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The Hadamengou-Liubagou Au-Mo deposit is the largest gold deposit in Inner Mongolia of North China. It
is hosted by amphibolite to granulite facies metamorphic rocks of the Archean Wulashan Group. To the
west and north of the deposit, there occur three alkaline intrusions, including the Devonian-
Carboniferous Dahuabei granitoid batholith, the Triassic Shadegai granite and the Xishadegai porphyritic
granite with molybdenum mineralization. Over one hundred subparallel, sheet-like ore veins are con-
fined to the nearly EW-trending faults in the deposit. They typically dip 40� to 80� to the south, with
strike lengths from hundreds to thousands of meters. Wall rock alterations include potassic, phyllic,
and propylitic alteration. Four distinct mineralization stages were identified at the deposit, including
K-feldspar-quartz-molybdenite stage (I), quartz-pyrite-epidote/chlorite stage (II), quartz-polymetallic
sulfide-gold stage (III), and carbonate-sulfate-quartz stage (IV). Gold precipitated mainly during stage
III, while Mo mineralization occurred predominantly in stage I. The dDH2O and d18OH2O values of the
ore-forming fluids range from �125‰ to �62‰ and from 1.4‰ to 7.5‰, respectively, indicating that
the fluids were dominated by magmatic water with a minor contribution of meteoric water. The
d13CPDB and d18OSMOW values of hydrothermal carbonate minerals vary from �10.3‰ to �3.2‰ and from
3.7‰ to 15.3‰, respectively, suggesting a magmatic carbon origin. The d34SCDT values of sulfides from the
ores vary from �21.7‰ to 5.4‰ and are typically negative (mostly �20‰ to 0‰). The wide variation of
the d34SCDT values, the relatively uniform d13C values of carbonates (typically �5.5‰ to �3.2‰), as well as
the common association of barite with sulfides suggest that the minerals were precipitated under rela-
tively high fo2 conditions, probably in a magmatic fluid with d34SƩS � 0‰. The Re-Os isotopic dating on
molybdenite from Hadamengou yielded a weighted average age of 381.6 ± 4.3 Ma, indicating that the
Mo mineralization occurred in Late Devonian. Collectively, previous 40Ar-39Ar and Re-Os isotopic dates
roughly outlined two ranges of mineralizing events of 382–323 Ma and 240–218 Ma that correspond
to the Variscan and the Indosinian epochs, respectively. The Variscan event is approximately consistent
with the Mo mineralization at Hadamengou-Liubagou and the emplacement of the Dahuabei Batholith,
whereas the Indosinian event roughly corresponds to the possible peak Au mineralization of the
Hadamengou-Liubagou deposit, as well as the magmatic activity and associated Mo mineralization at
Xishadegai and Shadegai. Geologic, petrographic and isotopic evidence presented in this study suggest
that both gold and molybdenum mineralization at Hadamengou-Liubagou is of magmatic hydrothermal
origin. The molybdenum mineralization is suggested to be associated with the magmatic activity during
the southward subduction of the Paleo-Asian Ocean beneath the North China Craton (NCC) in Late
Devonian. The gold mineralization is most probably related to the magma-derived hydrothermal fluids
during the post-collisional extension in Triassic, after the final suturing between the Siberian and NCC
in Late Permian.
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1. Introduction

The well-known Central Asian Metallogenic Domain (CAMD),
extends from the Urals in the west, through Kazakhstan, Kyrgyzs-
tan, northwestern China, Mongolia, southern Siberia, and north-
eastern China to the Pacific Ocean along the northwestern coast
(Seltmann and Porter, 2005; Seltmann et al., 2014; Xue et al.,
2016). It hosts numerous giant and world-class Cu-Au/Mo deposits,
e.g., Oyu Tolgoi, Kounrad, Aktogai, and Almalyk that occur in Mon-
golia, Kazakhstan, and Uzbekistan (Fig. 1). The northern margin of
the North China Craton (NCC), located in the mideast of the CAMD,
is one of the most important metallogenic belts. Endowed with
approximately 900 gold deposits, and dozens of molybdenum
deposits, it becomes the second largest gold-producing base and
the third largest molybdenum ore belt in China (Nie, 1997; Hart
et al., 2002). Some of these deposits have genetic relationship with
granitic intrusions (Nie, 1997; Hart et al., 2002; Yang et al., 2003).
The Hadamengou-Liubagou Au-Mo deposit, located approximately
20 km west of Baotou city, is the largest gold deposit in Inner Mon-
golia. The deposit consists of the Hadamengou and Liubagou ore
blocks with distance of 8 km, and is a unique example for a deposit
containing both gold and molybdenum ores worldwide. Orebodies
are spatially and genetically characterized by intensive alkali feld-
spar metasomatism, although phyllic alteration is common. Since
1986, hundreds of auriferous quartz veins and potassic-altered
Fig. 1. Simplified tectonic location of the Central Asia Metallogenic Domain showing t
intrusions (modified after Seltmann et al., 2014). Abbreviations of deposits in China: B
= Hadamengou-Liubagou area (including Xishadegai Mo deposit), Kulitu = K.L.T., Laojiag
and silicified rocks have been sequentially discovered and the gold
reserve reaches 170 tons nowadays (GHCAPF, 2011; Wang, 2016).
Meantime, more and more molybdenum ores coexisting with gold
were explored, although the present proved Mo reserve is only
about 4600 t (GHCAPF, 2011).

Compared to the significant progress on ore prospecting in the
deep and peripheral areas of the Hadamengou-Liubagou ore
deposit, the scientific research work on this unique deposit is still
limited. There are few detailed descriptions regarding spatial and
temporal aspects of alteration and mineralization. The nature and
origin of the hydrothermal fluids related to mineralization are
poorly understood. In particular, there remains much controversy
as to the ore genesis, including metamorphism, migmatitization,
pegmatitic, and magmatic origins (Guo, 1992; Gan et al., 1994;
GHCAPF, 1995; Chen et al., 1996; Nie et al., 2005). The relationship
between gold and molybdenum mineralization is yet unclear. The
major purposes of this paper are (1) to document in detail the geo-
logic characteristics of the deposit, with an emphasis on the
sequence and characteristics of mineral assemblages in different
hydrothermal alteration and mineralization stages; (2) to present
new data of stable (H, O, C and S) and Re-Os isotopes, in order to
understand the source of ore-forming fluids and sulfur, as well as
the timing of Mo mineralization; and (3) to classify the deposit
type and address the temporal relationship issue between Au
and Mo mineralization.
he distribution of major Cu-Au/Mo deposits associated with intermediate to felsic
aimashi = B.M., Baituyingzi = B.T., Chagandeersi = C.G.D., Chaganhua = C.G.H., H.-L.
ou = L.J.G, Liushashan = L.S., Xiaohulishan = X.H.L., T.-Y. = Tuwu-Yandong.



174 Y.-M. Zhang et al. / Ore Geology Reviews 86 (2017) 172–195
The geological characteristics described in this paper indicate
that the Hadamengou-Liubagou Au-Mo deposit is not of migmati-
tization or pegmatitic origin as previous studies (Gan et al., 1994;
GHCAPF, 1995). Although present data of the deposit are partly
consistent with that from both intrusion-related and orogenic gold
deposits globally, they don’t fit either existing genetic model well.
The primary conclusion is that both molybdenum and gold miner-
alization is of magmatic hydrothermal origin. The Mo mineraliza-
tion in the Hadamengou-Liubagou deposit is earlier than Au
mineralization, rather than simultaneous or even later as Hou
et al. (2011) proposed. A clearer link between the Au-Mo mineral-
ization and protracted magmatic events are outlined than previous
research (Guo, 1992; GHCAPF, 1995; Nie et al., 2005). The Au-Mo
mineralization is coincident with episodic tectonic reactivations
and associated magmatism in the region. Namely, the Variscan
magmatic event is related to the Mo mineralization at
Hadamengou-Liubagou. The Indosinian magmatism is suggested
to be responsible for both the gold mineralization in the
Hadamengou-Liubagou deposit and the Mo mineralization at
Xishadegai.
2. Regional and deposit geology

The northern margin of NCC forms an EW-striking linear belt
extending for almost 1500 km, from west of Baotou City across
Inner Mongolia, northern Hebei province, north of Beijing and
through Liaoning to southern Jilin province (Hart et al., 2002;
Yang et al., 2003). There are mainly six gold ore clusters hosted
in an uplifted Precambrian metamorphic basement (Fig. 2A). The
Hadamengou-Liubagou Au-Mo deposit lying in the Late Archean
basement belongs to the Wulashan-Daqingsha (I) ore cluster. It
consists of the Hadamengou and the Liubagou ore blocks, and
sandwiched between the Baotou-Hohhot Fault in the south and
the Linhe-Jining Fault in the north, and is spatially associated with
Phanerozoic granitic intrusions (Fig. 2B).
2.1. Basement rocks and structural framework

Amphibolite to granulite facies metamorphic rocks of the
Archean Wulashan Group are the host rocks of the Hadamengou-
Liubagou deposit. It is approximately 4 km thick and can be
divided into three lithologic units from bottom to top (GHCAPF,
1995). The lower unit is largely composed of gneiss, amphibolite
and granulite intercalated with magnetite quartzite and locally,
migmatite. The middle unit mainly comprises gneiss, quartzite,
leptite and thin layers of marble. The upper unit chiefly consists
of gneiss, banded iron formation (BIF), quartzite and marble. Poly-
cyclic sequences of amphibolite-gneiss-leptite-granulite, with
original rocks varying from basalt/basaltic andesite through
intermediate-acidic volcanic rocks to sedimentary rocks, suggest
that the Wulashan Group may undergo multiple volcanic-
sedimentary cycles.

Orebodies of the Hadamengou-Liubagou Au-Mo deposit are
controlled by a series of subparallel, NWW-striking faults that
are considered to be branch faults of the Baotou-Hohhot Fault,
which in turn belongs to the Wulashan-Daqingshan Fault belt with
striking NWW with a length of �370 km from west of Urad Front
Banner across Baotou City to Hohhot of Inner Mongolia. Geophys-
ical data show that this fault belt may reach the Moho discontinu-
ity and is thought to have existed since Late Archean and
repeatedly activated until nowadays (GHCAPF, 1995). Tectonic evi-
dence implies that its eastward extending Fengning-Longhua Fault
is a reworked south-vergent thrust fault belt formed since Late
Paleozoic (Zhang et al., 2004; Li, C.M. et al., 2016). A series of
EW-, NW- and NE-trending subsidiary faults and fractures of this
belt are considered to have controlled the Au-Mo mineralization
in the Wulashan-Daqingshan area.

2.2. Intrusions

Magmatic activities were frequent and well developed in the
study area. Batholiths, stocks and dikes are widespread in the
metamorphic rocks of the Wulashan Group. There are three alka-
line intrusions and hundreds of mafic to felsic dikes in the vicinity
of the Hadamengou-Liubagou Au-Mo deposit (Fig. 2B).

