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The Huangshan mafic–ultramafic intrusion hosts a large Ni–Cu sulfide deposit and is situated in the Northern
Tianshan at the southern margin of the Central Asian Orogenic Belt (CAOB). The Early Permian intrusion consists
of lherzolite, websterite, gabbronorite, gabbro and diorite. The Huangshan deposit contains ~80.4Mt of ore grad-
ing 0.54 wt.% Ni and 0.3 wt.% Cu and is the second largest magmatic sulfide deposit in Northern Xinjiang, China.
The Huangshan intrusive rocks are enriched in large ion lithophile elements and depleted in high field strength
elements relative to N-MORB, with low Nb/U (1.53–5.27) and high Ba/Nb (1.68–121) ratios, indicating that the
primary magma was derived from partial melting of a metasomatized mantle source. The mafic–ultramafic
rocks in the Northern Tianshan are characterized by lower Ca contents (b1000 ppm) in olivine, more depleted
Nb and Ta, lower Nb/U ratios, and higher εΝd(t) than those of the Tarim mafic–ultramafic intrusive rocks and
ocean island basalts (OIB). The range of εΝd(t) values of the mafic–ultramafic rocks in the Northern Tianshan
over time suggests a greater role for upwelling asthenospheric mantle in the younger rocks. This implies that
they were produced by interactions between metasomatized lithospheric mantle and depleted asthenospheric
melts rather than a mantle plume. The linear distribution of Permian mafic–ultramafic intrusions along the
Kangguer fault in the Northern Tianshan suggests that slab breakoff played a key role in the genesis of the
mantle-derived magma in a syn-collisional setting.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Northern Tianshan of the Central Asian Orogenic Belt (CAOB) is
host to numerous small Permian mafic–ultramafic intrusions. These
intrusions provide a natural laboratory to investigate the nature of the
tectonic event that triggered mantle-derived magmatism. Although it
is generally accepted that subduction-modified lithospheric mantle
was involved in the formation of the primary magma for these intru-
sions, there is controversy as to what caused the partial melting of
metasomatized mantle (Deng et al., 2011a,b, 2014; Gao and Zhou,
2013; Q.G. Mao et al., 2014, Song et al., 2011, 2013; Su et al., 2012;
Sun et al., 2013a,b; Tang et al., 2013; Y.J. Mao et al., 2014). Xiao et al.
(2004, 2009), Han et al. (2010) and Q.G. Mao et al. (2014) have pro-
posed that the mafic–ultramafic rocks represent Alaskan-type intru-
sions produced by either oblique subduction or ridge subduction.
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).
Others have attributed the formation of themafic–ultramafic intrusions
to magmatism triggered by slab break-off in a syn- or post-collisional
tectonic setting (Chen et al., 2011; Deng et al., 2014; Gao and Zhou,
2013; Gu et al., 2006; Mao et al., 2008; Song et al., 2013; Yuan et al.,
2010). It has also been argued, based on the similar ages of Permian ig-
neous rocks in the Northern Tianshan belt and the Tarim Large Igneous
Province (LIP), that the basalticmagmatism resulted from lateral flowof
the Tarim plume material along the margins of the Tarim craton
(Pirajno et al., 2008; Qin et al., 2011; Su et al., 2011, 2012; Tang et al.,
2013; Zhang et al. 2008).

The Huangshan (Huangshanxi in some literature) intrusion is a
small mafic–ultramafic intrusion that hosts the second largest Ni–Cu
sulfide deposit in the area (M.J. Zhang et al., 2011; Qin et al., 2003).
The sulfide ore formation can be divided into a conduit stage and an
in-situ differentiation stage (Y.J. Mao et al., 2014). Zhou et al. (2004)
suggested that the intrusion was formed as a result of intracontinental
plume-related activity, whereas M.J. Zhang et al. (2011) and Song
et al. (2013) proposed that geochemical data preclude a genetic link be-
tween the Tarim LIP and the Huangshan intrusion, with Song et al.
(2013) proposing that the intrusion was formed by syn-collisional
magmatism induced by slab breakoff. Alternatively Branquet et al.
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(2012) proposed that the Huangshan intrusions were synkinematic
sheeted intrusions unrelated to rifting that formed in kilometer-scale
tension gashes generated by Permian dextral shearing during post-
orogenic extension. With no clear consensus as to the tectonic setting
and genesis of the intrusion, we use mineral chemistry, major element
oxides, trace elements and isotope data from the Huangshan intrusion
to investigate its petrogenesis.

2. Geological background

The Central Asian Orogenic Belt is a complex collage of continental
fragments, island arc assemblages, remnants of oceanic crust and conti-
nental margins, set between the Siberian Craton to the north and the
Tarim-North China Craton to the south (Fig. 1a; Jahn et al., 2000; Jahn,
2004; Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2004,
2008). The southern CAOB in northwest China consists, from north to
south, of the Chinese Altai, Junggar and Tianshan terranes and the
Beishan Fold Belt (Fig. 1b). The Tianshan terrane can be further divided
into three tectonic units: the Northern, Central and Southern Tianshan
(Fig. 1c; BGMX, 1993; Xiao et al., 2008).

