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The Xiadong mafic–ultramafic complex is located in the Central Tianshan Terrane, the southern part of the
Central Asian Orogenic Belt. It is composed of dunite, hornblende clinopyroxenite, hornblendite and hornblende
gabbro. Several dykes of hornblendite, hornblende gabbro and gabbroic diorite cut the main body. These rocks
are characterized by adcumulate textures. The dunites contain high-Fo (92.3–96.6) olivines with rare
orthopyroxene and plagioclase. Hornblende, chromite, and magnetite are common phases in all of the rock
types. Geochemically, the rocks of the Xiadong complex display high MgO contents and extremely low trace el-
ement abundances. Although the rocks of the main body show higher MgO contents and lower trace element
abundance compared to the dykes, both are characterized by flat REE patterns and enrichment of LILE relative
to HSFE. These petrological, mineralogical and geochemical features indicate that the Xiadong complex is a typ-
ical Ural–Alaskan type complex. The cross-cutting and intrusive relationships of the rock units and their distinct
geochemical features suggest that the main body represents a different pulse from the intrusive dyke. The
positive whole-rock εNd(t) values, together with variable (87Sr/86Sr)i ratios, show a depleted mantle source
metasomatized by subduction-related material. Zircon U–Pb dating on one hornblende gabbro from the main
body of the complex yields a U–Pb 206Pb/238U age of 479 Ma, and zircons from three samples of the dykes
yield ages of 477, 379 and 313Ma. All the zircons have positive εHf(t) and slightly higher δ18O than normal man-
tle, and their Hf–O isotopic values are correlated to their ages. The older samples are comparable to those from
the Permian mafic–ultramafic complexes in the Beishan Terrane, which were derived from a mantle source
metasomatized by subduction of the South Tianshan ocean, while the younger samples are similar to those
from the Paleozoic complexes in the Eastern Tianshan, which record the subduction features of the Junggar
ocean. These results suggest that the Central Tianshan was a continental arc from at least the Ordovician to the
Carboniferous. The lithospheric mantle beneath the Central Tianshanwas depleted in Sr–Nd–Hf isotopic compo-
sitions and was metasomatized by melts and/or fluids from the subduction of the South Tianshan and Junggar
oceans in Paleozoic. The formation of the Xiadong Ural–Alaskan type complexwas the product of arcmagmatism
via high-degree melting of the lithospheric mantle beneath the southern Central Asian Orogenic Belt.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ural–Alaskan type mafic–ultramafic complexes have been recog-
nized as having a distinctive igneous tectonic setting, internal structure,
composition andmineralization (Burg et al., 2009; Eyuboglu et al., 2010;
Himmelberg and Loney, 1995; Irvine, 1974). These intrusions often
occur at convergent plate margins and represent the products of arc
magmas (Irvine, 1974; Taylor, 1967) or arc–root complexes (Brugmann
et al., 1997; Debari and Coleman, 1989; Ishiwatari and Ichiyama,
2004). They are generally circular or elliptical in shape, having a dunite
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core enveloped by successive concentric rims of wehrlite, olivine
clinopyroxenite, hornblende clinopyroxenite, hornblendite and horn-
blende gabbro (Irvine, 1974; Johan, 2002). However, zoning can be dis-
continuous, incomplete or asymmetrical, as the complete sequence of
lithologies is rarely observed in most complexes (Eyuboglu et al., 2010;
Himmelberg and Loney, 1995). Mineralogically, most Ural–Alaskan type
complexes are dominated by olivine, clinopyroxene, and hornblende
with accessory chromite, ilmenite and magnetite, and with scarce
orthopyroxene and plagioclase (Helmy and El Mahallawi, 2003;
Himmelberg and Loney, 1995; Johan, 2002), although orthopyroxene
and plagioclase are present in a few complexes, i.e. Karayaşmak com-
plex in NE Turkey (Eyuboglu et al., 2010). They are interpreted as prod-
ucts of subduction-related arc magmas (Batanova et al., 2005; Burg
et al., 2009; Eyuboglu et al., 2010; Himmelberg and Loney, 1995). Plat-
inum group element mineralization is usually associated with Ural–
Alaskan type complexes, whereas Ni–Cu mineralization is uncommon
(Batanova et al., 2005; Hattori and Cabri, 1992; Johan, 2002). Although
petrological and mineralogical features are widely accepted as identifi-
cation criteria of most Ural–Alaskan type complexes, very little atten-
tion has been paid to their geochronology, which may shed more light
on their emplacement mechanism and regional tectonic significance.

The Central Asian Orogenic Belt (CAOB) is the largest Phanerozoic
juvenile orogenic belt in the world, and was formed in a complicated
ocean–arc–microcontinent system by the subduction of the Paleo-
Asian oceanic plate andmultiple plate collisions,mainly in the Paleozoic
(Fig. 1A; Jahn et al., 2000, 2004; Sengör et al., 1993; Sun et al., 2008;

Windley et al., 2007; Xiao et al., 2004, 2009). The Chinese Tianshan oc-
cupies the southern margin of the CAOB and has been attributed to the
northward subduction of the South Tianshan oceanic plate and subse-
quent southward subduction of the Junggar oceanic plate (Gao et al.,
2006; Geng et al., 2009; Su et al., 2011a, 2012a, 2013a; Tang et al.,
2010). One of the controversial issues regarding the long evolutionary
history of the Tianshan Mountains lies in the duration of subduction
and in the timing of the final closure of the Paleo-Asian ocean (Ao
et al., 2010; Gao et al., 2009; Geng et al., 2011; Han et al., 2010; Qin
et al., 2011; Su et al., 2011a, 2012a; Tang et al., 2012; Xiao et al.,
2010). This controversy is partly due to the lack of typical rocks indica-
tive of a particular tectonic environment or geologic event, such asUral–
Alaskan type complexes for an arc setting. Most of the Permian mafic–
ultramafic complexes in the Eastern Tianshan and Beishan host Ni–Cu
magmatic sulfide deposits, and have been interpreted as products of a
post-orogenic extensional environment (Mao et al., 2008; Pirajno
et al., 2008; Qin et al., 2011; Su et al., 2011a, b, 2012a, b, 2013a;
Zhou et al., 2004). Our preliminary studies suggest that the Xiadong
mafic–ultramafic complex in the Central Tianshan is petrologically and
mineralogically similar to Ural–Alaskan type complex (Su et al., 2012c).

In this contribution, we report new major and trace element analy-
ses, as well as whole-rock Sr–Nd and zircon U–Pb–Hf–O isotopic data,
and combine these with previously published results of petrological
and mineralogical studies of the Xiadong complex to provide further
evidence that the Xiadong complex is a Ural–Alaskan type intrusion.
Zircon U–Pb dating reveals an extremely long duration of magmatism

Fig. 1. (A) Location map of the study area in the Central Asian Orogenic Belt and portions of the Tarim Craton (modified after Jahn et al., 2000). (B) Regional geological map of the Eastern
Tianshan and Beishan, showing the distribution of Paleozoicmafic–ultramafic complexes (modified after Su et al., 2011a). TheUral–Alaskan type Xiadong complex is located in the Central
Tianshan.
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in the construction of the Xiadong complex, which differs from other
known Ural–Alaskan type complexes worldwide. The radiogenic and
stable isotopes imply that the mantle source of the Xiadong complex
was modified by two subduction events, which played critical roles in
the evolution of the southern CAOB.