The Dahuabei Batholith, with an outcrop area of approximately
180 km2, is the largest intrusion in this district. It is located to the
west of the Hadamengou-Liubagou ore deposit. The Batholith con-
sists mainly of medium- to coarse-grained granite in central facies
and medium- to fine-grained K-feldspar granite in marginal facies.
U-Pb dating of zircon gave ages of 365.5 ± 7.3 Ma, 353 ± 7 Ma and
330 ± 10 Ma, suggesting its emplacement in the Variscan epoch
(Miao et al., 2000; Li et al., 2009; Zhang, 2012).

The Xishadegai stock, located �1.5 km to the northeast of the
Dahuabei Batholith, is host to the Xishadegai medium-sized Mo
deposit. With an irregular shape and an outcrop area of 11 km2,
the stock is mainly composed of medium- to coarse-grained por-
phyritic granite and medium- to fine-grained porphyritic moyite
with zircon U-Pb age of 232.7 ± 4.1 Ma (Sun, 2016). Re-Os dating
of the molybdenite ore at Xishadegai yielded an isochron age of
225.4 ± 2.6 Ma (Zhang et al., 2011a).

The Shadegai intrusion, adjacent to the Xishadegai deposit,
occurs as an irregular stock with an outcrop area of 65 km2. It con-
sists mainly of medium- to coarse-grained biotite moyite with
abundant microgranular enclaves of monzonite. Zircon U-Pb iso-
topic dating of moyite and monzonite at Shadegai using laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-
MS) gave similar ages of 233.4 ± 2.3 Ma and 229.7 ± 1.5 Ma, respec-
tively (Gu et al., 2015). Both the Xishadegai and the Shadegai gran-
ites formed during the Indosinian epoch. Geochemically, the three
intrusions are predominantly alkaline, metaluminous to weakly
peraluminous, and highly fractionated I-type felsic rocks (Zhang,
2012). The magmas were moderately oxidized and contain signif-
icant crustal components (Zhang, 2012).

A great number of predominantly EW-trending granitic peg-
matite and diabase dikes occur in the Wulashan Group metamor-
phic rocks, ranging in width from 1 to 18 m and length from
several meters to a few kilometers. They are considered to be
genetically related to the gold mineralization at Hadamengou by
some early researchers (GHCAPF, 1995). Six zircon U-Pb ages of dif-
ferent pegmatite dikes outlined an age range of 1981–1821 Ma
(Zou et al., 1998; Miao et al., 2000; Zhang, 2012), that corresponds
to the syn- to post-orogeny of the Late Paleoproterozoic Lvliang
Movement in North China. Diabase dikes are usually several to sev-
eral hundred meters long, with width from 5 to 50 m. Two dikes of
EW- and NS-striking yielded zircon U-Pb ages of 1773 ± 11 Ma and
1785 ± 14 Ma, respectively (Wang, 2016).

2.3. General features of ore deposit

The Hadamengou-Liubagou ore deposit comprises over one
hundred gold-bearing veins that locally also contain molybdenum.
These ore veins have similar geological characteristics and are dis-
tributed in adjacent exploration areas named Hadamengou and
Liubagou ore blocks which are about 8 km apart (Fig. 2B). The
Hadamengou (also known as Wulashan) ore block was discovered
in 1986 (GHCAPF, 1995). It is mainly composed of No. 13, 24, 49, 1,
59 and 113 vein clusters with totally more than 90 veins (Fig. 2B).
The Liubagou ore block, discovered in 1991 (GHCAPF, 1995), con-
sists mainly of No. 313, 314 and 307 veins (Fig. 2B). Most of these
ore veins are confined to the nearly EW-trending faults and locally



Fig. 2. Skech maps showing the distribution of gold deposits in the north margin of North China Craton (A, after Yang et al., 2003) and the geology of the Wulashan area (B,
after Zhang, 2012). Gold districts: (I) Daqingshan-Wulashan; (II) Zhang-Xuan; (III) eastern Hebei-western Liaoning; (IV) Chifeng-Chaoyang; (V) eastern Liaoning; (VI)
southern Jilin. Faults: ① Chifeng-Kaiyuan fault; ② Tan-Lu fault; ③ Xiaotian-Mozitan fault; ④ Xingyang-Kaifeng-Shijiangzhuang-Jianping fault; ⑤ Huashan-Lishi-Datong-
Duolun fault; ⑥ Wulian-Mishan fault.
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crosscut by the NE-trending faults. In this ore deposit, the veins of
No.313 at Liubagou, as well as No.13 and No. 113 vein at Hadamen-
gou account for most of the proven ore reserves and have been sys-
tematically explored by trenches, tunnels, and drills. Most samples
analyzed in this study were collected from these veins considering
spatial representation of samples.

The ore vein (orebody) No. 313 at Liubagou is mainly hosted in
amphibole-gneiss and biotite-gneiss of the upper unit of the Wula-
shan Group. It confines to a NWW-striking fault and is crosscut and
offset by a NE-trending fault (F302 in Fig. 3). The western-most
point of this vein is about 5 km away from the eastern margin of
the Dahuabei Batholith and the Xishadegai granite. It strikes
approximately E and dips 40� to 70� to the south. The ore vein is
typically sheet-like, with a strike length of �5800 m, a dip extent
up to �1200 m (generally 800–1000 m), and a true thickness rang-
ing from 0.8 to 18.4 m (average of 3.3 m). The proven reserves
comprise nearly 70 t Au and over 4600 t Mo, with Au grades rang-
ing from 0.8 to 22.6 ppm (average of 2.26 ppm) and an average Mo
grade of 0.048% (GHCAPF, 2011). Ore mainly occurs as auriferous
quartz veins, Au-bearing potassic-altered and silicified rocks with
disseminated pyrite, and locally breccias (Fig. 4).

The ore vein No. 13 at Hadamengou is localized within garnet-
biotite gneiss and biotite-gneiss of the middle and lower unit of the
Wulashan Group. It is located about 13 km away from the eastern
margin of the Dahuabei Batholith. The orebody strikes E and dips
45� to 80� to the south, with a strike length of �2200 m, a dip
extent of 1100 m, and a true thickness varying from 0.2 to 9.7 m
(average of 2.3 m). The proven gold reserve is around 25 t, with



Fig. 3. Geologic map (A) and typical prospecting profiles (B) of the Liubagou Au-Mo ore block.
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Au grades ranging from 0.8 to 83 ppm (average of 3.6 ppm)
(GHCAPF, 1995, 2011). Molybdenum mineralization associated
with gold occurs locally in the deep part of the vein.

The ore vein No. 113 is situated at the west segment of the
Hadamengou ore block. Its western-most point is approximately
5 km away from the eastern margin of the Dahuabei Batholith. It
strikes ENE to ESE and dips 43� to 74� to the south, with a strike
length of 3040 m, a dip extent of �900 m, and a true thickness
ranging from 0.4 m to 5.3 m (average of 1.8 m). The proven Au
reserve is about 4 t with grades of 1.1–9.4 ppm (average
3.2 ppm) (GHCAPF, 1995, 2011). Molybdenum mineralization
occurs locally and the Mo grades range from 0.03% to 0.20% with
a mean of 0.046% (GHCAPF, 2011).

3. Sampling and methods

Field data and the studied samples were collected from out-
crops, trenches, tunnels, and over 100 drill cores in the
Hadamengou-Liubagou ore deposit. Three vertical sections at Liu-
bagou were selected for detailed study (Fig. 3B). For comparison,
a few samples were collected from the Hadamengou ore block.

Paragenetic study was based on field observations as well as on
hand specimens and microscopic petrography. About 370 thin sec-
tions were studied under transmitted and reflected light micro-
scope. Scanning electron microscope with energy dispersive
spectrometry (SEM-EDS) was used to aid mineral identification,
each accompanied by a back-scattered electron (BSE) image in
Western Washington University.

Hydrogen and oxygen isotopes of fluid inclusions hosted in K-
feldspar and quartz were analyzed using a Finnigan MAT253-
type mass spectrometer at the Stable Isotope Laboratory of Mineral
Resources Institute in Beijing, Chinese Academy of Geological
Sciences, following the method of Clayton and Mayeda (1963).
Oxygen gas was produced by quantitatively reacting the samples
with BrF5 in externally heated nickel reaction vessels. Hydrogen
was determined by quantitatively reacting the H2O with zinc at



Fig. 4. Alteration, mineral assemblage and crosscutting relationships of different hydrothermal stages in the Hadamengou-Liubagou Au-Mo deposit. A. Zonation of alteration
in the Liubagou ore block. Orebodies consist of quartz vein and potassic, silicified rocks. Propylitization and carbonatization develop adjacent to orebodies. B. Orebodies and
altered rocks are controlled by EW-trending fault and destructed by the NE-trending F302 fault. C, D. K-feldspar and wavy quartz (Q1) of stage I cut by quartz veinlets of stage II
(Q2). E. Potassic altered rocks cut by quartz veins of Stage II and stage III (Q2, Q3). F, G. Early stage potassic-silicified rocks with disseminated pyrite cut by quartz veinlets of
stages II and III (Q2, Q3). H, I. Stage I potassic rocks overprinted by stage II quartz (Q2) -epidote-chlorite. Smoky quartz veinlets of stage III (Q3) cut both stage I and stage II
mineral assemblages. J. Stage III quartz (Q3) intergrown with pyrite and galena. K, L. Stage III quartz (Q3)-sulfide vein cut and displaced by milky quartz (Q4)-calcite veinlets of
stage IV. M. Smoky quartz of stage III (Q3) fractured and cemented by calcite-quartz (Q4) veinlets of stage IV. N. Quartz, calcite and specularite veinlets of stage IV cut stage I
potassic-silicified rocks. Mineral abbreviations are the same as footnotes in Table 1.
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temperature of 550 �C. The results adopted the Standard Mean
Ocean Water (SMOW) as standards, with a precision of ±2‰ for
dD and ±0.2‰ for d18O.

Sulfur and carbon-oxygen isotopic compositions for hydrother-
mal sulfides and carbonates were determined at the Analytical
Laboratory of Beijing Research Institute of Uranium Geology. Sul-
fide samples were converted into SO2 for S isotopic analyses by
quantitatively oxidation reacting with Cu2O. The d34S values were
measured using a Finnigan MAT 251 mass spectrometer with
respect to the Canyon Diablo Troilite (CDT) standard. CO2 for C-O
isotopes was produced by quantitatively reacting carbonate sam-
ples with phosphoric acid at a temperature of 25 �C, and was ana-
lyzed by a Finnigan MAT 253 mass spectrometer. Results of the C
and O isotopic analyses obtained where measure with respect to
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the Pee Dee Belemnite (PDB) and SMOW, respectively. The accu-
racy for all data is better than ±0.2‰.