The Northern Tianshan is separated from the Central Tianshan by
the Aqikkuduk fault and comprises, from north to south, the Harlik
island arc, the Bogda intra-arc basin, the Dananhu island arc, the
Kanggur-Yamansu intra-arc basin, (Jahn et al., 2000; Ma et al., 1993;
Qin et al., 2002; Xiao et al., 2004, 2008; Fig. 1c). The Harlik arc terrane
Fig. 1. (a) Schematic geological map of the Central Asian Orogenic Belt (after Jahn et al., 2000; X
2009; Song et al., 2013); (c) simplified geological map of Northern Tianshan (after BGMX, 199
consists of Ordovician metamorphosed clastic and volcaniclastic rocks,
tholeiitic basalts, andesites and minor marbles. Yuan et al. (2010) pro-
posed that a slab break-off regime, following accretion of the Harlik
arc onto theAngara continent,may explain the gabbroic andA-type gra-
nitic intrusions in this area. The Bogda intra-arc basin comprises Car-
boniferous bimodal volcanic rocks, marine carbonate rocks and
epicontinental detrital rocks, as well as Permian volcaniclastic rocks,
conglomerates and sandstones. Recent studies have suggested that the
Permian bimodal volcanism in the southern Bogda zone was formed
in a post-collisional tectonic setting, triggered by slab break-off (Chen
et al., 2011; Shu et al., 2010). Chen et al. (2013) recognized Carbonifer-
ous bimodal volcanism in the Bogda intra-arc basin and proposed that it
was formed from back-arc extensionalmagmatism, induced by the sub-
duction of the Junggar plate during the Late Paleozoic. The Dananhu arc
is composed of Ordovician–Carboniferous tholeiitic basalt, calc-alkaline
andesite and pyroclastic rocks (Li et al., 2006a; Qin et al., 2002). Several
Early Permian mafic–ultramafic intrusions have been recognized in the
terrane, but Ni–Cu mineralization has not yet been discovered (Li et al.,
2006b). The Permian Shaerhu alkaline complex was formed as a result
of oblique subduction that gave rise to strike-slip extensional faults,
which controlled the emplacement of the parent magma (Q.G. Mao
et al., 2014).

The Kanggur–Yamansu intra-arc basin contains Early Carboniferous
submarine lavas, turbidites, pyroclastic rocks, basalt flows and andesitic
tuffs and tuffaceous sandstones (BGMX, 1993; Xiao et al., 2004). The
iao et al., 2009); (b) tectonic blocks of northern Xinjiang (after BGMX, 1993; Song and Li,
3; Song et al., 2011; Xiao et al., 2004; Zhang et al., 2013).



Fig. 3. Photomicrographs of the rocks from the Huangshan intrusion showing the dominant textures of sulfide-bearing lherzolite (a), olivine embedded in orthopyroxene in lherzolite
(b), websterite (c), orthopyroxene and clinopyroxene in gabbronorite (d). Ol—olivine; Opx—orthopyroxene; Cpx—clinopyroxene; Pl—plagioclase; Hb—hornblende; Sul—sulfide.

Fig. 2. Simplified geological map and cross sections of the Huangshan intrusion, showing the distribution of lithological units and sulfide ore bodies (after Li et al., 1989).
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Table 1
Olivine compositions of the Huangshan mafic–ultramafic intrusion.

Sample Rock type n SiO2 TiO2 FeO MnO MgO CaO NiO Total Fo Ca

wt.% mol% ppm

XH09-17 Lherzolite 10 39.7 0.011 16.6 0.22 42.6 0.052 0.051 99.2 82.1 375
XH36-5 6 39.8 0.021 16.3 0.19 42.6 0.058 0.082 98.9 82.4 419
XH36-7 5 39.8 0.001 15.88 0.22 43.1 0.047 0.11 99.1 82.9 337
XH09-19 Websterite 9 40.0 0.005 17.5 0.22 42.1 0.053 0.063 99.9 81.1 382
XH09-20 5 39.4 0.019 17.5 0.23 41.7 0.047 0.054 99.0 80.9 340
XH09-22 4 39.8 0.015 17.2 0.21 42.0 0.047 0.047 99.3 81.3 340
XH09-23 6 40.0 0.018 16.3 0.21 42.6 0.074 0.063 99.2 82.4 530
XH09-25 5 40.0 0.016 16.8 0.25 42.5 0.044 0.077 99.6 81.8 315
XH09-26 8 39.9 0.015 17.1 0.22 42.2 0.063 0.037 99.5 81.5 449
XH05-6 4 39.7 0.016 23.70 0.28 35.1 0.063 0.04 99.0 72.5 450
XH05-7 5 39.3 0.020 21.51 0.41 38.4 0.051 0.09 99.9 76.3 364
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geochemical compositions of the Early Carboniferous basalts and andes-
ites are consistent with an island arc or back-arc origin (Hou et al., 2006,
2014). The Carboniferous arc-related volcano-sedimentary and plutonic
rocks are crosscut by younger Permian intrusions. The Carboniferous in-
trusions are generally highly deformed, whereas the Permian intrusions
exhibit syn-tectonic deformation related to dextral wrenching (Wartes
Table 2
Major oxides and trace elements abundances of the Huangshan intrusion.

Rock type Lherzolite Websterite

Sample XH09-16 XH09-14 XH09-21 XH09-24 XH08-3 XH08-8 XH0

Oxides (wt.%)
SiO2 36.9 48.3 42.8 45.0 49.4 50.0 50
TiO2 0.16 0.33 0.29 0.22 0.41 0.39 0
Al2O3 2.48 3.88 4.12 3.47 6.30 7.23 7
(Fe2O3)T 15.2 11.5 8.89 10.4 9.96 7.23 7
MnO 0.18 0.18 0.14 0.15 0.17 0.15 0
MgO 32.7 25.0 24.0 26.5 22.2 16.6 16
CaO 2.15 3.04 6.20 5.97 10.2 14.9 15
Na2O 0.040 0.200 0.010 0.040 0.62 0.60 0
K2O 0.13 0.04 0.74 0.11 0.17 0.15 0
P2O5 0.035 0.020 0.035 0.034 0.069 0.044 0
Cr2O3 0.29 0.33 0.27 0.29
LOI 9.51 7.44 11.1 7.57 0.58 2.03 1
Total 99.8 100 98.5 99.7 100 99.2 99

