Okhotsk Ocean during
Mesozoic period (Cluer et al., 2005). The NKGB is bounded by two left-
lateral fault systems, which is the Bayangol fault in the northwest and
Yeroogol fault system in the southeast with SW-NE trending (Fig. 2).
Four major lithological units comprise the NKGB (Tumur et al., 1995;
Kotlyar et al., 1998; Gerel et al., 1999; Cluer et al., 2005; Hendry et al.,
2006): (1) Late Proterozoic to Early Paleozoic metasedimentary rocks of
the Yeroo Group (greenschist metamorphic rocks) and Haraa Group
(sandstone, shale, siltstone, conglomerate, phyllite and schist) and late
Ordovician Boroogol Complex (granitoids); (2) Dzuunmod subvolcanic
Complex (rhyolite porphyry, tuffaceous andesite lava and breccia) and
sedimentary rocks (shale, sandstone and conglomerate); (3) Late
Triassic to Early Jurassic granite Complex; and (4) Late Mesozoic coal-
bearing sedimentary rocks and conglomerates.

2.2. Geological setting of Dzuunmod area

In the Dzuunmod area, Middle to Late Cambrian Haraa Group,
Middle to Late Ordovician Boroogol Complex and Early Ordovician
Dzuunmod subvolcanic Complex are widely distributed, hosting most
gold deposits (Fig. 3) (Tumur et al., 1995; Kotlyar et al., 1999; Cluer

Fig. 2. Simplified tectonostratigraphic map of Mongolia (modified after Badarch et al., 2002; Bussien et al., 2011).
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et al., 2005; Hendry et al., 2006). The Boroogol Complex is subdivided
into three phases: medium grained gabbro, diorite and quartz-diorite
(Phase I), medium-coarse grained granodiorite (Phase II), and medium-
coarse grained granite and leucogranite (Phase III). Semi-circular
Dzuunmod subvolcanic Complex is usually bounded with other rocks by
faults (Fig. 3) and composed of rhyolite, rhyolite porphyry and tuff
breccia (Kampe and Gottesmann, 1966; Tumur et al., 1995; Kotlyar
et al., 1999). The metasedimentary rocks (calcareous sandstone, silt-
stone and slate) of the Middle-Late Cambrian to Early Ordovician Haraa
Group was intruded by multiple phases of the Middle to Late Ordovi-
cian Boroogol Complex (Kampe and Gottesmann, 1966; Tumur et al.,
1995; Cluer et al., 2005; Hendry et al., 2006). Volcanic rocks of Early
Ordovician Ulaan-Undur formation are located in north and north-west
Dzuunmod area (Tumur et al., 1995). Small intrusive bodies and dykes
including unaltered medium-grained leucogranite, monzodiorite and
diorite occur in the central part of the Dzuunmod area (Tumur et al.,
1995), which is cut by Dzuunmod subvolcanic Complex (Altanzul et al.,

2018). Early to Middle Devonian Ajnai Formation is composed of se-
dimentary rocks such as sandstone, conglomerate and siltstone (Tumur
et al., 1995). The Ajnai Formation is bounded with the Ulaan-Undur
Formation on the northern side of the Dzuunmod subvolcanic Complex
(Fig. 3). Quaternary alluvial, deluvial and proluvial sediments are
widely distributed on the valleys and its tributaries in the Dzuunmod
area (Fig. 3).

Gold deposits in the Dzuunmod area are located along the NE-
trending fault (Tumur et al., 1995; Cluer et al., 2005; Hendry et al.,
2006). The Gatsuurt and the Sujigtei deposit in the Dzuunmod area are
located on the Sujigtei fault (Fig. 3), which is a branch of the Yeroogol
fault system. The Sujigtei fault, high-angle fault (oriented 40°) with NE-
trending, is a boundary between the Dzuunmod subvolcanic Complex
and the Boroogol Complex (Kampe and Gottesmann, 1966; Tumur
et al., 1995; Altanzul et al., 2018). Displacement along the fault seems
to be 800m with the left-lateral movement. Because tectonic clay (or
fault gouge) and clay-mylonitic alteration zone is very narrow, the

Fig. 3. Geological map of the North Khentii Gold Belt (NKGB) in northern Mongolia and the distribution of major lode deposit in the area (modified from Khishgee
and Akasaka, 2015). The age of Dzuunmod subvolcanic Complex is still controversial. See the text for detail.
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Sujigtei fault is suggestive to play a second or higher order role in the
fault system relative to the Yeroogol fault (Hendry et al., 2006).
However, the Sujigtei fault and parallel faults are one of major struc-
tural elements controlling the distribution of gold mineralization in the
Gatsuurt and Sujigtei deposit (Altanzul et al., 2018). The Boroo deposit
is also controlled by NE-trending thrust fault, called as Boroo fault and
mainly hosted by the Haraa Group and Boroogol Complex (Cluer et al.,
2005; Khishgee and Akasaka, 2015). Ore zones extend along the thrust
fault system (Cluer et al., 2005; Khishgee and Akasaka, 2015).

2.3. Ages of the deposits in the Dzuunmod area

The U-Pb isotope compositions of zircon grains from five samples in
Dzuunmod area were measured by SHIRMP (Altanzul et al., 2018). A
weighted mean of 206Pb/238U concordant age is 476.2 ± 3.0Ma
(granite), 473.1 ± 3.8Ma (diorite porphyry), and 471.4 ± 2.7Ma
(granite) in the Gatsuurt deposit and 467.0 ± 3.8Ma (diorite) and
464.6 ± 4.9Ma (granodiorite) in the Ulaanbulag deposit. First three
and the other ages are corresponding to early and middle Ordovician,
respectively. The U-Pb ages of the Gatsuurt deposit area are slightly
older than those of the Ulaanbulag deposit area, although the error
range (1σ) of them overlaps. This means that there is small but distinct
difference of intrusion timing between the Gatsuurt and Ulaanbulag
deposit area. Previous study on the U-Pb age dating of ore-bearing
granite in the Boroo deposit reported 452.2 ± 3.9Ma and
441.9 ± 6.6Ma U-Pb age of zircon, corresponding to the late Ordovi-
cian period (Hou et al., 2010). These slightly younger U-Pb ages in-
dicate that the intrusion of the Boroogol Complex seems to occur about
20–30Ma earlier in the Boroo deposit area than Gatsuurt and Ulaan-
bulag deposit area.

It is suggested that there was temporal variation of the intrusion
timing of the Boroogol Complex in the Dzuunmod area. In the study
area, the Gatsuurt and the Boroo deposit are located in the most
southeastern and northwestern part, whereas the Ulaanbulag deposit is
positioned in the middle of them (Fig. 3). The U-Pb age of zircon grains
is getting younger toward from the Gatsuurt deposit of the early Or-
dovician to the Boroo deposit area in the late Ordovician. This indicates
that the Boroogol Complex intruded earlier in the Gatsuurt deposit area
and occurred in the Ulaanbulag and the Boroo deposit area succes-
sively.

