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The Suoerkuduke Cu–Mo ore is a medium-sized skarn deposit in the East Junggar orogen of the southern
Altaids, Xinjiang, Northwest China. We measured Re–Os isotopes of a molybdenite veinlet from the main
ore body, of which eight yielded model ages ranging from 303 ± 5 to 317 ± 5 Ma with a well-constrained
187Re–187Os isochron age of 305 ± 7 Ma, a MSWD of 4.9 and a weighted average model age of 310 ± 4 Ma
with a MSWD of 4.2. The 187Re–187Os isochron age is consistent with the weighted mean model age, within
error, and indicates that the time of Cu–Mo mineralization was at c. 310 Ma in the late Carboniferous.
This new age is close to the youngest porphyry-related Cu–Mo metallogenic epoch (c. 311 Ma) in the East
Junggar region, and is not, as previously suggested, in the Permian. Considering the implications of this new
age, we propose that the Suoerkuduke deposit was part of a large-scale porphyry–skarn system, which formed
by the interaction between far-traveled hydrothermal fluids and the calcium-rich volcanic wall rocks.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The precise age of an ore deposit is critically important for under-
standing mineralization and its geological context. It is particularly
important for ancient ore deposits where original fabrics of the ore
rocks have likely been deformed or overprinted by later structural
or magmatic activities. Historically, the age of sulfide minerals
has been widely determined by the Rb–Sr and Sm–Nd methods
(Christensen et al., 1995; Maas et al., 1986; Nakai et al., 1990; Yang
and Zhou, 2001). However, Rb, Sr, Sm, and Nd are lithophile elements
(e.g. Faure, 1977) that are incompatible with sulfide ore minerals. De-
tailed observations of the sulfides indicate that large variations of the
Rb–Sr or Sm–Nd ratios were commonly caused by inclusions of sili-
cate minerals in the sulfides (Li et al., 2008; Wan et al., 2009). There-
fore, whether or not these ages can represent real mineralization
times requires to be tested further. Re and Os are chalcophile ele-
ments enriched in sulfide minerals, which can provide a more suit-
able radiometric method for direct dating of mineralization. Many

studies have demonstrated that molybdenite (MoS2) is the most suit-
able sulfide phase for determining the Re–Os system owing to its high
concentration of Re (up to hundreds or thousands of parts per mil-
lion) and lack of common Os (Luck and Allègre, 1982; Mao et al.,
2008a; Selby and Creaser, 2001a, 2001b; Stein et al., 1997).

In this study, we carried out a Re–Os study of molybdenite from the
copper–molybdenum skarn deposit at Suoerkuduke in the East Junggar
orogen of the southern Altaids in Xinjiang, Northwest China. In general,
mineral deposits are responses to special kinds of tectono-magmatic ac-
tivities, and therefore their temporal–spatial distribution can constrain
the associated geodynamic history (Groves and Bierlein, 2007; Pirajno
et al., 2011). A porphyry ore system (including porphyry and skarn
deposits) is a diagnostic ore, because it always forms during orogenesis,
either by subduction or post-collision (Hou et al., 2011; Sillitoe, 2010).
In the East Junggar region, there is little agreement on the regional tec-
tonic environment in the Late Carboniferous. There are two alternative
viewpoints: subduction–accretion (Long et al., 2012; Wan et al., 2011;
Xiao et al., 2009, 2010; Yang et al., 2012b), or a post-orogenic setting
(Su et al., 2012; Zhang et al., 2009b). Recently, several porphyry copper
(Cu)–molybdenum (Mo) deposits have been discovered in East
Junggar. As the only skarn Cu–Mo deposit in the East Junggar porphyry
ore belt, many studies have been conducted of its geology, geochemis-
try, isotopic age and stable isotopes (Chen et al., 1995; Li and Chen,
2004; Liu et al., 1992; Zhou et al., 1996). However, the Rb–Sr and Sm–
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Nd methods have not provided a robust age of the mineralization. In
view of the significant link between the mineralization age and the re-
gional metallogeny and associated geodynamic processes, we aim in
this paper to examine the mineralization age of the Suoerkuduke Cu–
Mo deposit, to compare our results with the mineralization times of
other Cu–Mo ore deposits in the region, and to discuss the implications
for the geodynamic processes and regional metallogeny in the southern
Altaids.

2. Geological background

The Altaids in Central Asia, bound in the north by the Siberian Cra-
ton and in the south by the Tarim and North China cratons (Allen et
al., 1993; Cunningham et al., 1996; Sengör et al., 1993; Wilhem et
al., 2012), is composed of several orogenic collages with a long-lived
accretionary history from ca. 650 Ma to 250 Ma (Kröner et al., 2007;
Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2010). Many
types of ore deposits formed in these orogenic collages particularly
in the East Junggar orogen, owing to the presence of abundant accreted
juvenilematerial, and of the influence of considerablemagmatic and re-
lated fluids (Herrington et al., 2005; Yakubchuk, 2004; Yakubchuk et al.,
2005).

The East Junggar orogen is bound by the Altai orogen to the north
and the Tianshan orogen to the south, and it extends eastwards into
Mongolia (Fig. 1). The East Junggar rocks comprise extensive Devonian
mafic-intermediate lavas and tuffs and minor sandstones, limestone
lenses, cherts, and conglomerates, Carboniferous intermediate volcanic
and sedimentary rocks, and minor Silurian sedimentary and Permian
volcanic rocks (BGMRX, Bureau of Geology and Mineral Resources of
Xinjiang Uygur Autonomous Region, 1993). The Devonian and Carbon-
iferous volcanic rocks are characterized by their calc-alkaline geochem-
istry (Xiao et al., 2011; Zhang et al., 2010), including some adakitic,
Nb-rich basalts and high-temperature high-Mg andesites (Long et al.,
2009; Niu et al., 2006). The oldest rock is an andesite with a concordant
U–Pb zircon age of 441 ± 2 Ma (Zhang et al., 2008a), indicative of
Ordovician calc-alkaline volcanism in East Junggar (Long et al., 2012).
Limited Permian igneous rocks have alkaline geochemical affinities
(Chen and Jahn, 2004; Han et al., 2006;Mao et al., 2008b).Minor granit-
ic rocks mainly have late Devonian, Carboniferous and early Permian

emplacement ages (Chen and Jahn, 2004; Zhang et al., 2006), and
their εNd and εHf data indicate a juvenile origin (Chen and Jahn, 2004;
Jahn et al., 2000; Zhang et al., 2009b). From the rock associations and
geochemical signatures Xiao et al. (2009) suggested therewas an island
arc in the Devonian to Carboniferous in East Junggar. Along the
Armantai andKelamaili thrust faults (Fig. 1) twoophiolitic belts have zir-
con formation ages of 503 ± 7 Ma (Xiao et al., 2009), and 342 ± 3 Ma
(Jian et al., 2005) and early Carboniferous radiolaria, respectively (Shu
and Wang, 2003), and these ophiolites have supra-subduction zone
chemical signatures (Wang et al., 2003). Moreover, all late Paleozoic
strata were deformed by SW-vergent folds and NE-directed thrusts,
which led Xiao et al. (2009) to suggest that East Junggar was built by
southward retreat of a subduction zone in the late Paleozoic.

