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The Permian Hulu intrusion is one of several sulphide-bearing Permian mafic—ultramafic intrusions in the eastern part of the
eastern Tianshan located at the southern margin of the Central Asian Orogenic Belt (CAOB) in Xinjiang, NW China. The
intrusion is composed of lherzolite, olivine websterite, gabbro, and gabbro-diorite. Disseminated and net-textured Ni-Cu
sulphide ores are located at the bottom of the lopolith complex. Negative Zr, Hf, Nb, and Ta anomalies, whole-rock eNd()
values of +5.7 to +8.8, and variable (Th/Nb)py values (from 1.06 to 8.13) suggest that the source of the Hulu complexes is
depleted mantle metasomatized by subducted slab-derived fluid and/or melt (~5% global subducted sediment and 15% slab
fluid) that has experienced approximately 3% lower crustal and 10% upper crustal contamination. The Hulu intrusion is
characterized by low PGE abundances i.e. 0.03—1.08 ppb Ir, 0.04-0.69 ppb Ru, 0.02-2.15 ppb Rh, 0.30-48.71 ppb Pt, and
0.21-344 ppb Pd. Our calculations indicate that if the Pd, Os, Ir, and Cu contents of the primary magma were 2.1 ppb,
0.03 ppb, 0.05 ppb, and 200 ppm, respectively, a variable R-factor between 200 and 1600 with residual magma that had
experienced 0.01% early-sulphide segregation can explain the variation in Pd, Os, and Ir contents of sulphide-poor and
disseminated sulphide samples of the Hulu deposit. Basaltic magma fractionation and assimilation and/or contamination of
sulphur-bearing crustal materials might have triggered sulphur saturation to form Cu-Ni sulphide ores. Tarim basaltic PGE
contents cannot be used as the mineralized parent magma for the Hulu intrusion because of the differing evolutionary trends
of the Ni/Pd and Cu/Ir values. However, similar Cu/Ni and Pd/Ir values in Tarim basalts and Hulu Cu-Ni sulphide ores, as
well as the same early sulphide segregation process, show that certain genetic relationships between them and magma
sources are probably similar to each other.

Keywords: Hulu magmatic sulphide deposit; platinum-group elements; early sulphide segregation; crustal contamination;

Eastern Tianshan

Introduction

An economically significant Cu-Ni metallogenic belt is
located in Eastern Tianshan area, in the southern part
of the Central Asian Orogenic Belt (CAOB) (Mao
et al. 2002; Qin et al. 2003; Su et al. 2013). In the
Eastern Tianshan and its adjacent area, there are several
series of mafic—ultramafic intrusions (e.g. Tulaergen,
Xiangshan, Huangshan, Tianyu, Baishiquan, Poyi, and
Hongshishan), most of which host copper-nickel miner-
alization. They can be divided into three mafic—ultra-
mafic intrusion Dbelts: Eastern Tianshan, Central
Tianshan, and Beishan. In the Eastern Tianshan belt,
there are the Tulaergen, Huangshan, Xiangshan, Hulu,
Mati, and Chuanzhu mafic—ultramafic related magmatic
sulphide deposits. The mid-sized Baishiquan and
Tianyu deposits are located in the Central Tianshan
belt, whereas the Poshi, Poyi, Podong, Luodong, and
Hongshishan deposits are found in the Beishan belt.
These magmatic sulphide deposits are early Permian,
ranging from 285 Ma to 279 Ma (Mao et al. 2002; Han

et al. 2004; Zhou et al. 2004; Wu et al. 2005; Zhang
et al. 2008; Tang et al. 2011).

The tectonic background of these magmatic Cu-Ni
sulphide deposits in the Palacozoic CAOB is different
from that of most world-class magmatic Cu-Ni-PGE sul-
phide deposits. The CAOB was formed by multiple sub-
duction—accretion and collision processes from the
Neoproterozoic to the late Palacozoic (Sengdr et al.
1993; Jahn et al. 2004; Xiao et al. 2004, 2009; Windley
et al. 2007). At present, global large magmatic sulphide
deposits are mostly located in the Archaean or Proterozoic
craton (Bushveld layer intrusion in Kaapvall craton,
Voisey’s deposit in the Archaean Nain Province and
Proterozoic Churchill Province, Maier and Barnes 1998;
Brenan and Li 2000; Li et al. 2001; Ripley et al. 2002),
and/or Large Igneous Province (LIP) (Duluth deposit in
Keweenawan flood basalt province, Noril’sk deposit in
Siberia LIP, Emeishan in Emeishan LIP, Ripley et al
2003; Lightfoot and Keays 2005; Song et al. 2000).
What is the role of subduction and collision in the
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magma emplacement and mineralization processes? Are
magmatic Cu-Ni sulphide deposits in the CAOB special
types occurring in the orogen or not? And what is their
relationship with Tarim LIP near the Eastern Tianshan area?

The Sr-Nd isotopic features of mafic—ultramafic mag-
mas offer important constraints on their source character-
istics and tectonic setting. PGEs are mainly concentrated
in primary magmatic sulphides (Naldrett 1989, 2004;
Barnes and Maier 1999; Maier 2005). Therefore, PGEs
are potentially useful trace elements for studying the early
history of the earth and the origin of magmatic Ni-Cu
sulphide deposits, and the petrogenesis of mafic—ultrama-
fic rocks and associated sulphide-ore formation.