Eight molybdenite samples were collected from the gold-
bearing quartz-molybdenite vein of the orebody No. 113 at
Hadamengou. Gravitational and magnetic separations were
applied and mineral grains were picked up under a binocular
microscope with purity over 98%. Re-Os isotope analyses were per-
formed using a TJA X-series ICP-MS in the Re-Os Laboratory,
National Research Center of Geoanalysis, Chinese Academy of Geo-
logical Sciences in Beijing, following the procedures of Du et al.
(2004). The GBW04435 (HLP) standard was used for quality con-
trol. Concordia diagrams and weighted mean calculations were
made using Isoplot (Ludwig, 2004), where the decay constant of
187Re adopted is 1.666 � 10�11 a�1.

4. Results

4.1. Wall rock alterations and hydrothermal mineral assemblages

Wall rock alterations are widely developed in the Hadamengou-
Liubagou ore deposit, including potassic, phyllic, and propylitic
alteration. Potassic alteration is represented by a great deal of K-
feldspar, minor biotite and albite. Phyllic alteration is characteristic
of quartz veins, minor pyrite and sericite. Propylitic alteration
mainly consists of chlorite, epidote, calcite, and pyrite. Zonation
of alteration envelopes can be observed at both macro and micro
scales. Quartz veins usually outcrop in the center of orebodies.
Potassic and silicified rocks develop at both sides of quartz veins.
Propylitic rocks occur at the outermost positions away from
orebodies (Fig. 4A, B). Alteration zones transit gradually from the
middle to both sides, and usually overlap with each other near
transitional zones due to multi-episode of mineralization. In gen-
eral, alteration is more intense and commonly thicker in the
hanging-wall than in the footwall (Fig. 3).

Based on field crosscutting relationships and mineral paragene-
sis, four distinct stages of gold mineralization were identified at the
Hadamengou-Liubagou ore deposit, including K-feldspar-quartz-
molybdenite stage (I), quartz-pyrite-epidote/chlorite stage (II),
quartz-polymetallic sulfide-gold stage (III), and carbonate-
sulfate-quartz stage (IV). Gold precipitated mainly during stage
III, and to a less extent during stages I and II, while Mo mineraliza-
tion occurred mainly in stage I. Mineral assemblages of every stage
are listed in Table 1 and illustrated in Figs. 4–7.

4.1.1. K-feldspar-quartz-molybdenite stage (I)
Mineral assemblage of this stage is spatially and genetically

related to potassic alteration. Hydrothermal minerals include K-
feldspar, quartz, molybdenite, magnetite, pyrite, and minor calcite,
ankerite, dolomite, biotite, albite and barite. K-feldspar is pervasive
in the altered gneiss, forming a 3–5 m wide pale red zone which is
easily identified in field and recognized as an important indicator
for ore prospecting. Quartz (Q1) occurs as wavy or worm-like
patches distributed in altered rocks (Fig. 4C, D). It is commonly
intergrown with and locally enveloped by K-feldspar. Molybdenite
Table 1
Mineral assemblages of different stages in the Hadamengou-Liubagou Au-Mo deposit.

Stage Non-metal minerals Metal minerals

I Kf, Q, ± (Bi, Ank, Dol, Ab) Py, Mot, ± (Mt)
II Q, Ep, Ch, ± (Ser) Py
III Q, ± (Dol, Ap, Ser, Brt, Cel) Py, Cp, Gn, ± (Gl, Cav, Alt)
IV Cal, Q, Brt, ± (Cel) Spe, ± (Sid)

Mineral abbreviations: Ab-Albite, Alt-altaite, Ank-ankerite, Ap-apatite, Brt-barite, Bi-b
dolomite, Ep-epidote, Gl-gold, Gn-galena, Hb-hornblende, Kf-K-feldspar, Mon-monazite
Ser-sericite, Sid-siderite, Spe-specularite, Zr-zircon.
typically occurs either as disseminates in potassic-altered and sili-
cified rocks (Fig. 5A, B), or as deformed and fractured K-feldspar-
biotite-pyrite-molybdenite-carbnate veinlets/aggregates which
are cemented by quartz veins of stage II and/or stage III (Fig. 5C–
E). Pyrite has relatively low relief and a poor polish. Carbonate
minerals are commonly intergrown with K-feldspar and biotite,
and locally replaced by later stage quartz (Fig. 5E). The mineral
assemblage of this stage is usually fractured and cemented or
crosscut by the minerals of later stages (II, III and IV,
Figs. 4, and 5C–E).

4.1.2. Quartz-pyrite-epidote/chlorite stage (II)
The mineral assemblage including quartz, pyrite, epidote, chlo-

rite and minor sericite is related to phyllic and propylitic alteration
in this stage (Fig. 4D–I). Feldspar, biotite and magnetite are widely
distributed in pale green rocks as relic minerals of gneiss. Milky to
grey-white quartz (Q2) either cuts the early stage potassic-altered
and silicified rocks as veins and veinlets (Fig. 4E–G), or is perva-
sively distributed in propylitic rocks as irregurlar aggregates
(Fig. 4I). Pyrite is medium to coarse grained, sub-euhedral to euh-
eral and commonly intergrown with quartz. Epidote and chlorite
usually develop along fractures or gneissosity on both sides of
the earlier potassic, silicified rocks, forming a pale green zone of
several meters to over ten meters in width. Gold was not observed
in this stage, although low grade quartz-pyrite veins are locally
recognized.

4.1.3. Quartz-polymetallic sulfide-gold stage (III)
Quartz-polymetallic sulfide veins of this main ore stage typi-

cally cut the earlier stage altered rocks and veins (Figs. 4F-I).
Hydrothermal minerals of this stage include quartz, pyrite,
galena, chalcopyrite, as well as minor gold, calaverite, altaite, ser-
icite, apatite, dolomite, barite and celestine. At the upermost parts
of the deposit, sulfides are locally oxidized to supergene minerals
including covellite, malachite, cerussite and hematite. Quartz (Q3)
typically occurs as several centimeters to several meters wide
smoky gray veins and contains abundant and various sulfides
than those of stage II (Fig. 4E, J, and 6D, E). Pyrite is disseminated
in quartz veins and locally intergrown with galena and chalcopy-
rite. It is fine-grained, subhedral to anhedral, and typically exhi-
bits high relief and smooth polish under the microscope
(Fig. 6B, F). Gold grains of irregular and round shapes either fill
in fractures or included in pyrite and quartz, or less commonly,
occur at the margin of dolomite (Fig. 6A–C). Microprobe analyses
show that most of the gold has a high fineness ranging from 847
to 990 (GHCAPF, 1995; Zhang, 2012). A small amount of gold also
occurs as calaverite (Fig. 6F), petzite, and electrum (GHCAPF,
1995). Barite and celestine associated with galena, pyrite and
apatite were occasionally observed infilling fissures of quartz
(Fig. 6E).

4.1.4. Carbonate-sulfate-quartz stage (IV)
The assemblage of carbonate, sulfate and quartz of this stage

typically occurs as veins or veinlets cutting all veins of earlier
Relic minerals Paragenetic relationship

Plag, Kf, Q, Hb, Bi, Ap Cut by Q2, Q3, Q4, Cal and Spe vein
Plag, Kf, Mt, Bi Cut Kf and Q1, cut by Q3 vein
Bi, Zr, Mon, Rut, Mt Cut Q2, cut by Q4 or cement by Cal

Cut all other vein types

iotite, Cal-calcite, Cav-calaverite, Cel-celestine, Ch-chlorite, Cp-chalcopyrite, Dol-
, Mot-molybdenite, Mt-magnetite, Plag-plagioclase, Py-pyrite, Q-Quartz, Rut-rutile,



Fig. 5. Molybdenite occurrence on hand samples and under microscope in the Hadamengou-Liubagou Au-Mo deposit. A, B. Molybdenite disseminated in potassic, silicified
altered rocks of stage I. C. Stage I molybdenite + pyrite + K-feldspar + biotite veinlets strongly deformed and enveloped by stage III quartz (Q3). D. Molybdenite, pyrite and
biotite of stage I replaced by stage III quartz (Q3) which is in turn cut by calcite and barite veinlets of stage IV. E. Stage I K-feldspar-biotite-pyrite-molybdenite-carbonate
veinlets partly replaced by stage III quartz (Q3). Mineral abbreviations are the same as footnotes in Table 1. Microphotos C to E are BSE images.
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stages (Figs. 4K–N and 6H). Carbonate veinlets locally containing
minor barite and celestine are widespread in the entire altered
rocks, infilling fractures and overprinting earlier mineralization
stages (Fig. 6A, H). Quartz veins/veinlets (Q4) are milky and of sev-
eral millimeters to tens of centimeters wide, occasionally with
vugs or overgrown by calcite in center (Fig. 4N). Specularite vein-
lets of millimeter- to centimeter-scale is also occasionally observed
in the assemblage of this stage (Fig. 4N).
4.2. Hydrogen-oxygen isotopes

The hydrogen and oxygen isotopic data and calculated d18OH2O

values at Hadamengou-Liubagou are listed in Table 2 and illustrated
in Fig. 8. Fifteen samples from ore vein No. 313 at Liubagou and
five samples from ore vein No. 13 at Hadamengou were analyzed
in this study on the fluid inclusions hosted in both K-feldspar and
quartz of different stages. Eighteen data of fluid inclusions hosted



Fig. 6. Microphotos showing gold occurrence and mineral assemblages of different stages in the Hadamengou-Liubagou Au-Mo deposit. A-C. Gold grains intergrown with
pyrite or as inclusions in pyrite and quartz of stage III. Calcite-barite veinlets of stage IV cut stage III quartz (Q3). D. Early stage pyrite replaced by stage III chalcopyrite and
galena. E. Stage III assemblage of quartz (Q3), galena, chalcopyrite and barite. F. Gold, calaverite, and pyrite disseminated in stage III quartz. G. Galena and altaite of stage III fill
in the fracture of stage II pyrite. H. Calcite-barite veinlets of stage IV fill in microfissures of stage III quartz. Mineral abbreviations are the same as footnotes in Table 1.
Microphotos B, C, D, and F are taken under reflect light microscope. The others are BSE images.
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in quartz from ore vein No. 13 and No. 313 at Hadamengou were
collected from previous studies (Hou, 2011; Wang, 2016). The
d18OH2O values were calculated based on the fluid inclusion
homogenization temperatures and fractionation equations
between minerals and water (Clayton et al., 1972; Taylor, 1974).

In the Liubagou ore block, the d18OH2O values of K-feldspar and
quartz range from 1.4‰ to 6.1‰ (average 4.5‰), and the dDH2O val-
ues vary between �125‰ and �80‰ (average �96‰). In the
Hadamengou ore block, the d18OH2O and dDH2O values of the ore
veins No. 13 and No. 113 range from 3.8‰ to 7.5‰ and from
�103‰ to �62‰, respectively.

