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Abstract

The Eastern Tianshan Orogenic Belt (ETOB) in NW China is composed of the Dananhu-Tousuquan
arc belt, the Kanggurtag belt, the Agishan—Yamansu belt and the Central Tianshan belt from north
to south. These tectonic belts have formed through arc—continent or arc-arc collisions during
the Paleozoic. A number of Fe(-Cu) deposits in the Agishan—Yamansu belt, including the Heifeng-
shan, Shuangfengshan and Shaquanzi Fe(-Cu) deposits, are associated with Carboniferous—Early
Permian volcanic rocks and are composed of vein-type magnetite ores. Metallic minerals are
dominated by magnetite and pyrite, with minor chalcopyrite. Calcite, chlorite, and epidote are the
dominant gangue minerals. Pyrite separates of ores from those three deposits have relatively high
and variable Re contents ranging from 3.7 to 184 ppb. All pyrite separates have very low common
Os, allowing us calculation of single mineral model ages for each sample. Pyrite separates from the
Heifengshan Fe deposit have an '¥Re—'¥Os isochron age of 310 = 23 Ma (MSWD = 0.04) and
a weighted mean model age of 302 = 5Ma (MSWD = 0.17). Those from the Shuangfengshan
Fe deposit have an isochron age of 295 = 7 Ma (MSWD = 0.28) and a weighted mean model age
of 292 + 5Ma (MSWD = 0.33). The Shaquanzi Fe-Cu deposit has pyrite with an isochron age of
295 = 7 Ma (MSWD = 0.26) and a weighted mean model age of 295 = 6 Ma (MSWD = 0.23). Pyrite
separates from these Fe(-Cu) deposits have 8*'Scpr ranging from —0.41%. to 4.7%. except for two
outliers. Calcite from the Heifengshan Fe deposit and Shaquanzi Fe-Cu deposit have similar C and
O isotope compositions with 8Cppg and §"*Osvow ranging from —5.5%0 to =1.0%. and from 10%o
to 12.7%o, respectively. These stable isotopic data suggest that S, C, and O are magmatic-
hydrothermal in origin. The association of low-Ti magnetite and Fe/Cu-sulfides resembles those of
Iron-Oxide—Copper-Gold (IOCG) deposits elsewhere. Our reliable Re-Os ages of pyrite suggest
that the Fe(-Cu) deposits in the Agishan-Yamansu belt formed at ~296 Ma, probably in a back-arc
extensional environment.
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1. Introduction

The Paleozoic Tianshan Orogenic Belt (TOB) has been
an important target for mineral exploration in China
(Wang etal., 2006a). Numerous Fe(-Cu) deposits
including the Yamansu, Heifengshan, Shuangfeng-
shan, and Shaquanzi Fe(-Cu) deposits in the Hami
region constitute the Agishan—Yamansu metallogenic
belt (Gao et al., 1993; Che et al., 1994; Hua, 2001; Hua
etal., 2002; Qin et al., 2002; Wang et al., 2006a). These
Fe(-Cu) deposits have been described mainly in
Chinese literature (Song et al., 1983; He et al., 1994a;
Jiang et al., 2002; Xiao, 2003; Fang etal., 2006a, b).
However, their origin and tectonic settings are poorly
understood.

In particular, determining the age of hydrothermal
deposits is difficult because there are no suitable
hydrothermal minerals for isotopic dating. It has been
documented that the Re-Os isotopic system is robust
for dating hydrothermal activities (Walker et al., 1994;
Suzuki et al., 1996; Stein et al., 1998, 2000; Mathur et al.,
1999; Brenan et al., 2000). Molybdenite is particularly
suitable for Re-Os isotopic dating, however, many
hydrothermal deposits do not contain molybdenite. As
an alternative, pyrite commonly occurs in many hydro-
thermal deposits and has been recently used for Re-Os
dating of different types of hydrothermal deposits
(Stein et al., 1998, 2000; Mathur et al., 1999; Morgan
etal., 2000; Arne et al., 2001; Barra et al., 2002; Zhang
et al., 2005; Cardon et al., 2008; Selby et al., 2009; Nozaki
et al., 2010).

In this paper, we report the well-fitted Re-Os isoch-
ron ages of pyrite from the Heifengshan, Shuangfeng-
shan and Shaquanzi Fe(-Cu) deposits of the Aqgishan—
Yamansu belt, NW China. The new dataset indicates
that these deposits formed at ~296 Ma and demon-
strates that the Re-Os chronometer of pyrite can be a
reliable tool to date hydrothermal deposits. Combined
with the sulfur isotope of pyrite, and the carbon and
oxygen isotopes of calcite, the ages of these deposits
are used to constrain the origin of the Fe(-Cu) deposits
and metallogeny of the TOB.

2. Geologic background
2.1 Regional geology

The TOB extends west—east for about 1500 km in the
Central Asian Orogenic Belt (Fig. 1a). The TOB formed
by subduction, accretion and collision of various con-
tinental blocks between the northern Siberia and
Tarim-North China cratons. The final amalgamation of
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these blocks occurred in the Late Carboniferous (Ma
et al., 1993, 1997; Ji et al., 1994; Yang et al., 1997; Qin
etal., 2002; Xia et al., 2008a) or Permian (Xiao et al.,
2009).

The TOB comprises the North, Central, and South
Tianshan belts, separated by major E-W-trending
faults (Fig. 1b). The North Tianshan belt consists of
Carboniferous calc-alkaline volcanic and sedimentary
rocks, intruded by Permian-Carboniferous mafic and
intermediate-felsic plutons. The Carboniferous rocks
may have formed by northward or southward subduc-
tion of the oceanic crust (Pirajno etfal., 2008). The
Central Tianshan belt is a wedge-shaped zone with late
Proterozoic basement, which may have been part of the
microcontinents (Zhang et al., 1984). The South Tians-
han belt contains fragments of oceanic crust materials
in fault contacts with middle Silurian to middle Car-
boniferous sandstone, shale, chert and limestone,
which were possibly deposited on a passive margin of
the northern Tarim block (Carroll et al., 1995).

Several approximately E-W-trending faults separate
the eastern part of the TOB into four main tectonic
units from north to south, the Dananhu-Tousuquan arc
belt, the Kanggurtag belt, the Agishan—Yamansu belt
and the Central Tianshan belt (He ef al., 1994b; Gao
et al., 1998; Qin et al., 2002, 2003a; Xiao et al., 2004; Wang
et al., 2006a, b; Qi et al., 2008) (Fig. 1c).

