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Exploration of the Hulu Cu-Ni—Co sulfide deposit in Eastern Tianshan, Central Asian Orogenic Belt, has detected horizons
of sulfide mineralization in pyroxenite and peridotite units. SIMS U—Pb zircon ages of the gabbro-hosting Cu—Ni—Co
sulfide deposit indicate that the Hulu intrusion was emplaced at 282.3 = 1.2 Ma (95% confidence level, MSWD = 3.30,
n = 13). Osmium isotopic data suggest that the Hulu intrusion and associated Cu—Ni mineralization were derived from
crustally-contaminated mantle melts. The intrusions clearly show island-arc geochemical signatures, such as negative

Nb, Ta, Zr and Ti anomalies and enrichment in LILE. These geochemical tracers indicate that the Hulu mafic—ultramafic
intrusions, along with the Cu—Ni deposit, formed as a result of subduction of oceanic crust in the Early Permian. The
arc-related geodynamic setting of the Hulu Cu—Ni deposit is unusual for magmatic sulfide deposits. This new type of
ore deposit offers an alternative perspective for Cu and Ni exploration.
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1. Introduction

In northern Xinjiang, sixteen Uralian—Alaskan-type
mafic—ultramafic complexes are distributed in the west-
ern Tianshan (e.g. Jingbulake), eastern Junggar (e.g.
Kalatongke) and eastern Tianshan (e.g. Hulu) areas (Figs

1-2). Since the discovery of the Huangshandong orebody
in 1979, intense exploration and extensive geological
investigations have led to the recognition of the eastern
Tianshan nickel-copper belt (Mao et al. 2002; Zhou et al.
2004; Han et al. 2010). This belt ranks as the second larg-
est Cu—Ni-producing area in Xinjiang, with Kalatongke
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Fig. 2 Distribution of Cu-Ni deposits in the eastern Tianshan (modified from Wang et al. 2006).

as the largest deposit. To date, three mines have been in
production (Tab. 1), and there are numerous other poten-
tial deposits along the belt (Han et al. 2010).

However, one of the most challenging and contro-
versial aspects of the deposits has been the ages of the
ultramafic bodies and associated nickel-copper sulfide
mineralization. Over the years numerous attempts have
been made by direct and indirect methods (Wang and
Li 1987; Mao et al. 2002; Zhou et al. 2004; Chen et al.
2005; Han et al. 2010). Still, reliable determinations of
the intrusive ages are lacking.

This paper presents the results of a SIMS U-Pb zir-
con study and Re—Os isotope investigations conducted
on a mineralized ultramafic body from the Hulu area
in the northern part of the belt. These new data provide
important insights into understanding the timing and
genesis of mineralization and geodynamic environment
of the Hulu Cu—Ni sulfide deposit. In addition, we have
attempted to constrain the provenance and geodynamic

environment of the eastern Tianshan copper—nickel belt.
An understanding of these mineralizing processes and
the geodynamic environment has important implications
for Cu—Ni exploration potential of other mafic—ultramafic
bodies in the region as well as throughout much of the
Central Asian Orogenic Belt.

2. Regional setting

The Eastern Tianshan Orogenic Belt, the southern part
of the Central Asian Orogenic Belt or Altaids, contains
a number of Paleozoic terranes, which accreted between
the southern Siberian accretionary system and the Tarim
Craton, and underwent a complex tectonic evolution
(Coleman 1989; Xiao et al. 2004a, b; Wilhem et al. 2012;
Xu et al. 2013; Zheng et al. 2013).

The Eastern Tianshan Orogenic Belt consists main-
ly of four tectonic units: Dananhu—Tousuquan arc,
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Kangguertag forearc accretionary complex, Yamansu
forearc—arc and central Tianshan arc (Figs 1-2; Xiao et
al. 2004b).

The Dananhu-Tousuquan arc is composed of Ordovi-
cian to Devono—Carboniferous volcanic and pyroclastics
rocks. The formations consist mainly of tholeiitic basalt
lavas, pyroclastic rocks, clastic sediments, and calc-
alkaline felsic lavas with tuffs; the Carboniferous forma-
tions consist predominantly of lavas, pyroclastic rocks,
graywackes and carbonates (Yang et al. 1996, 2000; Zhou
et al. 2001; Xiao et al. 2004b).

The Kangguertag forearc accretionary complex con-
tains submarine lavas and pyroclastic rocks that were
thrust southward over the Yamansu forearc and arc
(Xiao et al. 2004b). The coherent strata include mainly
Early—Middle Carboniferous volcano-sedimentary rock.
The tholeiitic chemistry of volcanites in these formations
suggests a forearc origin (Yang et al. 1996).

The Yamansu forearc—arc is characterized by volca-
nic rocks and terrigenous clastic sediments interbedded
with limestones (Xiao et al. 2004b). Devonian basalts—
andesites are imbricated with slightly metamorphosed
fine-grained clastics and carbonate, and overlain by
Carboniferous basalts—rhyolites, with spilite and kera-
tophyre. The Upper Carboniferous andesite and rhyolite
are interbedded with clastic sediments and limestone.
The andesite is calc-alkaline, whereas the basalt corre-
sponds to an oceanic tholeiite (Ji et al. 2000). These arc
rocks contain considerable Au and volcanogenic-hosted
massive sulfide (VHMS) Cu—Fe mineralization. Lower
Carboniferous strata are subdivided upwards into: 1) the
thick limestone and mylonitic carbonate, 2) the interme-
diate and felsic volcanics with pyroclastics, and 3) the
limestone, clastic sediments, spilite, keratophyre and
pyroclastics (Xiao et al. 2004b).

The Central Tianshan arc system is located between
the Aqikkuduk Fault to the north and the Kawabulak
Fault to the south (Xiao et al. 2004b). This unit has
been regarded as a composite volcanic arc, composed
of calc-alkaline basaltic andesite, volcanoclastics, minor
I-type granite and granodiorite, and amphibolite-facies
Precambrian basement rocks (Ma et al. 2012a, b), ex-
tends along the northern margin of the Central Tianshan
arc (Fig. 1). The Precambrian basement of this arc
consists of gneiss, quartz schist, migmatite, and marble
(Ma et al. 2013a, b). A volcano-sedimentary assemblage
was identified including Ordovician basalt-rhyolite,
greywacke and the Silurian turbidite (Shu et al. 2002).
Early Silurian and Early Carboniferous active margin
sequences are widely exposed in the Central Tianshan
magmatic arcs (Zhou et al. 2001). Silurian terrestrial
clastic rocks and limestones are succeeded by Devonian
limestones and terrestrial clastic rocks, overlain by Early
Carboniferous volcanic rocks. They are imbricated with

deformed volcanics, clastics, limestones and ultramafic
rocks (Xiao et al. 2004b).

3. Petrography of the Hulu intrusion

The Hulu intrusion is €. 1.94 km long and up to 0.72 km
wide (Fig. 3). It intruded the Lower Carboniferous Wu-
tongwozi Fm., which consists predominantly of basalt,
felsite, spilite, quartz keratophyre, vitric tuff and quartz-
ite. The Hulu intrusion contains peridotite, pyroxenite,
olivine clinopyroxenite and gabbro—diorite.