2. Regional geology

The CAOB, situated between the Siberian Craton to the north and the
Tarim–Sino-Korean cratons to the south, was formed by the amalgam-
ation and collision of a series of arcs (including fore-arcs, accretionary
complexes and back-arc domains) and continental fragments (includ-
ing both Gondwana- and Siberia-derived) (Fig. 1A; Hu et al., 2000;
Jahn et al., 2000; Sengör et al., 1993; Sun et al., 2008; Windley et al.,
2007; Xiao et al., 2009). The EW-trending Chinese Tianshan orogenic
belt is located in the southern part of the CAOB (Fig. 1B). The eastern
part of the Chinese Tianshan is referred to as the Eastern Tianshan in
the literature. The Eastern Tianshan can be further divided into two
sub-terranes: the Jueluotage Belt and the Central Tianshan, which are
separated by the Aqikekuduke–Shaquanzi fault (Fig. 1B; BGMRXUAR,
1993; Xu et al., 2009).

The Jueluotage Belt has been subdivided, from north to south,
into the Wutongwozi–Xiaorequanzi intra-arc basin, the Dananhu–
Tousuquan island arc, the Kangguer–Huangshan ductile shear zone
and the Yamansu back-arc basin (Fig. 1B; Qin et al., 2002). In this belt,
there are abundant Paleozoic volcanic and sedimentary strata, including
subaerial volcanics, sandstones and pelitic slates with inter-layered
limestones, mudstones, siltstones and conglomerates (BGMRXUAR,
1993). Carboniferous–Permian magmatism was active, and resulted in
the emplacement of Cu- and Au-rich, high-potassium, relatively oxi-
dized, calc-alkaline to alkali magmas (Qin et al., 2002, 2003; Xu et al.,
2009; Zhang et al., 2008). Abundant Early Permian mafic–ultramafic
complexes are largely distributed along deep fractures in the
Kangguer–Huangshan ductile shear zone (Fig. 1B), and contain sig-
nificant magmatic Ni–Cu sulfide deposits (Han et al., 2010; Pirajno
et al., 2008; Su et al., 2012a, d, 2013b).

The Central Tianshan Terrane consists of Precambrian crystalline
basement overlain by Paleozoic sedimentary and volcanic strata,
which also dominate the Beishan Terrane to the south (BGMRXUAR,
1993). The basement is composed mainly of the Mesoproterozoic
Xingxingxia and Kawabulak formations (BGMRXUAR, 1993; Qin et al.,
2002; Xu et al., 2009). Permian mafic–ultramafic complexes, such as
the 280 Ma Tianyu (Qin et al., 2011), 285 Ma Baishiquan (Su et al.,
2011a) and other mafic bodies, are distributed along the northernmar-
gin of the Central Tianshan Terrane (Fig. 1B). The rock types present in
the intrusions aremainly peridotite, olivine pyroxenite, gabbro and dio-
rite, and all of the rocks contain phlogopite and hornblende. Both peri-
dotite and olivine pyroxenite are the host rocks of the Ni–Cu sulfide
ores (Chai et al., 2008; Song et al., 2011; Tang et al., 2011, 2012). The
Xiadongmafic–ultramafic complex is located in the center of theCentral
Tianshan Terrane, and shows distinct petrological and mineralogical
features relative to the other intrusions.

TheXiadongmafic–ultramafic complex is elongated E–Wand covers
an area of 7 km in length and a maximum of 0.5 km in width (Fig. 2). It
intrudes Neoproterozoic schist, gneiss, andmarble (Xu et al., 2009). The
field relations between the rock units are mainly observed in prospect
pits (Fig. 3A). The main body of the complex is composed of dunite,
hornblende clinopyroxenite, hornblendite and hornblende gabbro,
and these are cut by many dykes including hornblendite, hornblende
gabbro and gabbroic diorite (Fig. 2). All outcrops are aligned in an
E–W direction parallel to the direction of elongation of the complex
(Fig. 2). The rock units within the Xiadong complex display intrusive
contacts. In the lateral A–B profile, many hornblendite and hornblende
gabbro dykes occur within the dunite (Fig. 2). There are two types of
dunites: one is dark green and the other is light yellow, and chilledmar-
gins are observed in the contacts between the two (Fig. 3B). Small-scale
rhythmic layering of olivine and chromite occurs in some dunites
(Fig. 3C; Su et al., 2012c; Sun et al., 2009). Cross-cutting relations are
also observed between hornblendite and hornblende clinopyroxenite
(Fig. 3D), both of which show a cumulate texture (Fig. 3E; Su et al.,
2012c). The hornblende clinopyroxenite unit is only in the form of a
dyke, with very local extensionwith no contact relationwith the dunite.

Fig. 2. Geological map and lateral A–B profile of the Xiadong mafic–ultramafic complex, showing its sampling positions, as well as the major rock units of dunite, hornblende
clinopyroxenite, hornblendite and hornblende gabbro. Note that some lithological units are composites in this scale.
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Additionally, the light yellow dunites are occasionally present as inclu-
sions in the dark green dunite (Fig. 3E).

3. Petrology of the Xiadong mafic–ultramafic complex

Generally, the rocks of the Xiadong complex are fresh and only show
a small amount of secondary alteration. Late-stage deformation and

metamorphism might have occurred in the complex, as evidenced by
partly bent chromite-rich layers (Fig. 3C), strongly deformed structures
in hornblende clinopyroxenite and metamorphic features in horn-
blende gabbro described below. The rocks from the main body and
the dykes of the Xiadong complex share common aspects in their
petrography and mineralogy, but are distinct in geochemistry and age.
Thus, we discuss the petrological and mineralogical aspects of rocks

Fig. 3. Field outcrop and petrological photographs of the Xiadongmafic–ultramafic complex: (A) the hornblende gabbro occurring as a dyke in the dunite; (B) chilled margins present in
the contact between light yellow and dark green dunites; (C) partly bent chromite-rich layer in the light yellow dunite; (D) intrusive relation between hornblendite and hornblende
clinopyroxenite; (E) coarse-grained light yellow olivine (Ol) inclusions in dark green dunite; (F) adcumulate texture in the hornblendite; and (G) cross polarized image showing fresh
olivine inclusion in serpentinized host dark green dunite.Figures A, B and D are from Su et al. (2012c).
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from themain body and dykes together; and their geochemical compo-
sitions separately in the following sections.