The East Junggar orogen contains many types of ore deposit, in-
cluding porphyry Cu–Mo–Au, orogenic gold, magmatic Cu–Ni, and
skarn Cu–Mo. Because of the predominance of porphyry ore deposits,
this is termed the East Junggar porphyry belt (Wan et al., 2011). Chro-
nological studies of the ore deposits indicate that they formed from
the middle Devonian to the late Permian (Table 1). The porphyry
ore deposits formed in two epochs: the first in the mid-Devonian
and the second in the late Carboniferous (Long et al., 2009; Xue et
al., 2010; Yang et al., 2010, 2012a; Ying et al., 2008). The magmatic
Cu–Ni deposits formed in the early Permian (Zhang et al., 2008b),
and the orogenic gold deposits from the Permian to Triassic (Li and
Chen, 2004).

Most economic skarn ore deposits develop contemporaneously via
metasomatism of their host intrusive rocks, the hydrothermal fluids
providing the source of the ore-forming fluids and metals (e.g.
Meinert et al., 1997, 2005). The Suoerkuduke Cu–Mo deposit formed
in the early Permian (Li and Chen, 2004; Zhou et al., 1996), but there
are very few Permian intrusions in East Junggar, and certainly no
Permian intrusions in the mine area. In contrast, Late Carboniferous
granites are widespread in East Junggar, and a late Carboniferous
porphyry Cu–Mo deposit is located 10 km to the north of the
Suoerkuduke skarn deposit (Fig. 2). To test the question of whether
the limited Permian intrusions or the extensive Carboniferous gran-
ites were the ore-forming source, we need to understand the age of
mineralization, which is the main aim of the current paper. First, we
describe the ore geology.

Fig. 1. Geological and metallogenic map of the East Junggar orogen showing the main units and ore deposit belts. R, Russia; K, Kazakhstan; M, Mongolia; C, China. The location of the
study area is marked in the Inset map. The position of Fig. 2 is marked.
Modified from Wan et al. (2011).
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3. Ore geology

The Suoerkuduke Cu–Mo ore is a medium-size skarn deposit. The
mine area is mainly composed of mid-Devonian volcaniclastics and
sandstones of the Beitashan Formation (BFm), aswell as intrusive gran-
ites and gabbros (Fig. 3A). The BFm consists of an association of marine
limestone, conglomerate, tuffaceous sandstone, pyroclastic sandstone,
andesite, andesite porphyry, pyroxene andesite porphyry and basaltic
porphyry with a low regional metamorphic grade. Rocks close to the
ore have been strongly altered hydrothermally. Altered andesites have
an Rb–Sr isochron age of 288 ± 18 Ma (Zhou et al., 1996). However,
this age is contradictory to Middle Devonian fossils from the BFm that
include diagnostic brachiopoda (Mucrospirifer mucronatus, Acrospirifer
sp., Tridensills sp., and Spinatrypa sp.), bryozoa (Fenestella sp.) and
plant (Lepidosigillaria) (BGMRX, 1993). Intrusive rocks in the eastern
part of mine area are mostly K-feldspar granites that consist of 45%–
50% K-feldspar, 5%–10% plagioclase, 40%–45% quartz and 1%–5% biotite.

Themargins of the granitic bodies are composed offine-grained granitic
porphyry. Between the granites and the volcanicwalls rocks is a narrow
contact metamorphic andalusite + feldspar + quartz hornfels, which
is completely different from the skarn that hosts the ores in the
Suoerkuduke deposit; hence these granites are not considered to be
the source of the skarn ore.

The strata in the mine area were deformed by folds with NNW/
SSE-trending axes, and detailed exploration indicates that more
than 10 orebodies of different size are located on the SW limb of an
anticline. Fig. 3B shows a cross-section across the main orebodies,
the largest of which is c. 1 km long, 1–70 m thick, trends N–S, dips
6–45° SW; the two largest orebodies provide 80% reserve of the
whole ore deposit. Other smaller orebodies are mainly distributed
in the southeastern section of the mine area (Fig. 3B); all these are
stratiform or lenticular and are mostly bordered by pyroxene andes-
ite, andesitic porphyry and tuff of the BFm. All the ores are closely as-
sociated with calc-silicate skarn minerals. The skarn in the mine area
is stratiform or lenticular, and consists of different assemblages of
garnet, diopside, epidote and actinolite within four mineral zones
from the central parts of the mine area outwards: garnet, epidote–
garnet, epidote, and diopside. The garnet zone is mainly in the mine
center, and the epidote–garnet zone is in the eastern and western
areas of the mine. The epidote zone is also in the eastern and western
areas of the mine, but it is discontinuous along strike. The diopside
skarn only crops out in the eastern side of the mine. Most ore is in ep-
idote and epidote–garnet, with epidote predominant. The garnets are
calcium-rich andradite and grossular (Liu et al., 1992). Stable isotopes
of hydrogen and oxygen in the skarn minerals indicate that the δD‰
and δ18O‰ of quartz changed from −102‰ to −101‰ and δ18O
7.6‰–10.9‰, respectively; and the δD‰ and δ18O of epidote ranges
from −87‰ to −63‰ and δ18O 2.39‰–5.49‰, respectively (Chen
et al., 1995). Seven garnet-rich skarns and three epidote-rich skarns
have a Sm–Nd isochron of 284 ± 4 Ma (Li and Chen, 2004).

The ores are mainly composed of chalcopyrite and pyrite with
subordinate molybdenite and pyrrhotite, minor magnetite and native
gold. The ores occur in two forms: veinlets and disseminated (Fig. 4).
The sulfides are anhedral, microgranular and unequigranular. They
were oxidized at the surface and subsurface and altered to covellite,
limonite, malachite, chrysocolla, azurite and hematite. Sulfur isotopes
of pyrite and chalcopyrite by Chen et al. (1995) have δ34S‰ that
ranges from −3.4‰ to 1.5‰ with an average value of −1.8‰.

4. Samples, analytical methods and results

Nine molybdenite samples were collected from veinlets in the
main orebody (Fig. 3A). Molybdenite was magnetically separated
and then handpicked under a binocular microscope. Re–Os isotope
analyses were carried out in the Re–Os Laboratory, National Research

Fig. 2. Geological map of the Suoerkuduke area in East Junggar. The location of Fig. 3 is
marked, modified from BGMRX (1993).

Table 1
Representative ore deposits in the East Junggar and other terranes in Central Asia.