The peridotite consists of (vol. %) olivine (30-90),
plagioclase (1-25), hornblende (2-25), biotite (0-15),
and clinopyroxene (0-20) plus sulfide minerals. It can
be divided into harzburgite and lherzolite, based on the
orthopyroxene and clinopyroxene contents. Most samples
are highly serpentinized and exhibit a characteristic
network texture in which magnetite was released along
grain boundaries and cracks (Fig. 4). Irregular remnant
olivine kernels typically occur in a network of serpentine
minerals. Olivine is usually rounded and enclosed by or-
thopyroxene or clinopyroxene oikocrysts. Pyroxene and
plagioclase are enclosed in hornblende. Olivine crystals
have reaction rims formed by orthopyroxene.

The pyroxenite generally contains (vol. %) clinopy-
roxene (50-95), olivine (3-8), plagioclase (3-25), and
hornblende (2-25). Most pyroxene grains were replaced
by magnesium hornblende and chlorite. Clinopyroxene
crystals range from 1 to 5 mm in size, and are mostly al-
tered to serpentine along their margins. Irregular remnant
olivine kernels occur in a network of serpentine minerals.
Olivine is usually rounded and incorporated by orthopy-
roxene or clinopyroxene oikocrysts. Pyroxene and plagio-
clase are enclosed by hornblende. Olivine crystals have
reaction rims of orthopyroxene. Intercumulus minerals
include hornblende, biotite, ilmenite and trace sulfides.

The olivine clinopyroxenite consists of (vol. %) clino-
pyroxene (50-55), olivine (5-25), plagioclase (10-25)
and hornblende (15-20); partly altered hornblende occurs
with minor sulfide and chromite. Most pyroxenes have
been replaced by magnesium hornblende and chlorite.
Olivine crystals range from 1 to 1.5 mm in size, and are
usually altered to serpentine along their margins, and they
are surrounded by orthopyroxene. Clinopyroxene crystals
are from 2 to 4 mm across. Greenish brown hornblende
occurs as epitaxial overgrowths on orthopyroxene and ol-
ivine; alteration products include serpentine and chlorite.

The gabbro—diorite ranges from 2 to 96 m in width and
amounts to about 9 % of the complex. The rock is usu-
ally gray-green, massive and medium- to coarse-grained
(1-8 mm). It consists of (vol. %) pyroxene (0—60), pla-
gioclase (35-75), hornblende (0-55) and biotite (0—30)
with accessory apatite, zircon, sphene and opaque oxide.
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Fig. 3 Plan view (a) and cross-section of exploration line 98 from the Hulu Cu—Ni deposit (b) (modified from Chen et al. 2005).

Alteration minerals include saussurite, carbonate, sericite
and biotite.

In addition, a plagiogranite, located in the eastern
part of the area, has a porphyritic texture and a mas-
sive structure. Phenocrysts are quartz, plagioclase and
biotite in a matrix with a subhedral texture. Wall-rock
alteration is marked by silicification, sericitization and
carbonatization.

4. Geology of the ore deposit

The mine of the Hulu deposit includes six ore bodies of
which the No. III and No. IV ore are the largest.

The No. Il ore body is oxidized from the surface
to depths of more than 30 m. Its orientation is similar to
that of the intrusion, which dips to the 30—41° to the SE
(Fig. 3). The Cu—Ni sulfide ores are hosted by the pyrox-
enite unit at depths ranging from 410 to 640 m below the
surface (Fig. 3). The ore contains 1835 t Cu, 35666 t Ni,
and 1848 t Co based upon average grades of 0.28 % Cu,
0.54 % Ni, and 0.028 % Co.

The No. IV ore body has a strike length of 290 m, a
width of between 90 and 280 m, and a depth of 290 m.
The Cu—Ni sulfide ores are hosted in the peridotite unit
at depths ranging from 330 to 530 m below the surface
(Fig. 3). The orientation of the orebody is almost parallel
to that of the intrusion, which dips 28° N, and it has an
average thickness of 15.44 m (Fig. 3). The ore contains
2785t Cu, 6321 t Ni, and 309 t Co based upon average

grades of 0.311 % Cu, 0.813 % Ni, and 0.036 % Co
(Chen et al. 2005).

Mineralogically, the ore minerals of the Hulu Cu—Ni
deposit are predominantly magnetite, pyrrhotite, pent-
landite, chalcopyrite with minor gregorite, chalcosite,
hessite and melonite. The gangue minerals are olivine,
pyroxene, plagioclase, hornblende, biotite, chlorite and
serpentine. The textures of the ore minerals are variably
euhedral, subhedral, anhedral, subhedral-anhedral, gab-
broic, poikilitic, interstitial and corrosional with reaction
rims, and the ore structures are mainly massive, dissemi-
nated, sparsely disseminated, spotted and banded.

Based on crosscutting relationships among minerals
and mineral assemblages, the mineralization in the Hulu
orebody can be divided into four genetic growth stages.
Stage 1 is characterized by olivine and spinel and some
metal sulfides; magnetite + ilmenite is a representative
ore mineral assemblage. Stage 2 included chloritization,
serpentinization, epidotization, which gave rise to the
characteristic chalcopyrite + pentlandite + pyrrhotite +
pyrite assemblage. Stage 3 formed under hydrothermal
conditions that led to the diagnostic chlorite + epidote
+ pyrite + chalcopyrite assemblage. Stage 4 is marked
by supergene oxidation, which resulted in the formation
of secondary minerals such as malachite, pastreite, fer-
rohydrite and covellite.

Wall-rock alteration related to mineralization in the
Hulu Cu—Ni ore deposit includes chloritization, epidotiza-
tion, serpentinization, sericitization, tremolitization, bio-
titization, phlogopitization and amphibolitization (Hu et
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al. 2008). Characteristic minerals in the alteration zones
are talc, chlorite, serpentine, epidote, actinolite, zoisite,
sericite and carbonate.

5. Analytical methods

5.1. Major- and trace-element analyses

After petrographic examination, fresh rock samples were
crushed and powdered in agate mill. Analyses were con-
ducted at the Institute of Geology and Geophysics (IGG),
Chinese Academy of Science in Beijing. Major-element
analyses were carried out by X-ray Fluorescence (XRF)
using a Shimadzu XRF1500 sequential spectrometer at
IGG. The precision of the XRF analyses is estimated to
be better than 1% for elements present in amounts greater
than 200 ppm and 1 to 3% for those less abundant. The
trace-element (including REE) concentrations were mea-
sured with an Agilent 7500a Inductively Coupled Plasma
Mass Spectrometer (ICP-MS). About 50 mg of crushed
whole-rock powder were dissolved using HF/HNO,
(10:1) mixtures in screw-top Teflon beakers for 7 days at
~100 °C, followed by evaporation to dryness, refluxing in
7N HNO, to incipient dryness again, and the sample cake
was then re-dissolved in 2% HNO, to a sample/solution
weight ratio of 1:1000. International geochemical stan-
dards, GSR-1 (granite), GSR-3 (basalt) and Geo-PT-12
(ultramafic rock), were used for calibration. The accura-
cies of the ICP-MS analyses are estimated to be better
than + 10 % and precision is normally better than 3 %;
further details can be found in Gao et al. (2002).

5.2. Zircon separation and CL imaging

After sample crushing, zircons were separated by stan-
dard heavy liquid and magnetic techniques. Zircon grains
from the >25 pum non-magnetic fractions were hand-
picked and mounted on adhesive tape, then enclosed in
epoxy resin and polished to about half their thickness.
After being photographed under reflected and transmitted
light, the samples were prepared for cathodoluminescence
(CL) imaging and U-Pb dating.

