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The Western Tianshan Orogen in northwestern China is part of the southwestern margin of the Central Asian
Orogenic Belt (CAOB), which represents the largest tectonic assembly of accretionary complexes and the most
significant area of Phanerozoic continental growth in the world. Granitoid rocks have a widespread
occurrence and occupy about 30% of the whole exposure of the orogen. Ages obtained for the granitoids vary
from 896 Ma to 247 Ma, while initial 8’Sr/%6Sr ratios vary from 0.70329 to 0.72070 and &yg values from — 14.1
to + 7.3. The occurrence of Neoproterozoic granitic gneisses implies the presence of Precambrian basement in
this area. During oceanic subduction, continental growth occurred as a result of several combined processes,
i.e. by addition of oceanic crustal melts (adakites), the intrusion of basaltic magmas derived by partial melting
of the metasomatized depleted mantle wedge and the upwelling of granitic magma derived from a mixed
source of basaltic magmas and old continental basement. However, during the post-collisional period, vertical
accretion of underplated juvenile mantle material may have been accomplished during ‘slab breakoff
delamination. This study suggests a two stage model of continental growth of ‘syn-subduction lateral
accretion of arc complexes’ and ‘post-collisional vertical accretion of underplated mantle material’, which may
also be relevant for the western segment of the CAOB in the Phanerozoic. The reworking and involvement of
old crust are more obvious in the Western Tianshan Orogen compared to other parts of the CAOB comprising

the Western Junggar, Eastern Junggar, Alataw and Altay terranes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Central Asian Orogenic Belt (CAOB) also known as the ‘Altaid
tectonic collage’ is one of the world's largest accretionary orogens.
Nearly half of the newly formed continental crust of the CAOB was
formed by arc accretion in the Phanerozoic (Sengor et al., 1993).
Systematic geochemical and geochronological studies on granitoids in
the Junggar and Alataw terranes of NW China contrastingly indicate
that the granitoids with positive eNd and low-Sr isotopic ratios were
derived from a long-lived depleted mantle reservoir in a post-
collisional environment (Chen and Arakawa, 2005; Chen et al., 2000a;
Han et al., 1997, 2006). The granitoids in the Altay (Sun et al., 2008;
Wang et al., 2006a, 2009a; Yuan et al., 2007), Mongolia (Jahn et al.,
2004; Kroner et al., 2007), central Kazakhstan (Heinhorst et al., 2000),
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central and northern Kazakhstan terranes (Kroner et al., 2008)
were predominantly generated in subduction zone settings indicating
lateral continental growth by accretion of arc complexes (Jahn, 2004;
Jahn et al., 2000). Furthermore, Permian anorogenic, rift-related
alkaline granite magmatism occurs locally in central and northern
Kazakhstan reflecting vertical addition of juvenile, mantle-derived
material by underplating (Heinhorst et al., 2000; Kréner et al., 2008).

Therefore, two different models aim to explain the mechanism of
the Phanerozoic continental growth in the CAOB: the ‘syn-subduction
continental growth by accretion of arc complexes related to oceanic
subduction’ (Sengor et al., 1993; Xiao et al., 2009a, 2009b) and the
‘syn-subduction lateral continental growth by accretion of arc
complexes as well as post-collisional vertical continental growth by
accretion of mantle-derived material’ (Han et al., 1997; Jahn et al.,
2000; Wang et al., 2009a).

Granitoids can be used as tracers of the geodynamic evolution
(e.g., Barbarin, 1999) and the continental growth process of orogens
(e.g., Han et al., 1997; Wang et al., 2009a). Compared with granitoids
in other parts of the CAOB, the isotopic characteristics and ages of
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rocks exposed in the Tianshan Orogen, which occupies the south-
west margin of the CAOB (Fig. 1a), have not yet been studied
systematically.

Here, we present Laser-Ablation ICP-MS trace element data (LA-
ICP-MS) and SHRIMP U-Pb zircon age data from 13 representative
plutons and, in addition, strontium and neodymium isotopic data
from 15 plutons. We develop a model, together with published data
(95 zircon U-Pb ages and 92 Sr-Nd isotopic ratios) to elucidate the
Phanerozoic continental growth in the Western Tianshan Orogen.
These data show that continental growth in the Western Tianshan
occurred as a result of syn-subduction lateral accretion of arc com-
plexes and post-collisional vertical accretion and thus by combining
the two models proposed for continental growth in the western
segment of the CAOB.

2. Regional geology and distribution of granitoid rocks

The Chinese Western Tianshan orogen and adjacent regions are
subdivided into four distinct tectonic domains: the Northern Tianshan
Accretionary Complex, the Kazakhstan (North Tien Shan-Issyk-Kul)-
Yili block, the Central Tianshan Arc Terrane and the Tarim block. These
are separated by the North Tianshan (or Northern Central Tianshan),
the Nikolaev Line-North Nalati and the South Central Tianshan (or
South Tianshan) suture zones, respectively (Fig. 1b; Gao et al., 2009;
Qian et al.,, 2009). The North Tianshan suture zone was suggested to
have formed during the late Carboniferous (Han et al., 2010a; Wang
et al., 2006b). The activity of the Nikolaev Line-North Nalati suture
zone terminated at the end of Middle Ordovician (Bazhenov et al.,
2003), while the timing of the activity of the South Central Tianshan
suture zone is still controversial (e.g., Hegner et al., 2010). The latter
has traditionally been regarded as a Late Paleozoic major shear zone
between the Tarim and Yili-(Central Tianshan) blocks (e.g., Allen
et al,, 1992; Charvet et al., 2007; Gao et al., 2011), while Xiao et al.
(20093, 2009b) and Zhang et al. (2007) concluded recently that this
suture zone formed during the Triassic.

Granitoid rocks have a widespread occurrence in the Western
Tianshan Orogen and mark the main period of continental growth of
northwestern China (Coleman, 1989). They occupy about 30% of the
whole orogen (Wang et al., 1990). The distribution of these granitoids
is restricted to five belts: the North Tianshan Granite Belt, the North
Yili Block Granite Belt, the South Yili Block Granite Belt, the Central
Tianshan Granite Belt, and the South Tianshan Granite Belt (Fig. 1c;
Han et al.,, 2010a); Long, 2007; Wang et al., 1990; Xiao et al., 1992.

The North Tianshan Granite Belt (NTGB) consists of several gra-
nitic plutons, which are intruding into the North Tianshan accretion-
ary complex (Fig. 1c; Han et al, 2010a; Wang et al., 2006b). The
accretionary complex is mainly composed of Devonian-Carboniferous
turbidites and volcanosedimentary rocks and ophiolite remnants of
the Junggar (or North Tianshan) oceanic crust (Gao et al., 1998; Wang
et al., 2006b). Late Carboniferous continental conglomerates that
occur in few local outcrops lie above a discontinuity on top of the
volcanics of the accretionary complex (Wang et al., 1994). The
Kikeshu pluton crops out in an area of ~200 km? and intruded into the
ophiolitic mélange interpreted as a post-collisional stitching intrusion
with SHRIMP zircon U-Pb ages of 316 43 Ma (Han et al., 2010a).

The North Yili Block Granite Belt (NYBG) extends for more than
400 km along the northern margin of the Yili block bordered by the
Late Paleozoic North Tianshan suture zone to the north and the Yili
basin to the south (Fig. 1c). The granitoids intruded into Meso-
Neoproterozoic gneisses and sediments, Cambrian-Early Ordovician
and Silurian sediments. Furthermore, they intimately occur together
with Early Carboniferous basaltic to intermediate volcanics (Gao et al.,
1998; Wang et al.,, 2007; Zhai et al., 2009). SHRIMP, Laser-Ablation

ICP-MS and TIMS U-Pb zircon ages range from 390 Ma to 287 Ma for
the granitoids (Li et al., 2006; Tang et al., 2007, 2010a; Wang et al.,
2006b; Xu et al., 2006; Zhang et al., 2008, 2010a; Zhu et al., 2006a).
Late Ordovician amphibolites with U-Pb zircon ages of 455 and
451 Ma are exposed in the Wenquan area (Fig. 1b) which was
formerly interpreted to represent the Precambrian basement (Hu
et al., 2008).

