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a b s t r a c t

A-type magmatism is an effective lithoprobe for constraining the tectonic evolution of orogenic belts. In
this study, we have identified two episodes of Late Paleozoic A-type magmatism in Qunjisayi, western
Tianshan. Zircon U–Pb geochronology has yielded Late Carboniferous (rhyolites, 306 ± 2 Ma)- and Early
Permian (granites, 296 ± 3 Ma) ages. Both the Qunjisayi rhyolites and granites have depleted Sr–Nd–Hf
isotopic compositions, moderate A/CNK ratios (0.91–1) and negative Nb and Ta anomalies. They are also
characterized by high K2O + Na2O (8.72–10.6 wt.%), FeOT/(FeOT + MgO) (0.86–0.99) and Y/Nb (1.42–2.34)
values, similar to those of typical A2-type granitoids. The Qunjisayi rhyolites may have been formed by
partial melting of a juvenile calc-alkaline granitic crustal source induced by subduction roll-back in shal-
low depth. The succeeding Qunjisayi granites were likely to be derived from a lower crustal source that
contains depleted mantle-derived components. Asthenospheric mantle upwelling, triggered by post-sub-
duction slab break off, may have been important in the Qunjisayi granites formation. We conclude that
the Late Paleozoic Qunjisayi A-type magmatism was genetically linked to the geodynamic transformation
from late subduction to collision.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction A-type granite often coexists temporally and spatially with
Since the proposal of ‘‘A-type granite’’ (Loiselle and Wones,
1979), numerous hypotheses have been proposed on its petrogen-
esis, source characteristics and tectonic settings (Collins et al.,
1982; Whalen et al., 1987; Creaser et al., 1991; Patiño Douce,
1997; Wu et al., 2002; Dall’Agnol et al., 2005, 2012; Agnol and de
Oliveira, 2007; Bonin, 2007; Frost and Frost, 2011; Huang et al.,
2011). The original definition of A-type granite was specific and
included three diagnostic characteristics, namely being anhydrous,
alkaline and anorogenic (Loiselle and Wones, 1979). Nevertheless,
the term has subsequently been expanded to include a much
broader spectrum of granites (Dall’Agnol et al., 2012). Hydrous
and peraluminous/metaluminous members of A-type granites
have been proposed by succeeding studies (e.g., Collins et al.,
1982; Jung et al., 1998; Bi et al., 2000; Agnol and de Oliveira,
2007; Bonin, 2007). In addition, its exclusively anorogenic tectonic
origin has also been challenged (e.g., Whalen et al., 1987; Eby,
1992; Espinoza et al., 2008; Shen et al., 2011; Li et al., 2012a).
mafic magmatism (Peccerillo et al., 2003; Pirajno et al., 2008;
Barboni and Bussy, 2013) and has high formation temperature
(Wnrrn, 1986; Patiño Douce, 1997; King et al., 1997; Bonin,
2007), suggesting substantial involvement of mantle components
(materials and/or heat) in its formation (e.g., Patiño Douce, 1997;
Wu et al., 2002; Bonin, 2007; Li et al., 2012a; Qu et al., 2012). In
addition, A-type granite is generally formed in tectonic settings
that facilitate mantle upwelling, such as post-collisional or anoro-
genic extension (Whalen et al., 1987; Eby, 1990, 1992; Peccerillo
et al., 2003; Dall’Agnol et al., 2005; Bonin, 2007; Moghazi et al.,
2011), and subduction-related extensional settings (Espinoza
et al., 2008; Zhao et al., 2008a; Shen et al., 2011; Li et al., 2012a).
Therefore, a synthetic study on A-type granite provides significant
information for revealing crust–mantle interaction and constrain-
ing regional tectonic evolution.

The Central Asian Orogenic Belt (CAOB) is the largest accretion-
ary orogenic belt in the world (Sengor et al., 1993; Windley et al.,
2007; Cawood et al., 2009; Xiao et al., 2009, 2010, 2013). More than
50% of the CAOB crust is juvenile (Kroner et al., 2014) and formed
mainly during the Palaeozoic–Mesozoic (Sengor et al., 1993; Jahn
et al., 2000; Jahn, 2004; Wilhem et al., 2012). At this period, volu-
minous granitoids and their volcanic equivalents, characterized by
low initial Sr isotopic ratios and positive eNd(t) values, were formed
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Fig. 1. (a) Geological map of western Tianshan (modified from Gao et al., 2009); (b) geological map of the western Awulale Mountain (modified from Li et al., 2013).
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in the CAOB (Jahn et al., 2000; Jahn, 2004; Wu et al., 2002). Never-
theless, the petrogenesis and tectonic settings of these granitoids
and their volcanic equivalents are still controversial. Western Tian-
shan is located in southwestern CAOB and formed by the amalgam-
ation of the Tarim-, Yili–Central Tianshan- and Junggar blocks (Han
et al., 2011; Long et al., 2011; Xiao et al., 2013), which makes it a
critical region for studying the CAOB geodynamic evolution.

In this contribution, we present whole-rock elemental and Sr–
Nd isotopic data, zircon U–Pb ages and Hf isotopic compositions
of the two Late Paleozoic A-type felsic magmatic episodes in Qunji-
sayi area, western Tianshan. We attempt to better understand the
petrogenesis of A-type granites and constrain the geodynamic evo-
lution of the western Tianshan.
(b)
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2. Local geology and petrology

Western Tianshan includes three major tectonic units, namely
the South Tianshan Accretionary Complex (STAC), Yili–Central
Tianshan Block (YCTB) and North Tianshan Accretionary Complex
(NTAC) (Fig. 1a; Gao et al., 2009; Han et al., 2011; Xiao et al.,
2013). It has experienced a long and complex evolutionary history,
including Paleozoic subduction and collision events (Gao et al.,
1998; Windley et al., 2007; Qian et al., 2009) and the Cenozoic
reactivation as a consequence of the India–Eurasia collision
(Hendrix et al., 1994; Sobel et al., 2006; Lu et al., 2013). The Devo-
nian–Carboniferous STAC separates the Tarim Block from the YCTB
(Fig. 1a), and was formed by the closure of the South Tianshan
Ocean (Gao et al., 2009; Qian et al., 2009; Jiang et al., 2014). The
YCTB is composed of Precambrian crystalline basement (Lei et al.,
2011; Ma et al., 2012) and the overlying Paleozoic igneous rocks
(Xia et al., 2004; Zhu et al., 2005; Zhu et al., 2006a, 2006b, 2009).
The tectonic origin of the YCTB, i.e., whether it is part of the Tarim
block (Lei et al., 2011; Ma et al., 2012) or an independent block (Liu
et al., 2004; Lu et al., 2008), is still under debate. The NTAC is the
main tectonic unit in the northern edge of western Tianshan and
is sandwiched between the Junggar block to the north and the
YCTB to the south (Fig. 1a). The accretionary complex formed by
the closure of the North Tianshan Ocean (Jahn et al., 2000;
Windley et al., 2007; Xiao et al., 2009, 2013; An et al., 2013).
Table 1
Compilation of geochronological data of Late Carboniferous to Permian igneous rocks
in the western Awulale Mountain.