All zircons were documented with transmitted and
reflected light micrographs as well as with CL images to
reveal their internal structures using a CAMECA SX-50
electron microprobe at the IGG.

5.3. Re-Os isotopes

For Re-Os dating, we collected ten samples from three
representative boreholes (Zk98-1, ZK98-2 and ZK98-3)
in the Hulu orebody (Fig. 3). They were crushed, split

and ground to < 100 mesh. Sample preparation and min-
eral separation were done using techniques outlined in
Mao et al. (2002).

The Re—Os isotopic analyses were performed at the
National Research Center of Geoanalysis. The details of
the chemical procedure have been described by Shirey
and Walker (1995), Stein et al. (1998) and Markey et al.
(1998), and are briefly summarized below.

Enriched " Os and enriched '*Re were obtained
from the Oak Ridge National Laboratory, USA. Using a
Carius tube (a thick-walled borosilicate glass ampoule)
digestion the weighed samples were loaded in the Carius
tube through a thin-necked long funnel. The mixed '*°Os
and '""Re spike solutions and 2 ml of 12M HCI and 6 ml
of 15M HNO, were loaded while the bottom part of the
tube was frozen at —80 °C to —50 °C in an ethanol-liquid
nitrogen slush. The top was sealed using an oxygen—pro-
pane torch. The tube was then placed in a stainless-steel
jacket and heated for 24 hours at 230 °C. Upon cooling,
the bottom part of the tube was refrozen, the neck of
the tube was broken, and its contents were poured into
a distillation flask and the residue was washed out with
40 ml of water.

Osmium was distilled at 105-110°C for 50 minutes
and trapped in 10 ml of water. The residual Re-bearing
solution was saved in a 150 ml Teflon beaker for late Re
separation. The water trap solution was used for [CP-MS
(TJA X-series) determination of the Os isotope ratio.

The Re-bearing solution was evaporated to dryness,
and 1 ml of water was added twice. Following heating
to near-dryness, 10 ml of 20% NaOH were added to the
residue, prior to Re extraction with 10 ml of acetone in
al20 ml Teflon separation funnel. The water phase was
then discarded and the acetone phase washed with 2 ml
of 20% NaOH. The acetone phase was transferred to
a 120 ml Teflon beaker that contained 2 ml of water. Af-
ter evaporation to dryness, the Re was picked up in 1 ml
of water that was used for the ICP-MS determination of
the Re isotope ratio. Cation-exchange resin was used to
remove Na when the salinity of the Re-bearing solution
was more than 1 mg/ml (Du et al. 2004).

The ICP-MS analysis was conducted on a TJA PQ
ExCELLICP mass spectrometer. The instrument was
optimized to more than 5x104 cps for 1 ng ml™' '*In and
more than 5x104 cps for 1 ng ml™! #*U. Data acquisition
was performed in peak-jumping mode, 3 points/u; dwell
time was 15 ms/point and number of scans 200 for 5 ppb
of Re in solution. The reproducibility by ICP-MS is 0.3%
(RSD, 28, n = 5); by using water as an absorbent for
0s0,, the sensitivity of Os by ICP-MS increased signifi-
cantly. For 0.2 ppb of Os solution, the reproducibility is
0.3% (RSD, 2S, n =5).

If a minor °Os signal was observed when measur-
ing Re, the '®"Re signal was appropriately corrected for
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1870s using the '%"0s/!*°0Os ratio of the spiked Os solution.
Conversely, if a minor 'Re signal was observed while
analyzing the Os-bearing solution, '’Os was appropri-
ately corrected for '®"Re using the measured 'Re/'*’Re of
the spiked sample. The corrections were generally minor
and constituted no more than 0.1 % of the isotope signal.
The maximum correction percentage that we used was
always less than 1 %.

The mass fractionation can be corrected by an inter
laboratory isotope reference standard. Using the A®U
value of Jaffey et al. (1971) and A** value of Schoene et
al. (2006), a value for A'"*’Re of 1.6689 + 0.0031x10"'a"!
was determined. This is nominally higher (c. 0.1 % and
c. 0.2 %) than that presented by Smoliar et al. (1996),
but within the calculated uncertainty. So, we used the
M8Re 1.666 + 0.005x10"a! +0.017 (1.0 %) of Smoliar
et al. (1996).

The uncertainty in each individual age determination
was C. 1.02 % including the uncertainty of the decay con-
stant of "¥7Re, uncertainty in isotope ratio measurement,
and spike calibrations.

Average blanks for the total Carius tube procedure
as described above were C. 10 pg Re, and c. 0.1 pg Os;
1870s was not detected. Three reference materials were
used to check the analytical results. The blanks for the
total Carius tube procedure are listed in Tab. 2 and the
results are in Tab. 3.

5.4. U-Pb zircon geochronology

The zircon mount was vacuum-coated with high-purity
gold prior to secondary ion mass spectrometry (SIMS)
analysis. Measurements of U, Th and Pb were made
with a Cameca IMS-1280 SIMS at the IGG. The U-
Th—Pb ratios and absolute abundances were determined
relative to the standard zircon 91500 (Wiedenbeck et al.
1995), analyses of which were interspersed with those
of unknown grains, using operating and data process-
ing procedures similar to those described by Li et al.
(2009). The mass resolution used to measure Pb/Pb and
Pb/U isotopic ratios was 5400 during the analyses. A
long-term uncertainty of 1.5% (1 RSD) for 2°Pb/>%U
measurements of the standard zircons was propagated to
the unknowns (Li et al. 2010), despite the fact that the
measured 2*Pb/?**U error in a specific session was gen-
erally around 1% or less. Measured compositions were
corrected for common Pb using non-radiogenic **Pb.
Corrections were sufficiently small to be insensitive to
the choice of common Pb composition, and an average
of present-day crustal composition (Stacey and Kramers
1975) was used for the common Pb assuming that the
common Pb is largely surface contamination introduced
during sample preparation. Uncertainties on individual
analyses in data tables are reported at a 1 RSD level;

mean ages for pooled U/Pb (and Pb/Pb) analyses are
quoted with 95% confidence interval. Data reduction
was carried out using the Isoplot/Ex v. 2.49 program
(Ludwig 2001).

6. Results

6.1. Major- and trace-element geochemistry

The mafic and ultramafic rocks hosting the Hulu Cu—Ni
ore bodies show a wide variation in their major oxide
concentrations (Tab. 2). The representative samples
have a wide range of SiO, (29.67-56.14 wt. %), MgO
(2.70-35.03 %) and Al,O, (3.36-17.97 %) contents, and
have relatively low TiO, (0.12-1.80 %) and K,O + Na,O
(0.06-5.41 %) contents (Tab. 2).

The Hulu intrusion underwent regional low amphibo-
lite-facies metamorphism and intrusion-related alteration,
which limit the use of fluid-soluble elements for petro-
genetic study, but high field strength elements (HFSE;
REE, Y, Ti, Zr, Hf, Nb, Ta, Th, and P) and some transition
metals (Co, Ni, V, Sc, and Cr) are generally considered
immobile during such processes (Pearce 1996). Our con-
clusions focus on the relatively immobile elements and
are not based on the altered samples. This is supported by
tight clusters of HFSE in normalized trace-element plots
(Fig. 4). The REE patterns are also mutually comparable
except for minor scatter in LREE (Fig. 5), consistent
with their relatively high mobility in hydrothermal fluids.
Therefore, we assume that with prudence, the samples
can provide useful information on the primary geochem-
istry of the Hulu intrusion.

