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The latest Devonian–early Carboniferous granitic intrusions in the Central Tianshan block are composed mainly
of monzogranites and granodiorites. Here we present the petrology, geochemistry, and in situ zircon U–Pb ages
and Hf isotopes of these intrusions. Bulk geochemistry suggests that the monzogranites and granodiorites are
high-K, calc-alkaline, I-type granites. LA-ICP-MS zircon dating shows that the monzogranites and granodiorites
formed at ca. 362 Ma and ca. 354 Ma, respectively. They are characterized by relatively high initial 176Hf/177Hf
ratios (0.282571–0.282764) and positive εHf(t) values (+2.1 to +7.2). We interpret them to have been derived
from partial melting of the Mesoproterozoic metamorphic basement of the Tianshan block and a significant ad-
dition of juvenile material. Compared to the monzogranites, the granodiorites are characterized by higher Sr
(373–599 ppm), low Y (12.5–20.5 ppm), and Yb (1.21–2.04 ppm) contents, with relatively higher Sr/Y
(26–32) ratios, analogous to those of modern adakitic rocks. The differences in geochemical characteristics be-
tween the monzogranites and granodiorites may reflect differences in the P–T conditions experienced by the
two lithologies during partial melting. We propose that the latest Devonianmonzogranites were possibly gener-
ated by partial melting of the Tianshan Mesoproterozoic basement rock with an influx of juvenile material in an
arc setting. However, the granodiorites were likely related to the slab roll-back of subducted north Tianshan
Ocean during the early Carboniferous.

© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Central Asian Orogenic Belt (CAOB), which is one of the largest
accretionary orogens on the Earth, lies between the Siberian cratons to
the north, the European craton to the west, and the Tarim and north
China cratons to the south (Jahn et al., 2000, 2004; Windley et al.,
2007; Xiao et al., 2008, 2009a, 2009b; Han et al., 2011; Xiao et al.,
2015; Fig. 1a). It is characterized by extensive Paleozoic lateral
continental growth dominated by long-lasting accretion of multiple
microcontinents, island arcs, oceanic plateaus, seamounts, ophiolites,
and accretionary complexes (e.g., Windley et al., 2007; Xiao et al.,
2008; Xiao and Santosh, 2014; Zhao et al., 2015).

The west–east trending Tianshan Orogen, situated in the southern
part of the CAOB, extends for over 2500 km through Uzbekistan,
ermochronology, Institute of
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Tajikistan, Kyrgyzstan, and Kazakhstan to Xinjiang in northwestern
China (Fig. 1a, Şengör et al., 1993; Jahn et al., 2000; Xiao et al., 2004;
Windley et al., 2007; Klemd et al., 2015; Scheltens et al., 2015). The
Tianshan Orogen were formed by progressive Paleozoic subduction
and accretion of several southern branches of the Paleo-Asian Ocean lo-
cated between the Tarim Craton and the Junggar Block (e.g., Gao et al.,
2009; Xiao et al., 2009a, 2009b; Wang et al., 2010, 2011; Zhu et al.,
2011; Xiao et al., 2013; Xiao and Santosh, 2014). The Chinese part of
the Tianshan Orogen represents the final collision zone between the Si-
berian and Tarim cratons. Therefore, it is an ideal area to uncover the ac-
cretionary and tectonic history of the CAOB (Xiao et al., 2008, 2009a,
2009b). The Chinese Tianshan Orogen is characterized by voluminous,
multi-stage granitic intrusions and volcanic rocks (Tang et al., 2010;
Dong et al., 2011; Long et al., 2011; Xu et al., 2013; Ma et al., 2014,
2015). However, the tectonic setting for themagmatism is still a matter
of debate in the Chinese Tianshan Orogen. Some researchers have
suggested an extensional setting for the late Paleozoic, such as an
intra-continental rift or mantle plume during late Devonian–early
V. All rights reserved.
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Fig. 1. (a) Simplified tectonicmap of the Central AsianOrogenic Belt (Jahn et al., 2000). (b) Simplified geologicalmap of the Chinese Tianshan (modified after Gao et al., 2009; Xiao et al., 2013).
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Carboniferous (Xia et al., 2004a, 2004b, 2008), a post-collisional envi-
ronment in early Carboniferous (Charvet et al., 2011) or in the late Car-
boniferous (Han et al., 2010, 2011; Long et al., 2011). Conversely, others
have proposed that late Paleozoic magmatism was mainly related to
subduction of the northern or southern Tianshan ocean (Tang et al.,
2010, 2014; Li et al., 2015). Granitoids in the accretionary orogen can
provide critical information on crustal growth and impose important
constraints on the tectonic evolution of the CAOB. Previous studies,
however, have mainly concentrated on early Paleozoic and late
Carboniferous to Permian intrusions (Han et al., 2010; Dong et al.,
2011; Lei et al., 2011; Tang et al., 2014;Ma et al., 2015) and Carboniferous
volcanics (Zhu et al., 2005, 2009), with little attention to intrusions
emplaced during the late Devonian to early Carboniferous. Recently,
late Devonian to early Carboniferousmagmatic plutons had been studied
in the Central Tianshan (Ma et al., 2014). These are crucial for a compre-
hensive understanding of the Paleozoic subduction–accretion history of
the Chinese Tianshan Orogen.

