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Economically important Ni-Cu sulfide deposits occur in orogenic belts worldwide. However, the duration of
timing and geological processes critical for generation of high-Mg basaltic magma and Ni-Cu sulfide mineraliza-
tion during orogeny have not been well addressed. Here, we report a detailed geochronological study on the
Huangshan-Jingerquan Ni-Cu metallogenic belt, NW China. The complexes were regarded as the results of a
prolonged basaltic magmatism from 380 Ma to 270 Ma according to previous zircon U-Pb ages. Most of the zir-
cons for the previous age datingwere separated frommafic facies and only a few fromultramafic rocks. However,
the Ni-Cu sulfide ore bodies are mostly hosted within the ultramafic facies. Thus, there are debates on tectonic
setting of the magmatism associated with the Ni-Cu sulfide mineralization. In this study, the zircons separated
from the sulfide-mineralized mafic/ultramafic facies of eleven complexes display U-Pb ages ranging from 285
to 280 Ma, indicating a short-lived high-Mg basaltic magmatism associated with the Ni-Cu mineralization. It is
likely that the olivine-free gabbros formed in 380–300 Ma and 280–270 Ma occurred in subduction and post-
collisional periods, respectively. Collision combined with regional strike-slip shearing at the latest Carboniferous
induced slab break-off and asthenosphere upwelling in early Permian. Decompression melting of the upwelling
asthenosphere was extensively intensified by addition of water released from the broken slab and generated vo-
luminous high-Mg basaltic magma beneficial to the short-lived Ni-Cu sulfide mineralization in 285–280Ma. The
regional strike-slip shearing created fracture networks as pathways formagma ascending. The sulfides carried by
the ascending basaltic magma deposited in the fractures andmagma chambers in different depths and produced
the sulfide-mineralized dykes and complexes, respectively.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Economic Ni-Cu sulfide deposits hosted by mafic-ultramafic com-
plexes have been discovered in orogenic belts worldwide, such as the
Aguablanca deposit in Spain (e.g., Piña et al., 2010), the Selebi-Phikwe
belt in Botswana (Maier et al., 2008), the Kotalahti and Vammala belts
in Finland (e.g., Barnes et al., 2009), and the Savannah Ni-Cu-Co Camp
in Australia (Vaillant et al., 2020). In China, some large Ni-Cu sulfide de-
posits have been discovered in several orogenic belts: the giant
XiarihamuNi-Co deposit in the East Kunlun Orogenic Belt, Tibet Plateau
(Liu et al., 2018; Song et al., 2016, 2020 and references therein), the
Lengshuiqing deposit along the western margin of the Yangzi Block
(Yao et al., 2018), and the Huangshan-Jingerquan belt and the
).
Hongqiling deposit, from west to east, along the southern margin of
the Central Asian Orogenic Belt (abbreviated to CAOB in text below)
(Li et al., 2019; Song et al., 2013; Wei et al., 2013). Of them, the
Huangshan-Jingerquan Ni-Cu metallogenic belt contains ~1/3 Ni metal
reserves of the magmatic sulfide deposits in the orogenic belts in
China (~3.5 million tonnes Ni) (Table 1, Fig. 1). Both the Xiarihamu
Ni-Co deposit (~157Mt@0.65 wt% Ni, 0.013 wt% Co) in the East Kunlun
Orogenic Belt (China) and the Nova Ni-Cu-Co deposit (14.6Mt@2.2 wt
% Ni, 0.9 wt% Cu, 0.08 wt% Co) in the Albany-Fraser Orogenic Belt
(Australia) are the largest Ni deposits in the world (Li et al., 2015;
Maier et al., 2016; Song et al., 2016) since the discovery of Voisey's
Bay (Canada) and Nebo-Babel (Australia) (e.g., Godel et al., 2011;
Ripley and Li, 2011; Seat et al., 2011). This has led to an aspiration of fur-
ther mineral exploration for magmatic sulfide deposit in orogenic belts.

Although orogeny is one of the most common geological processes
throughout the Earth's history, occurrences of Ni-Cu sulfide deposits

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2021.106114&domain=pdf
https://doi.org/10.1016/j.lithos.2021.106114
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Fig. 1. (a) Location of the Central Asian Orogenic Belt (CAOB). (b) Tectonic domains at southern margin of CAOB in NW China. (c) The North Tianshan arc system is bounded by the
Kelameili and Aqikkuduk faults and consists of the Harlik-Dananhu island arc in the north and the Kanggur-Yamansu arc in the south. (d) Simplified geological map of the Kanggur-
Yamansu arc, the Huangshan-Jingerquan Ni-Cu metallogenic belt is located to the north of the Yamansu fault. Information is from Xiao et al. (2015), Song et al. (2013) and references
therein, age data and detailed information are listed in Table 1.
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Fig. 2. The mafic-ultramafic complexes emplaced in the late Carboniferous Gandun Formation after Deng et al., 2014 and references therein. Geological maps and selected cross sections
show the contact relationships among the mafic and ultramafic facies, locations of the Ni-Cu sulfide mineralization and age data of the bean-pod shaped Huangshan complex (a), the
rhombic Huangshandong, Huangshannan and Erhongwa complexes (b, c, d), as well as oval Tudun complex (e).