Almost all the rocks have subparallel chondrite-nor-
malized REE patterns (Fig. 5). The samples have vari-
able REE contents, reflecting different abundances and
compositions of intercumulus liquids, but are uniformly
enriched in LREE relative to HREE, with (La/Yb),, of
1.05-3.09 and flat HREE chondrite-normalized patterns
with (Gd/Yb),, = 1.11-1.81 (Fig. 5; Tab. 2). Most rocks
have slightly negative Eu anomalies (Eu/Eu* = 0.79 to
1.21), which may be attributed to the fractionation/ac-
cumulation of plagioclase.

Primitive mantle-normalized diagrams exhibit vari-
able incompatible elements concentrations, reflecting
probably the different abundances and compositions
of intercumulus liquids (Fig. 4). The contents of more
incompatible large ion lithophile elements (LILE) are
greater than those of the HFSE. This is typical of the
crust and magmas proposed to possess a strong enriched
mantle component. Other notable features include the
depletion in Nb and Ta relative to La and U, enrichment
of Zr relative to Gd and Eu, and depletion of Eu relative
to Rb and U (Fig. 4).

257



Chunming Han, Wenjiao Xiao, Guochun Zhao, Ben-Xun Su, Patrick Asamoah Sakyi, Songjian Ao, Bo Wan, Ji‘'en Zhang, Zhiyong Zhang

Tab. 2 Major- and trace-element data of the Hulu Complex

Sample No. Hulul6  Hulul9 Hulu20 Hulu2l  Hulu23  Hulu24  Hulu25  Hulu29 J1-1 J1-2 J6-1 J6-2
Lithology PE PE PE PE PE PY PY PY GD GD GD GD
SiO, 29.67 38.25 38.67 38.72 38.48 39.28 39.03 38.29 56.14 55.32 47.29 46.92
TiO, 0.20 0.13 0.13 0.13 0.13 0.12 0.12 0.24 1.61 1.80 1.45 1.47
ALO, 3.86 5.79 5.15 5.85 5.70 5.34 5.46 4.74 14.45 14.74 17.76 17.68
Fe,0,* 25.46 11.68 12.27 11.63 11.74 11.83 11.87 12.68 9.60 10.34 11.13 11.36
MnO 0.14 0.14 0.15 0.14 0.14 0.15 0.15 0.17 0.18 0.20 0.19 0.19
MgO 23.07 31.37 31.84 32.19 31.44 31.48 31.76 31.37 2.70 3.62 5.14 5.12
CaO 2.70 2.35 2.57 2.40 2.52 2.56 2.43 3.08 9.44 6.82 9.30 9.32
Na,0 0.04 0.12 0.14 0.11 0.15 0.11 0.11 0.13 2.93 3.99 4.35 422
K,0 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.47 0.74 1.06 1.02
PO, 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.09 0.34 0.37 0.31 0.31
LOI 9.13 9.85 8.98 8.52 9.45 8.97 9.04 8.96 2.39 2.97 1.58 2.55
) 94.32 99.73 99.95 99.73 99.80 99.89  100.01 99.78 99.16  100.00 99.35 99.36
Mg* 64 84 84 85 84 84 84 83 36 41 48 47
La 2.28 1.58 1.84 1.79 1.63 1.58 1.61 3.04 12.64 13.69 10.19 10.7
Ce 4.57 2.98 3.45 3.55 3.08 3.02 3.05 6.93 29.48 32.95 24.94 26.06
Pr 0.75 0.48 0.54 0.55 0.50 0.49 0.50 1.01 3.86 4.33 3.56 3.68
Nd 3.20 2.04 2.34 2.32 2.18 2.09 2.17 4.55 20.42 23.26 19.92 20.58
Sm 0.83 0.58 0.65 0.66 0.58 0.61 0.62 1.22 5.03 5.95 4.93 5.11
Eu 0.27 0.20 0.23 0.22 0.22 0.21 0.21 0.34 1.86 2.17 1.71 1.82
Gd 0.90 0.59 0.68 0.70 0.62 0.66 0.67 1.29 5.94 6.77 5.28 5.65
Tb 0.15 0.10 0.11 0.11 0.10 0.11 0.11 0.21 0.89 1.08 0.77 0.81
Dy 0.93 0.63 0.74 0.74 0.63 0.69 0.74 1.27 5.50 6.65 4.65 4.83
Ho 0.19 0.13 0.16 0.16 0.13 0.14 0.16 0.26 1.03 1.25 0.84 0.90
Er 0.57 0.38 0.45 0.45 0.39 0.40 0.44 0.72 3.36 4.07 2.75 2.86
Tm 0.09 0.06 0.07 0.07 0.06 0.06 0.07 0.10 0.41 0.52 0.33 0.36
Yb 0.57 0.39 0.43 0.44 0.39 0.41 0.43 0.67 3.02 3.82 2.36 2.53
Lu 0.09 0.06 0.06 0.07 0.06 0.07 0.07 0.10 0.40 0.54 0.32 0.36
>REE 15.38 10.22 11.75 11.82 10.57 10.53 10.84 21.72 93.84  107.10 82.55 86.25
Sc 9 10 13 9 10 11 13 13 7 34 29 36

Cr 1430 1716 1844 1976 1895 1823 2567 2382 14 12 2 2
Co 481 124 107 103 109 103 111 118 72 54 47 46
Ni 11841 786 654 587 653 593 627 669 0.5 0.3 2 2
Cu 6639 315 169 149 251 123 138 172 44 46 118 135
Ga 4 5 4 5 5 5 5 4 30 36 34 34
Rb 0.5 0.5 0.6 0.6 0.5 0.6 0.7 1.3 8.6 12.6 13.8 19.5
Sr 112 70 69 64 79 67 61 115 531 388 849 839

Y 5 4 5 5 4 5 5 7 22 31 22 22
Zr 27 16 15 16 19 14 13 31 36 133 15 62
Nb 1.5 1.3 1.3 1.3 1.2 1.3 1.2 1.6 4.4 4.2 2.7 2.7
Cs 1.5 0.6 0.4 0.2 0.5 0.7 0.7 0.4 0.6 0.3 0.6 0.63
Ba 28 32 51 35 36 31 30 47 161 273 227 231
Hf 0.8 0.5 0.5 0.6 0.6 0.5 0.5 0.9 1.2 3.8 0.9 2.0
Ta 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.11 0.06 0.07 0.11 0.10
Tl 0.10 0.06 0.04 0.04 0.05 0.04 0.04 0.05

Pb 33.6 2.2 2.8 2.0 2.7 2.1 2.4 2.8 6.0 45 4.1 43
Bi 9.1 0.2 0.2 0.1 0.1 0.1 0.2 0.2

