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Abstract

Permian-Triassic mafic-ultramafic intrusions in the Central Asian orogenic belt host a number of magmatic
Ni-Cu sulfide deposits, containing a total of 3.6 million tonnes (Mt) Ni, with the Ni grades ranging from 0.4
to 2.3 wt % in different deposits, making the belt an important Ni producer after the Jinchuan Ni-Cu sulfide
deposit in China, the third largest one in the world. The Honggiling No. 7, Piachechuan No. 4, and Kalatongke
intrusions are three major hosts of economically important deposits in the belt. Sulfide saturation of mantle-
derived mafic magma is key to the formation of magmatic Ni-Cu sulfide deposits. In order to examine the sulfur
source and the trigger for sulfide saturation of these intrusions, we present a study based on in situ S isotope
analyses for sulfides in sulfide ores and country rocks, whole-rock C isotope analyses for sulfide ores and country
rocks of these intrusions, and whole-rock S and Re-Os isotope analyses for country rocks of these intrusions.

The sulfides in sulfide ores have restricted 334S of —1.0 to 1.1%o, similar to the 034S of mid-ocean ridge basalt
(MORB)-type mantle (-1.5 to 0.6%o), whereas the sulfides in different country rocks have average 034S varying
from —17.6 to —6.5%o, much lower than those for the sulfides in sulfide ores. The remarkably different 634S of
the sulfides in sulfide ores and country rocks does not support the significant addition of external crustal sulfur
to the magmas. On the other hand, the sulfide ores of the three intrusions have restricted 63C of —-26.7 to
—24.1%o, similar to those of the country rocks. Permian gneiss, slate, and tuff in the Honggiling-Piaohechuan
area have 013C ranging from —26.7 to —21.3%o, and the Carboniferous muddy slate of the Nanmingshui Forma-
tion near the Kalatongke intrusion has 6'3C of —24.7%o. These values are consistent with the 013C of organic
carbon in the crust (28 to —20%o) but apparently lower than the §1°C of MORB (-7 to —5%o). Modeling results
indicate that about 1-km3-volume mantle-derived mafic magma could contain enough sulfur to account for the
mass of sulfides in the three intrusions. The trigger for the sulfide saturation of the mafic magma is likely related
to the reduction of relatively oxidized magma with the addition of organic-rich crustal components. Crustal Os
from the organic-rich crustal components may also lead to the elevated yOs) (30-300) for the sulfide ores of
these three intrusions, which is decoupled with the MORB-type mantle 634S of the sulfides in sulfide ores. Our
study indicates that the addition of external crustal sulfur may not be necessary to trigger the sulfide saturation
of small Ni-Cu sulfide deposits, such as those in the Central Asian orogenic belt.

Introduction components (felsic rocks, carbonate, graphite, or organic
components) could lower the sulfur content at sulfide satura-
tion of mafic magmas, leading to the sulfide saturation and
consequent formation of economically important deposits. It
is thus worthwhile to examine the role of other crustal com-
ponents to determine whether they can also play a significant
role in the sulfide saturation of mafic magmas when there is
no substantial addition of external crustal sulfur.

Whether there is substantial addition of external crustal sul-
fur in mafic magmas can be determined by examining the S
isotope systematics of Ni-Cu sulfide deposits. The sulfide ores
of Ni-Cu sulfide deposits with anomalous §34S relative to the
mid-ocean ridge basalt (MORB)-type mantle (634S = —1.5 to
0.6 %o0; Labidi et al., 2014) are considered direct and robust
evidence for the involvement of external crustal sulfur in the
formation of the deposits (Lesher and Burnham, 2001). How-

Sulfide saturation of mantle-derived mafic magmas is crucial
to the formation of magmatic Ni-Cu-platinum group element
(PGE) sulfide deposits (Barnes and Lightfoot, 2005). Incorpo-
ration of crustal-derived components, such as sulfides, felsic
rocks, carbonate, graphite or organic materials, is considered
an important trigger for the sulfide saturation of mantle-
derived mafic magmas, leading to the formation of economi-
cally important Ni-Cu-(PGE) sulfide deposits (Irvine, 1975;
Briigmann et al., 1993; Lightfoot and Hawkesworth, 1997;
Lightfoot and Keays, 2005; Holwell et al., 2007; Lehmann et
al., 2007; Thakurta et al., 2008; Seat et al., 2009; Naldrett,
2011; Stifter et al., 2016). Addition of external crustal sulfur
into mafic magma may directly increase the sulfur contents
and induce the sulfide oversaturation of magma, which is
principally required in the formation of giant Ni-Cu-(PGE)

sulfide deposits (Ripley, 1981; Li et al., 2003; Ripley and
Li, 2013). Meanwhile, the addition of other crustal-derived
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ever, recognition of mantle-derived or crust-derived sulfur
based on the S isotope compositions of sulfide ores is far from
straightforward; the mantle-like 0%4S of sulfide ores is not
an exclusive indicator of mantle-derived sulfur, which could
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also be the result of the assimilation of crustal sulfides with
034S of ~0%o (Ripley et al., 2002; Bekker et al., 2009). On the
other hand, Ripley and Li (2003) proposed that the S isotope
exchange between early segregated sulfides with anomalous
0%S and replenished, mantle-derived mafic magma pulses
may modify the S isotope compositions of the sulfides, so that
the sulfides may eventually have mantle-like 434S after the S
isotope exchange process. Therefore, the S isotope of country
rocks and S isotope exchange effect on sulfide ores need to be
investigated before we can evaluate the role of the addition
of external crustal sulfur in the sulfide saturation of mantle-
derived mafic magmas.

A number of Ni-Cu sulfide deposits are hosted in Perm-
ian-Triassic mafic-ultramafic intrusions in the Central Asian
orogenic belt in North China, making up a ~4,000-km-long
Ni-Cu sulfide mineralization zone along the belt. It has been a
longstanding issue to examine the triggers for the sulfide satu-
ration and Ni-Cu sulfide mineralization of these intrusions.
The sulfide ores of these intrusions commonly have highly
variable and positive yOs) against relatively restricted eNd)
values, which was interpreted as the addition of crustal sulfide
into mantle-derived mafic magmas in many earlier studies
(Tang et al., 2011; Gao et al., 2012a, b; Yang et al., 2012; Wei
et al., 2013, 2015; Wang et al., 2015). The yOs) denotes the
percentage difference between the Os isotope composition of
a sample and the average chondritic composition at a speci-
fied age in the geologic history (Shirey and Walker, 1995). The
crust rocks usually have distinctively high Re/Os and radio-
genic Os isotope compositions with highly positive yOs) (Saal
et al., 1998). Therefore, this interpretation assumes that the
radiogenic Os is generally hosted in crustal sulfides. Due to
the lower melting point of sulfides than that of silicates, the
selective incorporation of Os-rich and Nd-poor sulfides in
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the crust may not change the Nd isotope system but the Os
isotope system of mantle-derived mafic magmas (Lesher and
Burnham, 2001). However, it needs to be examined with the
S isotope compositions of the sulfide ores and country rocks
of these intrusions.

In this paper, we chose three intrusions hosting major
Ni-Cu sulfide deposits in the Central Asian orogenic belt to
investigate the source of sulfur and the key crustal compo-
nents leading to the sulfide saturation of mantle-derived mafic
magmas. We analyzed the in situ S isotope compositions of the
sulfides in sulfide ores and country rocks of the three intru-
sions, including those in the footwall rocks of the intrusions
and the strata underlying footwall rocks. We also analyzed the
C isotope compositions of sulfide ores and country rocks to
examine the organic-rich crustal components in magmas and
the S contents and S isotope compositions of country rocks to
examine the sulfate phase (if any) in the rocks. The Re-Os iso-
tope compositions of country rocks were analyzed to evaluate
S isotope exchange effect. The new data set, together with the
Re-Os isotope compositions of the sulfide ores from the three
intrusions in the literature, enables us to examine the source
of sulfur and the trigger for sulfide saturation of three major
Ni-Cu sulfide deposits in the Central Asian orogenic belt.

