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Abstract: The Bayan-Uul porphyry Au-Cu-(Mo) deposit occurs within the Mongol–Okhotsk Orogenic
Belt, which is a part of the Central Asian Orogenic Belt. To understand geotectonic, petrogenesis,
mineralization, and ore-forming fluid evolution of the Bayan-Uul deposit, we report petrographic
and geochemical analyses of host rocks, mineralogy of ores, and fluid inclusion characteristics. Based
on petrographic and mineralogical analyses, Cu, Mo, and Au mineralization occurs as disseminated
and sulfide-bearing quartz–tourmaline veins hosted within granodiorites, monzodiorites, and diorite
porphyry and tourmaline breccia. Four main alteration assemblages are identified: potassic, phyllic,
argillic, and quartz–tourmaline alteration. The ore mineralogy of quartz–tourmaline veinlets are
classified into A-type veinlets (quartz + tourmaline + chalcopyrite + magnetite + pyrite ± electrum),
B-type veinlets (quartz + tourmaline + molybdenum + chalcopyrite + pyrite), and C-type veinlets
(quartz + tourmaline + pyrite ± chalcopyrite). Fluid inclusions are found in quartz–tourmaline
veinlets consisting mainly of liquid-rich two-phase (L-type), vapor-rich two-phase (V-type), and solid-
bearing multi-phase (S-type) inclusions. The homogenization temperatures for the fluid inclusions
in A-type, B-type, and C-type veinlets range from 215 to 490 ◦C, 215 to 500 ◦C, and 160 to 350 ◦C
and their salinity varies from 5.4 to 43.5 wt.%, 16 to 51.1 wt.%, and 3.4 to 24.1 wt.% NaCl equivalent,
respectively. Coexistance of (L-type), (V-type), and (S-type) inclusions support fluid boiling. The δ18O
values of ore fluids from different mineralizing A-, B-, and C-type veins are 8.7‰, 10.9‰, and 8.4‰,
respectively, and the δ34S values of sulfide minerals range from −1.4‰ to 5.3‰, which indicates
magmatic origin.

Keywords: Bayan-Uul; porphyry Au-Cu-(Mo); fluid evolution; alterations; inclusions

1. Introduction

Porphyry Cu systems are the source of more than 60% of the world’s Cu and more than
90% of its Mo, as well as most of the Re, considerable amounts of Au, and minor amounts of
Ag, Pd, Te, Bi, Se, Zn, and Pb [1]. A number of conditions must be met during the evolution
of a magmatic–hydrothermal system in order to produce an economically viable deposit,
namely, partial melting of the mantle through magma ascent, differentiation, emplacement
in the crust, fluid exsolution, and, finally, mineral precipitation from a hydrothermal
system [1–3].

In Mongolia, porphyry Cu deposits and the mining of copper, as well as its byproducts,
are a key factor to the country’s economic growth. The Oyu-Tolgoi porphyry Cu-Au deposit
in southern Mongolia and the Erdenet porphyry Cu-Mo deposit in northern Mongolia are

Minerals 2024, 14, 320. https://doi.org/10.3390/min14030320 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min14030320
https://doi.org/10.3390/min14030320
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-7759-7878
https://doi.org/10.3390/min14030320
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14030320?type=check_update&version=1


Minerals 2024, 14, 320 2 of 27

the two main porphyry Cu activities that are now in operation. The Bayan-Uul porphyry
Au-Cu-(Mo) is the first deposit discovered in the central Mongolian region, and is currently
in the exploration phase. The total resource and reserves of the Oyu-Tolgoi porphyry
Cu-Au deposit is 6.382 Gt at 0.67% Cu and 0.29 g/t Au, as well as 1.494 Gt at 0.85% Cu,
0.31 g/t Au and 1.23 g/t Ag (Rio Tinto annual report, 2015). The Erdenet porphyry Cu-Mo
deposit’s measured, indicated, and inferred resource and reserves are 2.261 Bt at 0.25% Cu
and 0.015% Mo [4].

The Bayan-Uul porphyry Au-Cu-(Mo) deposit is located at 46◦45’00” N and 104◦46’00” E
in the Tov province, about 200 km southwest of Ulaanbaatar, the capital of Mongolia
(Figure 1). The first geological survey at a scale of 1:1,500,000 was conducted by Russian
scientists in 1966 and noted the presence of quartz–tourmaline–galena–chalcopyrite as-
semblage in the Bayan-Uul deposit region. During the 1970s and 1980s, joint Russian and
Mongolian geological teams mapped at scales of 1:200,000 and 1:50,000 as well as partly
detailed geological mapping at a scale of 1:10,000 in the deposit area.

Koval et al. [5], conducted the exploration geochemistry survey and surficial geological
observation including a geophysical survey. They noted that the host rocks of the Bayan-
Uul porphyry deposit are relatively high potassium calc-alkaline rocks and affected by
epidote–chlorite, quartz–sericite, and quartz–tourmaline alteration, and argillic alteration
were observed on the surface. They demonstrated the general distribution of elements
based on the geochemical properties of the surface and mentioned that the magmatic associ-
ations and hydrothermal alterations of the Bayan-Uul deposit are similar to porphyry-type
copper mineralization. In addition, Ariunbileg et al. [6] briefly characterized the relation-
ship between Cu-Au mineralization and quartz–tourmaline stockwork of the Bayan-Uul
porphyry deposit. Cox and Lamb [7] reported new 40Ar/39Ar age data for some porphyry
Cu deposits of Mongolia. They stated that the Bayan-Uul porphyry Cu deposits 40Ar/39Ar
age spectrum shows 220–223 Ma in biotite and plagioclase from biotite granodiorite. The
Re-Os age of disseminated molybdenite in the host rock shows 227.2 Ma [8].

Although studies of geochemical and hydrothermal alteration of the Bayan-Uul por-
phyry deposit have been conducted, these have mostly been done on surface samples.
Therefore, there is a lack of whole-rock major and trace-element geochemistry, detailed hy-
drothermal alteration, and ore mineralization. Fluid inclusion and O and S isotope analysis
have not been conducted before. The main goals of this research are (i) to characterize the
petrogenesis of host rocks and to present the tectonic relationship of the Bayan-Uul deposit
and Mongol–Okhotsk Orogenic Belt based on geochemistry analysis, and (ii) to report de-
veloped characteristics of the Bayan-Uul deposit in terms of porphyry-type hydrothermal
alteration, mineralization, and fluid inclusion.

2. Regional Geology

The Bayan-Uul deposit is located in the Khentey-Khangay (or Hangay-Hentey) gran-
itoid belt of Paleozoic to Mesozoic ages within north-central Mongolia (Figure 1) that
extends to the Sea of Okhotsk, Angara-Vitim, and Erguna Massifs, in the territories of Rus-
sia and China. This granitoid belt in Mongolia intruded sedimentary successions within the
Khentey-Khangay basin, interpreted as a Devonian–Carboniferous accretionary wedge at
the northern margin of the Mongol–Okhotsk Orogenic Belt, which represents the youngest
and enigmatic part within the Central Asian Orogenic Belt (CAOB) [9,10]. The CAOB is
considered as the longest-lasting continental growth since the Neoproterozoic until the
Permian, extending from the Ural Mountains in the west to the Pacific Ocean in the east and
from the Siberian Craton in the north to the Tarim and northeast China (or Sino-Korean)
Cratons in the south [11]. The CAOB has been formed by the successive accretions of island
arcs and microcontinents, ophiolites, oceanic islands, seamounts, accretionary wedges, and
oceanic plateaus that prevailed within the Paleo-Asian Ocean.

The northern domain of Mongolia, which marks the Late Cambrian–Ordovician
peri-Siberian collage and is separated from the south domain by the Main Mongolian
Lineament [11] is crosscut by the younger Mongol–Okhotsk Orogenic Belt (MOB; Figure 1),
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which formed following the subduction and closure of the MOO [9,12]. The MOB ex-
tends more than 3000 km from central Mongolia to the Uda Gulf in the Okhotsk Sea in
the northeast [9,13]. The MOB formed during the closure of the MOO, which led to the
collision of the Siberian Craton and the Amur Block during the Middle Jurassic–Early
Cretaceous [14–16]. Researchers suggest that the MOO subducted both to the north under-
neath the Siberian craton [12] and to the south underneath the Amur block [17–19] in a
scissor-like manner, younging from west to east based on the ages of granitoids that occur
alongside the MOB, although south of the MOB does not necessarily have the younging
trend from west to east [12]. The Khentey-Khangay granitoids and batholiths distributed
in central and northern Mongolia and Transbaikalia indicate the northward subduction
of the MOO underneath the Siberian Craton started in the Devonian and lasted until the
Late Triassic–Early Jurassic [12,20,21]. The southward subduction of the MOO is sug-
gested to have started in the Carboniferous and the main subduction-related magmatism
occurred during the Permian–Early Jurassic based on the granitoids distributed in central
and northeast Mongolia, northeast China, and east Russia [22–25].