Th 0.6 0.5 0.4 0.4 0.4 0.4 0.5 0.8 2.0 2.7 1.3 1.5
U 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.4 0.8 0.9 0.2 0.3
Nb/La 0.7 0.8 0.7 0.7 0.8 0.8 0.8 0.5 0.3 0.3 0.3 0.3
Nb/Ta 193 18.0 18.0 18.4 17.6 17.9 17.4 14.9 72.5 59.4 243 27.2
Zr/Hf 35.1 30.8 29.4 29.1 333 28.0 27.7 32.9 30.4 353 17.5 30.7
Ce/Pb 0.1 1.4 1.2 1.8 1.1 1.4 1.3 2.5 49 7.3 6.1 6.1
(La/Yb),, 2.70 2.73 2.88 2.74 2.82 2.60 2.52 3.06 2.82 2.42 2.91 2.85
(Gd/Yb), 1.27 1.22 1.28 1.28 1.28 1.30 1.26 1.55 1.59 1.43 1.81 1.80
Eu/Eu* 1.05 0.97 0.95 1.02 0.90 0.99 1.01 1.21 0.96 0.96 0.98 0.97

PE = peridotite; PY = pyroxenolite; GD = gabbro—diorite
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Tab. 2 continued

Sample No.  J6-3 J3-1 J3-2 J5-1 J5-3 J5-4 J4-1 J4-2 J4-3 J2-1 J2-3 J2-4
Lithology GD GA GA PY PY PY AP AP AP PE PE PE
Sio, 47.39 48.77 48.59 38.70 37.74 40.19 40.90 41.08 42.56 40.13 39.68 37.75
TiO, 1.41 0.85 0.87 0.13 0.27 0.34 0.16 0.21 0.40 0.27 0.58 0.14
ALO, 17.97 17.36 16.98 4.78 4.10 3.81 6.09 5.92 7.90 3.36 3.89 3.39
Fe,0,* 11.10 10.28 10.43 10.59 13.61 11.77 10.47 11.47 10.19 11.51 12.11 12.27
MnO 0.18 0.17 0.17 0.13 0.15 0.13 0.15 0.15 0.16 0.17 0.18 0.15
MgO 5.08 6.83 6.96 32.71 30.62 31.82 29.19 28.44 25.49 33.42 33.80 35.03
CaO 9.27 9.97 10.08 1.92 2.02 1.96 3.67 4.19 5.08 3.10 2.38 1.43
Na,O 4.34 3.70 3.65 0.19 0.10 0.11 0.16 0.19 0.24 0.41 0.36 0.06
K,0 1.07 0.68 0.76 0.06 0.04 0.04 0.02 0.02 0.05 0.05 0.06 0.02
PO, 0.31 0.06 0.06 0.02 0.05 0.06 0.03 0.01 0.07 0.04 0.06 0.03
LOI 1.88 2.62 2.54 19.90 19.71 18.56 17.61 16.24 13.66 13.67 12.52 19.51
> 99.52 100.4 100.1 99.95 99.53 100.10 100.6 100.4 99.64 100.1 100.17 99.81
Mg# 48 57 57 86 82 84 85 83 83 85 85 85
La 9.81 3.60 3.86 1.01 2.43 2.64 1.74 0.70 2.97 2.34 3.26 1.44
Ce 24.15 8.23 10.21 2.31 5.57 6.26 3.58 1.79 7.46 5.41 7.35 2.97
Pr 3.44 1.14 1.21 0.30 0.70 0.79 0.43 0.28 1.02 0.68 0.92 0.38
Nd 19.42 6.22 6.75 1.53 3.47 3.97 2.11 1.72 5.54 3.58 4.61 1.87
Sm 4.91 1.66 1.86 0.43 0.84 0.95 0.53 0.54 1.47 0.90 1.23 0.45
Eu 1.71 0.78 0.78 0.18 0.25 0.29 0.16 0.24 0.55 0.29 0.37 0.15
Gd 5.18 2.14 2.20 0.51 1.02 1.18 0.65 0.62 1.67 1.10 1.48 0.55
Tb 0.75 0.32 0.34 0.08 0.15 0.17 0.10 0.11 0.26 0.17 0.23 0.09
Dy 4.62 2.13 2.18 0.55 0.97 1.15 0.65 0.74 1.70 1.08 1.50 0.58
Ho 0.82 0.40 0.41 0.10 0.18 0.22 0.13 0.14 0.32 0.21 0.28 0.11
Er 2.65 1.32 1.33 0.32 0.59 0.72 0.39 0.44 1.02 0.69 0.91 0.35
Tm 0.34 0.16 0.17 0.05 0.08 0.09 0.05 0.06 0.14 0.09 0.11 0.05
Yb 2.36 1.16 1.20 0.32 0.53 0.74 0.38 0.45 0.99 0.65 0.85 0.37
Lu 0.35 0.17 0.17 0.05 0.08 0.10 0.05 0.06 0.14 0.09 0.12 0.06
> REE 80.51 29.44 32.67 7.74 16.86 19.27 10.95 7.87 25.25 17.28 23.22 9.42
Sc 19 41 42 21 20 19 15 24 26 25 21 12
Cr 2 116 129 2599 2635 2519 2191 2393 2024 2562 2684 2727
Co 39 51 48 101 177 106 84 97 91 112 117 112
Ni 1 42 43 492 2967 599 437 410 483 545 587 617
Cu 103 51 37 129 1521 140 65 85 24 48 84 22
Ga 34 27 25 6 6 5 6 10 9 5 5 58
Rb 20.9 9.6 9.9 2.9 1.0 1.2 0.4 0.5 1.3 0.8 1.1 0.4
Sr 880 714 623 66 47 30 45 52 89 83 72 38

Y 20 10 11 3 5 6 3 15 8 6 8 3

Zr 52 33 36 10 26 36 14 13 56 26 38 15
Nb 2.5 0.8 0.9 0.3 0.8 1.3 0.3 0.4 1.1 0.7 1.5 0.4
Cs 0.62 0.76 1.63 2.24 1.65 1.11 0.04 0.04 1.53 0.07 0.26 0.55
Ba 230 158 137 9 7 8 5 70 10 9 12 8
Hf 1.8 1.0 1.1 0.3 0.7 1.0 0.4 0.4 1.3 0.7 1.1 0.4
Ta 0.11 0.20 0.19 0.02 0.02 0.02 0.04 0.04 0.02 0.01 0.04 0.04
Tl

Pb 4.1 2.4 2.1 1.3 6.7 1.3 0.6 0.6 1.8 1.7 1.8 2.3
Bi

Th 1.3 1.1 1.4 0.6 1.0 1.3 0.6 0.7 1.3 0.9 1.2 0.7
U 0.2 0.3 0.3 0.1 0.2 0.2 1.8 1.1 0.4 0.2 0.4 0.1
Nb/La 0.3 0.2 0.2 0.3 0.3 0.5 0.2 0.6 0.4 0.3 0.4 0.3
Nb/Ta 23.1 4.0 4.6 13.0 39.5 63.5 6.8 9.8 56.5 73.0 36.3 9.5
Zr/Hf 29.6 33.1 333 353 36.1 36.1 34.1 31.9 429 35.8 36.2 355
Ce/Pb 59 35 4.8 1.8 0.8 4.7 6.2 2.8 4.2 32 4.1 1.3
(La/Yb), 2.80 2.09 2.17 2.13 3.09 241 3.09 1.05 2.02 2.43 2.59 2.62
(Gd/Yb), 1.77 1.49 1.48 1.29 1.55 1.29 1.38 1.11 1.36 1.37 1.41 1.20
Eu/Eu* 0.97 0.79 0.85 0.85 1.21 1.19 1.20 0.79 0.93 1.12 1.19 1.09

GD = gabbro-diorite; GA = gabbro; AP = augite peridotite; PE = peridotite
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Fig. 4 Primitive mantle-normalized trace element spidergrams for the Hulu Complex (normalization values are from Sun and McDonough 1989).