Deposit Style Metals Size Orebody age (Ma) Analytical method Host rock Terrane Reference

Xilekuduke Porphyry Cu–Mo–Au Middle 330 ± 4 Ma LA–ICPMS U–Pb Mafic volcanic rocks East Junggar Long et al. (2009)
Qiaoxiahala Skarn? Fe–Cu–Au Middle 378 ± 4 Ma Ar–Ar Volcanic rocks East Junggar Ying et al. (2008)
Halasu Porphyry Cu–Mo–Au Middle 377 ± 2 Ma Re–Os isochron Volcanic rocks East Junggar Xue et al. (2010)
Yuleken Porphyry Cu–Mo–Au Middle 378.3 ± 5.6 Ma Re–Os isochron Volcanic rocks East Junggar Yang et al.(2010)
Kalatongke Magmatic sulfide Cu–Ni Large 283 ± 5 Ma Re–Os isochron Volcanic rocks East Junggar Zhang et al. (2008b)
Suoerkuduke Skarn Cu–Mo–Au Middle 309.6 ± 4.1 Ma Re–Os isochron Skarn East Junggar This study
Kekesayi Lode Au Middle 227 ± 24 Ma Rb–Sr isochron Volcanic rocks East Junggar Li and Chen (2004)
Kubusu Lode Au Middle 269 ± 11 Ma Rb–Sr isochron Volcanic rocks East Junggar Li and Chen (2004)
Tuwu-Yandong Porphyry Cu–Mo Large 322.7 ± 3 Ma Re–Os isochron Volcanic rocks East Tianshan Rui et al. (2002)
Chihu Porphyry Cu–Mo Middle 322 ± 10 Ma SHRIMP U–Pb Volcanic rocks East Tianshan Wu et al. (2006)
Baishan Porphyry Mo Large 225 ± 5 Ma Re–Os isochron Volcanic rocks East Tianshan Zhang et al. (2005)
Baogutu Porphyry Cu–Mo Large 310 ± 3.6 Ma Re–Os model age Volcanic rocks West Junggar Song et al. (2007)
Oyu Tolgoi Porphyry Cu–Mo Giant 370 ± 1.2 Ma Re–Os model age Volcanic rocks Southern Gobi Khashgerel et al. (2006)
Borly Porphyry Cu–Mo Large 315.9 ± 5.9 Ma Re–Os model age Volcanic rocks Altay in Kazakhstan Chen et al. (2010)
Kounrad Porphyry Cu–Mo Giant 381.8 ± 3.1 Ma SHRIMP U–Pb Volcanic rocks Altay in Kazakhstan Kröner et al. (2008)
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Center of Geoanalysis, Chinese Academy of Geological Sciences
(CAGS). The analytical procedures following the Carius tube digestion
of Du et al. (2004) are briefly summarized below.

The weighed sample was loaded in a Carius tube through a
thin-neck long funnel. The mixed 185Re and 190Os spike and 2 ml of
10 M HCl, 4 ml of 16 M HNO3 and 1 ml of 30% H2O2 were loaded
while the bottom part of the tube was frozen at −80 to −50 °C in an
ethanol–liquid nitrogen slush; the top was sealed using an oxygen–
propane torch. The tube was then placed in a stainless-steel jacket
and heated for 24 h at 200 °C. Upon cooling, the bottom part of the
tubewas kept frozen, the neck of the tubewas broken, and the contents
were poured into a distillation flask and the residue was washed out
with 40 ml of MQ water. OsO4 was distilled at 105 to 110 °C for
50 min and trapped in 10 ml of MQ water. The residual Re-bearing so-
lutionwas saved in a 150-ml Teflon beaker for Re separation. TheOs iso-
tope ratio was determined using an inductively coupled plasma mass
spectrometer (TJA X-series ICP-MS).

The Re-bearing solution was evaporated to dryness, and then
brought up in solution by addition of 1 ml of MQ water. This process
was repeated twice. The solution was then evaporated to near dry-
ness and ten ml of 5 M NaOH were added to the residue followed
by Re extraction with 10 ml acetone in a 120-ml Teflon separation
funnel. The water phase was then discarded and the acetone phase
washed with 2 ml of 5 M NaOH. The acetone phase was transferred
to a 150-ml beaker that contained 2 ml of MQ water. After evapora-
tion to dryness, several (2–3) drops of concentrated nitric acid
(ca. 15 M) and several (2–3) drops of H2O2 (30%) were added to
the beaker followed by evaporation to dryness to remove the residual
osmium. Several ml of dilute nitric acid (ca. 2%) were added in order
to dissolve the residue. The Re isotope ratio was determined using an
inductively coupled plasmamass spectrometer (TJA X-series ICP-MS).
Cation-exchange resin was used to remove Na if the salinity of the
Re-bearing solution was more than 1 mg/ml.

The molybdenite standard GBW04436 (JDC) used in this study gave
a mean value of 222 ± 3 Ma compared with the certified value of
221 ±6 Ma (GBW04435 HLP,Du et al., 2004), which is identical to that
of HLP-5 reported by Selby and Creaser (2004; 220.52 ± 0.24 Ma).
Blanks during this study were 15 pg for Re and 0.4 pg for Os. The Re–
Os isochron age was calculated by the ISOPLOT 2.49 program (Ludwig,
2001). The decay constant used in the age calculation was λ187Re =
1.666 × 10−11 year−1 (Smoliar et al., 1996). Uncertainty in Re–Os
model ages includes 1.02% uncertainty in the 187Re decay constant and
uncertainty in Re and Os concentrations, which includes weighing
error for both spike and sample, uncertainty in spike calibration, and
mass spectrometry analytical error.

Analyses of nine molybdenite samples from the Suoerkuduke Cu–
Mo deposit are listed in Table 2. One sample has a model age of
366 ± 6 Ma and eight other samples yielded model ages ranging
from 303 ± 5 to 317 ± 5 Ma with a well-constrained 187Re–187Os
isochron age of 305 ± 7 Ma with a MSWD of 4.9 and a weighted

Table 2
Re–Os isotopic data for molybdenite from the Suoerkuduke Cu–Mo deposit.

Sample no. Weight (mg) Re ppm Re187 ppm Os187 ppb Model age (Ma)

Measured 2σ Measured 2σ Measured 2σ Measured 2σ

SK1 95 232.7 1.7 146.2 1.1 774 9 316.8 5.0
SK2 330 813.2 8.4 511.1 5.3 2634 21 308.6 4.7
SK3 256 261.9 2.7 164.6 1.7 864 8 314.4 5.0
SK4 343 597.4 7.1 375.5 4.4 1898 17 302.5 5.1
SK5 93 818.3 7.5 514.3 4.7 2672 22 311.0 4.6
SK6 322 265.8 2.2 167 1.4 871.6 7.1 312.4 4.4
SK7 40 232.2 2.2 145.9 1.4 747.3 5.9 306.6 4.5
SK8 306 901.5 11 566.6 7 3466 30 366.1 6.3
SK9 111 892.2 11 560.8 7.2 2839 25 303.1 5.3

Decay constant: λ(187Re) = 1.666 × 10−11/year (Smoliar et al., 1996). The uncertainty in each individual age determination was about 1.5% including the uncertainty of the decay
constant of 187Re, uncertainty in isotope ratio measurement, and spike calibration.

Fig. 3. Geological map of the Suoerkuduke Cu–Mo skarn ore deposit modified from
BGMRX (1993). The line a–a′ in A marks the section in B.
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average model age of 310 ± 4 Ma with a MSWD of 4.2 (Fig. 5). The
intercept on the 187Os axis is nearly zero within uncertainty, which
is expected because molybdenite contains almost no non-radiogenic
187Os. This indicates that the model age measured with the contents
of 187Re and 187Os in molybdenite is reliable, and can be calculated
with the equation: t = (l / λ)ln(1 + 187Os/187Re) (Stein et al., 1997).