The Dananhu-Tousuquan arc belt is made up of the
Devonian to Carboniferous island arc volcanic rocks.
The Devonian strata are composed of basaltic to andes-
itic volcanic rocks, with local carbonate and calcareous
mudstone. Overlying these rocks is the late Carbonif-
erous Tuwu Formation of greywacke and tuff interca-
lated with carbonates. The Tuwu Formation is overlain
by Permian basalt, tuff and volcanic breccia, and Juras-
sic terrestrial clastic rocks (Mao ef al., 2005).

In the Kanggurtag belt, there are mylonite, tectonic
lenses, and breccias formed along early extensional
faults (Qin et al., 2002; Xu et al., 2003). The Carbonifer-
ous strata of the Kanggurtag belt are composed of
fine-grained sandstone and carbonaceous argillite.
Numerous mafic and ultramafic intrusions include the
Permian Huangshan, Xiangshan, and Hulu intrusions
(Qin et al., 2003b; Han ef al., 2004; Zhou et al., 2004). The
Kanggurtag belt contains ophiolitic fragments and was
thought to mark a suture zone separating the Siberia
craton to the north from the Tarim block to the south (Ji
et al., 1994; Yang et al., 1996; Ma et al., 1997; Zhou et al.,
2001). The Kanggurtag belt was also thought to be an
inter-arc basin between the Dananhu-Tousuquan and
Yamansu arcs (Ma et al., 1997; Shu et al., 2002).
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Fig.1 (a) Location of the study area in the Central Asia Orogenic Belt (modified from Zhang et al., 2009). (b) A map showing

geologic units of the Tianshan Orogenic Belt (modified from

Pirajno et al., 2008). (c) A simplified geological map of the

Eastern Tianshan Orogenic Belt (after Yang et al., 1996; Mao et al., 2005). Faults (Number in circle): 1-Kanggurtag-
Huangshan fault; 2-Kushui fault; 3-Shaquanzi fault; 4-Toksun-Gangou fault; 5-Xingxingxia fault. Mineral deposits: 1-Tuwu
porphyry Cu deposit; 2-Yandong porphyry Cu deposit; 3-Huangshan Cu-Ni sulfide deposit; 4-Bailingshan skarn Fe-Cu
deposit; 5-Yamansu Fe deposit; 6-Heifengshan Fe deposit; 7-Shuangfengshan Fe deposit; 8-Shaquanzi Fe-Cu deposit.

The Agishan—Yamansu belt is bounded to the north
by the Kushui fault from the Kanggurtag belt and to the
south by the Shaquanzi fault. The Agishan—Yamansu
belt comprises a 5 km thick succession of the Lower
Carboniferous Yamansu Formation of bimodal volca-
nic rocks, the middle Carboniferous Shaquanzi Forma-
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tion of clastic rocks and andesitic tuff, and the upper
Carboniferous Tugutublak Formation of intercalated
carbonate. Permian marine and terrestrial clastic
rocks are intercalated with bimodal volcanic rocks
and carbonates (Mao et al., 2005). Because of large
volumes of intra-plate rift-related volcanic rocks in the
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Agqishan-Yamansu belt, this belt has been thought to be
an early Carboniferous rift zone (Xiao et al., 1992; Qin
et al., 2002; Xia et al., 2003, 2008b). However, it is also
thought to be an island arc belt (Yan, 1985; Yang et al.,
1996, 1999; Ma et al., 1997).

The Central Tianshan belt in Eastern Tianshan has
been regarded as a composite volcanic arc, which is
composed of Precambrian basement rocks of amphibo-
lite facies, overlain by calc-alkaline basaltic andesite,
volcanoclastics, minor I-type granite, and granodiorite
(Xiao et al., 2004). The Precambrian basement consists
of gneiss, quartz schist, migmatite, and marble.

Carboniferous—Permian mafic—felsic intrusions and
Carboniferous volcanic rocks (c. 354-306 Ma) are wide-
spread in the TOB (Xia ef al., 2002a, b, 2003, 2004). Late
Paleozoic granites and mafic intrusions were emplaced
at ¢. 270-300 Ma (Zhou et al., 2004, 2010).

2.2 Ore deposits of the ETOB

The Eastern Tianshan Orogenic Belt (ETOB) hosts
numerous mineral deposits including porphyry Cu
deposits in the Dananhu-Tousuquan arc belt, gold
deposits and Cu-Ni sulfide deposits in the Kanggurtag
belt, and Fe-Cu-Ag polymetallic deposits in the
Agishan-Yamansu belt and Central Tianshan belt
(Fig. 1c). These mineral deposits are closely associated
with igneous rocks in space and time (Ma et al., 1997;
Yang et al., 1997; Qin et al., 2002; Wang et al., 2006b). The
Tuwu and Yandong porphyry Cu deposits in the
Dananhu-Tousuquan arc belt formed at 341-347 Ma
(Qin et al., 2002; Rui et al., 2002). Gold deposits in the
Kanggurtag belt have ages ranging from 276 to 300 Ma
(Li et al., 1998; Zhang et al., 2004), whereas the Hulu,
Huangshan, Tulaergen and Xiangshan Cu-Ni sulfide
deposits in the belt are hosted in 270-300 Ma mafic
intrusions (Qin et al., 2002; Mao et al., 2002b; Zhou et al.,
2004; Chen et al., 2005; Han et al., 2010; San et al., 2010).
The large size Yamansu Fe deposit is located in the
west part of the Agishan—Yamansu belt, whose wall
rock andesitic porphyry has a whole-rock Rb-5r isoch-
ron age of 374 * 44 Ma, whereas garnet-epidote
mineral separates have a Sm—Nd isochron age of 352 =
46 Ma (Li & Chen, 2003). The Bailingshan skarn Fe(-Cu)
deposit in the Aqishan—Yamansu belt has a Rb-Sr age
of 286 * 12 Ma for ore-bearing quartz veins (Li & Liu,
2003). The Weiquan Ag polymetallic skarn deposit in
the Agishan—Yamansu belt is genetically related to the
adjacent Bailingshan granitoid pluton, which has a
SHRIMP zircon U-Pb age of 297 = 3 Ma (Wang et al.,
2005).

© 2013 The Authors
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3. Geology of the Fe(-Cu) deposits

There are numerous Fe(-Cu) deposits in the Agishan-
Yamansu belt. The large-size Bailingshan and Yamansu
Fe(-Cu) deposits are considered to be skarn type
deposits (Mao et al., 2005). The Heifengshan, Shuang-
fengshan, and Shaquanzi Fe(-Cu) deposits are all
located along the regional Shaquanzi fault in a small
district (Fig. 1c). These deposits share common geo-
logical features and mineralization styles. Although
their genesis may be linked with magmatism, their
ages of formation remain unknown, and it is critical to
the understanding of their origin. Despite enormous
metallogenic potential, other deposits are not known in
the literature.