X.-Y. Song, Y.-F. Deng, W. Xie et al. Lithos 390–391 (2021) 106114
are rare in most of the orogenic belts. During development of orogenic
belts, basaltic magmatism can occur in subduction, collision and post-
collision periods (e.g., Davies and von Blanckenburg, 1995; Freeburn
et al., 2017). The related mafic-ultramafic intrusions are produced by
complicated and prolonged processes of magma generation, emplace-
ment and evolution in different periods, which are not fully understood.
As a result, some fundamental questions on the formation of the Ni-Cu
sulfide deposits hosted in the mafic-ultramafic complexes in orogenic
belts still remain poorly constrained: (1)What are the critical processes
for the generation of voluminous high-Mg basaltic magma beneficial to
the formation of large deposit? (2) When is the optimal period for the
extensive basaltic magmatism in geodynamic history of an orogenic
belt? (3) What are the favorable structures for sulfide-bearing magma
migration and sulfide accumulation?
4

Lithological relationships of the mafic-ultramafic complexes in the
Huangshan-Jingerquan belt, particularly the sharp contacts between
the sulfide-mineralized and sulfide-barren facies in the complexes,
such as theHuangshan, Huangshandong, etc. (Figs. 2, 3, see descriptions
below), cannot be interpretedmerely bymagmatic fractionation but re-
flect multiple magma emplacements (Deng et al., 2020; Zhou et al.,
2004 and references therein). Recently published zircon U-Pb ages for
the sulfide-barren gabbros of the complexes indicated a prolonged ba-
saltic magmatism history (~267–380 Ma), whereas only a few U-Pb
ages for the Ni-Cu sulfide-mineralized facies of the Huangshan and
Huangshandong complexes range from 284.5 ± 2.5 to 280.3 ± 1.9 Ma
(Table 1 with references). Thus, there are controversies on tectonic set-
ting of the basalticmagmatism resulting in theNi-Cu sulfidemineraliza-
tion along the belt. The basaltic magmatism was attributed to



Fig. 3. Themafic-ultramafic complexes emplaced in themiddle DevonianWutongwuozi Formation after Zhao et al., 2018 and references therein. Simplified geological maps and selected
cross sections show the dyke-like Ni-Cu sulfide-mineralized ultramafic bodies and relationships between the ultramafic facies and sulfide-barren olivine-free gabbro at Tulaergen (a),
Xiangshan (b) and Jingerquanbei (d) as well as the elongate lopolith Hulu complexes (c). The olivine-free gabbros in the complexes are 300–380 Ma.
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subduction (Han et al., 2013; Zhang et al., 2011), upwelling of
asthenosphere due to break-off of subduction slab in syn- or post-
collisional setting (Song et al., 2013) and the Tarim mantle plume
(Pirajno et al., 2008; Qin et al., 2011). It is obviously not reasonable to
simply regard the zircon U-Pb ages of the sulfide-barren gabbros as
the time of the Ni-Cu sulfide mineralization due to the sharp contacts
between the sulfide-mineralized and sulfide-barren facies. Thus, to con-
vincingly constrain timings of themagmatism associatedwith theNi-Cu
sulfide mineralization, more geochronological measurements for the
Ni-Cu sulfide-mineralized facies are necessary.
5

In this study, the zircons for U-Pb age dating are separated
from 12 sulfide-mineralized ultramafic and mafic rocks and 3
sulfide-barren gabbros in 11 complexes. Integration of the new
and previous age data offers a complete picture of the basaltic
magmatism and Ni-Cu sulfide mineralization along the Huangshan-
Jingerquan belt. The main objectives are to reveal the relationship
between the Ni-Cu sulfide mineralization and the basaltic
magmatism during development of the Huangshan-Jingerquan belt
and to reconstruct the magma conduit system for the formation of
the Ni-Cu deposits.
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2. Geological background

The North Tianshan arc system, along the southern margin of the
CAOB, between the Kelameili and Aqikkuduk faults, is divided by the
Kanggur fault into the Harlik-Dananhu island arc in the north and the
Kanggur-Yamansu arc in the south (Figs. 1a-c). The Kanggur-Yamansu
arc is sub-divided into two parts by the Yamansu fault. The northern
part is comprised of a middle Devonian (the Wutongwozi Formation)
to late Carboniferous (the Gandun Formation) metasedimentary rock
package and the southern part consists of Carboniferous volcanic and
sedimentary sequences (Fig. 1d). Structural and paleomagnetic studies
revealed that eastward movement of the Junggar block relative to
Tarim blocks in ~300–240 Ma resulted in the dextral Main Tianshan
Shear Zone (Figs. 1b and c, Laurent-Charvet et al., 2003; Wang et al.,
2007). The Main Tianshan Shear Zone acted on the Kanggur-Yamansu
arc and resulted in extensive deformation between the Kanggur and
Yamansu faults (Fig. 1c, Branquet et al., 2012). Based on 40Ar/39Ar dat-
ing, Chen et al. (2005) proposed that the deformation initiated as
early as ~300 Ma and extended to 250 Ma. The Huangshan-Jingerquan
Ni-Cu metallogenic belt is located between the Kanggur and Yamansu
faults (Figs. 2c and d).