In contrast to the consistent age of Boroogol Complex, the absolute
age of the Dzuunmod subvolcanic Complex such as rhyolite and rhyo-
lite porphyry is still controversial. Earlier studies reported the K-Ar ages
of rhyolite porphyry in the Dzuunmod area as 295 ± 20Ma for whole
rock and 305 ± 30Ma for biotite (Kampe and Gottesmann, 1966).
Also, Baasandolgor (2003) reported the Rb-Sr whole rock age of
288.4 ± 14Ma for rhyolite porphyry in the Dzuunmod area, which is
corresponding to Early Permian. However, several recent studies re-
ported quite different U-Pb zircon age of rhyolite porphyry, diorite
porphyry and granite samples in the Dzuunmod area (Khishgee, 2015;
Onon and Tsukada, 2017), which is mostly corresponding to Ordovi-
cian. The U-Pb zircon ages of rhyolite porphyry are 485.5 ± 4.8Ma
(Khasmaral, unpublished data), and from 424 ± 18Ma to
542 ± 16Ma (Onon and Tsukada, 2017). Except two end values
(424 ± 18Ma and 542 ± 16Ma), a weighted mean of 206Pb/238U
concordant age of the other seven analyses is 457.1 ± 6.9Ma (Onon
and Tsukada, 2017). The U-Pb zircon age of diorite porphyry reported
by Khishgee (2015) is 465.4 ± 3.0Ma. Also, Altanzul et al. (2018)
reported the U-Pb zircon ages of diorite porphyry dike
(473.1 ± 3.8Ma) and small stock granite (475.2 ± 6.1Ma) cut by the
Dzuunmod subvolcanic Complex. Even though the measured U-Pb
zircon age of small stock granite is slightly deviated (MSWD=5.5),
these analyses results with geological relationship indicate the Early
Ordovician age of the Dzuunmod subvolcanic Complex (Altanzul et al.,
2018)

Cluer et al. (2005) reported the 40Ar/39Ar age dating results of

hydrothermal alteration minerals such as sericite and muscovite in the
Gatsuurt and the Boroo deposit. The 40Ar/39Ar age of the Gatsuurt
deposit is ca. 178Ma corresponding to early Jurassic, while the mi-
neralization age of the Boroo deposit range from 208.3 ± 1.9Ma to
186.2 ± 1.6Ma of late Triassic to early Jurassic period (Cluer et al.,
2005). Because the mineralization of gold is related to the hydro-
thermal alteration (e.g., sericitic alteration) in the study area, it seems
to interpret that the hydrothermal alteration age represents the mi-
neralization age. Therefore, the intrusion of the Boroogol Complex and
gold mineralization event occurred in the significantly different period,
indicating that the completely different tectonic or geological events
were related to the intrusion and mineralization processes.

3. Samples and analytical methods

More than 100 ore and host rocks samples were collected from the
drill core for microscopic observation, trace element and stable isotope
analysis. Representative polished ore sections and thin sections were
made for mineral identification by microscope and Electron Probe
Micro Analyzer (EPMA). Sulfide and quartz grains were separated from
the crushed rock samples by hand-picking method for sulfur and oxygen
isotope analysis.

Trace element composition of ore minerals was analyzed by EPMA
(JEOL, JXA-8530F PLUS) in the Center for research facilities of
Gyeongsang National University, Korea. Accelerating voltages were
15 kV and beam size was 5 μm.

The sulfide minerals were prepared as a powder and put into a
3.5×5mm tin-foil cup. The combustion was conducted in the tube
packed with reagent materials of quartz wool, quartz chips and ultra-
high purity Cu wire under the 1030 °C in the Elemental Analyzer (EA).
The sulfur isotope composition (32S and 34S) was measured by
Continuous Flow (CF)-EA-IRMS (IsoPrime-EA) at the School of Earth
and Environmental Sciences (SEES), Seoul National University. The
standard material (IAEA S-1) was bracketed within the samples. The
data were calculated by linear regression of the standard and the sulfur
isotope composition of the samples is expressed using δ-notation re-
lative to the Vienna-Canyon Diablo Troilite (V-CDT) as follows:

= −δ S [( S/ S) ( S/ S) ]/( S/ S)34
(V - CDT)

34 32
sample

34 32
(V - CDT)

34 32
(V - CDT)

Typically, δ34S(V-CDT) values are reported in per mil (‰, parts per
thousand) which means that δ-value obtained by above equation are
then multiplied by 1000. Samples and standards were analyzed in du-
plicate, and the external reproducibility for long-term analyses was
better than ± 0.2‰.

The quartz grains were hand-picked from crushed ore samples and
prepared as a fine-grain. The oxygen isotope composition of quartz
grains was analyzed using a CO2-laser BrF5 fluorination system installed
at Korea Polar Research Institute (KOPRI). The system is composed of
four major parts: (1) reaction chamber, (2) 25W CO2 laser, (3) pur-
ification line and (4) mass spectrometer (MAT 253 plus, Thermo Fisher
Scientific) controlled by ISODAT 3.0 software. The detail explanation of
method for oxygen isotope analysis is described in Kim et al. (2019).
The external reproducibility of oxygen isotope analysis is better
than ± 0.05‰ (2σ) for δ18O based on repetitive analyses of obsidian
in-house standard and expressed using δ-notation relative to the Vienna
Standard Mean Ocean Water (V-SMOW) as follows:

= −

δ O

[( O/ O) ( O/ O) ]/ ( O/ O)

18
(V - SMOW)

18 16
sample

18 16
(V - SMOW)

18 16
(V - SMOW)

Typically, δ18O(V-SMOW) values are reported in per mil (‰, parts per
thousand) which means that δ-value obtained by above equation are
then multiplied by 1000.
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4. Alteration and mineralization characteristics of the Dzuunmod
area

In the Dzuunmod area, six alteration types are distinctly observed
including sericitic, siliceous, potassic, propylitic, carbonatic and argillic
alteration, indicating the multiple events of hydrothermal alteration.
The gold mineralization is associated with first three alteration types.
The sericitic alteration consists of sericite, quartz and pyrite assemblage
and is mainly related to a mineralization of low-sulfide with gold-quartz
vein style. This assemblage intensely occurs in rhyolite, granite and
even metasedimentary rocks. The siliceous alteration mainly develops
as quartz veinlets, stockwork and massive style. The potassic alteration
is divided into massive core coincident with potential gold miner-
alization and peripheral alteration. In the Gatsuurt deposit, the occur-
rence of the potassic alteration shows spatial variation in accordance
with the distance from the central part of the deposit, which is asso-
ciated with gold mineralization processes. The massive core alteration
is coincident with potential gold mineralization and confined to the
central part of the Gatsuurt deposit and nearby Sujigtei fault. The
peripheral alteration is hosted by volcanic rocks, making the outer
boundary of the Main zone of the Gatsuurt deposit.

There are three types of major gold mineralization in the Dzuunmod
area: disseminated/stockwork, quartz vein and silicified. First type
occurs in granite and rhyolite porphyry with the sericitic and potassic
alteration assemblages accompanied by pyrite and arsenopyrite as a
major sulfide mineral. Gold exists as invisible form in the sulfide grain.
The quartz vein type includes major sulfide minerals and native gold
with minor sphalerite and galena. The silicified type is subdivided into
pervasive quart silicified zone (PQSZ), black quartz zone (BQZ) and
normal silicified zone. The PQSZ consists of medium to coarse-grained
quartz with visible gold, fine-grained arsenopyrite and pyrite. The BQZ
occurs only in the Central zone of the Gatsuurt deposit and contains
very fine-grained quartz, pyrite, arsenopyrite and minor amount of
chalcopyrite, tetrahedrite and stibnite. The normal silicified zone is
composed of fine-grained quartz, sericite with few sulfide minerals. The
geological characteristics of major gold deposits and occurrences in
study area are summarized in Table 1.