Localities Rock types Zircon U–Pb
age
(Ma)

References

Muhanbasitao Gabbro 319 ± 2 Liu et al. (2012)
Zhongyangchang Monzogranite 317 ± 3 Tang et al. (2014)
Muhanbasitao Granite 317 ± 2 Lu et al. (2013)
Heishantou Granite 313 ± 1 Zhao (2013)
Wulangdaban Granodiorite 311 ± 1 Zhao (2013)
Zhongyangchang Mafic dike 310 ± 4 Tang et al. (2014)
Zhongyangchang Monzogranite

dike
310 ± 4 Tang et al. (2014)

Taerdetao Granite 310 ± 4 Author’s unpublished
data

Qunjisayi A-type rhyolites 306 ± 2 This study
Wulangdaban Granite 304 ± 4 Li et al. (2013)
Qunjisayi Granite 302 ± 4 Yan et al. (2013)
Qunjisayi A-type granites 296 ± 3 This study
Tuobasisayi Granite 294 ± 3 Author’s unpublished

data
Yilanbasitao Granite 292 ± 4 Li et al. (2012b)
Muosizaote Masanophyre 284 ± 3 Zhao (2013)
Yilanbasitao Masanophyre 278 ± 1 Zhao (2013)
Yuantoushan Granite 269 ± 3 Li et al. (2013)
Muosizaote Adakite 260 ± 1 Zhao et al. (2008b)
In central western Tianshan, the E-W trending Awulale Moun-
tain is located in the eastern YCTB (Fig. 1a). The mountain com-
prises mainly Late Paleozoic igneous rocks (Zhu et al., 2005,
2006a,b; Yang et al., 2012) and contains numerous Fe–Cu deposits
(Zhang et al., 2012b). The eastern part of the Awulale Mountain
contains mainly Carboniferous basaltic rocks and the associated
Fe deposits, whereas the western part contains Permian felsic rocks
and the associated Cu deposits. The Qunjisayi felsic rocks are dis-
tributed in the western Awulale Mountain. Major structure in the
region is the Qunjisayi syncline (ca. 50 km long and ca. 30 km
(c)
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Fig. 2. Microphotographs of the Qunjisayi A-type felsic rocks. (a) Plagioclase and
hornblende phenocrysts and the flow-banding of the Qunjisayi rhyolites; (b) quartz
and (c) perthitic feldspar phenocrysts of the Qunjisayi granites. (Pl: plagioclase, Hbl:
hornblende, Qtz: quartz, Pth: perthitic feldspar, Kfs: K-feldspar).



Table 2
Zircon U–Pb dating results of the Qunjisayi A-type felsic rocks.

Sample spots Th (ppm) U (ppm) Th/U Isotopic ratios Apparent ages (Ma)

207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/235U 1r 206Pb/238U 1r

11QJ3-1 (rhyolite)
1 185 237 0.78 0.05429 0.00376 0.35262 0.02390 0.04820 0.00076 307 18 303 5
2 247 290 0.85 0.06118 0.00382 0.39975 0.02457 0.04823 0.00071 341 18 304 4
3 114 152 0.75 0.05494 0.00350 0.36249 0.02176 0.04893 0.00081 314 16 308 5
4 59 86 0.68 0.05320 0.00689 0.33161 0.04000 0.04828 0.00111 291 31 304 7
5 125 145 0.86 0.05553 0.00383 0.36643 0.02350 0.04960 0.00079 317 17 312 5
6 61 95 0.64 0.05691 0.00492 0.36096 0.02651 0.04865 0.00102 313 20 306 6
7 351 380 0.92 0.05354 0.00260 0.35211 0.01756 0.04756 0.00078 306 13 300 5
8 231 270 0.86 0.04997 0.00247 0.33371 0.01607 0.04850 0.00068 292 12 305 4
9 50 83 0.60 0.05723 0.00497 0.36846 0.02954 0.04803 0.00104 319 22 302 6

10 108 116 0.93 0.05596 0.00528 0.37704 0.03426 0.04843 0.00095 325 25 305 6
11 96 116 0.82 0.05913 0.00419 0.39108 0.02511 0.04975 0.00096 335 18 313 6
12 247 290 0.85 0.06118 0.00382 0.39975 0.02457 0.04823 0.00071 341 18 304 4
13 198 180 1.10 0.05515 0.00369 0.36010 0.01977 0.04861 0.00084 312 15 306 5
14 102 130 0.78 0.05899 0.00513 0.39272 0.03170 0.04897 0.00088 336 23 308 5
15 94 144 0.65 0.05783 0.00387 0.38580 0.02478 0.04889 0.00087 331 18 308 5
16 219 283 0.77 0.05912 0.00312 0.39503 0.02007 0.04899 0.00082 338 15 308 5
17 61 87 0.70 0.05637 0.00473 0.36172 0.02760 0.04869 0.00107 313 21 307 7
18 114 152 0.75 0.05494 0.00350 0.36249 0.02176 0.04893 0.00081 314 16 308 5
19 59 86 0.68 0.05320 0.00689 0.33161 0.04000 0.04828 0.00111 291 31 304 7
20 125 145 0.86 0.05553 0.00383 0.36643 0.02350 0.04960 0.00079 317 17 312 5
21 61 95 0.64 0.05691 0.00492 0.36096 0.02651 0.04865 0.00102 313 20 306 6

10QJ-3D (granite)
1 101 95 1.07 0.06294 0.00585 0.40225 0.03477 0.04823 0.00091 343 25 304 6
2 73 82 0.89 0.06867 0.00504 0.44029 0.03087 0.04711 0.00096 370 22 297 6
3 33 52 0.63 0.06552 0.00525 0.43380 0.03587 0.04747 0.00114 366 25 299 7
4 63 79 0.80 0.06046 0.00469 0.38129 0.02824 0.04655 0.00099 328 21 293 6
5 52 66 0.79 0.06593 0.00511 0.43707 0.03581 0.04797 0.00105 368 25 302 6
6 82 94 0.88 0.05755 0.00375 0.36696 0.02428 0.04628 0.00088 317 18 292 5
7 73 93 0.78 0.05279 0.00387 0.33043 0.02233 0.04697 0.00083 290 17 296 5
8 72 83 0.87 0.06108 0.00461 0.38647 0.02825 0.04631 0.00096 332 21 292 6
9 96 110 0.87 0.05326 0.00342 0.34695 0.02193 0.04713 0.00078 302 17 297 5