3. Mafic-ultramafic complexes in the Huangshan-Jingerquan belt

The Huangshan-Jingerquan belt consists of a series of economic Ni-
Cu sulfide deposits, such as Huangshan, Huangshandong, Tudun,
Tulaergen, Hulu and Xiangshan (Table 1, Fig. 2D, Mao et al., 2008). The
recent discovery of Ni-Cu sulfide mineralization in the Dahuangshan
and Jingerquanbei complexes displays a great mineral exploration po-
tential. The belt was divided into two parts by the Gandun fault
(Fig. 1D). The northern part is occupied by theWutongwozi Formation,
which mainly consists of metasandstone with interlayers of tuff and
marble (BGMRX, 1993). Our new LA-ICPMS data of detrital zircons
from the metasandstones reveal a major U-Pb age population of
385–450 Ma (Deng et al., 2021). The youngest age (387 Ma) of the de-
trital zircons suggests that the maximum deposition age of the
Wutongwozi Formation is middle Devonian. Accordingly, Devonian
granitoid plutons (350–370 Ma, Zhou et al., 2010) were emplaced in
the Wutongwozi Formation. The southern part is occupied by the
Gandun Formation mainly consisting of siliceous slates and
metasandstones with interlayers of marble (Fig. 1D, BGMRX, 1993).
The youngest U-Pb age (307 Ma) of the detrital zircon age population
of 491–301 Ma for the metasandstone (Deng et al., 2021) indicates
that the Gandun Formation was deposited in late Carboniferous. This
is consistent with ages of the granitoids emplaced in the formation
(<290 Ma, Zhou et al., 2010).

It is remarkable that the mafic-ultramafic complexes emplaced in
theGandun andWutongwozi formations have distinct lithology and ge-
ometry features. The mafic and ultramafic rocks in the complexes com-
monly contain 5–15 modal% hornblende and biotite, which are not in
rock names in the text or in the figures to avoid long rock names.

3.1. The complexes emplaced in the late Carboniferous Gandun Formation

Relatively large mafic-ultramafic complexes are emplaced in the
Gandun Formation (Table 1). Of them, the Huangshan and
Huangshandong complexes host the largest Ni-Cu sulfide deposits,
which contain 0.33 and 0.38 million tonnes Ni metal respectively, in
the metallogenic belt.

The E-W trending Huangshan complex is ~2.5 km long and teardrop
shaped with a shrinking tail to the east (Fig. 2A, Zhou et al., 2004). It is
funnel-shaped in cross sections down to>1000mat depths,which sug-
gested magma feeder conduit in the west (Lightfoot and Evans-
Lamswood, 2015). The main part of the complex comprises lherzolite
and websterite, which gradually change to gabbronorite and olivine
gabbro upward; the mineral modal variation indicates a magmatic
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differentiation sequence. However, a basal gabbronorite underlying
the lherzolite and a small fine-grained lherzolite body overlying the
gabbronorite at the surface with sharp contacts indicate intermittent
emplacement of multiple pulses of magma (Fig. 2a, Deng et al., 2015,
2017 and references therein). Lenticular disseminated Ni-Cu sulfide
ore bodies occur at the bases of the lherzolite and websterite and a
few smaller ones are within the basal gabbronorite (Fig. 2a).

The ENE-WSW trending Huangshandong complex dominantly
consisted of gabbroic rocks is 3.5 km long and up to 1.2 km wide with
a perfect rhombic outline (Fig. 2b). Its undulating bottom extends to
more than 1000 m deep in the western and middle portions and be-
comes shallow to the east. Lherzolite occurs as interlays within the
ilmenite-bearing gabbro or between the ilmenite-bearing gabbro and
olivine gabbro with sharp contacts (Fig. 2b). The olivine gabbro at the
center of the complex is sharply contacted with the sulfide-barren
olivine-free gabbro to the east, which is overlain by a lherzolite body
at the eastern end of the complex. Diorite occurs along the complex
margins. Such lithological relationships also show emplacement ofmul-
tiple pulses ofmagma (Fig. 2b, Gao et al., 2013; Deng et al., 2014 and ref-
erences therein). Disseminated Ni-Cu sulfide ore bodies are dominantly
hosted by the lherzolite and a series of parallel concave lenticular ore
bodies occur within the gabbronorite at western end of the complex
(Fig. 2b).

The Huangshannan and Erhongwa complexes are similar to the
Huangshandong complex in shape, size and rock assemblages, but
with much smaller proportions of ultramafic rocks and weaker sulfide
mineralization (Figs. 2c and d, Mao et al., 2017 and references therein).
The small oval shape Tudun complex hosts stratiform Ni-Cu sulfide ore
bodies within the lherzolite (Table 1, Fig. 2e, Wang et al., 2015).
3.2. The complexes emplaced in the middle Devonian Wutongwozi
Formation

The complexes emplaced in theWutongwozi Formation appear as a
series of NE-SW trending dykes or pod chains (except for Hulu) (Fig. 3).
The Xiangshan, Hulu and Tulaergen complexes hosted economic Ni-Cu
sulfide deposits and the other very small complexes are weakly
sulfide-mineralized (Table 1).

The Tulaergen complex consists of a mafic-ultramafic dyke and sev-
eral stellate olivine-free gabbro intrusions devoid of sulfide. The ~800m
longmafic-ultramafic dyke hosts the third largest Ni-Cu sulfide deposit
(~0.12 million tonnes Ni metal, Table 1) in the metallogeinc belt. The
dyke steeply dips to southeast and becomes sub-horizontal tube-like
tunnel toward to southwest at a depth of ~350 m within the metamor-
phosed clastic rocks (Fig. 3a). From the center to the margin, the rock
type changes from lherzolite, throughwebsterite, to olivine-free gabbro
(San et al., 2010;Wang et al., 2018). Variably sized lenticular shapedNi-
Cu sulfide ore bodies are embedded in the lherzolite.

The Xiangshan complex is a NE-SW trending olivine gabbro dyke
with a length of ~8 km and widths up to 1 km (Fig. 3b, Li et al., 1989
and references therein). Several lherzolite bodies containing dissemi-
nated Ni-Cu sulfides (up to 1 km long and 300 m wide) are enclosed
within the olivine gabbro (Fig. 3b).