6.2. Zircon U-Pb ages

Samples in this study were all collected from the rep-
resentative borehole (Zk 98-2) from the Hulu intrusion.
Zircons from the dated gabbro sample (GA) are mostly
small, euhedral and colorless. This sample consists of
30 % pyroxene, 40-50 % plagioclase, green hornblende,
brown biotite and apatite, spinel, chromite as well. Poi-
kilitic textures can be observed whereby large hornblende
crystals include numerous inclusions of pyroxene, pla-
gioclase, apatite and opaque oxide. Plagioclase crystals
are often replaced by granular saussurite and fine-grained
clay minerals.

In CL images (Fig. 6), no inherited cores were ob-
served. The zircons have high U (529-6117 ppm) and

Th (32-18 382 ppm) contents, and high Th/U ratios
(0.08-3.34) (Tab. 3). Such features indicate that they
crystallized from magmas (Wu and Zheng 2004). Fifteen
analyses of 13 zircon grains (Tab. 3) form a tight cluster
on Concordia, yielding a weighted mean 2°Pb/***U age of
282.3 £ 1.2 Ma (95% confidence level, MSWD = 3.30,
Fig. 7), which we interpret to be the best estimate of the
crystallization age of the gabbros (Early Permian).

6.3. Re-Os isotopes

The Re and Os concentrations with '¥"Re/'®*Os and
1870s/1%80s ratios of the Hulu sulfide ores, corrected for
blanks, are listed in Tab. 4. The sulfide samples show Re
and '"Os concentrations of 36-91 ppb and 0.5-1.1 ppb,
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Fig. 5 Chondrite-normalized REE patterns from a suite of rocks of the Hulu Complex (chondrite-normalization values are from Sun and McDo-

nough 1989).

respectively. The initial '¥7Os/'®Os ratios range from 1.41
to 1.97 and the calculated yOs values from 1023 to 1473.

7. Discussion

7.1. Timing of Cu-Ni mineralization in
Northern Xinjiang

The western part of the southern CAOB includes a large
number of ore deposits, of which the most prominent
are the Jingbulake deposits in western Tianshan, the
Kalatongke deposits in eastern Junggar, the Huangshan,
Huangshandong, Xiangshan, Hulu and Tulaergen depos-
its along the Kanggurtag suture in the Chinese eastern

Tianshan, the Baishiquan, Tianyu and Tianxiang depos-
its along the southern segment of the Aqikkuduk Fault
in the Central Tianshan, and the Poyi, Poshi, Luodong
and Hongshishan deposits in the southern sector of the
Baidiwa Fault in the Beishan orogenic belt (Fig. 1). The
time of formation of many of these ore deposits and as-
sociated intrusions is well constrained. Most geochrono-
logical data for the Cu—(Ni) deposits in northern Xinjiang
are whole-rock K—Ar and Sm—Nd ages, and only a few
Re-Os and U-Pb ages.

A pyroxene diorite from the Jingbulake intrusion has
a SHRIMP zircon U-Pb age of 434 = 6 Ma (Zhang et
al. 2007). The Kalatongke Cu—Ni sulphide ores yielded
Re—-Os ages of 305-282 Ma (Zhang et al. 2005; Han et al.
2007), and Cu—Ni sulfide ores from the Huangshandong,
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Tab. 3 Zircon U-Pb data determined by monocollector SIMS mode of gabbro from the Hulu magmatic Cu—Ni deposit

Sample U Th Lh f206# mib * 20 mib * 20 206be + 20 t207/235 + 20 t206/238 + 20
spot (Gpm) (pm) U (%) b (%) U (%) U (%) (Ma) (Ma)

HL-1 1546 133 0.080 0.03 0.0523  0.67 0.3195 1.68 0.0443 1.54 281.5 4.1 279.4 4.2
HL-3 887 32 0.030 0.04 0.0523 091 0.3198 1.87 0.0443 1.63 281.8 4.6 279.7 4.5
HL-4 1397 585 0.480 0.02 0.0512 0.94 0.3151 1.86 0.0447 1.60 278.1 4.5 281.7 4.4
HL-5 819 1855 2.223 0.04 0.0519 0.94 0.3200 2.02 0.0447 1.79 281.9 5.0 281.7 4.9
HL-6 2306 3823 1.756 0.03 0.0517 0.57 0.3315 1.71 0.0465 1.62 290.7 4.3 2933 4.6
HL-7 6117 5218 0.823 0.02 0.0521 0.35 0.3258 1.76 0.0454 1.73 286.4 4.4 286.0 4.8
HL-8 2392 392 0.135 0.03 0.0526 0.70 0.3127 1.82 0.0431 1.68 276.3 4.4 272.1 4.5
HL-10 1498 397 0.262 0.05 0.0518 0.87 03184 1.95 0.0446 1.74 280.7 4.8 281.0 4.8
HL-11 2696 981 0.344 0.01 0.0523 0.53 0.3181 1.65 0.0441 1.56 280.5 4.0 278.2 4.3
HL-12 4692 18382 3.337 0.01 0.0522 042 0.3218 1.62 0.0447 1.56 283.3 4.0 282.1 4.3
HL-13 529 296 0.614 0.15 0.0513 1.59 0.3221 2.19 0.0455 1.50 283.5 5.4 287.1 4.2
HL-14 1625 1759 0.977 0.08 0.0525 0.72 0.3208 1.71 0.0443 1.55 282.6 4.2 279.5 4.2
HL-15 1041 889 0.847 0.06 0.0519 1.18 0.3194 2.06 0.0446 1.69 281.4 5.1 281.3 4.7

#f,,¢ 1 the percentage of common **Pb in the total **Pb

Xiangshan, Hulu and Tulaergen deposits of 298-265 Ma  intrusions range between 284 Ma and 276 Ma (Han et
(Mao et al. 2002; Zhang et al. 2005; Li YC et al. 2006).  al. 2004; Zhou et al. 2004; Wu et al. 2005; Jiang et al.
SHRIMP U-Pb ages of the Kalatongke, Huangshandong, = 2006; Li HQ et al. 2006; Han et al. this volume). Except
Huangshan, Baishiquan, Poshi, and Poyi mineralized  for the Jingbulake deposit, the magmatism and associated

Hulu-1 Hulu-5 Hulu-6
278.7 + 4.2 Ma 280.0 + 4.4 Ma 278.9 + 4.8 Ma 282.4 + 4.4 Ma

O
./
v

Hulu-9 Hulu-13 Hulu-14 Hulu-15
269.5+ 4.4 Ma 285.7 + 4.3 Ma 277.4 + 4.2 Ma 278.0 £ 4.6 Ma

Fig. 6 Cathodoluminescence images of typical zircon grains from the studied gabbro sample GA from the Hulu Complex.
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Tab. 5 Geochronological data for the Cu—Ni sulphide deposits and their host rocks in the eastern Tianshan