5. The mineralization age and its geological significance

The mineralization age of the Suoerkuduke was previously
interpreted as Permian based on the consistency between Rb–Sr
(288 ± 18 Ma) and Sm–Nd (284 ± 4 Ma) dates (Li and Chen,
2004; Zhou et al., 1996). We recalculated their previous Rb–Sr and
Sm–Nd results with the ISOPLOT 2.49 program (Ludwig, 2001), and
the Rb–Sr isotopic composition yielded an age of 310 ± 49 Ma with
MSWD of 22, and the Sm–Nd results gave an age of 285 ± 9 Ma
with MSWD of 1.8. The uncertainty (49 Ma) in the Rb–Sr age is
about 16% of the isochron age, which is too large to be reliable. Also
the large value of MSWD (22) further indicates that the Rb–Sr age is
unreliable. The recalculated Sm–Nd value is much better than the
Rb–Sr result, but the Sm–Nd isochron was based on three epidote

samples and seven garnet samples. It is difficult to evaluate whether
the mixed samples reached mutual equilibrium, or whether they
can represent a real isochron. The recalculated Rb–Sr and Sm–Nd
ages are broadly consistent with each other within error, but the con-
sistency is caused by the unrealistic large error of the Rb–Sr result;
therefore it is incorrect to take the Rb–Sr data as positive evidence
to support the Sm–Nd age. Most importantly, the Rb–Sr and Sm–Nd
systems measured the silicate minerals, but to determine if their re-
sults can represent the sulfide mineralization time, further analyses
and data are required. The Re–Os ages of molybdenite in hydrother-
mal ore deposits have been demonstrated to be robust, even in situa-
tions of overprinting by metamorphism and deformation (Stein et al.,
1998). If molybdenite does not contain any initial or common Os,
all measured Os is monoisotopic (187Os) as the product of decay of
187Re, and the isochron age then represents the depositional age of
molybdenite (Barra et al., 2002; Selby et al., 2007; Stein et al., 2001;
Suzuki et al., 1996). In the present study, the analytical data of the 8
molybdenite indicate almost no common Os (19 ± 40 ppb), and the
direct dating of Re–Os on the veinlet-type molybdenite yielded an
isochron age of 305 ± 7 Ma with a weighted average model age of
310 ± 4 Ma. These two ages are mutually consistent, within error,
and indicate that the Suoerkuduke Cu–Mo deposit was mineralized
at c. 310 Ma in the late Carboniferous. However, one sample Sk8
that has a model age of 366 ± 6 Ma contains the highest Re and
radiogenic 187Os. There are two alternative explanations for this:
(a) the measurement of the sample was biased by a higher spike
than the sample needed, which made the measured value older
than the true age; (b) the Re–Os isotopic signature of the older
sample was inherited from older mineralization. The presence of
two (or more) ages of molybdenite grains within one deposit has
been documented elsewhere (Aleinikoff et al., 2012; Requia et al.,
2003; Stein et al., 2004). However, all those ages occurred in Precam-
brian high-grade metamorphic terranes, and complex geological
overprints are consistent with Re–Os chronology (e.g. Aleinikoff et
al., 2012). In addition, the molybdenites that yielded different ages
in the same ore deposit had different forms such as disseminated in
granite vs. a clot in a quartz vein at Malanjkhand in India (Stein et
al., 2004). In the present study, the geology of the Suoerkuduke ore
deposit is less complex than that of the quoted Precambrian exam-
ples, and it suffered no multiple mineralizing events. All rocks in
this region underwent low-grade regional metamorphism and fold
deformation, and such metamorphism and deformation cannot dis-
turb the Re–Os system in molybdenite (Stein et al., 1998). Take into

Fig. 4. Photographs of molybdenite ores and photomicrographs of ore minerals from the Suoerkuduke Cu–Mo deposit. A: Veinlet molybdenite coat on epidote–skarn (epi–skarn)
B: Cataclastic chalcopyrite particle and scaly molybdenite. ccp — chalcopyrite, mo — molybdenite.

Fig. 5. Re–Os isochron diagrams and weighted average model age diagrams for eight
veinlet-type molybdenite samples.
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account the previous field and laboratory studies of other ore de-
posits, we conclude that the younger isochron age (~310 Ma) is un-
likely to reflect an overprinting of another older mineralizing event.
Nevertheless, we cannot completely exclude the possibility of the ex-
istence of an older mineralizing event at c. 366 Ma; but the c. 310 Ma
mineralization age must be the most important time for the forma-
tion of the Suoerkuduke ore.

The H–O–S isotopic results of the skarns and sulfides were
conducted in order to trace the origin of the ore-forming fluids. δD
and δ18O of epidote changed from −102‰ to −63‰ and 2.4‰–

10.9‰, respectively (Chen et al., 1995). The δ18Oepidote was calculated
to δ18OH2O (2.4‰–4.5‰) with a temperature of 300 °C. The oxygen
isotopic values show a combination of meteoric and magmatic
water, and the average S isotope value of −1.8‰ of sulfides shows
a strong magmatic signature (Chen et al., 1995). Previous researchers
proposed that the Suoerkuduke ore deposit resulted from the interac-
tion between the mid-Devonian volcanic strata and hydrothermal
fluids from a hidden intrusion (Chen et al., 1995; Liu et al., 1992).
However, Permian intrusions in East Junggar have evolved alkaline
affinities (Chen and Jahn, 2004). In general, alkaline high-silica intru-
sions are always associated with skarn Sn ore deposits, and
calc-alkaline intrusions with skarn Cu–Mo deposits, based on the sta-
tistics of worldwide skarn ore deposits by Meinert et al. (2005). On a
worldwide comparative basis, the Suoerkuduke Cu–Mo deposit likely
had a genetic relationship with a calc-alkaline intrusion. The Carbon-
iferous igneous rocks in the East Junggar have calc-alkaline affinities
(Su et al., 2012; Zhang et al., 2009b), and our new mineralization
age (310 Ma) indicates that the ore formed in the Late Carboniferous.
Taking into account our data and previous work, it is reasonable to
envisage a calc-alkaline pluton beneath the ore deposit that supplied
the heat and part of the hydrothermal fluids. No granitic rocks of
this age have been reported in or around the mine, but a recently-
discovered, porphyry Cu–Mo–Au deposit at Xilekuduke, 10 km
north of the Suoerkuduke deposit (Fig. 2), has a U–Pb zircon age of
330 ± 4 Ma on mineralized porphyry (Long et al., 2009). Although
there are differences in the geology of porphyry and skarn deposits, the
detailed knowledge of their chronology and ore-formation still implies
that many skarn and porphyry ore deposits may be generated from the
same source (e.g. Meinert et al., 2005; Sillitoe, 2010; Williams-Jones
andHeinrich, 2005). There aremany porphyry-skarn ore systemsworld-
wide like Cerro de Pasco and Colquijirca in Peru (Bendezú et al., 2003),
and Grasberg and Big Gossan in Indonesia (Meinert et al., 1997). All the
available evidence implies that a Carboniferous plutonmay exist beneath
the Suoerkuduke ore deposit, and that this pluton may have caused the
porphyry and skarn Cu–Momineralization.