This paper, therefore, attempts to identify the whole-
rock Sr-Nd isotopic characteristics and PGE geochemical
characteristics, as well as sulphide and whole-rock S iso-
topic characteristics of the Hulu mafic—ultramafic intrusion
in Eastern Tianshan and then compare the PGE character-
istics to the Emeishan basalt and Ni-Cu sulphide deposits
related to the Emeishan LIP. Furthermore, this study dis-
cusses the formation background and key factors such as
parent magma characteristics, crustal contamination, and
sulphide segregation that control the emplacement and
mineralization of the Hulu magmatic Ni-Cu sulphide
deposits in Eastern Tianshan.

Geological background

The CAOB, extending over 5000 km from west to east,
represents the world’s largest late Palacozoic accretionary
orogenic belt located between the Siberian Craton in the
north and the Tarim Craton and North China Craton in the
south (Figure 1, Sengdr et al. 1993; Xiao et al. 2004,
2009; Windley et al. 2007, Wong et al. 2010; Rojas-
Agramonte ef al. 2011).

The Eastern Tianshan Cu-Ni metallogenic belt, set
between the Junggar and Tarim blocks, forms the eastern
part of the Tianshan Mountains, and mainly consists of
three tectonic units: the Bogeda-Haerlike Belt in the north,
Jueluotage Belt in the centre, and Middle Tianshan
Terrane in the south. It was formed by multiple subduc-
tion—accretion and collision processes from the
Neoproterozoic to the late Palaeozoic (Sengoér et al
1993; Jahn et al. 2004; Xiao et al. 2004, 2009; Windley
et al. 2007), and is a composite orogenic belt comprising
fragments of Precambrian microcontinents, Palaeozoic
island arcs, ophiolite, and successions of volcanic rocks
(Figure 1(a); Coleman 1989; Sengor et al. 1993; Jahn
et al. 2000; Windley et al. 2002).

The Jueluotage Belt can be subdivided, from north to
south, into the Wutongwozi—Xiaorequanzi intra-arc basin,
Dananhu-Tousuquan island arc, Kangguer—Huangshan
ductile shear zone, and Yamansu back-arc basin (Qin
et al. 2002), all of which are separated by several major
faults (Wutongwozi-Tousuquan fault, Kanggurtage—

Huangshan fault, Kushui fault, and Shaquanzi fault;
Figure 1(b); Qin et al. 2002; Xu et al. 2006; Su et al.
2011, 2012). Many subsidiary faults are also well devel-
oped within each tectonic unit.

The Hulu Cu-Ni sulphide-bearing mafic—ultramafic
intrusion occurs in the eastern part of the Eastern
Tianshan (Figure 1(a)). It occurs in the NEE- or ENE-
trending Kangguer—Huangshan fault (Figure 1(b)), close
to the northern edge of the Tarim block. The ENE-trending
faults and tight folds are the most developed structures in
the Kangguer—Huangshan ductile shear belt.

The strata of the Kangguer—Huangshan area are felsic-
mafic volcanic rocks and pyroclastic rocks of the Late
Devonian Dananhu group; felsic volcanic rocks, pyroclas-
tic rocks interbedded with fine-grained clastic rocks, and
limestone of the late Carboniferous Yamansu group; gran-
ulite, schist, slate, and limestone of the Gandun group; and
felsic and mafic volcanic rocks, siliceous rocks, slate,
limestone, and schist of the late Carboniferous
Wutongwozi group. There is also a thin cover of
Cenozoic argillaceous sandstone, calcareous siltstone,
and fine-grained sandstone; Quaternary conglomerates;
and an alluvial layer in this area (Figure 1(b)).

Three stages of magmatism produced -early
Carboniferous granodioritic intrusions, slightly younger
granitic intrusion, and early Permian mafic—ultramafic
intrusions emplaced in the Wutongwozi and Gandun
groups.

Geology of the Hulu magmatic Ni-Cu sulphide deposits

The Hulu intrusion occurs as two irregular circular
bodies, extending to about 1400 m in length and 340-—
720 m in width with an outcrop area of 0.75 km? (Figure
2(a)). The cross-sectional shape resembles an asymmetric
lopolith (Figure 2(b) and (c)). The Hulu intrusion is
mainly composed of diorite, gabbro-diorite, gabbro, oli-
vine websterite, plagioclase-bearing olivine websterite,
and lherzolite. Lherzolite is dominant. All the rocks of
the fracture-controlled intrusive body exhibit gradational
contact with each other and with the country rocks in the
eastern part of the intrusion. Quartz hornblende plagio-
clase granulite, sericite quartzite, amphibolite schist, and
metarhyolite of the Lower Carboniferous Wutongwozi
group are the immediate wall rocks of the Hulu intrusion
(Figure 2(a)).

Lherzolite crops out in the centre and accounts for
80% of the volume of the intrusion. The lherzolite con-
tains 50—75% olivine and 20-25% pyroxene (clinopyrox-
ene and orthopyroxene), plus minor hornblende (~3%),
phlogopite (~1%), and spinel inclusions within some oli-
vine crystals (Figure 3(a)). The olivine websterite occurs
in banded forms and is distributed around the edge and at
the bottom of the lherzolite. The volume of the olivine
websterite is about 5-8% of the intrusion. The major
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Figure 1. (a) Tectonic units and location of magmatic Ni-Cu sulphide deposits in northern Xinjiang, modified from Jahn ez al. (2004),
Xiao et al. (2009), and Li et al. (2012c¢). (b) Distribution of Ni-Cu deposits/occurrences associated with mafic—ultramafic intrusions in the

eastern part of the Eastern Tianshan, modified from Qin ez al. (2003).

silicate minerals are olivine (35-50%), clinopyroxene and
orthopyroxene (30-40%), plagioclase (5-15%), horn-
blende (5-10%), and minor spinel, sphene, apatite, and
magnetite. The olivine is anhedral to subhedral and is
commonly enclosed by large clinopyroxene or orthopyr-
oxene crystals (Figure 3(b)). The boundary between oli-
vine websterite and lherzolite is a transition zone.