3.1. Dunite

Both light yellow and dark green dunites are made up of olivine
(85–95% in volume) and chromite (5–15%) with accessory horn-
blende and clinopyroxene (b1–2%), and exhibit an adcumulate tex-
ture. The light yellow dunites are fresh with only minor alteration
of clinopyroxene, whereas the dark green dunites have been strongly
serpentinized with most olivine being altered to serpentine, and
clinopyroxene being replaced by actinolite or tremolite. Olivine in
both types of dunites is of variable size, ranging from b0.5 mm to
5 mm in diameter. Compositionally, forsterite (Fo) contents range
from 92.3 to 96.6, MnO from 0.03 wt.% to 0.23 wt.%, and NiO from
0.05 wt.% to 0.76 wt.%, with extremely low CaO of b0.04 wt.% (Su
et al., 2012c; Sun et al., 2009). The olivine inclusions in the strongly
serpentinized dark green dunites (Fig. 3G) show similar compositions
to those in the fresh light yellow dunites. Although large compositional
variations in olivine are present in these dunites, the olivine in individ-
ual samples is chemically homogeneous.

Chromites occur as interstitial grains or as rhythmic layers, and
most often display elongated crystal shapes, although some are
rounded. They have low Al2O3 (b12.0 wt.%), TiO2 (b0.70 wt.%)
and MgO (b7.00 wt.%) contents, and large variations with overall
high contents of Cr2O3 (up to 43.9 wt.%) and FeO (65–96 wt.%),
with low Mg# (100 × Mg/(Mg + Fe)) values (b10.0) and very high
Cr# (100 × Cr/(Cr + Al)) values (95–100) (Su et al., 2012c). These
chromites are thus compositionally subordinate to Fe-rich chromite
and Cr-rich magnetite. Most clinopyroxenes are strongly fractured and
are altered to actinolite, tremolite or chlorite. Yellowish brown horn-
blende commonly forms irregular patches surrounding olivine and
clinopyroxene.

3.2. Hornblende clinopyroxenite

The hornblende clinopyroxenite is composed of clinopyroxene,
hornblende, and accessory magnetite and chromite. Intra-crystalline
deformation is developed in mineral grains. Cumulus clinopyroxenes
are mostly metamorphosed to actinolite or tremolite, preserving a
clinopyroxene core with hornblende rims. The clinopyroxene is
diopsidic and rich in CaO (24.6–25.7 wt.%). Clinopyroxene in horn-
blende clinopyroxenite shows relatively low SiO2 (~50.5 wt.%) and
Mg# (85–89), and high TiO2 (0.28–1.22 wt.%) and Al2O3 (2.97–
6.42 wt.%). Hornblende in the hornblende clinopyroxenite is gener-
ally rich in MgO and poor in alkaline components, and is classified
as magnesio-hornblende and tremolite (Su et al., 2012c). The horn-
blendes are interstitial and commonly altered to actinolite along
their rims. Magnetite and chromite grains are usually less than 40
μm in diameter.

3.3. Hornblendite

The hornblendite contains mainly hornblende and accessory min-
erals including plagioclase, magnetite, ilmenite, titanite and chromite.
Hornblende crystals are cumulate andmostly b0.5mm in size, although
some are 2–4 mm in diameter and display recrystallized textures with
fine-grained hornblende at theirmargins. Primary hornblende ismainly
pargasite and secondary hornblende ismagnesio-hornblende and trem-
olite. The primary hornblende has high contents of TiO2, Al2O3, FeO and
Na2O, and low SiO2 and MgO contents with variable Mg# of 74–96
(Su et al., 2012c; Sun et al., 2009). Plagioclase crystals are fine-grained
(b1 mm in size) and have modal abundance of 5–15%. Plagioclase is
commonly altered to zoisite. Accessory minerals occur as interstitial
grains and are generally less than 0.4 mm in size. Titanite commonly
occurs as rims around ilmenite.

3.4. Hornblende gabbro

The hornblende gabbro consists of plagioclase, clinopyroxene,
hornblende, magnetite, ilmenite, titanite and apatite. It has an
equigranular texture and mineral grains are b1.5 mm in diameter.
Plagioclase crystals are commonly zoisitized and have Si–Al–Na de-
pletion, with anorthite (An) values of 9.72–30.9 (Su et al., 2012c).
Clinopyroxene and hornblende are altered to actinolite or tremolite,
and contain ilmenite lamellae. Clinopyroxene has a variable content
of SiO2 (51.3–55.7 wt.%), low contents of TiO2 (0–0.16 wt.%), Al2O3

(0.49–2.98 wt.%), FeO (0.51–1.29 wt.%) and Na2O (0.03–0.33 wt.%),
and extremely high Mg# (95.8–98.4) (Su et al., 2012c). Primary
hornblende in the hornblende gabbros is mainly magnesio-hornblende
with a relatively homogeneous composition, whereas secondary min-
erals formed after clinopyroxenes are rich in MgO and poor in Na2O.
High-Mg features in silicate minerals can be attributed to crystallization
of magnetite and ilmentite which host large amount of Fe. The modal
abundance of magnetite and ilmenite in the hornblende gabbros can
reach up to 15%. Magnetite, in most cases, displays parallel intergrowth
with ilmenite, and locally occurs as interstitial grains.

4. Analytical methods

4.1. Zircon U–Pb dating and Hf–O isotopes

Zircon grains were separated using standard density and magnetic
separation techniques, and together with zircon standards TEMORA
and 91500, were mounted in epoxy resin and then polished to expose
the crystal centers. All zircons were photographed in transmitted and
reflected light, as well as with cathodoluminescence (CL) to reveal
their internal structures. The mount was vacuum-coated with high-
purity gold prior to U–Pb and O isotopic analyses.

Measurements of U, Th and Pb isotopes were conducted using a
Cameca IMS 1280 large-radius SIMS in the Institute of Geology andGeo-
physics, Chinese Academyof Sciences, Beijing. Analytical procedures are
the same as those described by Li et al. (2009, 2010). The O2

− primary
ion beamwas accelerated to 13 kV, with an intensity of ca. 8 nA. The el-
lipsoidal spot was approximately 20 × 30 μm in size. Oxygen flooding
(e.g., Whitehouse et al., 1999) was used to increase the O2 pressure to
ca. 5 × 10−6 Torr in the sample chamber, enhancing Pb+ sensitivity
by a factor of N2 to a value of 24–28 cps/nA/ppm for zircon. Precise
mass calibration was maintained by using an automatic routine in the
Cameca CIPS software to scan over large peaks and extrapolate the
mass to B-field curve for peaks between these reference points
(Whitehouse and Kamber, 2005). Correction of common lead was
made usingmeasured 204Pb. An average Pb of present-day crustal com-
position (Stacey and Kramers, 1975) was used for common Pb, assum-
ing that it is largely due to surface contamination introduced during
sample preparation. Data reduction was carried out using the Isoplot/
Ex rev. 2.49 Program (Ludwig, 2001).

