
1 Introduction 
 
The Central Asian Orogenic Belt (CAOB) is one of the 

largest accretionary orogenic systems in the world, 
situated between the Siberian Craton to the north and the 
Tarim and North China Cratons to the south (Şengör et al., 
1993; Jahn et al., 2000; Kröner et al., 2007; Windley et al., 
2007; Xiao et al., 2008, 2013; Xiao and Santosh, 2014). 
The CAOB experienced a long history of orogenesis and 
records evidence of accretionary orogenesis and 
continental growth during the Phanerozoic (Cai et al., 
2010; Gao et al., 1998, 2009a, b, 2011; Han et al., 2010, 
2011, 2015, 2016; Long et al., 2007; Xiao et al., 2008; 
Xiao et al., 2013; Xiao and Santosh, 2014; Long and 
Huang, 2017). The Southwest Tianshan Orogenic Belt 
(STOB) in China is located in the southwestern part of the 
CAOB (Fig. 1). This orogen records the late Paleozoic 

final amalgamation of the Siberian Craton and Tarim 
Craton (Jahn et al., 2000; Windley et al., 2007; Glorie et 
al., 2012, 2015; Kröner et al., 2007, 2014; Xiao et al., 
2013; Xiao and Santosh, 2014; Klemd et al., 2014, 2015; 
Chen et al., 2018). As such, studying the tectonic 
evolution of the Southwest Tianshan can improve 
Phanerozoic reconstructions of Eurasia (Xiao et al., 2008). 
However, the tectonic history of the STOB is 
controversial, due in part to a lack of field geological data 
and high-resolution geochronological data. In particular, 
the timing of the late Paleozoic closing of the South 
Tianshan Ocean and the subsequent collisional orogenesis 
are debated, with previous suggestions including Late 
Devonian (Charvet Jacques et al., 2011), early 
Carboniferous (Xia et al., 2002; Shu et al., 2007; Gao et 
al., 2009b), late Carboniferous to early Permian (Hao and 
Liu , 1993; Liu et al., 1996; Kang et al., 2011), and 
Triassic (Zhang et al., 2005; Li et al., 2009). 
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In this study, we present petrographic, geochemical, and 
geochronological data of 12 samples from the Baleigong 
granites (Fig. 1b), including the results of electron 
microprobe, zircon LA-ICP-MS, and whole-rock 
geochemical analyses. The results, together with existing 
data, provide information on the properties of the 
Baleigong granites and further constrain the timing of 
collisional orogenesis following the closure of the 
Southern Tianshan Ocean. 
  

2 Geological Background  
 
The Southwest Tianshan Orogenic Belt and adjacent 

areas can be subdivided into the Kazakhstan-Yili Block 
(KYB), the Northern Tianshan (NTS), the Central 
Tianshan Arc Terrane (CTA), and the Southwest Tianshan 
Orogenic Belt (STOB) (Gao et al., 2006, 2009b; Jiang et 
al., 2014; Klemd et al., 2014, 2015). This subdivision is 
broadly based on the distinctive tectonic suture zones (i.e. 
the Djalair–Naiman Suture, the Nikolaev Line–North 
Nalati Suture, the South Central Tianshan Suture, the 
North Tarim Fault and the Talas–Fergan Fault (Fig. 1b). 
The extensive South Tianshan Orogenic Belt is interpreted 
as a late Paleozoic collisional belt located between the 
Middle Tianshan and the Tarim Block (Windley et al., 
1990; Gao et al., 1998; Yin et al., 1998; Xiao et al., 2000; 
He et al., 2001; Chen et al., 2002; Glorie et al., 2011; 
Brunet et al., 2017). The Southwest Tianshan Orogenic 
Belt is composed mainly of Cambrian–Carboniferous 

marine carbonates, clastic rocks, cherts and interlayered 
volcanics, ophiolite mélange, Mesozoic–Cenozoic 
continental clastic rocks, and Hercynian intrusive rocks 
(Allen et al., 1992; Carroll et al., 1995; Chen et al., 2002; 
Zhang et al., 2005; Gao Jun et al., 2006, 2009; Xiao et al., 
2013; Jiang et al., 2014; Han et al., 2015; Klemd et al., 
2015; Gou et al., 2016). The Silurian-Carboniferous 
marine sedimentary (i.e., Late Devonian–Early 
Carboniferous thick carbonate platforms) and volcanic 
rocks constitute the main part of the strata in the 
Southwest Tianshan Orogenic Belt (Gao et al, 1995, 1998; 
Xiao et al., 2013; Brunet et al., 2017). A HP-UHP 
metamorphic belt, composed of eclogites, blueschists and 
greenschists, is exposed along the northernmost of the 
Southwest Tianshan Orogenic Belt (Gao, 1997; Gao et al., 
2000, 2011; Li et al., 2016). The HP-UHP metamorphism 
was formed by continuing oceanic–continental subduction 
of South Tianshan Ocean beneath Tarim Block in the late 
Paleozoic (Li et al., 2016).  

The Baleigong granites are located in the western part 
of the Southwest Tianshan Orogenic Belt (Fig. 1b), 
intruding sedimentary rocks of the Wupata’erkan Group 
(Fig. 2). The strata exposed in the Baleigong area include 
the middle Devonian Tuogemaiti Formation, Devonian-
Carboniferous Wupata’erkan Group, Earty Carboniferous 
Aiketike Group and Carboniferous Kalazhierjia Formation 
(from oldest to youngest). The Wupata’erkan Group is 
characterized by thick carbonate sequences, interlayered 
chert, mudstone, volcanic rocks, and ophiolite mélange, 

 