4.3. Carbon-oxygen isotopes

Carbon-oxygen isotopic compositions of carbonate and quartz
in the Hadamengou-Liubagou deposit are presented in Table 3
and Fig. 9. Three samples from ore vein No. 313 at Liubagou were
analyzed in this study, and seven data from ore vein No. 13 and No.
113 at Hadamengou were collected from GHCAPF (1995) and Xie
(2011). The d18OSMOW values were calculated using the formula
of Friedman et al. (1977). In the Liubagou ore block, the d13CPDB

and d18OSMOW values of three calcite samples range from -10.3‰
to -5.0‰ and from 7.3‰ to 15.3‰, respectively. In the Hadamen-
gou ore block, the d13CPDB and d18OSMOW values of two ankerite
samples vary from �5.1‰ to �4.0‰ and from 3.7‰ to 10.1‰,
respectively; whereas those of two calcite samples are �3.2‰
and from 11.8‰ to 12.8‰, respectively GHCAPF (1995). The
d13CPDB and d18OSMOW values of fluid inclusions hosted in quartz
are similar to those of carbonates (Xie, 2011).

4.4. Sulfur isotopes

Eleven samples of sulfides including pyrite, galena and chal-
copyrite from ore vein No. 313 were analyzed for sulfur isotopes



Fig. 7. Paragenetic sequence of ore, gangue, and alteration minerals in the Hadamengou-Liubagou Au-Mo deposit.
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at Liubagou. Eighty sulfur isotopic data focusing on Hadamengou
and Dahuabei Batholith were collected from previous studies
(Guan et al., 1992; Nie and Bjorlykke, 1994; Lang and Li, 1998;
Hou, 2011; Xie, 2011). The results are listed in Table 4 and illus-
trated in Fig. 10. The d34SCDT values (n = 15) of sulfides from the
ores at Liubagou range between �15.4‰ and �4.3‰ with an aver-
age of �11.4‰. Two pairs of coexisting pyrite and galena from
same quartz ore show that d34Spyrite values are greater than
d34Sgalena values. The d34SCDT values of 72 sulfide samples from
the Hadamengou ore block range widely from �21.7‰ to 5.4‰,
typically between �20‰ and 0‰. Sulfur isotopes of galena
(n = 18) cover the full range of data, whereas pyrite (n = 49) and
chalcopyrite (n = 5) have d34SCDT values from �18.4‰ to 2.0‰
and from �14.3‰ to 4.4‰, respectively. Three of four pyrite-
galena pairs show larger d34SCDT values in pyrite than in galena
(Fig. 8). The d34SCDT values of barite and celestite coexisting with
galena are 6.1‰ and 4.3‰, respectively. The d34SCDT values of
two pyrites from the Dahuabei granite range from 1.3‰ to 2.0‰.

4.5. Rhenium-osmium dating

Results of Re-Os dating are listed in Table 5 and illustrated in
Fig. 11. The concentrations of 187Re and 187Os range from
1.13 ppm to 6.42 ppm and from 7.1 ppb to 40.9 ppb, respectively.



Table 2
Hydrogen and oxygen isotopic compositions of hydrothermal minerals and fluids in the Hadamengou-Liubagou Au-Mo deposit.

Ore block Vein No. Sample No. Mineral/stage d18OSMOW/‰ dDH2O/‰ d18OH2O/‰ T/�C Data sources

Liubagou 313 313TK-5 K-feldspar/I 8.0 �96 4.8 393 This study
PD1-2 K-feldspar/I 9.1 �125 5.7 393
ZK12303-7-2 K-feldspar/I 8.1 �100 4.7 393
ZK3603-7 Quartz/II 12.6 �94 4.7 273
ZK0402-11 Quartz/II 13.0 �80 5.1 273
ZK17903-6 Quartz/III 12.1 �102 4.1 271
ZK12402-3 Quartz/III 12.4 �99 4.4 271
PD2-5 Quartz/III 12.0 �89 4.0 271
ZK10802-4 Quartz/III 11.8 �84 3.8 271
ZK16304-16-1 Quartz/III 11.9 �96 3.9 271
ZK16305-28-2 Quartz/III 12.0 �102 4.0 271
ZK17905-15 Quartz/III 14.1 �96 6.1 271
ZK2004-10 Quartz/III 12.5 �84 4.5 271
ZK9903-14 Quartz/III 9.4 �96 1.4 271
313TK-10 Quartz/III 13.8 �98 5.8 271

Hadamengou 13 H818-C139-3-2 K-feldspar/I 10.1 �77 5.1 314 This study
H818-C139-2 K-feldspar/I 10.5 �103 5.3 314
H818-C139-3-1 Quartz/II 12.7 �103 4.9 277
H658-C121-3 Quartz/II 11.8 �92 4.0 277
H818-C121-3 Quartz/II 14.7 �92 6.9 277
13HB36 Quartz/II 13.7 �85 5.9 Wang (2016)
13HB45 Quartz/II 13.1 �85 5.3
13HB50 Quartz/II 13.2 �80 5.4
13HB136 Quartz/II 13.1 �86 5.3
H1301 Quartz/II 13.5 �90 5.0 260 Hou (2011)
H1303 Quartz/II 13.7 �78 5.2 260
H1310 Quartz/II 13.3 �85 4.8 260
HDM13-1 Quartz/II 13.1 �62 4.6 260
13HB139 Quartz/III 13.3 �82 4.0 Wang (2016)

113 13HB06 Quartz/I 12.0 �88 6.5 Wang (2016)
13HB15 Quartz/I 13.0 �74 7.5
H11343 Quartz/II 12.7 �81 4.2 260 Hou (2011)
H11334 Quartz/II 13.1 �82 4.6 260
H11311 Quartz/II 12.4 �78 3.9 260
HSG4 Quartz/II 12.8 �68 4.3 260
13HB18 Quartz/II 12.6 �75 4.8 Wang (2016)
WLS-9 Quartz/III 12.6 �83 4.1 260 Hou (2011)
H11324 Quartz/III 12.3 �81 3.8 260

Fig. 8. Plot of dD vs. d18O for ore-forming fluids in the Hadamengou-Liubagou Au-
Mo deposit. Fields for magmatic fluids after Taylor (1974), for initial magmatic
water after Zhang (1985) and for most orogenic gold deposits after Goldfarb et al.
(2004).
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Eight samples gave Re-Os model ages from 374.1 ± 5.2 to
390.1 ± 5.4 Ma. The data yielded an isochron age of 383 ± 12 Ma
and a weighted average age of 381.6 ± 4.3 Ma, with initial 187Os
of �0.07 ± 0.84, indicating that Mo mineralization occurred in Late
Devonian.
5. Discussion

5.1. Source of ore-forming fluids, CO2 and sulfur

The Hadamengou and the Liubagou ore blocks have similar H-O
isotopic compositions. Most of the d18OH2O and dDH2O values of
hydrothermal minerals vary from 3.5‰ to 5.5‰ and from –105‰
to –75‰, which are significantly different from those of metamor-
phic water (d18O 5‰–25‰, dD –70‰ to –20‰; Taylor, 1974) and
the ore-forming fluids for most orogenic gold deposits (Goldfarb
et al., 2004; Fig. 8). Most of the dDH2O values fall within the range
of magmatic fluids (–80‰ to –40‰; Taylor, 1974) and initial mag-
matic water (–110‰ to –65‰; Zhang, 1985) in equibrum with Au–
Cu series granites, while the d18OH2O values are consistent with or
slightly lower than those of magmatic fluids (5.5‰ to 9.0‰, Taylor,
1974) and initial magmatic water (6.0‰ to 9.0‰, Zhang, 1985). It is
thus suggested that the ore-forming fluids of the Hadamengou-
Liubagou deposit were mainly derived from magmatic water with
probably minor contribution of meteoric water, rather than meta-
morphic water.

In general, the source of carbon in ore-forming fluids may be
derived from marine carbonate, organic matter, magmatic carbon,
or some combination of the three (Hoefs, 2008). Given ore fluids
with temperatures above 100 �C (Zhang, 2012) and the mineral
assemblage of barite, pyrite and calcite indicating a relatively high
fO2 condition, then the d13C values of hydrothermal carbonates
could represent the total carbon isotopic composition of ore-
forming fluids, i.e., d13Ccarbonate � d13CƩC (Ohmoto, 1972). There is
no systematic difference between Hadamengou and Liubagou in



Table 3
Carbon and oxygen isotopic compositions of hydrothermal minerals in the Hadamengou-Liubagou Au-Mo deposit.

Ore block Vein No. Sample No. Mineral d13CPDB /‰ d18OPDB /‰ d18OSMOW/‰ Data source

Liubagou 313 ZK11506-4 Calcite �5.0 �17.1 13.3 This study
313 ZK8304-16 Calcite �5.5 �22.9 7.3
313 ZK10006-10 Calcite �10.3 �15.1 15.3

Hadamengou 13 LC-2 Ankerite �5.1 �19.4 10.1 GHCAPF (1995)
13 LC-3 Ankerite �4.0 �26.5 3.7
13 LC-4 Calcite �3.2 �17.8 11.8
13 HD378 Calcite �3.2 �17.5 12.8
13 WK-HDMG-12 quartz �3.9 12.9 Xie (2011)
13 WK-HDMG-13 quartz �3.4 12.4
113 Nhdm-7 quartz �3.5 12.9

Fig. 9. d13CPDB vs. d18OSMOW diagram of hydrothermal carbonate minerals in the Hadamengou-Liubagou Au-Mo deposit.
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terms of carbon isotopes. The d13C values of calcite and ankerite
range from �5.5 ‰ to �3.2 ‰ with an average of �4.1 ‰ (except
for one value at �10.3 ‰), suggesting a mantle (magmatic) carbon
origin (�5‰; Hoefs, 2008). These values are relatively lower than
those of marine carbonate (±0‰; Zhang, 1985) and significantly
higher than sedimentary organic matter (�25 ± 5‰; Zhang,
1985), ruling out the possibility of contribution from these two car-
bon reservoirs. In the d13C-d18O diagram, the wide variation of d18O
values from 3.7‰ to 15.3‰ may reflect the increasing effect of low
temperature alteration (Liu and Liu, 1997; Kontak and Kerrich,
1997).

