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The Huangshandong Ni–Cu sulfide deposit is located at the southern margin of the Central Asian Orogenic Belt
(CAOB) in north Xinjiang, NW China. The deposit contains ~135 Mt of sulfide ores grading 0.27 wt.% Cu,
0.52 wt.% Ni. The deposit is hosted by an Early Permianmafic–ultramafic complex predominantly comprising di-
orite, hornblende gabbro, olivine gabbro, gabbronorite, lherzolite, sulfide-bearing lherzolite and ilmenite-bearing
hornblende gabbro at the base of the intrusion. These rocks exhibit enrichment of large ion lithophile elements
and depleted high field strength elements relative to N-MORB, and high Th/Yb ratios, indicating that the primary
magma of the Huangshandong intrusion was derived from partial melting of a metasomatized mantle source,
modified by subducted slab-derived melt/fluid. Intrusive relations and geochemical signatures confirm that
four pulses of magma were involved in the formation of the Huangshandong intrusion. The low Se/S ratios of
the sulfide ores (63.1–166 × 10−6) and field observations suggest that contamination by crustal S and graphite
was the key triggermechanism for sulfide saturation. TheΣPGE contents in theHuangshandong rocks and sulfide
ores range from 0.25 to 99.1 ppb, lower than those of PGE-undepleted Ni–Cu sulfide deposits. High Cu/Pd ratios
(N1.5 × 105) and low Pd content (9–151 ppb) indicate that the Huangshandong sulfides segregated from PGE-
depleted magma produced by early sulfide removal at depth. Model calculations indicate that the sparsely dis-
seminated sulfide ores in the Huangshandong deposit were produced by crystallization of the sulfide liquid.
The low Pd/Ir and high Ni/Ir ratios suggest that the densely disseminated sulfides segregated from the PGE-
depleted magma at lower R factor values and accumulated more MSS compared to the sparsely disseminated
sulfides.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Although most world-class magmatic Ni–Cu deposits have been
found in intrusions associated with flood basalt volcanism and in conti-
nental rift settings (Li et al., 2005; Naldrett et al., 1995; Ryan, 2000), ev-
idence for enhanced sulfide mineralization potential at plate margin
settings has been increasing in the last decade (Maier et al., 2008;
Peltonen, 1995a; Pettigrew and Hattori, 2006; Ripley, 2009; Thakurta
et al., 2008; Tornos et al., 2001). These deposits are thought to have
formed in orogenic belts (Maier et al., 2008; Naldrett, 2009; Song and
Li, 2009) and occur in groups that are oriented along the trends of
major zones of tectonic convergence (Himmelberg and Loney, 1995).
Compared with the deposits associated with flood basalt volcanism
86 851 5891664.
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and in continental rift settings, the primary magma of the ore-bearing
intrusions in orogenic belts is considered to result from partial melting
of metasomatized mantle modified by subducted slab-derived melt/
fluid (Maier et al., 2008; Peltonen, 1995b; Song and Li, 2009; Thakurta
et al., 2008; Tornos et al., 2001). However, the trigger mechanism for
sulfide saturation and segregation of the magmatic Ni–Cu deposits in
these orogenic belts remains unclear.

Since the 1970s, several magmatic Ni–Cu deposits associated with
Permian mafic–ultramafic intrusions have been found in Xinjiang, NW
China, in the southern part of the Central Asian Orogenic Belt (CAOB)
(Li et al., 1989; Liu et al., 2005; Wang et al., 1987; Zhang et al., 2003,
2006, 2009). The main deposits include Kalatongke, Huangshandong,
Huangshanxi and Tulaergen with a total resource of one million tonnes
of Ni metal, making Xinjiang the second most important region for Ni
resources in China (Liu et al., 2005; Qin et al., 2003). These deposits
occur along sub-parallel translithospheric faults. Most of the sulfide
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bearing mafic–ultramafic complexes have been dated at 270–300 Ma
and consist of dunite, lherzolite, harzburgite, websterite, gabbro and
norite (Han et al., 2004, 2010; Qin et al., 2011; Su et al., 2011; Sun
et al., 2006; Tang et al., 2011; Zhou et al., 2004). Previous studies have
reviewed and debated the tectonic setting of these sulfide-bearing in-
trusions (Deng et al., 2011a,b; Pirajno et al., 2008; Qin et al., 2011;
Song and Li, 2009; Song et al., 2011a; Su et al., 2012; Xiao et al., 2008;
Zhang et al., 2006, 2009; Zhou et al., 2004).

The Huangshandong Ni–Cu deposit contains ~135 Mt of sulfide ore
with an average grade of 0.52 wt.% Ni and 0.27 wt.% Cu and is one
of the largest magmatic sulfide deposits in northern Xinjiang (Li et al.,
1989; Liu et al., 2005). SHRIMP U–Pb dating of zircon from the
Huangshandong intrusion yielded an age of 274 ± 3 Ma, whereas a
Re–Os isochron for the Ni–Cu-bearing ores yielded an age of 282 ±
20 Ma (Han et al., 2004; Mao et al., 2002). Fluid inclusions from the
Huangshandong intrusion show enrichment in H2O, suggesting that
the mantle source becomes oxidized by repeated subduction of an oce-
anic slab (Liu and Fei, 2006). Crustal contamination and fractionation
may have been the main factors leading to S-saturation (Hu et al.,
2010; Mao et al., 2002; Qian et al., 2009; Tang et al., 2012; Zhou et al.,
2004). However, there are few precise geochemical data to constrain
the generation and evolution of themagma, and the origin of the sulfide
mineralization remains controversial. Research on the Huangshandong
deposit helps in understanding the genesis of magmatic Ni–Cu deposits
on the southern margin of the CAOB. In this paper, we use integrated
mineralogical, petrologic, and geochemical studies to understand the
nature of the mantle source and the sulfide segregation processes of
the Huangshandong sulfide-bearing mafic–ultramafic intrusion.

2. Geological background

The CAOB is the largest and probably themost complex Phanerozoic
orogenic belt in the world, extending more than 5000 km from west to
east between the Siberian craton and North China–Tarim craton. It was
formed by a nearly continuous, series of subduction–accretion process-
es and is composed of Precambrian continental fragments, Paleozoic is-
land arcs and oceanic crust assemblages (Sengör et al., 1993; Windley
et al., 2007; Xiao et al., 2008, 2010). Although Cu, Au and polymetallic
mineral systems are common in the CAOB, Ni–Cu sulfide deposits are
poorly reported other than those in north China (Fig. 1a).

The Northern Tianshan orogen is located at the southern margin of
the CAOB and from north to south comprises the Harlik island arc ter-
rane, the Bogda intra-arc basin, the Dananhu island arc terrane, the
Kanggurtag intra-arc basin, and the Yamansu island arc terrane (Jahn
et al., 2000; Ma et al., 1993; Qin et al., 2002; Xiao et al., 2004, 2008)
(Fig. 1b). The Harlik terrane is separated from the Bogda intra-arc
basin by the Balkun fault. The Kanggurtag intra-arc basin is separated
from the Dananhu terrane by the Kanggurtag fault to the north and
from the Yamansu terrane by the Aqikkuduk fault to the south
(Fig. 1b). The Harlik arc terrane consists of Ordovician metamorphosed
clastics and volcaniclastics rocks, tholeiites, andesites and minor mar-
bles. Some researchers suggested it is a Devonian–Carboniferous island
arc related to southward subduction of the Kelameili ocean (Ma et al.,
1993; Zhang et al., 2004).