Based on the common alteration and mineralization characteristics
of the Dzuunmod area, each deposit and occurrence is described in the
following section. Three major deposits in the Dzuunmod area,
Gatsuurt, Sujigtei and Boroo, individually form Sections 4.1 to 4.3
while other barren deposits and occurrences including Ereen, Ulaan-
bulag, Khargana, Balj and Biluut are combined into Section 4.4 to-
gether. Then, the paragenetic sequences of quartz and ore minerals in
the Gatsuurt and the Boroo deposit followed in Section 4.5.

4.1. Gatsuurt deposit

The Gatsuurt deposit (Fig. 4a), first discovered in 1998, is mainly
hosted by granitoids (Boroogol Complex), metasedimentary rocks
(Haraa Group) and volcanic rocks of rhyolite and rhyolite porphyry
(Dzuunmod subvolcanic Complex) (Fig. 5a and b) bounded by the left-
lateral Sujigtei fault (Fig. 4-b and c). The Gatsuurt deposit is subdivided
into Main zone, Central zone, South Slope and GT60 (Fig. 4a) and the
style and magnitude of gold mineralization varies depending on the
host rocks. The Main zone consists of sericitic and siliceous alteration
assemblages in sulfidized rhyolite porphyry with disseminated/stock-
work and quartz vein mineralization types (Fig. 5b). Pyrite and ar-
senopyrite are major sulfide minerals with quartz, sericite and carbo-
nate as a major gangue mineral. The Central zone, South Slope and
GT60 is hosted by Boroogol Complex consisting of hornblende-biotite
granite, granodiorite and diorite (Fig. 5a and c) and metasedimentary
rocks of Haraa Group (Fig. 5d). The disseminated/stockwork type oc-
curs within the Boroogol Complex of the Central zone while silicified
mineralization along the fault and quartz vein type exist in the Haraa
Group. The South Slope zone is located in Southeast side of the Central Ta
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zone and the host rock is granite with siliceous, sericitic and potassic
alteration. The GT60 is placed in Northwest side of the Central zone
along the Sujigtei fault (Fig. 4a) with disseminated/stockwork miner-
alization in granite and diorite affected by siliceous, sericitic and po-
tassic alteration assemblages.

The sulfidized granite of Boroogol Complex mainly consists of pla-
gioclase, K-feldspar and quartz with minor amount of biotite (Fig. 5a).
The small mineral grains occur along the fractures within the rock
where quartz and carbonate veins are developed with the width less
than 2mm (Fig. 5a). The rhyolite porphyry of the Dzuunmod sub-
volcanic Complex are separated into quartz and plagioclase phenocryst
(10–15%) and groundmass (85–90%) showing the replacement of pla-
gioclase to clay mineral, sericite and carbonate (Fig. 5b). The siliceous
and carbonatic alteration occur with quartz and carbonate veins within
the rock (Fig. 5b). Diorite is composed of plagioclase, hornblende and
minor amount of biotite with rare quartz and altered by later carbonatic
and sericitic alterations (Fig. 5c). The carbonatic alteration divides the

rock into several part and carbonate occurs along the fractures within
the diorite (Fig. 5c). The sulfidized sandstone of Haraa Group is ex-
tensively exposed to metamorphic processes causing recrystallization of
most minerals (Fig. 5d). Plagioclase fragments are usually altered to
sericite and minor amount of carbonate.

Gold mineralization of the Gatsuurt deposit includes all three mi-
neralization types. The disseminated/stockwork type is observed in
granite with an assemblage of quartz, sericite and K-feld spar. The
major sulfide minerals are pyrite and arsenopyrite (Fig. 6-a and b) and
quartz, sericite and carbonate occur as a gangue mineral. The silicified
type including all three sub-classified types occurs only in the Central
zone and consists of fine-grained quartz with minor sericite and dis-
seminated sulfide minerals (Fig. 5e). Especially, the BQZ is uniquely
detected in the Central zone. Pyrite and arsenopyrite are major sulfide
minerals and gold grain occurs both as native form (Fig. 6c) and in-
visible gold in the sulfide minerals. The quartz vein type occurs in most
volcanic rocks and granitoids such as rhyolite and granite (Fig. 5f) al-
tered by sericite alteration. Quartz veins contain major sulfide minerals
and native gold with minor amount of sphalerite and galena (Fig. 6c, d
and e). Pyrite and arsenopyrite occur with minor amount of galena,
sphalerite and native gold in quartz vein type ores (Fig. 6d and e)
whereas major and minor ore minerals occur separately in the other
types, indicating that they formed at different mineralization stage.

4.2. Sujigtei deposit

The Sujigtei deposit, 7 km southwest away from the Gatsuurt de-
posit (Fig. 3), was first discovered in early 20th century and has been
mined as several small underground mines along the fault. The main
host rock for gold-bearing quartz vein and disseminated/stockwork
mineralization is granite (Fig. 5g and h) whereas rhyolite and rhyolite
porphyry are usually barren. The altered granite in the Sujigtei deposit
consists of quartz, plagioclase and K-feldspar with a minor amount of
altered biotite and muscovite showing intensive sericitic alteration with
quartz veinlet (Fig. 5g). The sulfidized rhyolite is composed of quartz,
plagioclase and K-feldspar phenocrysts (20–25%) with 75–80%
groundmass. The NE-trending faults with N45E/85SE show no apparent
displacement and the largest lode structure is referred to as ‘vein-1′. The
main fault zone is composed of fault gouge and siliceous altered ma-
terials and important gold mineralization is associated with the fault.
The major sulfide minerals are pyrite and arsenopyrite with minor ga-
lena and Cu-bearing minerals such as chalcopyrite, bornite, covellite
and chalcocite (Fig. 6f). In addition, very tiny native gold grains are
observed within pyrite grain (Fig. 6g).

4.3. Boroo deposit

The Boroo deposit is the largest gold deposit in the Dzuunmod area
and has been mined as an open-pit mine with four main ore zones from
2004 to 2010 (Cluer et al., 2005; Khishgee and Akasaka, 2015). The NE-
trending Boroo thrust fault, which is the part of the Yeroogol fault
system, develops (Fig. 4d) and has been considered to control the gold
mineralization in the deposit (Cluer et al., 2005). The fault separates
the Haraa Group and the Boroogol Complex. The sulfidized granite of
Boroogol Complex in the Boroo deposit undergoes great siliceous and
carbonatic alterations and mainly consists of plagioclase, K-feldspar and
quartz (Fig. 5i). A few sericite grains develop along the fractures within
the rock. The altered sandstone and silicified granite contains the gold
and sulfide grains as a disseminated form, stockwork and quartz veins.
The alteration assemblages are very similar to those of the Gatsuurt
deposit and the most pervasive alteration represents a quartz-sericite-
carbonate assemblage. Pyrite and arsenopyrite are the most abundant
sulfide minerals with minor amount of sphalerite, galena and chalco-
pyrite (Fig. 6h). Native gold grains are observed in the quartz veins and
as a disseminated in the host rocks.