Trace element (ppm)
Sc 8.67 24.5 31.1 27.5 41.0 58.6 59
Cr 2110 2460 2320 2380 1930 754 926
Co 168 178 91.3 101 80.0 51.3 49
Ni 1360 2650 362 412 256 144 109
Cu 747 1350 92.0 73.0 56.8 45.8 40
Rb 2.34 0.42 24.6 2.30 3.66 3.65 4
Sr 37.4 19.8 147 81.1 100 134 135
Y 3.49 5.86 7.37 6.87 9.16 11.6 11
Zr 13.7 25.2 25.7 22.1 33.2 27.5 25
Nb 0.54 0.76 0.63 0.53 0.58 0.26 0
Ba 30.8 6.79 126 26.8 38.9 30.0 31
La 1.23 2.02 2.51 2.20 2.07 1.28 1
Ce 2.86 4.65 5.78 5.14 5.27 3.79 3
Pr 0.41 0.70 0.84 0.74 0.86 0.68 0
Nd 2.07 2.87 3.81 3.44 4.21 3.84 3
Sm 0.50 0.836 1.07 0.98 1.30 1.42 1
Eu 0.20 0.26 0.29 0.39 0.43 0.48 0
Gd 0.59 1.00 1.35 1.22 1.37 1.66 1
Tb 0.10 0.15 0.24 0.21 0.27 0.34 0
Dy 0.58 0.92 1.41 1.21 1.67 2.16 2
Ho 0.14 0.23 0.30 0.29 0.39 0.47 0
Er 0.38 0.72 0.84 0.77 1.00 1.26 1
Tm 0.046 0.10 0.12 0.12 0.14 0.18 0
Yb 0.33 0.72 0.73 0.73 0.98 1.11 1
Lu 0.052 0.11 0.10 0.10 0.13 0.16 0
Hf 0.36 0.69 0.67 0.62 0.99 0.85 0
Ta 0.047 0.057 0.045 0.063 0.069 0.027 0
Th 0.31 0.59 0.48 0.38 0.36 0.16 0
U 0.14 0.20 0.21 0.17 0.14 0.16 0
Pb 0 1.01 2.71 2.51 1.21 0.58 0
and Carroll, 2002). The native copper bearing basalts (307-317.7 Ma)
found in the western part of the Kanggur–Yamansu intra-arc basin
have been interpreted to be derived from mafic magmatism generated
through lithospheric delamination processes (Yuan et al., 2007; Zhang
et al., 2013). Zhou et al. (2010) and Gu et al. (2006) proposed that the
320 to 250Ma granitoids in the Northern Tianshanwere formed during
Gabbronorite

8-9 XH08-11 XH08-12 XH09-18 XH09-2 XH09-4 XH09-6 XH09-8

.1 50.3 49.0 53.0 53.9 53.6 53.8 53.0

.42 0.42 0.37 1.03 1.08 1.06 0.96 1.15

.46 5.76 6.30 17.0 16.7 17.0 16.9 16.9

.14 8.08 9.88 7.46 7.81 7.84 7.76 7.92

.15 0.16 0.17 0.12 0.13 0.13 0.13 0.13

.9 19.1 22.9 6.1 6.1 6.12 6.27 6.35

.3 14.1 10.0 8.67 8.33 8.46 8.53 8.58

.54 0.54 0.54 3.45 3.44 3.4 3.41 3.38

.11 0.15 0.15 0.47 0.93 1.09 0.86 0.91

.050 0.066 0.056 0.14 0.15 0.13 0.14 0.15
0.020 0.020 0.020 0.020 0.020

.64 1.15 0.39 1.79 0.27 0.93 0.96 1.08

.8 99.8 99.7 99.2 98.9 99.8 99.7 99.6

.9 57.5 39.8 23.9 26.2 26.5 26.8 25.9
1530 2170 171 185 179 191 188

.4 63.6 80.9 29.3 31.0 31.8 32.0 32.0
179 248 25.3 21.6 25.3 54.6 40.8

.1 51.8 45.3 31.7 19.3 22.3 56.7 35.7

.75 4.85 3.67 8.07 21.2 25.8 17.9 19.1
72.9 107 419 407 412 419 419

.6 11.4 9.20 20.9 22.4 21.4 20.5 20.8

.0 30.3 30.7 85.2 112 108 86.9 84.2

.23 0.39 0.57 2.94 3.40 3.32 2.78 3.34

.8 37.7 39.3 113 226 234 213 218

.29 1.68 1.81 8.13 9.44 8.94 8.28 8.53

.82 4.58 4.86 18.8 21.9 20.6 19.1 19.5

.70 0.80 0.81 2.56 3.06 2.86 2.70 2.67

.84 4.23 4.18 11.9 13.8 12.7 12.1 12.6

.48 1.51 1.34 3.04 3.28 3.42 3.31 3.17

.49 0.46 0.42 1.22 1.30 1.31 1.24 1.25

.64 1.70 1.32 3.55 3.86 3.50 3.52 3.56

.35 0.33 0.28 0.59 0.66 0.60 0.62 0.63

.14 2.10 1.63 3.51 4.00 3.87 3.65 3.61

.50 0.46 0.37 0.74 0.89 0.84 0.80 0.79

.22 1.20 0.91 2.05 2.43 2.25 2.27 2.25

.18 0.17 0.13 0.31 0.33 0.31 0.31 0.32

.04 1.05 0.84 1.95 2.19 2.18 2.05 2.06

.14 0.14 0.13 0.30 0.30 0.31 0.29 0.30

.89 0.96 0.93 2.15 2.82 2.84 2.22 2.17

.031 0.047 0.056 0.22 0.25 0.25 0.22 0.26

.14 0.32 0.32 1.41 1.94 1.96 1.54 1.42

.06 0.14 0.12 0.54 0.78 0.78 0.62 0.53

.79 1.03 0.76 5.14 6.39 6.23 6.03 5.86
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the post-collision period. Around 290 to 270 Ma, the Jiaoluotage ductile
compressional zone was formed as a result of N–S-oriented horizontal
coaxial compression, caused by the collision between the Tarim paleo-
ocean plate and the middle Tianshan arc–Jiaoluotage basin–Jungar
plate system (Xu et al., 2003). The main east–west ductile shear zones
were dextral and coeval with greenschist retrograde metamorphism
that decreases eastward (Laurent-Charvet et al., 2003; Shu et al.,
1999). In the early stage of ductile deformation, the shear zone was
characterized by nappe shearing, starting after 300 Ma and lasting to
at least 284 Ma, as a result of the latest Paleozoic continental collision
(Chen et al., 2005). The Kanggur gold deposit was formed during
the transition between compression and extension during this collision
(Zhang et al., 2003). Branquet et al. (2012) proposed that the
Huangshanmafic–ultramafic rocks were synchronouswith Early Perm-
ian regional strike-slip deformation and the ductile shear deformation
and associated gold mineralisation in the Early Permian occurred in a
syn-collision setting.
Fig. 4. Harker diagrams of the Huangshan intrusion. Additional whole-rock data for the Huang
(2013).
3. Petrography and mineralization of the Huangshan intrusion