Zircon oxygen isotopes were measured using the same Cameca IMS
1280 SIMS. The Cs+ primary ion beam was accelerated at 10 kV, with
an intensity of ca. 2 nA and rastered over a 10 μm area producing a
spot of about 20 μmin diameter (10 μmbeamdiameter+10 μmraster).
Oxygen isotopes were measured in multi-collector mode using two
off-axis Faraday cups. Uncertainties on individual analyses are reported
at the 1σ level. With low noise on the two FC amplifiers, the internal
precision of a single analysis was generally better than 0.2‰ for the
18O/16O ratio. Values of δ18O were standardized to VSMOW (Vienna
Standard Mean Ocean Water) and reported in standard per mil nota-
tion. The instrumental mass fractionation factor was corrected using
the 91500 zircon standard with (δ18O)VSMOW = 9.9‰ (Wiedenbeck
et al., 2004). Detailed working conditions and analytical procedures
have been described by Li et al. (2010).

In situ zircon Lu–Hf isotopic analyses were carried out on a Neptune
multi-collector ICP-MS equipped with a Geolas-193 laser-ablation
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system in the State Key Laboratory of Continental Dynamics, Northwest
University, Xi'an. The Lu–Hf isotopic data were obtained from the same
zircon grains that were previously analyzed for U–Pb and O isotopes,
with ablation pits of 40–80 μmindiameter, ablation time of 26 s and rep-
etition rate of 8 Hz. The detailed analytical procedures are described in
Li et al. (2010) and Wu et al. (2006). Measured 176Hf/177Hf ratios were
normalized to 179Hf/177Hf = 0.7325.

4.2. Major and trace element analyses

Major elements were determined using a Shimadzu X-ray fluo-
rescence spectrometer (XRF-1500) on fused glass beads. Analytical
uncertainties were 1–3% for elements present in concentrations
N1 wt.% and about 10 wt.% for elements present in concentrations
b1.0 wt.%. Trace elements were determined by inductively coupled
plasma mass spectrometry (ICP-MS), using an Agilent 7500a system
after the digestion of the samples in a mixture of ultra-pure HF and
HNO3 in Teflon bombs. Measurement procedures are described in
detail by Chu et al. (2009). Precision of the ICP-MS analyses was
generally better than 5%. Major and trace elements were measured
in the Institute of Geology and Geophysics, Chinese Academy of
Sciences.

4.3. Sr–Nd isotopic analyses

About 100–150 mg of whole rock powder was completely
decomposed in a mixture of HF–HClO4 for Sr–Nd isotopic analysis. Sr
and REE were separated in quartz columns with a 2 ml resin bed of
AG 50W-X12, 200–400 mesh. Nd was separated from other REEs in
quartz columns using 0.7 ml P507-coated Teflon powder as the extrac-
tion resin. Procedural blanks were b200 pg for Sr and b50 pg for Nd. For
themeasurements of isotopic composition, Sr was loaded with a Ta–HF
activator on a single W filament and Nd was loaded as phosphate, and
measured in a Re-double-filament configuration. 143Nd/144Nd ratios
were normalized to 146Nd/144Nd = 0.7219 and 87Sr/86Sr ratios to 86Sr/
88Sr = 0.1194. Isotopic ratios were measured on a VG-354 thermal
ionization magnetic sector mass spectrometer in the Laboratory for
Radiogenic Isotope Geochemistry, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing. The chemical separation and iso-
topic measurement procedures followed that of Zhang et al. (2001).
Mass fractionation corrections for Sr and Nd isotopic ratios were based
on values of 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Uncer-
tainties in Rb/Sr and Sm/Nd ratios were less than 2% and 0.5%,
respectively.

5. Results

5.1. Zircon morphology, U–Pb ages and Hf–O isotopes

Four hornblende gabbro samples were selected for zircon U–Pb
dating and in situ Hf–O isotopic analyses. Samples 09XDTC1-12 and
09XDTC1-22were collected fromhornblende gabbro dykes that intrude
the dunite bodies (Fig. 2). Sample 09XDTC1-12 consists of fresh
fine-grained plagioclase, clinopyroxene and hornblende with ac-
cessory ilmenite (Fig. 4A). Sample 09XDTC1-22 is fine-grained
and exhibits cumulate texture, with a mineral assemblage of pla-
gioclase, clinopyroxene, and hornblende, with accessory ilmenite;
some clinopyroxene grains are partly altered to actinolite (Fig. 4B,
D; Su et al., 2012c). Sample XDZK1601-20 was obtained from a
drill core (Fig. 2), displays a cumulate texture and is composed of
plagioclase, clinopyroxene and hornblende with minor ilmenite
(Fig. 4C). Sample XDE-5 represents the hornblende gabbro of the
main body, and consists of green zoisite observed in hand speci-
men (Fig. 4E) and actinolitized clinopyroxene in back-scattered
image (Fig. 4F).

5.1.1. Sample 09XDTC1-12: hornblende gabbro dyke
Zircons separated from sample 09XDTC1-12 are generally equant to

short prismatic, colorless and transparent. The lengths of these crystals
range from 30 to 60 μm, with aspect ratios of 1:1 to 1.5:1. They have
rounded terminations and display only weak oscillatory or patchy
zoning with low luminescence (Fig. 5A). The zircons have U, Th and
Pb contents of 68–236 ppm, 30–188 ppm, and 5–17 ppm, respectively,
with Th/U ratios in the range of 0.44–0.80 (Table 1S). All analyses are
concordant, yielding a concordia 206Pb/238U age of 379 ± 5 Ma
(MSWD = 0.01) (Fig. 6). The zircons have homogeneous Hf and O
isotopic compositions: 176Hf/177Hf ranges from 0.282803 to 0.282898,
corresponding to εHf(t) = +9.44 to +12.80, and δ18O in the range
of +5.71‰ to +7.02‰ (Table 2S). The δ18O values of the zircons from
sample 09XDTC1-12 are thus higher than the value of +5.3 ± 0.3‰
for normal mantle zircons (Valley et al., 1998).

5.1.2. Sample 09XDTC1-22: hornblende gabbro dyke
Zircons from sample 09XDTC1-22 are prismatic, colorless and trans-

parent. Most grains are subhedral, and some occur as fragments. Crystal
lengths range from 40 to 100 μm, with aspect ratios of 1:1 to 2:1. In CL
images, most zircons have concentric zoning, and a few grains show
weakly oscillatory or patchy zonation with moderate brightness
(Fig. 5B). These zircons have U, Th and Pb values from 62 to 184 ppm,
from 35 to 172 ppm and from 4 to 12 ppm, respectively, with Th/U
ratios ranging from 0.56 to 1.00 (Table 1S). All the analyses yielded
concordant U–Pb ages, defining a concordia age of 313 ± 3 Ma
(MSWD = 1.3) (Fig. 6). The zircons display homogeneous Hf and O
isotopic compositions: 176Hf/177Hf ranges from 0.282904 to 0.282964,
corresponding to εHf(t) = +11.55 to +13.67, and δ18O in the range
of +4.57‰ to +6.23‰ (Table 2S), which are mostly consistent with
the δ18O value of 5.3 ± 0.3‰ for normal mantle zircons (Valley et al.,
1998).