10 116 117 0.99 0.05104 0.00351 0.32877 0.02206 0.04655 0.00079 289 17 293 5
11 62 79 0.78 0.06563 0.00466 0.42747 0.03032 0.04807 0.00086 361 22 303 5
12 76 90 0.85 0.06583 0.00468 0.41418 0.02876 0.04600 0.00085 352 21 290 5
13 64 79 0.80 0.06498 0.00453 0.40480 0.02800 0.04592 0.00102 345 20 289 6
14 138 145 0.95 0.05423 0.00382 0.34992 0.02366 0.04745 0.00072 305 18 299 4
15 142 151 0.94 0.05171 0.00310 0.33332 0.01980 0.04681 0.00071 292 15 295 4
16 68 79 0.85 0.06258 0.00463 0.40678 0.02795 0.04782 0.00089 347 20 301 5
17 76 83 0.93 0.07300 0.00431 0.45770 0.02602 0.04629 0.00099 383 18 292 6
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wide) (Fig. 1b). Strata outcropped in the region include the Carbon-
iferous Yishijilike- and Dahalajunshan formations, the Permian
Wulang-, Xiaoshansayi-, Hamisite-, Hamuqisa- and Basiergan for-
mations and the Mesozoic Keshihe Formation (Fig. 1b). The Qunji-
sayi felsic rocks include rhyolites hosted by the Wulang Formation
(to be described below) and granites intruded into it. The Wulang
Formation in Qunjisayi comprises three parts: the lower part is
dominated by basalt, dacite and rhyolite; the overlying middle part
shares similar rock types with those of the lower part, whereas the
upper part is composed of a volcanic suite (e.g., tuff, rhyolite and
porphyritic basalt) with minor sandstone. The age of this formation
is not well-constrained: some intrusions in the Wulang Formation
have yielded Carboniferous zircon U–Pb ages, such as the Qunjisayi
granite porphyry (302 Ma) (Yan et al., 2013) and Taerdetao granite
(310 Ma) (Author’s unpublished data). Intrusive rocks in the wes-
tern Awulale Mountain, including granitoids, gabbro and adakite,
are mainly formed in ca. 320–260 Ma (Fig. 1b and Table 1).

The Qunjisayi rhyolites are characterized by porphyritic and
flow textures, with phenocrysts of plagioclase (5–10 vol.%), K-feld-
spar (25–30 vol.%), quartz (35–45 vol.%) and minor hornblende
(Fig. 2a) The Qunjisayi granites are pink and have porphyritic tex-
ture, with phenocrysts of quartz (35–40 vol.%), albite (35–45 vol.%)
and perthite (15–20 vol.%) with minor accessory minerals (e.g.,
magnetite and apatite), The A-type granites also contain some
minerals with special textures, such as the b-shaped quartz
(Fig. 2b) and perthitic cores with K-feldspar rims (Fig. 2c).
3. Analytical methods

Zircon separation was carried out using conventional density
and magnetic separation techniques to concentrate non-magnetic
heavy fractions. Representative zircon grains were then hand-
picked under a binocular microscope and mounted in epoxy
mounts, which were then polished to nearly half-section to expose
their internal structures. All mounted zircon grains were studied
petrographically with transmitted- and reflected light microscopy,
as well as by cathodoluminescence (CL) imaging to reveal their
internal structures. Zircon U–Pb dating of the Qunjisayi rhyolites
was performed on a laser ablation inductively coupled plasma
spectrometry (LA-ICPMS) at the State Key Laboratory of Continen-
tal Dynamics of the Northwest University, China. Standard zircon
91500 was used as the external standard for calibration
(Wiedenbeck et al., 1995). The analytical procedures were
described by Yuan et al. (2004). Zircon U–Pb dating of Qunjisayi
granites was carried out on an Agilent 7500a LA-ICPMS at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS). Standard
zircon TEM was used as the external standard for calibration
(Black et al., 2004). Details on the LA-ICPMS operating conditions
were described by Tu et al. (2011) and Li et al. (2012a). Both iso-
tope ratios and trace elements contents of zircon were calculated
using ICPMSDataCal 9.0 (Liu et al., 2008, 2010). The analytical data
were calculated and plotted using Isoplot 4.11 (Ludwig, 2008).
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Zircon Hf isotopic analyses were determined by a Nu Plasma
MC-ICPMS, equipped with GeoLas 2005 excimer ArF laser-ablation
system, at the State Key Laboratory of Continental Dynamics of the
Northwest University. Zircon 91500 was used as the external stan-
dard and was analyzed once every five analyses. The analytical pro-
cedures were described by Yuan et al. (2008).

Whole rock major elements were analyzed by standard X-ray
fluorescence (XRF) methods as outlined by Li et al. (2005) at the
GIGCAS. Trace elements were determined at the GIGCAS by using
the Perkin–Elmer ELAN 6000 ICPMS following procedures
described by Li (1997), with less than 5% of standard deviations
for most elements. Sr and Nd isotopic compositions were deter-
mined by using a Neptune Plus MC-ICPMS at the GIGCAS, using
analytical procedures described by Wei et al. (2002) and Liang
et al. (2003). The mass fractionation corrections for Sr and Nd iso-
topic ratios are based on 86Sr/88Sr ratio of 0.1194 and 146Nd/144Nd
ratio of 0.7219, respectively. The 87Sr/86Sr ratio of the Standard NBS
SRM 987 and the 143Nd/144Nd ratio of the Standard Shin Etsu JNdi-
1 determined during this study were 0.71025 and 0.512115,
respectively.
4. Results

4.1. Zircon U–Pb and Hf isotopic analyses

Zircon grains from Qunjisayi felsic rocks were U–Pb dated
(Table 2; Fig. 3). Zircon grains in the Qunjisayi rhyolite (11QJ1-3)
are ca. 60–150 lm long with length/width ratios of 1:1–4:1. The
zircon grains show obvious oscillatory zonation in CL images and
commonly contain melt inclusions. These characteristics, together
with their relatively high Th/U ratios (0.60–1.10) (Table 2), indicate
that the zircon grains from the Qunjisayi rhyolites are magmatic
(Belousova et al., 2002; Yang et al., 2014b). 21 Zircon grains have
given 206Pb/238U ages of ca. 300–313 Ma (Table 2). The ages plot
on or near concordia with a weighted mean 206Pb/238U age of
306 ± 2 Ma (MSWD = 0.43) (Fig. 3a). Zircon grains in the Qunjisayi
granite (10QJ-3D) are 50–150 lm long with length/width ratios of
1:1–2:1. They are also magmatic owing to they have obvious oscil-
latory zonation, melt inclusions and high Th/U ratios (0.63–1.07)
(Table 2). 17 Analyses give 206Pb/238U ages of ca. 289–304 Ma
(Table 2) and a weighted mean 206Pb/238U age of 296 ± 3 Ma
(MSWD = 0.66) (Fig. 3b).

The Qunjisayi rhyolites have zircon eHf(t) values ranging from
+7.1 to +14 (Avg. = +10.8) and TDM (Hf) model ages of 425–
869 Ma (Avg. = 630 Ma) (Table 3). The Qunjisayi granites have zir-
con eHf(t) values ranging from +9 to +16 (Avg. = +13.1) and TDM (Hf)
model ages of 292–738 Ma (Avg. = 472 Ma) (Table 3).