In this paper, we present new geochemical data, in situ zircon U–Pb
ages, and zircon Hf isotopic data for representative granitic intrusions in
Central Tianshan block in order to constrain the sources and petrogene-
sis of the intrusions and to resolve the geodynamic environment during
their emplacement.

2. Geological setting and sampling

The Chinese Tianshan Orogen lies between the Junggar basin to the
north and the Tarimbasin to the south and has experienced a long, com-
plex evolutionary history. From north to south, the Chinese Tianshan
Orogen is tectonically subdivided into three main tectonic units: the
North (NT), Central (CT), and South Tianshan (ST), which are separated
by the Northern Tianshan suture (NTS) and the Southern Tianshan
suture (STS) (Fig. 1b; Xiao et al., 2009a, 2009b, 2013; Klemd et al., 2015).

The NT represents a late Paleozoic continental magmatic arc-related
to south-directed subduction of the northern Tianshan Ocean during
the Paleozoic (Gao et al., 1998; Xiao et al., 2009a, 2009b). It is primarily
composed of a series of early Devonian to late Permian sedimentary
sequences and calc-alkaline volcanic and intrusive rocks, which are un-
conformably covered by Jurassic or Mesozoic clastic rocks (Xia et al.,
2004a; Charvet et al., 2007). The ST is commonly considered to be a
late Paleozoic accretionary complex formed in a back-arc basin
(Kröner et al., 2013; Ma et al., 2014).

The CT can be divided intowestern and eastern regionwith different
rock assemblages (Dong et al., 2011). The Western region, namely the
Yili block, is dominated by a thick sequence of Proterozoic–Paleozoic
sedimentary rocks and volcanic rocks (Che et al., 1994; Zhu et al.,
2005; Wang et al., 2007; Zhu et al., 2009). The Eastern region is under-
lain by Proterozoicmetamorphic basement rocks,mainly exposed in the
Baluntai area in greenschist to amphibolite-facies (Che et al., 1994). In
addition, there are Ordovician–Silurian meta-sedimentary rocks and
Carboniferous–Permian sedimentary rocks in the Eastern region of the
CT. Ages of the basement rocks are derived from a granitic gneiss
dated to 948–926Ma (Chen et al., 2009). Paleozoic (480–275Ma) gran-
itoids arewidely distributed and intruded in the Eastern region of the CT
(Yang et al., 2006; Shi et al., 2007; Gao et al., 2009;Dong et al., 2011; Gao
et al., 2011; Zhu et al., 2011;Ma et al., 2014, 2015). Late Devonian to late
Carboniferous island-arc-type volcanic and volcaniclastic rocks
disconformably overlie late Silurian volcanics or the Proterozoic base-
ment (Zhu et al., 2009; Tang et al., 2010, 2012).

We collected 23 samples of the Paleozoic monzogranites and grano-
diorites along the S301 road from Baluntai Town to Tuokexun County in
the CT (Figs. 2, 3). Additional details, including sample locations and li-
thologies, are listed in Appendix 1.