The Bogda intra-arc basin is composed of Carboniferous bimodal vol-
canic rocks, marine carbonate rocks, and epicontinental detrital rocks as
well as Permian volcaniclastic rocks, conglomerate and sandstone. It has
been considered to be a subduction-related rift induced by oblique sub-
duction of the ancient Asian oceanic crust (Gu et al., 2001). The
Dananhu arc terrane is composed of Ordovician–Carboniferous tholeiit-
ic basalt, calc-alkaline andesite and pyroclastic rocks, and mainly crops
out along the southern margin of the Tupan–Hami basin (Li et al.,
2006a; Qin et al., 2002). The geological and geochemical features of
the Devonian and Carboniferous volcanic rocks and plutons imply
that they are related to subduction of an oceanic lithosphere plate
(Li et al., 2006a; Song et al., 2002). There are several Early Permian
mafic–ultramafic intrusions in the terrane, but Ni–Cu mineralization
has not been discovered (Li et al., 2006b). The Kanggurtag intra-arc
basin is in fault contact with the Dananhu island arc to the north; it
contains submarine lavas, turbidites, pyroclastic rocks and andesitic
tuff with tuffaceous sandstone, and was thrust over the Yamansu arc
terrane (BGMX, 1993; Xiao et al., 2004). It hosts several Early Permian
magmatic Ni–Cu sulfide deposits along the Kanggurtag fault, such as
Tudun, Huangshandong, Huangshanxi, Xiangshan, Hulu, and Tulaergen
(Fig. 1c). This is known as the Huangshan–Jing'erquan Cu–Ni ore belt,
extending more than 200 km, in which some new sulfide deposits
were found in recent years (Mao et al., 2008; Qin et al., 2011; San
et al., 2010).

The Yamansu arc terrane is characterized by Early Carboniferous ba-
salt and andesite, with volcaniclastic and terrigenous clastic sedimenta-
ry rocks interbedded with limestones. The geochemical patterns of the
basalt and andesite confirm an island arc origin (Hou et al., 2006; Ji
et al., 1999). The Early Permian granites widely exposed in theNorthern
Tianshan are thought to have been formed during a post-orogenic ex-
tension period (Gu et al., 2006; Jahn et al., 2000; Yuan et al., 2010;
Zhou et al., 2010).

3. Petrography andmineralization of the Huangshandong intrusion

The Huangshandong mafic–ultramafic complex has a long axis of
3.5 km, a maximum width of 1.2 km, and an areal extent of about
2.8 km2 (Fig. 2a). It intruded into carbonaceous slate, siltstone and
bioclastic limestone of the Lower Carboniferous Gandun Formation.
The carbonaceous slateswere changed to graphite–sericite–quartz horn-
fels through thermal metamorphism. Marble xenoliths (2 m × 30 m)
and carbonaceous slate residues are present in the hornblende gabbro
(Wang et al., 1987).

The Huangshandong intrusion is a well-differentiated complex
comprising, from the top downwards, diorite, hornblende gabbro, oliv-
ine gabbro, gabbronorite, lherzolite, sulfide-bearing lherzolite and
ilmenite-bearing hornblende gabbro at the base (Fig. 2b). The horn-
blende gabbro was interpreted to comprise upper and lower zones
with olivine gabbro situated in a middle zone, whereas diorite occurs
along themargins of the intrusion (Li et al., 1989). The contacts between
these suites are generally gradational. Gabbronorite dykes are present
in the western and northwestern parts of the intrusion and contain
hornblende gabbro inclusions. The lherzolite lies in the lower part of
the intrusion and is seen to crosscut the hornblende gabbro and
gabbronorite in drillholes (Li et al., 1989). The ilmenite-bearing horn-
blende gabbro at the base of the intrusion is poorly studied.

Distinct mineral assemblages and sharp contacts between the litho-
logic phases of the Huangshandong intrusion suggest that there were
three stages of magma intrusion (Li et al., 1989). The first stage formed
themain part of the intrusion, including diorite, hornblende gabbro, and
olivine gabbro. The second stage formed the gabbronorite dykes.
Lherzolite is the main host rock for the Cu–Ni ores and represents the
last magma intrusion. The sulfide-bearing lherzolite occurs in the low-
ermost layer of lherzolite with gradational contacts (Fig. 2b).

Twenty orebodies have been identified in theHuangshandong intru-
sion, most of which occur in the central western part of the intrusion.
There are four types of sulfide orebodies (Fig. 2c): (1) suspended lenses
in themiddle and lower parts of the ultramafic rocks; (2) at the base or
margin of the ultramafic rocks and the contact between hornblende
gabbro and ultramafic rocks; (3) steeply dipping lenses hosted by
gabbronorite; (4) small copper-rich ore veins in hornblende gabbro
(Li et al., 1989). The second type of sulfide orebodies contains the
main mineralization. There are three styles of sulfide ore: massive,
densely disseminated, and sparsely disseminated sulfides. The contacts
between the disseminated sulfides and massive sulfides are sharp (Li
et al., 1989). The dominant ore minerals are pyrrhotite, pentlandite,
and chalcopyrite. Pyrrhotite and pentlandite are the major sulfides
and commonly form euhedral and subhedral crystals. Some pentlandite



Fig. 2. Simplified geological map and cross sections of the Huangshandong intrusion, showing the distribution of lithological units and sulfide ore bodies (after Li et al., 1989).

Fig. 1. (a) Schematic geological map of the Central Asian Orogenic Belt (after Hong et al., 2004); (b) simplified geological map of Northern Tianshan (after BGMX, 1993; Xiao et al., 2004);
(c) simplified geological map of the Huangshan–Jingerquan copper–nickel mineralization belt (after Wang et al., 2004a,b).
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occurs as oriented lamellae or along fractures in pyrrhotite grains
(Fig. 3).

The lherzolite contains 60–65% olivine, 3–8% orthopyroxene, 2–15%
clinopyroxene, 10–20% plagioclase, 5–10% hornblende, and minor
phlogopite (Fig. 4a, b). The olivine crystals are sub-rounded and
enclosed in large orthopyroxene, clinopyroxene, plagioclase, and horn-
blende. Orthopyroxene is intergrownwith clinopyroxene or enclosed in
clinopyroxene and hornblende. 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 sulfides and sil-
icate minerals.

The olivine gabbro contains 45–50% plagioclase, 25–30% clino-
pyroxene, 10–15% hornblende, 5–10% olivine, 1–5% orthopyroxene,
plus minor sulfide and Fe–Ti oxides (3–8%) (Fig. 4c). Granular
clinopyroxene is intergrown with plagioclase, and some has reaction
coronae of hornblende. Olivine is anhedral to subhedral, and enclosed
in plagioclase, clinopyroxene and hornblende. Trace orthopyroxene is
enclosed in clinopyroxene. The interstitial sulfides and Fe–Ti oxides co-
exist with hornblende in the olivine gabbro.

The diorite contains 60–75 modal% plagioclase, 25–35% hornblende,
2–10% biotite and 2–5% quartz. The hornblende gabbro unit is composed
of plagioclase (60–65%), clinopyroxene (30–35%) and hornblende (5–
10%) (Fig. 4d). The clinopyroxene is intergrown with hornblende and
plagioclase, and locally encloses small plagioclase crystals. By contrast,
the ilmenite-bearing hornblende gabbro is composed of plagioclase
(50–65%), clinopyroxene (20–40%), hornblende (5–10%), Fe–Ti oxides
(2–5%) and sulfides (1–5%) plus minor orthopyroxene (1–5%) (Fig. 4e).
The orthopyroxene is enclosed in hornblende and clinopyroxene. The
crystallization sequence inferred from textural and mineralogical evi-
dence is olivine → orthopyroxene → clinopyroxene + plagioclase →
hornblende. Trace Cr-spinel crystallized before and during olivine crys-
tallization. Immiscible sulfide droplets were present in the magma be-
fore or during olivine crystallization.

4. Analytical methods

Thirty-four samples used in this study are from weakly altered out-
crops, underground mine workings and drill core (ZK10-2) cutting
through hornblende gabbro, lherzolite, sulfide-bearing lherzolite and
ilmenite-bearing hornblende gabbro to thewest of the Huangshandong
intrusion. Analyses of major, trace elements and platinum group ele-
ments (PGE)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 an-
alyzed by PANalytical Axios-advance X-ray fluorescence spectrometer
(XRF) on fused glass pellets with analytical uncertainties ranging from
Fig. 3. Photomicrographs in reflected light showing a coexistence of pyrrhotite, pentlandite, cha
Ccp—chalcopyrite, Pn—pentlandite, Mt—magnetite, Po—pyrrhotite.
1 to 3%. Major elements except SiO2 and selected trace elements (Ni
and Cu) in the sulfide orewere determined by inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES) at the SKLODG. SiO2 in the
sulfide ores were determined by the gravimetric method.Whole-rock S
contents were measured by Leco furnace. Trace elements were deter-
mined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
using the procedure described by Qi et al. (2000). The analytical uncer-
tainty is better than 5%.