4.2. Whole rock major and trace elements

The Qunjisayi rhyolites have high contents of SiO2 (70.9–
72.5 wt.%) and total alkali (9.31–10.6 wt.%), and their K2O/Na2O
ratios vary from 1.52 to 3.55 (Table 4). All rhyolite samples plot
in the shoshonite field on the K2O vs. SiO2 diagram (Fig. 4a). They
have A/CNK values ranging from 0.94 to 0.99, indicating their
metaluminous nature (Fig. 4b). The rhyolites contain low MgO
(0.22–0.3 wt.%), CaO (0.39–1.13 wt.%), TiO2 (0.36–0.42 wt.%) and
P2O5 (0.04–0.05 wt.%) contents but relatively high Fe2O3

T (2.5–
2.87 wt.%) and Al2O3 (12.97–13.4 wt.%) contents. On the primi-
tive-mantle normalized multi-element diagram, the rhyolites
show negative Ba, Sr, Nb and Ta anomalies and positive Zr and
Hf anomalies (Fig. 5a). They have similar chondrite-normalized
REE patterns, which are enriched in light rare earth elements
(LREEs) ((La/Yb)N = 3.21–5.76), display negative Eu anomalies
(Avg. Eu/Eu⁄ = 0.35) (Fig. 5b), and have nearly flat heavy rare earth
element (HREE) patterns ((Tb/Yb)N = 0.78–0.97).

The Qunjisayi granites have also high SiO2 (69.9–72.11 wt.%)
and total alkali (8.72–9.78 wt.%) contents (Table 4). They have
lower K2O (2.53–4.67 wt.%) contents but higher TiO2 (0.4–
0.57 wt.%), Al2O3 (13.32–15.34 wt.%), Na2O (4.69–7.25 wt.%) and
P2O5 (0.05–0.06 wt.%) contents than those of the Qunjisayi rhyo-
lites (Fig. 6a–e). All the Qunjisayi granites plot in the middle- to
high-K calc-alkaline field on the K2O vs. SiO2 diagram, with K2O/
Na2O ratios ranging from 0.35 to 0.95 (Fig. 4a). They also display
metaluminous nature with A/CNK values ranging from 0.91 to
1(Fig. 4b). Although in the primitive-mantle normalized multi-ele-
ment diagram the granite samples also show significant negative
Ba, Sr, Nb and Ta anomalies and positive Zr, Hf anomalies
(Fig. 5a), they have lower Ba and Rb but higher Zr and Hf contents
than those of the Qunjisayi rhyolites (Fig. 6f–i). The granites also
have flat HREE patterns ((Tb/Yb)N = 0.86–1.45), but are more
enriched in LREEs ((La/Yb)N = 3.56–8.41) and have weaker Eu
anomalies (Average Eu/Eu⁄ = 0.66) than the Qunjisayi rhyolites
(Fig. 5b).

4.3. Sr–Nd isotopic compositions

The whole rock Sr–Nd isotopic data of the Qunjisayi felsic rocks
are listed in Table 4. Whole rock (87Sr/86Sr)i and eNd(t) values have
been calculated at 306 Ma for the Qunjisayi rhyolites and at
296 Ma for the Qunjisayi granites. The Qunjisayi rhyolites have
consistent eNd(t) values ranging from +5.2 to +5.4 (Table 4). The
Qunjisayi granites have a low and narrow range of initial 87Sr/86Sr



Table 3
LA-MC-ICPMS zircon Lu–Hf isotope data for the Qunjisayi A-type felsic rocks.

Sample spots 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2r Age (Ma) (176Hf/177Hf)i eHf(t) 2r TDM (Ma)

11QJ3-1 (rhyolite)
1 0.065055 0.001969 0.282849 0.000009 303 0.282837 9.0 0.6 745
2 0.060150 0.001640 0.282988 0.000020 304 0.282978 14.0 0.9 425
5 0.046127 0.001364 0.282848 0.000026 312 0.282840 9.3 1.1 732
6 0.051768 0.001413 0.282942 0.000019 306 0.282934 12.5 0.9 524
7 0.069462 0.001869 0.282926 0.000020 300 0.282916 11.7 0.9 569
8 0.093111 0.002665 0.282903 0.000022 305 0.282887 10.8 1.0 630
9 0.068700 0.001970 0.282838 0.000024 302 0.282827 8.6 1.0 769

10 0.066692 0.001767 0.282921 0.000020 305 0.282911 11.6 0.9 577
11 0.048982 0.001370 0.282859 0.000021 313 0.282851 9.7 0.9 707
12 0.081736 0.002195 0.282952 0.000021 304 0.282939 12.6 0.9 513
13 0.083861 0.002232 0.282929 0.000025 306 0.282916 11.8 1.1 565
15 0.042231 0.001093 0.282957 0.000021 308 0.282951 13.1 0.9 485
16 0.056713 0.001692 0.282790 0.000027 308 0.282781 7.1 1.1 869
17 0.062881 0.001812 0.282860 0.000029 307 0.282850 9.5 1.2 714
18 0.096893 0.002564 0.282908 0.000023 308 0.282893 11.1 1.0 615
19 0.062400 0.001702 0.282905 0.000017 304 0.282895 11.0 0.8 614
20 0.054256 0.001477 0.282883 0.000020 312 0.282874 10.5 0.9 656

10QJ-3D (granite)
1 0.040318 0.001468 0.282931 0.000017 304 0.282923 12.0 0.8 551
2 0.043387 0.001568 0.282966 0.000015 297 0.282957 13.1 0.8 477
4 0.025606 0.000955 0.282915 0.000019 299 0.282910 11.5 0.9 583
5 0.040114 0.001486 0.282973 0.000022 293 0.282965 13.3 0.9 463
6 0.037161 0.001360 0.282955 0.000022 292 0.282948 12.6 0.9 501
7 0.042990 0.001544 0.282998 0.000020 296 0.282990 14.2 0.9 404
8 0.044489 0.001580 0.283041 0.000025 292 0.283032 15.6 1.0 309
9 0.042386 0.001540 0.283040 0.000016 297 0.283031 15.7 0.8 309

10 0.046144 0.001768 0.283045 0.000017 293 0.283036 15.8 0.8 301
11 0.038554 0.001427 0.283045 0.000018 303 0.283037 16.0 0.8 292
12 0.027566 0.000993 0.282897 0.000022 290 0.282891 10.6 0.9 631
13 0.035330 0.001311 0.282922 0.000021 289 0.282915 11.4 0.9 577
14 0.027863 0.001040 0.282847 0.000016 299 0.282842 9.0 0.8 738
15 0.027440 0.001062 0.282966 0.000025 295 0.282960 13.2 1.0 471
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values from 0.7034 to 0.7052, with positive eNd(t) values varying
from +3.8 to +4.3 (Table 4).
5. Discussion

5.1. A-type affinity

Typical A-type granitoids are characterized by enrichments of
Na2O + K2O, HFSEs (e.g., Zr, Nb, Ga and Y) and REEs (except Eu)
(Whalen et al., 1987). They also have high FeOT/(FeOT + MgO) val-
ues (Fig. 7a), indicating that most of them are ferrous (Frost
et al., 2001; Frost and Frost, 2011). Both the Qunjisayi rhyolites
and granites have high FeOT/(FeOT + MgO) values (0.86–0.99) and
all plot in the A-type field in the A-type granitoid discrimination
diagrams (Fig. 7; Frost et al., 2001; Frost and Frost, 2011). Another
important feature of typical A-type granitoids is that they form
commonly under high temperature, as demonstrated by their ele-
vated HFSE contents (whose solubility in melts increase with tem-
perature) (Watson, 1979; Collins et al., 1982) and the occasional
presence of some ferromagnesian minerals (e.g., pyroxene) (King
et al., 1997, 2001; Patiño Douce, 1999; Bonin, 2007; Jiang et al.,
2009; Huang et al., 2011; Sun et al., 2011). Zircon saturation ther-
mometry provides an effective way for estimating magmatic tem-
peratures (Watson, 1979; Watson and Harrison, 1983). The zircon
saturation temperatures of the Qunjisayi rhyolites vary from
859 �C to 884 �C and the granites vary from 863 �C to 906 �C, which
are significantly higher than those of typical I-type granitoids
(under 800 �C, King et al., 1997) but close to that of typical A-type
granitoids (>870 �C, King et al., 1997). In addition, the Qunjisayi
granites contain euhedral b-shaped quartz (Fig. 2b) and perthitic
cores with K-feldspar rims (Fig. 2c), which are diagnostic minerals
for A-type granitoids (Bonin, 2007). As a result, we conclude that
the Qunjisayi felsic rocks belong to typical A-type series.