Magmatic Ni-Cu Sulfide Deposits in the
Central Asian Orogenic Belt

The Central Asian orogenic belt is bounded by the Siberian
block to the north and the Tarim and North China blocks to
the south (Fig. 1a), which were formed by successive accre-
tion of arcs and microcontinents during Paleozoic evolution
and closure of the Paleo-Asian ocean (Kréner et al., 2007;
Windley et al., 2007; Xiao et al., 2009). Numerous Permian-
Triassic mafic-ultramafic intrusions and coeval A-type granite
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Fig. 1. (a) A simplified geologic map of the Central Asian orogenic belt in North China (modified from Xiao et al., 2009). (b)
A map showing the distribution of the Permian-Triassic magmatic Ni-Cu sulfide deposits in the Central Asian orogenic belt
in North China (modified from Lii et al., 2011). Note that the size of deposits is expressed based on Ni reserves as follows:
large = Ni >100,000 tonnes (t), medium = Ni 100,000 to 20,000 t, small = Ni <20,000 t (Assessment Committee of Mineral
Resources and Reserves, 2005). Data sources for zircon U-Pb ages: Kalatongke and Huangshandong from Han et al. (2004),
Poyi from H.Q. Li et al. (2006), Poshi from Li et al. (2009), Huangshan from Zhou et al. (2004), Xiangshan from D.D. Li et
al. (2012), Baishiquan from Mao et al. (2006), Tianyu from Tang et al. (2011), Hulu from Sun et al. (2010), Tulaergen from
San et al. (2010), Honggiling and Piachechuan from Wu et al. (2004), Shanmen from Xi et al. (2008), and Sandaogang from

Wang et al. (2011).
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plutons occur from 300 to 216 Ma in the Central Asian oro-
genic belt (Han et al., 2004; Wu et al., 2004, 2011; Zhou et al.,
2004; J.Y. Li et al., 2006; San et al., 2010; Hao et al., 2013; Xue
et al., 2016). The intrusions that host economically important
Ni-Cu sulfide deposits include Permian Kalatongke, Huang-
shandong, Huangshan, Poyi, Poshi, and Tulaergen intrusions
in the western part and Triassic Honggiling No. 7, Piaohe-
chuan No. 4, Chajianling, and Sandaogang intrusions in the
eastern part of the belt (Fig. 1b). Although individual depos-
its usually contain less than 50 million tonnes (Mt) of sulfide
ores, with the Ni grade ranging from 0.4 to 2.3 wt % in differ-
ent deposits, the economically important Ni-Cu deposits in
the belt overall contain about 3.6 Mt Ni, making the Central
Asian orogenic belt an important Ni producer after the Jinch-
uan deposit in China, the third largest Ni-Cu sulfide deposit
in the world (Sun et al., 2014). The Hongqiling No. 7, Piao-
hechuan No. 4, and Kalatongke intrusions host the most eco-
nomically important deposits in the belt and have been mined
for decades.

Honggiling No. 7 and Piaohechuan No. 4 intrusions in
the eastern part of the Central Asian orogenic belt

In the Hongqiling-Piaohechuan area, there are nearly 200
malfic-ultramalfic intrusions, and eight of them contain eco-
nomically important Ni-Cu sulfide deposits (Lii et al., 2007)
(Fig. 2). In the Honggqiling area, more than 30 small mafic-
ultramafic intrusions occur along a series of subparallel NW-
trending faults (Fig. 2), and several of them contain economic
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sulfide mineralization, including the Honggiling No. 1 and
No. 7 intrusions. The largest Hongqiling No. 7 intrusion con-
tains 204,400 tonnes (t) of Ni and 39,000 t of Cu with an aver-
age grade of 2.31 wt % Ni and 0.63 wt % Cu (Qin, 1995; Wei
et al., 2013). The Honggiling No. 1 intrusion contains 71,600
t of Niand 15,000 t of Cu with an average grade of 0.54 wt %
Ni and 0.11 wt % Cu. The Piaohechuan No. 4 intrusion is 90
km northeast of the Hongqiling No. 7 intrusion, and it is the
only sulfide-mineralized intrusion in the Piaohechuan area
(Fig. 2). It contains 10,000 t Ni with grades varying from 0.12
to 1.04 wt % Ni (Lii et al., 2007).

The Hongqiling No. 7 intrusion is a dike-like body with
a surface exposure of ~0.013 km?, about 750 m long, 10 to
170 m wide, and 520 m in downward extension (Fig. 3a,
b). The intrusion is mainly composed of orthopyroxenite
(95 vol %), with minor amounts of harzburgite (3 vol %) in
the lower part and norite (2 vol %) at the contact between the
intrusion and footwall rocks. The orebodies are mainly hosted
in the orthopyroxenite and consist of massive, net-textured,
and disseminated ores.

The Piaohechuan No. 4 intrusion is exposed as a lenticular-
shaped body about 630 m long and 40 to 250 m wide (Fig. 4a,
b). It consists of hornblende-olivine gabbro (53 vol %) in the
lower part and hornblende gabbro (47 vol %) in the upper
part. Sulfide mineralization only occurs at the base of horn-
blende-olivine gabbro.

Silurian, Carboniferous, and Permian strata exposed in the
Honggqiling-Piaohechuan area (Fig. 2) are considered to have
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Fig. 2. A simplified geologic map showing the distributions of mafic-ultramafic intrusions and country rocks in the Honggil-
ing-Piachechuan area in the eastern part of the Central Asian orogenic belt (modified from Wu et al., 2004)
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Fig. 3. A plan view (a) and cross section (b) of the Honggiling No. 7 intrusion (modified from Tang et al., 1992)

been deposited in the reduced marine facies from Silurian to
the middle Permian, which was eventually changed to con-
tinental lacustrine facies in the late Permian (X.Y. Qu et al.,
2013; Wu et al., 2014). The ~2,000-m-thick Silurian strata are
mainly composed of limestone, sandstone, and slate of the
Beichatun Formation (Chi et al., 1997). Carboniferous strata
are composed of the Luquantun, Mopanshan, Shizuizi, and
Woguadi Formations in sequence and have a total thickness
of ~7,300 m in this area. The ~4,500-m-thick Luquantun For-
mation is composed of mudstone and sandstone in the lower
part and limestone in the upper part (Lang and Wang, 2010;
Wu et al., 2014). The mudstone in the lower part contains up
to 1.99 wt % total organic carbon, being a potential gas-gener-
ating base (Hong et al., 2009). The ~800-m-thick Mopanshan
Formation mainly consists of limestone. The ~1,000-m-thick
Shizuizi Formation consists of marine sedimentary rocks
in the lower part and volcanic rocks in the upper part. The

~1,000-m-thick Woguadi Formation consists of dacite and
tuff interlayered with sandstone and limestone (Wang, 2016).

Permian strata are about 7,000 m thick in this area and
are composed of the Shoushangou, Daheshen, Huangy-
ingtun, Fanjiatun, and Laxi Formations in sequence. The
~500-m-thick Shoushangou Formation mainly comprises
slate interlayered with limestone. The ~1,000-m-thick
Daheshen Formation comprises tuff, dacite, and andesite
with minor amounts of basalt (Yu, 2014). The ~2,800-m-thick
Huangyingtun Formation consists of gneiss, schist, quartzite,
and marble, which were felsic volcanic and sedimentary rocks
that underwent greenschist-amphibolite facies metamor-
phism in an ~250 Ma tectono-thermal event (Wu et al., 2007).
It is noted that the Huangyingtun Formation was previously
regarded as part of the early Paleozoic Hulan Group (Shi and
Lan, 1985); however, detrital zircons from the schist of the
Huangyingtun Formation were dated to be Permian in age
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Fig. 4. A plan view (a) and cross section (b) of the Piaohechuan No. 4 intrusion (modified from Jinlin Bureau of Geology and

Mineral Resources, unpub. report, 1980)
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(Wu et al., 2007). The ~1,300-m-thick Fanjiatun Formation
consists of sandstone and slate. The ~1,400-m-thick Laxi For-
mation is composed of tuff and slate. The Honggiling No. 7
and Piaohechuan No. 4 intrusion are in direct contact with the
gneiss of the Huangyingtun Formation (Figs. 2—4).

Kalatongke intrusion in the western part of the
Central Asian orogenic belt

The Kalatongke intrusion is composed of 11 small mafic-ultra-
mafic bodies (Y1-11) in the Kalatongke area, and an individ-
ual body has a volume less than 1,000 X 300 X 300 m? (Qian
et al., 2009; C.S. Li et al., 2012). Three of them (Y1, Y2, and
Y3) host economically important orebodies (Fig. 5a). The Y1
intrusive body crops out in an area of ~0.1 km?, whereas the
Y2 and Y3 bodies occur at ~150-m depth underneath (Fig.
5b). The Kalatongke intrusion overall contains 33 Mt of sul-
fide ore with an average grade of 0.8 wt % Ni and 1.3 wt %
Cu (Song and Li, 2009), ranking the first as a Cu resource and
the third as an Ni resource among the Ni-Cu sulfide deposits
in the western part of the Central Asian orogenic belt (C.S. Li
et al., 2012). The intrusion is mainly composed of norite and
diorite (Fig. 5b). The largest massive orebody is hosted in the
norite of the Y1 intrusive body, whereas disseminated ores are
mainly hosted in the norite of the Y2 and Y3 bodies (Qian et
al., 2009).

The Kalatongke intrusion is in direct contact with the
Carboniferous Nanmingshui Formation. The Nanmingshui
Formation is about 1,000 m thick and can be divided into
three units from the bottom upward (Wang and Zhao, 1991):
the ~200-m-thick unit 1 consists of silty sandstone, muddy
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slate, and tuffaceous slate intercalated with limestone, the
~300-m-thick unit 2 comprises volcanic breccia and tuff with
minor amounts of andesite, and the ~500-m-thick unit 3 con-
sists of tuff, muddy slate, and minor limestone interlayered
with alkali basalt and andesite. The Nanmingshui Formation
in the Kalatongke area is mainly composed of carbonaceous
muddy slate, sandstone, and tuff, which deposited as littoral
depositional facies in a fan delta and are overall enriched in
graphite (Pang et al., 2009).

Major Sulfides in Sulfide Ores and Country Rocks

Major sulfide minerals in the sulfide ores of the Honggiling
No. 7 intrusion are pyrrhotite, pentlandite, and chalcopyrite.
Pentlandite in the massive ores appears as the aggregation of
granular grains up to 1.0 mm or as 20- to 50-um-wide vein-
lets along the boundaries of pyrrhotite (Fig. 6a). Sulfides are
interstitial to camulus orthopyroxene in the net-textured ores
(Fig. 6b). In the disseminated ores, pentlandite and pyrrho-
tite appear as aggregated grains, whereas chalcopyrite fills the
cracks of altered silicate minerals (Fig. 6¢).