3.1 Heifengshan and Shuangfengshan
Fe deposits

Both the Heifengshan and Shuangfengshan Fe deposits
southeast of Hami city contain Fe-rich ores with an
average ore grade of 44% Fe (Fig. 1c). The Heifengshan
Fe deposit is hosted in the middle Carboniferous
Shaquanzi Formation of basaltic to rhyolitic volcanic
rocks and volcanoclastic rocks, interlayered with
mudstone, sandstone, tuff, and tufaceous sandstone
(Fig. 2a). The Shuangfengshan Fe deposit is hosted in
the early Carboniferous bimodal volcanic and clastic
rocks of the Yamansu Formation (Fig. 2a), mainly con-
sisting of andesitic tuff, andesitic tuff breccia, lime-
stone, potash-keratophyre, and felsic porphyry. These
two deposits are composed of vein-type and lens-
shaped ore hosted in the transitional zone between
volcanic and sedimentary rocks. Ore bodies are locally
intruded by dioritic dikes, leading to the formation of
epidote skarn (Jiang et al., 2002).

The magnetite ores of the Heifengshan and Shuang-
fengshan deposits have ore minerals of magnetite and
pyrite, and gangue minerals of calcite, chlorite, and
epidote. The ores have a variety of textures, including
massive, disseminated and banded textures. Massive
ores from the Heifengshan Fe deposit comprise
approximately 60-80 vol.% magnetite, 5-10 vol.%
pyrite and 10-20 vol.% calcite and 5 vol.% chlorite
(Fig. 3a). The pores of massive ores are usually filled by
calcite and chlorite (Fig. 3b). Disseminated ores from
the Heifengshan Fe deposit are composed of about
20-30 vol.% magnetite, 20-30 vol.% pyrite, 10-20 vol.%
calcite and 10-20 vol.% chlorite (Fig. 3c). Pyrite occurs
mostly within or along the grain boundary of calcite
(Fig. 4a). Banded ores from the Heifengshan Fe deposit
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Fig. 2 (a) Locality map of the Yamansu-Shaquanzi metallogenic belt (modified from Chen, 2006). (b) Geological map of the

Shaquanzi Fe-Cu deposit (after Xu et al., 2010).

consist of 70-80 vol.% magnetite and minor chlorite
(Fig. 3d). Minor malachite is also observed in the Heif-
engshan Fe deposit (Fig. 3e). Massive ores from the
Shuangfengshan Fe deposit comprise magnetite,
pyrite, and calcite (Fig. 3f). Massive ores are filled by
calcite, forming the miarolitic structure (Fig.3g).
Massive ores are sometimes brecciated and cemented
by calcite (Fig. 3h). Disseminated ores from the Shua-
ngfengshan Fe deposit are composed of magnetite and
pyrite (Fig. 3i, j). Vein-type pyrite is also observed in
some ores, indicative of multiple hydrothermal activi-
ties (Fig. 4b).

3.2 Shaquanzi Fe-Cu deposit

The Shaquanzi Fe-Cu deposit consists of orebodies
hosted in the middle Carboniferous Shaquanzi Forma-
tion (Fig. 2b). The Shaquanzi Fe-Cu deposit contains
Fe—-Cu ores with grades of 25-36% Fe and 0.5-2.3 wt.%
Cu (Zeng, 1962; Fang etal., 2006a). Orebodies are
usually lens-shaped and controlled by faults. There are
more than four orebodies which are 5 to 500 m in
length and 2 to 6 m in thickness (a maximum thickness
of 11.3 m). The copper-rich orebody occurs at a depth
of 20 to 40 m, with a general length of 230 m and thick-
ness of 2 to 5 m. It has a maximum depth of 165 m and
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a maximum thickness of 6.13 m. Extensive hydrother-
mal alteration include chloritization, epidotization,
carbonation, pyritization, and albitization. Metallic
minerals are magnetite, pyrite, and minor chalcopyrite,
whereas gangue minerals include chlorite, epidote,
calcite, and quartz. Massive ores are composed of mag-
netite, pyrite, chalcopyrite, and calcite (Fig. 3k). Granu-
lar pyrite is also randomly dispersed in massive ores
(Fig. 31). Copper-bearing minerals such as chalcopyrite
often occur in the fracture of pyrite grains (Fig. 4c, d).
Disseminated ores have a mineral assemblage of mag-
netite * pyrite * chalcopyrite = chlorite * calcite *
quartz (Fig. 4e, f).

4. Analytical method
4.1 Re-Os isotope analyses

Samples in this study were taken from open pit or drill
cores of the Heifengshan, Shuangfengshan, and
Shaquanzi deposits. Pyrite for Re-Os analyses is sepa-
rated from massive and disseminated ores. Ores are
carefully selected for pyrite separation. All pyrite sepa-
rates were then hand-picked under binocular micro-
scope. Pyrite separates for Re-Os analyses are free
from weathering or oxidation. Vein-type pyrite was

© 2013 The Authors
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Fig. 3 Field photographs and hand specimen of ores. (a) Massive ores from the Heifengshan Fe deposit comprise magnetite,
pyrite, calcite and chlorite. (b) The pore of massive ores from the Heifengshan Fe deposit are filled by calcite and chlorite.
(c) Disseminated ore from the Heifengshan Fe deposit is composed of magnetite, pyrite, and calcite. (d) Banded ores from
the Heifengshan Fe deposit. (¢) Minor malachite in the Heifengshan Fe deposit. (f) Massive ore from the Shuangfengshan
Fe deposit comprises magnetite, pyrite, and calcite. (g) Calcite-filled structure of massive ore from the Shuangfengshan Fe
deposit. (h) Brecciated structure, massive ore from the Shuangfengshan Fe deposit is sometimes cemented by calcite. (i)
Disseminated ore from the Shuangfengshan Fe deposit are composed of magnetite and pyrite. (j) Disseminated ore from
the Shuangfengshan Fe deposit, the pyrite vein grows in directions nearly parallel to the magnetite vein. (k) Massive ore
from the Shaquanzi Fe-Cu deposit is composed of magnetite, chalcopyrite, euhedral pyrite, and calcite. (1) Massive
ore from the Shaquanzi Fe-Cu deposit contains disseminated pyrite. Abbreviations: Mag, magnetite; Py, pyrite;
Ccp, chalcopyrite; Cal, calcite; Chl, chlorite; Mal, malachite.
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Fig. 4 Photomicrographs of ores. (a) Disseminated ore from the Heifengshan Fe deposit is composed of magnetite, pyrite
and calcite (under polarized and reflected light). (b) Veinlet of pyrite crosscuts the silicate minerals of the Shuangfengshan
ores (under reflected light). (c) Chalcopyrite replaced early pyrite (under reflected light). (d) Minor chalcopyrite infills
preexisting fracture of pyrite grains in the Shaquanzi ores (under reflected light). (e) Disseminated ore from the Shaquanzi
Fe-Cu deposit has a mineral assemblage of magnetite, chlorite, calcite, and quartz (under polarized light). (f) Ore from the
Shaquanzi Fe-Cu deposit has a mineral assemblage of magnetite, pyrite and chalcopyrite (under reflected light). Abbre-
viations: Mag, magnetite; Py, pyrite; Ccp, chalcopyrite; Cal, calcite; Chl, chlorite; Sil, silicate; Qtz, quartz.