The concentrations of PGEs were determined by a combination of
NiS bead preconcentration, Te co-precipitation and ICP-MS analysis. A
detailed description of the method for PGE analysis is presented by
Asif and Parry (1991). Accuracy as demonstrated by analyzing reference
materials, such as TDB-1 and WPR-1, is better than 10%. PGEs of the
blank are generally less than 1 ppb: Ir b0.05 ppb, Ru b0.05 ppb, Rh
b0.05 ppb, Pt b0.05 ppb, and Pd b0.5 ppb.
5. Results

5.1. Whole-rock major oxides

The major element compositions of the Huangshandong mafic–
ultramafic rocks are listed in Table 1. In the plots and discussion that
follow, all major oxide contents have been recalculated to 100% on an
anhydrous and sulfide-free basis.

These samples have a wide range of SiO2 (41.5–52.4%), MgO (5.14–
36.0%), Al2O3 (4.54–23.2%) and TiO2 (0.21–3.03%) contents, but have
relatively low K2O + Na2O (0.56–4.02%) contents. Comparison with
the compositions of major constituent silicate minerals, the major
element compositions of lherzolites are mainly controlled by the pro-
portions of olivine, orthopyroxene and clinopyroxene in the rocks
(Fig. 5a–d). The contents of major elements of hornblende gabbro, oliv-
ine gabbro and ilmenite-bearing hornblende gabbro are mainly con-
trolled by orthopyroxene, clinopyroxene and plagioclase. Some olivine
gabbro and ilmenite-bearing hornblende gabbro samples have high
TiO2 (Fig. 5e) contents due to the presence of hornblende and ilmenite
and magnetite in the samples. The lower sulfide-bearing lherzolite has
notably higher MgO and lower SiO2, Fe2O3(T), Al2O3, and K2O + Na2O
than the upper lherzolite (Figs. 5 and 6).

In plots of MgO against SiO2, Fe2O3(T), CaO, and TiO2, hornblende
gabbro, lherzolite and ilmenite-bearing hornblende gabbro exhibit
discontinuous trends (Fig. 5). In contrast to hornblende gabbro, the
ilmenite-bearing hornblende gabbro has higher Fe2O3(T) and TiO2, and
lower SiO2 and CaO. MgO and Fe2O3(T) increase upward in the
ilmenite-bearing hornblende gabbro, towards the lherzolite, whereas
SiO2 and Al2O3 decrease (Fig. 6).
lcopyrite, andminormagnetite; b lamellar pentlandite along fractures in pyrrhotite grains.

image of Fig.�3


Fig. 4. Photomicrographs in cross-polarized light showing the dominant textures of lherzolite (a, b), olivine gabbro (c), hornblende gabbro (d), ilmenite-bearing hornblende gabbro with
mafic minerals (e). Ol—olivine; Opx—orthopyroxene; Cpx—clinopyroxene; Pl—plagiclase; Hb—hornblende; Sul—sulfide; Ilm—ilmenite.
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5.2. Trace elements

Whole-rock trace element compositions of the Huangshandong
mafic–ultramafic rocks are listed in Table 1. The trace element spider di-
agrams normalized to normal mid-ocean ridge basalts (N-MORB) show
that the Huangshandong intrusive rocks are enriched in large ion
lithophile elements and depleted in heavy rare earth elements. All sam-
ples show well developed negative Nb–Ta–Ti anomalies. The lherzolite
has the lowest contents of trace elements, whereas the hornblende gab-
bro and ilmenite-bearing hornblende gabbro contain the highest trace
elements contents (Fig. 7a). The samples have variable rare earth ele-
ment (REE) contents, but they are uniformly enriched in LREE relative
to HREE (Fig. 7b). All samples show positive Eu anomalies because of
accumulation of plagioclase. Such trace element patterns are clearly
distinct from OIB, and Bachu gabbroic rocks and mafic–ultramafic
dykes of the Tarim LIP (Sun and McDonough, 1989; Zhang et al., 2008;
Zhou et al., 2009), and similar to those of island arc sulfide-bearing
mafic intrusive rocks in the Tati and Selebi-Phikwe belts, eastern
Botswana (Maier et al., 2008) (Fig. 7).

5.3. Chalcophile elements

The concentrations of PGE, Cu, Ni, S, and Se in the mafic–ultramafic
rocks and sulfide ores are listed in Table 2. As shown in Fig. 8, Ni, Cu
and PGE contents increase with the drilling depth; the S content in the
sulfide-bearing lherzolite also increases with drilling depth. The Ni, Cu
and PGE concentrations significantly increase from hornblende gabbro,
lherzolite to sulfide-bearing lherzolite. Such features indicate that these

image of Fig.�4


Table 1
Major oxides and trace element abundances of the Huangshandong intrusion.

Location ZK10-2

Rock Hornblende gabbro Sulfide-bearing lherzolite

Depth (m) 135 150 165 270 285 290 295 300 303

Sample XH04-9 XH04-10 XH04-11 XH04-18 XH04-19 XH04-20 XH04-21 XH04-22 XH04-23

Major oxides (wt.%)
SiO2 48.6 48.3 48.7 38.1 39.0 39.1 39.3 38.8 36.6
TiO2 0.44 0.34 0.31 0.27 0.31 0.28 0.27 0.20 0.20
Al2O3 16.8 20.9 20.4 4.09 4.59 4.92 4.76 4.93 4.23
(Fe2O3)T 6.51 5.10 5.32 15.0 13.5 13.9 14.3 13.5 17.9
MnO 0.10 0.075 0.076 0.18 0.18 0.18 0.18 0.17 0.18
MgO 10.1 7.63 8.14 32.1 33.3 32.5 32.5 31.3 30.9
CaO 11.2 11.1 11.4 2.46 2.61 2.73 2.84 2.87 2.28
Na2O 2.40 2.87 2.42 0.39 0.48 0.52 0.50 0.41 0.40
K2O 0.16 0.12 0.18 0.14 0.12 0.11 0.090 0.11 0.080
P2O5 0.045 0.042 0.037 0.061 0.034 0.038 0.043 0.059 0.036
LOI 2.70 3.51 2.95 4.60 3.68 3.93 3.55 5.22 4.94
Total 99.0 99.9 99.9 97.6 98.1 98.5 98.5 97.7 98.0

Trace elements (ppm)
Sc 28.1 23.7 24.1 18.2 20.3 20.3 19.6 17.6 16.7
Cr 177 737 824 1571 1737 1609 1625 1548 1550
Co 18.3 48.2 52.8 155 144 135 147 137 231
Ni 27.6 93.5 110 1677 1019 1052 1602 1337 4457
Cu 5.5 29.3 25.7 390 158 179 317 256 1431
Rb 1.67 0.90 3.00 2.92 2.43 2.05 1.38 1.91 1.17
Sr 294 437 397 80 111 107 103 105 94.3
Y 9.40 7.22 6.29 5.10 5.45 4.64 4.67 3.40 3.24
Zr 12.3 20.2 17.1 26.5 22.3 19.8 16.8 18.5 14.5
Nb 0.044 0.46 0.36 0.55 0.49 0.44 0.42 0.34 0.32
Ba 29.7 28.8 29.7 23.9 26.2 21.1 19.1 17.9 15.0
La 1.92 1.74 1.46 1.82 1.25 1.20 1.24 1.35 1.03
Ce 5.05 4.21 3.70 4.50 3.53 3.16 3.27 3.39 2.55
Pr 0.77 0.62 0.54 0.60 0.50 0.44 0.47 0.45 0.34
Nd 4.22 3.46 3.10 2.69 2.83 2.32 2.38 2.07 2.91
Sm 1.24 0.99 0.90 0.69 0.75 0.66 0.63 0.50 0.44
Eu 0.57 0.74 0.58 0.24 0.29 0.25 0.25 0.22 0.21
Gd 1.37 1.14 1.03 0.81 0.76 0.65 0.71 0.51 0.45
Tb 0.27 0.22 0.20 0.15 0.15 0.13 0.13 0.083 0.093
Dy 1.56 1.20 1.16 0.83 0.95 0.77 0.83 0.53 0.53
Ho 0.31 0.23 0.25 0.18 0.17 0.17 0.17 0.11 0.11
Er 0.99 0.74 0.69 0.56 0.53 0.49 0.51 0.36 0.33
Tm 0.13 0.091 0.093 0.077 0.083 0.069 0.073 0.053 0.050
Yb 0.85 0.66 0.58 0.46 0.48 0.47 0.51 0.35 0.33
Lu 0.13 0.097 0.082 0.077 0.074 0.074 0.060 0.057 0.057
Hf 0.27 0.51 0.45 0.64 0.52 0.48 0.44 0.41 0.35
Ta 0.009 0.037 0.033 0.047 0.045 0.033 0.035 0.036 0.024
Th 0.24 0.19 0.15 0.28 0.18 0.18 0.16 0.20 0.16
U 0.033 0.083 0.058 0.10 0.073 0.062 0.054 0.088 0.052
Pb 0.58 1.12 1.50 1.93 2.67 2.01 2.03 2.34 3.91