Fig. 4. Field photographs of ore deposits in the Dzuunmod area. (a) View of
Gatsuurt deposit with Sujigtei fault, (b) & (c) host rocks, tectonic clay and si-
liceous rocks in the Gatsuurt deposit, and (d) view of open-pit mine in Boroo
deposit.
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4.4. Other deposits and occurrences

The Ereen deposit is located in the central part of the Dzuunmod
subvolcanic Complex and about 3.4 km west away from the Gatsuurt
deposit (Fig. 3). It was discovered in early 20th century and two quartz
veins with NE-trending has been explored by ten trenches. The main
host rocks are volcanic rocks such as altered rhyolite (Fig. 5j) and the
gold-bearing veins are controlled by faults. The rhyolite porphyry of
Dzuunmod subvolcanic Complex in Ereen deposit is composed of pla-
gioclase, K-feldspar and quartz phenocryst (25–30%) with groundmass
(70–75%) affected by sericitic and siliceous alteration processes
(Fig. 5j). The major alteration types of the Ereen deposit are very si-
milar to those of the Gatsuurt deposit, which are sericitic, siliceous and
potassic alteration. The sericitic alteration occurs near the quartz veins
and ore minerals such as pyrite, arsenopyrite, gold, galena, sphalerite
and chalcopyrite exist within quartz veins. The gold grains are present
as both native form and invisible gold in the sulfide minerals.

The Ulaanbulag deposit is about 19 km away from the Gatsuurt
deposit (Fig. 3) and was discovered in 2003 as a small deposit with low
grade. The host rocks are the Haraa Group and the Boroogol Complex
intruding the Haraa Group. The biotite granite in Ulaanbulag deposit
consists of plagioclase, K-feldspar, quartz and biotite where quartz
veins develop (Fig. 5k). Diorite (quartz, plagioclase and biotite) and
granodiorite (quartz, plagioclase and K-feldspar) also occur in the
Ulaanbulag deposit. The Ulaanbulag thrust fault is major structural
feature controlling the gold mineralization. An alteration assemblage of

quartz, sericite and pyrite occurs and the mineralization types consist of
the quartz veins (Fig. 5k) and the disseminated/stockwork. Pyrite, ar-
senopyrite, iron oxides and visible gold are present with minor amount
of galena, chalcopyrite and sphalerite.

The Balj occurrence is located 4.5 km away from the Gatsuurt de-
posit (Fig. 3). It was explored and mined from 2010 to 2012 as both
open pit and under-mining style, but could not be further mined due to
low grade and tonnage of gold. The host rocks are the meta-sedimentary
rocks (Haraa Group) and the Boroogol Complex. The NE-trending fault
(N20E/40SE) in the Balj occurrence is considered to control the mi-
neralization processes in this area. The auriferous quartz veins occur in
the sandstone (Fig. 5l). The alteration type and ore mineralogy is very
similar with the Gatsuurt deposit, which is pervasive quartz and sericite
assemblage with pyrite and arsenopyrite as major sulfide minerals.

The Biluut occurrence is located near the Gatsuurt deposit (Fig. 3)
and hosted by the Dzuunmod subvolcanic Complex. The mineralization
occurs along the NE-trending fault (N30E/40SE), representing a branch
of the Sujigtei fault zone. Rhyolite porphyry in the Biluut occurrence is
composed of plagioclase, K-feldspar and quartz phenocryst (10–15%)
with groundmass (85–90%). Plagioclase is slightly altered into sericite
occurring along the fractures. The gold mineralization type is quartz
vein controlled by fault and major sulfide minerals are pyrite and ar-
senopyrite within the quartz vein.

The Khargana deposit is situated in the southern part of the
Dzuunmod subvolcanic Complex and 15 km away from the Gatsuurt
deposit (Fig. 3). It has been developed as a small underground mine.

Fig. 5. Photographs of drill cores and hand specimens from Gatsuurt deposit (from a to f), Sujigtei deposit (g & h), Boroo deposit (i), Ereen deposit (j), Ulaanbulag
deposit (k) and Balj occurrence (l) in the Dzuunmod area. (a) sulfidized granite in the Central zone, (b) rhyolite dike with quartz veins in the Main zone, (c) diorite
influenced by siliceous alteration, (d) sulfidized sandstone, (e) silicified granite & (f) quartz vein in granite, (g) granite effected by sericitic and carbonatic alteration
with quartz veins, (h) quartz veins, (i) silicified granite, (j) altered rhyolite with quartz vein, (k) quartz veinlet with sulfide grain in granite, (l) quartz veins in
sandstone.
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The main host rock is rhyolite and the gold mineralization is composed
of the disseminated/stockwork and the quartz vein type with an as-
semblage of quartz, sericite and K-feldspar. The major sulfide minerals
are pyrite and arsenopyrite with few Cu-bearing sulfide minerals and
galena. The quartz veins are parallel to the NE-trending Sujigtei fault
with steep southeast dip.

4.5. Paragenetic sequences of ore minerals

Gold deposits in the Dzuunmod area represent similar alteration
assemblages and ore mineralogy usually controlled by NE-trending
fault such as Sujigtei fault. Previous studies reported the mineralogical
and petrological observation of the Gatsuurt and the Boroo deposit,
which are the largest deposits in the study area (Khishgee et al., 2014;

Fig. 6. Representative reflected-light photomicrographs and BSE images of sulfide minerals and native gold in the Dzuunmod area. (a) & (b) pyrite and arsenopyrite
in disseminated and stockwork type, (c) native gold with galena, (d) pyrite and arsenopyrite with sphalerite & (e) native gold, pyrite, arsenopyrite and sphalerite in
quartz vein type in Gatsuurt deposit, (f) pyrite, galena and sphalerite & (g) native gold grain within pyrite grain in Sujigtei deposit, (h) pyrite and arsenopyrite in
Boroo deposit. PY: pyrite, ASP: arsenopyrite, SPH: sphalerite, GN: galena.
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Khishgee and Akasaka, 2015). First two types of mineralization occur in
the Boroo deposit without silicified zone. They divided each miner-
alization type into four stages in disseminated and stockwork type, five
stages in quartz vein type and two stages in silicified ore type.

Quartz is major gangue mineral pervasively developed in all de-
posits. Major ore minerals, pyrite and arsenopyrite, occur in all mi-
neralization types, but are concentrated in early stages of each types.
Both minerals are more abundant in disseminated and stockwork ores,
and silicified ores than quartz vein ores. Interestingly, auriferous pyrite
and arsenopyrite postdates the non-auriferous ones in the Gatsuurt
deposit and Boroo deposit. Native gold mineralization occurs after the
major sulfide mineralization stages. Other minor sulfides including
galena, sphalerite, chalcopyrite, tetrahedrite, tennantite and bournonite
vary depending on the ore types and deposits. In the Gatsuurt deposit,
these minerals occur after the precipitation of major sulfide minerals in
the disseminated and stockwork ore types, whereas they exist with
major ore minerals in the quartz vein ores. In contrast, other minor
sulfide minerals postdate the occurrence of major ore minerals in both
ore types in the Boroo deposit. Therefore, it is considered that there are
slightly different ore mineral assemblages in sulfidized and quartz vein
ore types. The paragenetic sequences of ore minerals and quartz are
summarized in Fig. 7.

5. Trace element geochemistry

Pyrite and arsenopyrite are the most abundant sulfide minerals in
the Dzuunmod area. Iron (Fe) content of pyrite grains (n=137) ranges
from 43.64 wt% to 46.59 wt% with an average of 45.56 wt% in the
study area (Supplementary Table 1). S content of pyrite grains in these
deposits ranges from 49.39 wt% to 53.80 wt% with an average of
52.25 wt% (Supplementary Table 1).