1 
 

 

Figure 1. (a) Location of large granitic batholiths in the eastern segment of the CAOB [26]. (b) Late
Paleozoic–Early Mesozoic granitoid distribution in central and northeastern Mongolia. Shaded area
outlines the Khentey-Khangay basin, modified after [24].

3. Deposit Geology

The deposit area is composed of the Silurian unclassified sedimentary rocks, the Lower-
Middle Devonian Khurentolgoi Formation, and the Late Triassic Bayan-Uul Formation that
are intruded by the Late Permian–Early Triassic Delgerkhaan intrusive complex and Late
Triassic to Early Jurassic Bayan-Uul porphyry intrusive complex, all of which are overlain
by the Neogene–Quaternary loose sediments (Figure 2). The geological age of the above
rocks, formations, and complexes are not an absolute age, and the age is determined by
geological relationships and age analysis conducted in other areas of same formation.

The Silurian unclassified rocks consist of quartz–chlorite–sericite–phyllite schist,
quartz–chlorite–epidote schist, actinolite–hornblende green schist, schistose sandstone,
and siltstone [27,28]. The Silurian unclassified rocks intruded by Late Permian–Early
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Triassic Delgerkhaan intrusive complex near the Khar Toirom hill are unconformably over-
lain by Upper Triassic Bayan-Uul Formation fossil-bearing sediments around Javkhlant
Mountain [29].

The Lower to Middle Devonian Khurentolgoi Formation is distributed at the northern
part of the deposit area and subdivided into two members based on lithology [28]. The
lower member is composed of dark gray sandstone, siltstone, and conglomerate, and the
upper member consists of sandstone, siltstone, coarse-grained sandstone, cherty-quartzite,
and metabasalt [28]. The Khurentolgoi formation sediments are cut by the Late Permian–
Early Triassic Delgerkhaan intrusive complex and the Late Triassic–Early Jurassic Bayan-
Uul porphyry intrusive complex.

The Late Triassic Bayan-Uul Formation consists of three members. The lower member
consists of tuffogenic conglomerate, interlayered with volcanomict sandstone, siltstone,
basalt, and andesitic basalt with thickness ranging from several cm to 100 m [28]. The
middle member is composed of andesite, trachyandesite, andesitic basalt, andesitic dacite,
and their tuffs. The upper member is similar to the lower member, but contains diabases
with thicknesses of up to 85 m [27,28,30]. The Bayan-Uul Formation sediments are cut by
the Late Triassic–Early Jurassic Bayan-Uul porphyry complex [27,28,30].

Late Permian–Early Triassic Delgerkhaan intrusive complex is divided into four
phases, and the first and second phases are distributed around the Bayan-Uul deposit
area [29]. The first phase is medium-grained monzodiorite, quartz–monzodiorite and
monzogabbro, and the second phase is medium- to coarse-grained porphyric biotite, biotite–
hornblende granodiorite, and granite [27–29]. According to reports [24], the U-Pb concordia
age of Delgerkhaan intrusive complex zircon is 220 ± 2 Ma.

Late Triassic–Early Jurassic Bayan-Uul porphyry is divided into two phases. The first
phase is medium-grained granite, partly fine-grained biotite granite, and porphyric alkaline
granite. The second phase usually forms small stocks along the fault zone and consists of
granite porphyry, granodiorite porphyry, quartz diorite porphyry, and quartz monzodiorite
porphyry. The second phase is spatially associated with porphyry mineralization.

The Bayan-Uul deposit area is intensively disturbed by fault systems, which are
identified as early Paleozoic (Band-Uul) and Mesozoic (Ulaan Del), including some small
faults in various directions [31]. The Band-Uul fault is the oldest and strikes in a southeast to
northwest direction, forming a 40 km long and 2–5 km wide zone [31]. The fault originated
in the Early Paleozoic period and was most active during the Triassic–Jurassic, then the
intensity gradually weakened in the Cretaceous [27,28]. The Mesozoic Ulaan Del fault
forms a structure trending northeast to southwest, forming a 0.7–2.0 km wide and 28 km
long zone, identified to be a pathway of the emplacement of the Bayan-Uul porphyry
complex as well as Au-Cu-(Mo) mineralization [27,28], (Figure 2).

3.1. Bayan-Uul Porphyry Complex

The Bayan-Uul porphyry complex forms small to medium intrusive bodies with
various morphological shape and composed of monzodiorite, diorite porphyry, and gra-
nodiorite [27,28] (Figure 3). Monzodiorite is medium- to coarse-grained, pinkish-grey to
pinkish-red in color, abundant in potassium feldspar, plagioclase, and biotite with a low
amount of quartz, and contains sulfide minerals such as chalcopyrite, pyrite, and molybden-
ite. Monzodiorite is locally altered and quartz–tourmaline, phyllic, and potassic alteration
are identified in the drill holes (ex. BDH-78) (Figure 4a). Diorite porphyry is medium- to
course-grained with porphyritic texture, and composed of plagioclase, quartz, potassium
feldspar, and biotite with a minor amount of sulfides (Figure 4b,c). Granodiorite is fine- to
medium-grained, composed of plagioclase, quartz, hornblende, potassium feldspar, and
lesser biotite. It locally shows potassic and quartz–tourmaline alteration. The granodiorite
is extensively cut by sheeted veins and stockworks of sulfide-bearing quartz–tourmaline
and tourmaline veinlets (Figure 4d).
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cross section of the figure below.

According to the field observations, the monzodiorite is widely distributed comparing
to the granodiorite and diorite porphyry, and it forms mostly dyke-shaped bodies with a
northwest direction (Figure 4d).

3.2. Gold, Copper and Molybdenum Mineralization

The previous studies reported that the Bayan Uul deposit is characterized as the
diatreme breccia pipe and porphyry system with one km diameter overlain by lithocap,
including pyrite-rich sericitic, argillic, and quartz–tourmaline alteration, representing a
shallow erosion level [31]. The lithocap is characterized by a ring-shaped structure 8 km in
diameter (Figure 2).

Gold–copper–(Mo) mineralization of the Bayan Uul deposit is mainly associated with
the quartz–tourmaline veins, quartz–tourmaline veining zones, and brecciated quartz–
tourmaline zones on the surface as well as in drill holes. According to the field observa-
tions, ore minerals present malachite, pyrite, hematite, magnetite, chalcopyrite, and rarely
molybdenite in the outcrops as well as drill cores (Figure 5a,b). Most of the ore minerals
occur within quartz–tourmaline veins and veinlets and quartz–tourmaline breccias, as
well as fracture-fillings and fine disseminations within the Bayan Uul porphyry complex.
Copper and Mo mineralization mainly occurs as a fine dissemination within veins and
veinlets, as well as stockwork within monzodiorite, diorite porphyry, and granodiorite.
Gold–Copper–(Mo) mineralization is intersected at depths of 450–1100 m in drill cores, as
sheeted quartz–tourmaline veins, veinlets, and stockworks in potassic- and phyllic-altered
monzodiorite, diorite porphyry, and granodiorite.
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3.3. Alteration and Vein Types

Based on observation of the drill core and outcrop samples, several types of hy-
drothermal alterations, such as potassic, phyllic, argillic, silicic, and quartz–tourmaline
alterations, are identified with a zonal distribution around the center of the mineralized
zone of Bayan-Uul porphyry deposit.

Potassic alteration occurs only in the drill core at depths of 750–880 m and is rep-
resented by K-feldspar + biotite + magnetite ± chlorite ± sericite assemblages in the
granodiorite, diorite porphyry, and monzodiorite. Because of potassic alteration, host rocks
are dark- and reddish-pink in color (Figure 5c).

Argillic alteration is identified both in the surface exposures and in the drill cores at
shallow depths, and infrequently found as overlapping of the phyllic, potassic alteration in
the drill core. Argillic alteration is characterized by kaolinite + alunite + quartz with lesser
amounts of sericite and chlorite. It is developed in andesitic rocks near the lithocap area
(Figure 5d).