The gabbro is characterized by the interlocking of
randomly oriented tabular plagioclase (40-55%) and

anhedral pyroxene (45-55%) (Figure 3(c) and (d)).
Minor olivine, hornblende, phlogopite, and Fe-Ti oxides
are also present in the gabbroic rocks. The gabbro-diorite
is also characterized by a granular texture (Figure 3(e) and
(). In addition to plagioclase (35-45%), pyroxene (15—
20%) and hornblende (30-40%), biotite, and a small
amount of quartz are also present.

The sulphide mineralization occurs predominantly
as disseminated and net-textured sulphides in the
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interstices of ultramafic minerals (Figure 4(a) and (b)).
Other ore structures are massive, semi-massive (Figure 4
(c) and (d)), sparsely disseminated, and banded. The
main ore-bearing rocks in the Hulu deposit are olivine
websterite and lherzolite. The gabbro-diorite and
diorite are almost barren, whereas the sulphide-bearing
olivine websterites are mostly altered. Apart from a few
olivine websterite and lherzolite samples that have
experienced different degrees of serpentinization and
tremolitization, most other samples are fresh or weakly
altered. Pyrrhotite, pentlandite, and chalcopyrite are the
most important phases in the sulphide ores (Figure 4(a)—
(d)). Currently, Ni metal resources are estimated at 0.08
Mt, Cu metal resources is 0.05 Mt, and the average
tenors of Ni and Cu are 0.44 wt.% and 0.37 wt.%,
respectively.

Alteration is common in the Hulu intrusion. Olivine
is mostly altered to serpentine, which is associated with
magnetite, whereas orthopyroxene is partially altered to
talc and chlorite. Similarly, clinopyroxene is partially
altered to actinolite or tremolite, and plagioclase is partly
altered to sericite, epidote, and albite. Secondary magne-
tite and pyrite are present in some sulphide mineralized
samples.

(a) Simplified geologic map of the Hulu region. Cross-sections (b) and (c) of the Hulu intrusion.

Samples and analytical methods

The samples for this study were collected from mineshaft
adits at elevations of 925 m, 965 m, 1005 m, and 1090 m
(Figure 5). The corresponding depths from the surface are
538 m, 498 m, 358 m, and 273 m, respectively. The
samples selected for this study are fresh unmineralized or
mineralized with disseminated up to massive sulphides.

Whole-rock major and trace element analyses

The collected samples were powdered in an agate mortar.
Major elements were analysed on fused glass discs with an
X-ray fluorescence spectrometer (Shimadzu XRF-1500) at
the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), Beijing, China. The
loss-on-ignition (LOI) was measured as the weight loss
of the samples after 1 h baking at a constant temperature
of 1000°C. The powdered samples, weighing approxi-
mately 1.2 g, were fused with lithium tetraborate
(Li;B4O7, 6 g) at 1050°C for 20 min. The precision for
major elements was better than 2% relative to standard.
The accuracy and reproducibility were monitored by the
Chinese national standard sample GSR3, with relative
standard deviation better than 1%.
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Figure 3. Photomicrographs showing the textures of the major rock types in the Hulu intrusion. Opx, orthopyroxene; Ol, olivine; Cpx,

clinopyroxene; Hb, hornblende; PI, plagioclase.

Trace elements were determined using an ELEMENT
inductively coupled plasma mass spectrometer (ICP-MS) at
IGGCAS. The powders (40 mg) were dissolved in 1 ml
distilled HF and 0.5 ml distilled HNO; in Teflon screw-cap
capsules. The solutions were heated at 170°C for 10 days,
then dried and re-dissolved with 2 ml HNO; in the cap-
sules. Finally, the solutions were diluted to 50 ml in 1%
HNO; before analysis. The precision for trace elements was
better than 5% relative to standard. The standard sample
GSR3 was used to monitor the analytical accuracy and
reproducibility, with relative standard deviation better than
3%. Major and trace element data are listed in Table 1.

Ni, Cu, and PGE contents

The PGE concentrations of the sulphide mineralized sam-
ples were determined by the combination of NiS bead pre-

concentration, Te co-precipitation, and ICP-MS analysis in
the National Research Centre for Geo-Analysis, Beijing,
following detailed procedures reported in Sun et al
(1997). The PGE contents in sulphide-poor samples were
determined by the Carius tube digestion and isotope dilu-
tion ICP-MS technique at the Institute of Geochemistry,
Chinese Academy of Sciences, in Guiyang. The detailed
procedures of this technique, blank concentrations, and
detection limits are described in Qi ef al. (2007).

Sr-NVd isotopes

Rb-Sr and Sm-Nd isotopes were determined at IGGCAS
using an IsoProbe-T thermal ionization mass spectrometer,
following the procedures described in Chu et al. (2009).
Procedural blanks were 40 pg for Rb, 300 pg for Sr, 20 pg
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Figure 4. Microphotographs showing the textures of net-textured sulphide (a), disseminated sulphide (b), semi-massive sulphide
(c), and massive sulphide (d) ores in the Hulu intrusion. Cpy, chalcopyrite; Pn, pentlandite; Po, pyrrhotite. Other mineral abbreviations

are as in Figure 3.
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for Sm, and 60 pg for Nd. Sr and Nd isotopic ratios were
corrected for mass fractionation relative to S°Sr/
8Sr = 0.1194 and "°Nd/"*Nd = 0.7219, respectively.