The Hulu complex is a ~2 km long and up to 1 km wide lopolith,
which is shrunk in the middle (Table 1, Fig. 3c, Han et al., 2013).
Lherzolite is underlain by harzburgite in the western portion of the
lopolith and websterite occurs at the bottom. Stratiform Ni-Cu sulfide
ore layers occur in the basal websterite. Sulfide-barren olivine-free gab-
bro occurs along the complex margins (Zhao et al., 2018).

The Jingerquanbei complex primarily comprises sulfide-barren
olivine-free gabbro. A series of small sulfide-mineralized lherzolite bod-
ies embed in the olivine-free gabbro on NE-SW direction (Fig. 3d). The
other complexes emplace in the Wutongwozi Formation appear as
NE-SW trending chains of small sparsely disseminated sulfide-
mineralized ultramafic pods. For instance, the Mati complex is a
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~1.6 km long chain consisting of a series of small ultramafic outcrops in
the Gobi Desert (Table 1).

In summary, the complexes emplaced in both the Gandun and
Wutongwozi formations share some common features, including:
(1) Sharp contacts among the mafic and ultramafic facies cannot be at-
tributed tomagma differentiation but reflect intermittent emplacement
of multiple pulses of magma (Figs. 2, 3); (2) Most of the Ni-Cu sulfide
ore bodies are hosted in the ultramafic facies; (3) The olivine-free
gabbro is sulfide-barren and the gabbros containing olivine may be
sulfide-mineralized. However, the complexes emplaced in the Gandun
Formation have large scales, teardrop, rhombic or oval outlines at the
surface and funnel shaped vertical cross sections (Fig. 2, Lightfoot and
Evans-Lamswood, 2015; Barnes et al., 2016),whereas, the ultramafic fa-
cies of the complexes emplaced in theWutongwozi Formation are com-
monly steep dykes or chains of small pods, although the olivine-free
gabbro may construct large intrusion (Fig. 3).

4. Sampling and analytical methods

Since zircon can crystalize fromevolved basalticmagmas, mafic rock
commonly contains more zircon than ultramafic rock (Grimes et al.,
2005). Additionally, the sulfide ores can be more extensively altered
than the sulfide-barren rocks. Thus, in previous U-Pb age dating of the
Huangshan-Jingerquan complexes, the zircons were primarily sepa-
rated from sulfide-barren gabbros, only 4 sulfide-mineralized rocks
from the Huangshan and Huangshandong complexes were dated
(Table 1). In this study, to constrain the timing of Ni-Cu sulfidemineral-
ization along theHuangshan-Jingerquan belt, 12 sulfide-mineralized ul-
tramafic and mafic rocks and 3 sulfide-barren rocks from eleven major
complexes were chosen for zircon/baddeleyite separation. For the com-
plexes without age data, such as the Jingerquanbei complexes, zircon/
baddeleyite was separated from both sulfide-mineralized and sulfide-
barren facies. The detailed information is summarized in Table S1.

4.1. Zircon separation

Separation of zircon and baddeleyite was completed by Nanjing
Hongchuang Exploration Technology Service Co. Ltd.. The samples
were crushed using a jaw crusher and disk mill to <250 μm and heavy
minerals were then separated using an isodynamic magnetic separator
and methylene iodide. Zircon and baddeleyite crystals were finally
hand-picked under binocular microscope. Baddeleyite was separated
from only five lherzolite and websterite samples (Table S1). The
euhedral/subhedral prismatic and transparent zircon grainswithout ob-
vious fractures or inclusions, 50 to 250 μm in diameter, are carefully
mounted onto the epoxy together with the zircon standard TEMORA-
2 (416.8Ma, Black et al., 2004). Cathodoluminescence (CL) images (Ap-
pendix Fig. 1) were carried out on a Hitachi S3000N scanning electron
microscope (SEM) at the Beijing SHRIMP Centre.

4.2. Zircon SHRIMP U-Pb dating

Eleven zircon samples were analyzed at Beijing SHRIMP Centre
(National Science and Technology Infrastructure), China, using
SHRIMP II following the analytical protocols of Compston et al. (1992)
andWilliams (1998) (Table S2a). Mass resolution of analytical sessions
was ~5000 (1% definition). Spot size was 30 μm, and the intensity of the
primary O2− ion beamwas 4 nA. Each spot was rastered for 150 s prior
to analysis. Five scans through themass stationsweremade for each age
determination. Zircon standardM257 (561.3Ma, U=840 ppm,Nasdala
et al., 2008) was measured to calibrate U, Th and Pb concentrations.

Three other zircon samples (HSX1, HSN1, MT18A) (Table S2a) were
measured by using the SHRIMP II instrument at AustralianNational Uni-
versity (ANU), following the analytical protocols of Williams (1998).
The intensity of the primary O2− ion beam was 5 nA and spot sizes
were 20 μm. Six scans through the mass stations were made for each
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age determination. Correction for common Pb was made according to
the measured 204Pb and the initial common lead composition for the
likely age of the sample estimated using the two-stage terrestrial Pb
evolution model of Stacey and Kramers (1975). U-Th abundance was
calibrated based on the reference zircon SL13 (U = 238 ppm), which
was in a separate set-up mount.

