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Abstract Magmatism postdating the initiation of continental collision provides insight into the late stage
evolution of orogenic belts including the composition of the contemporaneous underlying subcontinental
mantle. The Awulale Mountains, in the heart of the Tianshan Orogen, display three types of postcollisional
mafic magmatic rocks. (1) A medium to high K calc-alkaline mafic volcanic suite (�280 Ma), which display
low La/Yb ratios (2.2–11.8) and a wide range of ENd(t) values from 11.9 to 17.4. This suite of rocks was
derived from melting of depleted metasomatized asthenospheric mantle followed by upper crustal contam-
ination. (2) Mafic shoshonitic basalts (�272 Ma), characterized by high La/Yb ratios (14.4–20.5) and more
enriched isotope compositions (ENd(t) 5 10.2 – 10.8). These rocks are considered to have been generated
by melting of lithospheric mantle enriched by melts from the Tarim continental crust that was subducted
beneath the Tianshan during final collisional suturing. (3) Mafic dikes (�240 Ma), with geochemical and iso-
tope compositions similiar to the �280 Ma basaltic rocks. This succession of postcollision mafic rock types
suggests there were two stages of magma generation involving the sampling of different mantle sources.
The first stage, which occurred in the early Permian, involved a shift from depleted asthenospheric sources
to enriched lithospheric mantle. It was most likely triggered by the subduction of Tarim continental crust
and thickening of the Tianshan lithospheric mantle. During the second stage, in the middle Triassic, there
was a reversion to more asthenospheric sources, related to postcollision lithospheric thinning.

1. Introduction

Orogenic magmatism can be grouped to two types based on its temporal relationship to the tectonic evolu-
tion of orogenic belts: subduction related and postcollisional (Martin & Piwinskii, 1972). Postcollisional mafic
magmatism provides a unique opportunity to study the asthenospheric and lithospheric mantle after the
cessation of arc magmatism, and is important in understanding the evolution of orogenic belts (Carlson
et al., 2005). Calc-alkaline and potassium-enriched (K-rich) volcanic rocks are two types of postcollisional
magmatism recognized in the modern mountain belts in Tibet (Guo et al., 2015a, 2015b, 2006; Turner et al.,
1996; Williams et al., 2004) and the Turkish-Iranian Plateau (Allen et al., 2013; Neill et al., 2015). Postcollisional
mafic rocks are generally considered to be derived by partial melting of enriched mantle sources (Kirchen-
baur et al., 2012). However, there is no consensus on the nature of the metasomatic components that cause
mantle enrichment, such as whether fluid or melt derived from either subducted oceanic (e.g., Lustrino
et al., 2011; Prelević et al., 2010) or continental crust (e.g., Ding et al., 2003; Guo et al., 2013, 2015b; Mah�eo
et al., 2002; Zhao et al., 2009).

The Tianshan Orogen in central Asia records the closure of the Paleo-Asian Ocean associated with conver-
gence between the southern active margin of the Siberian craton and the passive margin of the Tarim Cra-
ton (Xiao et al., 2013), although recent studies indicate that the northern Tarim has been active margin
during the middle Paleozoic (e.g., Lin et al., 2013) (Figure 1). Postcollisional episodes of Permian and Triassic
volcanism are inferred to have occurred within an overall extensional regime (Chen et al., 2015; Luo et al.,
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2013; Ye et al., 2013) (Figure 1). Contemporaneous with the mafic volcanism in this region are abundant A-
type granites and subordinate adakites, which are attributed to crustal melting as a result of enhanced heat
input into the crust triggered by upwelling asthenosphere (Long et al., 2011; Tang et al., 2017b, 2010; Zhao
et al., 2008). Most research into the tectonic evolution of the Tianshan Orogen has focused on the Paleozoic
granitoids (Long et al., 2011; Tang et al., 2014, 2010). However, the mantle evolution processes of the Tian-
shan Orogen, postcollision, are poorly constrained. The geochemical and isotopic signatures of the

Figure 1. (a) Digital topography of North Xinjiang and adjact area of the sourhern Central Asian Orogenic Belt (original
data from U.S. Geological Survey [http://eros.usgs.gov/products/elevation/gtopo30.html]) showing the Altai, Junggar,
Tianshan Orogens and Tarim Craton from northeast to southwest. (b) Geological and tectonic sketch map of the Chinese
Tianshan Orogen (modified after Gao et al., 2011; Xiao et al., 2013). (c) Geological map and (d) stratigraphic sequence of
the western part of the Awulale Mountain. Sample locations and rock types are also shown. The magmatism ages are
from Tang et al. (2017b), Tang et al. (2014), and this study.
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postcollisional mafic rocks of different ages in the same region have
the potential to provide important insights into the evolution of man-
tle sources from which they are derived (Murphy & Dostal, 2007).