Fig. 1. (a) Tectonic map of the Central Asian Orogenic Belt (CAOB) (after Şengör et al., 1993; Chen et al., 2018). (b) Simplified 
geological map of the Chinese Southwest Tianshan Orogen and adjacent regions (after Gao et al., 2009a; Klemd et al., 2015). 
1, Cenozoic strata; 2, Mesozoic strata; 3, Paleozoic strata; 4, Precambrian strata; 5, ophiolitic mélange; 6, ultramafic–mafic intrusion; 7, granite; 8, lake; 9, 
glacier; 10, fault; ①: Djalair–Naiman Suture; ②: Nikolaev Line–North Nalati Suture; ③: South Central Tianshan Suture; ④: North Tarim Fault; ⑤: Talas–
Fergan Fault; KNTS–Kazakhstan Northern Tianshan; YB–Yili Block; TC–Tarim Craton; CTA–Central Tianshan Arc Terrane; STOB–Southwest Tianshan 
Orogenic Belt. 
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which have locally experienced low-grade greenschist 
facies metamorphism (Wang  et al., 2007a, b; Wang et al., 
2008; Kang et al., 2011; Li et al., 2009; Wang et al., 
2012). The SHRIMP U-Pb zircon data of the basalt from 
the Baleigong ophiolite mélange (also named Qiqijianake 
ophiolite mélange) formed in the Early Devonian (399 
Ma; Wang et al., 2012). The physical features of the 
radiolarian fossils in the cherts indicate that the 
Wupata’erkan Group formed during the Late Devonian-
Early Carboniferous (Li et al., 2009; Kang et al., 2011). 
The geochemical characteristics of the cherts in the 
Wupata’erkan Group indicate the cherts formed in a 
residual sea environment during the early Carboniferous 
(Kang et al., 2011). 

The Baleigong granite is composed mainly of 
granodiorite and granite. The geochronology and 
geochemistry of the Baleigong Pluton have been 
extensively studied on a small apophysis at the edge of the 
pluton (Wang et al., 2007a; Liu et al., 2013; Huang et al., 
2015). Wang et al. (2007a) suggested that the zircon 
crystallization ages of the granite is 273±2 Ma in the 
Baleigong pluton, indicate a Guadalupian (Permian) 
magmatic event in the Baleigong area (Fig. 2). Huang et 
al. (2015) reported the 291±3 Ma and 283±3 Ma for the 
biotite monzogranite of the Baleigong pluton (Fig. 2). But 

the magmatism and the genesis of the main pluton remains 
uncertain (Wang et al., 2007a; Liu et al., 2013; Huang et 
al., 2015). Some authors have suggested that high-K 
granitic magmatism was associated with post-orogenic 
collapse or the transition between collision and post-
collision stages (Wang et al., 2007a). Others proposed that 
the Baleigong granite is an A-type granite that acted as a 
‘stitching pluton’ (Zhang et al., 2009; Liu et al., 2013; 
Huang et al., 2015). 

 
3 Sampling and Analytical Methods 
 
3.1 Sampling and description 

This study collected samples from the following areas: 
(1) the main body of the pluton (Yk16204) (Fig. 2 and Fig. 
3a–b); (2) the small apophysis at the edge of the 
Baleigong Granites (sample Yk16202) (Fig. 3c); and (3) a 
granite porphyry that intruded the Wupata’erkan Group 
(Yk16203) (Fig. 3d). 

The granite is composed of plagioclase (35%–45%), K-
feldspar (15%–20%), quartz (15%–20%), biotite (5%–
10%), hornblende (5%), and accessory zircon, apatite, 
titanite, and Fe–Ti oxides (Fig. 3b, c). The granite 
porphyry has a porphyritic texture, comprising 
plagioclase, minor K-feldspar, and quartz phenocrysts 

 

Fig. 2. Geological map of the Baleigong area (after Wang et al., 2007a) showing sampling sites. 
1, Cenozoic strata; 2, Kangkelin Group; 3, Aiketike Group; 4, Tuoshigan Formation; 5, Wupataerkan Group; 6, Baleigong Granite; 7, ultramafic–mafic 
intrusion; 8, fault; 9, river; 10, sampling site (previous study; Wang et al., 2007a; Huang et al., 2015); 11, sampling site (this study).  
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(15%–20% of the total rock mass) in a matrix (80%–85%) 
of fine-grained felsic minerals and biotite. The biotite 
locally shows a spheroidal structure with partial alteration 
to chlorite (Fig. 3d).  

 
3.2 Analytical methods 
3.2.1 Major and trace element analyses 

Whole-rock major and trace element compositions were 
determined at the National Research Center of 
Geoanalysis, Beijing, China. Major elements were 
determined using a Philips X-ray fluorescence 
spectrometer (XRF; PW4400), following the procedures 
of Norrish and Hutton (1969). The FeO content was 
determined by a wet chemical method. Trace elements 
were determined with a Thermofisher ICAP Qc ICP–MS 
at the IGGE, using procedures similar to those described 
by Li (1997). Analytical precision was generally better 
than 5%. 

 
3.2.2 Zircon U–Pb isotope analysis 

Zircon grains were separated from a ~3 kg fresh sample 
using conventional heavy liquid and magnetic separation 
techniques at the Langfang Diyan Mineral Separating 

Limited Company (Hebei Province, China). 
Representative zircon grains were hand-picked under a 
binocular microscope, mounted in epoxy resin, and 
polished to expose their cores. Zircon grains were then 
photographed under transmitted and reflected light, and 
imaged by cathodoluminescence (CL) at the Gaonian 
Navigation Technology Company (Beijing, China) to 
examine their external and internal structures. 

U-Pb dating analyses of zircon were conducted by LA-
ICP-MS at the State Key Laboratory of Ore Deposit 
Geochemistry, Institute of Geochemistry, Chinese 
Academy of Sciences, Guiyang, China. Laser sampling 
was performed using a GeoLas Pro 193 nm ArF excimer 
laser. An Agilent 7500x ICP–MS instrument was used to 
acquire ion-signal intensities. Helium was applied as a 
carrier gas that was mixed with Argon via a T-connector 
before entering the ICP–MS. Each analysis incorporated a 
background acquisition of ~30 s (gas blank) followed by 
60 s of data acquisition from the sample. The program 
ICPMSDataCal was used for offline selection and 
integration of background and analyte signals, and for 
time-drift correction and quantitative calibration of the 
trace element and U-Pb analyses (Jackson et al., 2004; Liu 

 