Location ZK10-2

Rock Sulfide-bearing lherzolite Ilmenite-bearing hornblende gabbro

Depth (m) 305 310 315 320 348 351 356 370 385 400

Sample XH04-24 XH04-25 XH04-26 XH04-27 XH04-40 XH04-41 XH04-42 XH04-43 XH04-44 XH04-45

Major oxides (wt.%)
SiO2 36.5 36.6 37.2 36.1 42.6 45.4 44.9 46.1 45.7 45.9
TiO2 0.23 0.21 0.18 0.22 0.63 0.69 1.96 2.10 2.46 2.41
Al2O3 4.23 4.51 4.85 4.81 15.3 17.4 18.2 22.7 21.4 22.2
(Fe2O3)T 18.0 17.8 16.6 17.5 10.2 8.78 8.66 7.09 8.30 7.47
MnO 0.17 0.18 0.18 0.17 0.13 0.12 0.12 0.079 0.088 0.078
MgO 30.9 30.5 30.2 31.3 12.2 10.1 9.80 5.61 6.25 5.62
CaO 2.31 2.49 2.63 2.54 6.08 8.99 11.2 10.1 9.59 9.09
Na2O 0.40 0.44 0.41 0.49 3.53 3.09 1.90 3.19 2.95 2.61
K2O 0.080 0.090 0.080 0.080 0.12 0.12 0.13 0.16 0.23 0.18
P2O5 0.028 0.030 0.033 0.033 0.034 0.061 0.020 0.024 0.029 0.029
LOI 5.72 4.61 5.04 4.19 5.98 3.82 2.63 3.01 2.45 4.82
Total 98.8 97.8 97.6 97.6 96.8 98.5 99.5 100 99.4 100

Trace elements (ppm)
Sc 16.4 10.5 15.0 7.3 11.6 22.2 25.6 21.6 31.2 25.6
Cr 1558 1265 1476 1368 150 150 141 36.1 810 37.4
Co 250 223 211 210 60.2 57.6 51.0 36.3 38.1 27.0
Ni 5102 5630 3459 4669 621 351 218 36.5 249 30.2
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Table 1 (continued)

Location ZK10-2

Rock Sulfide-bearing lherzolite Ilmenite-bearing hornblende gabbro

Depth (m) 305 310 315 320 348 351 356 370 385 400

Sample XH04-24 XH04-25 XH04-26 XH04-27 XH04-40 XH04-41 XH04-42 XH04-43 XH04-44 XH04-45

Cu 1512 2970 1559 966 156 108 64.4 34.8 40.3 27.7
Rb 1.05 1.22 1.25 1.15 2.95 1.34 1.79 2.00 2.77 2.30
Sr 93.9 100 109 113 375 486 463 674 635 613
Y 3.75 3.57 3.04 3.32 4.66 11.5 6.78 5.37 13.1 8.66
Zr 13.0 15.2 14.1 13.4 19.1 39.8 13.1 10.9 18.8 18.1
Nb 0.33 0.34 0.29 0.33 0.85 0.68 0.70 0.96 1.88 1.23
Ba 15.1 16.4 16.5 19.2 47.2 56.3 35.3 64.2 71.6 67.4
La 0.81 0.91 0.89 0.90 2.02 2.37 1.17 1.49 2.12 2.10
Ce 2.29 2.45 2.22 2.32 4.22 6.26 2.66 3.17 5.31 4.28
Pr 0.32 0.34 0.31 0.36 0.59 0.97 0.46 0.46 0.93 0.72
Nd 1.76 1.79 1.70 1.78 2.90 5.76 2.65 2.54 5.46 3.60
Sm 0.45 0.47 0.41 0.47 0.62 1.73 0.82 0.83 1.88 1.11
Eu 0.19 0.22 0.21 0.23 0.45 0.81 0.64 0.73 0.10 0.74
Gd 0.51 0.49 0.44 0.52 0.68 1.76 0.97 0.90 2.01 1.23
Tb 0.096 0.10 0.081 0.096 0.14 0.35 0.21 0.16 0.41 0.27
Dy 0.58 0.64 0.59 0.61 0.80 2.18 1.31 1.07 2.53 1.70
Ho 0.13 0.12 0.11 0.12 0.17 0.43 0.25 0.21 0.48 0.33
Er 0.37 0.35 0.31 0.39 0.47 1.28 0.71 0.56 1.40 0.85
Tm 0.059 0.051 0.045 0.055 0.063 0.17 0.094 0.079 0.15 0.11
Yb 0.36 0.37 0.32 0.34 0.51 1.04 0.59 0.42 0.99 0.63
Lu 0.054 0.058 0.046 0.050 0.074 0.15 0.081 0.064 0.15 0.10
Hf 0.37 0.41 0.34 0.40 0.52 1.19 0.51 0.43 0.78 0.67
Ta 0.025 0.026 0.023 0.031 0.070 0.058 0.090 0.091 0.13 0.14
Th 0.12 0.13 0.12 0.11 0.34 0.25 0.10 0.12 0.18 0.19
U 0.036 0.050 0.047 0.050 0.11 0.084 0.040 0.034 0.054 0.056
Pb 4.35 5.57 5.48 8.33 2.26 1.55 1.16 1.27 1.60 1.84

Location Surface samples

Rock Olivine gabbro

Sample XHD08-40 XHD08-44 XHD08-45 XHD08-46 XHD08-47 XHD08-48 XHD08-50 XHD08-51

Major oxides (wt.%)
SiO2 48.2 48.6 47.6 50.3 50.5 49.2 50.4 44.9
TiO2 1.16 0.40 0.32 0.61 0.56 0.89 0.83 3.02
Al2O3 17.6 19.1 21.3 12.4 13.4 13.2 16.6 20.7
(Fe2O3)T 8.69 6.26 6.57 8.54 8.06 8.79 7.77 9.04
MnO 0.14 0.10 0.071 0.16 0.16 0.17 0.14 0.10
MgO 8.19 10.4 6.89 14.3 13.5 13.2 9.99 7.80
CaO 9.00 12.8 11.9 8.48 8.42 9.13 9.79 11.9
Na2O 2.12 1.81 0.92 1.43 1.48 1.50 2.39 1.93
K2O 0.11 0.13 0.27 0.37 0.41 0.35 0.21 0.11
P2O5 0.050 0.064 0.040 0.074 0.072 0.067 0.072 0.035
LOI 4.44 0.54 2.87 2.65 3.20 2.79 1.65
Total 99.7 100 98.8 99.3 99.7 99.3 99.9 99.5