The sulfide ores in the Piaohechuan No. 4 intrusion have
distinctive textures and are denoted as breccia, network, and
globular ores (Wei et al., 2015) (Fig. 6d-f). Sulfide miner-
als include pyrrhotite, pentlandite, and minor chalcopyrite
(<5vol %). The breccia ores contain sulfides and 10 to 50 vol %
irregular silicate fragments. The sulfides in the breccia ores are
mainly pyrrhotite with 20- to 30-um-wide pentlandite veinlets
along the boundaries of pyrrhotite (Fig. 6d). Sulfides in the
network ores are not interconnected and have cuspate mar-
gins at the contacts with silicates, unlike typical net-textured
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Fig. 5. A Plan view (a) and cross section (b) of the Kalatongke intrusion (modified from Song and Li, 2009; Gao et al., 2012b)
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Silicate

Fig. 6. Photomicrographs of sulfides in the sulfide ores from the Honggiling No. 7, Piaohechuan No. 4, and Kalatongke
intrusions in the Central Asian orogenic belt under plane-polarized and reflected light. (a) Sulfides in the massive ores of the
Honggqiling No. 7 intrusion. (b) Sulfides in the net-textured ores of the Honggiling No. 7 intrusion. (c¢) Sulfides in the dissemi-
nated ores of the Hongqiling No. 7 intrusion. (d) Sulfides in the breccia ores of the Piaochechuan No. 4 intrusion. (e) Sulfides
in the network ores of the Piaohechuan No. 4 intrusion. () Sulfides in the globular ores of the Piaohechuan No. 4 intrusion.
(g) Sulfides in the massive ores of the Kalatongke intrusion. (h) Sulfides in the disseminated ores of the Kalatongke intrusion.

Abbreviations: Cep = chalcopyrite, Opx = orthopyroxene, Pn = pentlandite, Po = pyrrhotite, Py = pyrite.
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ores (Fig. 6e). Sulfides in the globular ores appear as perfectly
rounded globules with the diameter ranging from one to sev-
eral millimeters, and pentlandite occurs along the margin of
the sulfide globules (Fig. 6f).

The sulfide ores in the Kalatongke intrusion have more
chalcopyrite and pyrite than those in the Honggiling No. 7
and Piaohechuan No. 4 intrusions (Fig. 6g, h). Chalcopyrite
occurs as irregular patches in the pyrrhotite or silicates. Abun-
dant euhedral and subhedral pyrite grains are enclosed within
the pyrrhotite of massive ores (Fig. 6g) or within the chalco-
pyrite of disseminated ores (Fig. 6h).

Sulfides occur sporadically in Silurian, Carboniferous, and
Permian strata in the Honggiling-Piaohechuan area and are
mainly observed in the slate of the Beichatun Formation
(Fig. 7a), the tuff of the Daheshen Formation (Fig. 7b), the
slate of the Fanjiatun Formation (Fig. 7c), and the gneiss of
the Huangyingtun Formation (Fig. 7d). The sulfide grains in
these country rocks are commonly pyrrhotite. Sulfides are
rarely observed in the rocks of the Nanmingshui Formation in
the Kalatongke region, but pyrite is sporadically distributed in
the muddy slate near the Kalatongke intrusion.

Analytical Methods

In situ S isotope analysis for sulfides

In situ S isotope analyses for the sulfide minerals in sulfide
ores and country rocks were performed using a Nu Plasma

Silicate
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HR multicollector inductively coupled plasma-mass spec-
trometer (ICP-MS) equipped with a Photon Machine Ana-
lyte G2 laser microprobe at the Geological Survey of Finland
in Espoo. Samples were ablated within a HelEx ablation cell
using He gas, with gas flows at 0.4 and 0.1 L/min (Miiller et
al., 2009). The S isotopes of sulfides were analyzed at medium
resolution. During ablation, the data were collected in static
mode (325 and 34S).

Pyrrhotite and pentlandite were ablated using a spot size of
25 um in diameter and a fluence of 2.7 J/em? at 5 Hz. The total
S signal obtained for standard pyrite (Py) was 5 to 6 V. The
integration time was 20 s for baseline and 50 to 60 s for abla-
tion. The internal precision of 3S/32S is <+0.000005 (1 SE).
Pyrite standard PPP-1was used for external standard bracket-
ing and was analyzed for 156 points in this study (Gilbert et al.,
2014). Two in-house pyrite standards (Pyl and Py2) were used
for quality control of analyses. Pyl and Py2 were measured
previously by gas mass spectrometry to have 034S Canyon Dia-
blo Troilite (CDT)(%o0) of 0.6 + 0.3%o0 (10) and —0.4 + 0.5%o0
(1o), respectively. In this study, we obtained an average §34S
0f-0.98 + 0.33%o0 (20, n = 25) for Pyl and —0.24 + 0.42%o (20,
n = 41) for Py2. The difference in accuracy may be related to
the heterogeneity of the in-house standards.

Chalcopyrite samples were ablated using a spot size of
25 um and a fluence of 2.7 J/em? at 5 Hz. The total S signal
obtained for standard chalcopyrite was 2 V. The integration
time was 20 s for baseline and 30 to 40 s for ablation. The

Silicate

Silicate

Fig. 7. Photomicrographs of sulfides in the country rocks from the Honggiling No. 7, Piachechuan No. 4, and Kalatongke
intrusions in the Central Asian orogenic belt under plane-polarized and reflected light. (a) Sulfides in Silurian slate of the
Beichatun Formation. (b) Sulfides in Permian tuff of the Daheshen Formation. (c) Sulfides in Permian slate of the Fanjiatun
Formation. (d) Sulfides in Permian gneiss of the Huangyingtun Formation. Abbreviations: Ccp = chalcopyrite, Po = pyr-

rhotite, Py = pyrite.
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internal precision of 34S/32S is <=0.00005 (1 SE). One in-
house chalcopyrite standard was used for external standard
bracketing and quality control of analyses. The standard was
measured previously by gas mass spectrometry to have 034S
CDT(%o) of 0.7 + 0.5%o (10). In this study, we obtained an
average 034S of 0.7 + 0.6%o (20, n = 17) for the standard.

Whole-rock S contents and S isotope analyses

Analyses of whole-rock S contents and S isotope compositions
of country rocks were carried out at the State Key Labora-
tory of Organic Geochemistry, Guangzhou Institute of Geo-
chemistry (GIG), Chinese Academy of Sciences (CAS). For S
content analyses, the samples of country rocks were directly
analyzed by a Pyro cube elemental analyzer. For S isotope
analysis, samples mixed with V>Os (100 mg) were loaded
into a quartz reaction tube at 1,050°C and packed with WO3
and elemental Cu for quantitative conversion to SOs, using
a Thermo Fisher Scientific Delta V Advantage isotope ratio
mass spectrometer (IRMS) coupled with an elemental ana-
lyzer (Thermo IsoLink) through a ConFlo IV interface. The
whole-rock S isotope composition is expressed in standard 0
notation as per mil (%o) deviations from Vienna-CDT, with
an analytical error of ~0.5%o calculated from replicate analy-
ses of samples and laboratory standards IAEA SO-5 (0.5%o),
TAEA SO-1 (-0.3%0), and IAEA SO-6 (—=34.1%o).

Whole-rock C contents and C isotope analyses

Analyses of whole-rock C contents and C isotope composi-
tions of sulfide ores and country rocks were carried out at the
State Key Laboratory of Isotope Geochemistry, GIGCAS.
For C content and C isotope analyses, the samples of sulfide
ores and country rocks were baked at 750°C for 2 h in order
to remove any surface organic components and carbonate
(Des Marais and Moore, 1984), leaving the residual carbon
as magmatic carbon. The baked samples were weighed and
combusted at 920°C with a 70-s oxygen pulse, and the resul-
tant CO; was then dried and analyzed for C content and C
isotope composition using the Pyro cube elemental analyzer
coupled with an Isoprimel00 continuous flow IRMS (Xie et
al., 2016). Two working standards—pure sulfanilamide and
loess standard GBW07454—were analyzed alternately with
the unknown samples. The C content (wt %) of samples was
calculated using the CO; areas detected by thermal conduc-
tivity detector and the C amounts (weight X C content) in
the standards, with analytical precision better than 5% (rela-
tive standard deviation) (Xie et al., 2016). The whole-rock C
isotope composition is reported in per mil units relative to
Vienna-Pee Dee Belemnite (V-PDB). Because of the large
013C range of samples, three reference materials (IAEA-601,
TAEA-CHS3, and TAEA-CHG6) were used for data correction.
The precision of the results is better than 0.15%o. The C iso-
tope compositions of carbonate samples were analyzed using
a DualInlet IRMS (GV Isoprime) after reacting with 100%
HsPO4 (Deng et al., 2005), with precision better than 0.10%eo.