not chosen for Re-Os analyses because of uncertain
genesis (Fig. 4b). Pyrite grains replaced by chalcopyrite
(Fig. 4c) and minor chalcopyrite along preexisting frac-
ture of pyrite grains (Fig. 4d) are observed in ores from
the Shaquanzi Fe-Cu deposit. These pyrite grains were
not chosen for Re-Os analyses because of impurity.
Most of the pyrite grains range in size from 250 to
800 um.
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Re-Os isotopic analyses were performed in the
State Key Lab of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences. A
detailed description of the Re-Os isotope analytical
procedure is available in Qi efal. (2010). Briefly,
approximately 0.5 g of pyrite separates were accurately
weighed and placed in a 120 mL Carius tube. The
Carius tube was immersed in an ice-water bath when

© 2013 The Authors
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Table 1 Blank level (ng), detection limits (DL, ppb) and analytical results for molybdenite reference materials, HLP and JDC

Blank DL JDC (Average = SD, Certifiedt HLP (Average * SD, Certifiedt+
(ng) (3o, ppb) n=>5) n=>5)
Re (ppm) 0.0064 0.0010 17.22 = 0.19 17.39 = 0.32 283.1 + 3.2 238.8 = 6.2
Os (ppb) 0.0020 0.0004 25.15 = 0.39 25.46 * 0.60 659.6 £ 2.2 659 * 14
Age (Ma) 1399 = 1.5 139.6 = 3.8 223.0 £ 24 2214 £ 5.6

+Du et al. (2004).
SD, Standard Deviation.

10 mL of concentrated HNO; and 2 mL of HCl were
added. Appropriate amounts of '¥Re and '*Os spikes
were then added according to the estimated concentra-
tions of Re and Os. The Carius tube was sealed using an
oxygen-methane torch and then heated to 200°C for
about 12 h. After cooling to room temperature, the
Carius tube was further frozen in a refrigerator for 2 h
and then opened to distill Os as OsO, from the matrix
using in-situ distillation equipment. Rhenium was
separated from the remaining solution after Os distil-
lation using anion exchange resin (Biorad AG 1 x 8,
200400 mesh; BioRad, Hercules, CA, USA) technique
as described by Qi et al. (2007).

Re and Os isotopes were measured using a PE ELAN
DRC-e ICP-MS in the Institute of Geochemistry,
Chinese Academy of Sciences. Total blanks of Re and
Os were 6.4 pg and 2.0 pg, respectively. The analytical
results for molybdenite reference materials, HLP and
JDC, are listed in Table 1. Iridium was added to Re and
Os-bearing solution for mass discrimination correction.
The calibration method was referred to Schoenberg
et al. (2000). Measured "Os and '"*Os are referred to
the major spike isotope ’Os and are used to determine
radiogenic 'Os and common Os concentrations in
each sample. Absolute uncertainties including uncer-
tainties of the blank, the *'Re decay constant of 1.666 x
10 a™ (0.31%) (Smoliar ef al., 1996), and the '®Re and
Os spike calibrations (0.2%), are reported at a
2-sigma level. They were acquired by propagation of
error in the calculation process using the formula of the
isotopic dilution method (Alonso, 1995).

4.2 S, C, and O isotope analyses

Sulfur isotope analyses were carried out using EA-
IRMS (Elemental Analysis-Isotope Ratio Mass Spec-
trometry) in the Institute of Geochemistry, Chinese
Academy of Sciences. The elemental analyzer and
isotope ratio mass spectrometry are EuroVector EA3000
and GV IsoPrime, respectively. About 130 pug pyrite
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powder was weighed and packed by the tinfoil. Sulfur
of sulfide minerals was converted to SO, for isotopic
analysis by burning in the reactor under a constant
temperature of about 1000°C in a stream of purified
oxygen. The sulfur dioxide was then carried by helium
into the mass spectrometer. Sulfur isotope composition
is expressed using the delta per mil notation (6**S) with
respect to Vienna Canyon Diablo Troilite (V-CDT).
Based on repeated analyses of national standards
GBWO04414 (Ag;S, 5*S = —0.07%0) and GBW04415 (Ag,S,
&S = +22.15%o), the precision of the analyses is better
than +0.2%o.

Carbon-oxygen isotope analyses were also carried
out in the Institute of Geochemistry, Chinese Academy
of Sciences. Dry sample powder of calcite was reacted
with 100% H;PO,; at 50°C for about 3 h. After the
completion of digestion, CO, was recovered and cryo-
genically trapped in liquid nitrogen traps (-195°C). All
non-condensable gases produced in the reaction were
pumped out to a vacuum of at least 100 mtorr. Trapped
CO; was then cryogenically transferred to a sample
flask and sealed for analysis. The trapped CO, was
analyzed by a Finiggan MAT 252 mass spectrometer for
carbon and oxygen isotope compositions. The §"*C and
80 are reported with respect to Peedee Belemnite
(PDB) and Standard Mean Ocean Water (SMOW),
respectively. The reported values are arithmetic means
of replicate analyses. The method precision monitored
using national standard GBW04416 (marble, §°C =
+1.61%o, 8"0O = -11.59%0) was approximately * 0.2%o
(1o).