Fig. 3. Field and thin section photographs of the Baleigong Granites. 
(a–b) Granitic texture in sample Yk16204–2, showing lath-shaped plagioclase grains, dark green lozenge-shaped prisms of hornblende, and euhedral 
quartz. (c) granite samples (Yk16202–3) showing a coarse-grained granitic texture. Plagioclase grains are white and lath-shaped, K-feldspar is white 
and relatively tabular, hornblende is dark green and appears as lozenge-shaped prisms, and quartz is colorless and anhedral. (d) granite porphyry 
samples (Yk16203–3) showing coarse-grained porphyritic and spherulitic textures. Plagioclase phenocrysts show evidence for dissolution, and the 
groundmass shows spherulitic texture. f: Abbreviations: Hbl: Hornblende; Pl: Plagioclase; Kfs: K-feldspar; Bt: Biotite; Qtz: Quartz  
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et al., 2010).  
Zircon 91500 was used as an external standard for U-Pb 

dating, and was analyzed twice every 6–8 analyses. The 
uncertainty of preferred values for the external standard 
91500 was propagated to the ultimate results of the 
samples (Wiedenbeck et al., 1995). Concordia diagrams 
and weighted mean calculations were made using Isoplot 
(Ludwig, 2003). Trace element compositions of zircon 
grains were calibrated against multiple-reference materials 
(NIST 610, BHVO-2G, BCR-2G, BIR-1G) combined with 
Si internal standardization. 

 
3.2.3 Mineral electron microprobe 

Electron microprobe analysis of amphibole minerals 
was conducted at the Key Laboratory of Nuclear 
Resources and Environment (Ministry of Education, 
East China University of Technology, Nanchang, China). 
The instrument used was a JXA-8100M electron 
microprobe with an accelerating voltage of 15 kV, a current 
of 2×10–8A, and a beam spot diameter of <2 mm. 

 
4 Results 
 
4.1 Geochemical characteristics 

Results of the major and trace element compositions of 
the eight samples from the Baleigong Granites are 
presented in Tables 1 and 2. The SiO2, Na2O, and K2O 
contents are 67.68–69.77 wt%, 3.05–3.61 wt%, and 4.61–
5.11 wt%, respectively. Al2O3, TiO2 and MgO contents are 
13.93–14.76, 0.52–0.62, and 0.79–0.93 wt%, respectively. 
In the total alkali–silica (TAS) diagram (Fig. 4a; 
Middlemost, 1994; Irvine and Baragar, 1971), samples fall 
in the granodiorite and granite fields. Most samples have 
high K2O/NaO ratios (1.31–1.55), with A/CNK values of 
0.93–1.02. These values correspond to the high-K calc-
alkaline and potassium series, with a metaluminous to 
slightly peraluminous composition (Fig. 4b–f) (Irvine and 
Baragar, 1971; Peccerillo and Taylor, 1976; Maniar and 
Piccoli, 1989; Frost et al., 2001). 

Granite samples show high total rare earth element 
(ΣREE) contents (232–268 ppm). In a chondrite-
normalized REE diagram, the samples are enriched in 
light REE (LREE) and depleted in heavy REE (HREE) 
(Fig. 5a; Table 3; Sun and McDonough, 1989). The 

ΣLREE and ΣHREE contents are 204–243 ppm and 24–28 
ppm, respectively. The chondrite-normalized REE 
distribution of the Baleigong Granites reveals an 
enrichment in the LREE, with a negative Eu anomaly 
(δEu=0.40–0.56) and high values of (La/Yb)N (7.46–
11.78) and (La/Sm)N (3.50–4.57). A MORB-normalized 
trace element spidergram shows enrichment in LILE (Rb, 
K, and Cs) and depletion in HFSE (Nb, Ta, and Ti) (Fig. 
5b; Table 3; Sun and McDonough, 1989). 
 
4.2 Zircon LA-ICP-MS U-Pb geochronology 

Three representative granite samples (Yk16203-3, 
Yk16204-1, and Yk16204-3, with the each sampling 
location shown in Table 2) were selected for zircon U–Pb 
dating. The separated zircon grains were commonly 
euhedral and 50–150 μm long, with length:width ratios of 
2:1 to 3:1. The Th/U ratio in most of the analyzed zircon 
grains was >0.4 (0.41–1.11) and they show a strong 
oscillatory zoning that is typical of a magmatic origin. 
Few zircon grains have a residual core (Fig. 6) (Hoskin 
and Black, 2000; Wu and Zheng, 2004). The U-Pb age 
data are listed in Table 3. 

Zircon grains with oscillatory zoning from samples 
Yk16203-3, Yk16204-1, and Yk16204-3 were selected for 
206Pb/238U dating (Fig. 6a, c, e). In sample Yk16203-3, 18 
ablation spots gave concordant results (within error) with a 
weighted mean age of 282.3±2.5 Ma (MSWD=0.09). 
Seventeen analyses of Yk16203-3 yielded a weighted 
mean age of 281.9±1.9 Ma (MSWD=0.23) and 20 
analyses of Yk16204-3 yielded a weighted mean age of 
281.1±2.4 Ma (MSWD=0.17). The LA-ICP-MS U-Pb 
zircon dating results indicate that the age of the Baleigong 
granites is 282–281 Ma. 

 
4.3 Mineral electron microprobe data 

Electron microprobe data of hornblende are listed in 
Table 4. The Fe3+ and H2O calculation method just 
followed the description by Ridolfi et al. (2008, 2010). 
The hornblendes have SiO2 contents of 42.26 wt%–46.37 
wt%, Al2O3 contents of 5.74 wt%–8.86 wt%, MgO content 
of 7.27 wt%–9.25 wt%, CaO contents of 10.62 wt%–12.24 
wt%, and FeO contents of 19.65 wt%–22.45 wt%. Based 
on the classification of Leake et al. (1997), the amphiboles 
are Fe-rich calcareous amphibole, mainlyferro-edenite 

 Table 1 Major oxide (wt%) compositions of granitic samples from the Baleigong Granites 
No.  SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 

YK16203–1 68.83 0.53 14.31 1.52 1.98 0.06 0.79 1.88 3.37 4.73 0.14 
YK16203–2 67.72 0.62 14.28 1.45 2.55 0.08 0.91 2.19 3.36 4.65 0.16 
YK16203–3 68.07 0.57 14.34 1.32 2.34 0.08 0.84 2.12 3.52 4.62 0.15 
YK16203–4 68.04 0.56 14.55 1.14 2.55 0.07 0.81 2.41 3.33 4.61 0.14 
YK16203–5 67.68 0.53 13.93 1.42 2.22 0.07 0.79 2.38 3.05 4.65 0.13 
YK16203–6 68.27 0.56 14.52 1.41 2.26 0.07 0.81 2.31 3.32 4.71 0.14 
YK16204–1 69.02 0.56 14.76 1.59 1.90 0.07 0.93 2.57 3.61 4.81 0.14 
YK16204–2 69.77 0.52 14.22 1.61 1.62 0.06 0.81 2.24 3.30 5.11 0.13 