The samples examined in this study do not show any petrographic
evidence for metamorphism or alteration. The monzogranites consist
of plagioclase (40+ vol.%), alkali feldspar (35 vol.%), quartz (20 vol.%),
and biotite (b5 vol.%), with minor Fe–Ti oxides, apatite, and zircon
(Fig. 4a, c). The granodiorites are composed of plagioclase (65 vol.%),
alkali feldspar (10–15 vol.%), quartz 10–15 vol.%), and biotite
(10–15 vol.%), with minor Fe–Ti oxides, apatite, zircon, and titanite
(Fig. 4b, d).



Fig. 2. Detailed geological map of Central Tianshan showing the sampling sites (after Yin et al., 2015a).
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3. Methods

Major elements were analyzed by X–ray fluorescence spectrometry
(XRF) on fused glass beads using a Rigaku 100e spectrometer at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
geochemistry, Chinese Academy of Sciences (GIGCAS). Details of
Fig. 3. Field photos of the Centra
the procedures are described by Yuan et al. (2010) and Zhang et al.
(2015).

Trace element concentrations, including rare earth element (REE)
concentrations, were determined with a Perkin–Elmer ELAN–DRC–e
inductively–coupled plasma mass spectrometer (ICP-MS) at the State
Key Laboratory of Ore Deposit Geochemistry (SKLOG), Institute of
l Tianshan granitoid rocks.



Fig. 5. Major and trace element discrimination diagrams for Central Tianshan granitoid rocks. (a) SiO2 versus K2O diagram (after Gill, 1981); (b) TAS classification diagram (after
Middlemost, 1994), the alkaline and sub-alkaline division is after Irvine and Baragar (1971); (c) ANK versus ACNK diagram (Maniar and Piccoli, 1989).

Fig. 4. Photomicrographs of Central Tianshan granitoid rocks. (a and c)Mineral compositions and textures of monzogranite; (b and d)mineral compositions and textures of granodiorite.
Pl = plagioclase, Pl-I = plagioclase inclusion, Kf = Kfeldspar, Bi = biotite, Ti = titanite, Q = quartz.
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Geochemistry, Chinese Academy of Sciences (IGCAS), following the
procedures of Qi et al. (2000).

Zircon U–Pb isotopic compositions were analyzed with a VG PQ
Excell ICP-MS equipped with a New Wave Research UV213 laser abla-
tion system in the Department of Earth Sciences, the University of
Hong Kong. The laser system delivers a beam of 213 nm UV light from
a frequency quintupled Nd: YAG laser. Most analyses were carried out
with a beam diameter of 30 μm, 6 Hz repetition rate. This gave a 238U
signal of 3 × 104 to 200 × 104 counts per second, depending on U con-
tents. Typical ablation time was 30–60 s, resulting in pits 20–40 μm
deep. Before measurement, samples were ablated for 10 s to eliminate
common lead contamination on sample surfaces. Data acquisition
started with a 15 s measurement of a gas blank during the laser
warm-up time. The detailed analytical procedures are described by
Geng et al. (2014).

In situ zircon Hf isotopic analyses were undertaken with a Neptune
MC-ICP-MS at the Institute of Geology and Geophysics, Chinese
Academy of Science. Detailed analytical procedures are described by
Xie et al. (2008).

4. Results

4.1. Whole-rock geochemistry

4.1.1. The monzogranites
The monzogranites have SiO2 concentrations ranging from 73.6 to

76.0 wt.% (Appendix 2). They show high K2O (4.22–4.97 wt.%) and
high Na2O+K2O (7.75–8.51wt.%), with high K2O/Na2O ratios (1.2–1.6)
(Fig. 5a). In the TAS diagram (Fig. 5b), all samples are sub-alkaline and
plot in the granite field. These rocks have low Fe2O3

T (0.96–1.70 wt.%)
and TiO2 (0.12–0.22 wt.%), low MgO (0.15–0.43 wt.%) and low Mg#

(23–35). The monzogranites have low A/CNK ratios (1.00–1.05) and
are slightly peraluminous (Fig. 5c).
Fig. 6. Chondrite-normalized rare earth element patterns and primitive mantle-normalized t
primitive mantle data are from Sun and McDonough (1989).
These samples are moderately enriched in LREEs (e.g., (La/Yb)N =
5.1–10.8) and show relatively flat HREE patterns ((Ga/Yb)N =
0.72–3.1) with predominately negative Eu anomalies (Eu/Eu* =
0.31–0.65) (Fig. 6a). These rocks are characterized by pronounced neg-
ative Ba, Nb, Ta, and Ti anomalies and positive Rb, Th, Pb spikes in a
primitive mantle-normalized trace element variation diagram (Fig. 6b).