Variation of sulfur (S) content of pyrite is closely related to As
content in pyrite grains. Pyrite grains in the Sujigtei deposit show dis-
tinctly lower range and average value of As content ranging from
0.02 wt% to 0.52 wt% (avg. 0.20 wt%), whereas S content ranges from
52.58 wt% to 53.80 wt% with an average of 53.17 wt%. In contrast,
higher As and lower S content are observed in the Gatsuurt deposit (As:
0.09–5.87 wt% (avg. 1.68 wt%), S: 49.39–53.32 wt% (avg. 51.86 wt%))
and in the Boroo deposit (As: 0.73–2.70 wt% (avg. 1.35 wt%), S:
51.22–52.28 wt% (avg. 51.77 wt%)). This relationship between S con-
tent and As content indicates a substitution of As for S in pyrite grains
(e.g., Blanchard et al., 2007).

Au and As content of the Au-bearing pyrite and arsenopyrite grains
can be used to predict not only the saturation state, but the chemical
state of Au incorporated into them (Reich et al., 2005; Su et al., 2008;
Sung et al., 2009; Khishgee and Akasaka, 2015; Yuan et al., 2018).
Reich et al. (2005) suggested an empirical solubility limit of Au in Au-
bearing pyrite and arsenopyrite defined as a line with an equation of

Fig. 7. Mineral paragenetic sequences of the Gatsuurt deposit and Boroo deposit modified from Khishgee et al. (2014) and Khishgee and Akasaka (2015).
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CAu= 0.02xCAs+ 4x10-5 where CAu and CAs indicates the mole % of Au
and As, respectively. As shown in Fig. 8, plots above the line indicates
that gold occurs mainly as Au0 nanoparticles whereas Au exists as Au+1

ion in solid solution in the plots below the line. In this study, all
measured arsenopyrite grains and most pyrite grains except one grain
from the Gatsuurt and Boroo deposit are plotted below the solubility
line of Au while most plots of pyrite grains from the Sujigtei deposit are
present above the line (Fig. 8). This suggests that gold exists mainly as
Au+1 of solid solution in pyrite and arsenopyrite of the Gatsuurt and
Boroo deposit. In contrast, gold was present as nanoparticles in pyrite
grains at the Sujigtei deposit.

Whereas the Gatsuurt and Boroo deposit where pyrite and arseno-
pyrite are most abundant sulfide minerals, few arsenopyrite is observed
in the Sujigtei deposit. Considering the lower As content of pyrite grains
in the Sujigtei deposit (Supplementary Table 1), this suggests the de-
ficiency of As in hydrothermal fluid and/or unfavorable condition of As
precipitation. When As substitutes S in pyrite structure during As pyrite
formation, more As can enter into pyrite grain under an anoxic condi-
tion of its precipitation (Mango and Ryan, 2015) and Au positively
related to As is more easily able to be incorporated into pyrite or ar-
senopyrite (Yuan et al., 2018). This indicates that if As is not deficient,
the hydrothermal fluid of the Sujigtei deposit was under more oxic
condition than the other deposit, restraining the precipitation of Au-
bearing minerals.

This higher oxidation state of ore-forming fluid is consistent with
the lack of disseminated and stockwork ore type in the Sujigtei deposit
compared to two other deposits. Only a quartz vein type developed in
the Sujigtei deposit, whereas both disseminated and stockwork type and
quartz vein type formed in the Gatsuurt and Boroo deposit (Fig. 7).
Because the disseminated and stockwork mineralization process ac-
companied with Fe-sulfidation leads to the reduction of ore-forming
fluid (Palin and Xu, 2000), the absence of this ore type in the Sujigtei
deposit indicates a different oxidation state of ore-forming fluid.
Therefore, the Sujigtei deposit underwent the single-type ore-forming
process restricted to quartz vein type and the different oxidation state of
ore-forming fluid led to lower As and Au contents. These results in-
dicate that the conditions of hydrothermal fluid were variable and, in
turn, this difference led to completely contrasting result of gold mi-
neralization between the Gatsuurt and Boroo deposit where mining has
been available, and Sujigtei deposit with low grade and tonnage.

Co and Ni content of pyrite grains in the study area ranges from
0.01 wt% to 0.68 wt% with an average of 0.05 wt% and from 0.01 wt%
to 0.08 wt% with an average of 0.02 wt% (Supplementary Table 1). The
Co content is generally higher than the Ni content showing larger
variation and average value. Little difference of average value and total

variation of both Co and Ni contents is observed among deposits, in-
dicating that there is no spatial variation of these elements in the study
area.

Both Co and Ni content in pyrite grains have been used to distin-
guish the sources of hydrothermal fluid because both elements are
derived from mantle, but show different behavior (e.g., Li et al., 2014;
Niu et al., 2016; Yuan et al., 2018). Ni represents more compatible
behavior rather than Co, indicating that Ni is preferentially moved into
solid phase during early stage of magma and hydrothermal fluid evo-
lution. As an empirical parameter, the Co/Ni ratio greater than one in
pyrite is considered to indicate the influence from hydrothermal fluid
on the deposit (Clark et al., 2004; Li et al., 2014; Niu et al., 2016; Yuan
et al., 2018).

Calculated Co/Ni ratio of pyrite grains (n=63) has an average
value of 4.49 from 0.44 to 45.2. Considering the higher content of Co
than Ni, most Co/Ni ratios greater than one suggests that the hydro-
thermal fluid in the Dzuunmod area was greatly influenced by fluid-
host rock interaction during mineralization processes. More in-
compatible behavior of Mo than Co and Ni causes an enrichment in
differentiated igneous rocks. This indicates that the Mo/Ni ratios of
pyrite grains are able to infer the relative strength of (ultra)-mafic rock
over felsic rocks such as granite in the source region (Koglin et al.,
2010; Yuan et al., 2018). The Mo content of pyrite grains in the study
area shows one order greater value than Co and Ni, which is approxi-
mately 0.45 wt% as an average value in each deposit (Supplementary
Table 1). This makes the extremely large (one order higher) Mo/Ni
ratios of pyrite grains in the Dzuunmod area from 5.51 wt% to 479 wt%
(avg. 34.7 wt%), suggesting a felsic rock provenance for metal sources.
The dominance of felsic provenance also seems to be consistent with the
major host rocks (granite, diorite and rhyolite) in the Dzuunmod area.

Koglin et al. (2010) suggested that both high Co/Ni and Mo/Ni ratio
are characteristics of post-sedimentary or hydrothermal origin of pyrite
and the composition of hydrothermal fluid may be intensely affected by
fluid-rock interaction. The measured elemental ratios of pyrite grains
are not able to provide a direct information about the original hydro-
thermal fluid before fluid-host rock interaction. This implies that it is
unclear whether the original hydrothermal fluid was preserved during
mineralization processes in the Dzuunmod area. Therefore, the signals
of post-sedimentary or hydrothermal origination are inherited either
from original fluid or by host rock during mineralization processes in
the Dzuunmod area.

6. Stable isotope systematics

6.1. Sulfur isotope data

Pyrite and arsenopyrite are the most abundant sulfide minerals with
minor amount of chalcopyrite, galena and sphalerite in the Dzuunmod
area. Even though changes of several physico-chemical factors such as
temperature, pressure, oxygen fugacity and pH are able to influence the
S isotope composition of both sulfide minerals and ore-forming fluid,
the δ34S value of sulfide minerals is generally corresponding to that of
total sulfur species of hydrothermal fluid where they precipitated under
a reduced fluid system such as the mineral association of pyrite-ar-
senopyrite-pyrrhotite (Ohmoto and Rye, 1979; Taylor, 1987; Seal,
2006; Hoefs, 2018). It means that the sulfide minerals seem to be
precipitated from a reduce fluid as a simple mineral assemblage and
their δ34S value reflects the δ34S of fluid.