5.2. Petrogenesis

Petrogenesis of typical A-type granitoids is still controversial,
and the major debates focus on their sources. Four main hypothe-
ses have been previously proposed, including: (1) fractionation of
mantle-derived alkali basaltic magmas with or without crustal
contamination (e.g., Loiselle and Wones, 1979; Eby, 1990; Bonin,
2007); (2) anatexis of underplated calc-alkaline granitic crustal
rocks in the shallow crust (e.g., Creaser et al., 1991; Patiño
Douce, 1997); (3) low degree partial melting of lower-crustal gran-
ulite residues (from which granitic melts were previously
extracted) (e.g., Collins et al., 1982; Clemens et al., 1986; Whalen
et al., 1987; King et al., 1997); (4) partial melting of previous
underplated basaltic rocks in the lower crust (e.g., Frost and
Frost, 1997; Frost et al., 2001; Wu et al., 2002; Wang et al.,
2010); and (5) high-temperature (>960 �C) melting of granulite-
facies metasedimentary rocks (e.g., Huang et al., 2011; Sun et al.,
2011). The first four hypotheses suggest igneous source rocks,
whereas the last hypothesis proposes a metasedimentary one.
Among these petrogenetic models, interaction of mantle-derived
magma with crustal rocks and direct partial melting of crustal
rocks are considered as the most important mechanism.

5.2.1. Qunjisayi rhyolites
Geochemical characteristics of the Qunjisayi rhyolites are

inconsistent with the metasedimentary-melting petrogenetic
model, because the rhyolites have low A/CNK values (Fig. 4b)
and no aluminous minerals (e.g., muscovite; Chappell et al.,
1987). In addition, the rhyolites have depleted Nd–Hf isotopic



Table 4
Major (wt.%) and trace elements (ppm) and Sr–Nd isotope compositions of Qunjisayi A-type felsic rocks.

Sample Rhyolites Granites

12QJ-9 12QJ-10 12QJ-12 11QJ1-1 11QJ1-3 11QJ1-4 QJ1-2 QJ1-3

SiO2 71.01 72.43 71.72 71.58 72.5 70.94 72.11 71.71
TiO2 0.39 0.37 0.42 0.39 0.38 0.36 0.52 0.53
Al2O3 13.40 13.16 13.08 13.10 13.20 12.97 13.8 14.13
Fe2O3

T 2.69 2.50 2.87 2.52 2.61 2.71 2.27 2.27
MnO 0.05 0.03 0.03 0.04 0.04 0.04 0.03 0.04
MgO 0.25 0.28 0.24 0.3 0.22 0.23 0.17 0.33
CaO 0.39 0.76 0.76 1.13 0.83 0.82 0.52 0.56
Na2O 2.33 4.31 3.78 2.54 3.10 3.12 4.96 4.94
K2O 8.27 5.07 5.76 7.05 6.48 6.19 4.37 4.67
P2O5 0.04 0.04 0.05 0.04 0.04 0.04 0.06 0.06
L.O.I 0.62 0.83 0.94 0.94 0.61 0.73 0.83 0.41

Total 99.54 99.84 99.73 99.63 100.01 98.15 99.64 99.65

Sc 6.42 5.63 6.21 6.01 5.18 4.89 6.72 6.60
V 17.9 30.7 20.5 24.6 22.1 20.8 24.3 20.5
Cr 21.8 21.2 26.6 29.8 23.2 24.2 0.17 0.57
Co 2.52 2.19 2.25 1.83 1.61 1.99 25.9 22.4
Ni 1.48 1.30 1.90 7.92 1.36 1.90 0.43 0.83
Zn 86.4 33.0 64.9 78.6 60.0 55.1 11.7 29.0
Ga 16.1 15.5 13.8 13.6 15.4 14.7 17.3 17.7
Ge 1.12 1.36 1.18 1.23 1.44 1.34 1.32 1.28
Rb 194 106 129 163 148 139 85.8 90.0
Sr 55.8 35.2 54.9 54.0 55.0 53.2 76.8 47.7
Y 30.0 37.1 38.5 34.0 33.6 31.3 34.4 34.4
Zr 44 399 413 458 489 451 582 552
Nb 18.7 17.9 17.5 16.3 18.9 17.7 20.0 20.1
Ba 935 579 641 956 723 687 612 506
La 29.2 26.2 26.8 21.8 37.7 27.9 51.0 40.4
Ce 62.0 65.1 61.8 49.2 77.5 58.4 105 85.9
Pr 7.53 8.27 8.04 6.21 8.80 7.11 13.6 11.4
Nd 29.1 30.7 31.6 23.7 30.5 25.8 49.1 42.1
Sm 5.68 6.44 6.41 4.83 5.22 4.93 8.54 7.81
Eu 0.54 0.68 0.63 0.70 0.54 0.51 1.55 1.43
Gd 4.90 5.93 6.12 4.73 4.63 4.23 6.57 6.12
Tb 0.85 1.06 1.03 0.86 0.85 0.81 1.13 1.04
Dy 5.56 6.78 6.83 5.67 5.53 5.14 6.77 6.67
Ho 1.27 1.52 1.59 1.33 1.31 1.21 1.42 1.40
Er 3.90 4.58 4.68 3.93 3.99 3.76 4.31 4.09
Tm 0.66 0.74 0.74 0.68 0.67 0.67 0.64 0.68
Yb 4.51 4.89 4.83 4.88 4.70 4.71 4.35 4.34
Lu 0.72 0.74 0.75 0.81 0.81 0.78 0.71 0.67
Hf 10.2 9.46 9.44 11.1 10.2 9.63 13.4 13.4
Ta 1.42 1.31 1.31 1.26 1.35 1.29 1.26 1.27
Pb 11.0 5.86 10.7 9.39 5.53 5.90 9.24 3.15
Th 18.6 17.4 16.7 17.8 17.5 16.7 15.8 15.3
U 4.42 4.60 4.06 4.95 4.56 4.52 5.30 3.71
TZr 875 859 862 873 884 876 904 897
87Rb/86Sr 3.237 5.471
87Sr/86Sr 0.718864 0.727628
2r 0.000012 0.000011
(87Sr/86Sr)i 0.705185 0.704506
147Sm/144Nd 0.123 0.104 0.115 0.105 0.112
143Nd/144Nd 0.512765 0.512724 0.512740 0.512659 0.512670
2r 0.000003 0.000003 0.000003 0.000006 0.000006
eNd(t) 5.4 5.3 5.2 3.9 3.8
TDM.2 (Ma) 631 633 646 744 747