Inasmuch as the sulfur isotopic composition of sulfur-bearing
minerals is strongly controlled by the physico-chemical conditions
(e.g., T, fo2, pH) of hydrothermal fluids and the isotopic composi-
tion of sulfur (d34SƩS) in the ore fluids, discussions on the source
of sulfur must be based on the accurate determination of
physico-chemical parameters and d34SƩS values (Ohmoto, 1972;
Rye and Ohmoto, 1974). Sulfide minerals that precipitated in equi-
librium with magnetite, hematite, or sulfate minerals could exhibit
isotopic compositions markedly different from those of the
depositing fluids. Therefore, the sulfur isotopic composition of
minerals can be used to determine the d34SƩS value and the source
of sulfur only when the temperature, fo2 and pH conditions of ore-
forming fluids are known (Ohmoto, 1972; Rye and Ohmoto, 1974).
The wide variation on the d34S values of sulfides (�21.7‰ to 5.4‰,
mostly �20‰ to 0‰) as well as the relatively uniform d13C values
of carbonates (typically �5.5‰ to -3.2‰) from this deposit may
suggest that the minerals were precipitated under relatively high
fo2 conditions (Ohmoto, 1972). Based on the mineral assemblage
and microthermometric data from Liubagou, Zhang (2012) esti-
mated the lgfO2 to be in a range of �39 to �35. Fluid inclusion
studies indicate that the temperatures of the ore fluids are around
270 �C at Liubagou and 280 �C–210 �C at Hadamengou, while the
pH values are estimated to be 5.8–6.4 and 6.5–7.1, respectively
(GHCAPF, 1995; Zhang, 2012). In a solution of T = 250 �C, I = 1,
and d34SƩS = 0‰, as illustrated in Fig. 12, these physico-chemical
parameters suggest that the d34S values of sulfides precipitated
from the solution could vary between�26‰ and 1‰, which is con-
sistent with the wide range of the sulfide d34S values of the deposit.
Given that sulfate-bearing samples were collected from primary
gold-bearing quartz veins, and the barite and celestite usually
intergrown with the sulfides such as galena and chalcopyrite dur-
ing main ore stage (Fig. 6E). The enrichment of 32S in the sulfides
during the main ore stage probably resulted in its depletion in
the fluids and the relatively higher d34S values of sulfates (6.1‰–
4.3‰). Therefore, the variable and typically negative d34S values
of sulfides may indicate that the minerals were precipitated in
the ore fluid of a magmatic origin with d34SƩS � 0‰, rather than a
biogenetic origin. In addition, the d34S values of pyrite from the
Dahuabei granite are close to zero per mill (1.3‰–2.0‰, Nie and



Table 4
Sulfur isotopic compositions of sulfides and sulfates from the Hadamengou-Liubagou deposit and the Dahuabei granite.

Sample position Ore vein/wall rock Sample No. Lithology Mineral d34SCDT/
‰

Altitude/
m

Data sources

Liubagou 313 ZK0402-12 Au-bearing altered rocks with sulfides Pyrite �6.8 1709 This study
ZK16305-23 Au-bearing silicic-potassic altered rocks Pyrite �4.3 1146
ZK3603-8 Au-bearing silicic-potassic altered rocks Pyrite �8.4 1595
ZK3604-14 Au-bearing silicic-potassic altered rocks Pyrite �9.5 1477
PD2-8 Au-bearing silicic-potassic altered rocks Pyrite �11.9 1755
ZK3602-6 Au-bearing quartz veins Pyrite �9.1 1715
ZK16305-20-1 Au-bearing quartz veins Pyrite �11.2 1147
PD2-7 Au-bearing quartz veins Pyrite �12.7 1755
ZK2006-14 Au-bearing quartz veins Pyrite �14.1 1367
ZK2006-14 Au-bearing quartz veins Galena �15.4 1367
ZK9901-18 Au-bearing silicic-potassic altered rocks Chalcopyrite �11.9
LBG11 Au-bearing potassic altered rocks Pyrite �13.8 Hou (2011)
LBG9 Au-bearing quartz veins Pyrite �12.5
LBG9 Au-bearing quartz veins Galena �15.1
LBG12 Au-bearing quartz veins Galena �14.7

Hadaemgou 55 T55-1 Au-bearing silicic-potassic altered rocks Pyrite 0.4 Guan et al. (1992)
121 T121-1 Au-bearing silicic-potassic altered rocks Pyrite �4.8
12 T12-1 Au-bearing silicic-potassic altered rocks Pyrite �12.4

T12-2 Au-bearing silicic-potassic altered rocks Pyrite �11.7
T12-3 Au-bearing silicic-potassic altered rocks Pyrite �10.7

13 T13-1 Au-bearing silicic-potassic altered rocks Pyrite �11.3
T13-2 Au-bearing silicic-potassic altered rocks Pyrite �18.4
T13-3 Au-bearing silicic-potassic altered rocks Pyrite �13.0
T13-4 Au-bearing silicic-potassic altered rocks Pyrite �12.5
T13-5 Au-bearing silicic-potassic altered rocks Pyrite �14.0
H1307 Au-bearing potassic altered rocks Pyrite �0.2 Hou (2011)
HDZK1 Au-bearing quartz veins Pyrite �17.0
H1302-1 Au-bearing potassic altered rocks Pyrite �12.5
H1303 Au-bearing quartz veins Pyrite �16.3
H1303 Au-bearing quartz veins Galena �21.7
WK-HDMG-
12

Au-bearing quartz veins Pyrite �0.4 Xie (2011)

WK-HDMG-
12

Au-bearing quartz veins Galena �15.6

HE W90-24 Au-bearing silicic-potassic altered rocks Galena �12.4 Nie and Bjorlykke (1994)
W90-25 Au-bearing silicic-potassic altered rocks Pyrite �6.5
W90-26 Au-bearing silicic-potassic altered rocks Pyrite �8.5

26 W90-20 Au-bearing quartz veins Pyrite �2.5
113 W90-22 Au-bearing quartz veins Pyrite �8.4

W90-23 Au-bearing quartz veins Pyrite �7.0
T113-1 Au-bearing quartz veins Pyrite �11.7 Guan et al. (1992)
T113-2 Au-bearing quartz veins Pyrite �7.0
T113-3 Au-bearing quartz veins Galena �15.1
T113-4 Au-bearing quartz veins Galena �15.4
T113-5 Au-bearing quartz veins Galena �10.3
T113-6 Au-bearing quartz veins Chalcopyrite �4.4
T113-7 Au-bearing quartz veins Chalcopyrite �9.3
T113-8 Au-bearing quartz veins Chalcopyrite �8.0
cs1-1 Au-bearing quartz veins Galena 5.4 Lang and Li (1998)
cs1-2 Au-bearing quartz veins Pyrite �14.8 1415
cs1-3 Au-bearing quartz veins Chalcopyrite �14.3
cs4-1 Au-bearing quartz veins Chalcopyrite �13.0
cs4-2 Au-bearing quartz veins Galena �14.9
h42 Au-bearing quartz veins Pyrite �3.9
h58-1 Au-bearing quartz veins Galena �14.7
h58-2 Au-bearing quartz veins Pyrite �14.1 1475
h84 Au-bearing quartz veins Pyrite �3.4
h187 Au-bearing quartz veins Pyrite �15.3 1240
h194 Au-bearing quartz veins Pyrite �1.2 1065
h228 Au-bearing quartz veins Pyrite �4.8
h231 Au-bearing quartz veins Pyrite �5.2
h233 Au-bearing quartz veins Pyrite �9.9
h236 Au-bearing quartz veins Pyrite �9.6
h6 Au-bearing quartz veins Galena �15.3
h6-1 Au-bearing quartz veins Pyrite �16.2
dn Au-bearing quartz veins Galena �18.4
WLS-10 Au-bearing silicic-potassic altered rocks Pyrite �12.3 1305 Hou (2011)
H11311 Au-bearing quartz veins Pyrite �11.3 1305
H11324 Au-bearing quartz veins Pyrite �5.9 1265
HSG2 Au-bearing quartz veins Pyrite �0.3 Surface
H11341 Au-bearing potassic altered rocks Pyrite �10.4 1185
H11342 Au-bearing quartz veins Pyrite �13.4 1185
H11342 Au-bearing quartz veins Galena �19.4 1185
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Table 4 (continued)

Sample position Ore vein/wall rock Sample No. Lithology Mineral d34SCDT/
‰

Altitude/
m

Data sources

HSG4 Au-bearing quartz veins Pyrite �12.2 Surface
HSG4 Au-bearing quartz veins Galena 3.1 Surface
WLS-9 Au-bearing quartz veins Galena �13.7 1305
Nhdm-7 Au-bearing quartz veins Pyrite 2.0 Xie (2011)
Nhdm-10 Au-bearing quartz veins Pyrite �13.8

78 W-78 Au-bearing quartz veins Galena �15.1 Lang and Li (1998)
78-63 Au-bearing quartz veins Galena �17.3
W1s02 Au-bearing quartz veins Pyrite �1.9
W1s010 Au-bearing quartz veins Pyrite �2.4
W90-27 Au-bearing quartz veins Galena �13.5 Nie and Bjorlykke (1994)
W90-28 Au-bearing quartz veins Pyrite �8.2
W90-29 Au-bearing quartz veins Pyrite �7.9

HW W90-21 Au-bearing silicic-potassic altered rocks Pyrite �3.8
W90-30 Au-bearing silicic-potassic altered rocks Galena �12.3
W90-31 Au-bearing silicic-potassic altered rocks Pyrite �7.5
W90-32 Au-bearing silicic-potassic altered rocks Pyrite �8.4
16-187-1 Au-bearing quartz veins Barite 6.1 GHCAPF (1995)
5-109 Au-bearing quartz veins Celestite 4.3

Dahuabei W90-55 Granite Pyrite 1.3 Nie and Bjorlykke (1994)
W90-57 Granite Pyrite 2.0

Fig. 10. Frequency histogram of d34S in sulfides and sulfates (A), sulfur isotopic comparison for different minerals and ore veins (B), and correlation between the d34S values of
sulfides and the elevations of samples from ore vein No.113 (C) at Hadamengou-Liubagou.
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Bjorlykke, 1994), suggesting a magmatic source of sulfur and
implying a possible link between the mineralization at
Hadamengou-Liubagou and the magmatic activity.

The sulfides from Liubagou have a markedly narrower range of
d34S values (�15.4‰ to �4.3‰, mostly �15‰ to �9‰) than those
from Hadamengou (�21.7‰ to 5.4‰, mostly �20‰ to 0‰), sug-
gesting that the former was precipitated under a narrower lgfO2

range of �36 to �37 than the latter (�36.5 to �38.5). It is also
noted that a roughly negative correlation exists between the d34S
values of sulfides and the elevations of samples from ore vein
No.113 at Hadamengou (Fig. 10C). Based on the field observation
of similar mineral assemblage and metal element distribution,
the differential erosion is not apparent in the single ore vein No.
113. A possible explanation is that the isotopically lighter sulfur
(32S) may tend to be enriched in the fluids ascended to a higher
level due to dynamic fractionation. Alternatively, the ore fluids at
the shallower parts of the deposit may be more oxidized and the
preferential fractionation of 34S in oxidized species of sulfur in
the fluids could result in the lower d34S values of sulfides.

5.2. Timing of Au-Mo mineralization and magma emplacement

The timing of mineralization and, in particular, the temporal
relationship between the gold and molybdenum mineralization
in the Hadamengou-Liubagou deposit are still in dispute because
of the lack of detailed paragenetic studies and suitable minerals



Table 5
Re-Os isotopic data and model ages of molybdenite from the ore vein No. 113 at Hadamengou Au-Mo deposit.