The Huangshan intrusion is located at the northern margin of the
Kanggur–Yamansu intra-arc basin (Fig. 2c). Zhou et al. (2004) re-
ported a SHRIMP zircon U–Pb age of 269 ± 2 Ma for the diorite,
whereas the gabbros yielded crystallization ages of 284.5 ± 2.5 Ma
and 283.8 ± 3.4 Ma by zircon U–Pb LA-ICP-MS and SIMS (Gu et al.,
2006; Qin et al., 2011). The gabbros are thought to best represent
the age of crystallization with the diorite having been emplaced
later.

The intrusion is approximately 2.5 km long and 50–400mwidewith
an area of 3.8 × 0.8 m2 (Fig. 2). It intruded the siltstone, limestone and
spilite of the Late Carboniferous Gandun formation (Li et al., 1989).
Magma emplacement resulted in contact metamorphism that formed
an aureole between 5 and 50 m wide. The limestones have been meta-
morphosed to garnet–diopside–wollastonite marble and are present as
xenoliths in the intrusion (Wang et al., 1987).
shan and Huangshandong intrusions are from Deng et al. (2011a,b, 2014) and Song et al.
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The Huangshan intrusion is comprised of the eastern peridotite, the
basal gabbronorite and the middle mafic–ultramafic unit with the fol-
lowing rock types (from the base upwards): lherzolite, websterite,
norite gabbro, gabbro and diorite. The eastern peridotite is crosscut by
the norite gabbro of the middle unit, whereas the basal gabbronorite
crosscuts the lherzolite of the middle unit (Fig. 2; Li et al., 1989). The
contacts between the rocks in themiddle suite are typically gradational.
Mineral assemblages and sharp contacts between the three intrusive
phases of the Huangshan intrusion suggest that there were three mag-
matic stages. The first stage formed the peridotite in the eastern part
of the intrusion, the second stage formed the middle mafic–ultramafic
unit which comprises the main part of the intrusion, whereas the
gabbronorite represents the last intrusive phase (Li et al., 1989; Zhou
et al., 2004).

The eastern peridotite comprises b2% of the intrusion and is
suspended in the gabbronorite of the middle unit. It contains 60–80%
olivine, 20–25% pyroxene, 10–15% plagioclase, 10–15% hornblende and
1–2% phlogopite (Wang et al., 1987). The lherzolite comprises 50–70% ol-
ivine, 5–25% orthopyroxene, 0–15% clinopyroxene, 5–15% hornblende,
and minor phlogopite (Fig. 3a, b). The olivine crystals are sub-rounded
and enclosed in large orthopyroxene, clinopyroxene, plagioclase, and
hornblende. Some orthopyroxenes are enclosed in clinopyroxene and
hornblende oikocrysts. The sulfides are commonly interstitial, but small,
rounded sulfide inclusions are also enclosed in some olivine crystals.
Trace Cr-spinel is present as small inclusions in silicate minerals.
Fig. 5. N-MORB normalized trace element spider diagrams of the Huangshan intrusion. Additio
2014) and Song et al. (2013). The whole-rock data for the basalts in Northern Tianshan are fro
ultramafic rocks of the Tarim LIP are from Jiang et al. (2004a,b), Zhang et al. (2008) and Zhou
McDonough (1989), respectively.
The websterite is composed of 20–35% olivine, 15–50%
orthopyroxene, 10–25% clinopyroxene, 5–15% hornblende, 2–5% sulfide
and 0–3% plagioclase (Fig. 3c). The olivine crystals are enclosed in
poikilitic orthopyroxene, clinopyroxene and hornblende. Some olivine
crystals contain clinopyroxene (Fig. 3d) whereas most orthopyroxenes
are intergrown with clinopyroxene and a few are surrounded by
clinopyroxene and hornblende. Some granular clinopyroxene and
orthopyroxene crystals have reaction coronae of hornblende (Fig. 3e).

The gabbronorite consists of 50–55% plagioclase, 15–20%
orthopyroxene, 10–15% clinopyroxene, 5–15% hornblende, and 1–3%
phlogopite plus minor sulfide (1–3%). Orthopyroxene is either
intergrown with clinopyroxene or enclosed in plagioclase (Fig. 3d).

The Ni–Cu sulfide orebodies are dominantly located at the base of
the websterite and lherzolite horizons, with rare small sulfide veins
occuring in the underlying gabbronorite (Fig. 2). The Huangshan de-
posit contains 0.32 Mt Ni and 0.18 Mt Cu with an average grade of
0.49 wt.% Ni and 0.31 wt.% Cu (Qin et al., 2003). Disseminated sul-
fides comprise the dominant ores of the Huangshan Ni–Cu deposit
with only rare massive sulfide ores. The largest ore body, P30, occurs
in the lowermost lherzolite and contains about 85% of the total ton-
nage in the Huangshan deposit, whereas the second largest ore
body, P31, is located in the lowermost of the websterite layers and
contains about 10% of the total tonnage (Li et al., 1989). The ore min-
erals include pyrrhotite, pentlandite and chalcopyrite with lesser
bornite, magnetite and chromite.
nal data for the Huangshan and Huangshandong intrusions are from Deng et al. (2011a,b,
m Zhou et al. (2006), Chen et al. (2011) and Zhang et al. (2013). The data for the mafic–
et al. (2009). The data for N-MORB and OIB are taken from Pearce (1982) and Sun and



Fig. 6. Isotopic data for the Huangshan intrusion and mantle melts (modified after Davies
and von Blanckenburg, 1995). Additional data for the Huangshan and Huangshandong
intrusions are from Deng et al. (2011a,b) and Song et al. (2013). The basalts in Northern
Tianshan are from Zhang et al. (2013). The mafic–ultramafic rocks of the Tarim LIP are
from Zhang et al. (2008) and Zhou et al. (2009).