The sulfide minerals in the Dzuunmod area represent a wide var-
iation of the δ34S values from −2.6‰ to 17.2‰ with an average of
2.1‰ (Table 2). The arsenopyrite has a larger variation of δ34S values
from −2.6‰ to 17.2‰, whereas the δ34S values of pyrite range from
−0.7‰ to 9.3‰ (Fig. 9). However, the average δ34S value of pyrite
and arsenopyrite is 2.3‰ and 1.9‰ respectively, which is very similar
to the δ34S value of total sulfide as well as themselves. The paragenetic
sequences of the ore minerals also show that pyrite and arsenopyrite

Fig. 8. Au-As diagram with Au solubility line defined by Reich et al. (2005) and
plots of pyrite and arsenopyrite from Gatsuurt, Boroo and Sujigtei deposit.
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were precipitated in the similar stages (Fig. 7). Therefore, it is con-
sidered that they were precipitated from the hydrothermal fluids with
similar δ34S values and did not undergo the S isotope fractionation
between them during the precipitation event.

Relatively large range of δ34S values enables to exclude a possibility
that a magmatic sulfur plays a dominant role of sulfur source in the
Dzuunmod area. The δ34S value of magmatic sulfur is close to 0‰ and
sulfide minerals in the various ore deposits where the sulfur is mainly
derived from the deep magma show very restricted range of the δ34S
values near 0‰ (e.g., Ohmoto, 1972; Taylor, 1987; Seal, 2006). This
may indicate that average δ34S value in the Dzuunmod area reflects the
magmatic derivation of sulfur. However, only magmatic sulfur cannot
explain large δ34S values of sulfide minerals such as 4.8‰, 9.3‰ and
17.2‰, which are too far from the δ34S value of magma. In orogenic
gold deposits, the δ34S values of major sulfide minerals where sulfur is
derived from a deep-seated magmatic source show a relatively smaller
variation (e.g., Ding et al., 2016; Ma et al., 2018; Yuan et al., 2018).

Compared to the magmatic sulfur, the δ34S values of sedimentary and
metamorphic rocks show much wider variation approximately from
−40‰ to 50‰ and from −20‰ to 20‰, respectively (Hoefs, 2018
and references therein).

The heterogeneous S isotope composition of sulfur sources attri-
butes to the observed large variation of δ34S values rather than the
changes of S isotope composition of fluid during fluid migration or
sulfide deposition. This means that the possible sulfur sources have
large range of δ34S values in the study area. Several studies suggested
that syngenetic and diagenetic pyrite produced by both bacterial and
thermochemical seawater sulfate reduction processes could be possible
sulfur sources in the sediment-hosted orogenic gold deposit (e.g., Chang
et al., 2008; Goldfarb and Groves, 2015; Zhang et al., 2018). Because
both biotic and abiotic sulfate reduction can trigger a large S isotope
fractionation up to 50‰, resulting in the depletion of the heavier iso-
tope (34S) in a reduced sulfur species (Krouse and Mayer, 2000; Seal,
2006; Hoefs, 2018 and references therein), the syngenetic and diage-
netic pyrite in the marine sediment have a wide range of δ34S values.
During the metamorphic event of the pyrite-bearing sedimentary rocks,
the sulfur seems to be put into the metamorphic fluid, possibly ore-
forming fluid, and transported to the deposit site (Goldfarb, 1997;
Goldfarb et al., 2005; Goldfarb and Groves, 2015)

The mixing of multiple sulfur sources or S isotope fractionation of
sulfur species in ore-forming fluids driven by progressive oxidation of
them can influence the δ34S values of minerals in the orogenic gold
deposit (Chang et al., 2008; Xu et al., 2017; LaFlamme et al., 2018a; Ma
et al., 2018), making it more difficult to constrain the sulfur sources.
For example, Xu et al. (2017) and Zhang et al. (2018) proposed a
slightly different sulfur sources in the orogenic gold deposit in Jiangnan
orogeny region, south China. The former suggested a mixing of meta-
morphosed sulfur source and magma-derived sulfur, whereas the latter
insisted of a single metamorphic sulfur source affected by S isotope
fractionation processes during sulfide deposition. This implies that the
δ34S signal of original sulfur sources can be altered during migration of
hydrothermal fluid and/or mineralization event.

Many studies interpreted the decreasing trend of δ34S values of
sulfide minerals depending on the precipitation order as an effect of the
isotopic fractionation by fluid oxidation during mineralization process
such as sulfidation and carbonatization (e.g., Uemoto et al., 2002;

Table 2
Sulfur isotope compositions of pyrite and arsenopyrite in the Dzuunmod area.

Deposit Sample Mineral* Mineralization type Host rock δ34S

I II mean

Gatsuurt GT-189_145.20 m py disseminated sulfide sulfidized granite −0.2 0.2 0.0
GT-280_104.50 m py sulfidized rhyolite with porphyry texture 2.6 3.1 2.8
GT-437_89.20 m py sulfidized granite with stockwork and quartz-sulfide veins −0.7 −0.7
GT-461_115.80 m py altered diorite with quartz-sulfide veins 2.6 2.8 2.7
GT-461_130.30 m py sulfidized granite with stockwork and quartz-sulfide veins 1.1 1.1
GT-490_170.80 m asp diorite with quartz-carbonate veins −2.2 −2.2
GT-95_80.80 m asp quartz vein altered sandstone 0.3 0.3
GT-376_203.20 m asp sulfidized rhyolite porphyry 17.0 17.4 17.2
GT-461_108.60 m asp quartz vein with sulfide in granite −0.2 −0.2
GT-221_66.40 m py silica siliceous altered granite with VG 0.9 0.9
GT-49_43.50 m asp silica zone with sulfide VG and breccia texture −1.5 −1.5
GT-189_22.45 m py silica zone in granite with veinlets 1.0 0.5 0.7
GT-408_989.50 m asp Pervasive Quartz Silica zone 1.3 1.3
GZ asp altered rhyolite −2.6 −2.6

Sujigtei SJ-006_165.50 m py quartz vein sulfidized rhyolite with weak siliceous and sericite alteration 2.7 2.7
Ereen ER-10/1 asp quartz vein quartz vein in sulfidized rhyolite porphyry 4.4 4.2 4.3
Boroo BR-P-6 py disseminated sulfide sulfidized sandstone −0.1 −0.9 −0.5

MDD-008 py granite with stockwork and quart veinlets 4.1 4.3 4.2
Ulaanbulag UB-79_62.20m py disseminated sulfide quartz vein with sulfide in granite 1.7 1.7
Khargana KH-P-1 py quartz vein sulfidized rhyolite porphyry 9.0 9.6 9.3
Biluut Bi-07_109.60 m asp quartz vein rhyolite porphyry to stockwork or breccia with potassic alteration 0.3 0.3

Bi-07_113.90 m py disseminated sulfide brecciated rhyolite porphyry 4.7 4.9 4.8

* The py and asp indicate pyrite and arsenopyrite, respectively.