Phyllic alteration occurs in the drill core at depths of ~410–430 m, 460–480 m, 520–680 m,
and 700–750 m, as well as at 880–1070 m, overprinting some part of the potassic and quartz–
tourmaline alteration. Phyllic alteration is characterized by quartz + pyrite + chlorite +
sericite ± chalcopyrite ± magnetite assemblages. Due to the continuous destruction of
silicate minerals except for quartz, host rocks strongly suffer from sericite replacement
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and are mainly whitish-grey and greenish in color with slightly reddish spots because of
K-feldspar (Figure 5e).
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Figure 4. Intrusive rock types found within the Bayan-Uul porphyry Au-Cu-(Mo) deposit
area. (a) Quartz–sulfide and tourmaline veins within monzodiorite (sample ID: BDH-78-35_779m).
(b), Chalcopyrite and pyrite mineralization associated with diorite porphyry (sample ID: BDH-78-
11_465m). (c) Disseminated pyrite associated with diorite porphyry (sample ID:BDH-78-26_653m).
(d) Tourmaline–sulfide within granodiorite (sample ID: BDH-78-18_527m). (e) Quartz veins cut the
dyke-shaped monzodiorite. (f) Granodiorite outcrop in the Bayan-Uul porphyry Au-Cu-(Mo) deposit
area. Abbreviations: Cpy = chalcopyrite, Py = pyrite, Tur = tourmaline, Qtz = quartz.

Abundant silicic leached rocks were found forming the lithocap. Silicic alteration
is characterized by quartz + sericite. Silicification was observed on the whole rock mass
of the porphyry intrusion or the marginal part of the quartz, quartz–tourmaline veinlets.
Silicified porphyry intrusions are characterized by disseminated, fracture-filling quartz and
quartz–tourmaline veinlets with sulfide minerals, including dominantly pyrite, and rarely
chalcopyrite and molybdenite. Silicic alteration is widely distributed (Figure 5f) and they
partly associated with phyllic and quartz–tourmaline alteration.

One of the distinguishable features of the Bayan-Uul deposit compared to the other
porphyry deposit in Mongolia is its intense tourmaline alteration. Tourmaline alteration
exists as several types, including tourmaline breccia, quartz–tourmaline veinlet, and dissem-
inated as radial textured grains in host rocks. The tourmaline breccias are altered by intense
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argillic alteration and contain chalcopyrite, magnetite, and pyrite (Figure 5g). The copper
grade of tourmaline breccia is higher than the other host rocks in the Bayan-Uul deposit.
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Figure 5. Ore minerals and alteration types found within the Bayan-Uul porphyry Au-Cu-(Mo)
deposit. (a) Hematite and malachite. (b) Tourmaline breccia (sample ID: BDH-95-2_160m). (c) Quartz–
tourmaline veinlets within potassic altered granite (sample ID: BDH-78-21_567m). (d) Argillic
alteration with oxidized sulfide grains in an outcrop. (e) Centerline tourmaline with phyllic alter-
ation zone (sample ID: BDH-78-19_534m). (f) Silicic leached rocks in the lithocap area. (g) Radial
textured and intense quartz–tourmaline altered rock (sample ID: BDH-78-3_410m). Abbreviations:
Hem = hematite, Mlc = malachite, Cpy = chalcopyrite, Py = pyrite, Tur = tourmaline, Qtz = quartz,
Alu = alunite, Kaol = kaolinite.

In the quartz–tourmaline, vein type alteration is dominantly associated with C-type
veinlets and partly found together with A- and B-type of veinlets containing abundant
pyrite and minor chalcopyrite. Quartz–tourmaline alteration is intersected at the depth of
399–410 m, 440–460 m and 480–510 m of drill core BDH-78. Sometimes tourmaline exists at
the centerline of quartz veinlets in the potassic alteration zone.

4. Materials and Methods
4.1. Materials

A total of thirty-nine ore and host rock samples were collected from the drill hole
BDH-78 and three tourmaline breccias, and four samples were also taken from BDH-95,
BDH-70 (Figure 2), including five samples from outcrop of altered volcanic rocks. For
the petrographic observation, 40 thin sections were prepared in the Economic Geology
Laboratory, Kyushu University in order to identify rock types, rock-forming minerals,
textures, and alteration types, while 20 polished sections were prepared to determine
ore mineral assemblages and their textures. Microscopic observation was conducted
using a NIKON Eclipse E600 POL microscope, Nikon Corporation, Minato City, Japan,
equipped with an AdvanCam-U3II camera, Advanvision Technology Co., Ltd., Tokyo,
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Japan, at the Economic Geology Laboratory, Kyushu University. Minerals unidentified
by the optic microscopes were further determined using a SUPERSCAN SS-550 scanning
electron microscope, Shimadzu Corporation, Kyoto, Japan, equipped with a standardless,
energy dispersive X-ray analyzer located in the Center of Advanced Instrumental Analysis,
Kyushu University.

4.2. Methods
4.2.1. Whole Rock Geochemical Analysis

In order to determine the chemical composition of host rocks, including major elements
and some trace element, a total of 15 fresh and least altered samples were analyzed by X-ray
fluorescence (XRF) analysis using a RIGAKU RIX-3100 spectrometer, Rigaku Corporation,
Tokyo, Japan. The samples were ground to make a powder and pressed into pellets. Loss
on ignition (LOI) was determined by heating the samples at 1000 ◦C for 2 h to determine
relative loss of weight. XRF analysis on the sample pellets was conducted under 30 kV and
70 mA conditions, and JA-3 andesite was used as a standard sample to check the machine
condition. The reference value of JA-3 was used to monitor the precision, yielding an
error of less than 5%. The sample weight for XRF was 5 g. The limit of detection for XRF
was 10 ppm. Rare earth element (REE) determinations were performed at the Center of
Advanced Instrumental Analysis, Kyushu University, using inductively coupled plasma
mass spectrometry (ICP-MS), utilizing Agilent Technologies 7500, Agilent Technologies,
California, USA. The sample weighed 0.20 ± 0.001 g. In the preparation process, dilute
HCL containing REEs was added to aluminum sec-butoxide (Al(O-sec-Bu)3, TBA0) at room
temperature, and the solution was stirred for 2 h. Then, tetraethyl orthosilicate (Si(OEt)4,
TEOS) and N, N-dimethyl formamide as a solvent was added into the mixed solution and
stirred for 1 h at room temperature. A silica sol containing REEs surrounded by aluminum
was obtained. The above reactions were carried out in a glove box replaced with N2 gas
and a humidity of 15% or less. To prompt hydrolysis of TEOS and polymerization of silicic
acid, pure water was added to the sol solution and heated to 110 ◦C for 1 h. To consume
the remaining HCL, propylene oxide was added. The sol solution was heated to 160 ◦C
at a heating rate of 1 ◦C/h to obtain the dry gel. The dry gel was heated to 1000 ◦C at a
heating rate of 10 ◦C/h in an electric furnace to convert to a hard glass and stood for 2 h at
1000 ◦C. The concentration of REEs in the glasses was analyzed by ICP-MS after the acid
decomposition of the glass. The limit of detection for ICP-MS is 0.25 ppb.

4.2.2. Fluid Inclusion Analysis

Different types of quartz veins and veinlets were prepared for fluid inclusion analysis.
The doubly polished sections were prepared following sequences: polishing the sample’s
surface, mounting the polished rock to glass, cutting the sample billet from the glass, then
polishing the other side of sample to the required thickness. The measurements were
conducted using a Linkam LK600 cooling/heating unit with a Nikon Y-IM microscope
at the Economic Geology Laboratory, Kyushu University. The homogenization and the
ice melting temperatures were measured at the rate of 1 ◦C/min. Thermocouples were
calibrated at −53.2, 0.0, and 313.5 ◦C using the boiling point of the standard materials.
The salinity of two-phase fluid inclusions was calculated using the fluid inclusion freezing
temperature through the equation provided in [32], based on the freezing-point depression
of H2O–NaCl solutions, ranging from pure water to the eutectic composition. Salinities
of halite bearing three-phase fluid inclusions were calculated using the halite dissolution
temperature through the equation reported by [33].

4.2.3. O-S Isotope Analysis

Based on the microscopic observation of ore minerals, three samples from A-, B- and
C-types of sulfide ore bearing quartz veinlets were chosen for oxygen isotope analysis,
and seven sulfide samples of chalcopyrite, pyrite, and molybdenite were chosen for sulfur
isotope study. The samples were crushed to the required size, then sorted by grain size;
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after that, samples were washed and dried to be ready for separation mineral fraction. A
binocular microscope was used to separate the quartz, chalcopyrite, pyrite and molybden-
ite at the Center for Research and Innovation in Technology Minerals of the Mongolian
University of Science and Technology.