Trace elements (ppm)
Sc 33.9 26.3 14.3 29.7 29.7 32.8 29.8 43.9
Cr 219 543 151 468 453 427 417 24.0
Co 27.3 41.3 76.5 43.5 39.6 43.4 37.7 46.4
Ni 81.6 48.4 1302 30.9 26.0 28.0 24.9 19.2
Cu 11.6 10.3 752 5.77 3.14 11.1 8.7 23.6
Rb 0.73 2.23 6.33 9.54 11.2 7.59 2.93 1.17
Sr 476 391 547 227 237 277 394 518
Y 17.8 8.53 6.73 11.2 10.9 13.3 12.7 7.90
Zr 31.6 36.5 31.7 40.3 47.1 48.9 42.8 24.2
Nb 1.52 0.58 0.63 1.10 1.14 1.36 1.29 1.29
Ba 42.7 37.7 108 71.7 91.0 83.4 99.9 53.3
La 2.61 1.94 2.42 3.44 3.57 3.52 3.90 1.62
Ce 7.40 5.00 5.22 8.10 8.21 8.51 9.37 3.77
Pr 1.35 0.75 0.75 1.16 1.19 1.34 1.38 0.64
Nd 7.24 3.86 3.39 5.36 5.51 6.47 6.75 3.63
Sm 2.50 1.23 0.94 1.61 1.50 1.97 1.89 1.28
Eu 1.15 0.66 0.61 0.58 0.53 0.70 0.77 0.81
Gd 2.68 1.26 0.96 1.58 1.49 1.90 1.84 1.53
Tb 0.54 0.24 0.20 0.33 0.31 0.41 0.38 0.29
Dy 3.25 1.59 1.13 2.03 1.91 2.45 2.34 2.03
Ho 0.73 0.34 0.27 0.47 0.43 0.53 0.53 0.42
Er 1.86 0.93 0.73 1.26 1.24 1.47 1.38 1.02
Tm 0.27 0.13 0.10 0.18 0.18 0.21 0.20 0.13
Yb 1.58 0.79 0.64 1.14 1.14 1.36 1.22 0.86

(continued on next page)
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Table 1 (continued)

Location Surface samples

Rock Olivine gabbro

Sample XHD08-40 XHD08-44 XHD08-45 XHD08-46 XHD08-47 XHD08-48 XHD08-50 XHD08-51

Lu 0.22 0.12 0.093 0.17 0.17 0.19 0.18 0.11
Hf 1.11 0.91 0.89 1.20 1.30 1.35 1.23 0.89
Ta 0.10 0.045 0.051 0.087 0.10 0.12 0.098 0.17
Th 0.13 0.23 0.32 0.63 0.72 0.64 0.58 0.18
U 0.57 0.14 0.12 0.27 0.30 0.25 0.24 0.077
Pb 1.05 0.62 8.55 2.28 1.58 1.57 2.20 0.60

Note. LOI = loss on ignition; (Fe2O3)T as total Fe.

Trace elements (ppm)

Table 1 (continued)
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metals are concentrated at the base of the lherzolite and controlled by
the content of sulfide, which is consistent with the positive correlation
between Cu, Ni and S (Fig. 9). The Cu and S contents in two samples
do not follow the positive correlation trend, possibly due to hydrother-
mal alteration.

The content of ΣPGE in the Huangshandong mafic–ultramafic rocks
and sulfide ores ranges from 0.25 to 99.1 ppb. The lherzolite has higher
PGE concentrations than the hornblende gabbro as shown by the prim-
itive mantle-normalized diagrams (Fig. 10). Sulfide contents in the
sulfide-mineralized samples were calculated using a procedure given
in a reviewbyBarnes and Lightfoot (2005). Themantle-normalized pat-
terns of Cu, Ni, and PGE in recalculated 100% sulfide in the samples are
illustrated in Fig. 11. Compared with two well-known Cu–Ni deposits,
the PGE tenors of theHuangshandongdeposit are extremely low: ~3 or-
ders of magnitude lower than the Noril'sk–Talnakh Cu–Ni–PGE deposit
and slightly lower than the Kalatongke PGE-depleted Ni–Cu deposit
(Fig. 11a). In addition, the PGE contents of the Huangshandong ores
are similar to those of the Selebi-Phikwe belt ores and lower than
those of the Tati ores of eastern Botswana (Fig. 11b). On the Pd/Ir vs
Ni/Cu diagram, most samples plot in the field of high-Mg basalts and
layered intrusions (Fig. 12).

6. Discussion

6.1. Nature of the mantle source

Several studies have indicated that the magmas generated from the
metasomatized mantle sources in a subduction environment are nor-
mally enriched in large ion lithophile elements (LILE) and depleted in
high field strength elements (Hawkesworth et al., 1977; Johnson and
Plank, 1999; Pearce, 1983; Pearce and Peate, 1995). The samples from
the Huangshandong intrusion are characterized by enrichment of Rb,
Ba, U, and Sr, and depletion of Nb, Ta, and Ti relative to N-MORB. On
the other hand, the high positive εNd(t) values (+6.7 to +9.3) and low
(86Sr/87Sr)i ratios (0.7025 to 0.7053) of the Huangshandong intrusion
suggest that the mantle-derivedmagma has undergone little interaction
with older continental crust (Deng et al., 2011a; Zhou et al., 2004).
Thus, the favored interpretation is that the geochemical signatures
of the Huangshandong intrusion resulted from partial melting of a
metasomatized mantle modified by subducted slab-derived melt/fluid.

Themafic rocks of oceanic island arcs and active continental margins
commonly have higher Th/Yb and lower Ta/Yb due tomagma generation
from the metasomatized mantle wedge above the subducted slab. As
shown in Fig. 13, the Huangshandong intrusive rocks plot in the field
of oceanic island arcs, similar to the samples from the Tati and Selebi-
Phikwe belt of eastern Botswana, which are related to island arc mafic
intrusions (Maier et al., 2008). In the Th–Hf–Ta diagram, the
Huangshandong rocks have trace element compositions similar to island
arc basalts, also indicating a subduction environment. The olivine- and
plagioclase-hosted fluid inclusions from the Huangshandong intrusion
are enriched in H2O suggesting that the mantle source became oxidized
by subduction of an oceanic slab (Liu and Fei, 2006). Experiments have
indicated that the presence of H2O can lower solidus temperatures
of peridotite or lherzolite and trigger melting (Wyllie, 1982). Thus, a
metasomatized mantle source modified by subducted slab-derived
melt/fluid for the Huangshandong intrusion seems most likely. This is
consistent with previous studies that indicated extensive subduction-
related accretionary orogenesis of the Northern Tianshan during the
Late Paleozoic (Chen et al., 2005, 2013; Han et al., 2006; Su et al., 2012;
Windley et al., 2007; Xiao et al., 2004, 2008).

Compared to the mafic–ultramafic intrusive rocks of the Permian
Tarim large igneous province, the Huangshandong intrusion is charac-
terized by lower contents of incompatible elements, higher εΝd (t) and
more depleted Nb and Ta (Fig 7) (Deng et al., 2011a; Zhang et al.,
2008; Zhou et al., 2009). These compositional differences are also
highlighted in trace element diagrams (Fig. 13). Thus, geochemical
data rule against a genetic link between the Huangshandong complex
and the Tarim LIP magmatism.

Though the geochemical characteristics of the Huangshandong in-
trusive rocks are similar to those of island arc basalts, it does not mean
the primarymagmawas necessarily generated by subduction processes.
The Alaskan type intrusions formed in subduction zones are generally
described as having a core of dunite surrounded by successive concen-
tric rims of wehrlite, olivine clinopyroxenite, and hornblendite. Pyrox-
enes are almost exclusively clinopyroxenes and orthopyroxene occurs
in very low abundance in the Alaskan type complexes (Himmelberg
and Loney, 1995; Taylor, 1967). However, theHuangshandong intrusion
does not show this concentric zoning, and orthopyroxene abundance is
up to 25%, indicating that it is not an Alaskan type intrusion. On the
other hand, the island arc related granitoid plutons (316–334 Ma), vol-
canic rocks (300–334 Ma) and the A-type granitoid plutons (284–
288 Ma)were formed in a post-collisional environment in the Northern
Tianshan (Chen et al., 2005; Hou et al., 2006; Jahn et al., 2000; Li et al.,
2004, 2006c; Yuan et al., 2010), indicating that subduction ended in
the Early Permian. New stratigraphic data and field mapping suggest
that extensional tectonics were dominant in the Early Permian in the
Turpan–Hami area and adjacent regions (Wartes and Carroll, 2002;
Zhou et al., 2006). The Huangshandong intrusion was emplaced in the
Early Permian, indicating that it formed in a syn-or post-collisional ex-
tensional environment. A number of studies have shown that magmas
formed in post-collisional extensional environments also have geo-
chemical characteristics similar to island arc or active continental mar-
gin magmatic rocks (Aldanmaz et al., 2000; Cesare et al., 2002; Cottin
et al., 1998; Djafer et al., 2003; Song and Li, 2009; Wang et al., 2004a,
b). In the Early Permian when the Northern Tianshan Ocean closed
and subduction ceased (Qin et al., 2002; Zhou et al., 2004; Gu et al.,
2006; Song and Li, 2009; Pirajno, 2010), a slab window formed as a re-
sult of slab break-off and led to asthenosphere upwelling (Begg et al.,
2010; Song et al., 2011a,b; Li et al., 2012). The primary magma of the
Huangshandong intrusion resulted from an interaction between up-
welling depleted asthenospheric melts and metasomatized mantle
modified by previous subduction.