Mineral phases of country rocks

The mineral phases of country rocks were analyzed on unori-
ented powder mounts using X-ray diffraction (XRD) at the
Key Laboratory of Mineralogy and Metallogeny, GIGCAS.
The analyses were carried out using a Bruker DS ADVANCE
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XRD made in Germany with Cu Ka radiation (40 kV and
40 mA) and 2.3° Soller slits, 1.0-mm divergence slit, and 0.1-
mm receiving slit. Patterns were collected between 3° and 85°
(20) at a scanning speed of 4° (260) min-! with a 0.01 26 step
size and a 0.3-s counting time. Qualitative and semiquantita-
tive characterization of mineralogy is based on peak intensity
measurements on X-ray patterns. The diagnostic peak and
corrective intensity factor are indicated for each mineral. The
semiquantitative determination was based on the height of
specific reflections, generall)i measured on ethylene glycol
runs. The intensity of the 10-A peak was taken as a reference,
the other intensities were divided by a weight factor, and all
identified mineral species values were summed up to 100%.
Corrective factors were determined by long-term empirical
experiments in the lab.

Whole-rock Re-Os isotope analysis

Whole-rock Re-Os isotope compositions of country rocks were
analyzed at the State Key Laboratory of Isotope Geochemis-
try, GIGCAS. The Os isotope compositions and Os concen-
trations of the rocks were analyzed using a Triton negative
thermal ion mass spectrometer (NTIMS), and whole-rock Re
concentrations were determined using an XSeries-2 quadru-
pole ICP-MS. Samples (14 g) were digested in Carius tubes
using aqua regia following the method of Shirey and Walker
(1995). After digestion, Os and Re were purified following the
method of Birck et al. (1997). Os isotope fractionation was
corrected using %50s/1920s of 0.32440. During the period
of analysis, analytical results for WPR-1 standard yielded an
average 1570s/1850s of 0.14531 + 28 (20).

Results

S isotope compositions of sulfides in sulfide ores

In the Honggqiling No. 7 intrusion, nine pentlandite grains in
massive ores have restricted 034S of 0.2 to 1.0%o, six grains in
net-textured ores have 6%S of 0.1 to 0.7%o, and three grains
in disseminated ores have 034S of —0.4 to 0.2%o0 (Table 1).
Overall, 18 pentlandite grains have 63S ranging from —0.4
to 1.0%o. Six pyrrhotite grains in massive ores have 03S of
—0.2 to 0.6%o, 15 grains in net-textured ores have 634S of —0.8
to 1.1%o, and three grains in disseminated ores have 034S of
—0.2 to —0.4%o (Table 1). Overall, 24 pyrrhotite grains have
034S ranging from —0.8 to 1.1%o. In addition, four chalcopyrite
grains in disseminated ores have 034S of —1.0 to 0.3%o, similar
to those for pentlandite and pyrrhotite in disseminated ores.
In summary, sulfides have %S ranging from —0.2 to 1.0%o
in massive ores, from —0.8 to 1.1%o in net-textured ores, and
from —1.0 to 0.3%o in disseminated ores.

In the Piaohechuan No. 4 intrusion, a total of 18 pentland-
ite grains in breccia, network, and globular ores have 034S of
—0.5 to 1.0%o, whereas 18 pyrrhotite grains have 34S of 0.4
to 0.2%o (Table 1). Two pyrite grains in network ores have
03§ of 0.2 and 0.4%o. In summary, sulfides have §34S ranging
from —0.2 to 1.0%o in breccia ores, from —0.8 to 1.1%o in net-
work ores, and from —1.0 to 0.3%o in globular ores.

In the Kalatongke intrusion, six pyrrhotite grains in massive
and disseminated ores have 63*S of —0.9 to 0.4%o, 16 chalcopy-
rite grains have 0%S of —1.0 to 0%o, and 12 pyrite grains have
034§ 0f -0.9 to 0.7%o (Table 1). In summary, sulfides have §34S
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Table 1. S Isotope Compositions of the Sulfides in Sulfide Ores of Three Magmatic Ni-Cu Sulfide Deposits in the Central Asian Orogenic Belt

0%4S%o 0348%o0

Sample no. Analysis no. Ore types Sulfides (V-CDT) Sample no.  Analysis no. Ore types Sulfides (V-CDT)
Honggiling No. 7 deposit PH-9 9 Breccia Po 0.2
HQ-75 1 Massive Pn 0.9 PH-9 10 Breccia Po 0.0
HQ-75 2 Massive Po 0.6 PH-2 11 Breccia Pn 0.1
HQ-75 3 Massive Pn 1.0 PH-2 12 Breccia Po -0.2
HQ-75 4 Massive Po 04 PH-17 13 Network Pn -0.5
HQ-75 5 Massive Pn 0.8 PH-17 14 Network Po -0.4
HQ-75 6 Massive Po 0.1 PH-17 15 Network Pn 0.2
HQ-78 7 Massive Pn 0.9 PH-17 16 Network Po 0.1
HQ-78 8 Massive Po -0.2 PH-5 17 Network Pn 0.0
HQ-78 9 Massive Pn 0.6 PH-5 18 Network Po -0.3
HQ-78 10 Massive Po 0.2 PH-16 19 Network Py 0.4
HQ-78 11 Massive Pn 0.5 PH-16 20 Network Po 0.1
HQ-78 12 Massive Po 0.3 PH-16 21 Network Py 0.2
HQ-65 13 Net-textured Pn 0.5 PH-16 22 Network Po 0.0
HQ-65 14 Net-textured Po 0.3 PH-18 23 Globular Po 0.2
HQ-65 15 Net-textured Pn 0.2 PH-18 24 Globular Po -0.2
HQ-65 16 Net-textured Po 0.7 PH-18 25 Globular Po -0.1
HQ-65 17 Net-textured Pn 0.7 PH-18 26 Globular Po 04
HQ-65 18 Net-textured Po 0.2 PH-18 27 Globular Po -0.2
HQ-63 19 Net-textured Po 0.3 PH-18 28 Globular Po 0.1
HQ-63 20 Net-textured Po 1.1
HQ-63 21 Net-textured Po 0.3 Kalatongke deposit
HQ-63 22 Net-textured Po 0.6 KL9-3 1 Massive Py 0.0
HQ-63 23 Net-textured Po 0.4 KL9-3 2 Massive Po -0.3
HQ-63 24 Net-textured Po 0.0 KL9-3 3 Massive Py 0.5
HQ-64 25 Net-textured Pn 0.5 KL9-3 4 Massive Po 0.1
HQ-64 26 Net-textured Po 0.3 KL9-3 5 Massive Cpy 0.8
HQ-64 27 Net-textured Pn 0.1 KL9-3 6 Massive Cpy -0.5
HQ-64 28 Net-textured Po —0.8 KL9-3 7 Massive Cpy 0.1
HQ-64 29 Net-textured Pn 0.4 KL9-3 8 Massive Cpy -0.2
HQ-64 30 Net-textured Po —0.2 KL9-7 9 Massive Py 0.3
HQ-67 31 Net-textured Pn 0.4 KL9-7 10 Massive Po 0.4
HQ-67 32 Net-textured Po 0.3 KL9-7 11 Massive Py 0.2
HQ-67 33 Net-textured Pn 0.7 KL9-7 12 Massive Po 0.4
HQ-67 34 Net-textured Po -0.1 KL9-7 13 Massive Cpy 0.0
HQ-67 35 Net-textured Pn 0.3 KL9-7 14 Massive Cpy -0.1
HQ-67 36 Net-textured Po 0.5 KL9-7 15 Massive Cpy -0.6
HQ-55 37 Disseminated Po -0.4 KL9-7 16 Massive Cpy -0.4
HQ-55 38 Disseminated Pn -0.4 KL9-20 17 Disseminated Py -0.9
HQ-55 39 Disseminated Pn 0.2 KL9-20 18 Disseminated Po -0.9
HQ-55 40 Disseminated Po -0.2 KL9-20 19 Disseminated Py 0.6
HQ-55 41 Disseminated Po 04 KL9-20 20 Disseminated Py 0.6
HQ-55 42 Disseminated Pn 0.0 KL9-20 21 Disseminated Po 0.1
HQ-55 43 Disseminated Cpy 0.1 KL9-20 22 Disseminated Py 0.1
HQ-55 44 Disseminated Cpy -1.0 KL9-20 23 Disseminated Cpy -0.9
HQ-55 45 Disseminated Cpy 0.7 KL9-20 24 Disseminated Cpy -0.2
HQ-55 46 Disseminated Cpy 0.3 KL9-10 25 Disseminated Py 0.2

KL9-10 26 Disseminated Py 0.2
Piachechuan No. 4 deposit KL9-10 27 Disseminated Py 0.7
PH-13 1 Breccia Po -0.1 KL9-10 28 Disseminated Py 0.5
PH-13 2 Breccia Pn -0.3 KL9-10 29 Disseminated Cpy -0.9
PH-13 3 Breccia Po -0.1 KL9-10 30 Disseminated Cpy -1.0
PH-13 4 Breccia Pn 0.0 KL9-10 31 Disseminated Cpy -0.3
PH-13 5 Breccia Po -0.1 KL9-10 32 Disseminated Cpy -0.3
PH-13 6 Breccia Po 0.1 KL9-10 33 Disseminated Cpy 0.6
PH-9 7 Breccia Pn 1.0 KL9-10 34 Disseminated Cpy -0.3
PH-9 8 Breccia Pn 0.1

Abbreviations of sulfide phases: Cpy = chalcopyrite, Pn = pentlandite, Po = pyrrhotite, Py = pyrite

ranging from —0.8 to 0.5%o in massive ores and from —1.0 to
0.7%o0 in disseminated ores.