5.1.3. Sample XDZK1601-20: hornblende gabbro dyke
Sample XDZK1601-20 has large zircons, most of which are present

as fragments that have variable lengths, ranging from 80 to 200 μm
with aspect ratios of 1:1 to 4:1. They have concentric and oscillatory
zoning although a few grains show patchy zoning (Fig. 5C). The
SIMS analytical results show that the U, Th and Pb contents of
these zircons are high, in ranges of 159–413 ppm, 89–378 ppm
and 15–43 ppm respectively, with Th/U ratios of 0.49–0.92 (Table 1S).
All analyses have concordant U–Pb ages and define a concordia 206Pb/
238U age of 477 ± 4 Ma (MSWD = 1.13) (Fig. 6). The zircons have
176Hf/177Hf ratios ranging from 0.282548 to 0.282860, corresponding
to εHf(t) of +2.57 to +6.53, and δ18O values of +5.01‰ to +7.43‰
(Table 2S).

5.1.4. Sample XDE-5: hornblende gabbro
Zircons from sample XDE-5 vary from euhedral to anhedral, and

range from equant to short or long prismatic (Fig. 5D). The lengths of
the crystals range from 40 to 110 μm with aspect ratios from 1:1 to
4:1. The CL images show that most crystals display oscillatory or patchy
linear zoning with variable luminescence, although some grains have
dark cores enveloped by thinly-zoned growth rims (Fig. 5D). These zir-
cons have large variations in U (100–371 ppm), Th (60–316 ppm) and
Pb (16–159 ppm) contents, with Th/U ratios of 0.28–0.85 (Table 1S).
The zircons yield scattered U–Pb ages that are concordant and plot
along the concordia line. 206Pb/238U ages of these zircons are in the
range of 402 Ma–2075 Ma. Seven analyses yield a concordia age of
479Ma (Fig. 6D),which represents the crystallization age of the sample,
whereas the younger zircons are probably modified by late-stage
metamorphism or Pb loss and the older grains were inherited from
the country rocks. The ~479 Ma zircons have 176Hf/177Hf ratios ranging
from 0.282366 to 0.282625, corresponding to εHf(t) values of +2.59 to
+5.01, and δ18O ranging from +2.35‰ to +9.79‰, whereas other
zircons show rather large Hf and O isotopic variations (Table 2S).
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5.2. Major and trace elements

The light yellow and dark green dunites have nearly identical geo-
chemical compositions. All the dunites except sample 09XDTC1-38 have
extremely refractory compositions, with low Al2O3 (0.38–1.81 wt.%)
and CaO (0.11–0.96 wt.%) contents and high MgO (37.3–43.8 wt.%) con-
tents and Mg# (Mg# = 100 × Mg/(Mg + Fe); 90.1–92.7) (Table 3S;
Fig. 7). They display large variations in Ni and Cr abundances, ranging
from 1320 to 1987 ppm and from 2003 to 7063 ppm, respectively
(Table 3S). They are strongly depleted in rare earth elements (REEs)
and other incompatible elements relative to primitive mantle values
(Table 3S; Fig. 8).

Hornblende clinopyroxenites are distinguished from the dunites by
having much higher Al2O3 (3.78–7.97 wt.%) and CaO (6.94–17.0 wt.%),
significantly lower Ni (256–289 ppm) and Co (43–81 ppm), and slightly
more enrichment in incompatible trace elements (Table 3S; Figs. 7, 8).

Hornblendites have MgO contents of 8.5–14.0 wt.%, Al2O3 of 10.7–
19.4 wt.%, FeOT (total Fe) of 3.2–18.6 wt.% and CaO of 10.0–14.7 wt.%
(Table 3S). The hornblendites from the main body display higher
Al2O3 and CaO and lower FeOT than those hornblendite dykes (Fig. 7).

The two types of hornblendite also show different REE concentrations
and Eu anomaly in their REE patterns (Table 3S; Fig. 8).

The hornblende gabbros from the main body have similar Mg#
values, higher Al2O3, CaO and Na2O + K2O, lower FeOT and slightly
higher incompatible trace element abundances compared to the dunite
and hornblende clinopyroxenite. The hornblende gabbro dykes have
relatively lower Al2O3 and CaO, higher FeOT, Na2O+ K2O and trace ele-
ments than those from themain body (Table 3S; Figs. 7, 8). One gabbroic
diorite sample resembles the hornblende gabbro dykes in most geo-
chemical signatures.

Overall, the rocks from themain body and intrusive dykes show dis-
tinct correlations inmajor oxides, especially in theplots of FeOT vs.MgO,
CaO vs. MgO and Na2O + K2O vs. MgO (Fig. 7). In terms of trace
elements, the intrusive dykes have higher trace element abundances
and have distinctive Eu, Rb, Zr, Hf and Ti anomalies relative to the
rocks from the main body, although they share many geochemical sim-
ilarities, such as flat REE patterns and large ion lithophile element (LILE)
enrichment relative to high field strength element (HFSE) (Fig. 8).

The granite and biotite–quartz schist, which are the country rocks of
the Xiadong complex, have high SiO2 (75.2 wt.% and 64.8 wt.%), Al2O3

Fig. 4. Petrophotographs of four hornblende gabbro samples for zircon U–Pb dating. (A) 09XDTC1-12 consists of fresh fine-grained plagioclase (Pl), clinopyroxene (Cpx) and hornblende
with accessory ilmenite; (B) and (D) sample 09XDTC1-22 exhibits cumulate and fine-grained texture withmineral assemblage of plagioclase, clinopyroxene, and hornblendewith acces-
sory ilmenite, with some clinopyroxene grains partlymetamorphosed to actinolite (Act); (C) sample XDZK1601-20 collected from a drill bore; (E) and (F) sample XDE-5 showsmetamor-
phosed characteristics such as zoisite (Zo) observed in hand specimen and actinolitized clinopyroxene in the back-scattered image.
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Fig. 5. Cathodoluminescence images of representative zircons from four hornblende gabbros from the Xiadong mafic–ultramafic complex. The ellipses indicate the analyzing spots for
U–Pb and O–Hf isotopes.

Fig. 6. U–Pb concordia plots (2σ error) of zircons from four hornblende gabbros of the Xiadong mafic–ultramafic complex.
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(14.4 wt.% and 17.1 wt.%) and Na2O (5.21 wt.% and 5.00 wt.%) con-
tents, and display trace element enrichment and patterns that are
distinct from the intruded mafic–ultramafic rocks (Table 3S; Fig. 8).

5.3. Sr–Nd isotopes

According to field observation and zircon U–Pb dating results,
we deduce ages of 480 Ma for the formation of the hornblende
gabbro and hornblende clinopyroxenite of the main body, and
380 Ma and 313 Ma for the hornblende gabbro dykes. These ages
have then been used re-calculate the initial Sr–Nd isotopic ratios
of the corresponding rocks. The Xiadong mafic–ultramafic rocks
show large Sr–Nd isotopic variations. Their (87Sr/86Sr)i ratios vary
from 0.703882 to 0.710486, and the (143Nd/144Nd)i ratios are in the
range of 0.512041–0.512565, which correspond to εNd(t) of 0.29–8.18
(Table 1; Fig. 9).