Table 3
Sr, Nd isotopes for the rocks of the Huangshan intrusion.

Rock type Websterite Gabbronorite

Sample XH08-5 XH08-7 XH05-30 XH08-1

Rb (ppm) 1.59 6.09 5.24 13.0
Sr (ppm) 54.3 78.3 394 405
87Rb/86Sr 0.08 0.2249 0.0384 0.0928
87Sr/86Sr 0.703989 0.704611 0.703626 0.703973
2σ 3 8 8 7
(87Sr/86Sr)0 0.703665 0.703750 0.703479 0.703618
Sm (ppm) 1.51 1.78 1.48 3.34
Nd (ppm) 4.07 4.84 6.66 12.5
147Sm/144Nd 0.22415 0.2222 0.13433 0.1614
143Nd/144Nd 0.512981 0.512985 0.512899 0.512890
2σ 4 4 1 2
(143Nd/144Nd)0 0.512586 0.512594 0.512662 0.512606
εNd(t) 5.75 5.90 7.24 6.13

Note: The initial isotopic ratios were calculated at 284.5 Ma.
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4. Analytical methods

The thirty-three samples used in this studywere fromweakly altered
outcrops, underground mine workings and drill core (ZK118-7), includ-
ing sulfide-bearing lherzolite, lherzolite, websterite and gabbronorite.
Analyses of major and trace elements were conducted at the State Key
Laboratory of Ore Deposit Geochemistry (SKLODG) in the Institute of
Geochemistry, Chinese Academy of Science. Whole-rock abundances of
major oxides were analyzed with a PANalytical Axios-advance X-ray
fluorescence spectrometer (XRF) on fused glass pellets with analytical
uncertainties ranging from 1 to 3%. Analytical results of standard mate-
rials and replicate analyses are presented in Appendix 1. Trace elements
were determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) using the procedure described by Qi et al. (2000). Reference
standards, BHVO-2, GBPG-1 and replicate analyses,were used tomonitor
the trace element analyses (Appendix 2). The analytical uncertainty is
better than 5%.

Olivines from the Huangshan intrusive rocks were analyzed by
wavelength-dispersive X-ray analysis using an EPMA-1600 electronmi-
croprobe at the SKLODG. The accelerating voltage was 15 kV, the beam
current was 20 nA, and the counting time was set at 10 s. Standard
Program International (SPI) mineral standards (USA) were used for
calibration. Replicate analytical results of natural mineral standards
are presented in Appendix 3.

For radiogenic isotope analysis approximately 120 mg of powdered
sample was placed in Teflon beakers with a HF + HNO3 mixture and
then heated on a hotplate at about 120 °C for one week. Strontium
and Nd were then separated and purified by conventional cation-
exchange techniques. The isotopic compositions of purified Sr and Nd
solutions were measured on a TRITON thermal ionization magnetic
sector mass spectrometer (TIMS) at the SKLODG using the procedure
described by Yang et al. (2010). Mass fractionation corrections for Sr
and Nd isotopic ratios were based on values of 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219. Analyses of the NBS-987 Sr standard yielded
an 86Sr/88Sr ratio of 0.710255 ± 7 (n = 40), whereas analyses of
the JNdi-1 Nd standard yielded a 146Nd/144Nd ratio of 0.512096 ± 5
(n = 40). Uncertainties in Rb–Sr and Sm–Nd ratios are less than ±2%
and ±0.5% (relative), respectively.

5. Geochemistry of the Huangshan intrusion

Olivine grains were analyzed from the lherzolite and websterite
units of the Huangshan intrusion (Table 1). Forsterite (Fo) contents in
the olivines of the lherzolite range from 82.1 to 82.9, whereas those of
the websterite are 72.5–82.4. The olivine crystals in all these samples
have low Ca content (b1000 ppm; Table 1). Representative major ele-
ment contents of the Huangshan rocks are listed in Table 2 and have
been recalculated to 100% on a volatile–free basis for use in this paper.
The lherzolites have higher MgO, (Fe2O3)T and lower Al2O3, CaO, TiO2

and alkali elements than the websterites (Table 2; Fig. 4). The
gabbronorites have lower MgO and (Fe2O3)T and higher SiO2, Al2O3,
CaO, (K2O + Na2O) and TiO2 contents than the websterites.

On normal Mid-Ocean Ridge Basalts (N-MORB) normalized trace
element diagrams the Huangshan intrusive rocks are enriched in large
ion lithophile elements (Rb, Th, U, and La) relative to the high field
strength elements and display strong negative Nb–Ta–Ti anomalies
(Fig. 5). The Rb–Sr and Sm–Nd isotopic data for the Huangshan intru-
sion are provided in Table 3. Strontium and Nd isotope data for the
intrusion are calculated to have an initial age of 283.8 Ma from Qin
et al. (2011). The samples have low initial 87Sr/86Sr ratios (0.703046–
0.703877) and high εNd(t) (5.14–7.24; Fig. 6).