No. TOTAL LOI A/CNK ALK A/NK SI σ τ Tfe FeO*/MgO
YK16203–1 98.14 1.71 1.02 8.10 1.34 5.86 2.54 20.64 3.35 4.24  
YK16203–2 97.97 1.53 0.98 8.01 1.35 6.41 2.60 17.61 3.85 4.24  
YK16203–3 97.97 1.99 0.98 8.14 1.33 6.03 2.64 18.98 3.53 4.20  
YK16203–4 98.21 1.37 0.98 7.94 1.39 5.77 2.52 20.04 3.58 4.41  
YK16203–5 96.85 3.08 0.97 7.70 1.39 5.76 2.40 20.53 3.50 4.43  
YK16203–6 98.38 1.37 0.98 8.03 1.38 5.78 2.55 20.00 3.53 4.36  
YK16204–1 99.96 0.50 0.93 8.42 1.32 6.42 2.72 19.91 3.33 3.58  
YK16204–2 99.39 0.38 0.95 8.41 1.30 5.84 2.64 21.00 3.07 3.79   
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(except one plot near the boundary between the 
magnesiohornblende and ferrohornblende field). 

 
5 Discussion 
 
5.1 Petrogenesis 
5.1.1 Petrogenetic type: I–type affinity 

Loiselle and Wones (1979) first proposed the concept of 
A-type granite, which has the characteristics of alkali-rich, 
water-poor and anorogenic granite. The A-type granites 
have low contents of Al, Sr, Eu, Ba, Ti, and P, and form 
from partial melting under low-pressure and high-
temperature conditions. A-type granites, therefore, are 
commonly generated during crustal extension or post-
collisional crustal thinning (Zhang et al., 2012; Zhang, 
2013).  

The Baleigong granites consist of alkali-feldspar, 
plagioclase, quartz, biotite, and minor amphibole. The 
amphiboles yield (Ca+Na)B values of 1.8481–1.9913 (i.e., 
>1.34) and NaB values of 0.0794–0.1568 (<0.67). These 
values correspond to Fe-rich calcic amphibole, such as 
ferro-edenite and ferrohornblende. The lack of alkali 
amphibole indicates that the Baleigong granites do not 
belong to A-type granite (Fig. 7) (Liu, 1986; Leake et al., 
1997; Gill, 2010; Liu et al., 2015). The existence of 
melanocratic minerals (e.g., amphibole and biotite), low 
CaO content (1.88–2.57 wt%) and high K2O-content (4.61
–5.11 wt%) in the granite is indicative of a high-K calc-
alkaline, I-type granite. 

In granite discrimination diagrams, samples from the 

Baleigong granites are plotted near the boundary between 
the I–S- and A-type fields, showing the characteristics of I
-type granite (Whalen et al., 1987) (Fig. 8). It is also 
shown that P2O5 decreases with increasing SiO2, whereas 
Pb moves in the opposite direction (Fig. 9). This feature 
further indicates an I–type affinity (Chappell and White, 
1992).  

The chondrite-normalized REE patterns of the 
Baleigong granites are enriched in LREE and show a 
negative Eu anomaly. This differs from the characteristic 
swallow-shaped REE pattern of A-type granites and 
further indicates that the Baleigong granites is not an A-
type granite (Deng et al., 2016; Wang et al., 2007a; Wang 
et al., 2013; Zhang et al., 2012; Zhang, 2013). In MORB-
normalized trace element spidergrams, the Baleigong 
granite is enriched in LILE (Rb, K, and Cs) and depleted 
in HFSE (Nb and Ta), consistent with an I-type granite 
produced by the remelting of igneous rocks at the base of 
a magmatic arc (Barbarin, 1999; Deng et al., 2016). 
Accordingly, we propose that the Baleigong granites are 
typical of I-type granites, and belong to a high-K calc-
alkaline granite (Barbarin, 1999; Deng et al., 2016). 

 
5.1.2 Sources nature and fractional evolution process 

The most of the Baleigong granites show a narrow 
range of SiO2 (71.9–73.3 wt%), and exhibit the Nb/Ta 
values of 10.25–12.20 (approximate to the average value 
of the crust (12.00–13.00), Barth et al., 2000). This may 
indicate that magmatic rocks were mainly produced by 
partial melting of middle-lower crustal rocks and small 

 Table 2 Trace element (ppm) composition of granitic samples from the Baleigong Granites 
No. Be Mn Co Ni Cu Zn Ga Rb Sr Mo Cd In Cs Ba Tl Pb Bi 

YK16203–              
1 3.38 431.00 6.04 2.49 5.89 79.10 20.70 215.00 194.00 0.50 0.11 0.05 4.77 619.00 0.91 35.50 0.43 
2 3.79 600.00 7.34 3.13 10.20 74.30 20.60 214.00 212.00 0.80 0.12 0.06 5.42 667.00 0.92 36.90 0.30 
3 4.71 602.00 6.17 2.74 5.18 69.40 21.00 234.00 179.00 0.46 0.12 <0.05 5.26 649.00 1.01 28.80 2.00 
4 4.39 568.00 7.09 3.18 4.32 63.70 22.40 217.00 264.00 1.50 0.15 <0.05 8.87 730.00 1.06 25.00 0.09 
5 4.10 523.00 6.24 2.76 6.16 61.10 20.20 216.00 66.10 0.42 0.12 0.06 7.63 615.00 0.95 23.40 0.10 
6 3.89 528.00 6.90 2.70 5.97 65.50 21.30 209.00 248.00 1.28 0.11 <0.05 8.58 684.00 1.06 37.30 0.10 