The South Yili Block Granite Belt (SYGB; Fig. 1c) stretches from the
southern margin of the Yili block in China to the Northern Tianshan
of Kyrgyzstan and Kazakhstan. Meso- to Neoproterozoic low-grade
metamorphic clastic rocks, Sinian (latest Neo-Proterozoic) tillites and
Cambrian transitional Mid-Ocean Ridge Basalts (T-MORB; 516 + 7 Ma,
SHRIMP zircon U-Pb age) are locally exposed in the Chinese part of
the SYGB (Qian et al., 2009). In addition, diorites (470412 Ma,
SHRIMP zircon U-Pb age) intruded into the Cambrian volcanic rocks
(Qian et al., 2009). Early Carboniferous andesites, basaltic andesites
and basalts with “°Ar/3°Ar ages of 334-360 Ma (Liu et al., 1994) and a
SHRIMP zircon U-Pb age of 361+ 6 Ma (Zhu et al., 2009) and Late
Carboniferous-Early Permian alkali-rich volcanic rocks (Fig. 1b; Zhao
et al., 2009) are distributed along the Chinese part of the granite belt.
Adakitic quartz-albite porphyries and dacites with a SHRIMP zircon
U-Pb age of 259.5 4 0.5 Ma have also been reported to occur as small
plutons in the Awulaleshan of the SYGB (Zhao et al, 2008). In
southern Kazakhstan, Archean granitic SYGB gneisses have SHRIMP
zircon U-Pb ages of 2791.04+24 Ma and Paleoproterozoic granitic
gneisses have ages of 2187.1 £ 0.5 and 1789.1 £ 0.6 Ma (Kroner et al.,
2007). Furthermore, the Precambrian basement was overthrust
by Cambrian to Lower Arenigian (earliest Early Ordovician) ocean
island and island arc complexes that are unconformably overlain by
Middle Arenigian conglomerates and olistostromes (Mikolaichuk
et al.,, 1997). Precambrian to Middle Ordovician rocks were intruded
by granites in the middle Ordovician (460-470 Ma, U-Pb zircon age,
Konopelko et al., 2008) and Early Silurian (435-440 Ma, U-Pb zircon
age, Konopelko et al., 2008). Upper Arenigian to Lower Caradocian
island arc volcanic rocks and Upper Ordovician redbeds are
unconformably covered by Devonian volcanics, Lower Carbonif-
erous redbeds, Upper Carboniferous conglomerates and sandstones
(Mikolaichuk et al., 1997). Additionally, Permian alkali-rich volcanic
rocks including shoshonites unconformably overlie Upper Carbonif-
erous sedimentary rocks in Northern Tianshan of Kyrgyzstan and
Kazakhstan (Solomovich, 2007).

The narrow Central Tianshan Granite Belt (CTGB) is framed by the
Early Paleozoic Nikolaev Line-North Nalati suture to the north and the
Late Paleozoic South-Central-Tianshan suture to the south (Fig. 1c).
It is underlain by Meso- to Neoproterozoic metamorphic basement,
which is composed of sillimanite-biotite—quartz schists, garnet-
plagioclase-granulites, gneisses, amphibolites, migmatites and mar-
bles (Wang et al., 1990; Xiao et al,, 1992). The basement itself lies
under a disconformity of Sinian carbonates and tillites. Late Silurian
and Carboniferous island-arc volcanic and volcaniclastic rocks were
thrust over the Precambrian metamorphic rocks (Gao et al., 1998; Zhu
et al.,, 2005, 2009). Late Permian sediments are present locally. Early
Paleozoic to Late Paleozoic diorites and granites with zircon U-Pb ages
varying from 479 Ma to 266 Ma (Gao et al., 2009; Han et al., 2004; Li
et al,, 2010; Yang et al.,, 2006; Zhu et al., 2006b) intruded into the
Meso- to Neoproterozoic metamorphic basement, Late Silurian and
Carboniferous island-arc type volcanics.

Few granitic plutons of the South Tianshan Granite Belt (STGB;
Fig. 1c) intruded into the northern margin of the Tarim block
predominantly composed of Proterozoic metamorphic rocks, Sinian
and Lower Cambrian sediments and Cambrian-Carboniferous mar-
ine/non-marine carbonates, clastic rocks, cherts and interlayered
volcanics (Carroll et al., 1995). Permian fluvial deposits and rift-type

Fig. 1. Tectonic map of the Western Tianshan Orogen (a) modified after Zhang et al., 2010a; b) modified after Gao et al., 2009) showing the distribution of Paleozoic granitic rocks

(¢, modified after Wang et al., 1990). Maps in Figs. 2, 3, 4, 5 and 6 are outlined.
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volcanics unconformably lie underneath the earlier strata locally.
Granitic plutons are predominantly composed of syenites, nepheline
syenites, aegirine syenites, two-mica peraluminous leucogranites and
A-type rapakivi granites, which revealed U-Pb zircon ages of 304-
273 Ma (Konopelko et al., 2007; Liu et al., 2004; Long et al., 2008;
Seltmann et al., 2011; Solomovich, 2007; Zhu et al., 2008a). Several
granitic intrusions containing zircon grains with ages from 490 Ma to
387 Ma occur in the eastern segment of the STGB (Han et al., 2004;
Hopson et al., 1989; Zhu et al., 2008b).

3. Localities and description of samples

Granitoids from 13 granitic plutons from the NYGB, the SYGB, the
CTGB and the STGB have been selected for age dating (Table 1). These
plutons and nine other granitic intrusions that were previously dated
(see below and Gao et al., 2009) have been selected for major element
and trace element analyses. Fifteen of them have been selected for Sr-
Nd isotope analyses.

3.1. The North Yili Block Granite Belt (NYGB)

The western segment of the NYGB contains a composite granitic
pluton of biotite monzo-diorite, granodiorite, diorite and granite
that is exposed in the Wenquan region (Fig. 1b). It intrudes into the
Paleo- and Meso-Proterozoic Wenquan Group and Devonian strata
(Fig. 2). The Wenquan Group mainly consists of migmatitic gneisses,
granitic gneisses, biotite-quartz schists and marbles. The Devonian
strata are composed of siltstones, sandstones, conglomerates, lime-
stones and minor interlayered tuffs. The granitic sample WQ2 selected
for dating displays a massive texture and consists of biotite (20%),
alkaline feldspar (25%), plagioclase (30%), quartz (24%) and accessory
minerals such as zircon, apatite, ilmenite and magnetite.

Another composite granitic intrusion which is composed of biotite
diorite, biotite granodiorite and hornblende biotite granite is exposed
along the Du-Ku High Road across the eastern segment of the NYGB
(Figs. 1b and 3). It intruded into Silurian or Carboniferous sedimentary
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and volcanic rocks (Fig. 3; Wang et al., 2006b, 2007). The biotite
granodiorite displays a mylonitic foliation that is parallel to the
trend of the North Tianshan suture zone and dips to the south. The
surrounding biotite diorite and hornblende-biotite granite are
massive in character. Sample DK 14 is composed of biotite (20%),
plagioclase (55%), alkaline feldspar (5%), quartz (20%) and minor
accessory minerals such as zircon, apatite, ilmenite and magnetite.
The biotite diorite (sample DK11) and the hornblende-biotite granite
(sample DK13) contain 25% and 1% hornblende, respectively. The
quartz content of the biotite granodiorite is 3% and the biotite diorite
contains about 20% quartz.

3.2. The South Yili Block Granite Belt (SYGB)

The alkali feldspar granite intrusion selected for this study is
exposed along the Qiongkushitai River across a narrow corridor be-
tween the Early Paleozoic North Nalati suture and the Late Paleozoic
South Central Tianshan suture (Figs. 1b and 4). The alkali feldspar
granite pluton is thrust over Early Carboniferous volcanic and
volcaniclastic rocks. The investigated sample QK7 consists of alkali
feldspar (60%), plagioclase (10%), quartz (29%), minor biotite (1%)
and accessory minerals.