4.1.2. The granodiorites
The granodiorites, compared to the monzogranites, have lower

SiO2 (65.1–70.6 wt.%), K2O (1.92–4.00 wt.%), and total alkalis
(Na2O + K2O = 6.02–7.63 wt.%) contents, but with relatively higher
MgO (0.94–1.34 wt.%), Mg# (38–43), Al2O3 (14.6–16.7 wt.%), Fe2O3

T

(2.69–4.34 wt.%), P2O5 (0.10–0.21 wt.%), and TiO2 (0.37–0.66 wt.%).
All samples are sub-alkaline and mostly plot in the granodiorite field
(Appendix 2; Fig. 5b). They have low A/CNK ratios (0.99–1.06) and are
slightly peraluminous (Fig. 5c).

The granodiorites are enriched in LREEs relative to HREEs with
(La/Yb)N ratios of 17.2–28.5 and are characterized by weak negative
Eu anomalies (Eu/Eu* = 0.84–0.97) (Fig. 6c) except for one sample
(TS1344-4). In a primitive mantle-normalized trace element variation
diagram, the granodiorite samples show remarkable enrichment of
LILEs (such as Ba, K, and Rb) relative to HFSEs and LREEs, with negative
Nb–Ta–Ti anomalies (Fig. 6d), consistent with the geochemical charac-
teristics of subduction-related magmas.

4.2. Zircon U–Pb age and Hf isotopic composition

4.2.1. The monzogranites
Thirteen zircons from monzogranite sample TS1342 were analyzed

to constrain the crystallization age. The zircons are prismatic, transpar-
ent, and colorless with lengths ranging from 100 to 200 μm and widths
from 60 to 100 μm (Fig. 7a). In CL images, they display well-preserved
concentric oscillatory zoning with high Th/U ratios (0.58–1.32), which
race element variation diagrams for Central Tianshan granitoid rocks. The chondrite and
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are indicative of a magmatic origin (Belousova et al., 2002). The zircons
have 206Pb/238U dates varying from 364 to 358 Ma, with a mean of
362.2 ± 1.8 Ma, 1SD (MSWD = 0.47) (Appendix 3; Fig. 7a). We inter-
pret this mean to as the crystallization age of sample TS1342. The zircon
Lu–Hf analyses from sample TS1342 yielded relatively high initial
176Hf/177Hf ratios (0.282612–0.282739), corresponding to a variation
of positive εHf(t) values (+2.1 to +6.1) with T2DM ages ranging from
1.57 to 1.23 Ga (Fig. 8a, b).

4.2.2. The granodiorites
Zircon grains from both samples TS1343 and TS1344 are colorless in

color, transparent to translucent, and occur as euhedral to prismatic
crystals. The CL images show that all of the grains exhibit oscillatory
zoning (Fig. 7b, c). Zircon grains from the granodiorites are 80–
250 μm long, with 60–130 μm width. Their Th/U ratios are relatively
high (0.61–1.30), consistent with a magmatic origin (Belousova et al.,
2002).

Eleven zircons from sample TS1343 have similar apparent
206Pb/238U dates, ranging from 356 to 350 Ma (Appendix 3), and yield
a weighted mean 206Pb/238U age of 353.9 ± 2.3 Ma, 1SD (MSWD =
0.13) (Fig. 7b). The Lu–Hf isotopic compositions of the same eleven zir-
cons exhibit positive εHf(t) values (+2.3 to + 6.7) and relatively old
T2DM model ages (1.57–1.17 Ga) (Appendix 4; Fig. 8c, d).

Twelve zircon grains from sample TS1344 form a tight cluster on a
concordia diagram (Fig. 7c) and have a weighted mean 206Pb/238U age
of 353.6 ± 2.2 Ma, 1SD (MSWD = 0.28) (Fig. 7c), consistent with the
age of sample TS1343 (Appendix 3). Twelve zircon grains from sample
TS1344 were analyzed for Lu–Hf isotopic compositions (Appendix 4),
Fig. 7. Concordia diagrams for LA-ICP-MS zircon a
which yielded similar εHf(t) values (+2.9 to +7.2) and T2DM model
ages (1.51–1.11 Ga) (Fig. 8c, d).