Oxygen was extracted from approximately 5 mg of sample at 550–600 ◦C according to
the conventional BrF5 procedure of [34] and analyzed via dual inlet on a Thermo-Finnigan
DeltaPlusXP Isotope-Ratio Mass Spectrometer (IRMS) at the Faculty for Isotope Research,
ALS, Canada. The δ18O values are reported using the delta (δ) notation in unit of per mil
(‰) relative to Vienna Standard Mean Ocean Water (VSMOW) international standard, with
a precision of 0.4‰.

Samples were weighed into tin capsules and the sulfur isotopic composition measured
using a MAT 253 Stable Isotope Ratio Mass Spectrometer coupled to a Costech ECS 4010
Elemental Analyzer at the Faculty for Isotope Research, ALS, Canada. The δ34S values were
calculated by normalizing the 34S/32S ratios in the sample to that in the Vienna Canyon
Diablo Troilite (VCDT) international standard. Values are reported using the delta (δ)
notation in units of per mil (‰) and are reproducible to 0.2‰.

5. Results
5.1. Petrography of Intrusive Rocks

Monzodiorite, diorite porphyry, granodiorite, and tourmaline breccia are determined
by the microscopic observation (Figure 6). Monzodiorite exhibits phaneritic, frequently
porphyritic textures, and is generally composed of plagioclase (40 modal %), K-feldspar
(30 modal %), biotite (10 modal %), hornblende (10 modal %), and quartz (10 modal %),
including zircon, sphene, apatite etc. as accessories. Plagioclase is medium- to coarse-
grained (1–6 mm) and forms subhedral crystals with polysynthetic twinning. K-feldspar
is also typically medium-grained (1–2 mm) and shows poikilitic and perthitic textures.
Biotite forms medium-grained (0.5–1 mm) anhedral and subhedral grains. Hornblende
shows euhedral to subhedral textures with sizes up to 0.6 mm in the longest direction
and is locally replaced by chlorite. Quartz is generally anhedral and medium-grained
(0.5–1.5 mm) (Figure 6a–c).

Diorite porphyry (Figure 6d) consists of plagioclase (60 modal %), biotite (up to
20 modal %), K-feldspar (10 modal %), quartz (10–5 modal %), and minor hornblende
and shows porphyritic texture. Plagioclase is medium- to coarse-grained (0.8–5 mm)
and found both in porphyry and ground mass, exhibiting subhedral to anhedral crystals
with polysynthetic twinning. K-feldspar is typically medium- to coarse-grained (1–5 mm)
with subhedral crystals and exhibits Carlsbad twinning and perthitic textures. Quartz
(0.5–1.2 mm) are generally medium-grained, anhedral, and irregular in shape (Figure 6e,f).
Biotite (0.5–1 mm) appears as euhedral with distinct cleavage, and some of the biotite is
slightly replaced by chlorite (Figure 6e).

Granodiorite consists of plagioclase (40 modal %), K-feldspar (20 modal %), quartz
(20–25 modal %) hornblende (10 modal %), and biotite (up to 5 modal %) and is charac-
terized by an phaneritic texture. Plagioclase is mainly medium-grained (1–2 mm), shows
subhedral to anhedral crystals, and exhibits polysynthetic twinning. K-feldspar is typi-
cally medium-grained (1–1.8 mm) and displays subhedral crystals with Carlsbad twinning
(Figure 6h). Quartz is generally medium-grained (0.5–1.5 mm), anhedral and irregular in
shape. Hornblende is mainly medium-grained (0.2–1 mm) and shows light to dark green in
color with mainly euhedral to subhedral crystals, some of which exhibit simple twinning
and are infrequently replaced by chlorite in the phyllic alteration zone. Biotite grains
display euhedral to anhedral textures with size varying from 0.5 to 0.9 mm (Figure 6g–i).

Tourmaline breccia consists from rock fragments cemented by tourmaline (Figure 6j). The
rock fragments are strongly altered porphyric intrusion containing plagioclase (30 modal %),
quartz (30 modal %), tourmaline (25 modal %), micas (15 modal %), and some mineral
fragments. Plagioclase and K-feldspar are fractured and indistinguishable due to strong
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sericitic and argillic alteration, and tourmalinization. Quartz is fine-grained (0.1–0.5 mm)
and angular to sub-rounded in shape (Figure 6k,l).
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Figure 6. Photographs of hand samples and representative transmitted light photomicrographs
(crossed polarizers) of the samples from Bayan-Uul porphyry Au-Cu-(Mo) deposit. (a–c) Mon-
zodiorite (sample ID: BDH-78-39_680m). (d–f) Diorite porphyry, the biotite is slightly replaced
by chlorite (sample ID: BDH-78-22_560m). (g–i) Granodiorite (sample ID: BDH-78-45_1118m).
(j–l) Tourmaline breccia (sample ID: BDH-95-3_150m). Abbreviations: Qtz = quartz, Pl = plagioclase,
K-fsp = K-feldspar, Bi = biotite, Hbl = hornblende, Arg = argillic, Tur = tourmaline, Ser = sericite.

Petrography shows that potassic alteration of the Bayan-Uul porphyry deposit consists
of K-feldspar + biotite + magnetite ± chlorite ± sericite assemblages. K-feldspar occurs
as intergrowth and anhedral crystals (0.5–1 mm) at the marginal part of quartz veinlets
and replaced by sericite. Hydrothermal biotite appears medium-grained and occurs sim-
ilarly as K-feldspar in quartz veinlets (Figure 7a). Phyllic alteration is characterized by
intense replacement of plagioclase and K-feldspar by sericite, and biotite is replaced by
chlorite (Figure 7c,d). Quartz–tourmaline alteration is characterized by tourmaline and
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fine-grained secondary quartz with minor sericite. Tourmaline is the most abundant min-
eral in the quartz–tourmaline alteration zone and appears as disseminated coarse-grained
subhedral radial crystals, or fine-grained mixed with quartz with lower amounts of sericite
(Figure 7e,f).
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5.2. Ore Mineralogy

Ore minerals generally occur in fine to coarse grains as a dissemination in the intrusive
rocks and associated quartz–tourmaline veinlets. According to the classification of the
veinlets by [1,35], A-type, B-type, and C-type veinlets are identified in the Bayan-Uul
porphyry deposit (Figure 8). Ore minerals found in the Bayan-Uul porphyry Au-Cu-(Mo)
deposit include chalcopyrite, pyrite, molybdenite, and magnetite as dominant ore minerals
with a minor presence of electrum and sphalerite. The A-type veinlets are dominated by
quartz + tourmaline + chalcopyrite + magnetite + pyrite ± electrum, generally observed in
the potassic and phyllic alteration zones (Figure 8a,b). The B-type veinlets are character-
ized by quartz + tourmaline + molybdenite + chalcopyrite + pyrite and commonly occur
in the potassic and phyllic alteration zone (Figure 8b–e). The C-type veinlets consist of
quartz + tourmaline + pyrite ± chalcopyrite. These C-type veinlets typically exist in the
phyllic and tourmaline-sericitic alteration zones and rarely observed in the potassic alter-
ation zone (Figure 8c–e).