Samples Granites

QJ1-4 QJ1-5 QJ1-6 QJ1-7 QJ2-4 11QJ5-1 11QJ5-2 10QJ-3D

SiO2 71.6 70.9 70.62 69.9 71.37 71.51 70.17 70.06
TiO2 0.52 0.52 0.55 0.57 0.54 0.4 0.44 0.49
Al2O3 14.32 14.21 15.1 15.34 14.14 13.32 14.23 14.33
Fe2O3

T 2.26 2.27 2.19 2.42 3.16 3.2 3.56 2.53
MnO 0.04 0.04 0.02 0.01 0.02 0.03 0.03 0.06
MgO 0.26 0.26 0.06 0.03 0.15 0.26 0.29 0.2
CaO 0.55 1.26 0.63 0.65 0.59 1.12 1.01 1.42
Na2O 5.17 5.61 6.89 7.25 6.1 4.69 5.48 5.15
K2O 4.48 3.67 2.71 2.53 2.85 4.03 3.65 4.32
P2O5 0.05 0.05 0.06 0.06 0.05 0.05 0.06 /
L.O.I 0.4 0.85 0.84 0.88 0.68 0.89 0.74 1.04

Total 99.65 99.64 99.67 99.64 99.65 99.49 99.66 99.6
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Table 4 (continued)

Samples Granites

QJ1-4 QJ1-5 QJ1-6 QJ1-7 QJ2-4 11QJ5-1 11QJ5-2 10QJ-3D

Sc 7.38 6.73 7.09 7.44 5.50 5.46 5.67 6.96
V 27.1 19.8 41.0 44.8 19.8 20.1 24.0 15.4
Cr 1.29 0.76 1.76 0.98 0.08 13.8 51.6 34.9
Co 24.5 14.7 28.3 13.5 26.8 2.23 3.24 1.33
Ni 0.12 0.86 0.49 0.28 0.61 1.24 2.78 1.01
Zn 26.3 25.0 3.04 0.73 4.81 23.4 30.3 34.3
Ga 17.9 17.6 20.3 21.7 16.8 15.5 16.6 16.2
Ge 1.42 1.21 1.04 1.13 1.25 1.27 1.63 1.33
Rb 89.6 66.1 48.3 44.3 52.6 89.4 76.9 86.2
Sr 62.1 51.6 47.5 48.6 40.9 57.6 70.4 53.3
Y 35.0 34.2 37.0 38.8 28.0 43.0 44.1 35.1
Zr 559 573 634 620 588 421 559 522
Nb 21.0 19.3 21.8 21.6 19.7 19.7 18.8 19.8
Ba 553 370 228 201 338 397 375 445
La 45.2 42.9 51.1 56.0 25.9 28.2 46.3 23.1
Ce 96.6 89.9 103 106 67.3 70.2 105 59.7
Pr 12.5 11.9 12.9 13.6 8.57 9.70 13.5 8.44
Nd 46.6 43.9 47.9 50.3 32.4 37.6 49.1 34.2
Sm 8.46 8.11 8.43 8.67 6.11 7.57 8.96 7.12
Eu 1.63 1.59 1.67 1.74 0.97 0.90 1.17 1.34
Gd 6.76 6.39 6.66 6.94 4.55 6.95 7.91 6.26
Tb 1.19 1.09 1.14 1.18 0.71 1.24 1.39 1.09
Dy 7.10 6.91 7.09 7.36 4.58 7.72 8.32 6.45
Ho 1.52 1.46 1.50 1.58 1.02 1.72 1.86 1.41
Er 4.33 4.11 4.53 4.47 3.27 5.04 5.16 3.98
Tm 0.68 0.66 0.72 0.71 0.52 0.82 0.86 0.63
Yb 4.73 4.38 4.54 4.80 3.77 5.67 5.62 4.36
Lu 0.73 0.70 0.77 0.76 0.63 0.91 0.90 0.68
Hf 13.6 13.8 14.8 14.0 13.1 9.50 11.8 10.3
Ta 1.41 1.23 1.37 1.28 1.20 1.44 1.38 1.25
Pb 3.14 2.52 3.29 5.76 9.10 6.45 10.8 7.63
Th 16.4 16.1 17.0 16.0 15.1 18.2 17.1 14.1
U 4.22 3.79 6.16 5.50 3.51 5.59 6.07 3.43
TZr 898 888 906 900 903 863 891 n
87Rb/86Sr 4.184 3.706 2.946 2.640 4.689
87Sr/86Sr 0.722891 0.720905 0.717548 0.716257 0.722863
2r 0.000011 0.000014 0.000009 0.000013 0.000012
(87Sr/86Sr)i 0.705206 0.705241 0.705097 0.705102 0.703048
147Sm/144Nd 0.110 0.112 0.106 0.104 0.126
143Nd/144Nd 0.512665 0.512670 0.512660 0.512662 0.512722
2r 0.000006 0.000006 0.000007 0.000007 0.000004
eNd(t) 3.8 3.8 3.9 4.0 4.3
TDM.2 (Ma) 747 747 745 735 707

TZr: zircon saturation temperatures (�C), according to Watson and Harrison (1983).
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composition (Tables 3 and 4; Fig. 8a and b). Furthermore, sedi-
mentary rocks are rare and all the previously studied granitoids
have igneous rock sources in Qunjisayi area (e.g., Li et al., 2013;
Yan et al., 2013; Zhao, 2013; Tang et al., 2014). Direct partial melt-
ing of a mantle source cannot generate granitic magmas (Taylor
and McLennan, 1985), whereas fractional crystallization of man-
tle-derived mafic melts can produce A-type granitic magmas
(Eby, 1990; Turner et al., 1992; Bonin, 2007). Several lines of evi-
dence argue against fractional crystallization as being important
for generating the Qunjisayi rhyolites: (1) the rhyolites have low
Rb/Sr (2.36–3.47), narrow range of SiO2 contents (70.94–
72.43 wt.%) and Eu/Eu⁄ (0.31–0.45) values (Table 4), suggesting
that fractional crystallization may have been minor; (2) magmatic
rocks derived from fractional crystallization of mantle-derived
mafic melts should exhibit a continuous compositional trend from
mafic through intermediate to felsic rocks (Wang et al., 2010).
However, intermediate igneous rocks have not been identified in
the region. Although the ‘‘residual granulite melting’’ model can
explain the lower water fugacity and high halogen content of
some A-type granitoids, it cannot explain some geochemical char-
acteristics (e.g., high FeOT/(FeOT + MgO)) of some A-type granitoids
(Creaser et al., 1991; Frost and Frost, 1997; Wu et al., 2002). The
Qunjisayi rhyolites have significantly high FeOT/(FeOT + MgO) val-
ues (Fig. 7a), therefore, this residual model cannot explain the for-
mation of the rhyolites. The Qunjisayi rhyolites have negative Eu,
Ba and Sr anomalies (Fig. 5a and b), indicating that they may have
been produced by partial melting a crustal source in the stability
field of plagioclase (e.g., Wang et al., 2010). If plagioclase is the
dominated residual phase in the source region, the K2O/Na2O
ratios of melts could be elevated because plagioclase crystalliza-
tion can remove Na2O (Patiño Douce, 1997). According to experi-
mental studies (Skjerlie and Johnston, 1993; Patiño Douce,
1997), dehydration melting of calc-alkaline granitoids in the shal-
low crust (at depths of 15 km or less) can produce A-type grani-
toids with unusual high K2O/Na2O ratios. The K2O/Na2O ratios
(1.18–3.55) of the Qunjisayi rhyolites are similar to these of the
A-type granitic melts produced by the previous experiments
(1.59–2.18; Patiño Douce, 1997). Therefore, we favor the deriva-
tion of the rhyolites from direct partial melting of calc-alkaline
granitic crustal rocks at a shallow depth. In addition, The Qunjisayi
rhyolites have depleted Nd–Hf isotopic compositions and rela-
tively young Nd (631–646 Ma) and Hf (426–886 Ma) model ages
(Fig. 8a and b; Tables 3 and 4), implying that their source com-
posed mainly of juvenile materials.
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5.2.2. Qunjisayi granites
The Qunjisayi granites have also relatively low A/CNK values