Vertical projection of mineshaft with adits and sample locations.

Typical within-run precision (20) for Sr and Nd isotopic
ratios was better than £0.5%. The measured values for the
NBS-987 Sr standard and the JNdi-1 Nd standard were
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87S1/8%Sr = 0.710246 + 11 (20, n = 8) and '**Nd/
"4Nd = 0.512113 + 12 (20, n = 8), respectively. During
data collection, a USGS reference material BCR-2 was
measured for Rb-Sr and Sm-Nd isotopic composition to
monitor the accuracy of the analytical procedures, and the
results obtained were: 46.53 ppm Rb, 367.31 ppm Sr, ¥’Sr/
86Sr = 0.704965 + 3 (20), 6.483 ppm Sm, 27.60 ppm Nd,
and '"Nd/'"**Nd = 0.512671 + 10 (20) (0.512641 + 18,
Raczek et al. 2001).

Sulphur isotope

We selected disseminated sulphide ores, pyrrhotite, pen-
tlandite, and chalcopyrite in sulphide-bearing samples, as
well as tuff (country rock) powder and pyrite of Hulu
deposits, using MAT253 gas isotopic mass spectrometry
to analyse the sulphur isotope component. CDT was mea-
sured by the standard denoted 0°*SV-CDT. Analysis accu-
racy is better than +0.2%o. Sulphide reference standards
were the GBW-04414 and GBW-04415 silver sulphide
standards, and their S values were —0.07 + 0.13%o and
22.18 £ 0.14%o, respectively.

D. Tang et al.

Results

Silicate minera and, whole-rock major and trace
elements

There are two kinds of olivine forsterite (Fo) in the Hulu
intrusion, major olivine characterized by Fo 79-86, and
minor olivine with a composition of Fo 68—78. The higher
Fo olivine occurs in all lherzolite and most olivine web-
sterite. The olivine with lower Fo contents occurs in the
websterite, gabbro, and gabbro-diorite. The contents of Ni
in olivine range from 150 ppm to 1300 ppm. There are no
correlations between Fo and Ni contents of olivine.
Orthopyroxene from the ultramafic unit of the Hulu intru-
sion has a composition similar to bronzite. The Mg# (100
Mg/(Mg + Fe), molar) of clinopyroxene from the Hulu
intrusion ranges from 79 to 92, and exhibits similar com-
position to augite and enstatite. The plagioclase from the
Hulu intrusion is characterized by An contents ranging
from 55 to 75.

The MgO contents of olivine websterite and lherzolite
are 22.0-27.6 wt.% and 24.6-36.6 wt.%, respectively. The
lherzolite samples have higher MgO and lower SiO, con-
tents than those of olivine websterite (Figure 6(a)). The
gabbros contain 10.2-13.3 wt.% MgO, 7.41-7.80 wt.%
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Figure 6.

Harker plots of whole-rock compositions of the Hulu mafic—ultramafic intrusion.
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Fe,05T, 13.5-14.0 wt.% Al,03, and 10.2-10.7 wt.% CaO
(Figure 6(b)—(d)). The Na,O and K,O contents of gabbro
and gabbro-diorite are higher than those of lherzolite and
olivine websterite (Figure 6(¢) and (f)). The contents of
TiO, in the ultramafic and gabbroic rocks range from
0.12 wt.% to 1.53 wt.% (Figure 6(g)).

With the exception of two mineralized samples that
show high total iron oxide contents, the Fe,O5T content of
other samples increases with increasing MgO content
(Figure 6(b)). Most of the Hulu mineralized mafic—ultra-
mafic samples have large losses on ignition (LOI) values
(from 2.7 wt.% to 6.85 wt.%) because of alteration and
high sulphide contents.

All the samples have chondrite-normalized rare earth
element (REE) patterns enriched in light rare earth ele-
ments (LREEs) and display slightly negative or no Eu
anomalies (Figure 7(a)). In the primitive mantle-normal-
ized alteration-resistant trace element patterns, the samples
are highly depleted in high field strength elements

1000

(a)

100 |

Sample/chondrite
>

0.1 Lo . . . . . . . . . . . . .
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1000 (b) —4- Diorite
Gabbro-diorite
—- Gabbro
—O— Ol websterite
—A— Lherzolite
100 —— Xia et al.,(2008)
100 &\

Sample/primitive mantle

L L L L
Th Nb Ta La Ce Pr Nd Zr Hf Sm Dy Y Er Yb Lu

Figure 7. (a) Primitive mantle-normalized alteration-resistant
trace element patterns and (b) chondrite-normalized REE patterns
of the Hulu intrusive rocks. The chondrite values and primitive
mantle values are from Taylor and McLennan (1985) and Sun
and McDonough (1989), respectively.

(HFSEs), particularly Ta and Nb, and enriched in large
ion lithophile elements (LILEs) (Figure 7(b)).

Ni, Cu, and PGE abundances

The samples analysed in this study show low PGE con-
tents (Table 2) relative to other magmatic Cu-Ni sulphide
deposits worldwide. Os, Ir, Ru, Rh, Pt, and Pd contents are
0.03-0.77 ppb, 0.03-1.08 ppb, 0.04-0.67 ppb, 0.02—
2.15 ppb, 0.05-34.5 ppb, and 0.18-344 ppb, respectively,
and XPGE = 0.53-356.1 ppb. The sulphide-poor gabbro
has the lowest Ni and Cu contents, whereas the sulphide-
poor olivine websterite and lherzolite have higher Ni
(0.07-0.09%) and Cu (0.01-0.03%) contents than the
gabbro samples. The Cu and Ni abundances of the sul-
phide-bearing samples vary from 0.38% to 3.90% and
0.72% to 1.55%, respectively.