Although gold is the main economic mineral, it was found in small amounts in the
selected samples. Based on petrographic observation, electrum was found in association
with chalcopyrite in A-type veinlets with subhedral textures with fine-grained sizes up to
0.1 mm (Figure 9a). Chalcopyrite shows a range of forms anhedral textures and irregular
shapes with sizes up to 1.5–2 mm. Chalcopyrite is the dominant ore mineral in A-type
veinlets, associated with pyrite and molybdenite in B-type veinlets, and infrequently found
in C-type veinlets associated with pyrite (Figure 9a–c). Chalcopyrite is mainly associated
with pyrite and found to be filling open space cracks (Figure 9e–i). Pyrite is medium-
to coarse-grained (0.2–3 mm), forming isometric to irregular crystals (Figure 9c). Pyrite
is found in A-type veinlets with chalcopyrite magnetite, B-type veins with molybdenite
and chalcopyrite (Figure 9c), and C-type veinlets in arrays or sometimes in association
with chalcopyrite (Figure 9d,e). Molybdenite forms aggregates of elongated flakes with
needle-like lengths up to 0.4 mm, and is only found in B-type veinlets associated with
chalcopyrite (Figure 9f,g). Magnetite grains form in association with chalcopyrite and
pyrite in sizes up to 0.4 mm. Magnetite is found in A- and B-type veinlets, associated
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with chalcopyrite, pyrite, and rarely molybdenite (Figure 9h). Sphalerite occurs rarely as
disseminations in association with chalcopyrite and its size is up to 0.6 mm (Figure 9i).
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Figure 8. Photographs of veinlets cross-cutting relationship. (a) A-type veinlet associated with
potassic alteration (sample ID: BDH-78-43_1007m). (b) A-type veinlet cut by B-type veinlet associated
with potassic alteration zone (sample ID: BDH-78-36_797m). (c) A-type veinlet cut by B-type veinlet
associated with phyllic alteration zone (sample ID: BHD-78-30_690m). (d) Early chalcopyrite veinlet
cut by B-type veinlet and B-type veinlet cut by C-type veinlet associated with phyllic alteration zone
(sample ID: BHD-78-31_713m). (e) B-type veinlet cut by C-type veinlet associated with potassic
alteration (sample ID: BDH-78-35_780m). (f) C-type veinlet associated with quartz–tourmaline–
sericite alteration zone and cut by the latest non-mineralized calcite veinlets (sample ID: BHD-78-
7_438m). Abbreviations: K-fsp = K-feldspar, Bi = biotite, Tur = tourmaline, Ser = sericite.

5.3. Fluid Inclusion Petrography and Microthermometry

Three main types of fluid inclusions have been identified in quartz veins: L-type
(liquid-rich) two-phase inclusion, V-type (vapor-rich) two-phase, S-type (halite-bearing)
polyphase inclusions, and opaque-bearing fluid inclusions. Based on fluid-inclusion behav-
ior during heating and freezing, the liquid and vapor phase compositions of fluid inclusions
were recognized as (H2O) in L- and V-type fluid inclusion and the solid phase of S-type
fluid inclusions is halite. L-type fluid inclusions are highly variable in shape, from regular
ellipsoidal negative crystal to irregular in shape and 5–15 µm in size, with a few observed
up to 20 µm (Figure 10a–d). They consist of liquid (H2O) and the vapor (H2O) phase which
occupies between 10 and 40% volume (estimated based on optical methods). They are the
most abundant inclusions in A-, B-, and C-type quartz veinlets. V-type fluid inclusions are
present in the quartz of A- and B-type early-stage veinlets. They are ellipsoidal, spherical,
or irregular negative-crystal in shape and range from 10 to 25 µm. They consist of liquid
(H2O), and the vapor (H2O) phase which occupies >50% volume (Figure 10e–h). S-type
fluid inclusions consist of liquid (H2O), vapor (H2O), and halite (NaCl). The content of the
vapor phase varies from 4 to 30% volume. Halite is transparent (no color) and cubic crystal
in shape with a 20%–30% volume in all these inclusions (Figure 10g,h). Opaque-bearing
fluid inclusions are composed of a transparent daughter crystal, presumably of sulfide
minerals, and opaque inclusion phases do not dissolve into inclusion fluids during heating
experiments (Figure 10i). Therefore, opaque-bearing fluid inclusions could not be measured
and were rarely observed only in the A-type vein.
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Figure 9. Photomicrographs in reflected light. (a) Electrum and chalcopyrite in A-type quartz vein-
let hosted in monzodiorite having undergone a phyllic alteration (sample ID: BDH-78-43_1007m).
(b) Disseminated chalcopyrite and pyrite hosted in monzodiorite having undergone a tourmaliniza-
tion (sample ID: BDH-78-8_455m). (c) Chalcopyrite and pyrite occurrence in C-type veinlet hosted in
monzodiorite having undergone a phyllic alteration zone (sample ID: BDH-78-8_501m). (d) Pyrite in
C-type veinlet hosted in monzodiorite having undergone a quartz–tourmaline alteration (sample
ID: BHD-78-14_489m). (e) Pyrite and chalcopyrite in C-type veinlet hosted in monzodiorite having
undergone a quartz–tourmaline alteration (sample ID: BHD-78-7_438m). (f) Magnetite, chalcopyrite,
and molybdenite in B-type veinlet hosted diorite having undergone a potassic alteration (sample ID:
BDH-78-35_780m). (g) Chalcopyrite and molybdenite in B-type quartz veinlet hosted in granodi-
orite having undergone a potassic alteration (sample ID: BDH-78-36_797m). (h) Magnetite, pyrite,
and chalcopyrite in A-type veinlet hosted in monzodiorite having undergone a phyllic alteration
(sample ID: BDH-78-43_1007m). (i) Chalcopyrite having undergone a sphalerite alteration, hosted
in monzodiorite (sample ID: BDH-78-1_404m). Abbreviations: el = electrum, cpy = chalcopyrite,
mo = molybdenite, mag = magnetite, sph = sphalerite.

A-type veinlets (quartz + tourmaline+ chalcopyrite + magnetite + pyrite ± electrum)
have an abundance of L-type and S-type inclusion with minor V-type inclusions. The
homogenization temperature of L-type and V-type inclusions range from 220 to 490 ◦C and
259 to 395 ◦C with salinity 9.0–22.5 and 5.4–25.4 wt.% NaCl equivalent, respectively. The
homogenization temperature (Th) and halite dissolution temperature (Td) of S-type range
from 215 to 362 ◦C and 228 to 500 ◦C with 36.2–43.5 wt.% NaCl equivalent, respectively
(Figure 11a).

B-type veinlets (quartz + tourmaline + molybdenum + chalcopyrite + pyrite) consist of
abundant L-type and S-type inclusions and minor V-type inclusions. The homogenization
temperature of L-type and V-type inclusions range from 280 to 377 ◦C and 333 to 500 ◦C
with salinity 19.5–27.4 and 16–21.7 wt.% NaCl equivalent, respectively. The homogenization
temperature (Th) and halite dissolution temperature (Td) of S-type range from 215 to 432 ◦C
and 330–500 ◦C with 36.2–51.1 wt.% NaCl equivalent, respectively (Figure 11b).
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in the C-type quartz veinlet. (c) L-type fluid inclusion in the B-type quartz veinlet. (d) Two-phase
L-type fluid inclusions in the C-type veinlet. (e) V-type fluid inclusion in the A-type quartz veinlet.
(f) Coexistence of V-type and L-type inclusions in the B-type quartz veinlet; V- and L-type fluid
inclusions containing aqueous liquid and vapor. (g,h) Photomicrograph showing coexistence of S-
type three-phase halite bearing and V-type two-phase fluid inclusions. (i) Three-phase fluid inclusion
consists of liquid, vapor, opaque minerals in the A-type quartz veinlet. Abbreviations: L = liquid,
V = vapor, H = halite, op = opaque mineral.

Quartz + tourmaline + pyrite ± chalcopyrite veins or C-type veinlets have only L-type
inclusions. The homogenization temperatures of L-type inclusion in the C-type veinlets
were relatively lower than the inclusions in A- or B-type veinlets and range from 160 to
350 ◦C with 3.4–15.6 wt.% NaCl equivalent, respectively (Figure 11c).

5.4. Whole-Rock Major and Trace Elements Composition

The SiO2 contents of intrusive rocks at the Bayan-Uul deposit range from 54.7 wt.%
to 69.1 wt.%. The LOI (loss of ignition) values of unaltered and least altered rocks range
from 0.5 wt.% to 5.5 wt.%, while LOI values in altered rocks reach up to 12.5 wt.%. Based
on whole rock geochemistry data and petrography analysis, intrusive rocks are classified
into granodiorite, diorite porphyry, or monzodiorite. The TAS diagram for plutonic rocks
using total alkalis (Na2O+K2O) versus SiO2 diagram [36] illustrates that the intrusive
rocks in the Bayan-Uul deposit are plotted as diorite, granodiorite, quartz-monzonite,



Minerals 2024, 14, 320 16 of 27

monzonite, and monzodiorite (Figure 12a). Further, the granitoids illustrated in the SiO2
versus K2O discrimination diagram [37] clarify alkalinity. This indicates that rocks belong
to the medium to high potassic calc-alkaline series in composition (Figure 12b).
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(a) Fluid inclusions in A-type veinlet associated with phyllic and potassic alteration. (b) Fluid
inclusions in B-type veinlet associated with potassic alteration. (c) Fluid inclusions in C-type veinlet
associated with quartz–tourmaline–sericite alteration.