The Awulale Mountains, in the heart of the Tianshan Orogen, consist of
early Permian volcanic rocks with Triassic mafic dikes (Figure 1) (Chen
et al., 2015; Luo et al., 2013; Ye et al., 2013). Although these Permian vol-
canic rocks are well mapped and documented, most studies are con-
fined to those of early Permian age from a limited region in the
Awulale Mountains. In addition, there is a lack of precise age data for
these volcanic rocks, limiting understanding of the chemical character-
istics of mantle sources and the geodynamic processes involved. We
integrate new age and geochemical (major element, trace element,
and Sr-Nd isotopic) data with previous work (Chen et al., 2015; Luo
et al., 2013; Ye et al., 2013) for the Permian-Triassic mafic rocks from the
Awulale Mountains, to resolve their petrogenesis and to evaluate rela-
tionships between postcollisional magmatism and mantle sources
within the evolving postcollisional framework of the Tianshan Orogen.

2. Geological Background and Petrology

The Tianshan Orogen is a major component of the southwestern Cen-
tral Asian Orogenic Belt (CAOB) and extends more than 2,500 km from
Uzbekistan to Xinjiang in China. The Xinjiang segment of the orogen
is bounded by the Tarim Craton to the south and the Junggar terrane
to the north (Figure 1). There is general agreement that final ocean
closure associated with the termination of oceanic subduction, and
collision between the Tarim Craton and Kazakhstan-Yili-Central Tian-
shan arc occurred at the end of the Carboniferous, and that during
the early Permian the Tianshan Orogen lay in a postcollisional setting
(Gao et al., 2011; Han et al., 2011; Seltmann et al., 2011), although it
remains a controversial issue (Xiao et al., 2013). Postcollisional volcanic
rocks are scattered spatially and temporally across the orogen (Figure
1) and, in addition, early Permian A-type granites are widespread
(Konopelko et al., 2007; Seltmann et al., 2011; Tang et al., 2010).

The west-east trending Awulale Mountains comprise upper Carbonifer-
ous and lower Permian volcanic-sedimentary formations (Figure 1). The
upper Carboniferous rock units are restricted to the southeast and north-
west of the area and consist of basalt, andesite, tuff and sandstone. The
Permian geology of the Awulale Mountains is dominated by two
assemblages of spatially associated Permian volcanic rocks (Figure 1): (1)
the lower part, present mainly in the southern and northeast parts of the
Awulale Mountains, consists of early Permian lava flows and associated
volcanic breccias of basalt, trachyte, rhyolite, along with interstratified
sandstone and tuff. They uncomfortably overlie the Carboniferous suc-
cession. (2) The upper part of the early Permian units consists of con-
glomerate, sandstone, mudstone, basalt, and dacite, and is restricted to a
small area in the northwest part of the Awulale Mountains. Minor, steeply
dipping middle Triassic mafic dikes intrude into Permian volcanic-
sedimentary formations and have a trend of 1508 (Figure 1).

The lower group basalts and basaltic andesites exhibit porphyritic tex-
tures and mainly consist of plagioclase, clinopyroxene, amphibole, and Fe-Ti oxide phenocrysts, with similar
microlitic minerals in the groundmass (Figure 2a). The upper group basalts are porphyritic with plagioclase
and amphibole phenocrysts. The groundmass is composed of plagioclase, amphibole, chlorite, and basaltic

Figure 2. Photomicrographs showing the main textures and mineral assemb-
lages in the magmatic rocks from the Awulale Mountains. (a) Early Permian
lower group basaltic andesite; (b) early Permian upper group basaltic rock; (c)
mafic dike. Cpx, clinopyroxene; Opx, orthopyroxene; Pl, plagioclase; Hbl,
hornblende.
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glass with minor pyroxene (Figure 2b). The middle Triassic mafic dikes are fine grained and consist of pla-
gioclase, clinopyroxene, and orthopyroxene.