6. Discussion

Compared with the Tarim mafic–ultramafic rocks, the Huangshan
and Huangshandong rocks have higher SiO2, Al2O3 and lower
(Fe2O3)T, CaO, and TiO2 contents (Fig. 4). The trace element patterns
of the Huangshan and Huangshandong intrusions are similar to those
of the Permian basalt in the Northern Tianshan, but are distinct from
the modern OIB and the Tarim plume-related mafic–ultramafic rocks
(Fig. 5). The Sr–Nd isotopic compositions of the Northern Tianshan in-
trusions lie between the field of asthenospheric and lithosphericmantle
sources withmost basalts of the Northern Tianshan plotting in the field
of lithosphericmantle. Themajority of themafic–ultramafic rocks in the
Northern Tianshan lie outside the field for the Tarim plume-related
rocks (Fig. 6). These geochemical differences are not consistent with a
genetic relationship between the mafic–ultramafic rocks in Northern
Tianshan and the Tarim plume. The Huangshan intrusive rocks
have higher SiO2 and CaO contents, but lower Al2O3, (Fe2O3)T and
K2O + Na2O than the Huangshandong rocks (Fig. 4). Compared with
the Huangshandong intrusion, the Huangshan rocks have higher
87Sr/86Sr(t) (0.702921–0.703710) and lower εNd(t) (5.84–9.92) (Deng
et al., 2011a,b; Song et al., 2013; Zhou et al., 2004). This suggests that
the Huangshan and Huangshandong rocks were derived from different
mantle sources. Because different tectonic settings will have unique iso-
topic signatures, identifying the mantle source of the Huangshan rocks
can be used to constrain the tectonic setting. In the following discussion,
we compare geochemical compositions of the mafic–ultramafic



Fig. 7. Plots of (a) Nb vs. Nb/U (after Chung et al., 2001), (b) Ba/Nb vs. εNd(t) for the Huangshan intrusive rocks (after Li, 1995). Additional data for the Huangshan and Huangshandong
intrusions are from Deng et al. (2011a,b, 2014) and Song et al. (2013). Data for the mafic–ultramafic rocks of the Tarim LIP are from Zhang et al. (2008) and Zhou et al. (2009). Data for
oceanic island arcs are from Elliott et al. (1997), Turner et al. (1997), Pearce et al. (1995), Marini et al. (2005), Ellam et al. (1989), and Turner and Foden (2001). GLOSS data are from Plank
and Langmuir (1998).
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intrusions and basalts in the Northern Tianshan at different ages to
identify the mantle evolution in this area and to illuminate the tectonic
setting and genesis of these mafic–ultramafic rocks.

6.1. Nature of the mantle source

The similar bulk solid/melt partition coefficient of Nb and U
(Hofmann, 1988; Sun and McDonough, 1989) means that they will
not be significantly fractionated during magma crystallization process-
es, and consequently the Nb/U ratios of the rocks will reflect the ratios
in the mantle source. Oceanic basalts are characterized by a nearly con-
stant Nb/U ratio of ~50, bulk silicate Earth ~32 (McDonough and Sun,
1995) and continental upper crust ~9 (Rudnick and Fountain, 1995),
whereas typical arc volcanic rocks are characterized by significantly
lower Nb/U ratios (0.3–9.0; Chung et al., 2001), because the
metasomatized mantle sources in a subduction setting are enriched in
large ion lithophile elements and depleted in high field strength ele-
ments (Fig. 7a; Hofmann et al., 1986). If rocks are formed by contamina-
tion of the mantle end-member by continental crust, the ratios of trace
elements should be intermediate between the two end-members. All
the Huangshan rocks and most of the Huangshandong intrusive rocks
have lower Nb/U ratios than those of OIB, MORB and continental
upper crust but are similar to arc volcanic rocks (Fig. 7a). This suggest
that the Nb/U ratios of the Huangshan rocks and most of the
Huangshandong rocks cannot be the result of contamination of the
Fig. 8. Correlation diagrams of (a) (87Sr/86Sr)(t) vs. εNd(t) (b) εNd(t) vs. U–Pb ages for mafic–ul
trusions are from Deng et al. (2011a,b) and Song et al. (2013). Isotopic data of the Xiangshan, H
et al. (2008), Sun et al. (2013a), Jiao et al. (2012), and Zhang et al. (2013) respectively.
mantle end-member by crust, but rather they indicate that the primary
magma of these rocks was derived from a metasomatized mantle
source. In contrast, some Huangshandong samples plot in the field of
MORB, suggesting the parent magma of these samples was derived
from asthenospheric mantle (Fig. 7).

Several studies have proposed that the mantle source of island-arc
basalts have three primary end-member components, namely MORB-
type depleted mantle, hydrous fluid released from subducted oceanic
crust and subducted sediments derived from the continental crust (Li,
1995; Pearce and Peate, 1995). As shown in Fig. 7b, the intrusive rocks
from the Huangshan and Huangshandong intrusions lie between the
fields for MORB, subducted oceanic crust and global subducting
sediment (GLOSS) and within the arc volcanic field, suggesting that
both depleted and metasomatized mantle was involved in the forma-
tion of the Huangshan and Huangshandong intrusions.

εNd(t) and (87Sr/86Sr)(t) values compiled from the region do not
show a correlation with SiO2 and La/Sm in the mafic–ultramafic rocks
of the Northern Tianshan (not shown), suggesting that the radiogenic
isotopes have not been significantly modified by crustal contamination.
The εNd(t) values increase from 2.5 to 7.1 in the 307 Ma Northern
Tianshan basalts to 5.8 to 9.9 in the 274 Ma Huangshandong rocks,
whereas (87Sr/86Sr)(t) ratios decrease from 0.70358–0.70580 in the
Northern Tianshan basalts to 0.70292–0.70371 in the Huangshandong
rocks (Fig. 8a), whereas, the εNd(t) values of the mafic–ultramafic
rocks in the Northern Tianshan increase with age (Fig. 8b). The
tramafic rocks of the Northern Tianshan. Data for the Huangshan and Huangshandong in-
ulu, Erhongwa, Tulaergen intrusions and Permian basalts are from Tang et al. (2013), Xia