Table 1 provides concentration of the rare earth elements (REEs) and trace elements
for intrusive rocks. Chondrite-normalized REE patterns [38] of all samples are enriched in
light REEs and depleted in heavy REEs (Figure 12c). The Sr/Y ratio of intrusive rocks of
the Bayan-Uul deposit ranges from 19.6 to 54.8. Regarding the REE composition (La/Yb)N,
values in granodiorite, diorite porphyry, and monzodiorite range from 9.3 to 22.5, 7.2 to 15.6,
and 15.2 to 17.5 , respectively, the (Gd/Yb)N values of granodiorite, diorite porphyry, and
monzodiorite range from 2.2 to 2.8, 1.9 to 3.6, and 2.4 to 4.2, respectively, and the (Eu/Eu*)
values range from 0.61 to 1, 0.66 to 0.99, and 0.67 to 0.84, respectively. The primitive
mantle-normalized [38] trace elements diagram of intrusive rocks in the Bayan-Uul deposit
shows enrichments of large ion lithophile elements (LILE), such as K, Th, Rb, Sr, and Pb,
and depletion of high field strength elements (HFSE) such as Nb and Ti with no negative
Zr anomalies (Figure 12d). The Bayan-Uul granitoids Mg# ranges from 14.13 to 30.22.

5.5. O-S Isotope Results

The oxygen and sulfur isotope analysis data are shown in (Table 2). A-type, B-type,
and C-type quartz vein samples recorded δ18O values are 8.4‰, 10.9‰, and 8.7‰, re-
spectively. The δ18OH2O values of ore-forming fluids are calculated using the equation
of 1000 lnαquartz-H2O = 3.38 × 106 T-2 –3.40 [39], combined with the measured δ18O quartz
values and the corresponding fluid inclusions homogenization temperatures of the quartz
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samples in this study. The calculated δ18OH2O value in A-type, B-type, and C-type veins
are 5.3‰, 7.8‰, and 5.6‰ respectively. The δ34S values of seven mineral separates of
chalcopyrite, molybdenite, and pyrite in the Bayan-Uul deposit are summarized in Table 2.
The overall S isotopic range is from −0.6‰ to 5.3‰. The three chalcopyrite samples δ34S
values are −0.5‰, −0.6‰, and 2.3‰, whereas the three pyrite samples δ34S values are
5.3‰, −1.4‰, and 2.1‰. The δ34S value of molybdenite sample yielded 1.9‰.

Minerals 2024, 14, x FOR PEER REVIEW 20 of 29 
 

 

(La/Yb)N 15.6 7.2 14.6 8.9 12.9 15.2 17.5 
(La/Sm)N 3.9 2.7 2.8 3.0 3.5 4.6 3.3 
(Gd/Yb)N 2.9 2.1 3.6 1.9 2.6 2.4 4.2 
Eu/Eu* 0.6 0.9 0.6 0.6 0.6 0.6 0.8 

Major (wt.%), minor (ppm), (n.d = not determined). 

 
Figure 12. (a) Geochemistry of the intrusive rocks on the classification diagram of intrusive rock 
according to total alkaline content and silica content [36]. (b) SiO2 versus K2O (wt.%) diagram of [37]. 
(c) Chondrite-normalized spider diagram. (d) Primitive-mantle-normalized spider diagram. Nor-
malization values are from [38]. 

5.5. O-S Isotope Results 
The oxygen and sulfur isotope analysis data are shown in (Table 2). A-type, B-type, 

and C-type quartz vein samples recorded δ18O values are 8.4‰, 10.9‰, and 8.7‰, respec-
tively. The δ18OH2O values of ore-forming fluids are calculated using the equation of 1000 
lnαquartz-H2O = 3.38 × 106 T-2 –3.40 [39], combined with the measured δ18O quartz values and 
the corresponding fluid inclusions homogenization temperatures of the quartz samples in 
this study. The calculated δ18OH2O value in A-type, B-type, and C-type veins are 5.3‰, 
7.8‰, and 5.6‰ respectively. The δ34S values of seven mineral separates of chalcopyrite, 
molybdenite, and pyrite in the Bayan-Uul deposit are summarized in Table 2. The overall 
S isotopic range is from −0.6‰ to 5.3‰. The three chalcopyrite samples δ34S values are 
−0.5‰, −0.6‰, and 2.3‰, whereas the three pyrite samples δ34S values are 5.3‰, −1.4‰, 
and 2.1‰. The δ34S value of molybdenite sample yielded 1.9‰. 

  

Figure 12. (a) Geochemistry of the intrusive rocks on the classification diagram of intrusive rock
according to total alkaline content and silica content [36]. (b) SiO2 versus K2O (wt.%) diagram
of [37]. (c) Chondrite-normalized spider diagram. (d) Primitive-mantle-normalized spider diagram.
Normalization values are from [38].

Table 1. Chemical composition of host rocks from porphyry type mineralization zone.

Rock Type Granodiorite

Sample ID BU180815-2 BDH78-2 BDH78-5 BDH78-27 BDH78-46 BDH78-47 BDH74 BDH78-45

SiO2 69.10 64.01 64.95 64.22 64.95 64.57 66.82 63.77
TiO2 0.55 0.86 0.87 0.57 0.63 0.64 0.53 0.62

Al2O3 14.16 14.46 12.50 13.63 14.82 14.63 13.89 14.57
FeO 2.99 3.61 4.27 2.89 3.86 4.04 2.45 3.80
MnO 0.05 0.02 0.02 0.01 0.06 0.06 0.02 0.04
MgO 2.03 4.93 6.13 4.10 3.53 3.62 2.84 3.30
CaO 3.38 2.51 2.51 3.01 4.09 3.99 2.95 4.22

Na2O 2.24 4.09 3.34 4.32 3.79 3.79 2.60 4.09
K2O 4.16 2.57 2.46 2.38 3.25 3.38 4.02 3.82
P2O5 0.55 0.29 0.30 0.19 0.22 0.23 0.15 0.21
LOI 0.52 2.34 2.09 3.45 0.58 0.69 2.54 1.34

S 0.01 0.12 0.36 1.08 0.01 0.08 0.79 0.04
Total (wt.%) 99.74 99.81 99.80 99.85 99.79 99.72 99.60 99.82
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Table 1. Cont.

Rock Type Granodiorite

Cu (ppm) 9 150 224 174 11 718 1589 71
Zn 47 34 27 50 50 49 21 23
Pb 6 18 18 50 16 17 26 18
V 77 76 73 47 52 52 68 61
Cr 89 117 113 78 49 51 111 44
Co 22 38 36 16 35 35 30 26
Ni 68 52 58 35 35 36 60 35
As 53 33 64 16 23 25 7 16
Mo 22 12 238 9 9 163 19 22
Rb 147 93 111 91 106 113 141 146
Sr 605 387 359 562 647 619 603 275
Ba 768 328 215 380 458 443 847 397
Y 30 18 16 11 15 15 15 13
Zr 142 222 211 152 145 169 152 154
Nb 6 7 7 5 6 7 6 6
Th 38.4 41.8 36.2 27.4 38.3 36.5 28.0 25.1
Sc 8.4 9.4 7.7 6.0 9.2 8.8 4.1 4.0
La 26.1 16.4 29.6 6.9 29.7 23.9 8.1 9.4
Ce 37.5 35.2 55.1 10.4 55.7 49.1 17.2 29.9
Pr 15.7 4.8 6.3 2.0 6.2 5.4 2.1 2.5
Nd 24.2 18.9 23.3 7.6 23.3 19.6 7.8 9.4
Sm n.d 3.90 4.0 1.6 4.1 3.8 1.6 1.7
Eu n.d 0.75 0.8 0.4 1.0 1.0 0.5 0.6
Gd n.d 3.48 3.8 1.4 4.1 3.8 1.5 1.8
Tb n.d 0.55 0.5 0.3 0.5 0.5 0.3 0.3
Dy n.d 2.33 2.2 1.0 2.6 2.4 1.1 1.2
Ho n.d 0.51 0.4 0.2 0.5 0.5 0.2 0.2
Er n.d 1.29 1.1 0.6 1.3 1.3 0.6 0.7
Tm n.d 0.28 0.2 0.2 0.3 0.3 0.2 0.2
Yb n.d 1.03 0.9 0.5 1.2 1.2 0.5 0.6
Lu n.d 0.25 0.2 0.2 0.2 0.3 0.2 0.2