3. Analytical Methods

Zircons were separated using conventional heavy liquid and magnetic separation techniques. Cathodolumi-
nescence (CL) images were obtained for zircons prior to analysis, using a JEOL JXA-8100 Superprobe at
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS), in order to characterize inter-
nal structures and choose potential target sites for U-Pb dating. LA-ICP-MS U-Pb zircon analyses were con-
ducted on an Agilent 7500 ICP-MS equipped with a 193 nm laser and a beam diameter of �30 lm, housed at
the State Key Laboratory of Geological Processes and Mineral Resources, Faculty of Earth Sciences, China Uni-
versity of Geosciences (Wuhan). Zircon 91500 was used as the standard (Wiedenbeck et al., 1995) and the sili-
cate glass standard NIST 610 was used to optimize operating parameters. The weighted mean U-Pb ages and
Concordia plots were processed using an Isoplot/Ex v.3.0 program (Ludwig, 2003). Subsequently, Lu-Hf iso-
tope measurements on the dated spots in each zircon grain were performed using a Neptune multicollector
ICP-MS equipped with a Geolas-193 laser-ablation system at IGG-CAS (Wu et al., 2006).

After crushing, unweathered rock fractions were selected and subjected to ultrasonic cleaning in distilled
water with <5% HNO3, dried and handpicked to remove visible contamination, and then pulverized.

Major element oxides were determined by standard X-ray fluorescence (XRF) (Li et al., 2006). Trace elements
were analyzed by inductively coupled plasma mass spectrometry (ICP-MS), using a Perkin-Elmer Sciex ELAN
6000 instrument at GIG-CAS (Li et al., 2006). Analytical precision for most elements is better than 3%.

Sr and Nd isotopic analyses were performed on a Micromass Isoprobe multicollector ICPMS at the GIG-CAS (Li
et al., 2006). Sr and REE were separated using cation columns, and Nd fractions were further separated by
HDEHP-coated Kef columns. Measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to 86Sr/88Sr 5 0.1194
and 146Nd/144Nd 5 0.7219, respectively. The reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the
NBS SRM 987 standard 87Sr/86Sr 5 0.71025 and the Shin Etsu JNdi-1 standard 143Nd/144Nd 5 0.512115.

4. Results

To determine the crystallization ages of the mafic rocks, one sample of each rock type was chosen for zircon
U-Pb dating (supporting information Table S1). Major and trace element data for 65 rock samples obtained
by this study and the literature data of the volcanic rocks from lower and upper parts of early Permian, and
two samples from two different mafic dikes are listed in supporting information Table S3. Table 1 sets out

Table 1
Essential Diagnostic Geochemical Characteristics of Three Types Mafic Rocks

Diagnostic features

Calc-alkaline basalts
(lower group of
early Permian)

Shoshonitic basalts
(upper group of
early Permian)

Mafic dikes
(intruded into early

Permian strata)

Age (Ma) �280 Ma �272 Ma �240 Ma
K2O (wt %) 0.1–2.4 2.0–7.0 0.5–0.6
K2O/Na2O 0.01–0.8 0.5–2.1 0.08–0.11
Sr (ppm) 142–708 191–2,330 473–476
Ba (ppm) 14–600 891–2,701 71.5–91.7
La (ppm) 5.5–38.3 24.1–43.1 5.9–7.7
La/Yb 2.2–11.8 14.4–20.5 2.3–4.0
ENd(t) 11.9 to 17.4 10.2 to 10.8 13.5 to 13.9
Zircon EHf(t) 19.7 to 114.7 12.8 to 14.9 19.5 to 113.4
Mantle sources Metasomatized

asthenospheric
mantle

Enriched lithospheric
mantle

Depleted
asthenospheric

mantle
Geodynamic processes Oceanic slab

break-off
Subducted Tarim
continental crust

Lithosphere thinning
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the essential diagnostic geochemical features of the three types rocks.
The sample locations and their stratigraphic positions are shown in
Figure 1.

4.1. Zircon U-Pb Geochronology and Hf Isotopes
Five zircon analyses from basaltic andesite sample 06XJ97, from the
lower part of the early Permian succession, and four from basalt
06XJ92, from the upper part of the succession, gave weighted mean
206Pb/238U ages of 279 6 6 Ma (2r) and 272 6 4 Ma (2r), respectively
(Figures 3a and 3b). Five other analyses from sample 06XJ97 yielded
206Pb/238U ages of 1,839–340 Ma, which are interpreted as the ages of
xenocrystic zircons entrained from country rocks.