3.3. The Central Tianshan Granite Belt (CTGB)

The Central Tianshan Arc Terrane that crops out along the Muzaerte
River (Figs. 1b and 5) consists of a hornblende granodioritic intrusion
overlain by Carboniferous volcanic rocks and limestones. A biotite—
hornblende granodiorite pluton intruded into amphibolite-facies
schists, granulites, gneisses and amphibolites. The hornblende
granodiorite (samples XT5/14/16/17) has a coarse-grained massive
texture and is mainly composed of alkali feldspar (20%-40%), pla-
gioclase (20%-30%), quartz (20%-35%) and hornblende (10%-15%).
The biotite-hornblende granodiorite (sample XT18/19) displays a
weak gneissic foliation, which is parallel to the main ENE regional

Table 1
The descriptional data on geology, geochemistry and geochronology for the intrusions in this study.
Intrusion  Rock type Tectonic ~ Country rocks Age (Ma) Geochemistry of Geochemistry of trace elements Initial eNd(T)
(sample) setting major elements 87Sr/%5sr
wQ2 Biotite monzo-diorite NYGB Meso-Proterozoic 3713+15 6:132t02 LREE-Enrichment, flat HREEs 0.713496 —2.61
and Devonian strata A/CNK: 0.99 to 1.09 Negative anomalies for Ba, Nb,
Fe*: 0.84 to 0.86 Ta, Sr and Ti
DK11 Biotite diorite NYGB Carboniferous strata  281.2+1.2 §=1.94A/CNK=0.69, LREE-Enrichment, Flat HREEs - -
Fe*=—-52
DK13 Biotite granite NYGB Carboniferous strata ~ 296.64+0.8 5=2.28,A/CNK=1, Less depletion of Nb and Ta
Fe*=0.8
DK14 Biotite granodiorite NYGB Silurian strata 4126+24 6=0.83,A/CNK=1.15, LREE-Enrichment, flat HREEs - -
Fe*=0.66 Depletion of Ba, Nb, Ta, Srand Ti - -
QK7 Alkali feldspar granite SYGB Thrust over 43048 6=1.88,A/CNK=1.21, LREE-Enrichment, Flat HREEs - -
Carboniferous strata Fe*=0.84 Depletion of Ba, Nb, Ta, Sr and Ti
XT17 Hornblende granodiorite ~ CTGB Thrust over 4374+1.1 6=219A/CNK=0.98, LREE-Enrichment, Flat HREEs 0.716343 —6.50
Carboniferous strata Fe*=0.71 Depletion of Ba, Nb, Ta, Sr and Ti
XT18 Hornblende granodiorite ~ CTGB Precambrian strata 2472+09 5=1.83,A/C(NK=0.93, LREE-Enrichment, Flat HREEs - -
Fe*=0.73 Without Nb and Ta anomalies
AK8 Diorite CTGB Precambrian strata 409.0+1.6 ©6=436,A/CNK=0.92, LREE-Enrichment, Flat HREEs 0.709989 —0.79
Fe*=0.74 Depletion of Ba, Nb, Ta, Sr and Ti
QK1 Monzodiorite CTGB Precambrian and 325+5 6=2.64,A/CNK=0.66, LREE-Enrichment, Flat HREEs 0.706829 —0.84
Late Paleozoic strata Fe*=0.64 Without Nb and Ta anomalies
QK5 Biotite granite CTGB Precambrian and 322+5 6=1.30,A/CNK=0.94, LREE-Enrichment, Flat HREEs 0.707190 —0.87
Late Paleozoic strata Fe*=0.75 Without Nb and Ta anomalies
DK24 Granitic mylonites CTGB Precambrian strata 3415409 6=190A/CNK=0.96, - - -
Fe*=0.71
DK29 Biotite diorite CTGB Precambrian strata 320.8+1.1 6=3.65,A/CNK=0.77, LREE-Enrichment, Flat HREEs - -
Fe*=0.80 Depletion of Ba, Nb, Ta, Sr and Ti
DK28 Granitic gneiss CTGB Precambrian strata 895.6+24 6=143A/CNK=1.12, LREE-Enrichment, Flat HREEs - -
Fe*=0.81 Depletion of Ba, Nb, Ta, Sr and Ti

Note: NYGB = North Yili Block Granite Belt, SYGB = South Yili Block Granite Belt, CTGB = Central Tianshan Granite Belt; = (Na20 + K20)2/(Si02-43), A/CNK [molar Al203/[Ca0 +

Na20 + K20]], Fe* [FeOtotal/(FeOtotal + MgO)];“-" = without data.
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trend and consists of alkali feldspar (25%-45%), plagioclase (10%-
30%), quartz (15%-25%), hornblende (10%) and biotite (1%-5%).

A composite granitic intrusion consisting of granite, diorite and
granodiorite is exposed along the Akeyazi and Bikai Rivers (Figs. 1b
and 6). It intruded into Meso- to Neoproterozoic amphibole-biotite
plagioclase schists, garnet-plagioclase granulites, gneisses and am-
phibolites and is overlain by the Western Tianshan high pressure-low
temperature metamorphic belt consisting of blueschist-, eclogite-
and greenschist-facies meta-sedimentary rocks and some mafic
metavolcanic rocks (Gao and Klemd, 2003; Gao et al., 1999). LA-ICP-
MS zircon U-Pb ages for the granodiorites and granites yield 479 +
2Ma, 41942 Ma, 4134+ 1Ma and 4014+1Ma (samples BK7/14/
15/13; Gao et al, 2009). One diorite sample (AK8) containing
plagioclase (70%), hornblende (25%), quartz (4%) and ilmenite (1%)
was selected for dating and geochemical analyses. Ages and major
and trace element composition were also inferred from a horn-
blende granite (433 +6 Ma, sample KKS3), a monzodiorite (398 +
1 Ma, sample KKS5), a biotite granite (352 4+ 5 Ma, sample KKS10), a
biotite-hornblende granite (349 4- 6 Ma, sample KKS12) and a quartz
syenite (27543 Ma, sample KKS1) exposed along the Kekesu River
(see Fig. 2 of Gao et al., 2009).

A biotite granite and monzodiorite pluton are exposed along the
Qiongkushitai River running from south to the north across the
Central Tianshan Arc Terrane (Figs. 1b and 4). It intruded into Meso-
to Neoproterozoic amphibolite-facies schists, granulites, gneisses and
amphibolites and Late Paleozoic blueschist-, and greenschist-facies
subduction complexes (Gao et al., 1995). The biotite granite (sample
QK5) is composed of biotite (10%), alkali feldspar (50%), plagioclase
(20%) and quartz (20%) and the monzodiorite (sample QK1) contains
biotite (15%), hornblende (10%), alkali feldspar (35%), plagioclase
(30%) and quartz (10%).

Dioritic and granitic plutons intruded into the Meso- and Neopro-
terozoic amphibolites-facies schists, granulites, gneisses and amphibo-
lites along the Du-Ku High Road (Figs. 1b and 3). The augen gneiss with

alkali feldspar porphyroblasts (1-2 cm in diameter) has a foliation
parallel to the main ENE regional trend (sample DK28). The gneiss itself
is intruded by a biotite diorite (sample DK29) which also intruded into
granitic mylonites (sample DK24).

3.4. The South Tianshan Granite Belt (STGB)

A hornblende biotite granite sample from the Heiyingshan area
with a SHRIMP zircon U-Pb age of 285 4-4 Ma (see Fig. 2 of Long et al.,
2008) was selected for further Sm-Nd and Rb-Sr isotope studies. It
has a gneissic foliation and mainly contains alkali feldspar (~50-65%),
plagioclase (<3%), quartz (~25-40%), hornblende (~3-5%) and biotite
(5-10%). It is peraluminous and shows a calc-alkaline trend with
K,0/Na,0 ranging from 1.66 to 2.88, K,0 + Na,0 from 7.14 wt.% to
7.79 wt.%, A/CNK value (molar Al,03/(Ca0O + Nay0 + K;0)) from 0.99
to 1.07 and a §-value (8 = (Na,0 + K,0)?%/(Si0,-43)) from 1.79 to 2.22
(Long et al., 2008).

4. Results

The detailed analytical methods for the LA-ICPMS and the
Sensitive High Resolution Ion Microprobe (SHRIMP) analyses of
zircon grains as well as major element, trace element and Sr and Nd
isotope compositions of the whole rock powders are described in the
‘Analytical methods’ in the Supplementary data.