As demonstrated in Table 1, magmatic hydrothemal ore deposits in
East Junggar formed in two pulses, mid-Devonian and late Carbonifer-
ous, both of which were important times for magmatic–hydrothermal
mineralization in the whole Altaids of Central Asia. For example, the
world-class porphyry Cu–Au–Mo deposit at Oyu Tolgoi in Mongolia at
the eastern end of the East Junggar–Southern Mongolia belt formed at
373 Ma (Khashgerel et al., 2006); the Tuwu–Yandong and Chihu por-
phyry Cu–Mo deposits in East Tianshan have ages of 323 ± 3 Ma (Rui
et al., 2002) and 322 ± 10 Ma (Wu et al., 2006), respectively; the
giant Kounrad and large Borly porphyry Cu–Mo deposits in Kazakhstan
formed at 382 ± 3 Ma (Kröner et al., 2008) and 316 ± 6 Ma (Chen et
al., 2010), respectively; and he Baogutu porphyry Cu–Mo–Au deposit
in West Junggar formed at 310 ± 4 Ma (Song et al., 2007). These re-
gional magmatic–hydrothermal events mainly occurred in two pluses
(Fig. 6), and were closely associated with major igneous activities.
Based on our data and literature review of ages, the Suoerkuduke de-
posit may be considered to belong to the younger porphyry-related
Cu–Mo metallogenic epoch; the question is whether the younger
epoch formed in a subduction or collisonal environment. It is particular
important to make this distinction in order to understand the inherent
relationship between the regional tectonics and metallogeny, and it is

even more important for potential porphyry ore target prediction. For
example, if we can define one deposit formed in a subduction setting
in an ancient orogen, thenwe need to pay attention to younger terranes
to determine younger ore deposits formed in a collisional setting, and
vice versa.

Porphyry ore systems can form both in subduction and post-
collisional settings (e.g. Hou et al., 2011; Sillitoe, 2010), but a porphy-
ry deposit on its own cannot distinguish between the specific tectonic
settings. Therefore, the regional geological features must be taken
into consideration, and combined with metallogenic characteristics
in order to obtain a diagnostic constraint. In general, collisional oro-
genesis follows the closure of an ocean, hence the existence of an
ocean will predate the time of a collisional event, and will indicate
that subduction–accretion orogenesis is still active. In East Junggar,
an ocean crust still existed at least in the early Carboniferous, based
on the 342 ± 3 Ma age of an ophiolite (Jian et al., 2005) and on
Early Carboniferous radiolarian fossils (Shu and Wang, 2003). And
in the south of the East Junggar terrane, Early Permian ocean plate
stratigraphy and Alaskan-type zoned complexes have been recog-
nized (Ao et al., 2010; Guo et al., 2012), indicating that an ocean
was not closed until the Early Permian. In addition, many porphyry
Mo ore deposits in the eastern branch of the Central Asian Orogenic
Belt in Inner Mongolia are younger than Late Permian and most are
Triassic, and have been widely interpreted as forming in a post-
collisional setting (see Zhang et al., 2009a and reference therein).
One porphyry Mo deposit (Baishan) in the East Tianshan that has a
formation age of 225 ± 5 Ma (Zhang et al., 2005) is similar to those
in Inner Mongolia. Based on our new age data and regional geological
relations, we conclude that East Junggar was in a subduction setting
at least in the late Carboniferous, and the collisional orogenesis can-
not be older than the early Permian. As a useful modern analog, we
suggest the western Pacific ocean, where oceanic slab subduction
takes water down to the mantle transition zone (Windley et al.,
2010) where it triggering melting, mobilizes metals like Cu and Au
that are enriched in the mantle as in the SW pacific island arc (Sun
et al., 2004), to form hydrous plumes and magmas that ascend to
supra-subduction zone ridges to give rise to calc-alkaline intrusions.
The Suoerkuduke skarn and other late Carboniferous porphyry ore
deposits in East Junggar, would fit this geodynamic model.

6. Conclusion

The Suoerkuduke Cu–Mo ore is a stratabound skarn deposit. Nine
veinlet-type molybdenite samples were analyzed for Re–Os isotopes
in order to determine the age of the Cu–Momineralization. Eight sam-
ples yielded an isochron age of 305 ± 7 Ma and a weighted mean

Fig. 6. Histogram of ages of mineralization of major porphyry ore deposits and lode
gold deposits in Central Asia. The age data are from Table 1.

546 B. Wan et al. / Ore Geology Reviews 56 (2014) 541–548



Author's personal copy

model age of 310 ± 4 Ma that were mutually consistent within error,
and another yielded a Re–Os model age of 366 ± 6 Ma. Based on our
geological observations, we conclude that the younger isochron age
(~310 Ma) is unlikely to be an overprint age of another older minerali-
zation event (366 Ma); rather it represents the most important
ore-forming stage of the Suoerkuduke deposit. These new results indi-
cate that the Cu–Mo mineralization took place at c. 310 Ma in the late
Carboniferous. This new mineralization age is close to and probably re-
lated to the youngest porphyry-related Cu–Mo metallogenic epoch
(c. 311 Ma) of the East Junggar region. The Suoerkuduke deposit, to-
gether with other regional Carboniferous porphyry Cu–Mo deposits, is
a likely response to the subduction of the hydrated Paleo-Asian oceanic
crust, and the Permian to Triassic porphyry Mo deposits could be a re-
sult of the post-collisional orogenesis. The formation of the ores was
probably caused by interaction between the volcanic wall rocks and
distally-sourced hydrothermal fluids from a calc-alkaline granitoid.
The age presented here is only the first step towards defining the nature
of the ore genesis and tectonic setting of this deposit; further work is
required.

Acknowledgments

We thank J.Y. Feng and Y.Wang for the assistance in thefield.We are
grateful to two anonymous reviewers and journal editors, F. Pirajno and
M. Santosh, for their constructive suggestions. This study is financially
supported by Major State Basic Research Development Program of
China (2012CB416604), the Hundred Talent Program B of the Chinese
Academy of Sciences, the National Natural Science Foundation of
China (41073037, 41272107, 41190072, and 41230207), and a National
305 Project (2011BAB06B04-1). B. Wan wish to thank the visiting
scholar program of CAS.

References

Aleinikoff, J.N., Creaser, R.A., Lowers, H.A., Magee, J.C.W., Grauch, R.I., 2012. Multiple
age components in individual molybdenite grains. Chem. Geol. 300–301, 55–60.

Allen, M.B., Windley, B.F., Zhang, C., 1993. Palaeozoic collisional tectonics and
magmatism of the Chinese Tien Shan, central Asia. Tectonophysics 220, 89–115.

Ao, S.J., Xiao, W.J., Han, C.M., Mao, Q.G., Zhang, J.E., 2010. Geochronology and geochem-
istry of Early Permian mafic–ultramafic complexes in the Beishan area, Xinjiang,
NW China: implications for late Paleozoic tectonic evolution of the southern
Altaids. Gondwana Res. 18, 466–478.

Barra, F., Ruiz, J., Mathur, R., Titley, S., 2002. A Re–Os study of sulfide minerals from the
Baghdad porphyry Cu–Mo deposit, northern Arizona, USA. Miner. Deposita 38,
585–596.

Bendezú, R., Fontboté, L., Cosca, M., 2003. Relative age of Cordilleran base metal lode
and replacement deposits, and high sulfidation Au–(Ag) epithermal mineralization
in the Colquijirca mining district, central Peru. Miner. Deposita 38, 683–694.

BGMRX, Bureau of Geology and Mineral Resources of Xinjiang Uygur Autonomous
Region, 1993. Regional Geology of Xinjiang Uygur Autonomous Region, People's
Republic of China. In: M.O.G.A.M. Resources (Ed.), Geological Publishing House,
Beijing, pp. 6–206 (in Chinese).

Chen, B., Jahn, B.M., 2004. Genesis of post-collisional granitoids and basement nature of
the Junggar Terrane, NW China: Nd–Sr isotope and trace element evidence. J. Asian
Earth Sci. 23, 691–703.