In both SHRIMP laboratories, zircon standard TEMORA-2 (416.8 Ma,
Black et al., 2004) was used for isotopic fractionation correction. The
204Pb-based method proposed by Stacey and Kramers (1975) was
used for common Pb correction. The data were processed using SQUID
1.02/2.5 and Isoplot 3.0 programs of Ludwig (2001, 2003). Uncertainties
for each analysis are expressed as 1σ. The weighted mean ages are
quoted as 2σ.

4.3. Zircon LA-ICP-MS U–Pb dating

LA-ICP-MS analyses of two zircon samples (HSDD-01, HSDD-02)
(Table S2b) were carried out on an Agilent 7900 Quadrupole ICP-MS
coupled to a Photon Machines Analyte HE 193-nm ArF Excimer Laser
Ablation systematHefei University of Technology, China. Referencema-
terials 91,500 zircon was used as external calibration for the U-Pb ages.
Zircon GJ-1 or Plesovice were also analyzed between every 10 samples
for quality control. Laser beam was 30 μm in diameter. The off-line
data processing was performed using a program ICPMSDataCal (Liu
et al., 2008). Time-dependent drifts of U-Th-Pb isotopic ratios were
corrected using a linear interpolation (with time) for everyfive analyses
according to the variations of 91,500 Wiedenbeck et al. (1995). Uncer-
tainty of preferred values (±3 Ma) for the external standard Plesovic
was propagated to the ultimate results of the samples. Concordia dia-
grams and weighted mean calculations were made using Isoplot 4.15
(Ludwig, 2011).

5. Results

The zircons from the sulfide-mineralized lherzolite, websterite
and gabbros gave a narrow 206Pb/238U apparent age range of
289.4–271.0 Ma with concordant U/Pb ratios, showing no “high-U
effect” (Tables S2a and S2b). These zircons yielded weighted mean
206Pb/238U ages ranging from 279.2 ± 2.6 to 284.2 ± 2.0 Ma with
MSWD=0.18–1.13 (SHRIMP) and= 1.3–2.3 (LA-ICPMS) (Table 1, Ap-
pendix Figs. 2 and 3). In contrast, the zircons from the olivine-free
gabbros of the Jingerquanbei and Xianshuiquan complexes display
much older 206Pb/238U apparent ages of >300 Ma with concordant
U/Pb ratios within analytical uncertainties; the weighted mean
206Pb/238U ages of the zircons are 316.0 ± 3.2 Ma (MSWD = 0.74)
and 380.4 ± 3.3 Ma (MSWD = 0.35), respectively (Table S2a, Fig. 5).

Our zircon U-Pb ages clearly illustrate that the sulfide-mineralized
facies of the complexes emplaced in both the Gandun andWutongwozi
formations were formed from 279.2 ± 2.6 to 284.2 ± 2.0 Ma, within a
very small interval of 280–285Ma if analytical uncertainties are consid-
ered (Table 1, Appendix Figs. 2 and 3). For instance, the gabbronorite
and lherzolite hosting Ni-Cu ore bodies in the Huangshan and
Huangshandong complexes display zircon U-Pb age ranges of
280.5–284.5 Ma and 280.3–284.2 Ma, respectively. This is consistent
with the previously published zircon U-Pb ages of the gabbronorite
(283.8 ± 3.4 Ma and 284.5 ± 2.5 Ma by Qin et al., 2011 and Gu et al.,
2006) from the Huangshan complex and the lherzolite and olivine gab-
bro (281.4 ± 2.2 Ma and 280.3 ± 1.9 Ma by Mao et al., 2019) from the
Huangshandong complex (Table 1. Figs. 2a, b). In contrast, previous and
our new zircon U-Pb age data indicate that the sulfide-barren olivine-
free gabbro and diorite have ages ranging from 380 Ma to 267 Ma
(Table 1, Fig. 4).

The zircons from the sulfide-mineralized mafic/ultramafic rocks
have large variations in U and Th (40–5592 ppm and 35–24,103 ppm,
respectively, and Th/U ratios of 0.2–9.7) (Appendix Fig. 4). Uranium
and Th are commonly higher in continental crust than in basalts and



Fig. 4. Integration of zircon U-Pb ages of themafic and ultramafic facies in the complexes of the Huangshan-Jingerquan belt. The sulfide-mineralizedmafic and ultramafic rocks have dates
between 280 and 285Ma taking into accountmeasurement error. The olivine-free gabbros older than 300Ma are sulfide-barren and only occur in the complexes emplaced in themiddle
Devonian Wutongwozi Formation. The gabbro and diorite younger than 280 Ma are sulfide barren. The age data are listed in Table 1 and the age data of the Dahuangshan complex are
unpublished.
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incompatible for mafic minerals and compatible for zircon (Grimes
et al., 2007). As one of the lastest crystalizedminerals inmafic and ultra-
mafic rocks, zircon can enrich in U and Th. Thus, the large variations of U
and Th in the zircons from the sulfide-mineralized rocks were most
likely resulted frommagmatic differentiation and crustal contamination
(Appendix Fig. 4). Whereas, relatively weak differentiation and crustal
contamination resulted in the zircons from the sulfide-barren olivine-
free gabbros having low U (26–968 ppm) and Th (8–1024 ppm) with
Th/U ratios of 0.3–1.2.