(Fig. 3b) and lack of aluminous minerals, indicating that they were
unlikely to have been generated by partial melting of metasedi-
mentary rocks. The granites have also narrow range of SiO2 con-
tents (69.9–72.11 wt.%) and Eu/Eu⁄ (0.38–0.69) and low Rb/Sr
(0.91–1.89) ratios (Table 4), implying that fractional crystallization
was not the major petrogenetic mechanism. Their high FeOT/
(FeOT + MgO) (Fig. 7a) and moderate K2O/Na2O (0.35–0.95) values
indicate that they were not derived from a granulite residues or
middle to lower crustal rocks sources.

The Qunjisayi granites are characterized by relatively low HREE
contents, with (La/Yb)N = 3.56–8.41 (Fig. 5b), suggesting significant
amount of residual garnet and/or amphibole in their source region
(e.g., Rapp and Watson, 1995; Zhang et al., 2012a). If garnet is the
dominated residual mineral in the source, they will have a progres-
sive decrease in HREEs with increasing atomic number (Wu et al.,
2006). In contrast, if amphibole is the dominated residual phase in
the source, they will show concave-upward patterns between the
middle and heavy REEs (Rollinson, 1993). In addition, Amphibole
has much higher K2O contents than garnet in residual phases dur-
ing high-pressure melting of metabasaltic rocks (Rapp and Watson,
1995), the presence of amphibole in the residue phase can buffer
the K2O concentration in the melt and thus, produce low K2O/
Na2O ratios granitic melts. The Qunjisayi granites exhibit nearly
flat HREEs profiles with (Tb/Yb)N = 0.86–1.45 (Fig. 5b) and have
moderate K2O/Na2O ratios, suggest that residual amphibole was
played an important role in the source. The granites have high
positive eNd(t) (+3.8 to +4.3), eHf(t) (+9 to +16) and low (87Sr/86Sr)i

(0.7034–0.7052) values, similar the Carboniferous basalts and K-
rich rocks from the western Tianshan (Fig. 8a and b), suggesting
that they may have been derived from a lower crustal source
formed by underplating of depleted mantle-derived basaltic mag-
mas (e.g., Qu et al., 2012; Zhang et al., 2012a; Tang et al., 2014).
As a result, we argue that the Qunjisayi granites were generated
by partial melting of a juvenile basaltic crustal source in amphibo-
lite stability field. In order to model partial melting of a basaltic
crust, we selected the Carboniferous basaltic trachyandesite sam-
ple (YX2-6; Yang et al., 2012) form Yuximolegai in the Awulale
Mountian (eNd(t) = 5.4) as the source of the Qunjisayi granites. As
mentioned above, the partial melting took place in stability field
of amphibolite. We assumed that the mineral assemblage was
Amphibole:Plagioclase:Clinopyroxene = 70:20:10. The chondrite-
normalized REE pattern of the average Qunjisayi granites can be
reproduced by 10–15% batch melting of the Yuximolegai basaltic
trachyandesite, except for having a slightly higher Eu concentrate
than the average Qunjisayi granites (Fig. 8c), which may have been
caused by the fractionation of plagioclases. In addition, the Qunji-
sayi granites have positive eHf(t) values with large variation and
their highest zircon (176Hf/177Hf)i ratios (0.283031–0.283037) with
U–Pb ages of 292–303 Ma, corresponding to the maximum eHf(t)
values of 15.6–16 (Fig. 8b, Table 3), suggesting the involvement
of mantle-derived components.

In summary, the Qunjisayi rhyolites may have been formed by
partial melting of calc-alkaline granitic crustal rocks juvenile crus-
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tal source at low pressure, whereas the Qunjisayi granites are most
likely generated by partial melting of basaltic lower crust with
some mantle-derived components.

5.3. Tectonic settings

Generation of typical A-type magmatism is commonly related
to extensional settings, such as those related to post-collision,
intraplate extension, mantle plume and subduction-related exten-
sion (Dall’Agnol et al., 2012 and references therein). Eby (1992) has
subdivided typical A-type granitoids into the A1 and A2 on the basis
of their different geochemical characteristics (e.g., Y/Nb ratios). The
A1-type granitoids are generally formed in continental rifts or
intraplate settings, whereas the A2-type granitoids can be formed
in variety of tectonic settings, such as in post-collisional stage of
an orogeny and even subduction-related settings (Eby, 1992;
Zhao et al., 2008a; Shen et al., 2011; Li et al., 2012a). There are
two phases of suspected mantle plume activities have been pro-
posed in the Late Paleozoic western Tianshan, including: (1) the
Carboniferous phase, related to the proposed large igneous prov-
ince (LIP) in Tianshan (Xia et al., 2004); (2) the Early Permian phase
in Tarim, which has broadly influenced the magmatism in Tarim
block and western Tianshan (Yu et al., 2012; Zhang and Zou,
2013). The existence of a suspected Carboniferous mantle plume
in western Tianshan is questionable because no unambivalent LIP
occurrence has been reported there (Zhu et al., 2009): The Dahala-
junshan formation, which has been considered as an important
part of the suspected LIP (Xia et al., 2004), has a great variety of
volcanic rocks, including basalt, andesite, dacite and rhyolite, with
ages spanning across 50 Ma (>361–313 Ma), which is a too long
time span for typical LIPs (Zhu et al., 2009). In addition, these rocks
have significantly arc-magma features (e.g., Zhu et al., 2006a,b,
2009; Long et al., 2011; Yang et al., 2012). Although the Early
Permian LIP may exist in Tarim, our new zircon U–Pb ages of ca.
306–296 Ma for the Qunjisayi felsic rocks are significantly older
than the reported Early Permian (ca. 275 Ma) mantle Tarim plume
(Zhang et al., 2010). In addition, The Qunjisayi rhyolites have high
Y/Nb values (1.6–2.2), suggesting that they belong to A2-subtype,
which are significantly distinct from the Permian (262–277 Ma)
A1-subtype granites that genetically related to the Tarim mantle
plume (Fig. 9, Zhang and Zou, 2013). Furthermore, the A2-subtype
granitoids were suggested to form in a post-collisional or subduc-
tion-related extensional environment (Eby, 1992; Zhao et al.,
2008a; Shen et al., 2011; Li et al., 2012a), different from the within
plate A1-subtype granitoids. Therefore, mantle plume activities
were unlikely to be responsible for the Qunjisayi A-type
magmatism.