Chen, R.Y., Liu, Y.L., Rui, Z.Y., 1995. Geological characteristics and genesis of the Xorkuduk
skarnoid copper (molybdenum) deposit, Xinjiang. Geol. Rev. 41, 165–173.

Chen, X., Qu, W., Han, S., Eleonora, S., Yang, N., Chen, Z., Zeng, F., Du, A., Wang, Z., 2010.
Re–Os geochronology of Cu and W–Mo deposits in the Balkhash metallogenic belt,
Kazakhstan and its geological significance. Geosci. Front. 1, 115–124.

Christensen, J.N., Halliday, A.N., Leigh, K.E., Randell, R.N., Kesler, S.E., 1995. Direct dating
of sulfides by Rb–Sr: A critical test using the Polaris Mississippi Valley-type Zn–Pb
deposit. Geochim. Cosmochim. Acta 59, 5191–5197.

Cunningham, W.D., Windley, B.F., Dorjnamjaa, D., Badamgarov, G., Saandar, M., 1996. A
structural transect across the Mongolian Western Altai: active transpressional
mountain building in central Asia. Tectonics 15, 142–156.

Du, A., Wu, S., Sun, D., Wang, S., Qu, W., Markey, R., Stein, H., Morgan, J., Malinovskiy, D.,
2004. Preparation and certification of Re–Os dating reference materials: molybdenite
HLP and JDC. Geostand. Geoanal. Res. 28, 41–52.

Faure, G., 1977. Principles of Isotope Geology. John Wiley, New York, USA (475 pp.).
Groves, D.I., Bierlein, F.P., 2007. Geodynamic settings of mineral deposit systems.

J. Geol. Soc. 164, 19–30.
Guo, Q., Xiao, W., Windley, B.F., Mao, Q., Han, C., Qu, J., Ao, S., Li, J., Song, D., Yong, Y.,

2012. Provenance and tectonic settings of Permian turbidites from the Beishan

Mountains, NW China: implications for the Late Paleozoic accretionary tectonics
of the southern Altaids. J. Asian Earth Sci. 49, 54–68.

Han, B., Ji, J.q, Song, B., Chen, L.H., Zhang, L., 2006. Late Paleozoic vertical growth of con-
tinent al crust around the Junggar Basin, Xinjiang, China (Part I): timing of post-
collisional plutonism. Acta Petrol. Sin. 22, 1077–1086.

Herrington, R.J., Zaykov, V.V., Maslennikov, V.V., Brown, D., Puchkov, V.N., 2005. Mineral
deposits of the Urals and links to geodynamic evolution. In: Hedenquist, J.W.,
Thompson, J.F.H., Goldfarb, R.J., Richards, J.P. (Eds.), EconomicGeology 100thAnniver-
sary Volume. Society of Economic Geologists, Littleton, CO, pp. 1069–1095.

Hou, Z., Zhang, H., Pan, X., Yang, Z., 2011. Porphyry Cu (–Mo–Au) deposits related to
melting of thickened mafic lower crust: examples from the eastern Tethyan
metallogenic domain. Ore Geol. Rev. 39, 21–45.

Jahn, B.M., Wu, F.Y., Chen, B., 2000. Massive granitoid generation in central Asia: Nd iso-
tope evidence and implication for continental growth in the Phanerozoic. Episodes
23, 82–92.

Jian, P., Liu, D., Shi, Y., Zhang, F., 2005. SHRIMP dating of SSZ ophiolites from northern
Xinjiang Province, China: implications for generation of oceanic crust in the Central
Asian Orogenic Belt. In: Sklyarov, E.V. (Ed.), Structural and Tectonic Correlation
across the Central Asia Orogenic Collage: North-Eastern Segment, Guidebook and
Abstract Volume of the Siberian Workshop IGCP-480. IEC SB RAS, Irkutsk, p. 246.

Khashgerel, B.-E., Rye, R.O., Hedenquist, J.W., Kavalieris, I., 2006. Geology and recon-
naissance stable isotope study of the Oyu Tolgoi Porphyry Cu–Au System, South
Gobi, Mongolia. Econ. Geol. 101, 503–522.

Kröner, A., Windley, B.F., Badarch, G., Tomurtogoo, O., Hegner, E., Jahn, B.M., Gruschka,
S., Khain, E.V., Demoux, A., Wingate, M.T.D., 2007. Accretionary growth and crust-
formation in the central Asian Orogenic Belt and comparisonwith theArabian–Nubian
shield. In: Hatcher, R.D., Carlson,M.P., McBride, J.H., Catalán,M. (Eds.), 4-D Framework
of Continental Crust: Geol. Soc. Am. Mem., 200, pp. 181–209.

Kröner, A., Hegner, E., Lehmann, B., Heinhorst, J., Wingate, M.T.D., Liu, D.Y., Ermelov, P.,
2008. Palaeozoic arc magmatism in the Central Asian Orogenic Belt of Kazakhstan:
SHRIMP zircon ages and whole-rock Nd isotopic systematics. J. Asian Earth Sci. 32,
118–130.

Li, H.Q., Chen, F.W., 2004. Isotopic Geochronology of Regional Mineralization in
Xinjiang, NW China. Geology Publishing House, Beijing (391 pp.).

Li, Q.L., Chen, F.K., Yang, J.H., Fan, H.R., 2008. Single grain pyrite Rb–Sr dating of the
Linglong gold deposit, eastern China. Ore Geol. Rev. 42, 263–271.

Liu, T.G., Mei, H.J., Yu, X.Y., Qiu, Y.Z., Wang, Y.X., Yang, T.D., 1992. Discussion on the ore
genesis of the Suoerkuduke Cu–Mo deposit based on its geochemical characteris-
tics. Xinjiang Geol. 10, 176–183.

Long, L., Wang, J.B., Wang, Y.W., Wang, L.J., Wang, S.L., Pu, K., 2009. Geochronology and
geochemistry of the ore-bearing porphyry in Xilekuduke Cu–Mo deposit, Fuyun
area, Xinjiang, China. Geol. Bull. China 28, 1840–1851 (in Chinese with English
abstract).

Long, X., Yuan, C., Sun, M., Safonova, I., Xiao, W., Wang, Y., 2012. Geochemistry and U–Pb
detrital zircon dating of Paleozoic graywackes in East Junggar, NW China: insights
into subduction–accretion processes in the southern Central Asian Orogenic Belt.
Gondwana Res. 21, 637–653.

Luck, J.M., Allègre, C.J., 1982. The study of molybdenites through the 187Re–187Os chro-
nometer. Earth Planet. Sci. Lett. 61, 291–296.

Ludwig, K.R., 2001. Isoplot/Ex, rev. 2.49: A Geochronological Toolkit for Microsoft Excel,
1a. Berkeley Geochronological Center, Berkeley, USA (55 pp.).

Maas, R., McCulloch, M.T., Campbell, I.H., Goad, P.R., 1986. Sm–Nd and Rb–Sr dating of
an Archean massive sulfide deposit: Kidd Creek, Ontario. Geology 14, 585–588.

Mao, J.W., Xie, G.Q., Bierlein, F., Qü, W.J., Du, A.D., Ye, H.S., Pirajno, F., Li, H.M., Guo, B.J.,
Li, Y.F., Yang, Z.Q., 2008a. Tectonic implications from Re–Os dating of Mesozoic mo-
lybdenum deposits in the East Qinling–Dabie orogenic belt. Geochim. Cosmochim.
Acta 72, 4607–4626.