Fig. 9. Plot of Ca versus Fo contents in olivine (after Li et al., 2012). Some olivine composi-
tions for the Huangshanxi intrusive rocks are from Mao (2014). Olivine composition for
the Huangshandong intrusive rocks and the Tarim ultramafic rocks are from Deng et al.
(2012) and Jiang et al. (2004a,b). Olivine compositions for the other mafic–ultramafic
intrusions in northern Tianshan are from Sun et al. (2013a), Xia et al. (2008) and
Mao (2014).
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magma composition and mantle source characteristics of the mafic–
ultramafic rocks in Northern Tianshan imply that they were pro-
duced by interaction between depleted asthenospheric melts and
metasomatized lithospheric mantle. Because asthenospheric mantle
has higher εNd(t) and lower (87Sr/86Sr)(t) ratios than lithospheric
mantle, the variations in the radiogenic isotopes of the mafic–ultra-
mafic rocks in the Northern Tianshan suggest that there was greater
involvement of upwelling asthenospheric mantle in the younger
rocks of the Northern Tianshan.
Fig. 10. Binary plots of MgO vs. K2O (a), (Fe2O3)T (b), Al2O3 (c) and CaO (d) for the basalts of the
Chen et al. (2011) and Zhang et al. (2013). Tarim large igneous province data are from Zhou e
6.2. Tectonic implications

Themafic–ultramafic intrusions and A-type granites in the Northern
Tianshan and adjacent tectonic units are broadly coeval (Han et al.,
2004; San et al. 2010; Song et al., 2013) and overlap with the Permian
Tarim mafic rocks (270–290 Ma; Chen et al., 2010; Yu et al., 2011;
Zhang et al., 2008, 2012). The Permian mafic–ultramafic intrusions in
the Northern Tianshan have been interpreted to be the product of the
Tarim mantle plume (Mao et al., 2006; Pirajno et al. 2008; Qin et al.
2011; Su et al. 2011; Tang et al., 2013).

Because the Ca contents of olivine formed in different tectonic
settings are distinct, they can be used to identify the source of the
host rocks (Kamenetsky et al., 2006; Li et al., 2012). Olivine crystals
from subduction-related ultramafic and mantle rocks typically have
low Ca contents (b1000 ppm), whereas primitive olivine from
komatiites, continental flood basalts, MORB and ocean island basalts
have higher Ca contents (N1000 ppm; Fig. 9). The Ca contents of ol-
ivine from the Huangshan and Huangshandong intrusions are less
than 1000 ppm, significantly lower than those of the Tarim ultramaf-
ic rocks and OIB but similar to subduction-related intrusions from
Duke Island (Li et al., 2012; Thakurta et al., 2008). Studies have sug-
gested that the variation of Ca in olivine is dependent not only on the
forsterite content of the olivine but to a large extent on the amount of
alumina, alkali and ferrous iron present in the coexisting melt
(Jurewicz and Watson, 1988; Libourel, 1999). The similar forsterite
contents of olivines from the Huangshan and Huangshandong intru-
sions and the Tarim ultramafic rocks means that this effect can be
discounted. Compared to basalts in the Northern Tianshan, basalts
from the Tarim Large Igneous Province (TLIP) have higher K2O and
(Fe2O3)T contents but similar CaO and Al2O3 (Fig. 10). This suggests
that the difference in Ca contents between olivines from the Northern
Tianshan and TLIP results from variable K2O and (Fe2O3)T contents in
the coexisting melt.
Northern Tianshan and Tarim. Northern Tianshan basalt data are from Zhou et al. (2006),
t al. (2009).
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The mafic–ultramafic rocks in the Northern Tianshan are character-
ized by lower incompatible elements contents, higher εΝd(t) and more
depletedNb and Ta than both the Tarimmafic–ultramafic rocks andOIB.
The Huangshan and Huangshandong intrusions have Nb contents and
Nb/U ratios similar to those of arc volcanic rocks (Fig. 7a). On a plot of
εNd(t) versus Ba/Nb, the Huangshan and Huangshandong samples lie
in the field of arc volcanic rocks and are distinct from the Tarim
mafic–ultramafic rocks implying a distinct mantle source (Fig. 7b).
Zhang et al. (2006) and Xiao et al. (2008) have argued that the litho-
spheric mantle in the Northern Tianshan was modified by subduction
in the Carboniferous, but this metasomatized lithospheric mantle
would have been too cold to undergo melting in the Permian (Niu,
Fig. 11. Schematic diagram showing the Late Paleozoic tectonic evolution of the Eastern Tia
(a) Northern Tianshan oceanic slab subducted northward during the period between Late Ord
lithosphere due to negative buoyancy, resulting in upwelling of asthenospheric mantle through
lithosphere induces an extensional regime and causes partial melting in the asthenosphere
intrusions.
2005; Wilson, 1989). Others have argued that the parental magmas of
the mafic–ultramafic intrusions in the Northern Tianshan were derived
from high degrees of melting of lithospheric mantle associated with the
higher temperatures of a mantle plume head (Qin et al., 2011; Su et al.,
2011, 2012; Zhou et al., 2009). The geochemical characteristics of
mafic–ultramafic rocks in Northern Tianshan imply that they were
produced by the interaction of metasomatized lithospheric mantle
and depleted asthenospheric melts consistent with partial melting of
metasomatized lithospheric mantle triggered by upwelling depleted
asthenospheric melts rather than a mantle plume. Underplating of the
upwelling asthenosphere would have provided sufficient heat to melt
the Carboniferous residual metasomatized mantle.
nshan (after Davies and von Blanckenburg, 1995; Song et al., 2013; Yuan et al., 2010).
ovician to Late Carboniferous; (b) the oceanic lithosphere separates from the continental
the gap after the closure of the Northern Tianshan Ocean; (c) detachment of the oceanic
and overriding metasomatized lithosphere and emplacement of the mafic–ultramafic
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6.3. Petrogenetic model for the Huangshan intrusion