The massive sulphide samples contain higher contents of
Pd, up to 344 ppb. Two Cu-rich massive sulphide samples
have distinctly high Pd concentrations, whereas other sam-
ples show a positive relationship between Pt and Rh, and Pd
and Ir (Figure 8(a) and (b)). The sulphide-rich rocks contain
high S, ranging from 3.3 wt.% to 24.5 wt.%, whereas the S
contents of the remaining sulphide-poor samples vary from
0.05 wt.% to 0.21 wt.%. Pd/Ir values vary from 4.75 to 27.7
in sulphide-poor samples and from 37.5 to 2436 in sulphide-
rich samples. On the other hand, the Cu-rich massive ores
have very high Pd/Ir values (1564-2436) because of their
high Pd contents (Table 2). Pd/Pt values range from 0.28 to
1.08 in the sulphide-poor samples, and from 0.83 to 115.8 in
the sulphide-rich samples. Apart from two massive sulphide
samples, the data show a positive relationship of S with Pd,
Ir, and Ni metals (Figure 8(d)—(f)). Cu/Pd values range from
60,000 to 480,000, with an average value of 180,000, which
is significantly higher than the primitive mantle value of
7000 (Barnes and Maier 1999).

The primitive mantle-normalized chalcophile element
patterns display a steep positive slope from Pd to Os
(Figure 9). The sulphide-rich samples are notably depleted
in Os, Ir, Ru, and Rh relative to Pt and Pd, but the
depletion is not present in the sulphide-poor samples
(Figure 9). Also, the disseminated and massive sulphide
samples have slightly positive Rh anomalies and have
relatively constant Ni but variable Cu tenors.

Sr-Nd isotope

The calculated initial ®’Sr/*®Sr values (1 = 274 Ma, Sun
et al. 2010) of the mafic—ultramafic rocks range from
0.7034 to 0.7048. ¢Nd(?) values of the Hulu intrusion are
restricted within the range +5.7 to +8.8, with an average
value of 7.3 (Table 3). The previously published Sr-Nd
isotopes of Xia er al. (2008) (Figure 10) also show
depleted mantle characteristics with higher e¢Nd(f) and
lower initial *’Sr/*°Sr values.
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Figure 8.

Plots of Pd versus Ir, Pt versus Rh, and S versus Pd and Ir for the Hulu mafic—ultramafic intrusion and the Permian magmatic

sulphide deposits in the Eastern Tianshan. Data for the Tianyu deposit are from Tang et al. (2011); data for the Tulaergen and Huangshan

are from unpublished data from Tang DM.
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Figure 9.
mantle values are from McDonough and Sun (1995).

S isotope

The 6°*S values of sulphides in the mafic—ultramafic
rocks with different types of ores range from +1.5%o
to +4.9%o, whereas the values of the whole rocks vary
from +3.7%o to +5.1%o. The selected pyrite minerals and
whole-rock powder of Carboniferous volcanic tuff have
a relatively wide range of 0°*S values, from +1.8%o to
+6.7%0 (Table 4). The 'S values of sulphide and

G
z
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1074 L L L
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Primitive mantle-normalized chalcophile element patterns of the mafic—ultramafic rocks and sulphide ores. The primitive

whole-rock are heavier than mantle sources (0 £ 2%o,
Ohmoto and Rye 1979).

Discussion
Source characteristics and crustal contamination

The higher eNd(7) values and lower initial *’Sr/*°Sr values
of the Hulu mafic—ultramafic rocks suggest that the
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Figure 10. Plot of eNd(¢) versus (®¥7S1/%°Sr); for the Hulu mafic-
ultramafic intrusion.

intrusion might have a depleted asthenospheric mantle
source. The initial ®’Sr/*°Sr ranges (0.7033-0.7048) and
high eNd(¢) values (+5.7 to +8.8) in the Hulu mafic—ultra-
mafic rocks deviate from the mantle evolution trend
(Figure 10), suggesting that the rocks might have experi-
enced crustal contamination.

Assimilation of country rock is interpreted to have
been a common phenomenon during the genesis of the
Permian mafic—ultramafic related magmatic Ni-Cu sul-
phide deposits in the Jueluotage belt (Zhou et al. 2004;

Chen et al. 2005; Chai et al. 2008; Tang et al. 2012).
Crustal contamination can lead to the addition of external
sulphur by means of devolatization, partial melting, or
bulk assimilation of sulphide-bearing country rocks
(Lesher and Campbell 1993; Ripley 1999), addition of
external silica (Irvine 1975; Li and Naldrett 1993; Zhang
et al. 2009a, 2009b), and an elevated oxygen fugacity
(Haughton et al. 1974; Buchanan and Nolan 1979), all
of which might have resulted in sulphur saturation of the
magma.