YK16204              
1 3.94 510.00 6.28 2.92 3.66 60.50 20.60 253.00 172.00 0.45 0.07 0.06 12.70 496.00 1.13 30.80 0.22 
2 3.79 452.00 5.87 2.78 4.75 57.70 20.30 261.00 177.00 0.38 <0.05 0.05 12.50 589.00 1.17 33.60 0.31 

No. Th U Nb Ta Zr Hf Ti W As V La Ce Pr Nd Sm Eu Gd 
YK16203–              

1 23.90 5.42 21.00 1.87 281.00 8.48 3147.00 3.35 16.90 27.30 57.00 106.00 11.90 42.60 8.43 1.32 6.96
2 23.00 5.59 22.70 1.86 276.00 8.08 3694.00 2.99 15.90 33.30 57.40 109.00 12.20 43.90 8.71 1.38 7.36 
3 25.30 5.92 22.00 1.90 279.00 8.34 3277.00 3.21 5.30 29.10 61.60 114.00 12.70 44.40 8.70 1.37 7.41 
4 24.60 7.07 22.60 1.94 282.00 8.50 3497.00 3.45 2.61 31.10 58.80 112.00 12.50 44.30 8.86 1.49 7.77
5 24.30 4.67 20.50 1.83 281.00 8.50 3094.00 3.05 11.90 28.40 55.60 105.00 11.80 42.10 8.42 1.42 7.23 
6 24.00 6.70 21.60 1.85 280.00 8.18 3257.00 3.17 4.97 29.50 57.60 108.00 12.10 43.90 8.47 1.36 7.14 

YK16204       
1 35.20 4.50 20.40 1.99 277.00 8.19 3204.00 2.34 5.65 33.10 46.50 95.10 11.20 41.70 8.57 1.05 7.70 
2 26.70 4.16 19.40 1.83 275.00 8.20 3167.00 2.04 7.24 31.80 48.00 99.10 11.10 40.70 8.33 1.08 7.37 

No. Tb Dy Ho Er Tm Yb Lu Sc Y ΣREE ΣLREE ΣHREE ΣLREE/
ΣHREE δEu (La/Yb)N (La/Sm)N (Gd/Yb)N

YK16203–              
1 1.13 6.53 1.22 3.66 0.57 3.76 0.54 6.05 34.60 251.62 227.25 24.37 9.32 0.53 10.87 4.37 1.53 
2 1.17 6.97 1.31 3.74 0.56 3.70 0.54 7.28 36.50 257.94 232.59 25.35 9.18 0.53 11.13 4.25 1.65 
3 1.15 6.79 1.27 3.74 0.57 3.75 0.55 6.72 36.20 268.00 242.77 25.23 9.62 0.52 11.78 4.57 1.63 
4 1.21 6.95 1.33 3.82 0.58 3.88 0.58 7.06 37.80 264.07 237.95 26.12 9.11 0.55 10.87 4.28 1.66 
5 1.18 6.80 1.31 3.68 0.56 3.68 0.54 6.17 36.00 249.32 224.34 24.98 8.98 0.56 10.84 4.26 1.63 
6 1.18 6.67 1.29 3.59 0.57 3.72 0.55 6.43 36.40 256.14 231.43 24.71 9.37 0.53 11.11 4.39 1.59 

YK16204              
1 1.25 7.53 1.46 4.30 0.68 4.47 0.67 6.65 42.40 232.18 204.12 28.06 7.27 0.40 7.46 3.50 1.43 
2 1.20 7.19 1.44 4.18 0.65 4.29 0.62 6.28 40.80 235.25 208.31 26.94 7.73 0.42 8.03 3.72 1.42  
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part of mantle-derived magmas were mixed into the 
crustal melts during generation of the Baleigong granites 
(Barbarin, 1990, 1999; Chen and Jahn, 2004; Scaillet et 
al., 2016). The in situ zircon Hf isotope data (εHf(t) values 
from –4. 3 to +1.7 and two stage Hf model ages from 1.20 
Ga to 1.58 Ga) also indicate that the parental magma was 
derived mainly from partial melting of Mesoproterozoic 
amphibolite facies mafic lower crust rocks (Wang et al., 
2007a; Huang et al., 2015).  

The La/Sm vs. La diagram showing that the magma 
evolution of the Baleigong granites follow a batch partial 
melting trend in the early stages, and fractional 
crystallization probably occurred at shallow depth in the 
late stages (Fig. 10a) (after Allègre and Minster, 1978). In 
the late fractional crystallization stages, the fractionation 
of plagioclase and biotite has played an important role 
(Fig. 10b–d). This is supported by the depletions in Ba, Sr, 
Nb, P, Ti and Eu shown in the spidergrams (Fig. 5) 

 

Fig. 4. (a) TAS (Middlemost, 1994; Irvine and Baragar, 1971), (b) A/CNK–A/NK (Maniar and Piccoli, 1989), (c) Na2O–K2O 
(Peccerillo and Taylor, 1976), (d) SiO2–K2O (Peccerillo and Taylor, 1976), (e) SiO2–(Na2O+K2O–CaO) (Frost et al., 2001), and 
(f) AFM (Irvine and Baragar, 1971) diagrams for the Baleigong granites; 1, this study; 2, after Wang et al., 2007a; 3, after 
Huang et al., 2015.  
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(Barbarin, 1999). Low MgO content in these granites 
suggests separation of mafic minerals, and petrographic 
evidence favors a probable fractionation of biotite. 
Negative Ti anomalies are considered to be related to 
fractionation of Ti-bearing phases and negative P 
anomalies should result from apatite separation (Fig. 5b). 
Strong Eu depletion requires extensive fractionation of 
plagioclase (Fig. 5a). Accordingly, fractionation of 

feldspars and biotite has played an important role during 
the differentiation process. 