4.1. U-Pb zircon age dating

Zircon grains for U-Pb analyses were separated from thirteen
samples (Table 1). Zircon grains are usually elongated or short and
prismatic with a length varying from 80 to 250 pm and a width from 45
to 100 pum. They are colorless to light brown, transparent and euhedral
with well-developed concentric oscillatory zoning in cathodolumi-
nescence imaging, similar to that of magmatic zircon (Rubatto and
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Gebauer, 2000). The CL images and analyzed spots of all the studied
samples are presented as the Supplementary data. Most analyses were
done on zircon rims, some on the mantle domain of zircon grains and
few on the core of zircon grains. The results vary within uncertainty
for the zircon grains of the same sample. The analytical results for the
investigated samples are listed in the Table S1 and Table S2 of the
Supplementary data. The U/Th ratio of all analyzed spots varies
from 0.1 to 1.42, indicating a magmatic origin for the zircon grains
(Williams, 2001). The following geochronological results are pre-
sented according to their occurrence in the distinct granite belts.

4.1.1. NYGB

Sixteen zircon analyses from the biotite monzodiorite (sample
WQ2) of the western NYGB segment (Fig. 2) have a weighted mean
206pp,238(J age of 371.3 + 1.5 Ma (Fig. 7a). Zircon grains from three
samples of the biotite diorite, biotite granodiorite and hornblende-
biotite granite exposed in the eastern NYGB segment (Fig. 3) have also
been analyzed: four spots analyzed on zircon grains from the biotite
granodiorite (sample DK14) are concordant and yield a weighted
mean 2°Pb/238U age of 412.6 ++ 2.4 Ma (Fig. 7b). Twenty-one analyses
from the biotite diorite (sample DK11) are concordant and give a
weighted mean 2°°Pb/?33U age of 281.2 & 1.2 Ma (Fig. 7c). In addition,
eighteen zircon analyses from the biotite granite (sample DK13)
define a concordant to near-concordant group with a weighted mean
206pp /238 age of 296.6 + 0.8 Ma (Fig. 7d).

4.1.2. SYGB

Nineteen zircon grains from the alkali feldspar granite exposed along
the Qiongkushitai River were analyzed (sample QK7, Fig. 4). Twelve
analytical points define a concordant to near-concordant group and give

aweighted mean 2°°Pb/?38U age of 430 + 8 Ma (Fig. 7e). The other spots
are strongly discordant and were thus excluded from the 2°°Pb/238U age
calculation.

4.1.3. CTGB

Thirteen zircon grains from the hornblende granodiorite exposed
along the Muzaerte River (sample XT 17, Fig. 5) define a concordant
to near-concordant trend with a 2°Pb/?33U age of 437.44+1.1 Ma
(Fig. 7f). In addition 15 grains from the biotite-hornblende granodi-
orite (sample XT 18) exposed ~6 km south of sample XT17 (Fig. 5) are
concordant and give a 2°5Pb/238U age of 247.2 + 0.9 Ma (Fig. 7g).

Thirteen analyses of zircon grains from the diorite exposed along
the Akeyazi River (sample AKS; Figs. 6 and 7h) define a concordant
age group with a weighted mean 2°Pb/238U age of 409.0 + 1.6 Ma.
LA-ICP-MS zircon U-Pb ages of 47942 Ma, 41942 Ma, 413+ 1 Ma
and 40141 Ma were reported for the same composite granitoid
intrusion (samples BK7/14/15/13; Gao et al., 2009).

Sixteen zircon grains from the monzodiorite exposed along the
Qiongkushitai River were analyzed (sample QK1; Fig. 4). Thirteen of
which define a concordant to near-concordant weighted mean 2°°Pb/?*%U
age of 32545 Ma (Fig. 7i). All seventeen analyzed zircon grains of
the biotite granite from the same area (sample QK5) yield a weighted
mean 2°°Pb/238U age of 322 + 5 Ma (Fig. 7j).

Eighteen zircon grains from the granitic mylonite exposed at
Laerdun Daban along the Du-Ku High Road (sample DK24; Fig. 3) are
concordant with a weighted mean 2°°Pb/?8U age of 341.5+0.9 Ma
(Fig. 7k). Furthermore, 18 spots on zircon grains from the biotite
diorite (sample DK29) yield a 2°°Pb/?*8U age of 320.841.1 Ma
(Fig. 71). Thirteen zircon grains from the augen granitic gneiss from
the same area, define a concordant to near-concordant trend with a
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weighted mean 2°°Pb/?38U age of 895.6 4+ 2.4 Ma (Fig. 7m). This age is
within the error range of 882 4- 33 Ma obtained by Chen et al. (1999a)
for the same rock types from this locality.

4.2. Geochemical characteristics

Major element, trace element and rare earth element concentra-
tions of granitic rocks are presented in Table S3 of the Supplementary
data. Sr-Nd isotope ratios obtained in this study and the data
published previously for the granitoids are listed in Table S4 of the
Supplementary data. Below, we present the data according to their
occurrence in the distinct granite belts.

4.2.1. NYGB

Samples WQ2, WQ4, and WQ6 from the Wenquan area of the
western segment of the NYBG are classified as monzodiorite,
granodiorite and granite, respectively (Fig. 8a; Middlemost, 1994).
They are high potassic calc-alkaline to calc-alkaline rocks with &-
values from 1.32 to 2. They are meta-aluminous to peraluminous
with A/CNK between 0.99 and 1.09 while K;0/Na,O ratios vary from
1.23 to 1.73. Fe* (FeO™%! (Fe0'"! + MgO); Frost et al., 2001) (0.84 to
0.86) implies a ferroan, calc-alkaline, peraluminous composition of
the biotite monzodiorite.

Generally, samples from the NYGB are characterized by an enrich-
ment of the Light Rare Earth Elements (LREE), flat HREEs and a

negative Eu anomaly (with the exception of biotite diorite sample
WQ5; Fig. 9a). Chondrite normalized (La/Yb)y ratios range from 3.03
to4.72, (Gd/Yb)y from 1.32 to 1.48 and Eu/Eu* (= Eun/(Smy* Gdy) 17?)
from 0.49 to 0.70. The primitive mantle normalized trace element
pattern shows distinct negative anomalies for Ba, Sr, Nb, Ta and Ti
(Fig. 9b) and a progressive enrichment of the incompatible elements.

Sample WQ5 from the same pluton is a diorite (Fig. 8a) that has a
magnesian, alkaline and metaluminous composition (Fe*=0.69,
5=4.24 and A/CNK=0.69). The REE pattern is comparable to those
of samples WQ2, WQ4 and WQ6 but lacks an Eu anomaly and
generally has less enriched REE concentrations (Fig. 9a). Its trace
element diagram shows slight negative anomalies for Ba, Nb, Ta, Sr
and Ti (Fig. 9b). The biotite monzodiorite has a high initial Sr isotope
ratio ((37Sr/%6sr);) of 0.7135, a low eNd(371ma) value of —2.61 and a
Nd model age (Tpy) of 1351 Ma (Table S4; Fig. 10).