In summary, sulfides of the Honggiling No. 7 intrusion
have a small range of 034S from —1.0 to 1.1%oc with an aver-
age of 0.2 + 0.5%o (1o, n = 46), regardless of sulfide and ore
types (Fig. 8a). Similarly, sulfides of the Piaohechuan No. 4

intrusion have 0%S of —0.5 to 1.0%o¢ with an average of 0 +
0.3%o (1o, n = 28) (Fig. 8a). Sulfides of the Kalatongke intru-
sion have 0%4S of —1.0 to 0.7%o with an average of —0.1 + 0.5%o
(1o, n = 34) (Fig. 8b), comparable to 03*S for sulfides of the
Honggqiling No. 7 and Piaohechuan No. 4 intrusions. Overall,
sulfides of the three intrusions have a restricted range of 34S
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Fig. 8. Histogram of S of the sulfides in sulfide ores and country rocks of the Honggiling No. 7 and Piaohechuan No. 4
intrusions (a) and the Kalatongke intrusion (b) in the Central Asian orogenic belt. The 034S values of MORB-type mantle are

from Labidi et al. (2014).

from 1.1 to 1.1%0 with an average of 0.1 + 0.3%o (1o, n =
108), close to the 03*S of MORB-type mantle (1.5 to 0.6%o;
Labidi et al., 2014).

S isotope compositions of sulfides in country rocks

In the Honggqiling-Piaohechuan area, 11 pyrrhotite grains
in the Silurian slate of the Beichatun Formation have 034S
ranging from 7.1 to —5.8%o with an average of —6.5 + 0.4%o
(lo, n = 11) (Table 2). Eighteen pyrrhotite grains in the
Permian tuff of the Daheshen Formation have §34S ranging
from —13.1 to —10.5%o with an average of —12.1 + 0.9%o (1o,
n = 18) (Table 2). Twenty-nine pyrrhotite grains in the Perm-
ian gneiss of the Huangyingtun Formation, which is in direct
contact with the Honggiling No. 7 and Piaohechuan No. 4
intrusions, have 034§ varying from —6.5 to —1.4%o with an
average of —5.0 + 1.5%o (1o, n = 29). Twenty-eight pyrrho-
tite grains in the Permian slate of the Fanjiatun Formation
have 634S varying from —19.3 to —15.3%o, with an average of
—17.6 = 1.2%0 (1o, n = 28). Overall, sulfides from different
country rocks in this area have highly variable and negative
034§ with a range from —19.3 to —1.4%o, distinctly different

from 634S for sulfides of the Hongqiling No. 7 and Piaohech-
uan No. 4 intrusions.

In the Kalatongke area, six pyrite grains in the Carbonif-
erous muddy slate of the Nanmingshui Formation have 3¢S
varying from —8.7 to —6.7%o with an average of —7.6 + 0.7%o
(1o, n = 6) (Fig. 8b), also remarkably different from 04S for
sulfides of the Kalatongke intrusion.

Whole-rock S contents and S isotope compositions of
country rocks

In the Honggiling-Piaohechuan area, country rocks have S
contents ranging from 0.01 to 0.36 wt % (Table 3). However,
Carboniferous limestone of the Shizuizi, Mopanshan, and
Luquantun Formations contains 0.01 to 0.02 wt % S, which is
too low to be analyzed for whole-rock S isotope analysis.
Samples from Permian tuff of the Daheshen Formation
(DHS-6 and DHS-9) have d34S of —12.8 and —13.2%0 (Table
3). These values are similar to the average 63S of the sul-
fides in these two samples obtained by laser ablation-ICP-MS
analysis, which is —12.6 + 0.8%o (10, n = 10) and —11.4 + 0.2%o
(lo, n = 8), respectively (Table 2). Likewise, samples from
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Table 2. S Isotope Compositions of the Sulfides in Country Rocks of Three Magmatic Ni-Cu Sulfide Deposits in the Central Asian Orogenic Belt

Sample Analysis 0348 %0 Sample Analysis 0348 %0 Sample  Analysis 034S%0
no. no. Sulfides  (V-CDT) no. no. Sulfides (V-CDT) no. no. Sulfides (V-CDT)
Honggqiling-Piaohechuan area
Silurian slate PH1407 3 Po 4.5 FJT-8 10 Po -18.5
(Beichatun Formation) PH1407 4 Po -14 FJT-8 11 Po -18.8
BCT-9 1 Po —-6.4 PH1407 5 Po -3.9 FJT-8 12 Po -19.3
BCT-9 2 Po -5.9 PH1407 6 Po —4.2 FJT-8 13 Po -18.3
BCT-9 3 Po -7.0 PH1407 7 Po + (pr) -3.6 FJT-8 14 Po -18.7
BCT-9 4 Po 58 PH1407 8 Po 43 FIT-S 15  Po+(Cpy) 188
BCT-9 5 Po -6.6 PH1407 9 Po 2.4 FJT-8 16 Po -18.7
BCT-9 6 Po -6.5 PH1407 10 Po + (Cpy) -3.5 FJT-8 17 Po -18.8
BCT-9 7 Po -6.5 PH1407 11 Po -3.9 FJT-8 18 Po -18.8
BCT-9 8 Po -6.9 PH1407 12 Po -5.2 FJT-8 19 Po + (pr) -18.6
BCT-9 9 Po -6.9 PH1407 13 Po + (pr) -5.0 FJT-5 20 Po -16.1
BCT-9 10 Po -7.1 PH1407 14 Po -5.0 FJT-5 21 Po -15.7
BCT-9 11 Po -6.3 PH1407 15 Po -2.6 FJT-5 22 Po + (pr) -15.5
PH1407 16 Po -3.7 FJT-5 23 Po -17.2
Permian tuff PH1407 17 Po -3.3 FJT-5 24 Po -16.7
(Daheshen Formation) PH1401 18 Po + (Cpy) -6.1 FJT-5 25 Po -16.2
DHS-6 1 Po + (pr) -12.7 PH1401 19 Po -6.2 FJT-5 26 Po -16.5
DHS-6 2 Po -12.8 PH1401 20 Po -6.0 FJT-5 27 Po + (pr) -16.3
DHS-6 3 Po+(Cpy) 131 PH1401 21 Po+(Cpy) 65 F|T-5 28 Po 153
DHS-6 4 Po + (pr) -12.9 PH1401 22 Po -6.3
DHS-6 5 Po + (Cpy) -12.6 PHI1401 23 Po + (Cpy) -6.0 Kalatongke area
DHS-6 6 Po + (Cpy) -13.1 PH1401 24 Po + (Cpy) -6.1 Carboniferous muddy slate
DHS-6 7 Po -12.8 PHI1401 25 Po -6.1 (Nanmingshui Formation)
DHS-6 8 Po -10.5 PH1401 26 Po + (pr) -6.5 KL9-24 1 Py -7.8
DHS-6 9 Po -13.0 PH1401 27 Po + (pr) -6.6 KL9-24 2 Py 7.7
DHS-6 10 Po -12.5 PH1401 28 Po -6.4 KL9-24 3 Py -8.7
DHS-9 11 Po+(Cpy) -116 PH1401 29 Po+(Cpy) 66 KL9-24 4 Py 67
DHS-9 12 Po -11.2 K1.9-24 5 Py -7.6
DHS-9 13 Po -11.1 Permian slate KL.9-24 6 Py -7.0
DHS-9 14 Po -11.3 (Fanjiatun Formation)
DHS-9 15 Po+(Cpy) 111 F|T-2 1 Po 180
DHS-9 16 Po + (pr) -11.6 FJT-2 2 Po -17.3
DHS-9 17 Po 114 F|T-2 3 Po+(Cpy) 182
DHS-9 18 Po -11.5 FJT-2 4 Po -18.0
F|T-2 5  Po+(Cpy) 169
Permian gneiss FJT-2 6 Po -18.3
(Huangyingtun Formation) FJT-2 7 Po -18.4
PH1407 1 Po -5.9 FJT-8 8 Po -17.5
PH1407 2 Po 6.2 F|T-$ 9 Po+(Cpy) 181

Abbreviations: Cpy = chalcopyrite, Pn = pentlandite, Po = pyrrhotite, Py = pyrite

Permian gneiss of the Huangyingtun Formation (PH1401 and
PH1407) have 634S of 4.9 and —5.0%o (Table 3), and the aver-
age 0%S of the sulfides in these two samples is —6.3 + 0.2%o
(lo,n = 12) and —4.0%o0 + 1.2 (1o, n = 17), respectively (Table
2). Samples from Permian Slate of the Fanjiatun Formation
(FJT-2 and FJT-8) have 63S of —19.6 and —19.5%o. These val-
ues are also comparable with the average 631S of sulfides in
these two samples, which is —17.9 + 0.5%o (1o, n = 7) and
—8.6 = 0.4%o (1o, n = 12), respectively (Table 2).

In the Kalatongke area, Carboniferous muddy slate of the
Nanmingshui Formation has S content of 0.13 wt % with 034S
of =7.3%o (Table 3), which is comparable with the average
038 (-7.6 = 0.7%o, 1o, n = 6) of the sulfides in the sample
(Table 2).

Whole-rock C contents and C isotope compositions of
sulfide ores and country rocks

The sulfide ores of the Honggiling No. 7 and Piaohechuan
No. 4 intrusions contain 46 to 219 ppm and 35 to 185 ppm

high-temperature carbon, respectively (Table 3). The net-
textured and disseminated ores of the Honggiling No. 7
intrusion have negative 6'3C, with the ranges from —26.1 to
—25.4%o and from —25.5 to —24.2%o, respectively (Table 3;
Fig. 9a). The breccia ores of the Piaohechuan No. 4 intrusion
have 013C ranging from —25.5 to —24.9%o, whereas the globu-
lar ores have 013C of —24.1%o (Table 3; Fig. 9a).