(La/Yb)N n.d 11.5 22.4 9.3 17.5 13.6 10.0 9.7
(La/Sm)N n.d 2.7 4.7 2.7 4.6 4.0 3.1 3.4
(Gd/Yb)N n.d 2.8 3.3 2.2 2.8 2.5 2.1 2.2

Eu/Eu* n.d 0.6 0.6 0.8 0.7 0.7 0.9 1.0

Rock type Diorite porphyry Monzodiorite

Sample ID BDH78-22 BDH78-26 BDH72 BDH82 BDH78-41 BDH78-8 BDH78-39

SiO2 57.92 63.02 60.87 66.05 60.54 57.69 54.70
TiO2 1.20 0.61 1.08 0.55 1.03 0.66 0.96

Al2O3 13.81 14.29 15.07 14.62 14.13 13.47 11.76
FeO 5.42 3.20 4.97 2.82 4.89 7.9 6.64
MnO 0.08 0.01 0.01 0.01 0.07 0.02 0.03
MgO 5.26 3.03 4.91 2.35 4.92 4.31 5.30
CaO 5.62 3.11 1.99 2.53 3.97 1.92 5.89

Na2O 2.96 3.35 3.20 3.01 3.06 2.69 2.81
K2O 2.90 3.67 2.84 3.24 3.44 3.26 2.89
P2O5 0.35 0.20 0.42 0.18 0.30 0.32 0.33
LOI 4.25 4.34 3.32 3.82 3.42 4.4 5.54

S 0.02 0.98 0.57 0.59 0.02 2.84 2.50
Total (wt.%) 99.79 99.81 99.25 99.77 99.79 99.48 99.35

Cu (ppm) 21 55 5134 60 24 2935 3356
Zn 64 34 41 40 46 21 43
Pb 8 31 5 30 11 36 3
V 96 51 142 80 86 102 102
Cr 63 48 140 91 43 130 294
Co 37 45 52 30 27 47 53
Ni 57 36 91 42 48 75 138
As 23 24 7 31 15 137 9
Mo 11 9 9 10 10 9 87
Rb 89 118 190 102 109 117 131
Sr 561 436 391 386 441 480 572
Ba 320 500 544 822 331 439 339
Y 23 13 20 14 19 21 12
Zr 342 179 237 144 337 212 142
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Table 1. Cont.

Rock Type Granodiorite

Nb 12 6 9 6 12 9 6
Th 37.2 26.5 28.7 34.0 37.7 33.4 23.5
Sc 14.2 4.8 10.7 4.7 11.9 11.0 6.9
La 33.9 5.0 17.9 10.2 27.4 27.6 6.9
Ce 68.8 12.3 34.8 16.4 57.1 53.6 23.8
Pr 8.1 1.5 5.2 2.8 6.9 6.2 2.0
Nd 30.3 5.7 21.0 10.9 26.2 22.2 7.8
Sm 5.5 1.1 4.1 2.1 4.9 3.8 1.3
Eu 1.2 0.4 0.9 0.4 1.1 0.8 0.3
Gd 5.5 1.2 3.8 1.9 4.7 3.9 1.4
Tb 0.7 0.2 0.5 0.3 0.7 0.5 0.2
Dy 3.5 0.8 2.0 1.3 3.1 2.2 0.8
Ho 0.7 0.2 0.4 0.3 0.6 0.5 0.2
Er 1.9 0.6 1.1 0.8 1.7 1.4 0.4
Tm 0.4 0.2 0.2 0.2 0.3 0.3 0.1
Yb 1.5 0.5 0.8 0.8 1.5 1.3 0.2
Lu 0.3 0.2 0.2 0.2 0.3 0.3 0.1

(La/Yb)N 15.6 7.2 14.6 8.9 12.9 15.2 17.5
(La/Sm)N 3.9 2.7 2.8 3.0 3.5 4.6 3.3
(Gd/Yb)N 2.9 2.1 3.6 1.9 2.6 2.4 4.2

Eu/Eu* 0.6 0.9 0.6 0.6 0.6 0.6 0.8

Major (wt.%), minor (ppm), (n.d = not determined).

Table 2. Sulfur and oxygen isotope compositions of the sulfides and quartz from the Bayan-Uul
Au-Cu-(Mo) porphyry deposit.

Sample No Mineral Occurrence Vein Type δ34SV-CDT(‰) δ18OH2O(‰)

BDH-42-1 Chalcopyrite Disseminated - −0.5 -
BU180815-5 Chalcopyrite Outcrop - −0.6 -
BU180815-6 Chalcopyrite Disseminated with Au - 2.3 -
BDH-78-36 Pyrite qtz+tur+mo+cpy+py vein B-type 5.3 -
BDH-78-14 Pyrite qtz+tur+py±cpy vein C-type −1.4 -
BU180815-7 Molybdenite Disseminated - 1.9 -
BDH-78-1 Pyrite qtz+tur+py±cpy vein C-type 2.1 -

BDH-78-14 Quarz Along fracture C-type - 5.6
BDH-78-36 Quarz Along fracture B-type - 7.8
BDH-78-43 Quarz Along fracture A-type - 5.3

Abbreviations: qtz = quartz, tur = tourmaline, py = pyrite, cpy = chalcopyrite, mol = molybdenite.

6. Discussions

Geological survey reports are the only sources of information regarding the petrogene-
sis and classification of the Bayan-Uul Au-Cu-(Mo) deposit. In addition, the mineralization,
genesis, and ore-forming fluid environment studies have not been conducted. In this study,
we aimed to (i) characterize the mineralization style at the Bayan-Uul deposit through
a comparison lithogeochemical study of the Oyu-Tolgoi and Erdenet deposit’s granitoid
rocks that host the Au, Cu, and Mo mineralization; and (ii) to elucidate the ore-forming
fluid environment that led to the formation and precipitation of the Bayan-Uul Au-Cu-(Mo)
deposit. The formation environment can be applied as a criterion to further exploration of
porphyry deposits in the similar geologic setting along the Central Mongolian and other
areas in Mongolia.

6.1. Comparison with Other Porphyries

Geochemically, the Erdenet (giant) Cu-Mo deposit’s porphyry-related suite is iden-
tified by a relatively high Sr/Y ratio (Sr/Y > 20) and (La/Yb > 20) with increasing SiO2
(Figure 13c). Meanwhile, Sr/Y and La/Yb ratios of the Oyu-Tolgoi (supergiant) porphyry
Cu-Au deposit’s intrusive rocks range from 19 to 60 and 6 to 26, respectively. In addition,
Sr/Y and La/Yb ratios of the Bayan-Uul (moderate) Au-Cu-(Mo) deposit’s porphyry-
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related suite are identified as 19–50 and 10–33, respectively (Figure 13a,b). Magmatic
fertility associated with porphyry-type mineralization system appear to have adakitic affin-
ity, which is geochemically defined as Sr/Y > 20, La/Yb > 20, Sr > 400 ppm, Y < 18 ppm,
and Yb < 1.9 ppm, caused by residual and/or fractional crystallization of the minerals
garnet, hornblende, and titanite [40,41]. The low to moderate Sr/Y and (La/Yb < 20) ratios
of Oyu-Tolgoi and Bayan-Uul does not fall within the adakitic field (Figure 13). However,
adakitic magmas do not necessarily form porphyry type mineralization and the origin of
high Sr/Y signatures (i.e., adakitic signatures) in magma is still actively debated. In addi-
tion, Sr/Y values of magmatic rocks associated with porphyry Cu-Au deposits demonstrate
that Cu-rich porphyry Cu-Au deposits are associated with intrusions that have an average
Sr/Y of 100 ± 50, whereas Au-rich porphyry Cu-Au deposits are associated with magmatic
rocks that have a lower average Sr/Y value of 50 ± 25 [42,43]. Therefore, the Bayan-Uul
deposit porphyry-related suite illustrates signs of gold-rich porphyry.