5. Discussion

5.1. Geochemical affinities

In general, granites can be divided into S-type, I-type, and A-type
(Collins et al., 1982; Whalen et al., 1987). A-type granites typically con-
tain high-temperature anhydrous phases such as pyroxene and fayalite,
and late-crystallizing (interstitial) biotite and amphibole (e.g., King
et al., 1997). Themonzogranites and granodiorites that we studied con-
tain biotite but lack pyroxene or fayalite, and the biotite is not a late-
crystallizing phase (Fig. 4). Themonzogranites and granodiorites all be-
long to the high-K series but have low Zr, Nb, and 10,000 × Ga/Al ratios,
distinguishing them from A-type granites (Fig. 5a, c; Collins et al., 1982;
Whalen et al., 1987). Further, all of the samples we studied fall within
the field of I- and S-type granites (Fig. 9a). Chappell and White (1974)
proposed that the boundary between S-type and I-type granites can
be drawn at an A/CNK ratio of 1.1. Themonzogranites and granodiorites
all have low A/CNK ratio b1.1 (Fig. 5c) and exhibit a negative relation-
ship between SiO2 and P2O5, indicating a petrogenesis of I-type granites
(Fig. 9b; Chappell and White, 1992; Chappell, 1999). These rocks have
medium to high K2O contents (Fig. 5a) and have a calc-alkaline affinity,
consistent with the geochemical features of I-type granites. Additional-
ly, S-type granites generally contain Al-rich minerals such as cordierite
or muscovite. However, these minerals are not found in the samples
we studied, further indicating that they are I-type granites rather than
nalyses of Central Tianshan granitoid rocks.



Fig. 8. (a) Histogram of εHf(t) for zircons with U–Pb age of ~353 Ma; (b) histogram of TDM2 for zircons with U–Pb ages of ~353 Ma; (c) histogram of εHf(t) for zircons with U–Pb ages of
~362 Ma; (d) histogram of TDM2 for zircons with U–Pb ages of ~362 Ma.
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S-type granites. Finally, they are characterized by relative enrichments
of LREEs and depletion of HFSEs (e.g., Nb, Ta, and Ti), relatively flat
HREE patterns, and negative Eu anomalies, consistent with the
geochemical characteristics of subduction-related magmas (Fig. 6b, d).
In sum, our new evidences suggest that the monzogranites and
granodiorites from Central Tianshan are I-type granites rather than
A-type or S-type granites.

The granodiorites studied here are calc-alkaline (except for sample
TS1344–2) and are characterized by high Sr (373–599 ppm), low Y
(12.5–20.5 ppm), Yb (1.21–2.04 ppm), and relatively high Sr/Y
(26–32) ratios. These characteristics are similar to those of adakite
(Fig. 9c; Defant et al., 1992). Unlike granodiorites with adakitic
characteristics, however, the monzogranites possess lower Sr content
and Sr/Y ratios and do not fit the criteria of adakitic rocks (Fig. 9c;
Defant et al., 1992).