In the Hongqiling-Piachechuan area, samples from Perm-
ian country rocks contain 77 to 306 ppm high-temperature
carbon. The tuff of the Daheshen Formation has 0!3C of
—26.4%o (Table 3). The gneiss of the Huangyingtun Forma-
tion has 013C ranging from —23.9 to —21.3%o. The slate of the
Fanjiatun Formation has §13C ranging from —26.7 to —25.8%.
Overall, samples from Permian country rocks have a small
range of 013C from —26.7 to —21.3%o, similar to the sulfide
ores of the Honggiling No. 7 and Piaohechuan No. 4 intru-
sions (—26.1 to —24.2%o) (Fig. 9a). On the other hand, Car-
boniferous carbonate rocks of the Luquantun, Mopanshan,
and Shizuizi Formations contain 8.0 to 8.3 wt % carbon and
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Table 3. S-C Contents and S-C Isotope Compostions of Sulfide Ores and Country Rocks of Three Magmatic Ni-Cu Sulfide Deposits
in the Central Asian Orogenic Belt

Sulfide ores

Sample no. Ore types Deposits S (wt %) 034S%o0 (V-CDT) C contents O13C (%o V-PDB)
Honggqiling No. 7 and Piaohechuan No. 4 deposits

HQ-65 Net-textured Honggqiling No. 7 n/a n/a 46 ppm 254
HQ-67 Net-textured Honggqiling No. 7 n/a n/a 46 ppm —26.1
HQ-55 Disseminated Honggqiling No. 7 n/a n/a 75 ppm -25.5
HQ-56 Disseminated Honggqiling No. 7 n/a n/a 219 ppm -24.2
PH-11 Breccia Piaohechuan No. 4 n/a n/a 45 ppm -24.9
PH-13 Breccia Piaohechuan No. 4 n/a n/a 65 ppm -25.5
PH-9 Breccia Piaohechuan No. 4 n/a n/a 35 ppm -25.2
PH-18 Globular Piaohechuan No. 4 n/a n/a 185 ppm -24.1
Kalatongke deposit

KL9-10 Disseminated Kalatongke n/a n/a 48 ppm -25.5
KL9-14 Disseminated Kalatongke n/a n/a 52 ppm —26.0
KL9-16 Disseminated Kalatongke n/a n/a 57 ppm -26.7
Country rocks

Sample no. Rock types Strata S (wt %) 0348%o (V-CDT) C contents 313C (%o V-PDB)
Honggqiling-Piaohechuan area

DHS-6 Permian tuff Daheshen Formation 0.26 -12.8 89 ppm -26.4
DHS-9 Permian tuff Daheshen Formation 0.36 -13.2 77 ppm —26.4
PH1401 Permian gneiss Huangyingtun Formation 0.18 —-4.9 306 ppm -21.3
PH1407 Permian gneiss Huangyingtun Formation 0.06 -5.0 125 ppm -23.9
FJT-2 Permian slate Fanjiatun Formation 0.26 -19.6 141 ppm -25.8
FJT-8 Permian slate Fanjiatun Formation 0.22 -19.5 92 ppm -26.7
S77-2 Carboniferous limestone Shizuizi Formation 0.01 n/a 8.3 wt % 2.40
WP-1 Carboniferous limestone Mopanshan Formation 0.01 n/a 8.0 wt % -0.57
LQT-1 Carboniferous limestone Luquantun Formation 0.02 n/a 8.0 wt % 0.48
LQT-3 Carboniferous limestone Luquantun Formation 0.01 n/a 8.3 wt % 1.22
Kalatongke area

KL9-24 Carboniferous muddy slate Nanmingshui Formation 0.13 -7.3 80 ppm —24.7

Note: C content in ppm refers to high-temperature noncarbonate carbon extracted by combustion at 920°C; C content in wt % refers to carbonate carbon

have 0'3C ranging from —0.57 to 2.4%o, different from those
for sulfide ores of the Honggiling No. 7 and Piaohechuan No.
4 intrusions.

Disseminated ores of the Kalatongke intrusion contain 48
to 57 ppm high-temperature carbon. They have 6!3C rang-
ing from —26.7 to —25.5%o (Table 3; Fig. 9b). Similarly, Car-
boniferous muddy slate of the Nanmingshui Formation in the
Kalatongke area contains 80 ppm high-temperature carbon
and has 013C of —24.7%o (Table 3; Fig. 9b).

Major mineral phases of country rocks

In the Honggiling-Piaohechuan area, Silurian slate of the Bei-
chatun Formation mainly consists of plagioclase, mica, and
amphibole (Table 4). Permian slate of the Fanjiatun Forma-
tion is composed of quartz, plagioclase, mica, and cordierite
(Table 4). Permian gneiss of the Huangyingtun Formation
consists of quartz, plagioclase, mica, chlorite, kaolinite, and
feldspar. Permian tuff of the Daheshen Formation consists of
quartz, plagioclase, mica, and chlorite. Carboniferous lime-
stone consists of almost 100 wt % calcite. Only the limestone
of the Luquantun Formation has minor amounts of quartz. In
the Kalatongke area, Carboniferous slate of the Nanmingshui
formation consists of quartz, plagioclase, chlorite and minor
calcite.

The XRD results indicate that either sulfide or sulfate
minerals are rare in these country rocks, which is consistent

with the low S contents (0.01-0.36 wt %) of the rocks (Table
3), and sulfide grains are only sporadically distributed in the
rocks (Fig. 7).

Re-Os isotope compositions of country rocks

In the Honggiling-Piaohechuan area, Permian tuff of the
Daheshen Formation has yOs( - 216 ma) ranging from 462 to
564, the gneiss of the Huangyingtun Formation has yOsg
from 204 to 276, and the slate of the Fanjiatun Formation has
yOs(y) from 211 to 259 (Table 5). These values are much higher
than those for the sulfide ores of the Hongqiling No. 7 intru-
sion (yOs - 216) = 50-187; Lii et al., 2011; Wei et al., 2013) and
the Piaohechuan No. 4 intrusion (yOs - 216) = 39-67; Wei et
al., 2015) (Fig. 10b).

In the Kalatongke area, Carboniferous muddy slate of the
Nanmingshui Formation has yOs - 250 ma) 0f 313, which is
much higher than those for the sulfide ores of the Kalatongke
intrusion (yOs - 250) = 59-273) (Han et al., 2007; Zhang et al.,
2008; W.J. Qu et al., 2013; Gao et al., 2012a ) (Fig. 10b).

Discussion
Sulfur source for Ni-Cu sulfide deposits in the
Central Asian orogenic belt

The sulfides in sulfide ores of the Honggiling No. 7, Piaohe-
chuan No. 4, and Kalatongke intrusions have a small range of
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Fig. 9. The 0'3C of high-temperature carbon of the sulfide ores and country rocks of the Honggiling No. 7 and Piaohechuan
No. 4 intrusions (a) and the Kalatongke intrusion (b) in the Central Asian orogenic belt. Note that 63C of limestone refers to
that of carbonate carbon. The 0!3C values of MORB-type mantle are from Des Marais and Moore (1984).

03S from —1.1 to 1.1%o, close to the MORB-type mantle value
(Fig. 8). This may indicate that the sulfur of the intrusions
was mainly derived from the mantle. However, a mantle-like
S isotope signature of the sulfides could be also attributed to
several other reasons. It may result from some crustal compo-
nents with mantle-like §34S. Sulfides in Archean sedimentary
rocks usually have 634S identical to that for Archean mantle
(Bekker et al., 2009). The country rocks of the Voisey’s Bay
Ni-Cu-(PGE) sulfide deposit in Canada, the Tasiuyak gneiss,
have a weighted average 03*S of —1.4%o, leading to the man-
tle-like 93¢S for sulfides in the deposit (Ripley et al., 2002).
In addition, early segregated sulfides with crustal S isotope

signature may be modified by equilibrium S isotope exchange
between the sulfides and later-replenished mantle-derived
mafic magma in a dynamic magma conduit so that the sulfides
finally have mantle-like 434S (Ripley and Li, 2003).