Mao, Q., Xiao, W., Han, C., Yuan, C., Sun, M., 2008b. Late Paleozoic south-ward accre-
tionary polarity of the eastern Junggar orogenic belt:insight from the Dajiashan
and other A-type granites. Acta Petrol. Sin. 24, 733–742.

Meinert, L.D., Hefton, K.K., Mayes, D., Tasiran, I., 1997. Geology, zonation, and fluid evo-
lution of the big Gossan Cu–Au skarn deposit, Ertsberg district: Irian Jaya. Econ.
Geol. Bull. Soc. Econ. Geol. 92, 509–534.

Meinert, L.D., Dipple, G.M., Nicolescu, S., 2005. World skarn deposits. In: Hedenquist, J.W.,
Thompson, J.F.H., Goldfarb, R.J., Richards, J.P. (Eds.), EconomicGeology100thAnniversary
Volume. Society of Economic Geologists, Littleton, CO, pp. 299–405.

Nakai, S.i, Halliday, A.N., Kesler, S.E., Jones, H.D., 1990. Rb–Sr dating of sphalerites from
Tennessee and the genesis of Mississippi Valley type ore deposits. Nature 346,
354–357.

Niu, H., Sato, H., Zhang, H., Ito, J.i, Yu, X., Nagao, T., Terada, K., Zhang, Q., 2006. Juxtapo-
sition of adakite, boninite, high-TiO2 and low-TiO2 basalts in the Devonian southern
Altay, Xinjiang, NW China. J. Asian Earth Sci. 28, 439–456.

Pirajno, F., Seltmann, R., Yang, Y., 2011. A review of mineral systems and associated
tectonic settings of northern Xinjiang, NW China. Geosci. Front. 2, 157–185.

Requia, K., Stein, H., Fontboté, L., Chiaradia, M., 2003. Re–Os and Pb–Pb geochronology
of the Archean Salobo iron oxide copper–gold deposit, Carajás mineral province,
northern Brazil. Miner. Deposita 38, 727–738.

Rui, Z., Wang, L., Wang, Y., Liu, Y., 2002. Discussion on metallogenic epoch of Tuwu and
Yandong porphyry copper deposits in East Tianshan Mountains, Xinjiang. Miner.
Depos. 21, 16–22.

Selby, D., Creaser, R.A., 2001a. Late and mid-cretaceous mineralization in the northern
Canadian Cordillera: constraints from Re–Os molybdenite dates. Econ. Geol. 96,
1461–1467.

Selby, D., Creaser, R.A., 2001b. Re–Os geochronology and systematics in molybdenite
from the Endako porphyry molybdenum deposit, British Columbia, Canada. Econ.
Geol. 96, 197–204.

547B. Wan et al. / Ore Geology Reviews 56 (2014) 541–548



Author's personal copy

Selby, D., Creaser, R.A., 2004. Macroscale NTIMS and microscale LA–MC–ICP–MS Re–Os
isotopic analysis of molybdenite: testing spatial restrictions for reliable Re–Os age
determinations, and implications for the decoupling of Re and Os within molybde-
nite. Geochim. Cosmochim. Acta 68, 3897–3908.

Selby, D., Creaser, R.A., Stein, H.J., Markey, R.J., Hannah, J.L., 2007. Assessment of the 187Re
decay constant by cross calibration of Re–Osmolybdenite and U–Pb zircon chronom-
eters in magmatic ore systems. Geochim. Cosmochim. Acta 71, 1999–2013.

Sengör, A.M.C., Natal'in, B.A., Burtman, V.S., 1993. Evolution of the Altaid tectonic col-
lage and Palaeozoic crustal growth in Eurasia. Nature 364, 299–307.

Shu, L.S., Wang, Y.J., 2003. Late Devonian–Early Carboniferous radiolarian fossils from
siliceous rocks of the Kelameili ophiolite, Xinjiang. Geol. Rev. 49, 408–413.

Sillitoe, R.H., 2010. Porphyry copper systems. Econ. Geol. 105 (1), 3–41.
Smoliar, M.I., Walker, R.J., Morgan, J.W., 1996. Re–Os ages of group IIA, IIIA, IVA, and IVB

iron meteorites. Science 271, 1099–1102.
Song, H., Liu, Y., Qu, W., Song, B., Zhang, R., Cheng, Y., 2007. Geological characters of

Baogutu porphyry copper deposit in Xinjiang, NW China. Acta Petrol. Sin. 23,
1981–1988.

Stein, H.J., Markey, R.J., Morgan, J.W., Du, A., Sun, Y., 1997. Highly precise and accurate
Re–Os ages for molybdenite from the East Qinling molybdenum belt, Shaanxi
Province, China. Econ. Geol. 92, 827–835.

Stein, H.J., Sundblad, K., Markey, R.J., Morgan, J.W., Motuza, G., 1998. Re–Os ages for
Archean molybdenite and pyrite, Kuittila-Kivisuo, Finland and Proterozoic molyb-
denite, Kabeliai, Lithuania: testing the chronometer in a metamorphic and metaso-
matic setting. Miner. Deposita 33, 329–345.

Stein, H.J.,Markey, R.J.,Morgan, J.W., Hannah, J.L., Schersten, A., 2001. The remarkable Re–Os
chronometer in molybdenite: how and why it works. Terra Nova 13, 479–486.

Stein, H.J., Hannah, J.L., Zimmerman, A., Markey, R.J., Sarkar, S.C., Pal, A.B., 2004. A
2.5 Ga porphyry Cu–Mo–Au deposit at Malanjkhand, central India: implications
for Late Archean continental assembly. Precambrian Res. 134, 189–226.

Su, Y., Zheng, J., Griffin, W.L., Zhao, J., Tang, H., Ma, Q., Lin, X., 2012. Geochemistry and
geochronology of Carboniferous volcanic rocks in the eastern Junggar terrane, NW
China: implication for a tectonic transition. Gondwana Res. 22, 1009–1029.

Sun, W.D., Arculus, R.J., Kamenetsky, V.S., Binns, R.A., 2004. Release of gold-bearing
fluids in convergent margin magmas prompted by magnetite crystallization.
Nature 431, 975–978.

Suzuki, K., Shimizu, H., Masuda, A., 1996. Re–Os dating of molybdenites from ore de-
posits in Japan: implication for the closure temperature of the Re–Os system for
molybdenite and the cooling history of molybdenum ore deposits. Geochim.
Cosmochim. Acta 60, 3151–3159.

Wan, B., Hegner, E., Zhang, L., Rocholl, A., Chen, Z., Wu, H., Chen, F., 2009. Rb–Sr geo-
chronology of chalcopyrite from the Chehugou porphyry Mo–Cu deposit (NE
China) and geochemical constraints on the origin of hosting granites. Econ. Geol.
104, 351–363.

Wan, B., Xiao, W., Zhang, L., Windley, B.F., Han, C., Quinn, C.D., 2011. Contrasting styles
of mineralization in the Chinese Altai and East Junggar, NW China: implications for
the accretionary history of the southern Altaids. J. Geol. Soc. 168, 1311–1321.