Three samples (DK11, DK13 and DK14) from the Du-Ku High Road
of the eastern segment of the NYGB are diorites, granites and grano-
diorites (Fig. 8a). The calc-alkaline biotite granodiorite with an age of
412.6 Ma has a magnesian, peraluminous composition (Fe*=0.66,
6=0.83 and A/CNK=1.15). The REE pattern is characterized by a
LREE-enrichment, flat HREEs and a negative Eu anomaly (Fig. 9a)
while the trace element concentrations display negative anomalies for
Ba, Sr, Nb, Ta and Ti and are thus comparable to those of samples of the
Wenquan area (Fig. 9b). The hornblende-biotite granite (296.6 Ma)
reveals an Fe* of 0.8, a & of 2.28 and an A/CNK of 1 indicating both

Fig. 7. U-Pb Concordia diagrams showing zircon ages obtained by LA-ICP-MS and SHRIMP. Dashed ellipses show data not included in age calculations because of deviation from the

concordant line.
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Fig. 8. Major element diagrams for the granitoids. a) TAS classification diagram (after
Middlemost, 1994), b) A/NK versus A/CNK diagram of granites (Shand's molar
parameters in the diagram after Maniar and Piccoli, 1989), c¢) K50 versus SiO, diagram
(boundaries after Peccerillo and Taylor, 1976). TH: tholeiitic, CA: calc alkaline, Hi-K CA:
high potassic calc alkaline, Sh: shoshonitic.

ferro-magnesian and metaluminous-peraluminous and calc-alkaline
characteristics. The REE and trace element patterns are similar to
those of samples DK11, 13 and 14 (Fig. 9c). The calc-alkaline biotite
diorite (281.2 Ma) is magnesian and metaluminous with Fe*=0.72,
5=1.94 and A/CNK = 0.69. The REE pattern is characterized by slight
LREE-enrichment, flat HREEs and a slight positive Eu anomaly (Fig. 9¢)
with (La/Yb)y=3.46, (Gd/Yb)n=1.49 and Eu/Eu*=1.29. Ba, Sr, and
Ti anomalies are absent and a potential Nb-Ta trough appears less
pronounced (Fig. 9d).

4.2.2. SYGB

The granite intrusion exposed along the Qiongkushitai River
(sample QK7) displays a high-K calc-alkaline affinity. The alkali-content
((K;0+Nay0) =7.95 wt.%, K;0/Na,0=1.21) and the A/CNK (1.21)
indicate the strongly peraluminous character of this granite. It displays a
negative Eu anomaly (Eu/Eu* of 0.39), LREE-enrichment and flat HREE-
pattern in the chondrite-normalized diagram (Fig. 9e). It further shows
negative anomalies of Ba, Nb, Sr and Ti in the primitive mantle-
normalized trace element diagram (Fig. 9f).

4.2.3. CTGB

The 895.6 Ma old granitic gneiss (sample DK28) is a granodiorite
(Fig. 8a) (Fe*=0.81, 5=1.43 and A/CNK=1.12) displaying a ferro-
magnesian, strong peraluminous and calc-alkaline character. The
sample has a moderate LREE-enrichment and flat HREE-pattern in the
chondrite-normalized diagram with a slight negative Eu anomaly
(Eu/Eu* of 0.64) (Fig. 9g). (La/Yb)y and (Gd/Yb)y are 7.02 and 1.40. It
further shows relative depletions of Ba, Sr, Nb, Ta and Ti in the
primitive mantle-normalized trace element diagram (Fig. 9h). The
gneiss has a high initial 87Sr/%Sr ratio of 0.7170, a low &Nd(sgama)
value of —14.1 and an Nd model age (Tpy) of 2.65 Ga (Chen et al.,
1999a).

The granitoids with ages between 437.4 and 320.8 Ma plot in the
gabbroic diorite, diorite, monzodiorite, monzonite, quartz monzonite,
granodiorite and granite fields (Fig. 8a). Their & value varies from 1.6
to 4.36, A/CNK from 0.66 to 1.07 and Fe* from 0.61 to 0.80, indicating a
magnesian, metaluminous to weakly peraluminous, calc-alkaline to
high-potassic composition. The chondrite-normalized rare earth
element patterns for all samples are characterized by a moderate
to strong LREE-enrichment, flat HREEs and a negative Eu anomaly
(Fig. 9i and k). (La/Yb)y displays a large range from 2.29 to 18.57 and,
accordingly (Gd/Yb)y from 1.06 to 2.40 and a Eu/Eu* anomaly from
0.64 to 0.95 (except sample QK5). All samples show negative
anomalies for Ba, Sr, Nb, Ta and Ti in the primitive mantle-normalized
trace elements (Fig. 9j and 1). (37Sr/%%Sr); isotope ratios range from
0.7047 to 0.7163, eNd(t) from — 6.5 to 2.03 and the samples have Nd
model ages (Tpy) from 974 to 1749 Ma (Table S4; Fig. 10).

The 247.2 Ma old biotite-hornblende granodiorite (sample XT18)
is magnesian, calc-alkaline and metaluminous (Fe*=0.73, 6=1.83
and A/CNK=0.93). The REE pattern is characterized by a slight LREE-
enrichment, flat HREEs and slight negative Eu anomaly with (La/
Yb)y=6.9, (Gd/Yb)y=1.91 and Eu/Eu*=0.64 (Fig. 9m). The trace
elements exhibit negative anomalies for Sr, Nb, Ta and Ti (Fig. 9n).
Furthermore, the quartz syenite with a SHRIMP U-Pb age of 275
Main the Kekesu river has a Nd model age (Tpy) of 1545 Ma, a high
(87Sr/%6Sr); ratio and an eNd(576 ma) value of 0.7081 and —4.68,
respectively (Sample KKS1; Table S4).

4.2.4. STGB

A hornblende biotite granite intrusion from the Heiyingshan
area which revealed a SHRIMP zircon U-Pb age of 28544 Ma (see
Fig. 2 of Long et al., 2008) has a Nd model age (Tpy) of 1013 Ma, a low
(87Sr/%6sr); ratio and an &Nd(,g5 ma) Value of 0.7032 and —4.35,
respectively (Sample HYS73; Table S4).

5. Discussion
5.1. Continental growth in the Western Tianshan Orogen

5.1.1. The involvement of Precambrian basements

Granitoid rocks in the Western Tianshan Orogen are thought to have
recorded the continental growth in this region. A systematic study of the
strontium and neodymium isotope values of granitoid rocks exposed
in the orogenic belt will help in understanding a potential mantle
contribution to continental growth during the genesis of these rocks
(e.g., Chen and Arakawa, 2005; Han et al., 1997; Samson and Patchett,
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1991; Wang et al., 2009a; Whalen et al., 1996). Here, we discuss the
continental growth of the Western Tianshan Orogen based on the
geochronological, geochemical and Sr and Nd isotope data obtained in
this study (Table 1) in conjunction with previously published data for 92
granitoids and some basaltic rocks in the area (Table S4).

The granitoids of the Western Tianshan Orogen have a much wider
variation of Sr and Nd isotope ratios than those exposed in Western
Junggar, Eastern Junggar, Alataw and Altay terranes (Fig. 10). 37Sr/86sr
ratios and enq(t) values of Precambrian granitoids show relatively
enriched isotope compositions; the 798 Ma granitic gneiss of the
NYGB has (87Sr/35Sr); isotope ratios between 0.7196 and 0.7207, eng
(798 Ma) values from —4.4 to —6.4 and Nd model ages of 1.93 to
2.01 Ga (Chen et al., 1999b). The 882 Ma to 896 Ma granitic gneiss of
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the CTGB has a (37Sr/25Sr); isotope ratio of 0.7170, an eyq(882 Ma) of
—14.1 and a Nd model age of 2.65 Ga (Chen et al., 1999a) and the
707 Ma granitic gneiss of the STGB has (87Sr/25Sr); isotope ratios of
0.7076 to 0.7096, eng(707 Ma) values from —4.1 to —7.1 and Nd
model ages of 1.7 to 1.96 Ga (Chen et al., 2000b). These data suggest
that the Western Tianshan Orogen has an early-mid Proterozoic
basement and that the recycling of old continental crust was involved
during the syn-/post-orogenesis.

Moreover, Archean granitic gneisses have a SHRIMP zircon U-Pb
age of 2791 4 24 Ma and Paleoproterozoic granitic gneisses have ages
of 2187 and 1789 Ma and are exposed in southern Kazakhstan
(Kroner et al., 2007). Granulite-facies gneisses from the NYGB have a
SIMS zircon U-Pb age of 1609440 Ma (Li et al., 2009), granulite
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Fig. 9. Rare earth element pattern and trace element diagram of the granitoids (chondrite-normalized REE values are from Sun and McDonough (1989) and the primitive mantle
normalized values are from Wood et al. (1979)). NYGB: The North Yili Block Granite Belt, SYGB: The South Yili Block Granite Belt, CTGB: The Central Tianshan Granite Belt.
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Fig. 9 (continued).

xenoliths from the Cretaceous Tuoyun basalts have LA-ICP-MS zircon
U-PDb ages of 690 to 770 Ma and Hf model ages of 1.3-1.7 Ga (Zheng
et al., 2006a, 2006b) and Tianshan basement rocks have Nd model
ages of 1.7-2.2 Ga (Hu et al., 2000). These all indicate that substantial
reworking of old crust during this period along the southwestern
margin of the CAOB (Western Tianshan) may be more pronounced
than in other parts of the CAOB, e.g., in the Western Junggar, Eastern
Junggar, Alataw and Altay terranes (see Fig. 11).