6. Discussion

The sulfide-mineralized and sulfide-barren facies of some com-
plexes from the Huangshan-Jingerquan belt have different ages
(Table 1), rather than a single age group. For instance, although the gab-
broic facies and lherzolite in thewestern portion of the Huangshandong
complex have similar zircon U-Pb ages of 280.3± 1.9Ma to 284.2± 2.0
Ma, the olivine-free gabbro, which is sharply contacted with the olivine
gabbro and occupies the eastern portion of the complex, yield younger
ages, ranging from277.0±1.1Ma to 267.0±2.1Ma (Fig. 2b). Although
most of the zircon U-Pb ages for the olivine-free gabbro were measured
using LA-ICPMS method, they are well consistent with the zircon
SHRIMP U-Pb age (274.0 ± 3.0 Ma) (Table 1). This is consistent with
the sharp contact between the two facies (Fig. 2b). Thus, it is convincible
that the olivine-free gabbro is younger than the olivine gabbro. The
websterite and marginal olivine gabbro of the Hulu complex exhibited
similar zircon U-Pb ages (282.9 ± 1.8 Ma and 282.3 ± 1.2 Ma,
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respectively), whereas the basal olivine-free gabbros show U-Pb ages
of 377.0 ± 3.0 to 388.6 ± 2.7 Ma, and the diorite displays an age of
274.5 ± 4 Ma (Fig. 3c, Table 1). Some questions are needed to be ad-
dressed: (1) Were the complexes emplaced in the Gandun and
Wutongwozi formations result from disparate basaltic magmatisms in
different tectonic periods? (2) If the sulfide-mineralized mafic and ul-
tramafic facies and sulfide-barren gabbros did take place in different pe-
riods? (3) Why are the complexes emplaced in the Ganduan and
Wutongwozi formations diverse in geometry? The most important
issue is to examine the new and previous zircon U-Pb age data based
on relationship between periods of the basalticmagmatism and tectonic
evolution of the North Tianshan arc system.

6.1. Implications of the Zircon U-Pb ages

The complexes containing 300–380Ma olivine-free gabbros are only
emplaced in the Wutongwozi Formation and those having olivine-free
gabbro and diorite younger than 280 Ma are emplaced in both the
Wutongwozi and Gandun formations (Table 1, Appendix Figs. 2 and
3). Correspondingly, the 350–370 Ma granitoid plutons are emplaced
in the Wutongwozi Formation, whereas those younger than 300 Ma
may be embedded in both the Wutongwozi and Gandun formations
(Fig. 1d, Zhou et al., 2010; Han and Zhao, 2018). This is consistent
with the deposition times of the Wutongwozi and Gandun formations.
Thus, the prolonged basaltic magmatism along the Huangshan-
Jingerquan belt can be divided into three periods. The first period
magmatism resulted in the 300–380 Ma sulfide-barren olivine-free
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gabbros; the second period magmatism produced the 280–285 Ma
sulfide-mineralized mafic and ultramafic rocks; the third period
magmatism generated the sulfide-barren olivine-free gabbro and dio-
rite younger than 280 Ma (Fig. 4). This means that the basaltic
magmatism associated with the Ni-Cu sulfide mineralization was
short-lived (~280–285 Ma), although the basaltic magmatism along
the Huangshan-Jingerquan belt are prolonged (380–265 Ma).

It is important to point out that ages of the sulfide-mineralized facies
of the complexes (~280–285 Ma) are coincident with the peak of
magmatism in the Tarim Basin (~290–280 Ma). This implies a possible
contribution of the Tarim mantle plume to the formation of the mafic-
ultramafic complexes in the Eastern Tianshan and Beishan regions
(Qin et al., 2011). However, compositions of trace elements and Sr-Nd
isotopes of the mafic-ultramafic complexes in the Eastern Tianshan
and Beishan regions are distinct from those in the Tarim Basin (Song
et al., 2013; Xue et al., 2016). Additionally, the Permian Tarim mantle
plume could not account for the 300–380 Ma gabbros in the
Huangshan-Jingerquan complexes. Thus, the prolonged basaltic
magmatismalong theHuangshan-Jingerquan belt wasmore likely asso-
ciated with subduction-collision processes. An alternative view is that
the Permianmafic-ultramafic rocks in the Eastern Tianshan and Beishan
regions are the products of basaltic magmatism induced by lithospheric
delamination and asthenosphere upwelling in a convergent zone (Xue
et al., 2016).

Recent geochronology and geochemistry studies demonstrated that
the Carboniferous calc-alkaline volcanics in the Kanggur-Yamansu arc
were resulted from subduction of the North Tianshan Ocean
(e.g., Chen et al., 2013; Wang et al., 2014; Xiao et al., 2015). The occur-
rences of the 305–290 Ma Permian bimodal volcanics within the
Harlik-Dananhu arc and the 250–290 Ma A2-type granitoids in the
Kanggur-Yamansu arc were attributed to post-collisional magmatism
(Han and Zhao, 2018; Shu et al., 2011). Thus, collisions among the arcs
in the North Tianshan Ocean most likely occurred in latest Carbonifer-
ous to early Permian (Han and Zhao, 2018; Xiao et al., 2019). These
studies indicated that the North Tianshan arc system experienced
three tectonic periods: (1) two-way subduction of the North Tianshan
Ocean in Ordovician-Carboniferous (before ~300 Ma), (2) collision be-
tween the Harlik-Dananhu and Kanggur-Yamansu arcs in the latest Car-
boniferous to early Permian (~300–290 Ma) and (3) post-collision
tectonics in Permian (after ~290 Ma). Chen et al. (2019) recognized
that the 300–480 Ma detrital zircons from the Carboniferous clastic
rocks in both the Kanggur-Yamansu arc and the Central Tianshan
block have similar EHf(t) values. The accretionary prism and volcanic
zone of the Kanggur-Yamansu arc were developed at the northernmar-
gin of the Central Tianshan block and the North Tianshan Ocean was
most likely terminated along the Kanggur fault (Fig. 1d) (Chen et al.,
2019; Xiao et al., 2019).