The ratios of trace elements of similar partition coeffi-
cients (e.g. Ce/Pb, Th/YD) can be accurately used to verify
the role of assimilation (Jiang et al. 2006; Tang et al.
2012). The Ce/Pb values of the Hulu mafic—ultramafic
rocks are 0.83-13.22, which are lower than the ratio of
typical mantle (25 + 5) but close to crustal values (<15,
Hofmann 1997). Similarly, the Th/Yb values (+0.28 to
+2.0) of the Hulu intrusion are also closer to average
crustal values (3.7, Weaver and Tarney 1984) but signifi-
cantly higher than that of the primitive mantle (0.17, Sun
and McDonough 1989). The trends of mixing between the
mantle and the upper and lower crusts are shown in Figure
11(a) and (b). Furthermore, the LILE/HFSE values higher
than those of MORB, chondrite-normalized LREE enrich-
ment, and flat HREE abundances indicate the addition of
crustal material or subduction-related fluids (Figure 7).
The eNd(f) values and (Th/Nb)pyy values of the Hulu
mafic—ultramafic rocks are consistent with mixing between
a depleted mantle-derived melt and the lower and upper
crust, with mixing ratios of ~3% and 10%, respectively

Table 4. S isotopic characteristics in sulphide, whole rock, and country rocks of the Hulu Cu-Ni sulphide deposit.

Sample Sample No. Mineral/rock 5*4S%o
Sulphide in mafic—ultramafic rocks 965-3 Po 1.46
965-3 Po 1.47
965-3 Chp 1.83
1005-3 Po 1.78
1005-3 Chp 2.11
965-4 Chp 4.87
965-5 Chp 4.20
1005-1 Chp 3.00
965-3 Pen 4.30
Whole-rock 965-3 Disseminated sulphide lherzolite 3.73
1005-17 Disseminated sulphide lherzolite 4.14
1005-30 Disseminated sulphide lherzolite 3.69
965-7 Sparsely disseminated sulphide ol websterite 5.13
925-3 Diorite 3.58
Country rocks Pyrite 1.94
Pyrite 222
Pyrite 2.92
Pyrite 3.00
Pyrite 3.44
Pyrite 3.52
Pyrite 1.80
Tuff 6.70

Tuft 5.60
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Figure 11. Plots of (Th/Yb)y versus (Nb/Th)y (a) and Ce/Pb versus (La/Y)y (b).
12 correlation between the abundance of Th and the abun-
DMM dances of other immobile incompatible trace elements, such
as REEs, in the samples. We thus propose that the low Th/
Nb values may have resulted from subducted-zone fluids
81 To Lower crast added to the magma source. We performed mixing calcula-
tions involving depleted mantle melt, global subducting
sediments (GLOSS), slab fluid (SF), and subducted sedi-
= ment fluid (SSF). The results suggest that the addition of
z 4 ~5% melt from GLOSS and ~15% slab fluid to the initial
magma could explain the eNd(f) values and (Th/Nb)py
values of the Hulu intrusion (Figure 12). Such a regional
oL 100 characteristic of these Permian mafic—ultramafic intrusions
’ . in Eastern Tianshan may indicate the unusual composition
0 Upper crust § o ngs  ® Hulu (274 Ma) .. .
15% & Xiangshan (279 Ma) of source mantle due to metasomatization by slab-derived
SSF & Huangshandong (274 Ma) fluids during subduction events (Zhou et al. 2004; Zhang
> Huangshanxi (269 Ma) . .
4 I I I I I I I I I et al. 2011; Tang et al. 2013). This may be the special
o 1+ 2 3 4 5 6 7 8 9 10 feature of the magmatic deposits related to subduction and
(Th/Nb)em the later collision orogen structure setting in Eastern
) o Tianshan. The addition of subducted-zone fluid in the
Figure 12. Plots of ¢Nd(f) versus (Th/Nb)py. The primitive

mantle values are from McDonough and Sun (1995). The values
for the depleted mantle-derived melt (DMM) represented by N-
type MORB are from Sun and McDonough 1989, 2.33 ppm Nb,
0.12 ppm Th, eNd(f) = 10.9; the values for the upper crust (UC)
are from Rudnick and Gao (2003), 10.5 ppm Th, 12 ppm Nb,
27 ppm Nd, eNd(r) = —10; the values for the coeval A-type
granite in the region are from Wang et al. (2009). The values
for the GLOSS are from Plank and Langmuir (1998), 6.91 ppm
Th, 8.94 ppm Nb, 27 ppm Nd, eNd(7) = -5.9, the values for SSF
are from Johnson and Plank (1999), 3.69 ppm Nb, 1.233 ppm
Th, 116.1 ppm Nd, eNd(¢) = 5.9, the values for SF are a mixture
of 90% AOCF and 10% SSF, 2.51 ppm Nb, 0.98 ppm Th,
30.74 ppm Nd.

(Figure 12). However, the individual primitive mantle-
normalized Th/Nb values are lower than the mixing
model trend of both the upper and lower crust, but are
identical to the Permian Xiangshan and Huangshan depos-
its in the Eastern Tianshan (Figure 12). Post-magmatic
hydrothermal alteration had little effect on the Th contents
of the samples, as indicated by a quantifiably positive

magma source of the Eastern Tianshan area might decrease
the melting point, and increase the partial melting degree of
the mantle. The high partial melting primitive magma is
favourable for magmatic sulphide deposit formation.

Early sulphide segregation and PGE-depleted parent
magma

The palladium-group PGEs (PPGE)/iridium-group PGEs
(IPGE) ratios of the Hulu mafic—ultramafic rocks vary
from 3.6 to 23.1 in the sulphide-poor samples and from
29.2 to 553.5 in the sulphide-bearing samples, all of which
are higher than the ratios of primitive mantle (~1,
McDonough and Sun 1995) and of melt derived from
20% partial melting of primitive mantle (~18.6, Barnes
and Lightfoot 2005).