5.1.2. Continental growth by accretion of arc complexes

Two current models have been established to explain the mech-
anism of the Phanerozoic continental growth in the CAOB: a) the ‘syn-
subduction continental growth by accretion of arc complexes related
to oceanic subduction’ (e.g., Sengor et al.,, 1993; Xiao et al.,, 20093,
2009b) and b) the ‘syn-subduction lateral continental growth by
accretion of arc complexes as well as post-collisional vertical con-
tinental growth by accretion of mantle-derived material’ (e.g., Han
etal.,, 1997; Wang et al., 2009a). However, the exact timing of the final
closure of the oceanic basins and amalgamation of the various
terranes are essential for unraveling the mechanisms responsible for
the Phanerozoic continental growth.

The Western Tianshan Orogen is characterized by the North
Tianshan, Nikolaev Line-North Nalati and South Central Tianshan
suture zones, which are representing the Junggar, Terskey and South
Tianshan Oceans from north to south, respectively (present day

geographic coordinate; Allen et al., 1992; Gao et al., 2009; Qian et al.,
2009; Fig. 12a, b and c). The SHRIMP zircon U-Pb age of 316 + 3 Ma for
the undeformed Sikeshu (‘stitching’) pluton which crosscuts the
suture zone indicates that the closure of the Junggar Ocean and the
collision between the Yili block and Junggar terrane may have
occurred between 325 and 316 Ma (Han et al., 2010a). The Terskey
Ocean has been constrained to exist from the end of the Riphean
(latest Neo-Proterozoic) until middle Early Ordovician (Lomize et al.,
1997; Mikolaichuk et al., 1997). The collision between the Yili block
and the Central Tianshan Arc terrane occurred at the end of Early
Ordovician as a result of the closure of the Terskey Ocean (Qian et al.,
2009). Following this collision, the Yili block and the Central Tianshan
Arc terrane amalgamated as the new Yili block, the margin of which
was superimposed by an active margin of the South Tianshan Ocean
(or called Turkestan; Glorie et al., 2010; Seltmann et al., 2011).
However, the Central Tianshan Arc terrane is thought to have been
separated from the Tarim block by back-arc extension as a result of
the subduction of the Terskey Ocean (Gao et al., 2009). The closure of
the South Tianshan Ocean and the collision between the Yili and
Tarim blocks happened at ca. 320 Ma according to the U-Pb ages of
319.54+29Ma and 318.74+3.3 Ma obtained from eclogite-facies
zircon rims from eclogites in the Chinese Tianshan (Su et al., 2010),
a U-Pb age of 318 4 7 Ma for rutile grains in eclogites (Li et al., 2011)
and a Sm-Nd mineral and whole rock isochron age of 319 +4 Ma
for an eclogite from the Kyrgyz Tianshan (Hegner et al, 2010).
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Additionally, a U-Pb age of 284.8 + 2.0 Ma obtained for zircon from a
leucogranite dike crosscutting the high pressure-low temperature
metamorphic belt further confirms a pre-Permian age for the collision
between the Yili and Tarim blocks (Gao et al., 2011). Therefore, the
closure of the Junggar and South Tianshan Oceans and the amal-
gamation of the Junggar terrane, and the Tarim and Yili-(Central
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Tianshan) blocks were completed by the beginning of the Late
Carboniferous (Fig. 12d).

Thus, we propose that the genesis of granitoid rocks with an age
older than 320 Ma in this study may be related to the subduction of
paleo-oceans (Fig. 12b and c) because there is no evidence for post-
collisional granitic intrusions related to the closure of the Terskey
Ocean in the Chinese part.

This is supported by their geochemical characteristics with Nb-Ta
troughs in the primitive mantle-normalized trace element diagrams
(Fig. 9a, e, i and k) and the LREE-enrichment and flat HREEs in the
chondrite normalized diagrams (Fig. 9b, f, g and k). Granitoids with
an age younger than 320 Ma and less pronounced Nb-Ta anomalies
(Fig. 9c and m) may have formed after the amalgamation of the
Junggar terrane, and the Tarim and Yili-(Central Tianshan) blocks
(Fig. 12d and e).

The Paleozoic granitoids (>320 Ma) display a more enriched Nd
isotope composition when compared with those of the Western
Junggar, Eastern Junggar, Alataw and Altay terranes (Figs. 10 and 11),
also indicating that they are derived from a mixed source of the early-
middle Proterozoic crust and a less enriched mantle in the Phanero-
zoic. The continental growth may thus be related to the subduction
and accretion of the Terskey, the Junggar and the South Tianshan
Oceans during the Paleozoic (>320 Ma; Fig. 12). The statistics of the
zircon U-Pb ages obtained for the granitoids (Fig. 13a, b, ¢ and d)
support that granitic magmatism has made a great contribution to the
continental growth.

A discussion of the continental growth of an orogen should also
include an estimation of the proportion of crustal and mantle con-
tributions to the evolution of granitic rocks (e.g., Mao et al., 2007;
Wang et al., 2009a). The Neodymium Crustal Index (NCI) proposed
by DePaolo (1985), DePaolo et al. (1992) and Perry et al. (1993) was
used here (NCI = [nqg(rock) — na(M)]/[na(C) — na(M)]]; where M and
C refer to mantle and crust respectively). In the present study, a
depleted mantle component is assumed to have an gnq(425 Ma)
value of 410, inferred from the neodymium isotopic value of the
ophiolitic basalts in the Tianshan orogen (Long et al., 2006). An &ng
(425 Ma) of —14 is assigned for the crustal component according to
the neodymium isotopic value of the granitic gneiss in the Tianshan
orogen (Table S4) (Chen et al., 2000b). Calculation is undertaken
using the enq(t) values of granitoids with an age older than 320 Ma
from the NYGB, the SYGB and the CTGB (Table S4). Although the
NCI and the proportion of mantle component (PMC) values of
individual plutons vary widely (Table S4, Fig. 14a, b, ¢, d and e), the
average NCI value is 0.47, 0.55 and 0.36 indicating a PMC contribution
of up to 53%, 45% and 64% for the granitoids (>320 Ma) from the
NYGB, the SYGB and the CTGB, respectively. The mantle component
used here is juvenile crust, which may have formed during the
Paleozoic subduction of the Terskey, the Junggar and the South
Tianshan Oceans. The PMC estimation suggests that almost half of the
material necessary for the evolution of the granitoids was derived
from the supra-subduction depleted mantle, resulting in the conti-
nental growth along the arc systems of the Western Tianshan Orogen
in Paleozoic times (>320 Ma). However, several granitic intrusions
with an average PMC value of 58% (Table S4) of the STGB have been
excluded here due to uncertainties concerning their tectonic
environment (Han et al., 2004; Zhu et al., 2008a, 2008b).

Fig. 10. Plot of initial Sr isotopic compositions (87Sr/56Sr); versus eNd(t) values showing
that the granitoids in the Western Tianshan Orogen have more enriched isotope
compositions compared to the granitoids in the West Junggar, East Junggar, Alataw, and
the Chinese Altay terranes. The Sr-Nd data for the Chinese Altay are from Wang et al.
(2009a), for the West Junggar and Alataw from Chen and Arakawa (2005) and Chen and
Jahn (2004), for the East Junggar from Chen and Jahn (2004 ), Han et al. (1997) and Tang
et al. (2007). The data for the early to middle Proterozoic continental crust are after Hu
et al. (2000). CHUR—chondrite uniform reservoir. NYGB: The North Yili Block Granite
Belt, SYGB: The South Yili Block Granite Belt, CTGB: The Central Tianshan Granite Belt,
STGB: South Tianshan Granite Belt.
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isotope data of the granitoids in the Western Tianshan Orogen. Data source is in Table S4. NYGB: The North Yili Block Granite Belt, SYGB: The South Yili Block Granite Belt, CTGB: The

Central Tianshan Granite Belt, STGB: South Tianshan Granite Belt.