Fig. 5. Harker diagrams of the Huangshandong intrusion. Some whole-rock data of the Huangshandong intrusion are taken from Deng et al. (2011a). Ol—olivine; Opx—orthopyroxene;
Cpx—clinopyroxene; Pl—plagiclase.

189Y.-F. Deng et al. / Ore Geology Reviews 56 (2014) 181–198
6.2. Magma crystallization and emplacement

Though three stages of magma intrusion have been identified (Li
et al., 1989), the ilmenite-bearing hornblende gabbro at the base of
the intrusion is poorly studied. The petrography and geochemistry of
the hornblende gabbro are obviously different from those of the
ilmenite-bearing hornblende gabbro. SiO2, Fe2O3(T), CaO, and MgO
contents in the ilmenite-bearing hornblende gabbro are between
those of hornblende gabbro and lherzolite. As the lherzolite is
approached, MgO and Fe2O3(T) of the ilmenite-bearing hornblende gab-
bro increase, but SiO2 and Al2O3 decrease (Fig. 6). These geochemical
features suggest that the ilmenite-bearing hornblende gabbro became
enriched in MgO and FeO and depleted in SiO2 and Al2O3 due to assim-
ilation of mafic minerals of the lherzolite. On the other hand, if the
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Fig. 6. Chemostratigraphic columns of SiO2, MgO, CaO, Fe2O3(T), and Al2O3 down drill hole ZK10-2 though the Huangshandong intrusion, showing sharp chemical variations between the
upper hornblende gabbro and underlying lherzolite, and the hornblende gabbro and ilmenite-bearing hornblende gabbro. Some whole-rock data for the Huangshandong intrusion are
from Deng et al. (2011a).
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sulfide-bearing lherzolite intruded after emplacement of the ilmenite-
bearing hornblende gabbro, MgO and Fe2O3(T) and the content of mafic
minerals would decrease closer to the ilmenite-bearing hornblende
Fig. 7. (a) N-MORB normalized trace element spider diagrams and (b) C1 chondrite-normalize
from the Tati and Selebi-Phikwe belts of eastern Bostwana (Maier et al., 2008). Some data for th
and mafic–ultramafic dykes of the Tarim LIP are from Zhang et al. (2008) and Zhou et al. (2009
McDonough (1989), respectively.
gabbro, which is not consistent withwhat is observed. Thus the evidence
suggests that the ilmenite-bearing hornblende gabbro was emplaced
after the lherzolite.
d REE patterns of the Huangshandong intrusion. Also shown are fields for intrusive rocks
e Huangshandong intrusion are from Deng et al. (2011a). The data for the Bachu intrusion
). The data for N-MORB, OIB and C1 chondrite are taken from Pearce (1982) and Sun and
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Table 2
Concentrations of S, Ni, Cu and PGE of the Huangshandong intrusive rocks and sulfide ores.

Location Rock Depth
(m)

Sample S
(wt.%)

Ni
(ppm)

Ir
(ppb)

Ru
(ppb)

Rh
(ppb)

Pt
(ppb)

Pd
(ppb)

Cu
(ppm)

Se
(ppm)

Se/S
(×10−6)

ZK10-2 Hornblende gabbro 90 XH04-6 62.3 0.009 0.01 0.004 0.1 0.14 21.9
Lherzolite 180 XH04-12 543 0.03 0.038 0.15 0.5 0.36 41.8

210 XH04-14 546 0.018 0.035 0.014 0.48 0.22 30.7
240 XH04-16 630 0.024 0.054 0.016 0.66 0.41 73.2

Sulfide-bearing lherzolite
(Sparsely disseminated
sulfide ores)

270 XH04-18 0.94 1677 0.13 0.15 0.085 2.49 1.6 390 1.53 163
285 XH04-19 0.35 1019 0.081 0.083 0.05 1.67 0.78 158
290 XH04-20 0.5 1052 0.1 0.11 0.067 1.87 1.05 179 0.57 113
295 XH04-21 0.7 1602 0.13 0.24 0.11 2.86 2 317
300 XH04-22 0.59 1337 0.12 0.19 0.087 2.44 1.54 256
303 XH04-23 2.91 4457 0.46 0.77 0.32 9.97 4.49 1431 3.59 123
305 XH04-24 2.9 5102 0.51 0.81 0.34 12.8 8.59 1512 3.72 128
310 XH04-25 2.7 4555 0.45 0.84 0.56 9.98 9.69 1498
315 XH04-26 2.36 3459 0.43 0.78 0.36 8.37 9.29 1559 1.55 65.9
320 XH04-27 2.78 4669 0.51 0.87 0.39 7.7 6.34 966 2.29 82.4

Samples from
underground mine

Sparsely disseminated
sulfide ores

XHD08-7 3.7 6271 0.65 0.93 2.13 9.23 6.1 3338
XHD08-14 5.04 10,226 0.79 0.59 1.24 17.1 9.31 3861 4.28 84.9
XHD08-30 3.08 1276 0.15 0.62 0.37 6.56 5.46 24,450

Densely disseminated
sulfide ores

XHD08-4 11.7 18,189 3.11 6.11 4.67 43.5 41.7 32,486 1.74 14.8
XHD08-11 9.21 14,995 2.15 1.42 3.06 8.32 7.91 12,397
XHD08-31 6.44 9640 0.61 0.85 0.45 6.00 5.22 9676
XHD08-33 12.4 18,750 1.52 2.23 0.86 5.08 2.82 2474
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In summary, we propose that four pulses ofmagmawere involved in
the formation of the Huangshandong intrusion. The percentages of
forsterite in olivine (68.5–82.5; Deng et al., 2012) indicate that Mg#
Fig. 8. Chemostratigraphic columns of S, Ni, Cu, Ir, Ru, Rh, Pt, and Pd down bore hole ZK10-2 th
concentrated at the base of the lherzolite and controlled by the content of the sulfide.
(atomic Mg/(Fe + Mg)) of the silicate magma was less than 0.59, esti-
mated by using a molar Mg–Fe distribution constant (Kd = (Fe/Mg)Ol/
(Fe/Mg)magma) of 0.3 ± 0.03 (Roeder and Emslie, 1970). The estimated
ough the Huangshandong deposit. The trends and scatter indicate that the ore metals are
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Fig. 9. Binary diagrams of Ni and Cu versus S, showing that Ni and Cu contents of the Huangshandong sulfide ores are positively correlated with S.
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Mg# is much lower than that of primarymagma derived from theman-
tle (0.68–0.75; Wilson, 1989), indicating that the magma experienced
extensive evolution prior to emplacement. In addition, the trace ele-
ment andPGE patterns of different types of rocks in theHuangshandong
intrusion have sub-parallel trends (Fig. 7 and 10), suggesting that the
different rock types are related to each other by differentiation of the
same primary magma. Thus our current understanding of the intrusion
is that an initial pulse of magma rose to a lower-level magma chamber
and fractionated to form ultramafic cumulates and the silicate melts.
They rose up at different times, accumulated in a widened part of the
magma conduit and formed the Huangshandong intrusion.
6.3. Ore formation

6.3.1. Causes of sulfide saturation
Whenmantle-derivedmagma intrudes into the crust, sulfide satura-

tion is a key process in the formation of magmatic Ni–Cu sulfide de-
posits. A number of experiments found that the sulfur content at
sulfide saturation (SCSS) in mafic magma is mainly affected by the
chemical composition, temperature, pressure, and oxygen fugacity
(ƒO2) of the magma (Haughton et al., 1974; Jugo, 2009; Jugo et al.,
2005; Li and Ripley, 2005; Liu et al., 2007; Mavrogenes and O'Neill,
1999; Naldrett, 2009). Addition of crustal sulfur is most important for
Fig. 10. Primitive mantle-normalized PGE patterns of the intrusive rocks from the
Huangshandong deposit. The primitive mantle values are from Barnes and Maier (1999).
sulfide segregation and formation of magmatic Ni–Cu deposit (Keays
and Lightfoot, 2010; Lesher and Keays, 2002; Lightfoot and Keays,
2005).