Sample Weight/g w(Re)/10�6 w(Os)/10�9 w(187Re)/10�6 w(187Os)/10�9 Model age/Ma

Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty

113-1 0.05067 5.968 0.048 0.0034 0.0153 3.751 0.030 23.70 0.19 378.0 5.3
113-2 0.05006 9.291 0.072 0.0047 0.0052 5.839 0.045 37.75 0.30 386.8 5.3
113-3 0.05055 2.182 0.018 0.0058 0.0183 1.371 0.011 8.70 0.07 379.4 5.4
113-4 0.05170 1.798 0.014 0.0426 0.0048 1.130 0.009 7.12 0.07 376.9 5.6
113-5 0.05042 8.473 0.064 0.0482 0.0195 5.325 0.041 33.30 0.28 374.1 5.2
113-6 0.05066 4.070 0.033 0.2700 0.0282 2.558 0.021 16.53 0.15 386.6 5.6
113-7 0.04029 7.801 0.059 0.0446 0.0170 4.903 0.037 31.97 0.27 390.1 5.4
113-8 0.01628 10.210 0.080 0.0136 0.0305 6.420 0.050 40.94 0.34 381.5 5.3

Fig. 11. Re-Os isochron age (A) and weighted average age (B) of molybdenite from the Hadamengou-Liubagou Au-Mo deposit.
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for isotopic dating. The Re-Os isotopic dating on molybdenite of
this study indicates that the Mo mineralization at Hadamengou
occurred in Late Devonian at �382 Ma. However, a few previous
studies based on different geochronologic methods outlined a wide
range of ages from the Early Carboniferous to Late Triassic (355–
203 Ma). In the Hadamengou ore block, for example, K-Ar isotopic
dating on the sericite in altered rocks yielded an age range of 276–
248 Ma (Lang, 1990; GHCAPF, 1995; Zhang et al., 1999; Meng et al.,
2002), while Rb-Sr isotopic dating on the altered whole rocks
defined an age of 287–203 Ma (Nie, 1995). Hart et al. (2002) ana-
lyzed the fuchsite at Hadamengou and obtained the oldest step
40Ar-39Ar age of 351.8 ± 0.8 Ma that is interpreted to be the mini-
mum age of mineralization and temporally related to the Dahuabei
Batholith. Recent stepwise 40Ar-39Ar dates on sericite separated
from ore vein No. 13 at Hadamengou obtained a plateau date of
239.8 ± 3.0 Ma, while the 40Ar-39Ar isochron age of the sericite
from altered rocks is 322.6 ± 3.2 Ma (Nie et al., 2005). In the Liuba-
gou ore block, 40Ar-39Ar isotopic dating on K-feldspar from altered
ores gave a plateau age of 217.9 ± 3.1 Ma (Zhang et al., 2011b),
while recent Re-Os dating on one molybdenite sample yielded a
model age of 354.9 ± 5.7 Ma (Wang et al., 2014).

The wide range of the reported ages using different isotopic dat-
ing methods has made it difficult to ascertain if a given isotopic
date relates to the gold and/or molybdenum mineralization.
Among the different methods noted above, the K-Ar and Rb-Sr
dates are probably most questionable, because K- and Rb-bearing
minerals (e.g., K-feldspar, biotite, muscovite, and sericite) are sen-
sitive to postdepositional heating and/or alteration and may have
been isotopically reset (Faure and Mensing, 2005). Consequently,
the stepwise 40Ar-39Ar ages mentioned above and the Re-Os dates
of molybdenite obtained in this study may provide the most reli-
able age constraints on the mineralization for the Hadamengou-
Liubagou deposit. These ages roughly outline two ranges of miner-
alizing events of 382–323 Ma and 240–218 Ma that correspond to
the Late Devonian to Early Carboniferous (Variscan) and the Middle
to Late Triassic (Indosinian), respectively.

There exists linkage between Au-Mo mineralization and pro-
tracted magmatic event. One Re-Os model age of molybdenite at
Liubagou (355 Ma, Wang et al., 2014) and 40Ar-39Ar ages at
Hadamengou (352–323 Ma, Hart et al., 2002; Nie et al., 2005) over-
lap with the intrusion age of the Dahuabei Batholith (366–330 Ma,
Miao et al., 2000; Li et al., 2009; Zhang, 2012), implying that the
mineralization was related to magmatic hydrothermal fluids of
the same period when the Dahuabei Batholith intruded. The Re-
Os age of 381.6 ± 4.3 Ma at Hadamengou in this study is earlier
than the oldest age of the Dahuabei Batholith (365.5 ± 7.3 Ma,
Zhang, 2012) obtained so far. Based on the errors of Re-Os and
U-Pb dating, the age difference between Mo mineralization and
magmatism is 5–27 Ma. Considering that the Dahuabei Batholith
is a complex formed during large age span (>30 Ma), an earlier
intrusion age coinciding to Re-Os dating is quite possible. Thus,
the Variscan mineralization event is approximately consistent with
the intrusive age of the Dahuabei Batholith (366–330 Ma) and the
molybdenium mineralization at Hadamengou and Liubagou (382–
355 Ma). By the same token, the Indosinian mineralization event
roughly corresponds to the magmatic activity at Xishadegai and
Shadegai (�233 Ma), as well as the Mo mineralization at Xishade-
gai (�225 Ma, Zhang et al., 2011a).

Therefore, there exist at least two major episodes of Mo miner-
alization at Hadamengou-Liubagou and its adjacent region, namely
around 382–355 Ma and �225 Ma. However, it is still unclear
whether the Au mineralization in the study area was related to
one or both of these two episodes. Some previous researchers
thought that the gold mineralization was almost coeval with or a



Fig. 12. Plot of sulfur isotopic compositions of sulfur-bearing minerals in the d34SƩS = 0 system for the Hadamengou-Liubagou Au-Mo deposit (after Ohmoto, 1972).
: d34S contours. Values in [ ] and () are, respectively, for pyrite and barite at d34SƩS = 0‰. – – – –: Fe-S-O mineral boundaries at ƩS = 0.1 moles/kg H2O. - - - - - :

Fe-S-O mineral boundaries at ƩS = 0.001 moles/kg H2O. : barite soluble/insoluble boundary at mBa
2+�mƩS = 10�4.
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little earlier than the precipitation of molybdenite (Hou et al.,
2011). In contrast, our petrographic studies on textures, crosscut-
ting relationships, and mineral assemblages of the ores indicate
that gold was precipitated markedly later than the Mo mineraliza-
tion. Molybdenite is typically observed only in the earliest stage (I)
mineral assemblage, either as deformed and sinuous veinlets in
association with K-feldspar, biotite, pyrite and carbonate minerals
in the potassic altered rocks, or less commonly as deformed thin
platy crystals pervasively distributed in the altered rocks. The
molybdenite-bearing veinlets are usually fractured and cemented
or crosscut by minerals of later stages (II, III and IV), including
quartz, pyrite, barite, calcite, and ankerite. Gold occurs predomi-
nantly in the stage III mineral assemblage, either infilling microfis-
sures or included in pyrite and quartz or, less commonly, occurring
at the margin of dolomite (Figs. 6A-C), although it is occasionally
also observed as very fine grains in the K-feldspar and quartz of
stages I and II. Thus, a distinct tectonic deformation must have
happened and separated the molybdenium and gold mineraliza-
tion. From a broad perspective, the final closure of the Paleo-
Asian Ocean and the suturing between the Siberian and NCC
occurred in Late Permian and the post-collisional extension in Tri-
assic resulted in the revival of EW-trending fault zones and the
intrusion of widespread alkaline granites along the northern mar-
gin of NCC (Yan et al., 2000; Wu et al., 2002; Xiao et al., 2003; Li,
2006; Windley et al., 2007). Given that the tectonic deformation
responsible for the fracturing of the Mo ores was related to this
syn- to post-collisional orogeny, the peak Au mineralization in
the study area may most probably have occurred during the Indo-
sinian, roughly corresponding to the magmatic activity at Xishade-
gai and Shadegai and the Mo mineralization at Xishadegai.

5.3. Implication for ore genesis

Regarding the genesis of ore precipitation and its relationship to
metamorphism, magmatism and tectonic deformation, the deposit
has been the subject of continued debate. Gan et al. (1994) sug-
gested that gold was mainly sourced from metamorphic rocks dur-
ing the Neoproterozoic tectono-thermal event. GHCAPF (1995)
proposed that the deposit is genetically related to the Caledonian
to Variscan pegmatite. Nie (1995) believed that the gold deposit
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mainly formed during the Variscan tectonic movement and is
genetically related to the Dahuabei Batholith. Nie et al. (2005)
rediscussed gold mineralization time at Hadamengou based on
40Ar-39Ar isotopic studies and proposed that the deposit was
mainly formed during the Early Indosinian tectonic movement.

Several lines of geologic, petrographic and isotopic evidence pre-
sented in this study suggest that the molybdenum and gold miner-
alization is of magmatic hydrothermal origin, rather than a
metamorphic origin. Alkaline granites of the Variscan and Indosi-
nian epochs are regionallywell developedwith three representative
intrusions at Dahuabei, Xishadegai and Shadegai situated approxi-
mately 5–15 km to the west and north of the Hadamengou-
Liubagou Au-Mo deposit. The rough agreement in the timing of
the mineralization and the magma emplacement in the study area,
as noted above, implies the magmatic hydrothermal nature of the
deposit. As one of themost striking features of the deposit, thewide-
spread potassic alteration that is a common characteristic of many
magmatic-related ore deposits (Saunders and Tuach, 1991; Müller
and Groves, 1997; Sillitoe and Thompson, 1998; Chen and Li,
2009; Sillitoe, 2010; Éric et al., 2015) highlights a dominant mag-
matic source of the hydrothermal fluids. The presence of Te-
bearingminerals such as calaverite and altaite in themain ore stage
mineral assemblage is also an indication of magmatic affinity (Lang
and Baker, 2001; Cooke and McPhail, 2001; Tombros et al., 2010;
Éric et al., 2015). Isotopic data provide further constraints on the
ore genesis. Hydrogen and oxygen isotopes indicate a major contri-
bution of magmatic water, while C and S isotopes suggest that the
carbon and sulfur in the ore fluids were also mainly derived from
magma. In addition, fluid inclusion studies indicate that the miner-
alization was related to the NaCl-H2O-CO2 fluid systemwith typical
homogenization temperatures of 200 �C–350�C and salinities of 5%–
43 wt% NaCl eq. (Shen et al., 2010; Zhang, 2012). Hypersaline,
halite- and opaque mineral-bearing inclusions are commonly
observed in the main ore stage mineral assemblages. Such a fluid
is typical for many intrusion-related hydrothermal ore deposits
(Baker, 2002; Chen et al., 2007, 2009; Chen and Li, 2009; Klemm
et al., 2008; Éric et al., 2015; Melfos and Voudouris, 2016; Wang
et al., 2016a), but remarkably different from themetamorphic fluids
in typical orogenic gold deposits (e.g., Groves et al., 1998; Ridley and
Diamond, 2000; Goldfarb et al., 2004; Chen et al., 2007; Fairmaid
et al., 2011). Above geological and isotopic evidence led us to con-
clude that the Hadamengou-Liubagou deposit is related to alkaline
intrusions, and can be regarded as a magmatic hydrothermal vein
type gold deposit, rather than orogenic gold deposit.