The Ordovician adakitic dacite of the SYGB with an eynq(467 Ma) =
+4.0 was interpreted to have been generated by melting of
subducted oceanic crusts of the Terskey Ocean beneath the Yili
block (Wang et al., 2009b). However, the Ordovician adakitic diorite
with eyq(470 Ma) values from —4.5 to — 1.3 from the same region
likely formed by partial melting of garnet amphibolites from
thickened lower crust in an island arc settings (Qian et al., 2009).
The 366 Ma old Lamasu granodiorite porphyries of the NYGB evolved
from a (subduction-derived) melt-metasomatized mantle wedge
with subsequent assimilation of crustal basement rocks according
to their negative enq(t) value of —5.6 to —0.8 and positive eyg(t)
value of +1.4 to +10.6 (Tang et al., 2010a). Therefore, both the
addition of material from the melting of oceanic crust and under-
plating of arc basaltic lower crust above a subduction zone may have
caused the continental growth in the arc system (Fig. 12b, c).

The 430 Ma Jingbulake mafic-ultramafic intrusion which is
composed of pyroxene diorite, olivine gabbro and wehrlite has a
positive eng(t) (+1.6 to +4.0), and low (3Sr/3%Sr); isotope ratios
(0.7039-0.7048), indicating that it originated from a less enriched
mantle source (Yang and Zhou, 2009; Zhang et al., 2010b). Thus, the
accretion of basaltic magmas derived from the metasomatic supra-
subduction depleted mantle wedge to the crust has resulted in the
addition of juvenile mantle components in the arc system (Fig. 12c).
Contrastingly, those 437 to 321 Ma old arc-type granitoids of the SYGB
and CTGB with relatively lower enq(t) (—6.5 to +2.1), and higher
(87Sr/86sr); isotope ratios (0.7052-0.7163) (Table S4) may have been
derived from mixing of an enriched source and a mix of old
continental basement and young accreted basaltic melts which were
derived from the metasomatized upper mantle wedge (Fig. 12c).

This arc-forming process involves both recycling of Precambrian
continental basement and the juvenile mantle component that may
contribute to continental growth. Furthermore, the amphibolite

(basaltic composition) of the NYGB, which has (87Sr/%6sr); isotope
ratios of 0.7060 to 0.7071 and €nq(455 Ma) values from — 1.7 to + 1.1
(Huetal.,, 2008) also indicates that mafic magma may have been added
to the continent during the arc accretion related to subduction of the
Junggar Ocean. However, the ~413-352 Ma old granitoids of the NYGB
with (87Sr/86Sr); isotope ratios of 0.70595 to 0.7135 and eng(t) values
from —5.63 to +3.4 (Table S4) further indicate that the granitic
magma was generated during the interaction between the basaltic
magmas derived from a juvenile mantle component of the metaso-
matic supra-subduction wedge and the arc continental basements
(e.g., Zhang et al., 2010a), resulting in the continental growth by arc
magma accretion.

5.1.3. Continental growth by the accretion of underplated material of
mantle derivation during post-collisional period

Subsequent to the closure of the Junggar, Terskey and South
Tianshan Oceans followed by the amalgamation of the Junggar terrane,
and the Tarim and Yili-(Central Tianshan) blocks at ca. 320 Ma, the
whole Western Tianshan Orogen was overprinted by post-collisional
magmatism across the terrane boundaries (Fig. 12d). Granitic rocks
with a zircon U-Pb age varying from 316 Ma to 247 Ma are exposed in
the NTGB, the NYGB, the SYGB, the CTGB and the STGB (Fig. 13a, b, ¢
and d).

Several possible mechanisms have previously been proposed for the
evolution of post-orogenic magmas in an orogenic belt, including:
(1) crustal overthickening (Douce et al., 1990; Karsli et al., 2010; Le Fort
et al,, 1987); (2) extensional collapse (Turner et al., 1999); (3) regional
lithospheric delamination of the overriding plate (Chalot-Prat and
Girbacea, 2000; Ilbeyli et al., 2004; Kay and Kay, 1993; Whalen et al.,
1994); (4) linear delamination (slab break-off) (Davies and von
Blanckenburg, 1995); and (5) lithospheric plate-scale strike-slip
shearing (Konopelko et al., 2007; Seltmann et al., 2011).
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The average NCI (Neodymium Crustal Index) values are 0.12, 0.43,
0.33, 0.61 and 0.56 for the post-collisional granitoids from the NTGB,
the NYGB, the SYGB, the CTGB and the STGB, respectively (Table S4;
Fig. 14) indicating that the average proportion of mantle component
(PMC) values are up to 88%, 57%, 67%, 39% and 44%, respectively
(Fig. 14f). The proportion of the mantle component of post-collisional
granitoids is higher than that of the syn-subductional granitoids
(Fig. 14f). A pronounced mantle component involved in the source of
the post-collisional magmatism in the Western Tianshan Orogen
argues against a ‘crustal overthickening’ model. This conclusion is
further supported by the absence of associated Barrovian metamor-
phism and anatectic granitoid magmatism represented by S-type

granites (Douce et al., 1990; Le Fort et al., 1987). Furthermore, the
‘extensional collapse’ model is unlikely to be responsible for the
evolution of the post-collisional granitoids in the Western Tianshan
Orogen, because no significant regional post-collisional extensional
tectonics have been reported from this region (e.g., Lin et al., 2009). In
addition, high temperature granulites and cordierite-bearing granites
that are usually related to an extensional orogenic collapse (Turner
etal., 1999) have not been observed. The delamination of lithosphere
temporally results in rapid uplift, regional extension, massive crustal
melting and mantle-derived magmatism (e.g., Kay and Kay, 1993;
Turner et al.,, 1999). Although there is an obvious mantle component
contribution to the source of the post-collisional magmas the lack of
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regional extension tectonics, the generation of massive S-type gran-
ites through crustal melting and associated high-temperature meta-
morphism preclude a regional delamination in the Western Tianshan
Orogen during the post-collisional period.

Linear delamination caused by slab breakoff (Davies and von
Blanckenburg, 1995) may on the other hand be a reasonable mech-
anism to explain post-collisional magmatism in this region. The
Sikeshu pluton of the NTGB has the lowest (37Sr/%6Sr); ranging from
0.70304 to 0.70421 and highest positive enq(316 Ma) = +6.8to + 7.3
of all granitoids in the Western Tianshan Orogen (Fig. 10). It further
has very young depleted-mantle Nd model ages (Tpy) of 462 to
516 Ma (Han et al, 2010a), indicating that the mantle-derived
juvenile proportion is up to 88% for this granitic intrusion. These
isotope characteristics are similar to those of the granitoids from the
Western Junggar terrane, which were also interpreted as juvenile
magmas (Figs. 10 and 11; Chen and Arakawa, 2005; Han et al., 2010a).
Post-collisional basaltic underplating caused by slab breakoff and
delamination of mantle lithosphere has potentially been established
for the generation of these granitoids with depleted mantle-like Sr-
Nd isotope characteristics (Han et al., 2010a). As a result of the
breakoff of the previous Junggar Oceanic slab, the upwelling as-
thenosphere impinged on the lithosphere which had been metaso-
matized by fluids or melts derived by subduction dehydration. This
process triggered the generation of basaltic melts, which were
assimilated by the crustal basement, and this process eventually
created several post-collisional granitoids (with a 57% mantle com-
ponent proportion) of the NYGB.