As a well-known geochemical signature for porphyry Cu deposits [41], the chondrite-
normalized REE pattern (Figure 12c) of the mineralized intrusion at Bayan-Uul shows moder-
ate fractionation reflected in (La/Yb)N = 7.2–22.5 and a lack of Eu anomaly (Eu/Eu*) = 0.61–1.
These findings suggest porphyry-related oxidized and hydrous magma. Additionally, in
contrast to barren earlier volcano-plutonic rocks in an immature arc, the flat-to-concave up-
ward MREE–HREE pattern (Figure 12c) and (La/ Sm)N = 2.73–4.72 and (Dy/Yb)N = 1.08–1.84
serves as geochemical characteristics of a porphyry-related intrusive suite that develops
as an island arc matures. These geochemical signatures have been reported for porphyry
Cu deposits worldwide, including those developed in association with the Tethyan arc
magmatism [41], Oyu-Tolgoi [44], and Erdenet [45]. The hydrous nature of the magma,
another precursor for fertile magma in magmatic arc systems [46], is also reflected by the
hydrous mineral assemblages, i.e., abundant hornblende and biotite (Figure 6). In addition,
the REE pattern of the intrusive rocks is characterized by enrichment of LREE and depletion
of HREE (Figure 12c). Moreover, the enrichment of LILEs or subduction-related mobile
elements such as K, Th, Rb, Sr, and Pb and the depletion of Nb and Ti anomalies are the
main character of a subduction-related tectonic setting (Figure 12d); [47]. In the Y versus
Nb and Rb versus Nb+Yb diagrams (Figure 13e,f); Ref. [48] the samples plot within the
field of volcanic arc granite. With the island arc developing toward maturity, water, sulfur,
and fluid-mobile components from the subducting oceanic slab enter the mantle wedge,
causing it to become progressively more hydrated and oxidized [49]. This process has been
estimated to last over ∼10 Ma from the nascent island arc stage [50,51].

The Mg# value indicates whether the source of magma that created the rock was
originated solely from crustal material or from crustal material contaminated by mantle
material [52]. Melts from the basaltic lower crust, in general, have a low Mg# < 40, regardless
of melting degree. The Bayan-Uul granitoids with Mg# ranging from 14.13 to 30.22 are
indicative of lower crust source.
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6.2. Nature of Ore-Forming Fluids and Metal Source

Fluid inclusions preserve the history of ore-forming fluid systems and shed light on
the characteristics and origins of the fluids [55–57]. The initial fluids that are exsolved from
felsic magmas have a salinity of low to moderate, with 2 to 12% NaCl equivalent [58,59].
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Melts appear to be more enriched in H2O, S, and Cl rather than in metals, especially Cu,
suggesting that the source mechanisms leading to the development of primitive arc basalts,
the ultimate parents of more advanced intermediate to felsic magmas associated with
porphyry deposits, are more significant [60]. Hence, for Cu–Au porphyry deposits, chloride
(Cl−) is likely to be the dominant ligand for Cu and Au, explaining their close association
in this environment [61]. In addition, The Cl- ligand predicted the strong partitioning of
both Cu and Au into high-temperature, oxidizing, high-salinity hydrothermal fluids [62].
Therefore, the moderate to high salinity of solutions of the Bayan-Uul porphyry deposit
suggests that the ore compositions were transported by a chloride ligand. Moreover, the
NaCl-dominated ore-bearing fluid is a typical characteristic of porphyry deposits [63]. A
significant portion of the magma’s CO2 will have been lost by the time it reaches the mid-
upper crust and evolves into more felsic compositions and exsolved fluids will be primarily
hydrous and contain high concentrations of S-Cl [64]. Increasing S and Cl concentration
with low pH conditions aided Cu and Au solubility and caused phyllic alteration. Therefore,
Bayan-Uul deposits are dominated by phyllic alteration, and the biotite and other minerals
of the host rocks are observed to be replaced by chlorite.

Once ascending from their igneous source, such fluids usually separate into a hy-
persaline liquid and a low salinity vapor phase during decompression and boiling. Se-
lected sulfide mineralized quartz veinlets of the Bayan-Uul deposit show coexisting of
primary L-type, V-type, and S-type halite bearing inclusions in A-type and B-type veinlets
(Figure 10g,h) with similar homogenization temperatures but contrasting salinities of these
fluid inclusions (Figure 14) support the fluid boiling evidence. Boiling can cause ore depo-
sition [65] and also a separation of the hydrothermal system [63]. Shallow fluid boiling also
aided in the entry of ore-metal into veins by promoting hydrofracturing and the develop-
ment of a network of faults and fractures inside the granitoid [65]. Therefore, boiling was
possibly the main mechanism for ore formation at the Bayan-Uul porphyry deposit.
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The polyphase hypersaline inclusions homogenize in two ways: vapor phase disap-
pearance temperature higher than halite dissolution temperature, observed rarely (Th > Td),
or most of the polyphase inclusions are noted with vapor disappearance temperature
lower than halite dissolution temperature (Th < Td). Where Th < Td, results indicate
the hydrothermal solution was saturated with NaCl at the trapping temperature. Similar
phenomena have been reported from several porphyry deposits such as the Mamut deposit
in Malaysia [66], the Dizon deposit in the Philippines [67], and the Batu Hijau deposit in
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Indonesia [68,69]. Thus, the minimum homogenization temperature (around 220 ◦C) of
halite-bearing polyphase inclusion can be considered as trapping temperature. In addition,
the trapping temperatures of L-type two-phase fluid inclusions in A-, B-, and C-type quartz
veinlets are considered (around 220 ◦C, 280 ◦C, and 160 ◦C).

On Earth, there are three key reservoirs containing different sulfur isotope compo-
sitions: (a) mantle or magmatic sulfur (0‰ ± 3‰); (b) seawater sulfate (+20‰); and
(c) reduced sulfur or biogenic sulfur in sedimentary rocks (less than 0‰) [70]. For the
majority of porphyry Cu-Mo and Mo deposits worldwide, the δ34S values of sulfide min-
erals generally vary from −5‰ to +5‰ [71]. Our new result shows that the δ34S values
of the sulfide from the Bayan-Uul Au-Cu-(Mo) porphyry deposit exhibit −0.5‰ to 5.3‰
(Figure 15a). Except in very small excess of the δ34S, values of sulfide (5.3‰) coincide
closely with the sulfur isotopic data distribution for sulfide minerals found in the majority
of porphyry deposits. The δ18O values of ore fluids from different mineralizing A-, B-, and
C-type veins are 8.7‰, 10.9‰, and 8.4‰, respectively (Figure 15b). The hydrothermal
quartz in A-, B-, and C-type veins from the Bayan-Uul Au-Cu-(Mo) deposit illustrate highly
clustered δ18OH2O values of 5.3‰, 7.8‰, and 5.6‰, similar to primary magmatic water [72],
indicative of a single magmatic origin rather than multiple sources of oxygen.
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7. Conclusions

The Bayan-Uul porphyry deposit is hosted mainly by Late Triassic–Early Jurassic high-
K calc alkaline intrusive rocks, namely granodiorite, diorite porphyry, and monzodiorite. In
addition, tourmaline breccia is also an important host rock which contains more high-grade
copper than other host rocks.

According to the tectonic geochemical discrimination diagrams, they tend to be formed
in subduction-related island-arc geodynamic setting, which is subduction evidence of the
Mongol–Okhotsk Orogenic Belt. Low to moderate values of Sr/Y ranging from 19.5 to 51.1,
moderate Y concentration ranging from 11 to 30 ppm, (La/Yb)N ranging from 7 to 23, and
values of YbN ranging from 3.4 to 9.2 are consistent with auriferous porphyry deposits.

The stockwork, breccia, and vein type mineralization are recognized in the Bayan-Uul
deposit. Three different types of mineralized veinlets were identified. A-type veinlets con-
sist of quartz + tourmaline + chalcopyrite + magnetite + pyrite and infrequently electrum,
B-type veinlets consist of quartz + tourmaline + molybdenum + chalcopyrite + pyrite, and
C-type veinlets are characterized by quartz + tourmaline + pyrite with minor chalcopyrite.

The homogenization temperatures for the fluid inclusions in A-type, B-type, and
C-type veinlets range from 215 to 490 ◦C, 215 to 550 ◦C, and 160 to 350 ◦C and their salinity
varies from 5.4 to 43.5 wt.%, 16.0 to 51.1 wt.%, and 3.4 to 15.6 wt.% NaCl equivalent,
respectively. High temperature and high salinity fluids likely originated from magma.

The moderate to high salinity of solutions of the Bayan-Uul deposit suggests that
the ore compositions were transported in a dominant chloride ligand. The coexisting of
primary L-type, V-type, and S-type halite-bearing inclusions in A-type and B-type veinlets,
and the coexistence of similar homogenization temperatures and very different salinity
inclusions, suggest boiling conditions.
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The δ18O values of ore fluids from different mineralizing A-, B-, and C-type veins
are 8.7‰, 10.9‰, and 8.4‰, respectively. Therefore, the Bayan-Uul Au-Cu-(Mo) deposit
illustrates a magmatic origin.
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