The δ34S values of the Huangshandong ores are between–0.8 to
2.8‰, which are similar to those of the carbonaceous slates (1.75‰)
(Wang et al., 1987). Thus the S isotopic composition alone does not con-
strain the role of external sulfur in the genesis of the Huangshandong
deposit. Some researchers constrain the role of crustal sulfur in mag-
matic sulfide ores by using the Se/S ratios (Eckstrand et al., 1989;
Maier et al., 2008; Ripley and Li, 2002; Theriault and Barnes, 1998). Se-
lenium is a chalcophile element and occurs at relatively low contents in
sedimentary sulfides (Peach et al., 1990). The Se/S ratios of the mantle-
derived rocks are between 230 and 350 × 10−6, whereas crustal rocks
have Se/S b50 × 10−6 (Eckstrand et al., 1989). Consequently, sulfides
segregated from mantle magma that has assimilated crustal sulfur
tend to have relatively low Se/S ratios. The Se/S ratios of the sulfide
ores in the Huangshandong deposit range from 63.1 to 166 × 10−6

(Table 2), between the ratios of the crust and the ratios of the mantle.
In addition, the negative correlation between Se/S ratios and sulfur con-
tents in the disseminated sulfides indicate crustal contamination played
a critical role for sulfide segregation of themagma (Fig. 14a). The sulfide
ores from some other magmatic sulfide deposits, for which external
sulfur sources have been inferred, have variable Se/S ratios, but most
of them range from 50 to 300 × 10−6 (Fig. 14b). The Se/S ratios of the
Huangshandong ores are similar to these values suggesting that
the sulfide ores contain a large contribution of crustal sulfur. The
initial 187Os/188Os value of 0.25 and mean γOs value of 99 in the
Huangshandong sulfide ores also indicate abundant crustal contamina-
tion (Mao et al., 2002).

Magma derived from metasomatized mantle is generally character-
ized by high ƒO2 up to QFM + 2, caused by the influx of H2O from the
subducted slab into the overlying mantle wedge (Ballhaus et al., 1991;
Metrich and Clocchiatti, 1996; Parkinson and Arculus, 1999). Basaltic
magmas generated in the wedge due to flux melting may have the ca-
pacity to dissolve high concentrations of sulfur as sulfate (S6+) because
of the high ƒO2 conditions (Jugo et al., 2005). It has been proved that re-
duction of themagmaby assimilation of crustal graphite plays a key role
in sulfide saturation in some largeNi–Cu sulfide deposits (Li et al., 2003;
Ripley et al., 2007; Song et al., 2011b; Thakurta et al., 2008; Tomkins
et al., 2012). A layer of graphite (0.6–1 m thick, 1.5 km long) occurs
in the Gandun formation in the Huangshan area (Wang et al., 1987).
The carbonaceous slates containing graphite changed into graphite–
sericite–quartz hornfels through thermal metamorphism along the
margins of the Huangshandong intrusion, and carbonaceous slate xeno-
liths are found enclosed in the hornblende gabbro, suggesting that the
magma assimilated the graphite (Wang et al., 1987). Thus, assimilation
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Fig. 11. Sulfideores (on100% sulfidebasis) of theHuangshandongdeposit normalized to the primitivemantle (Barnes andMaier, 1999). Data for Noril'sk-Talnakh andKalatongke are from
Naldrett (2004) and Song and Li (2009). The data for the sulfide ores from Tati and Selebi-Phikwe belts of eastern Bostwana are from Maier et al. (2008).
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of crustal graphite in theGandun formationmay have caused the reduc-
tion of the oxidized magma, which was accompanied by a sharp de-
crease in S solubility thereby accelerating the onset of saturation.

6.3.2. Origin of PGE-depleted sulfide mineralization
The cause of PGE depletion of the sulfide ores in the Ni–Cu deposits

in north Xinjiang is amatter of debate. Some researchers propose previ-
ous sulfide segregation during magma ascent or storage at depth (Song
and Li, 2009; Tang et al., 2011; Yang et al., 2012). However, some other
researchers suggested that PGE depletion in the primarymagma can be
explained by a relatively lowdegree of partialmelting of themantle and
retention of coexisting sulfide liquid in the mantle (Li et al., 2012).

It is well known that PGE are strongly concentrated in sulfides in the
mantle, whereas, when magmas are generated at ƒO2 ≥ FMQ + 2 in
the mantle, Cu, Au and PGE may be enriched in the silicate magma
even under low degrees of partial melting because the sulfides are re-
placed by sulfates (Jugo et al., 2005; Mungall et al., 2006). On the Pd/Ir
vs Ni/Cu diagram (Fig. 12), the Huangshandong samples plot in the
Fig. 12. Diagram of Pd/Ir versus Ni/Cu, showing that the Huangshandong intrusive rocks
and sulfide ores are associated with basaltic magma (Barnes and Lightfoot, 2005).
field of high-Mg basalts and layered intrusions, indicating a moderate
degree of partial melting of the mantle. Thus, the primary magma of
the Huangshandong intrusion derived from metasomatized mantle
was probably not depleted in PGE under relatively high oxygen fugacity
due to the occurrence of H2O in the mantle source.

Metal contents of sulfidemelts segregated from silicatemagma are a
function of the R factors and the metal partition coefficients (Campbell
and Naldrett, 1979):

Csul
i ¼ Csil

i
�Di

� R þ 1ð Þ= R þ Dið Þ ð1Þ

where Csuli and Csili represent the content of element i in the sulfide liq-
uid and in the parental silicate liquid, respectively, Di is the partition
coefficient of element i between sulfide liquid and silicate liquid, and
R is the R factor.

As noted above, the geochemical signatures of the Huangshandong
intrusion are similar to these of island arc magmas, which have
45 ppm Cu and 7.5 ppb Pd (Barnes et al., 1993). It is assumed that
the partition coefficients of Pd and Cu between the sulfide and sili-
cate liquid are 40,000 and 1000 (Fleet et al., 1993; Francis, 1990). The
Huangshandong sulfides have lower Pd content and higher Cu/Pd ratios
than themodeled values to be separated from themetal-undepleted is-
land arc magma (Fig. 15), indicating that the Huangshandong sulfides
were separated from a parentalmagma strongly depleted in PGE. Calcu-
lations according to Rayleigh's Law indicate that 0.012% sulfidemelt re-
moval from the island arc magma would give rise to a residual magma
with 39.9 ppm Cu and 0.06 ppb Pd. The sulfides plot on the 0.012%
earlier sulfide removal line, with R factor ranging from 100 to 3000
(Fig. 15), suggesting that the Huangshandong sulfides were segregated
from a PGE-depleted parental magma that experienced earlier sulfide
segregation during magma ascent or storage at depth. Densely dissem-
inated sulfideswere segregated from the PGE-depletedmagma at lower
R factor values and thus have a lower Pd content than the sparsely dis-
seminated sulfides. In addition, the Pd contents and Cu/Pd ratios of the
Huangshandong ores are similar to those of the Selebi-Phikwe belt ores
and different from those of the Tati ores of eastern Botswana (Fig. 15).
The former is interpreted to be formed by sulfide segregation from a
strongly PGE-depleted magma that experienced early sulfide removal,
and the latter was directly segregated from undepleted island arc
magma (Maier et al., 2008).