In the granite discrimination diagram (Fig. 11; Harris et 
al., 1986), the Baleigong Granites plots in the Volcanic 
Arc Granite field, possibly indicating that the source area 
had the characteristics of arc magma. It is therefore 
speculated that the origin of the Baleigong Granites was 
mainly associated with partial melting of the thickening 

 Table 3 LA–ICP–MS U–Pb zircon dating of granitic samples (Yk16203-3, Yk16204-1 and Yk16204-3) from the Baleigong 
Granites 
Sample Ratios Age (Ma) 
sport Th/U Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ

YK16203–3 
1 0.56 204 364 0.05675 0.00225 0.35295 0.01340 0.04530 0.00080 483 89 286 5 307 10
2 0.67 111 166 0.05229 0.00388 0.31665 0.02115 0.04481 0.00089 298 168 283 6 279 16
3 0.61 269 442 0.05104 0.00212 0.31753 0.01390 0.04482 0.00077 243 101 283 5 280 11
4 0.50 209 419 0.05300 0.00181 0.32429 0.01050 0.04442 0.00058 328 78 280 4 285 8 
5 0.51 74 145 0.05366 0.00325 0.33114 0.01884 0.04508 0.00072 367 137 284 4 290 14
7 0.65 116 179 0.05913 0.00361 0.36164 0.01757 0.04503 0.00071 572 133 284 4 313 13
8 0.58 103 179 0.05155 0.00270 0.31608 0.01629 0.04477 0.00084 265 125 282 5 279 13
9 0.55 169 310 0.04925 0.00248 0.30070 0.01489 0.04434 0.00078 167 119 280 5 267 12

10 0.58 58 100 0.05265 0.00395 0.32334 0.02431 0.04462 0.00110 322 138 281 7 284 19
11 0.41 200 488 0.05129 0.00187 0.31799 0.01159 0.04473 0.00066 254 88 282 4 280 9 
12 0.49 279 575 0.05157 0.00164 0.32458 0.01112 0.04512 0.00069 265 74 284 4 285 9 
13 0.56 150 267 0.05504 0.00227 0.34948 0.01568 0.04531 0.00077 413 91 286 5 304 12
15 0.62 114 184 0.05018 0.00407 0.30645 0.02281 0.04440 0.00079 211 –6 280 5 271 18
16 0.74 129 173 0.05251 0.00276 0.32975 0.01823 0.04486 0.00079 309 125 283 5 289 14
17 0.79 126 160 0.05043 0.00265 0.31051 0.01462 0.04476 0.00076 217 122 282 5 275 11
18 0.58 86 149 0.05881 0.00862 0.35610 0.04165 0.04577 0.00144 561 319 289 9 309 31
19 0.58 182 315 0.05190 0.00204 0.32285 0.01268 0.04491 0.00071 280 91 283 4 284 10
20 0.51 45 88 0.05370 0.00415 0.32987 0.02312 0.04470 0.00132 367 176 282 8 289 18

YK16204–1 
1 1.11 199 179 0.05536 0.00334 0.33848 0.01868 0.04472 0.00089 428 140 282 5 296 14
2 0.62 103 167 0.05486 0.00322 0.33688 0.01927 0.04455 0.00095 406 99 281 6 295 15
3 0.60 561 942 0.05274 0.00175 0.33376 0.01153 0.04534 0.00050 317 76 286 3 292 9 
4 0.64 407 634 0.05295 0.00169 0.33223 0.01146 0.04503 0.00065 328 72 284 4 291 9 
5 0.56 362 647 0.05105 0.00167 0.31503 0.01147 0.04441 0.00080 243 76 280 5 278 9 
6 0.57 385 673 0.05443 0.00185 0.33854 0.01267 0.04459 0.00062 387 78 281 4 296 10
7 0.59 466 785 0.05241 0.00143 0.32532 0.00951 0.04482 0.00065 302 63 283 4 286 7 
8 0.61 351 578 0.04912 0.00176 0.30261 0.01098 0.04470 0.00069 154 79 282 4 268 9 
9 0.58 490 842 0.05269 0.00157 0.32736 0.01013 0.04483 0.00056 322 67 283 3 288 8 

10 0.56 353 631 0.05047 0.00162 0.30753 0.00971 0.04427 0.00060 217 81 279 4 272 8 
11 0.55 414 749 0.05179 0.00160 0.31909 0.01005 0.04470 0.00058 276 68 282 4 281 8 
13 0.64 503 782 0.05215 0.00159 0.32138 0.00999 0.04492 0.00060 300 70 283 4 283 8 
14 0.54 211 393 0.04877 0.00190 0.30094 0.01149 0.04487 0.00068 200 95 283 4 267 9 
15 0.59 411 696 0.05020 0.00153 0.30930 0.00947 0.04456 0.00053 211 70 281 3 274 7 
16 0.64 436 686 0.04987 0.00159 0.30943 0.01175 0.04448 0.00079 191 69 281 5 274 9 
18 0.59 610 1025 0.04991 0.00163 0.30542 0.00994 0.04429 0.00061 191 71 279 4 271 8 
19 0.67 499 746 0.05774 0.00181 0.35684 0.01168 0.04452 0.00058 520 69 281 4 310 9 

YK16204–3 
1 0.63 112 178 0.05102 0.00353 0.31653 0.02526 0.04466 0.00076 243 161 282 5 279 19
2 0.44 352 799 0.04885 0.00153 0.30730 0.01051 0.04514 0.00061 139 74 285 4 272 8 
3 0.60 147 246 0.04794 0.00235 0.29587 0.01360 0.04494 0.00083 95 115 283 5 263 11
4 0.50 248 492 0.05136 0.00181 0.31613 0.01149 0.04448 0.00078 257 86 281 5 279 9 
5 0.48 93 192 0.05067 0.00290 0.30949 0.01683 0.04467 0.00078 233 133 282 5 274 13
6 0.57 82 143 0.05034 0.00256 0.30819 0.01529 0.04450 0.00078 209 119 281 5 273 12
7 0.66 220 335 0.05120 0.00219 0.31121 0.01255 0.04413 0.00061 250 100 278 4 275 10
8 0.56 76 136 0.04890 0.00314 0.30208 0.01875 0.04512 0.00096 143 144 285 6 268 15
9 0.70 237 338 0.05323 0.00256 0.32985 0.01497 0.04501 0.00071 339 105 284 4 289 11