Zircon grains from a mafic dike (06XJ106) are generally 50–100 lm in size
and euhedral with concentric oscillatory zones, consistent with a magmatic
origin. They have moderate Th and U contents ranging from 141 to 651 and
254 to 1,073 ppm, with consistent Th/U ratios (0.40–1.09). Eight analyses
yield a weighted mean 206Pb/238U age of 240 6 3 Ma (Figure 3c). This result
is interpreted as the best estimate for the age of mafic dike crystallization.

The zircons from the lower group of Permian volcanic rocks (06XJ97)
and the Triassic basaltic dike (06XJ106) have strongly depleted Hf iso-
topic composition, with EHf(t) values ranging from 19.8 to 114.7, and
from 19.5 to 113.4, respectively. The from the upper lower group of
Permian volcanic rocks (06XJ92) have distinct lower EHf(t) values of
12.8 to 14.9 (supporting information Table S2).

Mafic rocks may contain very few or no magmatic zircons but many xeno-
crystic grains. For the Awulale Permian mafic volcanic rocks, the xenocrystic
zircons were likely derived from the Tianshan basement or Palaeozoic (Silur-
ian-Carboniferous) magmatic rocks based on the age range from sam-
ple06XJ97 (supporting information Table S1). At the same time, the early
Permian zircons from mafic volcanic rocks may be derived from coeval
(�272 Ma) diorite and granodiorite porphyries that intruded into the early
Permian volcanic-sedimentary formations (Tang et al., 2017b). However, the
early Permian zircons that crystallized from the Awulale mafic volcanic rocks
have an irregular or angular shape, and are weakly zoned with an otherwise
homogeneous texture, similar to many zircons from mafic rocks (Corfu
et al., 2003). Furthermore, the EHf(t) values of the early Permian zircons from
the lower and upper groups of Awulale mafic volcanic rocks are distinctly
higher and lower than those from the granodiorite porphyries (15.4 to
111.2) (Tang et al., 2017b). This indicates to us that the early Permian zir-
cons represent the age of crystallization of the mafic volcanic rocks, rather
material incorporated from the granodiorite porphyries. The zircons from
the mafic dike are elongated, showing oscillatory zonation, and have
depleted Hf isotope composition (EHf(t) 5 19.5 2 113.4), indicating that
these zircons are magmatic and date the time of dike emplacement.

In summary, zircon U-Pb age results indicate that the analyzed Permian
magmatic rocks were all emplaced over a short interval (�280 to 270
Ma), whereas the mafic dike formed during the Triassic (�240 Ma).

4.2. Whole-Rock Major and Trace Elements Geochemistry
The lower group of early Permian samples is mainly classified as basalt,
trachybasalt, basaltic andesite, and basaltic trachyandesite on the total
alkali-silica diagram (Le Maitre, 2002) (Figure 4a). On the K2O versus
SiO2 diagram (Peccerillo & Taylor, 1976) (Figure 4b), the samples mainly

Figure 3. LA-ICP-MS zircon U-Pb Concordia diagrams with representative
zircon CL images. The blue and green circles denote the analytical spots of
U-Pb dating Lu-Hf isotopes (EHf(t)), respectively. The scale bar in all CL image
is 100 lm in length. The data sources are from supporting information
Table S1.
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Figure 4. (a) Total alkalis versus SiO2 diagram (Le Maitre, 2002), the dashed line separating alkaline series from subalkaline
series is from Irvine and Baragar (1971). (b) K2O versus SiO2 diagram Peccerillo and Taylor (1976), LKS, MKS, HKS, and SHO
are low-K tholeiite series, medium-K calc-alkaline series, high-K calc-alkaline series, and shoshonitic series, respectively.
The data sources are from supporting information Table S3.

Figure 5. Chondrite-normalized rare earth element patterns and primitive mantle-normalized multielement diagram for
the early Permian-Triassic magmatic rocks of the Awulale Mountains. Chondrite and primitive mantle normalizing values
are from Sun and McDonough (1989). Cenozoic postcollisional potassium-rich mafic rocks (Guo et al., 2014) are shown for
comparision. The data sources are same as Figure 4.
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plot along a calc-alkaline differentiation trend with medium- to high-K
characteristics. In contrast, the upper group of early Permian volcanic
rocks consists mainly of trachybasalt, basaltic trachyandesite, and pho-
notephrite, and all mafic samples are shoshonitic.