Therefore, we propose that the sulfide-barren olivine-free gabbros
prior to 285 Ma and after 280 Ma along the Huangshan-Jingerquan
belt were formed in subduction and post-collision periods, respectively
(Fig. 4). Absence of olivine in these gabbros suggests low degree partial
melting of the upper mantle. In contrast, the 280–285 Ma mafic/ultra-
mafic rocks are corresponding to a relatively high degree partialmelting
event. This is supported by the up to 86–89 forsterite percentages of the
olivine in the sulfide-mineralized ultramafic rocks, which demonstrate
the emplacement of high-Mg basaltic magmas (Deng et al., 2017;
Zhou et al., 2004). Compositions of clinopyroxene from the ultramafic
rocks and positive correlation between TiO2 and (Fe2O3)T/MgO in
whole-rocks of theHuangshan-Jingerquan complexes revealed a tholei-
itic affinity (Song et al., 2013). Whole-rock trace element and lead iso-
tope compositions as well as major oxide compositions of the
chromite from the ultramafic rocks demonstrated contributions from
both asthenosphere and mantle wedge (Song et al., 2013). Thus, the
high-Mg tholeiitic magma along the Huangshan-Jinerquan belt was
most likely generated by the short-livedmelting of the hydrated hot as-
thenosphere inflow into the slab window in early post-collisional
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period following onset of the collision between the Harlik-Dananhu
arc and the Kanggur-Yamansu arc (Fig. 4).

The short-lived high-Mg tholeiitic magmatism associated with slab
break-off in collision zone is supported by numerical modeling
(Duretz et al., 2011; Freeburn et al., 2017; Van Hunen and Allen,
2011). The denser oceanic lithosphere will be inevitably detached
from themore buoyant continental lithosphere after the onset of conti-
nental collision (Davies and von Blanckenburg, 1995; Duretz et al.,
2011). Slab break-off occurs, often taking tens of millions of years after
initial collision, in depths of 40 to >500 km depending on strength of
the oceanic plate and extends laterally very fast (Ferrari, 2004; Van
Hunen and Allen, 2011). Under most circumstances, slab break-off oc-
curs at depths too large to induce decompressionmelting of dry upwell-
ing asthenosphere (Davies and von Blanckenburg, 1995). However,
water released from the tip of the detached slabmay prompt hydration
and extensive melting of the rising asthenosphere within a fewmillion
years (Freeburn et al., 2017).

It is noteworthy that a few of sulfide-mineralized mafic-ultramafic
intrusions were formed during a subduction period along the southern
margin of the CAOB, such as the Heishan intrusion (~357 Ma, Xie et al.,
2012) (Fig. 1c). Recent studies regarded generation of the related basal-
tic magmas as partial melting of upwelling asthenosphere due to acci-
dental slab break-off during subduction (Xie et al., 2014; Yang and
Zhou, 2009). However, these deposits are much smaller than those
along the Huangshan-Jingerquan belt. Thus, the most important period
for the formation of Ni-Cu sulfide deposit in orogenic belt is the early
post-collision period.

6.2. Roles of regional strike-slip shearing

Recent studies indicated that the regional strike-slip shearing along
the Huangshan-Jingerquan belt began at ~300 Ma simultaneously with
the collision between the Harlik-Dananhu and Kanggur-Yamansu arcs
(~300–290 Ma) (Chen et al., 2005 and references therein). This permits
us to speculate that the collision overlappingwith the regional shearing
accelerated the slab break-off and upwelling of hot asthenosphere. This
process intensified relatively high degree melting of the hydrated as-
thenosphere and generation of the voluminous high-Mg tholeiitic
magma, which is critical for the formation of the mafic and ultramafic
facies in the complexes along the Huangshan-Jingerquan belt in
280–285 Ma.

Based on petro-structural analysis and strain rate calculation,
Branquet et al. (2012) proposed that regional strike-slip shearing
created transtensive spaces for ascending of the basalticmagma and for-
mation of magma chambers. Thus, the Huangshan and Huangshandong
complexes have teardrop and rhombic shapes and the wall rocks have
been tightly folded with long axis parallel to the foliation (Fig. 2b,
Lightfoot and Evans-Lamswood, 2015). Therefore, coupling of the
regional shearing with collision is very important for generation and
emplacement of the high-Mg tholeiitic magmas and the Ni-Cu sulfide
mineralization in 280–285 Ma (Fig. 4).

6.3. Implications of geometry of the complexes

Although it is difficult to figure out when attitudes of the stratum
were deformed, it is clear that the late Carboniferous Gandun Formation
was originally above the middle Devonian Wutongwozi Formation.
Therefore, we speculate that the steep sulfide-mineralized ultramafic
dykes and pod chains in the Wutongwozi Formation are most likely
the residues of sub-vertical magma pathways at deep levels (Fig. 3).
Whereas the large rhombic, teardrop or oval shaped complexes
emplaced in the Gandun Formation represent the shallow magma
chambers along magma conduit systems (Fig. 2). The sulfide liquids
were carried by ascending basaltic magmas and deposited in different
depths along the magma conduit system to form the sulfide-
mineralized dykes and complexes. Similar magma conduit system was