5. Analytical results
5.1 Re-Os isotope of pyrite
5.1.1 Heifengshan Fe deposit

Pyrite from the Heifengshan deposit contains 29.4 to
92.3 ppb Re and 0.019 to 0.097 ppb common Os
(Table 2). '"Re/™Os ratios vary widely from 1462 to
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Fig. 5 "Re-"¥Os isochron plots and diagrams of weighted mean model ages for pyrite separates from the Heifengshan
(a, b), Shuangfengshan (c, d) and Shaquanzi (e, f) Fe(-Cu) deposits.

>5000, with '¥Os/'"™Os ratios ranging from 7 to 271.
Regression of the Re-Os data (n = 5) yields an isochron
age of 310 * 23 Ma (20, MSWD = 0.04; Fig. 5a). High
18Re/"™Os ratios (>5000) in most pyrite samples allow
us to calculate single mineral model ages. Analyses of
five pyrite samples yield a weighted mean age of 302 =
5 Ma (20) with an MSWD of 0.17 (Fig. 5b).

© 2013 The Authors
Resource Geology © 2013 The Society of Resource Geology

5.1.2 Shuangfengshan Fe deposit

The results of seven pyrite separates from the Shuang-
fengshan deposit are broadly similar to those from the
Heifengshan deposit, having a wide range of total Re
(20.6-184 ppb), but a small range of common Os
(0.010-0.022 ppb). ¥Re/***Os ratios vary widely from
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6600 to 84400, with ¥Os/"®Os ratios ranging from 31
to 401. These analyses yield an isochron age of 295 + 7
Ma (20, MSWD = 0.28; Fig. 5c). The weighted mean
age for all pyrite separates is 292 *+ 5 Ma (2 o) with an
MSWD of 0.33 (Fig. 5d), similar to the isochron age
within error.

5.1.3 Shaquanzi Fe-Cu deposit

Pyrite from the Shaquanzi deposit also has highly vari-
able Re (3.7-116.1 ppb) but relatively uniform common
Os (0.014-0.024 ppb) with very high '¥Re/'"¥Os ratios
ranging from 1300 to 29000. These analyses yield a
Re-"Os isochron age of 295 = 7 Ma (MSWD = 0.26;
Fig. 5e) and a weighted mean model age of 295 + 6 Ma
(n =6, MSWD = 0.23) (Fig. 5f).

5.2 Sulfur isotope

The &*S values of pyrite from three deposits are listed
in Table 3, and schematically illustrated in Figure 6.

Pyrite separates from the volcanic rocks, sedimen-
tary wall rocks, and ores in the Heifengshan Fe deposit
have similar §*'S values, varying narrowly from —2.6 %o
to —0.41%o, with an average of —1.38%.. Similar to the
Heifengshan Fe deposit, pyrite from the Shuangfengs-
han Fe deposit has a small range of *S from —0.3 %o to
3.9% with an average of 1.78%.. In the Shaquanzi
Fe—Cu deposit, pyrite from ores in open pit has differ-
ent sulfur isotopes from ores in a drill core. The &S
values of most pyrite from the drill core range widely
from 1.2%0 to 4.7%o, with an average of 2.4%.. Two
samples, SQZ0920 and SQZ(0921, from the uppermost
part of the drill core have 8*S values of 17.5% and
15.6%o, respectively, obviously different from others.
The 8*S values of pyrite from the open pit vary nar-
rowly from -1.7%. to -0.27%., with an average of
—=1.17%o.

5.3 Carbon and oxygen isotope of calcite

Carbon and oxygen isotope values (8°Cppg; 8®Osmow) of
calcite from the Heifengshan Fe deposit range from
—2.8%0 to —1.0%0 and from 11.0%. to 12.6%., respec-
tively (Table4). Three calcite samples from the
Shaquanzi Fe-Cu deposit have 8“Cpps (-5.5%0 to
—2.3%0) and 8" Osmow (10.0%0 to 12.7%o0). Compared to
the geological reservoirs of " Cpps and 8" Oswiow values
(Fig. 7), 8"Cppg values in calcite of these two deposits
are close to that of mantle CO, but different from atmo-
spheric CO, and metamorphic CO, (Fig. 7a), whereas
calcite from these two deposits have 8" Osvow values
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similar to metamorphic rocks and sedimentary rocks
(Fig. 7b). In the 8"Cpps-8"*Osvow diagram (Fig. 8), most
calcite samples plot in the field of primary carbonates,
obviously distinguishable from marine carbonates and
sedimentary organism.

6. Discussion
6.1 Reliability of the Re-Os age determination

Although there is no pyrite reference material for
Re-Os dating, the results for molybdenite standards,
HLP and JDC, are in good agreement with the certified
values, and the multiple analyses demonstrate excellent
reproducibility (Table 1). The low blank level and
detection limits (Table 1) ensure the accuracy of the
determination of low Re and Os concentrations. Thus,
the Re—Os analytical method for pyrite is reliable.

Because they have high radiogenic '¥’Os produced by
high '¥Re, molybdenite and some pyrite can be classi-
fied as low-level highly radiogenic (LLHR) sulfides
(Stein et al., 2000). LLHR sulfide minerals with *Re/
180s ratios of =5000, are plotted in "¥Re-"¥Os space in
order to obtain accurate and meaningful ages (Stein
et al., 2000). Traditional ™Re/'™Q0s (x-axis) versus
Qs /™¥0s (y-axis) plots may introduce highly corre-
lated errors because low-concentration '#¥Os has a large
uncertainty. To account for this source of highly corre-
lated uncertainty, an error correlation function has
been applied to effectively assess the degree of corre-
lation between the '¥Re/'®Os and '¥Os/'**Os ratios for
a given analysis (Ludwig, 1980).

0(187Re/1ssos) 8 N 0(18705/18805) : B 0(187 05/ Re) g
B 187Re/ 188 OS 18705/188 OS 187 OS/ 1871?e
p= (5(187 Re/18305) 0(187 0s/188 0)

* 187Re/18805 187 OS/ 1880s

Where o denotes the 1o uncertainty (67% confidence
interval) of each ratio. The error correlation coefficient p
can be calculated for each sample by this function.

For the sample with '¥Re/'#*Os ratios of =5000, the
uniform error correlation coefficient p (about equal to
1) was acquired, suggesting that 'Re/'®Os ratios are
highly correlated to '¥Os/'®Os ratios. '"Re/'®Os ratios
of most pyrite separates from the Heifengshan, Shua-
ngfengshan, and Shaquanzi Fe(-Cu) deposits are >5000
(Table 2). Thus, analytical data are plotted in "*Re-"¥Os
space to obtain isochron ages using software of Isoplot
version 3.23 (Ludwig, 2003).