10 0.59 93 158 0.05401 0.00315 0.32909 0.01751 0.04485 0.00076 372 131 283 5 289 13
11 0.62 147 236 0.05050 0.00310 0.31378 0.01838 0.04504 0.00097 217 138 284 6 277 14
12 0.54 70 129 0.05541 0.00476 0.33442 0.02958 0.04361 0.00115 428 188 275 7 293 23
13 0.61 161 263 0.05192 0.00227 0.32113 0.01458 0.04451 0.00078 283 100 281 5 283 11
14 0.58 146 251 0.05377 0.00264 0.33343 0.01651 0.04475 0.00073 361 111 282 4 292 13
15 0.62 148 238 0.05098 0.00200 0.31335 0.01186 0.04468 0.00071 239 91 282 4 277 9 
16 0.60 364 601 0.05182 0.00160 0.32162 0.01120 0.04455 0.00076 276 70 281 5 283 9 
17 0.61 242 396 0.05085 0.00185 0.31192 0.01146 0.04441 0.00066 235 85 280 4 276 9
18 0.56 111 198 0.05050 0.00246 0.31019 0.01423 0.04470 0.00072 217 113 282 4 274 11
19 0.45 402 891 0.04975 0.00276 0.30800 0.01641 0.04487 0.00080 183 127 283 5 273 13
20 0.55 110 199 0.04986 0.00269 0.30272 0.01606 0.04435 0.00072 187 126 280 4 269 13 
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continental crust, triggered by underplating of the lower 
crustby basaltic magma (Huang et al., 2015; Wang et al., 
2007a). On the Y–Nb, (Y+Nb)–Rb, and Yb–Ta diagrams 

(Fig. 12; Pearce et al., 1984) the Baleigong granite 
samples fall in the volcanic arc granite and collisional 
granite fields, further indicating that the magmatism 

 

Fig. 5. (a) Chondrite-normalized REE and (b) primitive-mantle-normalized trace element patterns of the Baleigong Granites 
(normalizing values are from Sun and McDonough, 1989).  

Table 4 Electron microprobe analyses of amphiboles from the Baleigong Granites 
Sample YK16202–3 YK16202–4 YK16202–7 YK16204–1 YK16204–2 YK16202–1 

No. c2 d1 g4 h2–1 n2–1 e1–1 e1–4 e2–3 
Oxide (wt%) 

SiO2 42.26  42.29  43.39  43.66  43.36  44.99  46.37  44.94  
TiO2 2.25  2.20  2.03 1.75 1.85 1.55 1.08  1.53 
Al2O3 8.86  8.75  8.22  8.11  8.06  7.01  5.74  6.64  
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 21.47 22.45 21.15 19.65 21.78 21.06 20.27 20.41
MnO 0.42 0.44 0.36 0.65 0.67 0.33 0.50 0.38 
MgO 7.64 7.27 8.56 9.25 7.51 8.80 9.11 8.92 
CaO 10.70 10.66 10.72 10.62 10.69 10.72 12.24 11.12
Na2O 1.82 1.80 1.72 1.99 1.87 1.51 1.08 1.50 
K2O 1.18 1.09 1.07 1.08 0.91 0.75 0.51 0.67 

F 0.48 0.35 0.31 0.48 0.33 0.16 0.10 0.24 
H2O* 1.71 1.78 1.82 1.74 1.79 1.90 1.91 1.84 
Total 99.00 99.40 99.79 99.29 99.06 99.23 98.96 98.43 

Cation proportions per 23 oxygen atoms (Holland and Blundy, 1994) 
Si 6.5670 6.5828 6.6778 6.7026 6.7339 6.9263 7.1047 6.9471 

AlⅣ 1.4330 1.4172 1.3222 1.2974 1.2661 1.0737 0.8953 1.0529 
AlⅥ 0.1896 0.1880 0.1688 0.1699 0.2091 0.1982 0.1412 0.1568 
Ti 0.2630 0.2576 0.2350 0.2021 0.2161 0.1795 0.1245 0.1779 

Fe3+ 0.3682 0.3493 0.3721 0.3530 0.3970 0.4817 0.5614 0.4977 
Fe2+ 2.4220 2.5732 2.3501 2.1699 2.4318 2.2298 2.0360 2.1409 
Mn 0.0553 0.0580 0.0469 0.0845 0.0881 0.0430 0.0649 0.0498 
Mg 1.7699 1.6870 1.9639 2.1169 1.7387 2.0197 2.0808 2.0556 
Ca 1.7815 1.7779 1.7677 1.7469 1.7788 1.7683 2.0094 1.8418 
Na 0.5483 0.5432 0.5132 0.5923 0.5631 0.4507 0.3208 0.4496 
K 0.2339 0.2164 0.2101 0.2115 0.1803 0.1473 0.0997 0.1321 

Sum 15.6318 15.6507 15.6279 15.6470 15.6030 15.5183 15.4386 15.5023 
SiT* 6.5670 6.5828 6.6778 6.7026 6.7339 6.9263 7.1047 6.9471 
AlT 1.4330 1.4172 1.3222 1.2974 1.2661 1.0737 0.8953 1.0529 
AlC 0.1896 0.1880 0.1688 0.1699 0.2091 0.1982 0.1412 0.1568 

Fe3+
C 0.3682 0.3493 0.3721 0.3530 0.3970 0.4817 0.5614 0.4977 

TiC 0.2630 0.2576 0.2350 0.2021 0.2161 0.1795 0.1245 0.1779 
MgC 1.7699 1.6870 1.9639 2.1169 1.7387 2.0197 2.0808 2.0556 
Fe2+

C 2.4093 2.5181 2.2602 2.1580 2.4318 2.1209 2.0360 2.1119 
MnC 0.0000 0.0000 0.0000 0.0000 0.0073 0.0000 0.0562 0.0000
Fe2+

B 0.0127 0.0551 0.0899 0.0118 0.0000 0.1089 0.0000 0.0290 
MnB 0.0553 0.0580 0.0469 0.0845 0.0809 0.0430 0.0087 0.0498 
CaB 1.7815 1.7779 1.7677 1.7469 1.7788 1.7683 1.9913 1.8418
NaB 0.1504 0.1090 0.0954 0.1568 0.1403 0.0798 0.0000 0.0794 
CaA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0181 0.0000 
NaA 0.3979 0.4342 0.4178 0.4355 0.4227 0.3710 0.3208 0.3702
KA 0.2339 0.2164 0.2101 0.2115 0.1803 0.1473 0.0997 0.1321  
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originated from remelting of volcanic rocks in a magmatic 
arc system (Huang  et al., 2015; Deng et al., 2016). 