There were no Archean sedimentary rocks in the Central
Asian orogenic belt (Kréner et al., 2007; Windley et al., 2007;
Xiao et al., 2009). The oldest sedimentary rocks are Devonian
strata in the Kalatongke area (Long et al., 2010) and Silurian
strata in the Honggjling-Piaohechuan area (Wu et al., 2007).
Therefore, the mantle-like 034S of sulfides in the sulfide ores
is not related to the crustal contamination of Archean sedi-
mentary rocks.
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Table 4. XRD Results for Mineral Compositions of Country Rocks in the Honggiling-Piaohechuan and Kalatongke Areas

Mineral compositions (wt %)

Sample
no. Rock types Quartz  Plagioclase ~ Mica  Chlorite  Amphibole Cordierite  Calcite Other minerals
Honggqiling-Piaohechuan area
BCT-9 Silurian slate 55.8 31 13.2
DHS-6 Permian tuff 31.6 26.1 22.6 19.7
DHS-9 Permian tuff 32.5 22 37.6 8
PHI1401 Permian gneiss 25.6 22.6 31.4 5.7 Kaolinite, 11.2; feldspar, 3.5
PH1407 Permian gneiss 27 26.3 25.4 5.7 Kaolinite, 10.1; feldspar, 5.5
FJT-2 Permian slate 25 28.1 35 11.9
FJT-5 Permian slate 16.8 33 38.6 6.6 Andalusite, 5.0
FJT-8 Permian slate 24.8 23.3 45 6.9
S77-2 Carboniferous limestone 100
WP-1 Carboniferous limestone 1.7 98.3
LQT-1 Carboniferous limestone 100
LQT-3 Carboniferous limestone 100
Kalatongke area
KL9-24 Carboniferous muddy slate 31 45.8 22.4 0.9

Table 5. Re-Os Isotope Compositions of Country Rocks in the Honggqiling-Piaohechuan and Kalatongke Areas
Sample No. Re (ppb) Os (ppb) 18TRe/1880s 20 187Qs/1880s 20 yOs
Honggqiling-Piaohechuan area
Permian tuff (Daheshen Formation)
DHS-6 4.34 0.080 327.2 8.1 2.0136 0.0022 564
DHS-9 3.53 0.099 200.8 4.4 1.4294 0.0014 462
Permian gneiss (Huangyingtun Formation)
PH1401 0.50 0.050 50.9 0.6 0.6557 0.0010 276
PH1407 0.36 0.079 22.8 0.3 0.4640 0.0005 204
Permian slate (Fanjiatun Formation)
FJT-5 2.08 0.130 83.6 1.6 0.7527 0.0007 259
FJT-8 0.98 0.070 72.3 1.1 0.6514 0.0007 211
Kalatongke area
Carboniferous muddy slate (Nanmingshui Formation)
K1.9-24 2.21 0.072 170.2 3.4 1.3130 0.0018 313

Note: yOs(, values were calculated using the Os evolution curve of the chondritic mantle; for the samples in the Hongqiling-Piaohechuan area, T is set to 216

Ma; for the sample in the Kalatongke area, T is 280 Ma

The sulfides in the country rocks exposed in these two areas
overall have highly variable and negative 43S with an aver-
age 038 of ~10.6%o, much lower than the MORB-type mantle
value (Fig. 8). The whole-rock d3S of the country rocks is
similar to the negative 0%S of sulfides in the country rocks
(Table 3). Given the sulfate phase is not identified in the coun-
try rocks (Table 4), we consider that the 03*S of sulfides in
the country rocks could represent the S isotope composition
of the country rocks. If the country rocks were substantially
assimilated to the mantle-derived mafic magmas, the sulfides
of the three intrusions should have variable and negative §34S,
which is not observed in this study. However, we cannot abso-
lutely rule out the possibility of the addition of external crustal
sulfurin case the country rocks with mantle-like 43S were not
exposed but added into the mantle-derived mafic magma dur-
ing its ascent. Unfortunately, we cannot find any way to check
this possibility.

The equilibrium S isotope exchange between early segre-
gated sulfides and replenished mantle-derived mafic magma

could modify the S isotope composition of the sulfides (Ripley
and Li, 2003). The exchange of S isotope between sulfide and
silicate in a dynamic system may be described by

34Gsuli 4 34Saui - R®
I+R° ’ "

where 034Sg,7is the final 334S of the sulfide, 034, is the ini-
tial 034S of the sulfide, and R* is the mass ratio of S contrib-
uted by the silicate magma and sulfide mass (Ripley and Li,
2003). The relationship between “R and R factor (mass ratio
of silicate melt and sulfide melt) is as follows:
_ Ci
- C?‘ul
where is the S content of silicate melt and is the S content of
sulfide melt (Ripley and Li, 2003).

Using mantle-derived mafic magma with 1,000 ppm S
(Keays, 1995) and 03*S of 0%o as one end member and the
sulfides in the country rocks of the three intrusions as the

63483141,)‘ =

R* * R, (2)
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mafic magma based on the equation of Ripley and Li (2003). One end member is sulfides in the country rocks with different
03S (Table 2) and 35 wt % S; the other end member is mantle-derived mafic magma with 1,000 ppm S and 63S of 0%o. R

factor refers to the mass ratio of mantle-derived mafic magma

for the sulfide ores and country rocks of the Honggiling No. 7,

and accumulated sulfide melt. (b) Plot of yOs;) against Re/Os
Piaohechuan No. 4, and Kalatongke intrusions in the Central

Asian orogenic belt. The initial mantle-derived mafic magma is supposed to contain 1 ppb Re and 0.05 ppb Os with yOs) =

0, which are in the range of Re and Os concentrations of MOR

B (Shirey and Walker, 1998) and consistent with the depletion

of PGEs in the parental magma of these three intrusions (Song and Li, 2009; C.S. Li et al., 2012; Wei et al., 2013). Partition
coefficient of sulfide/magma is set at 500 for Re and 3 X 10* for Os (Sattari et al., 2002; Brenan, 2008).

other end member, we simulated the S isotope exchange
between the magma and crustal sulfides. The results indi-
cate that large R factors (1,400-5,600) would be required to
yield mantle-like 3¢S of sulfide similar to those in the three

intrusions (Fig. 10a), i.e., crust-derived sulfides may have to
equilibrate with voluminous mantle-derived mafic magma
until the sulfides can have mantle-like 034S. If this were the
case, the sulfide ores should have yOs) close to 0 and Re/Os
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close to 1, similar to the depleted asthenospheric mantle (cf.
Lambert et al., 1998) (Fig. 10b). However, the sulfide ores of
the three intrusions commonly have elevated yOs;) (30-300)
(Han et al., 2007; Zhang et al., 2008; Lii et al., 2011; Gao et al.,
2012a; W.]. Qu et al., 2013; Wei et al., 2013, 2015). Therefore,
the mantle-like 034S of the sulfides in the sulfide ores from
the three intrusions could not be explained by the S isotope
exchange effect.

In addition, pyrrhotite is more common than pyrite in the
country rocks of the three intrusions (Table 2; Fig. 7). The
maximum melting temperature is ~1,190°C for pyrrhotite
(Kullerud and Yoder, 1959) and <400°C for pyrite (Andrews
and Ripley, 1989). Pyrrhotite grains in the country rocks are
thus unlikely to be liberated and incorporated into the magma
(Robertson et al., 2015). Given the sporadic distribution of
pyrrhotite in the country rocks (Fig. 7) and low sulfur con-
tents of the country rocks (Table 3), it may not be realistic for
the country rocks we surveyed to provide large amounts of
sulfur into the magma.

Addition of organic-rich crustal components into
mantle-derived mafic magma

As mentioned earlier, the sulfide ores of the Honggiling No.
7, Piaohechuan No. 4, and Kalatongke intrusions have yOs)
of 30 to 300 and Re/Os of 5 to 80 (Fig. 10b). The positive
and highly variable yOs;) against relatively constant e Nd) of
the sulfide ores from Ni-Cu sulfide-bearing intrusions in the
Central Asian orogenic belt were interpreted as the addition
of crustal sulfide into the magmas (Tang et al., 2011; Gao
et al., 2012a; Yang et al., 2012; Wei et al., 2013; Wang et
al., 2015). Because the crust rocks usually have distinctively
high Re/Os and radiogenic Os isotope compositions with
highly positive yOs) (Saal et al., 1998), such interpretation
assumes that radiogenic Os is mainly hosted in crustal sul-
fides and that the addition of crustal sulfides would elevate
yOs) but may not change eNdy) of sulfide ores (cf. Lesher
and Burnham, 2001). As discussed above, there was no sub-
stantial addition of crustal sulfides from the country rocks
to the magma. An alternative source for radiogenic Os may
be the organic-rich crustal component, such as black shale
and carbonaceous metasedimentary country rocks (Shirey
and Walker, 1998; Cohen et al., 1999; Ripley et al., 2002;
Thakurta et al., 2008; Stifter et al., 2016). It is noted that
the organic components are enriched in the Carboniferous
mudstone of the Luquantun Formation in the Hongqiling-
Piaohechuan area and the Carboniferous carbonaceous
muddy slate of the Nanmingshui Formation in the Kala-
tongke area; both are potential exploration targets for natu-
ral gas (Hong et al., 2009; Zhang et al., 2010). In addition,
the sulfide ores of the three intrusions have negative 013C
of —26.7 to —24.1%o, nearly identical to 13C for the country
rocks in the Honggiling-Piaohechuan and Kalatongke areas
(013C = —26.7 to —21.3%o0) (Fig. 9). These values are much
lower than the d13C of MORB (=7 to —5%o0; Des Marais and
Moore, 1984). It is likely that large amounts of organic-
rich crustal components were incorporated into the magma
conduit, leading to a dramatic increase of radiogenic Os in
magmas and high positive yOs for sulfide ores. A similar
case was also reported in the Duke Island Complex in Alaska
(Thakurta et al., 2008; Stifter et al., 2016).

WEI ET AL.

Experimental results indicate that the addition of a few
tenths of wt % organic compounds from country rocks into
magmas may dramatically reduce the fo, of magmas and trig-
ger sulfide saturation (Thakurta et al., 2008; Tomkins et al.,
2012; Stifter et al., 2016; Marziano et al., 2017). The reduc-
tion of oxidized basaltic magma could lead to a significant
decrease of sulfur contents at sulfide saturation (Jugo et al.,
2005; Jugo, 2009).