6. Discussion

6.1. Geochemical constraints on Ural–Alaskan type Xiadong complex

Ural–Alaskan type complexes are distinguished from other
mafic–ultramafic intrusions mainly on the basis of petrographic
andmineralogical characteristics. The former are typically composed
of dunite, wehrlite, olivine clinopyroxenite, hornblende clinopyroxenite,
hornblendite and hornblende gabbro (Himmelberg and Loney, 1995;
Irvine, 1974; Johan, 2002). They display distinctive mineral assem-
blages and compositions, and are characterized by the absence of
orthopyroxene and plagioclase in the ultramafic rocks, the presence of
hornblende in all rock types, and cumulative clinopyroxene consistent
with an arc setting (Eyuboglu et al., 2010; Helmy and El Mahallawi,
2003; Johan, 2002; Pittigrew and Hattori, 2006; Ripley, 2009). Our pre-
liminary investigation, combining the current field survey and these
new observations, reveals that the petrological and mineralogical

features of the Xiadong mafic–ultramafic complex are comparable to
that of an Ural–Alaskan type complex (Su et al., 2012c).

Ural–Alaskan type complexes are clearly associatedwith subduction
in places like Alaska, so if we find them elsewhere, they must also be
associated with subduction and arc magmatism. Several studies
have revealed that Ural–Alaskan type intrusions are marked by ex-
tremely low abundances of some incompatible elements such as
REE, low HFSE such as Nb and Zr, and relatively high LILE (e.g., Rb,
Ba, Th and Sr) (Batanova et al., 2005; Eyuboglu et al., 2010; Helmy
and El Mahallawi, 2003; Ishiwatari and Ichiyama, 2004; Pittigrew
and Hattori, 2006; Thakurta et al., 2008). Farahat and Helmy
(2006) suggested the formation of Ural–Alaskan type complexes
by fractional crystallization from a common hydrous parental
magma without significant crustal contamination. The positive Eu
anomaly in some samples from the main body of the Xiadong com-
plex (Fig. 8A) is consistent with their cumulate textures and sug-
gests insignificant crustal contamination.

The Xiadong mafic–ultramafic rocks are characterized by generally
low incompatible element abundances, although with large variations
(Table 3S). All the rocks display identical flat REE patterns, enrichments
in LILE relative to HFSE, and positive anomalies in Pb, Sr, U and Ba, and
negative Nb, Ta and Zr anomalies (Fig. 8). Isotopically, the whole-rock
Sr–Nd variations, especially the one clinopyroxene hornblendite with
the unusually high 87Sr/86Sr ratio, indicate an oceanic alteration trend
(Fig. 9), and zirconHf–Ovariations (Fig. 10), further demonstrating con-
spicuous subduction-modified signatures in the mantle source of the
Xiadong complex, as discussed in detail in the subsequent section. The
zircon U–Pb ages (479 Ma, 477 Ma, 379 Ma and 313 Ma), representing
the Xiadong magmatism, are consistent with the broad consensus that
the subduction was continuous in the Central Tianshan during this
period (Geng et al., 2009, 2011; Li et al., 2006; Su et al., 2011a, b, c,
2012a, 2013a; Xiao et al., 2004, 2009, 2010; Zhang et al., 2008).
These characteristics of the Xiadong complex are akin to that of typical
Ural–Alaskan type intrusions.

Fig. 7.Diagrams of MgO versus Al2O3, FeOT (total Fe), CaO, and Na2O+ K2O of the investigated rocks from the Xiadongmafic–ultramafic complex. Hbl Cpxt, hornblende clinopyroxenite;
Hblt, hornblendite; Hbl Gbr, hornblende gabbro; Gbr Dio, gabbro diorite.
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6.2. Mantle source

Studies have shown that mantle-derived magmas could be contam-
inated by crustal materials either along their ascending conduit, or by
their source being contaminated before it melts (Reiners et al., 1996).
The trace element abundances and patterns are useful proxies to evalu-
ate the extent of crustal contamination (Rollinson, 1993). For example,
the presence of negative Eu anomalies and REE fractionation could be
related to crustal assimilation or a subducted component in mantle-
derived magmas (Batanova et al., 2005; Burg et al., 2009; Reiners
et al., 1996; Zhou et al., 2009). The Si-, Al- and trace element-
enrichments (Table 3S), and distinct REE and trace element patterns
(Fig. 8) of the granite and biotite–quartz schist are inconsistent with
contamination from the country rocks during emplacement of the
Xiadong complex. The extremely Mg-rich and trace element depleted
signatures in most samples and the identical flat REE patterns (Fig. 8)
further indicate that crustal assimilation did not significantly modify
the geochemical compositions of the parental magmas of the Xiadong
complex. The scarcity of orthopyroxene in Ural–Alaskan type complex
also suggests that crustal contamination of the parental magma is insig-
nificant (Farahat and Helmy, 2006). Evidence for a lack of crustal
contamination is also provided by the narrow Nd isotopic range
(Table 1). Consequently, the Sr–Nd–Hf–O isotopes of the mafic–

ultramafic complexes can be used to trace their mantle sources and
magmatic processes.

Whole-rock Nd and zircon Hf isotopes are usually used to assess the
primary nature of the mantle source (Rollinson, 1993; Wu et al., 2007),
whereas Sr and O isotopes are indicators of mantle metasomatism or
modification (Chazot et al., 1997; James, 1981; Valley et al., 1998). The
positive εNd(t) values of the Xiadong mafic–ultramafic rocks are identi-
cal to the depletedmantlemember (Fig. 9). The zirconHf isotopic values
of the Xiadong complexmostly plot in the field bordered by the deplet-
ed mantle and chondrite evolution lines (Fig. 10). Thus, the parental
magmas of the Xiadong mafic–ultramafic complex are inferred to
have come from a depleted mantle source. On the other hand, the
large Sr isotopic variation points to an oceanic trend, which has been
widely interpreted as a subduction signature (e.g., Rollinson, 1993;
Zindler and Hart, 1986). Such subduction-related material component
could significantly increase δ18O value from the normal mantle
(~5.3‰) (Chazot et al., 1997; Valley et al., 1998; Zheng et al., 2004).
The heterogeneous and slightly high δ18O values relative to the normal
mantle value (Table 2S; Fig. 10) could be ascribed to variable mantle
metasomatism by subduction-related melt in the mantle source,
which is consistent with the enrichment trend revealed by the Hf isoto-
pic compositions (Fig. 10). In addition,mafic arcmagmas are commonly
hydrous and oxidized (e.g., Ahmed et al., 2008; Claeson and Meurer,

Fig. 8. Chondrite-normalized rare earth element and primitive mantle-normalized trace element patterns of the investigated rocks from the Xiadong mafic–ultramafic complex and its
country rocks.
Chondrite and primitive mantle values are from Anders and Grevesse (1989) and Sun and McDonough (1989), respectively.
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2004). The hydrous nature is reflected in the dominance of hornblende
and localized phlogopite in the different lithologies within the intru-
sions. The overall enrichment of the Fe-chromite and Cr-magnetite in
Fe3+ (Su et al., 2012c) is an original feature attributed to the oxidized
nature of arc magmas (Ahmed et al., 2008).