 
5.2 Implications for regional tectonics 

The age of the ophiolite and the radiolaria in siliceous 
rocks in the Southwest Tianshan Orogenic Belt indicate 
that the Southwest Tianshan Ocean was developed in the 
early Paleozoic (Li et al., 2002; Wang et al., 2007b; Wang 

et al., 2012). The subduction of this oceanic crust was 
dated to 345–331 Ma, based on Sm-Nd and Ar-Ar ages of 
high-pressure/low-temperature (HP/LT) metamorphic 
rocks in the West Tianshan Orogenic Belt (Gao et al., 
2009a; Li et al., 2016). These results indicate that high-
pressure metamorphism associated with subduction 
occurred at the end of the early Carboniferous (Li et al., 
2016). 

 

Fig. 6. Representative zircon CL images and concordia diagrams for samples from the Baleigong Granites. 
(a, b) Sample YK16203–3; (c, d) sample YK16204–1; (e, f) sample YK16204–3.  
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Fig. 7. Amphibole classification diagrams (after Leake et al., 1997) showing the composition of amphiboles from the Baleigong 
Granites.  

Fig. 8. Granite discrimination diagrams (I-, S-, and A-type; after Whalen et al., 1987).  
(a–d) data source: 1, This study; 2, after Wang et al., 2007a; 3, After Huang et al., 2015; Similarly hereinafter. Abbreviations: FG, fractionated felsic granite; 
OGT, unfractionated M-, I- and S-type granite.  
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Fig. 9. (a) P2O5 vs. SiO2 and (b) Pb vs. SiO2 variation diagrams showing that the Baleigong granites follow the trend of I-type 
proposed by Chappell and White (1992).  

Fig. 10. (a) La/Sm vs. La diagram showing the samples of the Baleigong granites follow a batch partial melting trend, and fractional 
crystallization probably occurred at shallow depth (after Allègre and Minster, 1978); (b) Ba/Sr vs. Sr and (c) Ba vs. Sr diagrams 
showing that fractionation of plagioclase plays an important role in the magma differentiation of the Baleigong granites, Partition 
coefficients of Sr and Ba are from Hanson (1978); (d) (La/Yb)N vs. La diagram showing the change of REE patterns by separation 
of accessory minerals, especially allanite and monazite.  
Partition coefficients are from Arth (1976) for apatite, Green and Pearson (1986) for sphene (titanite), Mahood and Hildreth (1983) for zircon, Green et al. 
(1989) for allanite and Yurimoto et al. (1990) for monazite. Abbreviations: Pl, plagioclase; Kf, K-feldspar; Bi, biotite; Zr, zircon; Sph, sphene; Ap, apatite; 
Mon, monazite; Allan, allanite. 
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The combination of petrologic, structural and 
geodynamical studies indicates that the high-k calc-
alkaline granites are related to continental collision 
particularly during the post-collisional process (Liègeois et 
al., 1998; Sylvester, 1998; Barbarin, 1999; Miller et al., 
1999; Mo et al., 2007). Remelting of igneous rocks at the 
base of a magmatic arc likely occurs during the late stage 
of collision (Wan, 2011; Deng al., 2016). Thus, the 
emplacement of the Baleigong granites at ~280 Ma 
indicates that during the early Permian, the Southwest 
Tianshan was subjected to collisional orogeny following 
the closure of the South Tianshan Ocean.  

The Chuanwulu Alkaline Complex in the western part 
of the Southwest Tianshan yields a zircon U-Pb age of 
~280 Ma (Huang et al., 2010). The geochemical 
characteristics of the Chuanwulu Alkaline Complex 

indicate that it was also produced by partial melting of 
middle and lower continental crust in a post-collisional 
setting, thereby supporting the proposal that the Southwest 
Tianshan was subjected to post-collision tectonism during 
the early Permian (Fig. 13) (Liégeois, 1998; Huang et al., 
2010, 2012; Wang et al., 2007a; Deng et al., 2016). Our 
study indicates that Baleigong granites belong to I-type 
granite, which was mainly formed in the post-collision 
stage and represents the late stage of the Orogenic process 
(Liégeois, 1998; Wang et al., 2007a; Huang et al., 2015). 

Based on the above analysis, we suggest that the high-
K, calc-alkaline, I-type magmatism that produced the 
Baleigong granites was directly linked to continental 
collision. The granites represent post-collisional 
magmatism in the Southwest Tianshan Orogenic Belt, 
constrain the timing of collision in the southwestern 

 

Fig. 11. (a) Rb/10–Hf–Ta×3 and (b) Rb/30–Hf–Ta×3 (Harris et al., 1986) tectonic discrimination diagrams for the Baleigong Gran-
ites. Abbreviations: VAG, volcanic arc granite; WPG, within-plate granite; ORG, oceanic ridge granite; COLG, collisional granite; 
S-COLG, syn-collisional granite; P-COLG, post-collisional granite.  

Fig. 12. Geochemical classification diagrams (after Pearce et al., 1984) for the Baleigong Granites. (a) Rb vs. (Yb+Ta) diagram, (b) 
Rb vs. (Y+Nb) diagram, (c) Nb vs. Y diagram, (d) Ta vs. Yb diagram. Abbreviations: VAG, volcanic arc granite; WPG, within-
plate granite; ORG, oceanic ridge granite; COLG, collisional granite; Syn-COLG, syn-collisional granite; P-COLG, post-collisional 
granite.  
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Tianshan, and indicate that the Southwest Tianshan Ocean 
closed prior to the Permian. 

 
6 Conclusions 

 
(1) The studied Baleigong granite rocks from the 

Kokshanyan area was emplaced during the Cisuralian (ca. 
281–282 Ma). 

(2) The geochemical compositions and mineral electron 
microprobe data indicate that the Baleigong granites are 
typical of I-type granites, and belong to high-K calc-
alkaline granites. The magmatic rocks were mainly 
produced by partial melting of middle-lower crustal rocks 
and small part of mantle-derived magmas was mixed into 
the crustal melts during generation of the Baleigong 
granites. 

(3) The Baleigong granites from the Kokshanyan area 
may be emplaced in a post-collisional tectonic setting, 
which was related to the collisional orogeny process 
following the closure of the South Tianshan Ocean during 
the Late Paleozoic. 
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