Orogenic Belt

Name of deposit Dated mineral/rock Dating method

Huangshandong Sulfides Re—Os isochron
Ultrabasic—basic complex Sm-Nd isochron
Cu-—Ni sulfide ores Sm-Nd isochron
Huangshan Diorite SHRIMP zircon U-Pb
Olivine norite SHRIMP zircon U-Pb
Ultrabasic—basic complex Sm-Nd isochron
Cu—Ni sulfide ores Sm-Nd isochron
Xiangshan Sulphides Re-Os isochron
Gabbro SHRIMP zircon U-Pb
Baishiquan Quartz diorite SHRIMP zircon U-Pb
Gabbro—diorite SHRIMP zircon U-Pb
Gabbro SHRIMP zircon U-Pb
Gabbro LA-ICP-MS
Sulphides Re—Os isochron
Hulu Sulphides Re—Os isochron
Tulaergen Sulphides Re—Os isochron
Gabbro SHRIMP zircon U-Pb
Tianyu Gabbro LA-ICP-MS
Quartz diorite SHRIMP zircon U-Pb
Poyi Gabbro SHRIMP zircon U-Pb
Poshi Gabbro—diorite SHRIMP zircon U-Pb

mineralization. We infer that
crustal contamination was an

Age (Ma) Data source important factor in the gen-
282+20 Mao et al. (2002) esis of these magmatic sulfide
32038 LiHQ etal. (1998) deposits.

314414 Li HQ et al. (1998)

269+2  Zhou et al. (2004) . .
274+3  Han et al. (2004) 7.3. Tectonic setting

305.4+2.4
298 £ 7.1
285+1.2

308.9 £ 10.7 Li HQ et al. (1998)

Li HQ et al. (1998)
Li HQ et al. (2006)
Qin et al. (2002)

of the mafic-ultramafic
association

Mafic—ultramafic cumulate
rocks may form in the low-

285+ 10 Wu et al. (2005) . .
28449 W et al. (2005) er oceanic crust in seafloor
28448 Wuetal. (2005) spreading centers, in the roots
28124 0.9 Mao et al. (2006) of oceanic/continental arcs, in
286+ 14 Wang H etal. 2007) ~ Crust-mantle transition zones,
283+ 13  Chen et al. (2005) in continental layered intru-
265+9.2 Sun et al. (2006) sions, and in small magma
300+£3  Sun (2009) chambers within the crust or
290.2 + 3.4 Tang et al. (2009) upper mantle (Loucks 1990).
285+ 12  Tang et al. (2009) Whole-rock geochemistry and
278 £2  Li HQ et al. (2006) isotopic ratios can provide
274+4  Jiang et al. (2006) valuable information for in-

enrichments of LILE, positive anomalies of Zr and Th,
as well as negative anomalies of Nb and Ta (Fig. 6). Fur-
thermore, the regional anomalies of higher LILE/HFSE
ratios compared with MORB, chondrite-normalized
LREE enrichment and flat HREE patterns, may be the
result of crustal contamination.

Crustal rocks tend to have distinctively high Re/
Os ratios and, with time, develop highly radiogenic
870s/'80s isotopic compositions. The yOs(t) value
is thus an important parameter because it is capable
of indicating the involvement of crustal material in
the metallogenic system (Walker et al. 1994). Initial
1870s/1%80s values at Hulu are much higher than those
of mantle sources (0.1243, Shirey and Walker 1998)
but far lower than the average continental crustal value
(3.63, Shirey and Walker 1998). The yOs(t) values for
sulfides in different structured ores range from 1023 to
1473 (Tab. 4). Therefore, high initial '¥7Os/!'*Os ratios
and yOs values indicate an addition of a large proportion
of crustal material in the parental melts.

On a common Os vs. Re/Os diagram (Fig. 8), the Hulu
sulfide ores plot in the fields between Duluth sulfides and
S-rich sediments, also suggesting that sulfide-bearing
sediments might have been added during formation of
the sulfide ores. Moreover, preliminary analyses show
that the 63S of the Hulu sulfide ores range from 1.2 to
6.1 %o (Sun, 2009), much higher than the mantle values.

The above data suggest that the Hulu intrusion was
contaminated with a certain amount of crustal Os dur-
ing magma emplacement, differentiation and related

terpreting the tectonic setting
and origin of such mafic—ultramafic cumulates (Eyuboglu
et al. 2010).

Generally, the incompatible element pairs Nb—Ta and
Zr—Hf have similar geochemical properties, and they
do not fractionate during partial melting and fractional
crystallization. However, the fractionation of Nb from
Ta and Zr from Hf occurs in subduction zones (Stolz et
al. 1996). The Nb/Ta ratios (4.6-73) and Zr/Hf ratios
(18—43) of the Hulu intrusion differ from those of primi-
tive mantle (18 for Nb/Ta, 37 for Zr/Hf, McDonough and
Sun 1995) and crust (11 and 33, respectively, Taylor and
McLennan 1985), suggesting that the rocks might be
derived from subducted material. The presence of horn-
blende and biotite in almost all studied rocks indicates
that the parental magma contained water, suggesting the
involvement of a hydrated slab during magma genesis
and/or the occurrence of hydrous melt/fluid metasoma-
tism (Peltonen 1995). Marked enrichments in Pb may be
ascribed to the presence of hydrous fluid because this el-
ement is soluble in aqueous slab-derived fluids (Seghedi
et al. 2004). Additionally, experimental data suggest that
the Ce/Pb ratios of a slab-derived fluid would be as low
as ~0.1 or even lower (Chung et al. 2001), and the Ce/
Pb values less than 20 imply the influence of subduction-
related fluids within the asthenosphere (Seghedi et al.
2004). The absence of a negative Ce anomaly indicates
that these rocks were not affected by low-temperature
alteration (Zou et al. 2000). Therefore, the Ce/Pb ratios
(0.14-7.3) in most of these rocks, which are lower than
in mantle-derived magmas (e.g. Ce/Pb ~ 25 for average
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oceanic basalts), may be due to the incorporation of Pb
into the mantle via subduction fluids (Chung et al. 2001).
The low Pb isotopic ratios exclude the contribution from
subducted sediment because the slight addition of sedi-
mentary material would significantly alter Pb isotopic
ratios toward more radiogenic values (De Hollanda et
al. 2003). Based on the above-described geochemical
features, we infer that upper crustal contamination was
negligible during the magma evolution. Instead, source
contamination by subduction-related components could
have been a significant process during the magma gen-
esis, although contamination by lower crust cannot be
ruled out.

Subduction-related arc magmas are generally charac-
terized by high contents of LILE relative to HFSE and
negative Nb, Ta, Hf, Zr, and Ti anomalies (Eyuboglu et
al. 2010). The Hulu mafic—ultramafic cumulate rocks
are enriched in LILE and LREE, depleted in HFSE and
HREE with respect to chondrite and primitive mantle,
and show high positive Pb and negative Nb anomalies.
These geochemical characteristics indicate that the stud-
ied rocks are compositionally similar to subduction-relat-
ed arc cumulates, particularly in Alaskan-type intrusions
(Himmelberg and Loney 1995; Farahat and Helmy 2006).