Fig. 9. Histogram of sulfur isotope composition (δ34S) of pyrite and arseno-
pyrite in the Dzuunmod area.
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Evans et al., 2006; Neumayr et al., 2008; Hodkiewicz et al., 2009; Ward
et al., 2017; LaFlamme et al., 2018b; Ma et al., 2018). Especially, fluid-
rock interaction such as carbonatization and sulfidation has been sug-
gested as a major gold precipitation process in orogenic gold deposits,
causing the oxidation of ore-forming fluids (e.g., Phillips and Groves,
1983; Phillips et al., 1986; Palin and Xu, 2000; Ridley and Diamond,
2000; Evans et al., 2006; Neumayr et al., 2008). Both reactions include
the formation of Fe-Ca-Mg carbonates and iron-bearing sulfides re-
spectively within the host rocks, causing the oxidation of ore-forming
fluids. The variation of fluid oxidation state and subsequent decrease of
activity of the reduced sulfur species triggers the decrease of gold so-
lubility by destabilizing the gold bisulfide complexes, leading to the
gold precipitation. Geological evidences of the Dzuunmod area re-
present the presence of widespread wall-rock sulfidation and, to a lesser
extent, carbonatization reactions during precipitation events. The oc-
currence of sulfidation and carbonatization, therefore, indicates that
these reactions played a significant role in gold precipitation in the
study area.

The δ34S values measured in this study suggest that the sulfidation,
rather than carbonatization, contributed more importantly to the for-
mation of gold deposits in the study area. According to modelling re-
sult, both reactions resulted in the reduction of ore-forming fluid and
decrease of activity of the reduced sulfur species, necessary for the
decrease of gold solubility, but completely different evolutionary
pathways of S isotope composition (Palin and Xu, 2000). The δ34S value
of ore-forming fluid shifts insignificantly during sulfidation reaction
because it stays within pyrite-pyrrhotite stability field (Palin and Xu,
2000 and references therein). In contrast, substantial variation of δ34S
value accompanied with fluid oxidation and decrease of activity of re-
duced sulfur species within fluid during carbonatization reaction occurs
owing to the change of oxidized (HSO4

-) and reduced (H2S) sulfur
species (Phillips and Groves, 1983; McCuaig and Kerrich, 1998; Palin
and Xu, 2000; Evans et al., 2006). The fluid oxidation brings about the
increase of HSO4

- in fluid, leading to the rise of proportion of HSO4
- to

H2S. Because the heavier S isotope (34S) tends to be enriched in HSO4
-

rather than H2S in the hydrothermal fluid, the H2S species remained in
the fluid and the products of sulfides become lighter (Ohmoto and Rye,
1979). The negative mean and range of δ34S values of sulfide minerals
in orogenic gold deposits is a diagnostic of the presence of carbonati-
zation reaction (e.g., Palin and Xu, 2000; Hodkiewicz et al., 2009).
Therefore, relatively positive δ34S values measured in this study cannot
be explained by carbonatization reactions.

Even though some sulfide samples in this study show negative δ34S
values, most δ34S values and mean value are positive (Table 2). This
indicates that the sulfidation is a predominant fluid-host rock interac-
tion for gold precipitation in the Dzuunmod area. In addition, the
measured δ34S values are consistent with the geological observation,
which is the occurrence of the widespread disseminated sulfides. This
implies that the δ34S values of sulfur species in the ore-forming fluid in
the study area might be preserved during gold precipitation processes.
Even though the influence of carbonatization cannot be completely
discounted because of the existence of carbonatization alteration, the
δ34S values enable to exclude the carbonatization and phase separation
as a major mechanism for gold precipitation.

6.2. Oxygen isotope data

The measured δ18Oquartz values of the Dzuunmod area vary from
14.7‰ to 17.7‰ with a narrow range (3‰) indicating a homogeneous
oxygen isotope composition of quartz vein samples (Table 3). When
hydrothermal fluid flows along the fault or channel to mineralization
site, a highly fluid-dominant condition is likely to prevent the mod-
ification of δ18Ofluid values (Goldfarb and Groves, 2015). This means
that the ore-forming fluid keeps its oxygen isotope composition along
the fluid path without fluid mixing during mineralization processes
usually by later influx of meteoric water. Therefore, the homogeneity of

δ18Oquartz values in the Dzuunmod area is likely to imply the absence of
influx of meteoric water during ore-forming processes.

The δ18Oquartz values can be converted into the oxygen isotope
composition of hydrothermal fluid (δ18Owater) where quartz grains
precipitate on the assumption that they are in equilibrium state. The
δ18Owater is calculated using an equation under the temperature con-
dition between 200 and 500 °C as follows:

= − =
×

−α δ δ1000ln O O 3.38 10
T

2.90water
quartz 18

quartz
18

water
6

2

where α is the isotopic fractionation factor between quartz and hy-
drothermal fluid and T is the absolute temperature (K) (Friedman and
O'Neil, 1977). This indicates that the higher mineralization temperature
is, the smaller the isotopic fractionation factor becomes.

For the calculation of δ18Owater values, the mineralization tem-
peratures of the ore-forming fluids were obtained from the arsenopyrite
geothermometry estimating the T-fS2 conditions of mineralization with
atomic percentage of As in arsenopyrite (at. % As) in the Fe-As-S system
where arsenopyrite and arsenic pyrite coexist (Clark, 1960; Barton,
1969; Kretschmar and Scott, 1976). The measured As contents of ar-
senopyrite have an average of 29.2 at. % As (from 28.0 to 30.9 at. % As)
in the study area (Supplementary Table 2). As shown in Fig. 10, these
values are corresponding to the estimated mineralization temperature
of 275 ± 15 °C, which is included in the range of the homogenization
temperatures for fluid inclusions in quartz of the Gatsuurt deposit from
194 to 355 °C reported by Khishgee et al. (2014). However, this pre-
viously reported range of homogenization temperatures seems to be
unlikely to reflect the variation of mineralization temperatures.
Goldfarb and Groves (2015) argued that when the measured δ18Oquartz

values are clustered within a few ‰ the mineralization temperature is
also consistent and variable homogenization temperature results are
attributed to the measurement of post-ore or modified inclusions.

Based on the measured δ18Oquartz values and the temperature data
obtained from the arsenopyrite geothermometry, the calculated
δ18Owater values vary from 6.3 to 9.3‰ (Table 3). These ranges are
consistent with those of orogenic gold deposits, which is from 5‰ to
15‰, where hydrothermal fluids seem to be derived from metamorphic
sources (Fig. 11) (Taylor, 1987; McCuaig and Kerrich, 1998; Goldfarb
et al., 2005; Goldfarb and Groves, 2015; Zhang et al., 2018). The δ18O
values of metamorphic fluid show a wide and higher variation from 3‰
to 20‰, whereas primary magmatic fluid has a restricted δ18O values
from 5.5‰ to 9.5‰ (Sheppard, 1986). A meteoric water has generally
negative δ18O value satisfying the Meteoric Water Line, meaning that
the input of the meteoric water shifts δ18O value of hydrothermal fluid

Table 3
Oxygen isotope composition of quartz samples and calculated δ18O values of
ore-forming fluid in the Dzuunmod area.