Therefore, we suggest that the parental magmas of the Xiadong com-
plex were derived from a depleted mantle source which had been
metasomatized by subduction-related melts/fluids. The inference is
consistent with the hypothesis that worldwide Ural–Alaskan type intru-
sions originated from subduction-related processes (Batanova et al.,
2005; Chen et al., 2009; Eyuboglu et al., 2010; Ishiwatari and Ichiyama,
2004; Thakurta et al., 2008; Tian et al., 2011). The compositional model-
ing using olivine compositions (Fo = 93–96) by Sun et al. (2009) yields
28 wt.% MgO content in the Xiadong parental magmas. The enrichment
of Cr2O3 in the spinels (Su et al., 2012c; Sun et al., 2009), together with
the extremely high Mg and low trace element abundances, suggests
that the mantle source most likely experienced a very high-degree par-
tial melting to generate the parental magmas of the Xiadong intrusion.

6.3. Long-lived arc magmatism

Although Ural–Alaskan type complexes have been comprehensively
investigated with respect to their petrology, mineralogy, geochemistry
andmineralization, geochronological study has received little attention.
This lack of attention is due partly to the limited analytical facilities of
the early studies, and partly to the lack of reasonable dating targets in
some intrusions, both of which have subjected previous findings to
continuous debate. For example, Roddick and Farrar (1972) reported a
K–Ar date of 175 Ma for the formation of the Tulameen complex in
British Columbia. However, in the same region, Nixon and Rublee
(1987) proposed an emplacement time interval of 120 Ma to 97 Ma.
During the same period, an older age of 190 Ma for the Turnagain
complex was reported by Scheel et al. (2005). The view that individual
Ural–Alaskan type complexes are derived from one single parental
magma and should have a single formation age has been accepted by
many authors (e.g., Chen et al., 2009; Farahat and Helmy, 2006;
Helmy et al., 2005; Tian et al., 2011).

On the other hand, many previous studies have argued that most
Ural–Alaskan type complexes were formed over a long time interval
caused by a long-term, continuous subduction process (Ahmed et al.,
2008; Brew and Morrell, 1983; Ishiwatari and Ichiyama, 2004; Rubin
and Saleeby, 1992). For example, the Klukwan–Duke mafic–ultramafic
belt is recognized to have been formed over a time interval of 118 Ma
to 100 Ma (Table 2; Himmelberg and Loney, 1995; Rubin and Saleeby,
1992; Saleeby, 1992). Similarly, the Ariadnoe and Koksharovka com-
plexes in Russia have formation ages of 159–152 Ma and 160–145 Ma,
respectively (Table 2; Ishiwatari and Ichiyama, 2004), while the forma-
tion age of the Kondyor complex in Russia was inferred to be in a period
of 150–83 Ma (Table 2; Orlova, 1992; Kononova et al., 1995; Pushkarev
et al., 2002). Furthermore, Eyuboglu et al. (2010) also suggested that
Ural–Alaskan type complexes are mainly produced by successive epi-
sodes of magma replenishment and intrusion through time.

In the Xiadong complex, field relationships have revealed cross-
cutting or intrusive relationships between the lithological units (Figs. 2,
3), which have been observed in many other Ural–Alaskan type com-
plexes such as the Duke Island (Irvine, 1974) and the Karayaşmak com-
plexes (Eyuboglu et al., 2010). There is no gradual variation in both terms
of rock type andmineral assemblage from the ultramafic tomafic units. It
is worth to note that enclaves of the light yellow dunites occur in the
dark green dunites (Fig. 3). The hornblende seems to have had a long
crystallization history as it is present in all rock types and has a wide
range of Mg# (Su et al., 2012c). Furthermore, the distinct correlations
of themajor oxides observed between themain body rocks and intrusive
dykes (Fig. 7) suggest that the Xiadong complexwas probably formed by
multiple magmatic pulses rather than through fractional crystallization
within a single magmatism. It is also supported by the age differenceTa
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and changes of mantle source related to two subsequent subduction
events discussed below.

The hornblende gabbro sample XED-5 has a zircon U–Pb age of 479
Ma, which is similar to the 477 Ma obtained from the borehole sample
XDZK1601–20 (Fig. 6). The main body of the Xiadong complex is thus
speculated to have been formed during the ~479 Ma magmatic pulse.
Notably, although there should be at least two magmatic pulses to
form the dunites, it is difficult to establish the exact ages due to a lack
of reliable data for dating. The hornblende gabbro and hornblendite
intrusive dykes in the dunite body show identical petrological and

mineralogical features to those of the main body, and also to typical
Ural–Alaskan type rocks (Su et al., 2012c), indicating their association
with the whole Xiadong Ural–Alaskan type complex. Interestingly,
two hornblende gabbro samples (09XDTC1-12 and 09XDTC1-22) from
the intrusive dykes have ages of 379 Ma and 313 Ma, respectively
(Table 1S; Fig. 6). Based on these data we conclude that the formation
of the Xiadong Ural–Alaskan type complex lasted ~160 Ma, from 479
Ma to 313 Ma, and required extremely long-lived magmatism relative
to the other Ural–Alaskan type complexes worldwide.

6.4. Tectonic implications

In the Paleozoic, the subduction of the South Tianshan and Junggar
oceans as parts of the Paleo-Asian ocean resulted in an arc–basin–
microcontinent system in the southern CAOB (Gao et al., 2006; Qin
et al., 2003; Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2009).
On the other hand, the Eastern Tianshan system consists of the
Dananhu–Tousuquan island arc, the Yamansu back-arc basin and the
Central Tianshan microcontinent (Qin et al., 2002; Su et al., 2012a).
The Dananhu–Tousuquan island arc is distinguished by Devonian and
Early Carboniferous andesites and Tuwu–Yandong porphyry copper de-
posits (334Ma; Han et al., 2010; Zhang et al., 2008), while the Yamansu
back-arc basin is characterized by wide distributions of Carboniferous
calc-alkaline volcanics, granitoids and many Fe–Cu deposits in volcanic
rocks (Qin et al., 2002, 2003; Su et al., 2012a). The controversy surround-
ing the Central Tianshan lies in whether it originated in an island arc or
continental arc setting (Li et al., 2006; Qin et al., 2002; Su et al., 2011c,
2012a; Xiao et al., 2004, 2009). Based on the discovery of a widespread
Precambrian basement, the Central Tianshan has been identified as a
microcontinent (Xu et al., 2009), and geochemical and geological evi-
dence indicate that the Xiadongmafic–ultramafic complex as a Paleozoic
Ural–Alaskan type formed an arc setting within the Central Tianshan.