Thus, we propose that PGE depletion in the sulfides of the
Huangshandong deposit was due to sulfide segregation at depth, rather
than resulting from the occurrence of sulfides in the mantle.
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Fig. 13. (a) Th/Yb vs. Ta/Yb plot showing that the Huangshandong intrusive rocks plot within the fields of oceanic island arc, above the MORB-OIB array. Fields of oceanic island arc and
active continentalmargins are after Pearce (1983), data forMORB andOIB are fromPearce (1982) and Sun andMcDonough (1989), data for crust and global subducting sediment (GLOSS)
are from Rudnick and Fountain (1995) and Plank and Langmuir (1998), respectively. (b) Th–Hf–Nb discrimination diagram showing that the Huangshandong intrusive rocks plot within
the fields of island-arc basalts. Some data for the Huangshandong intrusion are fromDeng et al. (2011a). Data for Tati and Selebi-Phikwe belt are fromMaier et al. (2008). Data for Tarim
mafic–ultramafic rocks are from Zhang et al. (2008) and Zhou et al. (2009).
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6.3.3. Crystal fractionation of sulfide melt
Because all PGEs are compatible in sulfide melts, sulfide melt segre-

gation and reaction with fresh magma cause slight differentiation of
these metals. However, palladium and platinum are incompatible in
monosulfide solid solution (MSS), which is the first phase to crystallize
from sulfide melt, whereas iridium–platinum group elements are com-
patible in MSS (Barnes et al., 1997; Fleet et al., 1993; Kullerud et al.,
1969; Naldrett et al., 1967). Thus, fractionation of sulfide melts has
played an important role in the composition variations of sulfide ores.
In the model calculations in this study, we assume DPd, DIr, DNi between
MSS and sulfide melt to be 0.1, 5, and 0.8 respectively. MSS is the frac-
tionating phase.

Sulfide melts separated from a PGE-depleted parental magma con-
taining 0.06 ppb Pd, 0.002 ppb Ir, and 132 ppm Ni under an R-factor
of 3000 would contain 172 ppb Pd, 5.22 ppb Ir, and 56,531 ppm Ni.
Fig. 14. (a) Se/S vs. S for theHuangshandong sulfide ores. Range in Se/S ratio of themantle and c
Huangshandong and some other magmatic sulfide deposits. Data for Kalatongke, Vammala, Vo
(2009), Peltonen (1995a), Ripley and Li (2002), Barnes et al. (2001), Theriault and Barnes (199
According to the calculation of sulfide fractionation shown in Fig. 16,
most of the Huangshandong sparsely disseminated sulfides plot on
the trend of crystallization of MSS (Model 1 cumulates), while the
densely disseminated sulfides plot on the trend of fractional crystalliza-
tion (Model 2 cumulates). Because theMSS cumulates have Pd/Ir lower
than the initial values of the original sulfidemelts (Song et al., 2008), the
low Pd/Ir ratios indicate that the densely disseminated sulfides accumu-
lated more MSS compared to the sparsely disseminated sulfides
(Fig. 16). In addition, the relatively constant Pd/Ir ratios of some
Huangshandong sparsely disseminated sulfides suggest that these sul-
fides continuously reacted with fresh magma and were not modified
by fractionation. As the sulfide melt/silicate liquid partitioning coeffi-
cient of Ir is much higher than that of Ni (Fleet et al., 1993; Francis,
1990), it is apparent that the densely disseminated sulfides were segre-
gated from the PGE-depleted magma at lower R factor values and thus
rust is taken fromEckstrand et al. (1989). (b) Se/S frequency histogram of sulfide ores from
isey's Bay, Pechenga, Dunka Road, Tati and Selebi-Phikwe (SP) belt are from Zhang et al.
8), and Maier et al. (2008).
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Fig. 15.Cu/Pd vs Pd of sulfideores in theHuangshandongdeposit. Tie lines of 1st-stage sul-
fide segregation are drawn formodel sulfides separating frommetal-undepleted island arc
magma (45 ppm Cu, 7.5 ppb Pd; Barnes et al., 1993) at variable R factors. Tie lines of 2nd-
stage sulfide segregation are drawn for model sulfides separating from a PGE-depleted
magmawith 39.9 ppm Cu and 0.06 ppb Pd at variable R factors (because of 0.012% sulfide
removal frommagma). TheHuangshandong samples havehighCu/Pd ratios, similar to the
strongly PGE-depleted Selebi-Phikwe samples, indicating the parental magma experi-
enced early sulfide removal. The data for Tati and Selebi-Phikwe belt are from Maier
et al. (2008).
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contain higher Ni/Ir ratios (5.85 × 107–15.7 × 107) than those of the
sparsely disseminated sulfides (1.18 × 107–13.0 × 107).

6.4. Exploration potential in orogenic belts

In past decades increasing numbers of magmatic sulfide deposits
have been found in orogenic belts, such as Vammala Ni belt (Finland),
Aguablanca (Spain), Hongqiling (China), Quetico (Canada), Duck Island
Fig. 16.Model calculation for fractional and equilibrium crystallization ofMSS from sulfide
liquids in the Huangshandong sulfide deposit. Liquid and cumulate trends are calculated
using the Rayleigh equation or equilibrium crystallization equation. Models 1 and 2
show the trends of equilibrium and fractional crystallization of the Ni–Cu sulfides, respec-
tively. Pd/Ir andNi/Ir ratios of theHuangshandong sulfides are consistentwithModel 1 cu-
mulates, suggesting that the differentiation of theHuangshandong sulfideswas controlled
dominantly by equilibrium crystallization of MSS.
(USA), Tati and Selebi-Phikwe belts (Botswana), Kalatongke (NW
China) (Li et al., 2012; Maier et al., 2008; Peltonen, 1995a; Pettigrew
and Hattori, 2006; Ripley, 2009; Thakurta et al., 2008; Tornos et al.,
2001; Wu et al., 2004), indicating significant exploration potential in
these tectonic settings.

Recent simulation shows that contamination of only 0.14 wt.% C
could decrease the oxygen fugacity of the magma from FMQ + 2 to
FMQ, leading to sulfur saturation (Thakurta et al., 2008). Deep-sea sed-
iments always have high carbon contents because of high organic pro-
ductivity in the overlying waters, high input of terrigenous organic
matter, and rapid burial rate (e.g. in turbidites; Stein, 1990). Thus, as-
similation of crustal S and graphite in orogenic belts would result in sul-
fide saturation of the magma and segregation of immiscible sulfide.
Many researchers regard the intrusions in orogenic belts as a key part
of conduit systems (Irvine, 1974; Murray, 1972; Peltonen, 1995b;
Tornos et al., 2006; Zhang et al., 2011). The immiscible sulfides in
magma tend to be deposited due to a sudden decrease of magma veloc-
ity in response to increase in conduit size. When the metal-undepleted
magma flows through the sulfides that are lodged in traps in the con-
duit, it would interact with the sulfides, upgrading them in chalcophile
elements.

In summary, mafic magma derived from metasomatized mantle in
orogenic belts could meet the requirements necessary for sulfide segre-
gation and accumulation when they ascend to the crust and generate
Ni–Cu sulfide deposits. As exploration and research has been carried
out, several economic Ni–Cu deposits have been found in northern
Xinjiang (such as the Tianyu, Baishiquan, Tulaergen and the large scale
Pobei Ni–Cu deposit) (Sun et al., 2006; Chai et al., 2008; San et al.,
2010). Identification of an increasing number of sizeable magmatic
Ni–Cu deposits in orogenic environments suggests themafic–ultramafic
intrusions in orogenic belts should be regarded as favorable exploration
targets.
7. Conclusions

The primarymagma of the Huangshandong intrusionwas generated
by partial melting of a metasomatized mantle modified by subducted
slab-derivedmelt/fluid. Four pulses of magmawere involved in the for-
mation of the Huangshandong intrusion. Assimilation of crustal S and
graphite played a critical role in producing sulfide saturation in the pa-
rental magma of the deposit. We propose that PGE depletion in the
sulfides of the Huangshandong deposit is due to previous sulfide segre-
gation at depth, other than retention of coexisting sulfide in themantle.
The low Pd/Ir and high Ni/Ir ratios suggest that the densely disseminat-
ed sulfides were segregated from the PGE-depleted magma at lower R
factor values and accumulated more monosulfide solid solution com-
pared to the sparsely disseminated sulfides.
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