Based on the foregoing discussion, a possible genetic model for
the Au-Mo mineralization of the Hadamengou-Liubagou deposit is
illustrated in Fig. 13. During Devonian to Early Carboniferous,
southward subduction of the Paleo-Asian Ocean beneath the NCC
(Xiao et al., 2003; Zhang and Zhai, 2010) triggered the revival of
the Baotou-Hohhot Fault and the emplacement of the Dahuabei
alkaline granitic Batholith in the study area. The magma-derived
hydrothermal fluids transported Mo and possibly minor Au along
the branch faults and interacted with gneiss, forming potassic-
silicifed envelopes with Mo mineralization. This subduction con-
tinued until the Early Permian. The Paleo-Asian Ocean closed and
the Siberian and NCC was finally collided in the Late Permian along
the Solonker suture zone (Xiao et al., 2003; Li, 2006; Windley et al.,
2007). Later in the Triassic, the post-collisional extension resulted
in the revival of EW-trending fault zones and the emplacement of
the alkaline granites at Xishadegai and Shadegai. The magmatic
hydrothermal fluids transported both Au and Mo and were respon-
sible for the major gold mineralization at Hadamengou-Liubagou
and the porphyry molybdenum mineralization at Xishadegai.
Regionally, about 19 Mo deposits and 5 Au deposits are believed
to be spatially and temporally related to this magmatic event
(Nie et al., 2011).
5.4. Comparison to adjacent areas

Mineral deposits are generally sensitive indicators of geody-
namic environments and their time-space distribution is used to
assess the tectonic evolution (Groves et al., 2005; Groves and
Bierlein, 2007; Dill, 2010). Major magmatic hydrothermal Cu, Au,
and Mo deposits of CAMD are distributed from the Urals Moun-
tains in Russia in the west, through Mongolia to north-eastern
China (Seltmann et al., 2014; Zeng et al., 2015; Xue et al., 2016).
These deposits are intimately related to multiple magmatic epi-
sodes during the evolution of the Altaid and Transbaikal-
Mongolian orogenic collages from the Ordovician to the Jurassic
(Groves et al., 2005; Seltmann and Porter, 2005; Seltmann et al.,
2014; Zeng et al., 2015). The Hadamengou-Liubagou area, located
in the mideast of the CAMD, displays twomineralizing events asso-
ciated with magmatic activities, namely the Variscan Mo mineral-
ization (382–355 Ma) and Indosinian Au, Mo mineralization (240–
218 Ma). For comparison, representative magmatic hydrothermal
deposits of similar mineralization age are summarized in Table 6.
The emplacement location of these deposits is shown on Fig. 1
and Fig. 14. The collective data set provides a comprehensive tem-
poral framework for magmatic hydrothermal mineralization in
CAMD (Table 6). With the exception of the Ordovician porphyry
Cu–Au/Mo deposits such as Bozshakol, Andash, Taldy Bulak, Duo-
Baoshan and Tongshan (Seltmann and Porter, 2005; Seltmann
et al., 2014), all the Cu, Au, and Mo deposits in CAMD formed from
Devonian to Triassic. Geochronological dating has documented two
episodes of mineralization: Late Devonian to Early Carboniferous
(382–323 Ma) and Late Permian to Triassic (260–220 Ma).

5.4.1. Late Devonian to Early Carboniferous mineralization and
tectonic setting

The Late Devonian to Early Carboniferous magmatic hydrother-
mal deposits are mainly distributed in the west and mideast of
CAMD, and are formed in an island-arc setting (Table 6 and refer-
ences cited therein). From west to east, the Late Paleozoic deposits
in CAMD occur in different magmatic arcs, such as Urals-Zharma,
Valerianov-Beltau-Kurama, Kipchak and Kazakh-Mongol (Fig. 14,
Seltmann et al., 2014). The Hadamengou-Liubagou deposit is
located in the south margin of Kazakh-Mongol magmatic arc
(Fig. 14) which hosts Kounrad, Aktogai and Koksai of Kazakhstan,
Oyu Tolgoi and Tsagaan Suvarga of Mongolia, as well as Tuwu-
Yandong of Xinjiang. Comparison of these deposits along Kazakh-
Mongol magmatic arc provides useful information on geodynamic
setting of ore formation.

In respect of ore type, most Cu-Au and Cu-Mo deposits in CAMD
are porphyry type (Seltmann and Porter, 2005; Seltmann et al.,
2014; Wang et al., 2015a,b; 2016a,b; Xue et al., 2016), while the
Hadamengou-Liubagou deposit is hydrothermal vein type associ-
ated with potassic alteration dominated by K-feldspar. On the ages
of ore formation, the Kounrad, Aktogai, Koksai and Tuwu-Yandong,
located in the west of the Kazakh-Mongol magmatic arc, are
formed in Early Carboniferous (323–331 Ma, Seltmann, 2004;
Chen et al., 2014; Shen et al., 2015; Li, G.M. et al., 2016; Cao
et al., 2016); while the Oyu Tolgoi, Tsagaan Suvarga and
Hadamengou-Liubagou, located in the mideast, are formed in Late
Devonian (370–382 Ma, Watanabe and Stein, 2000; Kirwin et al.,
2005; Wainwright et al., 2011; Zeng et al., 2015). During the Late
Devonian to Early Carboniferous, Kazakh-Mongol belongs to
Andean-type magmatic arc resulting from the subduction of ocea-
nic crust (Abdulin et al., 1998; Chen et al., 2014; Seltmann et al.,
2014; Shen et al., 2015; Cao et al., 2016; Li, G.M. et al., 2016).
The Cu-Au mineralization in mideast is �50 Ma older than the
west of Kazakh-Mongol magmatic arc, indicating the maturity of
island arc evolves from Late Devonian to Early Carboniferous
(Xue et al., 2016). On deposit scale, there are many large to giant



Fig. 13. Schematic presentation of a possible genetic model for gold and molybdenum mineralization in the Hadamengou-Liubagou area. Abbreviations: D–C = Devonian to
Carboniferous, P = Permian, T = Triassic, NNC = North China Craton.
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deposits in the Kazakh-Mongol magmatic arc, however, the Mo
reserves at Hadamengou-Liubagou are small in scale. As for metal
association, Cu-Au and Cu-Mo are predominant in this belt, how-
ever, only Mo mineralization developed at Hadamengou-
Liubagou in Devonian. Because porphyry Cu and Mo systems typ-
ically span the upper �4 km and �6 km of the crust (Sillitoe,
2010), the Tsagaan Suvarga Cu-Mo deposit and Hadamengou-
Liubagou Mo occurrence might undergo a certain extent of
denudation. Despite of the above differences, the spatially adjacent
of Oyu Tolgoi, Tsagaan Suvarga and Hadamengou-Liubagou, the
contemporaneous mineralization ages, and the intimate relation-
ship with magma activity suggest that they are products under
the same subduction tectonic setting.

5.4.2. Late Permian to Triassic mineralization and tectonic setting
The Late Permian to Triassic magmatic hydrothermal deposits

are mainly distributed in the mideast of CAMD, especially in Mon-
golia and Inner Mongolia along the north margin of NNC (Fig. 1,
Fig. 14). Previous studies on stratigraphy, palaeontology, paleo-
geography, lithofacies, magmatic, and metamorphic events indi-
cate that the suture lies in the Suolunshan-Xar Moron river-
Changchun-Yanji belt, and the final closing of the Paleo-Asian
Ocean took place from Late Permian to Early Triassic (Li, 1998; Li
et al., 2006; Shi, 2006; Wang and Fan, 1997; Wang et al., 2008;
Wang and Guo, 2012; Cao et al., 2013; Zeng et al., 2012, 2015).
Thus, porphyry and hydrothermal vein-type deposits in CAMD
were formed in a syn-collisional to post-collisional tectonic setting
(Table 6 and references cited therein).

The metal association includes Mo-Cu, Mo and Au. The Mo-Cu
deposits such as Chaganhua, Chagandeersi, Laojiagou, Baituyingzi,
Kulitu and Baimashi outline an age range from 243 to 249 Ma (Cai
et al., 2011a,b; Zeng et al., 2012; Sun et al., 2013); while the Mo
deposits including Baishan, Xiaohulishan and Xishadegai formed
from 225 to 229 Ma (Li et al., 2006; Peng et al., 2010; Zhang
et al., 2011a; Wang et al., 2016c). The increase of Mo/Cu ratios
may reflect tectonic evolution to a certain extent (Sun et al.,
2013). The Mo-Cu deposits of Late Permian to Early Triassic were
formed in a syn-collisional tectonic setting (Zeng et al., 2012,
2015; Sun et al., 2013). The partial melting of magma contributes
high copper contents during Mo-Cu mineralization (Chen et al.,
2009; Sun et al., 2013). The Middle to Late Triassic porphyry Mo
deposits are formed in a post-collisional to intracontinental exten-
sional environment (Zhang et al., 2011a; Yang et al., 2013; Zhu
et al., 2013; Wang et al., 2015). The magmatism dominated by frac-
tional crystallization might result in Mo deposits without other
accompanying metal resources (Zhang et al., 2010; Sun et al.,



Table 6
Characteristics of the Cu, Au, Mo deposits in the Central Asia Metallogenic Domain.

Deposit Location Deposit type Commodity Geodynamic setting Major host
rocks

Ore forming
ages (Ma)

Ore textures Major metal
minerals

Alteration
assemblage

References

Taldy Bulak
Levoberezhny

Kyrgyzstan Porphyry-
Mesothermal

Au, Cu Kipchak and Kazakh-Mongol
magmatic arcs

Diorite
porphyry

Devonian Vein,
stockwork

Py, Cp, Gn,
Ars, Sph, Gl

Q, Ser, Cb, Tur Seltmann (2004)
and Seltmann et al.
(2014)

Yubileinoe Kazakhstan Porphyry Au, Cu Urals-Zharma magmatic arc Plagiogranite
porphyry,
granodiorite,
and volcanic
wallrocks

�380 Ma Stockwork,
disseminated

Py, Mt, Cp,
Ars, Td, Snt,
Gl, with
minor Sph,
Gn, Sh, Mot,
Bo

Potassic and
phyllic alteration

Seltmann (2004)
and Seltmann et al.
(2014)

Oyu Tolgoi Mongolia Cu, Au Kazakh–Mongol magmatic arc Porphyritic
quartz
monzodiorite,
granodiorite

373 Ma* Disseminated,
stockwork,
and breccia

Bo, Cha, Py,
Enr, Ten, Mot

Potassic (Bi-Mt-
Kf) , Q–Ser,
argillic; and
propylitic
alteration

Perello et al. (2001),
Kirwin et al. (2005),
Wainwright et al.
(2011)

Tsagaan Suvarga Mongolia Cu, Mo Monzogranite
porphyry

370 Ma* Disseminated,
stockwork

Cp, Bo, Mot,
Py

Potassic
alteration,
sericitization,
argilligation, and
prophyllic
alteration.