It is possible that Re and Os may be decoupled from
sulfur if they are held within organic matter in C-rich
rocks (Ravizza et al. 1991). During devolatilization and
conversion of organic C to graphite, both Re and Os can
be liberated into a fluid phase. Concentrations in the
unmetamorphosed Wutongwozi Fm. hornfels suggest
that Re may have been strongly

into a source magma would be to elevate yOs values (Sun
2009), where sulfide saturation is considered to have oc-
curred as a result of subsurface interactions with crustal
materials. In fact, the mantle wedge above a subduction
zone can be modified by fluids derived from dehydration
of altered oceanic crust (Hawkesworth et al. 1993, 1997,
Turner et al. 1996) or subducted sediments (Class et al.
2000). The fluids not only modify the mantle composi-
tion, but promote melting by decreasing the melting point
of the mantle materials (Zhou et al. 2004; Dhuime et al.
2007; Zhao and Zhou 2007). Large spikes in LILE and
enrichment of LILE relative to REE and HFSE are com-
mon features of aqueous fluid involvement (Plank and
Langmuir 1992; Turner et al. 1996; Elliott et al. 1997,
Zhao and Zhou 2007).

Our interpretation differs from that of Zhou et al.
(2004) and Chai et al. (2008), who proposed that the
mafic—ultramafic complexes in the Eastern Tianshan
Orogen are part of a Large Igneous Province (LIP) in
the Tarim Craton that was the product of a mantle plume
within a post-collisional lithospheric delamination and
asthenospheric upwelling model, possibly related to
slab-break off (Chai et al. 2008). A likely explana-
tion that could reconcile the contrasting models is that
the mafic—ultramafic intrusions represent a late-stage
evolution of the Dananhu—Tousuquan magmatic arc in
the eastern Tianshan Orogen. High-precision ages and
isotopic data for the mafic—ultramafic rocks are required
to constrain this model, notably in the Eastern Tianshan
Orogenic Belt.

partitioned into the fluid. The 10% Frr T T T T T T T T T AL B
. . 3 Stillwat - 3
effect of incorporation of a - o ;eg:fz;mdes A = Baotan injected ores E
Re—Os bearing, but low S fluid . L = ® = Kalatongke Cu—Ni ores .
10 E <> = Huangshandong Cu-Ni ores 3
Fig. 8 Re/Os vs. common Os concen- - ®= Hulu Cu-Ni ores 3
tration showing data for a PGE-rich Stillwater E
sulfide concentrate from the J-M reef, 102 F J-M Reef WR E
Lower Banded series and basalt associ- " " 3
ated Cu-Ni sulfide ores from the Basal % r 7
and Lower Ultramafic series, Stillwater ~ s B
Complex (Lambert et al. 1994), Duluth w 10" S-rich =
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komatiites (Walker et al. 1988; Foster b L = Lewisian Lower crust 07@/, ///// ]
et al. 1996) and basalts (Martin 1991; 102 F N = Noril'sk-Tanakh sulfides I — 4
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isberg 1995); Lewisian lower crustal [ CM = Chondritic Mantle Abundances —7 .
gneisses (FrICk et al. 1996)’ metalli- 10'3 I 11 [T R poaal pal 1y ral 1 [T B 1 |_
ferous S-rich sediments (Ravizza and 3 2 1 0 1 > 3
Turekian 1992) and chondritic mantle 10 10 10 10 10 10 10
abundances (Walker and Morgan 1989). Re/Os
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7.4. Implications for exploration in the
Eastern Tianshan Orogen

Magmatic sulfide deposits have been broadly classified
into sulfur-rich and sulfur-poor (Naldrett 2004). Exam-
ples of the former include 1) deposits related to komati-
itic magmatism (e.g. Western Australia, Zimbabwe, and
the Abitibi Belt of Canada) (Naldrett 2004); 2) deposits
in intrusions associated with flood basaltic magmatism
(e.g. the Noril'sk region in Siberia and the Emeishan
area in SW China; Naldrett 2004); and 3) conduit-related
deposits that are broadly assigned to rift zones (e.g. at
Voisey’s Bay, Canada) (Naldrett 2010). Orogenic conver-
gent plate settings have so far attracted relatively little
exploration effort based on theoretical considerations
(Maier et al. 2008). However, evidence for an enhanced
sulfide potential of magmatic-arc settings has begun to
accumulate in the last two decades with the discovery of
Cu—Ni ores in the Early Proterozoic Sally Malay intru-
sion of Australia (Hoatson and Blake 2000), the Early
Carboniferous Aguablanca intrusion of Spain (Pina et al.
2000), the Late Carboniferous—Early Permian Kalatongke
intrusion of Xinjiang in NW China (Han et al. 2007), the
Duke Island Complex in southeastern Alaska (Thakurta
et al. 2008), the Tati and Selebi-Phikwe belts of eastern
Botswana (Maier et al. 2008) and the Xiangshan intrusion
in NW China (Han et al. 2010).

The distribution and geodynamic setting of the Hulu
Complex are similar to those of the Alaskan-type intrusions.
The Hulu and other eastern Tianshan intrusions form an ar-
ray along the boundary of the Kangguertag Belt, which is a
part of the Kangguertag fore-arc prism (Xiao et al. 2004b).

Alaskan-type complexes are linked to large volumes
of subduction zone-related volcanic rocks, and are key
components of conduit systems. This dynamic environ-
ment would be favorable for the collection of immiscible
sulfide liquids that separated from parental magmas.
Accreted terrains along tectonic convergence margins
provide possible mechanisms of transport of magmas
through sulfur-bearing country rocks. Identification of an
increasing number of magmatic Cu—Ni sulfide deposits in
orogenic settings (including the eastern Tianshan Cu—Ni
belts) suggests that the currently-used exploration mod-
els for such deposits are incomplete and many orogenic
belts in the world should be re-evaluated with regard to
their Cu—-Ni potential (Maier et al. 2008). This should
include convergent margin settings, because these may
allow mantle magmas to ascend to upper crustal levels.
Subduction-zone environments provide all the necessary
conditions suggested by Naldrett (1999) for the gen-
eration of world-class Cu—Ni—PGE sulfide deposits. Par-
ticularly favorable targets are continental margins where
mafic magmas have had the opportunity to interact with
sulfide-bearing and graphitic country rocks.

The arc-related geodynamic setting of the eastern
Tianshan Cu—Ni deposits is a favorable place for the
prospecting of magmatic sulfide deposits. This new type
of ore deposit offers an alternative perspective and po-
tential for Cu—Ni exploration. For this reason, it is crucial
to better understand the characteristics and origin of the
Eastern Tianshan Orogen ore mineralization.

8. Conclusions

The Hulu ore body is a magmatic Cu—Ni sulfide de-
posit in the eastern part of the Central Asian Orogenic
Belt. We have obtained a new SIMS U-Pb zircon age
of 282.3 £ 1.2 Ma, which gives a minimum age for the
emplacement of the main Hulu intrusion.

The initial '7Os/'"**Os ratios (1.41-1.97) and the v,
values from the Hulu intrusion (1023 to 1473) suggest
that the magma originated from a depleted asthenospheric
mantle which underwent some crustal contamination
during ascent and subsequent differentiation. Crustal
contamination is considered an important mechanism for
the concentration of ore-forming elements in mafic—ul-
tramafic systems. The intrusions clearly show island-arc
geochemical signatures, such as negative Nb, Ta, Zr and
Ti anomalies and enrichment in LILE; these geochemical
tracers indicate that the Hulu mafic—ultramafic intrusions,
along with the Cu—Ni deposit, formed as a result of sub-
duction of oceanic crust in the Early Permian.
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