5.2. Magma sources

The Central Tianshan I-type granites have low A/CNK ratios (b1.1,
Fig. 5c) and exhibit a negative relationship between P2O5 and SiO2,
indicating that they were produced by partial melting of an igneous
source (Chappell and White, 1992; Chappell, 1999). Three possible
origins of granites have been proposed: (1) a crustal origin, (2) a
mantle-derived origin, and (3) amixed origin that involves both crustal
and mantle-derived components (Barbarin, 1999). First, the Central
Tianshan I-type granites have higher SiO2 contents and relatively low
MgO, Mg#, Cr, and Ni contents compared to magmas that could be
derived from direct partial melting of the mantle, which usually have
high Mg# values and are no more silicic than andesitic compositions
(Baker et al., 1995; Valley et al., 2005). Secondly, the physical and geo-
chemical characteristics of the I-type granites are not consistent with
mixing of mantle- and crust-derived melts. No mafic enclaves have
been found in the pluton (Fig. 3c, d). Furthermore, the sampleswe stud-
ied have a narrow range of Hf isotopic compositions (Fig. 8a, c), which is
atypical for magmas that incorporated both mantle and crustal compo-
nents. In general, partial melting of the mafic or intermediate lower
crustmay account for the origin of I-type granites,whichhave been doc-
umented by field observations and related geochemical databases
(Petford and Gallagher, 2001) as well as by experimental studies
(Chappell, 1999). The similarity of Th/U ratios between the Central
Tianshan I-type granites (average value of 6.89) and the lower crust (av-
erage value of 6, Rudnick and Gao, 2003) are consistent with a crustal
origin. In addition, the monzogranites and granodiorites have similar
zircon Hf isotopic compositions and εHf(t) values (Fig. 8a, c), indicating
a common source or petrogenetic process. Their Mesoproterozoic
T2DM ages fromHf isotopes indicate that theMesoproterozoicmetamor-
phic basement of the Central Tianshan zone is one of the possible
sources for the I-type granites. A number ofMesoproterozoic basements
have been reported in the Central Tianshan and its surrounding areas.
For example, there are 1.43–1.40 Ga granodiorites in East Tianshan
(Hu et al., 2006), a 1.4 Ga granitic gneiss in Bingdaban of Central
Tianshan (Chen et al., 2009), a 1.46–1.45 Ga Xingxingxia granitic gneiss
in the east segment of the Central Tianshan (Shi et al., 2010), and an
inherited zircon with age of ~1.4 Ga from the Xingxingxia granodiorite
(Lei et al., 2011). Moreover, these zircons are also marked by positive
εHf(t) values, implying that the juvenile material plays a key part in the
formation of the monzogranites and granodiorites and mantle-derived
material has been involved in the formation of the Paleozoic granitoids



Fig. 9. (a) Zr vs. 10,000 Ga/Al discrimination diagrams (Whalen et al., 1987); (b) P2O5 vs. SiO2 diagram, the trend of I- and S-type granites follows Chappell (1999); (c) Sr/Y versus Y (after
Defant et al. (1992).
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in the Central Tianshan. As a result, the magma sources of the
monzogranites and granodiorites likely include both theMesoproterozoic
basement and juvenile material.

Although the granodiorites and monzogranites show similar zircon
Hf isotopic compositions and εHf(t) values, they differ in some of their
other geochemical features. For example, the granodiorites have high
Sr (373–599 ppm) contents, low Y (12.5–20.5 ppm) and Yb
(1.21–2.04 ppm) contents, and relatively high Sr/Y (26–32) ratios
(Appendix 2), analogous to those of modern adakites. In contrast, the
monzogranites exhibit lower Sr (71–174 ppm) contents and Sr/Y
(3–10) ratios. Garnet and/or hornblende may have been major residual
phases in the origin of the granodiorites. If garnet is a residual phase in
the source, the resultant magmas will show strong HREE depletion,
whereas relatively low Gd/Yb ratios and flat HREE patterns for the
granodiorites would exclude garnet as a residual phase. The granodio-
rites show a progressive decrease in middle and heavy REEs with in-
creasing atomic number (Fig. 6c), suggesting breakdown of amphibole
in the source. This may have supplied enough water to induce partial
melting of the middle to lower crust to generate granitic melt (Rapp
and Watson, 1995; X.L. Huang et al., 2013). The breakdown of
amphibole can progress through a variety of reactions under varying
P–T conditions (Wyllie and Wolf, 1993; Wolf and Wyllie, 1994). In an
anhydrous source in the middle to lower crust (b8 kbar), an extremely
high temperatures (a high thermal gradient N35 °C/km) would be re-
quired for the breakdown of amphibole (X.L. Huang et al., 2013). How-
ever, the monzogranites do not show an obvious depletion of mid- to
high REEs that indicate no breakdown of amphibole (Fig. 6a).

Therefore, we infer that the Central Tianshan granodiorites were
formed by partial melting of Mesoproterozoic basement rocks with a
significant addition of juvenile material at a relatively high thermal
gradient (N35 °C/km). In contrast, themonzograniteswere likely gener-
ated through partial melting of Mesoproterozoic basement rock with a
significant addition of juvenile material at a relatively low thermal gra-
dient (b35 °C/km). Thus, the granodiorites and monzogranites were
likely formed from common source generated by partial melting
under different P–T conditions.