Both Cu and Pd are siderophile elements, mainly con-
trolled by the R-factor (mass ratio of silicate melt to
sulphide melt; Campbell and Naldrett 1979) and the frac-
tionation and segregation of residual sulphide liquid rather
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than monosulphide solid solution (mss) or alloy (Crocket
1979; Fleet et al. 1996, 1999; Maier et al. 1996).
Therefore, the whole-rock Cu/Pd value can be used as an
indicator of the evolution of a single-pluse magma flow
from the upper mantle (Briigmann ef al. 1993). The higher
Cu/Pd ratios of the sulphide-bearing samples, compared
with the primitive mantle value of approximately 7000
(Barnes et al. 1988), could result in early sulphide segre-
gation and PGE enrichment. Accordingly, the Cu/Pd
values of 6 x 10* and 114 x 10* for the Hulu sulphide-
poor and sulphide-bearing samples, respectively (Table 3),
both of which are greater than 7000, suggest early sul-
phide segregation.

We estimate that the parent magma of the Hulu intru-
sion, composed of Pd (2.1 ppb), Os (0.03 ppb), Ir
(0.05 ppb), and Cu (200 ppm), represents a MORB-like
mantle (Crocket 2002). We therefore speculate that the
PGE tenors in these samples represent an original sulphide
liquid composition, and we subsequently used the mass
balance equation of Campbell and Naldrett (1979) with
these values and DPdsulphide/silicate melt _ 305000, Dossulphide/
silicate melt _ 10,000, Dlrsu]phide/silicate melt _ 14’000, and
D, SoiPhidersilicate melt — 1000 (Francis 1990; Fleet et al.
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calculations indicate PGE contents after 0.01% sulphide
segregation of Pd 0.4 ppb, Ir 0.01 ppb, and Os 0.01 ppb
from MORB-like magma under an R-factor of 200-1600,
or 0.005% sulphide segregation (Pd 0.5 ppb, Ir 0.02 ppb,
Os 0.02 ppb) from that magma under an R-factor of 200—
1600, can explain the Cu/Pd vs. Pd content in 100%
sulphide of sulphide-poor and sparsely disseminated sul-
phide samples (Figure 13(a)). A variable R-factor of 200—
1600, with residual magma that had experienced 0.01%
early sulphide segregation, can explain the variations of
Pd, Os, and Ir ratios in the sulphide-poor and disseminated
sulphide samples (Figure 13(b) and (c)). In summary, the
mineralized parental magma of the Hulu intrusion most
likely experienced ~0.01% early sulphide segregation and
became depleted in the PGE when it was emplaced into
the shallow crust.

Formation of Hulu magmatic Ni-Cu sulphide deposit

There are various geodynamic models for the Permian
mafic—ultramafic intrusions in Eastern Tianshan. These
models include subduction-related processes (Xiao et al.
2004), post-collision extension (Mao et al. 2008; Yuan

1999) to model the generation of the melt. Our et al. 2010), or a mantle plume (Zhou et al. 2004; Wang
(a) (b)
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Figure 13.

Model calculations of the Cu/Pd and Pd in 100% sulphide (a), Pd versus Ir (b), and Pd versus Os (c) of the recalculated 100%

sulphide of the Hulu deposits. PGE variations in the sulphide ores of the Hulu intrusion can be reproduced using 0.02 ppb Ir, 0.02 ppb Os, and
0.5 ppb Pd (0.005% sulphide removal) and 0.01 ppb Ir, 0.02 ppb Os, and 0.4 ppb Pd (0.01% sulphide removal) in the parent magma.
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et al. 2006; Pirajno et al. 2008; Zhang et al. 2010; Pirajno
et al. 2011). However, recent studies proposed a mantle
plume overlapping with subduction and/or orogen models
(Qin et al. 2011; Su et al. 2011, 2012; Tang et al. 2013;
Zhang and Zou 2013).

There are many studies on the Permian mafic—ultra-
mafic intrusions in the Eastern Tianshan and the Tarim
basalts, including spatial relationships, geophysics, geo-
chronology, whole-rock major and trace element contents,
Sr-Nd isotopic data, and parent magma compositions
(Wang et al. 2006; Zhou et al. 2009; Tian et al. 2010;
Zhang et al. 2010; Pirajno et al. 2011; Su et al. 2011; Xia
et al. 2012; Zhang et al. 2013; Tang et al. 2013). Zhang
and Zou (2013) further proposed that the Permian Tarim
LIP has two different mantle domains for the coeval
mafic—ultramafic rocks (the Tarim domain and the CAOB
domain), according to the geochemistry of the mafic dikes.
The Tarim domain is a long-term enriched continental litho-
spheric mantle, whereas the CAOB mantle is intensively
depleted and variably enriched by Phanerozoic slab-derived
fluids and/or subducted sediments.