Fig. 5. Schematic diagrams illustrating the tectonic-magmatism in theNorth Tianshan arc system. (a) Two-way subduction of theNorth TianshanOcean created theHarlik-Dananhu island
arc and the Kanggur-Yamansu arc at the northern margin of the Central Tianshan block and resulted in >300 Ma sulfide-barren olivine-free gabbro. (b) Coeval collision and strike-slip
shearing intestified slab break-off and upwelling of asthenosphere and the 280–285 Ma high-Ma basaltic magmatism and Ni-Cu mineralization along the Huangshan-Jingerquan belt.
(c) Post-collisional magmatism resulted in sulfide-barren gabbro and diorite.
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recognized at Voisey's Bay, Canada, where disseminated sulfides-
bearing dykes or veins occur in deep levels and the intrusions contain-
ing large sulfide ore bodies occur in shallow depths (e.g. Lightfoot
et al., 2012; Ripley and Li, 2011). Alternatively, it cannot be completely
rule out that the distinct outlines of the complexes emplaced in the
two strata merely reflect the geometry features of the complexes, be-
cause relative depths of the two strata might have been changed by
early Permian tectonic movement.

6.4. Model of basaltic magmatism and Ni-Cu mineralization in the
Huangshan-Jingerquan belt

The prolonged basaltic magmatism and short-lived magmatic Ni-Cu
sulfide mineralization along the Huangshan-Jingerquan belt recorded
by the zircon U-Pb age data (Table 1, Fig. 4) are closely related to
three tectonic periods of the North Tianshan arc system.

6.4.1. Period of subduction (Fig. 5a)
Two-way subduction of the North Tianshan Ocean not only pro-

duced the Paleozoic calc-alkaline volcanics in the Harlik-Dananhu is-
land arc to the north and the Kanggur-Yamansu arc to the south, but
also the 300–380 Ma gabbros and granites emplaced in the
Wutongwozi Formation along the Huangshan-Jingerquan belt. The
gabbros are olivine-free and sulfide-barren due to low degree partial
melting.

6.4.2. Period of collision to early post-collision overlapping with regional
shearing (Fig. 5b)

Collision between the Harlik-Dananhu and the Kanggur-
Yamansu arcs at the latest Carboniferous (~300–290 Ma) was over-
lapped with regional strike-slip shearing. Such process intensified
slab break-off and hot asthenosphere upwelling through the “slab
window” tens of millions years after the onset of collision. Introduc-
tion of water released from the detached slab induced extensive
melting of the upwelling asthenosphere and generated voluminous
high-Mg tholeiitic magmas between 280 and 285 Ma. The basaltic
magmatism was short-lived as the asthenospheric melting will die
down when the water released from the slab was exhausted
(Freeburn et al., 2017). The transcrustal fractures produced by the
regional shearing provided pathways for ascending basaltic
magmas. In such magma plumbing system, sulfide liquid immiscibil-
ity occurred in deep levels and the sulfides were captured and car-
ried by ascending basaltic magma. During migration upward, a
limited amount of the sulfides was deposited at locations where
the magma pathways were broadened or turned off and formed
the sulfide-mineralized ultramafic dykes or chains of pods in the
Wutongwozi Formation (Fig. 3). The sulfide-bearing ultramafic
pods might be embedded into the early formed bodies of sulfide-
barren olivine-free gabbros, such as in the Jingerquanbei complex,
due to reactivation of pre-existing structures. More sulfide liquids
were further carried upward to large magma chambers at shallower
depths and cumulated to form large ore bodies, such as in the
Huangshan and Huangshandong complexes emplaced in the Gandun
Formation (Fig. 2).

6.4.3. Period of post-collisional tectonics (Fig. 5c)
Magmatisim in post-collisional extension event produced the

sulfide-barren olivine-free gabbro and diorite younger than 280
Ma, which commonly intruded into the complexes using the
same transcrustal fractures along the Huangshan-Jingerquan belt
(Table 1, Fig. 4). As the water released from the detached slab
was exhausted and the slab rapidly sinks downward, the degrees
of partial melting decrease significantly (Freeburn et al., 2017).
As a result, the sulfide-barren gabbro and diorite are absent of
olivine.
11
7. Conclusions

The prolonged basaltic magmatism along the Huangshan-
Jingerquan metallogenic belt is closely related to tectonic evolution of
the North Tianshan arc system. Subduction-related basaltic magmatism
produced the 300–380 Ma sulfide-barren olivine-free gabbros. Follow-
ing the closure of the North Tianshan Ocean in ~300–290 Ma, collision
combined with regional strike-slip shearing led to slab break-off and
upwelling of hot asthenosphere in early post-collision period. Releasing
of water from the broken slab induced extensive melting of the upwell-
ing asthenosphere and generated voluminous high-Mg tholeiitic
magma in 280–285Ma. The regional shearing created fracture networks
as pathways for the ascending basaltic magma and transtensive spaces
for themagma chambers at different depths. In such amagma plumbing
system, deposition of the sulfides carried by the basaltic magma along
the pathways formed the sulfide-mineralized ultramafic dykes in deep
levels; more sulfides were carried to shallowmagma chambers and cu-
mulated alongwithmaficminerals forming theNi-Cu sulfide orebodies,
sulfide-mineralized mafic and ultramafic facies in the complexes. The
sulfide-barren olivine-free gabbros and diorites younger than 280 Ma
are the products of low-degree partial melting of the relatively dry
upper mantle in post-collisional extension environment. Thus, we pro-
pose that early post-collision concurrent with regional strike-slip shear-
ing is the optimal condition for the formation of economic Ni-Cu sulfide
deposit in orogenic belt.
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