5.3. Implications for tectonic evolution

The latest Devonian to early Carboniferous I-type granites are wide-
spread in the Central Tianshan. They show relatively high-K, calc-
alkaline characteristics (Fig. 5a), with LREE enrichments and negative
anomalies of HFSEs, such as Nb, Ta, and Ti, and positive anomalies of
LILEs (Fig. 6b, d). These features are consistent with arc magmas that
are produced in subduction zones (Pearce et al., 1984). However,
other researchers have previously proposed a variety of models to ac-
count for Carboniferous magmatism in the Central Tianshan. Xia et al.
(2004a, 2008) suggested that Carboniferous magmatic rocks in the
Tianshan Orogen represent a large igneous province related to a mantle
plume. Another hypothesis is that the late Paleozoic granitoids were
generated in a post-collisional setting (Dong et al., 2011; Xu et al.,
2013). Finally, some researchers have posited that the granitoids were
produced in an island-arc setting in the Tianshan Orogen during the
Carboniferous (Tang et al., 2010, 2012; Yin et al., 2015a).

First, we note that zircon saturation temperature calculations for the
I-type granites (749–814 °C) are significantly lower than those for
Permian granites (800–1010 °C; data from Zhang et al., 2008, 2010),
related to the Tarim mantle plume (Zhou et al., 2008). In addition, the
Carboniferous volcanic rocks in the Tianshan are mainly calc-alkaline
and intermediate-felsic in composition, with minor amounts of mafic
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rocks. They also show enrichment in LILEs and depletion in HFSEs, akin
to typical island arc-type volcanic rocks (Zhu et al., 2005). More impor-
tantly, plume-derived mafic rocks display more fractionated REE pat-
terns, with pronounced peaks at Nb, Ta, and Ti, which are distinctive
from those of Carboniferous volcanic rocks in the Tianshan. This sug-
gests that the formation of the Central Tianshan I-type granites was
not related to a Carboniferous mantle plume.

Second, it is unlikely that the Central Tianshan I-type granites were
formed in a post-collisional setting. For example, they nearly plot in
the volcanic arc granite (VAG) field in Nb–Y, Ta–Yb, Rb–(Yb + Ta) and
Rb–(Y + Nb) discrimination diagrams (Fig. 10a-d, Pearce et al., 1984).
Instead, we favor an arc-related tectonic setting based on the following
geological evidence: (1) Late Carboniferous basaltic rocks and mafic
dike–granitoid associations from the western Tianshan all show typical
island arc-type geochemical characteristics, suggesting that their origins
were related tooceanic subduction (Tanget al., 2012, 2014). (2) Carbon-
iferous ophiolites have recently been identified in the area, e.g., the
344 ± 3 Ma Bayingou ophiolite in the western Tianshan (Xu et al.,
2006). (3) The coexistence of sanukitoids, adakites, charnockites, alkali
feldspar granites, and Cu–Au mineralization indicates a ridge subduc-
tion regime in the West Junggar during the Late Carboniferous–Early
Permian (Geng et al., 2009; Yin et al., 2013, 2015b). These authors pro-
posed that the collision between the Junggar Plate and the Yili Block
likely occurred after the late Carboniferous. Thus, based on our newly
obtained geochemical andHf isotopic data and the previously published
geological, geochronological and geochemical data, we suggest that the
Central Tianshan I-type granites were formed in a subduction-related
tectonic setting.

A number of ophiolite belts have been discovered on the north side
of the Yili Block, including the Tangbale, Dalabuter, and Bayingou
Fig. 10. Tectonic discriminating diagrams of Central Tianshan granitoid rocks. (a) Y versus N
ophiolites, which formed between 531 and 325 Ma (Zhu et al., 1987;
Zhang et al., 1993; Jian et al., 2005; Xu et al., 2006). While these
ophiolites record the evolution of the northern Tianshan Ocean from
at least the Early Cambrian to the Early Carboniferous, the exact closure
time of the northern Tianshan Ocean remains debatable. Other re-
searchers have suggested that the northern Tianshan Ocean closed in
the Late Devonian (Xia et al., 2004a, 2004b), the Early Carboniferous
(Han et al., 2010), the Late Carboniferous (Sun et al., 2008; Gao et al.,
2009; Long et al., 2011), or the Permian–Triassic (Xiao et al., 2013,
2014; Xiao and Santosh, 2014; Li et al., 2015). Recently, a large variety
of arc-type magmatic rocks from the Ordovician to Permian have been
reported in the Chinese Tianshan.