Deposit Sample Mineralization type δ18OV-SMOW (‰)

Quartz Fluid*

Gatsuurt GT-372_99.60 m Quartz vein 16.5 8.2
GT-172_357.80m Quartz vein 15.0 6.7
GT-93_38.40 m Quartz vein 15.2 6.8
GT-462_126.0 m Quartz vein 16.1 7.7
GT-408_989.30m silica 14.7 6.3
GT-94_96.40 m silica 15.4 7.0
GT-339_138.40m silica 16.7 8.3

Sujigtei SJ-08_49.0 m Quartz vein 15.5 7.2
Ereen ER-7-q Quartz vein 16.0 7.7
Boroo BDD-105_40.60 m Quartz vein 16.2 7.9

KH-BOR-4_136.0 m Quartz vein 16.2 7.9
Ulaanbulag UB-79_60.85m Quartz vein 17.0 8.6
Biluut BI-07_114.30 m Quartz vein 17.4 9.1
Balj BAL-02_136.75 m Disseminated 17.7 9.3

* The temperature of the ore-forming fluid is 275 °C estimated from ar-
senopyrite geothermometry.
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into lower range.
The calculated δ18Owater values overlap with those of primary

magmatic water as well as metamorphic fluid, implying that the mag-
matic water cannot be ruled out as the ore-forming fluid sources
(Fig. 11). However, the ages of host rocks are much older than miner-
alization ages in the Dzuunmod area, indicating that there is absence of
direct genetic relationship between the formation of host rocks and
mineralization events. This implies that it is unlikely that the ore-
forming fluid was derived from a minor contribution of magmatic water
in the study area. Considering that meteoric water will not reach the
crustal depth where most orogenic gold deposits formed (Goldfarb and
Groves, 2015), it is most likely that the ore-forming fluid in the
Dzuunmod area was derived from metamorphic sources, consistent
with their δ18O values (Fig. 11).

7. Implications for ore genesis and sources

Ore-mineral assemblages, paragenetic sequences, trace element
compositions and stable isotope results in this study suggest the pos-
sible gold mineralization processes in the Dzuunmod area. First, the
input of hydrothermal fluid without gold altered the host rocks causing
the sulfidation of iron oxides or silicates within host rocks. The pre-
cipitation of non-auriferous major sulfides occurred during this period
by fluid-host rock interactions or physicochemical variations of hy-
drothermal fluid (Groves and Foster, 1991; Seward, 1993; Goldfarb
et al., 2001; Su et al., 2008; Phillips and Powell, 2010). Second, the
influx of the auriferous hydrothermal fluid where gold is mainly
transported by Au+1 ions with bisulfide complex resulted in the sulfi-
dation of the host rocks. Su et al. (2008) suggested that this processes
reduce the activity of the sulfur species (as H2S or HS-) in the hydro-
thermal fluids, building a favorable condition for the incorporation of
Au from solid solution to pyrite and arsenopyrite grains to form in-
visible gold, being undersaturated with respect to native gold (Simon
et al., 1999; Reich et al., 2005). Then, when the released H2S-poor fluid
meets the fresh Au-bearing and H2S-rich fluid, the saturation of native
gold by the reduction of H2S activity brings about the destabilization of
Au-bisulfide complexes and lead to the precipitation of native gold
grain (e.g., Seward, 1993).

This gold mineralization process suggests the multiple mineraliza-
tion events by fluid-host rock interactions in the Dzuunmod area. The
earlier precipitation of major sulfide minerals than native gold, which is
subsequently separated into non-auriferous and invisible Au-bearing
pyrite and arsenopyrite. This implies that the host rocks may influence
not only the mineralization processes including paragenetic sequences
and the form of Au-bearing minerals, but the trace element content of
sulfide minerals. Substantial difference of timing between intrusion and
mineralization event suggests that mineralization is not directly asso-
ciated with intrusion of the Boroogol Complex to the existing Haraa
Group.

Even though the role of magmatic sulfur as one of possible sulfur
sources cannot be ruled out due to the clustering of most δ34S values
near 0‰ with low average, the large variation of the δ34S values from
−2.6‰ to 17.2‰ in this study indicates the heterogeneity of S isotope
composition of source materials. Because Fe-sulfidation, considered as
main ore-forming mechanism in the study area, cause little S isotope
fractionation during precipitation (e.g., Palin and Xu, 2000), the change
of S isotope composition during migration in hydrothermal fluid and
precipitation as sulfide minerals cannot be dominant mechanism to
explain this variation. Therefore, the S isotope signature seems to be
derived from a heterogeneous source. Because there are no outcrops of
sulfate-bearing rocks in the study area (Fig. 3), a sediment-hosted pyrite
with heterogeneous δ34S values incorporated into metamorphic fluid
during metamorphic event is more plausible for sulfur source in the
Dzuunmod area.

The measured δ18Oquartz values in the Dzuunmod area indicate the
homogeneous isotope composition of hydrothermal fluid and exclude
the potential modification of δ18Owater values by the fluid mixing by
later input of other fluids. This implies that the measured δ18Oquartz

values keep its original isotopic signature of ore-forming fluid.
Although the calculated δ18Owater values (from 6.3 to 9.3‰) of ore-
forming fluid are not fully deviated from the area of primary magmatic
water, these values are more likely to indicate a metamorphic deriva-
tion of hydrothermal fluid considering different timing of host rock
formation and mineralization in Dzuunmod area. In addition, Khishgee
et al. (2014) reported the CO2-rich and halite-bearing aqueous fluid
inclusions in the Gatsuurt deposit, which is consistent characteristics of
fluid inclusion type occurring in ore-forming fluid of the orogenic gold
deposit (Goldfarb and Groves, 2015).

Fig. 10. Temperature – logfS2 diagram presenting arsenopyrite and pyrite
stability field with at. % As in the Fe-As-S system (after Kretschmar and Scott,
1976). The average As content of arsenopyrite in the Dzuunmod area (29.2 at.%
As) is plotted in the diagram. The EPMA data of As contents in each arseno-
pyrite grain are present in the Supplementary Table 1. Asp: arsenopyrite, Py:
pyrite, Lö: Loellingite, Po: Pyrrhotite, As: arsenic, L: sulfur-arsenic liquid.

Fig. 11. δ18O values of several geologically important fluid sources (Sheppard,
1986), typical orogenic and magmatic-hydrothermal gold deposits (Taylor,
1987; McCuaig and Kerrich, 1998; Goldfarb et al., 2005; Goldfarb and Groves,
2015; Ding et al., 2016; Zhang et al., 2018) and calculated ore-forming fluids
from measured δ18O of quartz in the Dzuunmod area.
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8. Conclusions

Gold deposits and occurrences in the Dzuunmod area are hosted in
Haraa Group, Boroogol Complex and Dzuunmod subvolcanic Complex
showing similar hydrothermal alteration assemblages (sericitic, silic-
eous and potassic) and ore mineral assemblages (pyrite and arseno-
pyrite with minor amount of galena, sphalerite and chalcopyrite). The
trace element composition of pyrite and arsenopyrite shows high Co/Ni
and Mo/Ni ratios, indicating that these sulfides have post-sedimentary
or hydrothermal origin and the ore-forming fluids were greatly affected
by fluid-host rock interaction during mineralization processes. Large
variation of δ34S values of sulfide minerals from −2.6‰ to 17.2‰ and
homogeneous δ18O values of quartz from 14.7‰ to 17.7‰ indicates
metamorphic derivation of sulfur and fluid even though magmatic
sources cannot be ruled out.

Based on these characteristics including alteration and ore mineral
assemblages, trace element data, stable isotope geochemistry, fluid in-
clusion and trapping temperature of fluid, and geochronological data in
this and other studies (Cluer et al., 2005; Hendry et al., 2006; Goldfarb
et al., 2014; Khishgee et al., 2014; Khishgee and Akasaka, 2015), the
gold deposits in the Dzuunmod area has been classified into orogenic
gold type where fluid and sulfur was originated from a metamorphic
source. Hydrothermal fluid produced during metamorphic event was
migrated to the Dzuunmod area through the NE-trending fault. Multiple
gold and sulfide mineralization occurred by the sulfidation of host rocks
with fluid-host rock interactions.
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