Furthermore, the linear delamination (slab breakoff) can also
explain the genesis of post-collisional granitoids (<320 Ma) of the

SYGB, CTGB and STGB. The 260 Ma adakite of the SYGB has relatively
lower (87Sr/%6Sr); isotope ratios of 0.7051 to 0.7054, higher &ngq
(260 Ma) values of +1.57 to +3.26, and younger Nd model ages of
0.47 to 0.60 Ga (Zhao et al., 2008) than the subduction-related
granitoids (>320 Ma; Table S4). These adakites were interpreted to
have formed by partial melting of thickened lower crust under
eclogite-facies conditions during the post-collisional tectonic process
(Zhao et al, 2008). The breakoff of the subducted oceanic lith-
osphere represented by the South Tianshan Ocean and the delami-
nation of the former metasomatized upper lithosphere may have
supplied the required heat for the melting of thickened lower crust
(Fig. 12e). The linear distribution of Permian shoshonitic volcanic
rocks along the SYGB that are associated with the post-collisional
adakites (Zhao et al., 2009) agree with a slab breakoff model (e.g.,
Karsli et al., 2010; Mao et al., 2007). However, the post-collisional
granitoids of the CTGB and STGB display more enriched isotopic
compositions and older Nd model ages than those of the SYGB, NYGB
and NTGB (Figs. 10 and 11) implying the involvement of a crustal
basement component. For example, the 276 Ma quartz syenite of the
CTGB has a (37Sr/3%sr); isotope ratio of 0.7081, an &yq(276 Ma) of
—4.,68 and a Nd model age of 1.55 Ga. Thus, old continental material
was involved during post-collisional magmatism of the CTGB and
the STGB due to the relatively weaker delamination of the mantle
lithosphere under the thickened continental crust. The average PMC
estimated for the granitoids of the CTGB and STGB is 39% and 44%
respectively (Table S4, Fig. 14f). These values are lower than those
calculated for the granitoids of the SYGB, NYGB and NTGB (67%, 57%
and 88% respectively; Table S4, Fig. 14f). However, there is a still
significant contribution of mantle-derived components to the
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magmatic source producing the granitoids of the CTGB and STGB.
Therefore, continental growth occurred by accretion of underplated
mantle materials during a tectonic process related to the post-
collisional ‘slab breakoff.

5.2. Implications for the continental growth of the CAOB

Base on the studies presented here, we conclude that a substantial
amount of reworking of early-middle Paleozoic crust has occurred in
the Western Tianshan Orogen. During the oceanic subduction period
(>320 Ma), growth of the continental crust is the result of the ac-
cretion of arc complexes and the juvenile mantle component. The
juvenile components were derived from the addition of oceanic
crustal melts (adakites) and the intrusion of basaltic melts from
melting of a metasomatized depleted mantle (Fig. 12b, c). Both,
adakitic melts and basaltic magmas may have mixed with continental
basement material during ascend into the upper arc crust. Further-
more, post-collisional granitoid intrusions (<320 Ma) with their
characteristically low Sr and higher Nd isotope signatures are spo-
radically and linearly exposed. The significant mantle component and
linear distribution of post-collisional granitic plutons may favor a
mechanism of delamination associated with slab breakoff. However,
the post-collisional plutons occupy a relatively small area when com-
pared with the >320 Ma granitoids. Therefore, the syn-subduction
lateral growth of continental crust in arc settings (Fig. 12b, c) is

thought to be the predominant mechanism responsible for the con-
tinental growth in the Western Tianshan Orogen. Contrastingly, the
post-collisional vertical addition of juvenile mantle material (Fig. 12e)
is thought to be of subordinate importance.

The average enq(t) of granitoids in the Western Tianshan is around
0 (Table S4) indicating different proportions of old crustal material
and juvenile mafic magmas. The average proportion of the mantle
component (PMC) value is ca. 57% for all studied arc affinity granitoids
and 63% for all post-collisional granitoids in the Western Tianshan
Orogen, supporting that continental growth had been achieved by a
‘two stage model’ including both the ‘syn-subductional accretion of
arc complexes’ and the ‘post-collisional accretion of underplated
material derived from the mantle’ processes. This two stage model
may also be a reasonable model for the continental growth of the
western segment of the CAOB including northern Mongolia (Jahn
et al., 2000), south Kazakhstan (Kréner et al., 2007, Kroner et al.,
2008), central Altay (Wang et al., 2009a), Junggar (e.g., Chen and
Arakawa, 2005; Han et al., 1997, 2010a; Wang et al., 2009a) and in the
Western Tianshan.

However, Sengor et al. (1993) also hypothesized that nearly half of
the CAOB may have been derived from the mantle by arc accretion.
This one stage model of ‘lateral continental growth by the accretion of
arc complexes in active continental margins’ has been suggested to be
the only mechanism responsible for the continental growth in the
CAOB (Xiao et al., 2009a, 2009b, 2010). This conclusion was based on
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the final amalgamation of the southern active margin of Siberia with
the passive margin of the Tarim block has lasted until mid-Triassic
(Zhang et al., 2007; Xiao et al., 2009a). However, recent results (Gao
etal.,2011; Su et al., 2010) demonstrate that the closure of all oceanic
basins and the collision of the Tarim and Yili-Central Tianshan blocks
were already completed by the end of the Early Carboniferous (ca.
320 Ma). Post-collisional granitoids, which resulted from slab break-
off delamination, are linearly exposed in the Tianshan and predom-
inantly occur along transcurrent faults (this study, Konopelko et al.,
2007; Seltmann et al., 2011). Furthermore, the genesis of the Late
Carboniferous to Permian gabbroic and granitic intrusions exposed in
the Harlik Arc of the Eastern Chinese Tianshan Orogen has also been
related to a slab break-off regime (Yuan et al., 2010).

The difference between the ‘one-stage’ and ‘two-stage’ models
focuses on the widespread occurrence of late Carboniferous and
Permian granitoids, including A-type granites and adakites and coeval
Cu-Ni-sulfide-bearing, mafic-ultramafic complexes. Windley et al.
(2007) and Xiao et al. (2009a and 2009b) interpreted the mafic—
ultramafic intrusions as Alaskan-type mafic-ultramafic complexes
which have formed in an accretionary wedge. A ridge subduction
mechanism was employed to account for the increased heat necessary
to cause partial melting of the crust generating the granitoids
including adakites and high-Mg dacites and coeval mafic rocks
(Geng et al., 2009; Han et al., 2010b; Tang et al., 2010b). In contrast,
post-collisional basaltic underplating caused by slab breakoff or
delamination of mantle lithosphere (Chen and Jahn, 2004; Han
etal., 1997,2010a; Jahn et al., 2000) or related to mantle plume rifting
(Qin et al.,, 2011; Zhou et al., 2004) may be an alternative mechanism
for the generation of these granitoids and coeval mafic-ultramafic
rocks. Furthermore, Han et al. (2010a) precluded the possibility of a
‘ridge subduction’ mechanism (Geng et al., 2009; Windley et al., 2007)
being responsible for the genesis of the late Carboniferous-Permian
granitoids and coeval mafic-ultramafic magmatic complexes. The Yili
block, the Junggar terranes and the Tarim block had coalesced already
at the beginning of the late Carboniferous and thus no oceanic basin
existed during the Permian anymore. Therefore, the late Carbonifer-
ous and Permian granitoids including A-type granites and adakites,
and coeval Cu-Ni-sulfide-bearing, mafic-ultramafic complexes in
North Xinjiang and contiguous regions of the CAOB were formed
during the post-collisional orogenic period.

In summary, the two stage model, ‘syn-subductional accretion of
arc complexes’ and ‘post-collisional accretion of underplated mantle
materials’, may represent a reasonable model for the Phanerozoic
continental growth of the western segment of the CAOB.

6. Conclusions

(1) The geochronological and Sr-Nd isotopic data presented here
in conjunction with previously published data suggest a
significant amount of recycling of older, early-middle Protero-
zoic crust in the Western Tianshan Orogen.

(2) The continental growth was accomplished via accretion of arc
complexes during oceanic subduction (>320 Ma). A juvenile
mantle component has been added by melting of oceanic crust
and underplating to the island-arc lower crust and the in-
trusion of basaltic magmas derived from partial melting of a
metasomatized depleted mantle wedge.

(3) The accretion of underplated mantle material may have been
accomplished by a tectonic process related to ‘slab breakoff
delamination during the post-collision period (<320 Ma).

(4) The two stage model, ‘syn-subductional accretion of arc
complexes’ and ‘post-collisional accretion of underplated
mantle material’, may represent a comprehensive model for
the continental growth of the western segment of the CAOB in
the Phanerozoic Eon.

Supplementary materials related to this article can be found online
at doi:10.1016/j.1ithos.2011.07.015.
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