Watanabe and Stein
(2000), Seltmann
et al. (2014), Zeng
et al. (2015)

Tuwu-Yandong China,
(Xinjiang)

Cu, Au Dananhu-Tousuquan island arc: active
continental margin of the Tarim Plate

Granodiorite-,
plagiogranite-
porphyries

323 Ma* Veinlet-
disseminated,
veinlet-like
and less
commonly
nodular

Cp, Py with
less Bo, Cha,
Dg, Sph

Potassic (Bi-Q),
intermediate
argillic (Ill-
Ch ± Ab), and
phyllic (Ill-Py-Q))

Rui and Zhang
(2002), Shen et al.
(2014a,b), (2015),
Han et al. (2006),
Wang et al.,(2015a,
b)

Koksai Kazakhstan Cu, Au Kazakh–Mongol magmatic arc:
Andean-type magmatic arc in the
Devonian to the Late Carboniferous,
resulting from the subduction of
Junggar-Balkhash oceanic crust

Granodiorite
porphyry

Carboniferous Veinlet-
disseminated

Py, Cp, Mt,
Bo, Mot

Potassic (Q-Kf),
intermediate
argillic (Q-Ill-Ch),
propylitic (Cal)

Mutschler et al.
(2000), Seltmann
(2004), Shen et al.
(2015)

Kounrad Kazakhstan Cu, Au Granitoid rocks 325–327 Ma Vein
stockworks
andbreccias

Py, Cp, Bo,
Mot, Enr, Td,
Cha, with
less Sph, Gn,
Ars, Ten

Potassic (Bi-Kf),
phyllic (Q-Ill),
propylitic (Py-Q-
Ill-Ch-Cb), argillic
(Q-Kln)

Kudryavtsev (1996),
Chen et al. (2014), Li,
G.M. et al. (2016)

Aktogai Kazakhstan Cu, Au Granodiorite,
tonalite
porphyry

327–331 Ma Chalcopyrite-
quartz veinlets

Py, Cp, Bo,
Cha, Mot,
Sph, Gn, Gl

Potassic (Q-Bi-
Kf), phyllic (Q-
Ill), propylitic
(Q-Ill-Ch-Cb)

Abdulin et al.
(1998), Chen et al.
(2014), Cao et al.
(2016)

Benqala Kazakhstan Au, Cu Valerianov-Beltau-Kuramamagmatic
arc

Porphyritic
quartz diorite,
granodiorite
and
plagiogranite
porphyries

Carboniferous Stockwork Py, Cp, Mt,
with minor
Mot, Bo, Cha

Potassic (Ab-Kf-
Bi), propylitic
(Ch-Ep-Prh),
overprinted by a
Q–Ser
assemblage

Seltmann (2004)

Erdenet Mongolia Cu, Mo Selanga-Gobi-Khanka magmatic arc,
along the active continental margin of
the Siberian Craton

Diorite, diorite
porphyry, and
granodiorite

241 Ma* Disseminated,
stockwork,
and breccia

Cp, Bo, Cha,
Py, Mot, Pyr,
Ten, with
less Sph, Gn,
Mt

Potassic (Q-Kf),
medial phyllic
(Q-Ill), argillic
(Ill)

Watanabe and Stein
(2000), Jiang et al.
(2010), Seltmann
et al. (2014)

Baishan China,
(Xinjiang)

Porphyry Mo Post-orogenic to intracontinental
extensional environment

Granite
porphyry

226.0 ± 229 Ma* Disseminated,
breccia

Mot, Cp, Py,
Pyr

Q, Kf, Ch, Cb Li et al. (2006), Zhu
et al. (2013), Wang
et al. (2015c),
(2016c)
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Table 6 (continued)

Deposit Location Deposit type Commodity Geodynamic setting Major host
rocks

Ore forming
ages (Ma)

Ore textures Major metal
minerals

Alteration
assemblage

References

Hadamengou-
Liubagou

China,
(Inner
Mongolia)

Magmatic
hydrothermal

Au, Mo Mo: southward subduction of the
Paleo-Asian Ocean beneath the NCC in
Late Devonian; Au: post-collisional
extension in Triassic

Gneiss 355–382 Ma*
(Mo) 218–
240 Ma (Au)

Veined,
veinlet,
disseminated,
breccia

Py, Mt, Gn,
Cp, Mot, Gl

Potassic (Kf-Q-Bi-
Mt), phyllic
(Q-Py), propylitic
(Q-Ch-Ep-Py-Cb)

This study and
references cited
therein

Liushashan Porphyry Mo, Au Syn-collision setting between the
Siberian and north Tarim plate

Monzogranite,
granodiorite

260 ± 10 Ma* Veined,
disseminated-
veinlet,
stockwork

Mot, Sch, Py,
Cp

Q, Kf, Bi, Ch, Cb Nie et al. (2002),
Yang et al. (2013)

Chaganhua Mo, Cu Syn-collision to post-collision setting
between the Siberian and NCC

Biotite granite 242.7 ± 3.5 Ma* Stockwork,
disseminated-
veinlet, veined

Py, Mot, Mt,
Cp, Gn

Q, Kf, Ser, Mus Xi et al. (2010), Cai
et al. (2011a), Liu
et al. (2012)

Chagandeersi Mo, Cu Biotite granite 243.0 ± 2.2 Ma* Stockwork Py, Mot, Wo,
Bm, Cp, Sph

Q, Kf, Ser, Mus Xi et al. (2010), Cai
et al. (2011b)

Laojiagou Mo, Cu Monzogranite
porphyry

234.9 ± 3.1 Ma* Disseminated,
stockwork

Mot, Py, Cp Q, Ser, Ch, Cb Zeng et al. (2012)

Baituyingzi Mo, Cu Late stage of collision between
Siberian and NCC

Monzogranite 248 ± 10 Ma* Veinlet,
stockwork,
disseminated,
breccia

Mot, Py,
locally Cp

Potassic (Kf-
Q-Hem), phyllic
(Ser-Q-Mus-Ill),
propylitic
(Ch-Ep)

Sun et al. (2013)

Xishadegai Mo Post-collision regime Porphyritic
granite,
porphyritic
moyite

225.4±2.6 Ma* Veined,
stockwork,
disseminated

Mot, Py,
locally Cp

Kf, Q, Ser, Py, Kln Zhang et al. (2011a,
b), Zhang (2012),
Sun (2016)

Xiaohulishan Mo Intraplate tectonic setting and
stretching-extrusion structure

Granite 220.0 ± 2.2 Ma* Disseminated,
stockwork

Mot, Py, Sph,
Gn

Q, Kf, Ser, Ep, Ch,
Cb

Shen et al. (2010),
Peng et al. (2010),
Yang et al. (2013)

Kulitu Mesothermal
quartz vein

Mo, Cu Syn-collision to post-collision setting
between the Siberian and NCC

Monzogranite 245.0 ± 4.3 Ma* Veined,
stockwork,
disseminated

Py, Mot, Cp,
Bo

Q, Kf, Ser, Mus, Ill,
Ch, Hem, Cb

Zeng et al. (2012),
Sun et al. (2013)

Baimashi Cu, Mo Porphyritic
granite

248.6 ± 6.7 Ma* Veined,
stockwork,
disseminated

Cp, Bo, Mot,
Py

Q, Kf, Bi, Hem,
Ser, Ch, Ep, Ser,
Kln, Cb

Zeng et al. (2012),
Sun et al. (2013)

Ore and alteration mineral abbreviations: Ab = albite, Ars = arsenopyrite, Bi = biotite, Bm = bismuthine, Bo = bornite, Cal = calcite, Cb = carbonate, Ch = chlorite, Cp = chalcopyrite, Cha = chalcocite, Dg = digenite, Ep = epidote,
Enr = enargite, Ill = illite, Gn = galena, Gold = Gl, Hem = Hematite, Kf = K-feldspar, Kln = kaolinite, Mt = magnetite, Mus = muscovite, Mot = molybdenite, Prh=prehnite, Py = pyrite, Pyr = pyrrhotite, Q = quartz, Ser=sericite,
Sph = sphalerite, Snt = stibnite, Sh = scheelite, Tur = tourmaline, Td = tetrahedrite, Ten = Tennantite, Wo = wolframite.
*Mineralization ages are based on Re-Os isochron ages of molybdenite, geochronological data without * represent U-Pb ages of mineralized granitoids.
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Fig. 14. Schematic map showing the distribution of major magmatic hydrothermal Cu, Au, Mo deposits and island-arcs of the Central Asia Metallogenic Domain (modified
after Seltmann et al., 2014). Abbreviations of deposits in China is the same as Fig. 1.
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2013). In the study area, the Xishadegai Mo deposit (�225 Ma) to
the north of Hadamengou-Liubagou represents product of post-
collision regime. The Au-Mo deposits are represented for Liusha-
shan and Hadamengou-Liubagou (Table 6). As for the Liushashan
Mo-Au deposit, Mo mineralization occurs at �260 Ma (Nie et al.,
2002), however, time of Au mineralization is unclear because of
the lack of suitable minerals for isotopic dating. Bian (2015) infers
that the Au mineralization overprinted on the earlier porphyry Mo
mineralization based on deposit geology. In Hadamengou-
Liubagou deposit, detailed paragenetic studies in this paper and
the most reliable stepwise 40Ar-39Ar ages (218–240 Ma) on the
Au mineralization imply that Au mineralization overprinted on
the Devonian Mo mineralization, and formed in Triassic post-
collisional setting.
Overall, Both Mo and Au ore veins at Hadamengou-Liubagou are
structurally controlled, and temporally and spatially associated
with contemporaneous granitic intrusives. They are not directly
related to porphyry systems although some comparable alteration
mineral assemblages existing, but, are products of the same large
scale metallogenic evolution under subduction setting in Devonian
and post-collisional extension environment in Triassic.

6. Conclusions

The Hadamengou-Liubagou Au-Mo deposit at the north margin
of the NCC is a magmatic hydrothermal deposit hosted in the
Archean amphibolite to granulite facies metamorphic rocks. The
orebodies typically occur as a series of subparallel, fault-
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controlled quartz veins and potassic-altered and silicified rocks.
Hydrothermal mineral assemblages are divided into four stages,
including K-feldspar-quartz-molybdenite stage (I), quartz-pyrite-
epidote/chlorite stage (II), quartz-polymetallic sulfide-gold stage
(III), and carbonate-sulfate-quartz stage (IV). Gold and molybde-
nummineralization occurred mainly in stage III and stage I, respec-
tively. Hydrogen and oxygen isotopes indicate that the ore-forming
fluids were dominated by magmatic water with minor meteoric
water. Sulfur and carbon isotopes suggest a magmatic origin. There
exist two mineralizing events associated with magmatic activities
in the study area. The Variscan event is related to the Mo mineral-
ization at Hadamengou-Liubagou (382–355 Ma). The Indosinian
event is suggested to be responsible for both the gold mineraliza-
tion in the Hadamengou-Liubagou deposit (240–218 Ma) and the
Mo mineralization at Xishadegai (�225 Ma). Two mineralizing
events at Hadamengou-Liubagou Au-Mo are products of the same
large scale metallogenic evolution under Devonian subduction set-
ting and Triassic post-collisional extension environment.
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