Although the Hulu mafic—ultramafic intrusive rocks
mainly experienced crustal contamination and the addition
of subducted-zone fluids, the scenario that the PGE abun-
dance in the crust and slab fluid and/or sediment is much
lower than that of mantle plays little part in the PGE
characteristics of the Eastern Tianshan mafic—ultramafic
intrusive rocks. Thus, we used the PGE of the Hulu mafic
rocks and Tarim basalts as an indicator of the original
magma. Emeishan basalts and mafic—ultramafic intrusive
rocks in Emeishan LIP are derived from the same mantle
source. Furthermore, Emeishan mafic—ultramafic intrusions
have magmatic Cu-Ni sulphide and independent magmatic
PGE sulphide deposits (Xu et al. 2001, 2004; Song et al.
2003, 2006; Sun et al. 2008; Tao et al. 2008; Wang et al.
2010). Therefore, we compare the PGE, Cu, Ni, and ratio
characteristics of Emeishan basalts, mafic—ultramafic related
magmatic Cu-Ni-PGE deposits, Tarim basalts of Tarim LIP,
and Hulu intrusive rocks of Eastern Tianshan.
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Magmatic Ni-Cu sulphide deposits in the Emeishan
LIP show higher Ni/Pd and Cu/Ir values than the
Emeishan basalts and picrites, whereas the magmatic
PGE-(Ni-Cu) sulphide deposits show apparently lower
Cu/Ir and Ni/Pd values than the Emeishan basalt and
picrites (Figure 14(a)). Cuw/Ir and Ni/Pd values of these
two types of deposits increase along the sulphide and
PGM addition trend lines of the same basaltic magma
from Barnes et al. (1993), respectively. The degree of Cu
and Ni fractionation of magmatic Cu-Ni-PGE sulphide
deposits is greater than that of the Emeishan basalts and
picrites (Figure 14(b)). There is no Cu, Ni, and PGE
evolution relationship between the Hulu mafic—ultrama-
fic-related Cu-Ni sulphide deposits and the Tarim basalts.
The Cu, Pd, and Ir contents of the Tarim basalts cannot be
used as the mineralized magma to calculate the character-
istic of Hulu deposits, under any R-factor or mass of
sulphide segregation. However, Hulu deposit and Tarim
basalts have similar Ni/Pd and Cu/Ir values (Figure 14(a)).
Yuan et al. (2012) and Li et al. (2012a) showed that the
Tarim basalts assimilated crustal material, became sulphur
saturated and formed immiscible magmatic sulphides at
depth. Therefore, we consider that both the Hulu deposit
and Tarim basalts experienced early sulphide segregation
and assimilation and/or contamination of crustal material,
although the Hulu deposit did not fractionate and crystal-
lize from the magma with Tarim basalt-like PGE charac-
teristics directly.

The formation mechanism of the Hulu mafic—ultrama-
fic intrusion was most likely partial melting of metasoma-
tized depleted mantle by subducted slab-derived fluid or
melt triggered by upwelling of the asthenosphere (Zhou
et al. 2004; Gao et al. 2012; Tang et al. 2013). Both the
fluids and upwelling led to an increased degree of partial
melting, resulting in the generation of mafic magma,
which is favourable for the formation of Cu-Ni sulphide
deposits. A small degree of fractionation and 0.01% sul-
phide separation from the mineralized parental magma that
settled to the bottom of the staging chamber or

4
10 © Emeishan mafic—ultramafic intrusive rocks
©® Emeishan PGE deposit (Jinbaoshan)
3 <© Emeishan basalts and picrites
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Plot of Cu/Ir versus Ni/Pd (a) and Ni/Cu versus Pd/Ir (b) in the Emeishan basalts/picrites, Ni-Cu-PGE sulphide deposits,

Hulu deposits, and Tarim basalts. The data for the Emeishan intrusive rocks, basalts, and picrites are from Song et al. (2003, 2006), Tao
et al. (2008), Sun et al. (2008), and Wang et al. (2010); data for Tarim basalts are from Li et al. (2012a, 2012b).



International Geology Review 729

emplacement conduit can explain the depleted PGE content
of the mineralized magma of the Hulu deposit. This early
sulphide segregation event is very common in magmatic
Ni-Cu sulphide deposits in northwest China and in the
basalt and mafic—ultramafic intrusive rocks of the
Emeishan area (Song et al. 2009; Wang ef al. 2010; Song
et al. 2011; Gao et al. 2012; Li et al. 2012a). The removal
of sulphides resulted in the basaltic magma being depleted
in the PGEs relative to Ni and Cu because of the high
partition coefficient of the former. Thereafter, the evolved
PGE-depleted magma ascended into the shallow magma
chamber and intruded the sulphide-bearing tuff. Trace ele-
ments and Nd isotopic characteristics of the Hulu intrusion
suggest that it had experienced both upper and lower crustal
contaminations. Sulphide ores and whole rocks have higher
5**S values than the mantle but similar to 6°*S values of
country rocks, indicating the addition of higher 6°*S com-
ponents. We propose that the basaltic magma underwent
fractionation and assimilation of sulphur-bearing crustal
materials, which triggered sulphur saturation and formed
immiscible sulphide liquid. Finally, large amounts of sul-
phide melts were segregated to form the disseminated Cu-
Ni sulphide ores.

Conclusions

The key findings of the present study are summarized as
follows:

(1) The Hulu parental magma originated from
depleted mantle, experienced ~5% subducting
sediments and 15% slab fluid metasomatism, as
well as approximately 3% lower crustal and 10%
upper crustal contaminations. Addition of sub-
ducted zone fluids at source led to an increased
degree of partial melting, which is favourable for
the formation of Cu-Ni sulphide deposits.

(2) The Hulu mineralized magma experienced early
0.01-0.015% sulphide segregation and subse-
quently became depleted in PGEs to form the
disseminated sulphide ores under R-factor values
of 200-1600. Basaltic magma fractionation and
assimilation of sulphur-bearing crustal materials
might have triggered sulphur saturation and finally
formed large amounts of Cu-Ni sulphide melts.

(3) Tarim basalt PGE concentrations cannot be used as
the mineralized parent magma component of the
Hulu deposit, but early sulphide segregation,
assimilation and/or contamination of crustal mate-
rial, and similar Cu/Ir, Ni/Pd, Cu/Ni, and Pd/Ir
values imply that there is a certain relationship
between them in magma source and composition.
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