© 2013 The Authors
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For the LLHR sulfide minerals, the Re-Os ages of
these minerals can be calculated directly from ""Re
and '"Os concentrations (Stein et al., 2000). Because
most pyrite separates from the Fe(-Cu) deposits in
Eastern Tianshan have relatively high Re and low
common Os, the ages thus can be calculated essen-
tially in the same manner as molybdenite. Weighted
mean ages can be calculated assuming that there is no
external error by software of Isoplot version 3.23
(Ludwig, 2003).

The weighted mean ages of the Heifengshan, Shua-
ngfengshan, and Shaquanzi Fe(-Cu) deposits are iden-
tical to their isochron ages within uncertainties,
demonstrating the reliability of the ages. Because the

12
- Heifengshan
Fe deposit
10 E Shuangfengshan
Fe deposit
Shaquanzi
8 r [[m Fe-Cu deposit

Frequency (N)
(¢}

4

’ [

0 S 111111
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6348001(%0)

Fig. 6 Histogram of sulfur isotope compositions of
pyrite from the Heifengshan, Shuanfengshan and
Shaquanzi Fe(-Cu) deposits.

error of the weighted mean age is smaller than that of
the isochron age, the weighted mean age is chosen in
this study to represent the age of pyrite formation.

6.2 Rhenium of pyrite and its significance

Pyrite separates from the Heifengshan, Shuangfengs-
han, and Shaquanzi Fe(-Cu) deposits have a wide
range of Re from 3.7 to 184 ppb (Table 2), similar to that
of pyrite from other deposits in the world (Fig. 9).
However, magnetite from these three deposits has low
Re content (<1 ppb). What controls Re contents of
pyrite remains unresolved due to the complex behavior
of Re in the mineral system.

Pyrite usually has Re contents of ppb level, lower
than that of molybdenite (ppm level), but usually
higher than silicate and oxide minerals (ppt level)
(Davies, 2010). The relatively high Re contents of pyrite
suggest that pyrite, like many other sulfides, acts as an
efficient Re sink as it is capable of preferentially taking
up large quantities of Re from the ore-forming fluids.
Fe**-bearing minerals such as pyrite and pyrrhotite
may act as efficient redox partners according to the
following redox reaction: 2Fe** + Re® = 2Fe’* + Re*
(Frei et al., 1998). However, the wide ranges of Re of
pyrite from the same sample suggest that the distribu-
tion of Re is not controlled by crystallographic struc-
ture (Freydier et al., 1997; Stein et al., 1998). Selby et al.
(2009) thought that Re-Os budget in the sulfides could
be controlled by microintergrowths of molybdenite in
sulfides from the carbonate-hosted copper deposits at
Ruby Creek. Due to similar geochemical behaviors of
Mo and Re and affinity of Re with Ge-bearing miner-
als, it is thought that Re is predominantly hosted in the
intergrowths of germanite and renierite in sulfides of
Ruby Creek (Selby et al., 2009). Strong correlations of

Table 4 Carbon and oxygen isotope compositions of calcite from the Heifengshan Fe deposit and Shaquanzi Fe-Cu deposit,

Eastern Tianshan Orogenic Belt

Sample no. Occurrence 8"Crpg (%o) 8"Ospmow (%o)
Heifengshan Fe deposit
HFS0901 Massive ore, calcite is lump -1.3 114
HFS0903 Disseminated ore, calcite is lump -1.3 12.6
HFS0904 Disseminated ore, calcite is lump -2.8 121
HFS0911 Disseminated ore, calcite is lump -2.0 12.1
HFS0912 Massive ore, calcite is lump -1.0 11.0
HFS0913 Massive ore, calcite is lump -2.1 119
Shaquanzi Fe-Cu deposit
SQZ0923 Disseminated ore, calcite is granulate -5.5 12.7
5QZ0924 Disseminated ore, calcite is granulate -2.3 10.0
SQZ0925 Massive ore, calcite is granulate 2.4 10.0
© 2013 The Authors
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Re with Co, Ni, Cu, and Ge support this conclusion
(Selby et al., 2009).

On the other hand, pyrite associated with Cu/Fe-
rich minerals has relatively high Re, whereas pyrite
associated with W/Pb/Zn/Au/Ag-rich minerals has
relatively low Re. Re contents of pyrite vary widely in
different types of deposits, but there are certain pat-
terns. For example, pyrite from Au deposits (Kirk et al.,

© 2013 The Authors
Resource Geology © 2013 The Society of Resource Geology

2001; Chen et al., 2007; Kerr & Selby, 2012) or Au-Cu
deposits (Stein et al., 1998; Arne et al., 2001) has rela-
tively low Re, ranging from 0.022 to 26 ppb (mostly ~5
ppb) (Fig.9). Pyrite from Cu-Au deposits (Cardon
et al., 2008; Xie et al., 2009; Guo et al., 2011) or Cu-Ag
deposits (Selby etal., 2009) has relatively high Re
(Fig. 9). Pyrite from Fe deposits (this study) or Fe-Cu
deposits (Mathur efal.,, 1999; Morgan et al., 2000)
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Elemental assemblage Type of deposit
REE-Nb-Fe - Hydrothermal (Liu et al., 2004)
Pb-Zn-Ag I Sediment-hosted (Morelli et al., 2004)
Sn-Zn-Cu-W-Sbh-Ph m— Unconformity (Liang et al., 2009)
Mo-Re e Porphyry-type (Zhang et al., 2005)
Cu-Ag-Co-Ge-Ga-Zn — Carbonate-hosted (Selby ef al., 2009)
Cu-Mo - Porphyry-type (Barra et al., 2002)
Fe-Zn-Pb-Cu VMS (Mathur et al., 1999)
Fe-Cu-Ni-Co ] Magmatic (Morgan et al., 2000)
Fe-Cu Shaquanzi Hydrothermal (This study)
Fe Shuangfengshan | === Hydrothermal (This study)
Fe Heifengshan == Hydrothermal (This study)
Cu-Au-Fe === —— SEDEX (Guo st al., 2011)
Cu-Au-Fe SEDEX (Xie et al., 2008)
Co-Au I SEDEX (Feng et al., 2009)
Cu-Au ; Porphyry-type (Cardon et al., 2008)
Mo-Au Porphyry-type (Stein et al., 1998)
Au-Cu e Orogenic (Arne et al., 2001)
Au-Cu-Mo I Orogenic (Stein et al., 2000)
Au [ ] Epigenetic (Kerr & Selby, 2011)
Au — Epigenetic (Kerr & Selby, 2011)
Au — Carlin-type (Chen et al., 2007)
Au - Placer (Kirk ef al., 2001)
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Fig. 9 Correlation diagram of Re concentrations of pyrite, elemental assemblages and types of deposit.