The northward subduction of the South Tianshan Ocean in the early
Paleozoic resulted in a subduction signature of themantle source of the

Fig. 9. εNd(t) vs. (87Sr/86Sr)i plot showing the Sr and Nd isotope compositions of the inves-
tigated rocks from the Xiadong mafic–ultramafic complex. All data have been adjusted to
zircon U–Pb ages. The fields were defined by Nd–Sr isotopic data of mafic–ultramafic
intrusions in the Jueluotage, Central Tianshan and Beishan (Su et al., 2012a and refer-
ences therein). DM, depleted mantle; EMII, enriched mantle II; εNd(t) = 0 and
(87Sr/86Sr)i = 0.705 are values of bulk silicate Earth (Zindler and Hart, 1986).

Fig. 10. Correlation diagrams of zircon Hf–O isotopes and Hf model ages vs. U–Pb ages of the Xiadong mafic–ultramafic complex. The fields were defined by zircon Hf–O isotopic data of
mafic–ultramafic intrusions in the Jueluotage, Central Tianshan and Beishan (Su et al., 2011a, c). The dashed line with arrow represents the compositional variations of zircons with ages.
The subduction signatures of the South Tianshan and Junggar oceans are discussed in the main text. The mantle zircon O isotopic composition of δ18O = 5.3 ± 0.3‰ is from Valley et al.
(1998).
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Early Permian mafic–ultramafic intrusions in the Beishan and Central
Tianshan (Pirajno et al., 2008; Song et al., 2011; Su et al., 2011a, b,
2012a, d; Tang et al., 2011). These intrusions have features of depleted
and varying whole-rock Sr–Nd isotopic ratios, slightly depleted zircon
εHf(t) values (0–8), old model ages (900–600 Ma) and higher δ18O
values relative to the normal mantle (Figs. 9, 10; Qin et al., 2011; Song
et al., 2011; Su et al., 2011a, b, 2012a, 2013b; Tang et al., 2012). On the
other hand, the lithospheric mantle beneath the Eastern Tianshan is
also said to have been modified by the southward subduction of the
Junggar ocean (Mao et al., 2008; Zhou et al., 2004), as evidenced by
the Paleozoic mafic–ultramafic intrusions in the Jueluotage, which are
characterized by highly depleted and restricted Sr–Nd isotopic compo-
sitions, higher zircon εHf(t) values, and younger model ages and narrow
δ18O range that is close to the normal mantle (Figs. 9, 10; Qin et al.,
2011; Su et al., 2011a, 2012a, 2013b).

The ~480Ma rocks of the Xiadong complex overlap the Sr–Nd isoto-
pic field defined by the Permian mafic–ultramafic intrusions in the
Beishan Terrane (Fig. 9). Their zircons display εHf(t) values and model
ages very similar to those from the Central Tianshan and Beishan intru-
sions. In particular, the O isotopic compositions completely plot within
the Central Tianshanfield (Fig. 10). As the intrusive rocks become youn-
ger, more subduction signatures from the Junggar ocean are recorded.
The Nd isotopic compositions become more depleted and plot much
closer to the Jueluotage field, although (87Sr/86Sr)i ratios are slightly
variable (Fig. 9). Similarly, the Hf–O isotopes and model ages of older
zircons are close to, or overlap with, the Central Tianshan and Beishan
field, while the younger zircons are inside the Jueluotage field
(Fig. 10). These compositional variations with time mark the transfor-
mation of subduction influences on the mantle source of the Xiadong
mafic–ultramafic complex, from the South Tianshan Ocean to the
Junggar ocean (Fig. 11). Therefore, it is reasonable to infer that these
two successive subduction events are very significant tectonic scenarios
that occurred in the southern CAOB, resulting in long-livedmagmatism,
variable mineralization and tectonic transformation (Fig. 11).

7. Conclusions

1) The Xiadongmafic–ultramafic complex in the Central Tianshan Ter-
rane is characterized by high Mg, low incompatible trace element
abundances, flat REE and arc–magma-type trace element patterns,
which provide further constraints on the Xiadong complex as
Ural–Alaskan type.

2) The cross-cutting relationship of the rock units and lack of uniform
major-element correlations indicate that the Xiadong complex was

formed by multiple magmatic pulses. The zircon U–Pb ages (479,
477, 379 and 313 Ma) of four hornblende gabbros confirm an ex-
tremely large time interval fromOrdovician to Carboniferous, during
which the Central Tianshan was inferred to be a continental arc.

3) The constant εNd(t) values, variable initial Sr isotopic ratios and
zircon Hf–O isotopes, together with the abundance of hornblende
and high-Fo olivine with ilmenite and magnetite, demonstrate that
the parental magmas of the Xiadong complex are hydrous and
oxidized, and most likely derived from a depleted mantle source
through high-degree melting. Thus, the mantle source had earlier
beenmetasomatized bymelts/fluids twice,most likely from the sub-
duction of the South Tianshan Ocean and the subduction of the
Junggar ocean.

Table 2
Summarized age data of representative Ural–Alaskan type complexes on the Earth.

Location Complex Age (Ma) Rock/mineral Method Reference

Alaska, USA Duke Island 108–111 Zircon in gabbro U–Pb Saleeby (1992)
118.5 Hornblende Ar–Ar Meen et al. (1991)
226 Zircon U–Pb Gehrels et al. (1987)

Union Bay 102 Zircon in gabbro U–Pb Rubin and Saleeby (1992)
Salt Chuck 429 Zircon in gabbro U–Pb Loney et al. (1987)
Dall Island 400 Zircon in gabbro U–Pb Loney and Himmelberg, 1992
Sukkwan Island 441 Zircon in gabbro U–Pb Loney and Himmelberg, 1992

Russia Kondyor 149–137 Phlogopite in dunite K–Ar Kononova et al. (1995); Orlova (1992)
124–113 Phlogopite in pyroxenite K–Ar
120–83 Whole rock, feldspar, mica and amphibole in gabbro K–Ar
132 Ultramafic rock K–Ar Pushkarev et al. (2002)
115 Gabbro K–Ar
123 Pyroxenite Rb–Sr
340–355 Whole rock Re–Os Malitch and Thalhammer (2002)

Ariadnoe 152–159 Biotite and kaersutite in pyroxenite K–Ar Ishiwatari and Ichiyama (2004)
Koksharovka 145–160 Biotite and kaersutite in pyroxenite K–Ar Ishiwatari and Ichiyama (2004)

British Columbia Tulameen 97–120 Biotite and kaersutite in pyroxenite K–Ar, Rb–Sr, and U–Pb Nixon and Rublee (1987)
China Xiadong 313–479 Zircon in gabbro U–Pb This study

Fig. 11. Tectonic model for the formation of the Xiadong Ural–Alaskan type complex and
evolution for the southern Central Asian Orogenic Belt.
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Supplementary data to this article can be found online at http://dx.
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