The oxygen fugacity of mantle-derived mafic magma can be
estimated using olivine-spinel-orthopyroxene oxygen barome-
ter proposed by Ballhaus et al. (1991), which required finding
paired olivine and spinel in the rocks, with the olivine highly
Mg rich. It is difficult to do so for the three intrusions in this
study, as the rocks from the Honggiling No. 7 intrusion are
totally altered, and the olivine grains from the Piaohechuan
No. 4 and Kalatongke intrusions are both Fe rich (C.S. Li et
al., 2012; Wei et al., 2015). However, olivine-spinel pairs are
observed in the Honggiling No. 1 intrusion in the Honggil-
ing-Piaohechuan area. We assume that the mafic-ultramafic
intrusions in this area may have formed from a similar magma
plumbing system, and their parental magmas have similar
oxygen fugacity. The calculated fo, for the parental magma of
the Honggiling No. 1 intrusion ranges from quartz-fayalite-
magnetite (QFM)+1.5 to QFM+2.5 (App. 1), indicating that
the parental magmas of these mafic-ultramafic intrusions
were likely highly oxidized.

To test if the highly oxidized parental magmas had been
reduced, we also calculated the oxygen fugacity of sulfide-
saturated magmas for the Honggiling No. 1 and the Piao-
hechuan No. 4 intrusions using the distribution coefficient
Ki™ for Fe-Ni exchange between olivine and sulfide liquid
(Brenan, 2003; Mao et al., 2018, and references therein). This
calculation is based on the desktop microbeam X-ray fluo-
rescence scanning, and the olivine and sulfide compositions
were analyzed by electron probe microanalysis (App. 2). The
Ni tenors for the bulk sulfides of the Honggiling No. 1 and
Piaohechuan No. 4 intrusions ranrge from 10.3 to 12.8 wt %
and from 2.6 to 3.1 wt %, with K5™ values ranging from 9.1
to 10.5 and from 5.2 to 7.0. The oxygen fugacity of the sulfide-
saturated magmas of the Honggqiling No. 1 and Piaohechuan
No. 4 intrusions were then calculated to be from QFM+1.1 to
QFM+1.2 and from QFM+1.0 to QFM+1.3, much lower than
that for the parental magma (QFM+1.5 to QFM+2.5). Like-
wise, the oxygen fugacity of sulfide-saturated magma for the
Kalatongke intrusion was estimated to be at around QFM+1
(Mao et al., 2018). We thus consider that the highly oxidized
parental magmas of these intrusions were likely reduced dur-
ing sulfide saturation.

Implications for sulfide saturation of Ni-Cu sulfide deposits
in the Central Asian orogenic belt

As discussed above, mantle-derived mafic magmas could
reach sulfide saturation by the addition of organic-rich crustal
components even though there was no significant addition
of external crustal sulfur. Then the question is how large a
volume of mantle-derived mafic magmas would be required
to contain enough sulfur to form these Ni-Cu sulfide depos-
its in the Central Asian orogenic belt. We assume that the
Ni-Cu sulfide deposits in the Central Asian orogenic belt
were derived from the magmas containing ~1,000 ppm S
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(Keays, 1995); modeling results indicate that about 0.7, 0.5,
and 0.1 km?® of magmas in volume are required for sulfide seg-
regation to form the current volumes of sulfide ores in the
Kalatongke, Honggiling No. 7, and Piaohechuan No. 4 intru-
sions, respectively (Fig. 11). These values are much smaller
than the volume that was required to form the giant Ni-Cu
sulfide deposits (over 100 km?), such as the Sudbury Com-
plex in Canada, related to the impact melt, and the Noril'sk-
Talnakh intrusions, related to plume-derived basaltic magma
(Ripley and Li, 2013). Therefore, the Ni-Cu sulfide deposits
related to postorogenic magmatism, such as those in the Cen-
tral Asian orogenic belt, are likely generated in the magmatic
system with a relatively small volume of magmas, i.e., <1 km?.

The rocks of Permian-Triassic mafic-ultramafic intrusions in
the Central Asian orogenic belt commonly show negative Nb
and Ta anomalies on the primitive mantle-normalized trace
element patterns and contain abundant hydrous minerals,
such as amphibole and biotite, which are considered to have
been inherited from the metasomatized mantle source dur-
ing subduction and closure of the Paleo-Asian Ocean (Song
and Li, 2009; Yang and Zhou, 2009; Qin et al., 2011; Song et
al., 2013; Xie et al., 2014). Basaltic magma derived from the
metasomatised mantle source is considered highly oxidized
(Kelley and Cottrell, 2009; Kelley et al., 2010) with oxygen
fugacity up to QFM+4 (Gaillard et al., 2015). This is consis-
tent with the high oxygen fugacity for the parental magmas of
the Ni-Cu sulfide deposits in the Central Asian orogenic belt,
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Fig. 11. Plot of the volume of magma versus total sulfide in sulfide ores (in
Mt). The volume of magma is calculated based on the assumption that the
sulfur of mantle-derived mafic magma has been totally consumed to form
sulfide ores. The density of mafic magma is assumed to be 2.8 g/cm? and the
sulfide is assumed to have 35 wt % S. Data sources for total sulfides in the
ores: Sudbury Complex and Noril'sk-Talnakh and Voisey’s Bay intrusions from
Ripley and Li (2013), Kalatongke intrusion from Gao et al. (2012b), Honggil-
ing No. 7 intrusion from Wei et al. (2013), and Piaohechuan No. 4 intrusion
from Wei et al. (2015).
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as we estimated above. Sulfur in such oxidized basaltic magma
appears as sulfate species (S6+), and sulfate content could
be as high as 1.4 wt % at QFM+2.3 (Jugo et al., 2005; Jugo,
2009), which is much higher than the sulfur contents at QFM
in a reduced basaltic magma, in which sulfur appears as sul-
fide species (S*) (Jugo et al., 2010; Cottrell and Kelley, 2011).
Therefore, the likely oxidized parental magmas of Permian-
Triassic mafic-ultramafic intrusions in the Central Asian oro-
genic belt could provide high enough mantle-derived sulfur to
generate Ni-Cu sulfide deposits. In this scenario, the required
volume of mafic magmas to form these deposits could be even
smaller than the calculated numbers above.

The efficient network of magma conduits in the Central
Asian orogenic belt may be able to concentrate immiscible
sulfide liquid from a small volume of mafic magmas to form
orebodies. Crust-scale strike-slip faults in the Central Asian
orogenic belt can extend for 100 to 1,000 km and provide
channels for the ascent of mantle-derived mafic magma (Pira-
jno, 2010). The faults that control the emplacement of magma
from which Ni-Cu sulfide deposits formed are usually the
subsidiary faults of the crust-scale strike-slip faults in the Cen-
tral Asian orogenic belt. For example, the subsidiary faults of
the Mishan and Irtysh faults control the emplacement of the
Honggiling No. 7 and Kalatongke intrusions, respectively
(Qin, 1995; Wang and Zhao, 1991) (Fig. 1). These subsidiary
faults may be the transtension zones within the crust-scale
strike-slip faults, which are favorable places for the episodic
replenishment of magma to form Ni-Cu sulfide deposits (cf.
Lightfoot and Evans-Lamswood, 2015). The Piaohechuan
No. 4 intrusion has a rhombic plan outline (Fig. 4a), and its
conduits may be shaped by a local transtension zone. The
Honggiling No. 7 intrusion has a dike-like shape (Fig. 3b) and
is considered as a widened pipe-like conduit (cf. Lightfoot
and Evans-Lamswood, 2015). The Kalatongke intrusion has
a continuous tube-like magma chamber (Fig. 5b) and may be
formed by lateral magma flow in flared dikes (cf. Barnes et
al., 2015). The lateral propagation of dikes and gravity flow of
sulfide-silicate-xenolith slurries could account for the breccia-
textured semimassive ores in small intrusions (Barnes and
Mungall, 2018), such as the breccia ores in the Piaohechuan
No. 4 intrusions (Wei et al., 2015; Barnes et al., 2017). There-
fore, the Ni-Cu sulfide-bearing intrusions in the Central Asian
orogenic belt may have formed in the space where the con-
duits changed from vertical to horizontal or became widened
so that sulfide melts could efficiently concentrate in the con-
duits and form the orebodies.

Conclusions

Sulfides in the sulfide ores from the Honggiling No. 7, Piaohe-
chuan No. 4, and Kalatongke intrusions in the Central Asian
orogenic belt have mantle-like §34S, which did not provide
direct evidence for the addition of external crustal sulfur to
the mantle-derived mafic magma. The trigger for the sulfide
saturation of the magma is likely attributed to the addition
of substantial amounts of organic-rich crustal components,
which also accounts for the highly positive yOsg) and nega-
tive 013C of the sulfide ores of these three intrusions. Model-
ing results indicate that about 1 km? of mantle-derived mafic
magma could contain sufficient sulfur to account for the mass
of sulfides in the three intrusions. Our study indicates that the
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addition of external crustal sulfur may not be necessary for
to the sulfide saturation of small Ni-Cu sulfide deposits such
as those in the Central Asian orogenic belt. Combined S, C,
Re-Os, and Sm-Nd isotope analyses for sulfide ores and coun-
try rocks may provide insights into the source of sulfur and the
triggers for the sulfide saturation of magmas in the formation
of Ni-Cu sulfide deposits.
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