Subsequent to the closure of the Northern Tianshan Ocean and the
collision of the Junggar and Central Tianshan terranes, the Northern
Tianshan Orogen was overprinted by syn-collisional magmatism
(Branquet et al., 2012; Laurent-Charvet et al., 2002; Song et al., 2013;
Xu et al., 2003; Zhang et al., 2003). Mafic–ultramafic rocks and granitic
rocks with ages of 307 Ma to 270 Ma are exposed in the Northern
Tianshan Orogen. The geochemical data presented here show that the
mafic magmatism progressed from lithosphere-derived melts to as-
thenospheric melts with time. Similar trends in other orogenic belts
have been explained as the result of two geodynamic models, including
slab break-off (Davies and von Blanckenburg, 1995; Song et al., 2011,
2013; Xie et al., 2012, 2014; Y.J. Mao et al., 2014) and large-scale
delamination (Bird, 1979; Bonin, 2004; Kay and Kay, 1993).

The slab break-off model predicts a narrow, linear zone of
magmatism with limited uplift that propagates along strike (Davies
and von Blanckenburg, 1995). A key aspect of this model is the mode
of deformation of the subducting plate under extension. In syn- or
post-collisional orogenic belts buoyant continental lithosphere would
be difficult to subduct, whereas the dense oceanic lithosphere would
be easily subducted generating a large downward force and extensional
deformation in the transition region forming a narrow zone of rifting
(Atherton and Ghani, 2002; Davies and von Blanckenburg, 1995; von
Blanckenburg and Davies, 1995). As a result of rifting during slab
breakoff, hot asthenospheric mantle would upwell through the slab
window and generate a thermal anomaly in the mantle wedge which
in turnwould cause partialmelting of the asthenosphere and overriding
metasomatized lithosphere, accompanied by significant crustal uplift
and transient magmatic pulses (Bonin, 2004; Rogers et al., 2002;
Zadde and Wortle, 2001). Alternatively, lithospheric delamination, ac-
companied by crustal extension, would be induced by thermal and me-
chanical instability of the thickened lithosphere (Marotta et al., 1998),
rapid unroofingwould be accompanied by hot asthenosphere upwelling
and magmatic underplating (Bonin, 2004). Magmatism formed in this
setting would be distributed more widely than that produced by slab
break off, which would be more localized and linear (Atherton and
Ghani, 2002; Davies and von Blanckenburg, 1995; von Blanckenburg
and Davies, 1995).

In the Northern Tianshan a large number of mafic–ultramafic intru-
sions, magmatic Ni–Cu sulfide deposits, and granitoid plutons have
been found in a narrow, roughly E–W zone which is not consistent
with the delamination model for the Northern Tianshan (Ma et al.,
2015; Song et al., 2013; Yuan et al., 2010; Zhang et al., 2014; Zhou
et al., 2010). Seismic, gravity and aeromagnetic data have confirmed
the existence of remnant oceanic crust in Northern Xinjiang, which
has been interpreted to be subducted oceanic lithosphere (Xu et al.,
2013; Z.J. Zhang et al., 2011). The linear distribution of Permian mafic–
ultramafic intrusions along the Kangguer fault in theNorthern Tianshan
is consistent with a slab breakoff model and might also account for the
formation of the mafic–ultramafic intrusions in the Central Tianshan
and the Beishan Fold Belt (Chai et al., 2008; Deng et al., 2014; Song
et al., 2011, 2013; Tang et al., 2011; Xia et al., 2013). As noted above,
an expansive Northern Tianshan ocean existed during the Devonian–
Carboniferous. The oceanic slab subducted northward to form the
Dananhu arc and a mantle wedge that was modified by subducted
slab-derived melt/fluid (Fig. 11a). Slab break-off at ca. 307 Ma, soon
after the consolidation of Central Tianshan with the Dananhu arc, was
likely responsible for the generation and subsequent eruption of the
basalts in Northern Tianshan (Fig. 11b). Depending on the distance of
the metasomatized enriched layer from the breakoff point, magmatism
could follow breakoff at a wide range of time scales (Davies and von
Blanckenburg, 1995). Assuming that slab breakoff occurred at 307 Ma,
the slow increase in igneous activity can be modeled by upward migra-
tion of the thermal anomaly associated with upwelling asthenospheric
mantle, with the peak in melting at around 280 Ma when the heat
front reached the depth of the metasomatized layer. The upwelling
hot asthenosphere would have caused partial melting in the overriding
metasomatized lithosphere accompanied by significant crustal uplift
(Carroll et al., 1995; Gao et al., 1998; Yang et al., 2009) and emplace-
ment of the mafic–ultramafic intrusions (Fig. 11c). The basaltic
magmatism at 307Ma likely represents the initial stage of slab breakoff
whereas the mafic–ultramafic intrusions (e.g., the Huangshan intru-
sion) represent the peak stage of slab breakoff, when the oceanic litho-
sphere was completely detached. The underplating and intraplating of
basalticmagmawould have provided the heat required to inducepartial
melting at various crustal levels and the subsequent emplacement of
voluminous granitoids (Gu et al., 2006; Ma et al., 2015; Zhou et al.,
2010).

7. Conclusions

The variations of the trace elements and isotope compositions of
the mafic–ultramafic rocks in Northern Tianshan are consistent with
primarymagma produced by interactions betweenmetasomatized lith-
ospheric mantle and depleted asthenospheric melts. Geochemical dif-
ferences between the mafic–ultramafic rocks of the Northern Tianshan
and the Tarim large igneous province imply that the mafic–ultramafic
rocks in the Northern Tianshan are not genetically related to the Tarim
mantle plume. Slab break-off following continental collision played
an important role in the Late Paleozoic tectonic evolution of the
Northern Tianshan, inducing partial melting of the asthenosphere and
metasomatized lithospheric mantle and the rapid emplacement of
mafic–ultramafic intrusions along the Kanguer fault.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.04.014.
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