The arc-related geochemical features of mafic and felsic rocks
(463–448 Ma) in the northwestern Tianshan suggest that the south-
ward subduction of oceanic crust in the northern Tianshan Ocean be-
neath the Yili Block initiated in the middle Ordovician (Z.Y. Huang
et al., 2013). In addition, the latest early Carboniferous adakite-high
Mg andesite-Nb-enriched arc basalt suites in the western Tianshan
area likely formed from magmas produced by partial melting of a
subducted oceanic slab (Wang et al., 2006). A paleomagnetic study
shows that a large gap of several hundreds of kilometers was still pres-
ent between the Junggar block and Yili–Central Tianshan terranes at ca.
320–304 Ma, and probably suggest that the northern Tianshan Ocean
had not closed by the Late Carboniferous (Xiao et al., 2014; Yi et al.,
2015). Finally, early Permian mylonitic granites in West Tianshan dis-
play enrichments of LILEs (e.g. Rb, Ba, and Th) and relative depletions
of HFSEs (e.g. Nb, Ta, and Ti), indicating they are derived fromanarc set-
ting and that subduction of oceanic crust in the northern Tianshan
Ocean probably continued until the early Permian (Li et al., 2015). The
geochronology and geochemistry for the I-type granitoids in the present
b; (b) Yb versus Ta; (c) (Yb + Ta) versus Rb; (d) (Y + Nb) versus Rb (Pearce, 2008).
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study, combined with previously published results, suggest that the
Junggar block likely did not collide with the Yili–Central Tianshan ter-
rane until the Permian.

The granodiorites studied here are analogous to those of modern
adakites and were likely generated by the partial melting of the
Tianshan Mesoproterozoic basement rock with remarkable involve-
ment of juvenile component. We propose that the latest Devonian
monzogranites were produced in an arc environment as oceanic crust
in the northern Tianshan Ocean was subducted. Subsequently, the
subducting slab began to roll-back, sinking quickly into the mantle
and inducing upwelling of the asthenosphere to compensate for the
loss in volume of the mantle wedge (Uyeda and Kanamori, 1979). The
upwelling of hot asthenosphere triggered partial melting of
Mesoproterozoic basement rocks and the important input of depleted
mantle material generating granitic magmas (i.e. granodiorites) during
the early Carboniferous (Jiang et al., 2006, 2011). Finally, partial melting
of depleted mantle material produced the basaltic magma in the west
Tianshan in the early Carboniferous (Zhu et al., 2009; An et al., 2013).

6. Conclusions

Two type granitoids in the Central Tianshan, namely, monzogranites
and granodiorites, have been investigated in order to provide some im-
portant constraints on their sources and petrogenesis and to resolve the
geodynamic environment during their emplacement.

(1) LA-ICP-MS zircon dating indicates that the monzogranites and
granodiorites formed at ca. 362 Ma and ca. 354 Ma, respectively.

(2) The two type granitoids show similar zirconHf isotopic composi-
tions and εHf(t) values that suggest a common source. They were
likely derived from partial melting of theMesoproterozoic meta-
morphic basement of the Tianshan block and significant input of
juvenile material.

(3) The differences in geochemical characteristics between the
monzogranites and granodiorites are likely formed by partial
melting under different P–T conditions.

(4) The latest Devonian monzogranites were probably generated by
partial melting of the Tianshan Mesoproterozoic basement rock
and the remarkable involvement of juvenile material due to nor-
mal southward subduction of oceanic crust in the northern
Tianshan Ocean. Subsequently, the subduction angle changed
from normal to steep and induced upwelling of hot astheno-
sphere. This caused partialmelting ofMesoproterozoic basement
rock and the input of depleted mantle material under compara-
tively higher temperature conditions, generating the parent
magmas that intruded to form the Central Tianshan granodio-
rites in the early Carboniferous.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.02.012.
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