The Late Carboniferous Qunjisayi rhyolites are also unlikely to
have formed in a post-collisional setting. The Qunjisayi rhyolites
all plot in the volcanic arc field on the the Rb/30–Hf–Ta⁄3 tectonic
discrimination diagram (Fig. 9c). In addition, the approximately
coeval rocks in the Awulale Mountain were formed in subduc-
tion-related settings, such as the Zhongyangchang mafic dike–
granitoid association (310 Ma, Tang et al., 2014) and Yuximulegai
quartz diorite (310 Ma, Yang et al., 2012). There is growing
evidence for the subduction of the South Tianshan oceanic crust
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subducted north beneath the western Tianshan lasted until Late
Carboniferous (Gao et al., 2009; Xiao et al., 2009, 2010, 2013;
Han et al., 2011; Yang et al., 2012). In addition, SHRIMP zircon
U–Pb age of 316 ± 3 Ma from the undeformed Sikeshu pluton,
which crosscuts the Bayingou ophiolites, well constrains the upper
age bound for the time of collision between the YCTB and Junggar
block (Han et al., 2010). Therefore, the Carboniferous Qunjisayi
rhyolites were more likely to form in an extensional setting affected
by the subduction of South Tianshan Ocean, probably a back- or
inter-arc basin environment, rather than a post-collisional one.

After the closure of the southern Tianshan Ocean, subsequent
magmatism took place in an intraplate environment, perhaps asso-
ciated with post-collisional extensional events (e.g., Konopelko
et al., 2007; Han et al., 2010; Yang et al., 2012). However, the Early
Permian Qunjisayi A-type granites also belong to the A2-subtype
(Fig. 9a and b), but are distinct from Early Permian (285 Ma) leu-
cogranite from the South Tianshan Orogen that mainly fall into
the POG field (Fig. 9c; Gao et al., 2011) and the Early Permian
(289 Ma) A-type granites form the northwestern Tianshan district
that all fall into the WPG field (Fig. 9c; Tang et al., 2010). As a
result, although the Qunjisayi granites were formed in a post-col-
lisional setting, their formation may have still been effected by
the late subduction processes.

Based on our new geochemical and geochronological evidence,
we have proposed a Carboniferous–Permian western Tianshan tec-
tonic model for the petrogenesis of the Qunjisayi felsic rocks. As
shown in the Fig. 10, the Carboniferous–Permian magmatism in
the Tianshan Orogen can be roughly divided into two main epi-
sodes encompassing the Late Devonian to Late Carboniferous and
the Early Permian, as suggested by a histogram of zircon U–Pb
age data. The Late Devonian to Late Carboniferous magmatic epi-
sode comprises mainly subduction-related magmatic rocks with
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typical arc-like geochemical affinities, such as enrichment of large
ion lithophile elements (LILEs) and negative anomalies of Ta, Nb
and Ti (e.g., Zhu et al., 2009; Niu et al., 2010; Yang et al., 2012;
Tang et al., 2014). It is noteworthy that a significant magmatic
‘‘flare-up’’ event occurred during Late Carboniferous in the Tian-
shan orogen (Fig. 10). In addition, subduction-related mafic rocks,
such as the ca. 310 Ma mafic dikes in Zhongyangchang area
(Tang et al., 2014), the 313 Ma ferrobasalts and gabbro in the east-
ern Awulale (Li et al., 2015 and author’s unpublished data) and the
306 Ma gabbro in Tekes Country (Zhu et al., 2010), were also
formed. These Late Carboniferous mafic rocks were derived from
a depleted mantle source with involvements of some astheno-
spheric components. Generation of A-type rocks, e.g., the Qunjisayi
rhyolites, requires a high temperature in their source region,
Delamination of thickened lower crust, asthenosphere mantle
upwelling and underplating of mafic magma are the most com-
monly invoked mechanisms to account for raising the local geo-
thermal gradient (Thompson, 1999). Taking into account all
available data, we prefer that a slab roll-back during the Late Car-
boniferous in western Tianshan was likely responsible for the gen-
eration of the Qunjisayi rhyolites and coeval magmatic ‘‘flare-up’’
(Fig. 11a). The slab roll-back event may have disturbed the mantle
wedge and induced asthenospheric upwelling. The upwelling, in
turn, may have induced the underplating of mafic magmas, which
provided the necessary heat for crustal partial melting and finally
produced the Qunjisayi rhyolites. The later Permian magmatic epi-
sode contains voluminous post-collisional granitoids and mafic
rocks (Zhao et al., 2003, 2008b; Yang et al., 2012; Li et al., 2013),
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and lack of arc-related rocks (Zhao et al., 2008b). During ca. 300–
290 Ma, the incipient collision between the YCTB and Tarim blocks
may have occurred (Fig. 11b; e.g., Gao et al., 2009; Luo et al., 2010;
Yang et al., 2012). Due to the increase of downward traction (Van
Hunen and Allen, 2011), the subducted slab may have broken off,
and thus may have allowed even further asthenospheric upwelling
and magmatism (Figs. 10 and 11b). The asthenospheric upwelling,
triggered by slab break-off, may have led to the partial melting of
the mantle wedge to form hot and relatively depleted magmas.
These depleted magmas provide necessary heat and materials for
generating the Qunjisayi granites (Fig. 11b). In addition, a slab
break-off model can readily account for the occurrence of Early
Permian Na-rich basaltic (Author’s unpublished data) and trachy-
andesitic rocks (Yang et al., 2012), with deleted Sr–Nd isotopic
composition and ocean island basalt (OIB)-like REE patterns in
the Awulale Mountain. Therefore, the geodynamic setting of the
western Tianshan was transformed to a post-collision lithospheric
extensional regime during Early Permian.

6. Conclusions

1. Two episodes of A2-type magmatism are identified in Qunjisayi,
western Tianshan. The earlier rhyolites were erupted in the Late
Carboniferous (ca. 306 Ma) and the later granites were
emplaced in the Early Permian (ca. 296 Ma). Both suites belong
to the A2-subtype granitoids.

2. The Qunjisayi rhyolites may have been generated by partial
melting of a juvenile calc-alkaline granitic crustal rocks in a pla-
gioclase stability field, triggered by subduction slab roll-back.
3. The Qunjisayi granites may have a lower crustal source with
some depleted mantle-derived components. Asthenospheric
upwelling, induced by slab break-off, may have played a critical
role for the formation of the granites.
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