Wang, Z., Sun, S., Li, J., Hou, Q., Qin, K., Xiao, W., Hao, J., 2003. Paleozoic tectonic evolu-
tion of the northern Xinjiang, China: geochemical and geochronological con-
straints from the ophiolites. Tectonics 22, 1014.

Wilhem, C., Windley, B.F., Stampfli, G.B., 2012. The Altiads of Central Asia: a tectonic
and evolutionary innovative review. Earth Sci. Rev. 113, 303–341.

Williams-Jones, A.E., Heinrich, C.A., 2005. 100th Anniversary special paper: vapor
transport of metals and the formation of magmatic–hydrothermal ore deposits.
Econ. Geol. 100, 1287–1312.

Windley, B.F., Alexeiev, D., Xiao, W.J., Kröner, A., Badarch, G., 2007. Tectonic models for
accretion of the Central Asian Orogenic Belt. J. Geol. Soc. Lond. 164, 31–47.

Windley, B.F., Maruyama, S., Xiao, W.J., 2010. Delamination/thinning of sub-continental
lithospheric mantle under Eastern China: the role of water and multiple subduc-
tion. Am. J. Sci. 310, 1250–1293.

Wu, H., Li, H.Q., Chen, F.W., Lu, Y.F., Deng, G., Mei, Y.P., Ji, H.G., 2006. Zircon SHRIMP U–Pb
dating of plagiogranite porphyry in the Chihu molybdenumecopper district, Hami,
East Tianshan. Geol. Bull. China 25, 549–552.

Xiao, W., Windley, B.F., Yuan, C., Sun, M., Han, C.M., Lin, S.F., Chen, H.L., Yan, Q.R., Liu,
D.Y., Qin, K.Z., Li, J.L., Sun, S., 2009. Paleozoic multiple subduction–accretion pro-
cesses of the southern Altaids. Am. J. Sci. 309, 221–270.

Xiao, W., Huang, B., Han, C., Sun, S., Li, J., 2010. A review of the western part of the
Altaids: a key to understanding the architecture of accretionary orogens. Gondwana
Res. 18, 253–273.

Xiao, Y., Zhang, H., Shi, J.a, Su, B., Sakyi, P.A., Lu, X., Hu, Y., Zhang, Z., 2011. Late Paleozoic
magmatic record of East Junggar, NW China and its significance: implication from
zircon U–Pb dating and Hf isotope. Gondwana Res. 20, 532–542.

Xue, C., Zhao, Z., Wu, G., Dong, L., Feng, J., Zhang, Z., Zhou, G., Chi, G., Gao, J., 2010. The
multiperiodic superimposed porphyry copper mineralization in Central Asian
Tectonic Region: a case study of geology, geochemistry and chronology of Halasu
copper deposit, Southeastern Altai, China. Earth Sci. Front. 17, 53–82 (in Chinese
with English abstract).

Yakubchuk, A., 2004. Architecture and mineral deposit settings of the Altaid orogenic
collage: a revised model. J. Asian Earth Sci. 23, 761–779.

Yakubchuk, A.S., Shatov, V.V., Kirwin, D., Tomurtogoo, O., Badarch, G., Buryak, A.A.,
2005. Gold and base metal metallogeny of the Central Asian Orogenic Supercollage.
In: Hedenquist, J.W., Thompson, J.F.H., Goldfarb, R.J., Richards, J.P. (Eds.), Economic
Geology 100th Anniversary Volume. Society of Economic Geologists, Littleton, CO,
pp. 1035–1068.

Yang, J., Zhou, X., 2001. Rb–Sr, Sm–Nd, and Pb isotope systematics of pyrite: implications
for the age and genesis of lode gold deposits. Geology 29, 711–714.

Yang, F., Yan, S., Qu, W., Zhou, G., Liu, F., Geng, X., Liu, G.R., Wang, X., 2010. The fluid in-
clusions and C, H and O isotopic geochemistry of the Mineralized Zone No.1 at the
Halasu copper deposit, Xinjiang. Earth Sci. Front. 17, 359–374.

Yang, F., Mao, J., Pirajno, F., Yan, S., Liu, G., Zhou, G., Zhang, Z., Liu, F., Geng, X., Guo, C.,
2012a. A review of the geological characteristics and geodynamic setting of Late
Paleozoic porphyry copper deposits in the Junggar region, Xinjiang Uygur Autonomous
Region, Northwest China. J. Asian Earth Sci. 49, 80–98.

Yang, X.F., He, D.F., Wang, Q.C., Tang, Y., 2012b. Tectonostratigraphic evolution of the
Carboniferous arc-related basin in the East Junggar Basin, northwest China:
insights into its link with the subduction process. Gondwana Res. 22, 1030–1046.

Ying, L., Wang, D., Li, J., Chen, Z., Xi, Z., Yang, W., Liu, N., 2008. Comparisions between
the Qiaoxiahala Fe–Cu–Au deposit in Xinjiang and other IOCG-type depoists.
Geotecton. Metallog. 32, 338–345 (in Chinese with English abstract).

Zhang, L., Xiao, W., Qin, K., Qu, W., Du, A., 2005. Re–Os isotopic dating of molybdenite
and pyrite in the Baishan Mo–Re deposit, eastern Tianshan, NW China, and its geo-
logical significance. Miner. Deposita 39, 960–969.

Zhang, Z., Yan, S., Chen, B., Zhou, G., He, Y., Chai, F., He, L., Wan, Y., 2006. SHRIMP zircon
U–Pb dating for subduction-related granitic rocks in the northern part of east
Junggar, Xinjiang. Chin. Sci. Bull. 51, 952–962.

Zhang, H., Shen, X., Ma, L., Niu, H., Yu, X.Y., 2008a. Geochronology of the Fuyun adakite,
north Xinjiang and its constraint to the initiation of the Paleo-Asian Ocean subduc-
tion. Acta Petrol. Sin. 24, 1054–1058.

Zhang, Z., Mao, J., Du, A., Pirajno, F., Wang, Z., Chai, F., Zhang, Z., Yang, J., 2008b. Re–Os
dating of two Cu–Ni sulfide deposits in northern Xinjiang, NW China and its geo-
logical significance. J. Asian Earth Sci. 32, 204–217.

Zhang, L., Wu, H., Wan, B., Chen, Z., 2009a. Ages and geodynamic settings of Xilamulun
Mo–Cu metallogenic belt in the northern part of the North China Craton. Gondwana
Res. 16, 243–254.

Zhang, Z., Zhou, G., Kusky, T.M., Yan, S., Chen, B., Zhao, L., 2009b. Late Paleozoic volcanic
record of the Eastern Junggar terrane, Xinjiang, Northwestern China: major and
trace element characteristics, Sr–Nd isotopic systematics and implications for tec-
tonic evolution. Gondwana Res. 16, 201–215.

Zhang, Y., Liang, G., Qu, X., Du, S., Wu, Q., Zhang, Z., Dong, L., XingWang, X., 2010.
Evidence of U–Pb age and Hf isotope of zircons for Early Paleozoic magmatism in
the Qiongheba arc, East Junggar. Acta Petrol. Sin. 26, 2389–2398.

Zhou, S., Cai, H., Xie, C., 1996. Geochronology of Suoerkuduke copper (molybdenum)
deposit, Northern Xinjiang. Geol. Miner. Resour. South China 12, 52–56.

548 B. Wan et al. / Ore Geology Reviews 56 (2014) 541–548