usually has moderate Re (Fig. 9). Moreover, numerous
data from our Re-Os isotope laboratory suggest that
pyrite from W-Sn deposits and Pb—Zn deposits usually
has very low Re content (mostly <1 ppb). This phenom-
enon was also observed in molybdenite according to
Yang et al. (2011). Yang et al. (2011) reported the highest
Re content of molybdenite associated with chalcopyrite
and/or pyrite, pyrrhotite, magnetite, whereas molyb-
denite associated with scheelite (wolframite) and/or
galena, sphalerite, native gold, and native silver has the
lowest Re content. Zhang et al. (2005) also thought that
high-temperature mineral assemblages (i.e. quartz—
molybdenite—chalcopyrite) usually had high Re
content. Therefore, we can conclude that Re would be
enriched in the Cu/Fe-bearing fluids but depleted in
W/Pb/Zn/Au/Ag-bearing fluids.

In the Heifengshan, Shuangfengshan and Shaquanzi
Fe(-Cu) deposits, sulfide minerals do not contain
molybdenite. Both pyrite separates and bulk ores have
very low Mo (<1 ppm). Therefore, it is impossible to
have microintergrowths of molybdenite to explain the
relatively high Re content of pyrite. The characteristic
mineral assemblage (magnetite + pyrite +/— chalcopy-
rite) may be tracers for the pyrite of relatively high Re
content. The magma-related ore-forming fluid may be
the main controlling factor for the relatively high Re
content in pyrite of this study.
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6.3 Time of formation of Fe(-Cu) deposits in
the ETOB

Although numerous studies of the Heifengshan, Shua-
ngfengshan, and Shaquanzi Fe(-Cu) deposits are avail-
able (Song et al., 1983; He et al., 1994a; Jiang et al., 2002;
Xiao, 2003; Fang et al., 2006a, b; Wang et al., 2006b), the
ore genesis remains a matter of debate, due to the lack
of precise mineralization ages.

The Fe(-Cu) deposits in the Agishan—Yamansu belt
were previously suggested to have formed during
Early Carboniferous on the basis of sericite K-Ar ages
of c. 350 Ma (Liu et al., 1996). In the Yamansu Fe
deposit, west of the belt, wall rock andesitic porphyry
has a whole-rock Rb-Sr isochron age of 374 = 44 Ma,
while garnet-epidote has a mineral Sm-Nd isochron
age of 352 = 46 Ma, which were thought to represent
the timing of volcanic eruption and mineralization,
respectively (Li & Chen, 2003). However, these ages
have large errors and their conclusion is thus question-
able. SHRIMP zircon U-Pb dating of diorite porphyry
yielded an age of c. 290 Ma (Li & Liu, 2003), much
younger than previously thought. Moreover, the Bail-
ingshan skarn Fe(-Cu) deposit in the belt has a Late
Carboniferous to Early Permian Rb-5Sr age of 286 * 12
Ma for ore-bearing quartz veins (Li & Liu, 2003), thus,
inconsistent with early Carboniferous mineralization.
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Our precise Re-Os ages of pyrite for the first time
provide important constraints on the timing of the Fe(-
Cu) deposits. The Heifengshan, Shuangfengshan, and
Shaquanzi Fe(-Cu) deposits have similar mineralization
ages ranging from c. 292-302 Ma with small uncertain-
ties and are believed to have formed at the same time. If
we combine all the data together, an average age of
~296 Ma is obtained. The ~296 Ma Fe(-Cu) deposits are
obviously younger than the early to middle Carbonifer-
ous host volcanic rocks, suggesting the Fe(-Cu) deposits
were not related to the early to middle Carboniferous
volcanism as previously suggested.

6.4 Possible origin of Fe(-Cu) deposits in
the ETOB

The origin of the Fe-(Cu) deposits in Eastern Tianshan
is still controversial. These deposits have been thought
to be skarn type because of their close association with
felsic intrusions (Song, 1985). They have also been
thought to be typical volcanic-hydrothermal depo-
sits (Song et al., 1983), ore slurry eruption-injection
deposits (He etal, 1994a), contact metamorphic
volcanogenic-sedimentary deposits (Jiang et al., 2002),
and sedimentary exhalative deposits (SEDEX) (Wang
et al., 2006b), because the Fe(-Cu) deposits are hosted in
the strata of volcanic rocks or volcanoclastic rocks.

Our sulfur isotope compositions of pyrite, and the
carbon and oxygen isotope compositions of calcite
provide significant constraints on the origin of these
Fe(-Cu) deposits. Pyrite is the predominant sulfide
phase in the Heifengshan, Shuangfengshan, and
Shaquanzi Fe(-Cu) deposits, thus, the sulfur composi-
tion of pyrite can represent the sulfur composition of
total sulfur in the ore-forming fluids (Kajiwara, 1971).
The near zero sulfur isotope compositions of pyrite
from these Fe(-Cu) deposits indicate that S of the ore-
forming fluids were mantle-derived. The characteristic
sulfur might have been derived either directly from
partial melting that produced the magmatic fluids or
through dissolution and leaching of pre-existing
sulfide-bearing igneous sources (Ohmoto, 1972).
Anhydrite from the country rocks has the &S
values ranging from 13.1%. to 17.9%. (Song, 1985),
close to Pennsylvania seawater sulfate (14 %o to 14.7%.),
showing that the seawater sulfate is usually enriched
in heavy sulfur. Two pyrite samples (SQZ0920 and
5Q70921) from the upper part of the drill core in the
Shaquanzi Fe-Cu deposit are enriched in heavy sulfur
(Fig. 6), probably due to the addition of the sulfur from
crustal anhydrite.
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Three end members can be the source of carbon in
hydrothermal system (Fig.8), including: (i) mantle
degasification and magmatic source with §”C values
ranging from —9%. to —2%.. Carbon isotope fraction-
ation generally decreases with increasing tempera-
ture and it becomes fairly small at high temperature
(Clark & Fritz, 1997); (ii) sedimentary carbonates,
with §"C values from —2%o to +3%o; (iii) sedimentary
organism, which is usually extremely enriched in *C
with §°C values from —30%o to —15%.. Carbon isotope
compositions of calcite from the Heifengshan Fe
deposit and Shaquanzi Fe-Cu deposit are similar
to those of mantle CO, and freshwater carbonates,
different from atmospheric CO, and metamorphic
CO, (Fig. 7a).

Oxygen isotope compositions of calcite from these
two deposits are within the range of sedimentary and
metamorphic rocks, but beyond the range of meteoric
and ocean waters (Fig. 7b). Most §°C and 8"°O values of
calcite from these deposits plot in the field of primary
carbonates, obviously away from the field of marine
carbonates and sedimentary organisms and their evo-
lutionary products (Fig. 8). Therefore, C and O suggest
a magmatic-hydrothermal origin.

Sulfur isotope of pyrite and C-O isotope of calcite
from these Fe(-Cu) deposits suggest that S, C, and O
are mantle-derived. Therefore, the formation of these
deposits was likely to be related to the ~296 Ma mantle-
derived magmatism.

The Heifengshan, Shuangfengshan, and Shaquanzi
Fe(-Cu) deposits have similar mineral assemblages
and hydrothermal alteration. Their ores contain
low-Ti magnetite (usually <0.5 wt.% TiO,) and Fe/Cu-
sulfides, different from SEDEX ores which are domi-
nated by Fe/Cu-sulfides (Pirajno, 2009). These three
deposits contain Cu, Au, and REE, as by-products
with 274-1194 ppm Cu, 20-180 ppb Au, and 29.7-
36.3 ppm total REE. In addition, these deposits are
structurally controlled and the ore bodies distribute
along the Shaquanzi fault. These mineralization styles
are comparable to those of major Iron-Oxide-Copper-
Gold (IOCG) deposits elsewhere in the world. For
example, IOCG deposits in the Candelaria-Punta
del Cobre area, Chile (Marschik and Fontboté, 2001),
and in the Tennant Creek and Cloncurry districts,
Australia (e.g. Huston et al., 1993; Baker, 1998) contain
abundant hydrothermal low-Ti magnetite and/or
hematite and Cu-sulfides with REE, Mo, Au, Ag, U,
Co, and F as by-products, accompanied by extensive
Na-K-Ca alteration and are strongly structurally con-
trolled. Therefore, the mineralization styles of the
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Heifengshan, Shuangfengshan, and Shaquanzi Fe(-
Cu) deposits may suggest a possible IOCG metallo-
genic province in Eastern Tianshan.

6.5 Implications for the regional
mineralization

Several models have been proposed for the regional
mineralization of the ETOB (Feng et al., 2002; Mao
etal., 2002a, 2005; Zhang et al., 2004, 2008), but the
ore-forming processes of the Fe(-Cu) deposits were
not sufficiently discussed. The Paleozoic geological
evolution of the ETOB involved subduction of oceanic
slab and collision of arcs (Windley et al., 1990; Allen
etal., 1993; He etal., 1994b; Carroll et al., 1995, Ma
et al., 1997; Gao et al., 1998; Xiao et al., 2004). Mineral-
ization in the ETOB occurred mainly in the following
four stages.

The first stage of mineralization was from the Devo-
nian to Early Carboniferous, the North Tianshan ocean
was subducted beneath the Dananhu-Tousuquan
(Ordovician-Silurian?) island arc (Fig. 10a), forming
Devonian arc volcanic rocks and the Kanggurtag accre-
tionary wedge.

From the Early to Middle Carboniferous (Fig. 10b),
N-dipping subduction beneath the Dananhu-
Tousuquan arc may have caused the back-arc exten-
sion, forming the Agishan—Yamansu rift zone. Large
volumes of Carboniferous intra-plate rift-related volca-
nic rocks with ages of c. 354-319 Ma were produced in
the Agishan—Yamansu zone (Xiao et al., 1992; Qin et al.,
2002; Xia et al., 2003, 2008b), suggesting the existence of
this early Carboniferous rift zone. The arc magmatism
has produced porphyry Cu deposits, including the
well-known Tuwu and Yandong deposits (Rui et al.,
2002; Zhang et al., 2006).

During the Late Carboniferous (Fig. 10c), continent-
continent and arc-continent collisions resulted in
ductile deformation and thrusting (Zhang etal.,
2008). Associated with this was the formation of
orogenic-type gold deposits, and also the emplace-
ment of igneous intrusions in the Agishan—Yamansu
rift belt and the northern margin of the Central
Tianshan belt. Hydrothermal activities associated
with this magmatism resulted in extensive altera-
tion of Carboniferous volcanic rocks and volcano-
clastic rocks and the formation of the IOCG-type
deposits hosted in Carboniferous rift-related volcanic
rocks along major faults in the TOB. These I0CG
deposits may define an IOCG metallogenic belt in
the region.
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From the Latest Carboniferous to Permian, post-
collisional extensional events are dominant in Eastern
Tianshan (Fig. 10d). Numerous mafic-ultramafic intru-
sions (300-270 Ma) were emplaced along the eastern
section of the Kanggurtag belt (Qin ef al., 2003b; Han
et al.,2004; Zhou et al.,2004; Wu et al.,2005). In addition,
c.285 Ma granitic magmatism is thought to have formed
the Tarim Large Igneous Province (Zhou ef al., 2009).
The mafic and granitic intrusions were thought to have
formed by the plume-related activity within a continen-
tal setting following the Carboniferous amalgamation
of arc-related belts in the Central Asian Orogenic Belt
(Zhoucet al.,2004). The deposits in this stage were domi-
nated by magmatic Cu-Ni sulfide deposits and Fe-V-Ti
oxide deposits. Some hydrothermal deposits also have
formed in this stage, including hydrothermal vein-type
Cu deposits and Cu—Ag-Pb-Zn deposits.

7. Conclusions

Pyrite separates of ores from the Heifengshan, Shuang-
fengshan, and Shaquanzi Fe(-Cu) deposits have rela-
tively high and variable Re ranging from 3.7 to 184 ppb.
The characteristic mineral assemblage (magnetite +
pyrite * chalcopyrite) may be tracers for the pyrite of
relatively high Re content. The magma-related ore-
forming fluids rather than the microintergrowths in
pyrite control Re content in pyrite. Pyrites from these
three deposits have similar Re-Os ages of ~296 Ma.
Sulfur isotope of pyrite and carbon-oxygen isotope of
calcite indicate that S, C, and O of these deposits are
magmatic-hydrothermal in origin. According to the
regional tectonic evolution of ETOB, we suggest that
the Heifengshan, Shuangfengshan, and Shaquanzi Fe(-
Cu) deposits were closely related to Late Carboniferous
rift magmatism in a back-arc extensional environment.
Identification of IOCG deposits may be a new target for
Fe(-Cu) exploration in the TOB.
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