The basaltic rocks from the lower group rocks have rare earth element
(REE) patterns with slight enrichment of the light REE (LREE) and rela-
tively little variation in the heavy REE (HREE) (La/Yb 5 2.2–11.8) (Figure
5a). They have moderately negative to slightly positive Eu anomalies
(Eu/Eu* (2*EuN/(Sm 1 Gd)N) 5 0.6–1.1). In contrast to the lower group,
the upper group basaltic rocks are characterized by strong LREE
enrichment and steep REE patterns (La/Yb 5 14.4–20.5), with negligi-
ble Eu anomalies (Eu/Eu* 5 0.86–0.98) (Figure 5c). Both groups of
basaltic rocks are enriched in large-ion lithophile elements (LILE: Rb,
Ba, Th, U, K), but are depleted in Nb, Ta, P, and Ti relative to neighbor-
ing REE (Figure 5). In general, the upper group rocks have higher
incompatible element concentrations than the lower group. In detail,
the upper group basaltic rocks have higher Nb/Ta ratios (17.4–21.6)
and Zr/Hf ratios (42.4–49.6) than those of the lower group basaltic
rocks (Nb/Ta 5 12.8–18.4; Zr/Hf 5 36.2–43.6). Both groups of volcanic
rocks show distinct negative Nb-Ta anomalies in their mantle-
normalized patterns, with Nb/La ratios ranging from 0.32 to 0.75 for
lower group and from 0.13 to 0.43 for upper group basaltic rocks (sup-
porting information Table S3).

The Triassic mafic dikes are characterized by low SiO2 (47.0–50.3 wt %)
and K2O contents (0.45–0.59 wt %) that plot in the medium-K calc-

alkaline field (Figure 4b). They have low La/Yb ratios from 2.3 to 3.9, slight enrichment of the LREE and less
variation of the HREE. In general, the trace elements patterns of the Triassic mafic dikes parallel those of the
Permian lower group basaltic rocks (Figure 5).

4.3. Nd-Sr Isotopic Compositions
The two groups of Permian volcanic rocks have distinctly different ENd(t) values of 11.9 to 17.4 and 10.2
to 10.8 for the low and upper group rocks, respectively (Figure 6). The lower group basaltic rocks have a
wide range of initial 87Sr/86Sr values (0.7039–0.7068), whereas the upper group samples tend to be more
radiogenic and with a smaller range of initial 87Sr/86Sr values (0.7052–0.7062) (Figure 6). Triassic basaltic
dikes have initial 87Sr/86Sr and ENd(t) ranging from 0.7048 to 0.7049 and 13.5 to 13.9, respectively, similar
to the early Permian lower group basaltic rocks (Figure 6).

5. Discussion

5.1. Petrogenesis of the Early Permian Lower Group Calc-Alkaline Rocks
5.1.1. Crustal Contamination
The occurrence of Paleoproterozoic zircons in the calc-alkaline, lower Permian group rocks indicates that
their parental magmas were subject to crustal contamination (supporting information Table S1). To further
assess the role of crustal assimilation in these rocks, we used the energy-constrained assimilation and frac-
tional crystallization (EC-AFC) model of Spera and Bohrson (2001), applied to (87Sr/86Sr)i versus ENd(t) (Figure
6). Supporting information Table S4 shows the thermal and geochemical input parameters employed. The
physical characteristics of the magma body-country rock system are those suggested by Bohrson and Spera
(2001) for standard upper crust. The Sr-Nd elemental and isotopic compositions of crustal contaminant are
inferred based on the Neoproterozoic gneissic granite from the central part of Tianshan, considered to be a
good proxy for the local upper crust (Chen et al., 1999; Hu et al., 2010). The output from EC-AFC simulation
provides model curves to fit the correlation trends between (87Sr/86Sr)i and ENd(t) (Figure 6), although ENd(t)
values are scattered, presumably reflecting variations in the composition of country rock and/or the least
differentiated basalts. Our modeling indicates that small amounts of crustal contamination (<5%) could
produce the Sr-Nd isotope variation for most of the lower group samples.

Figure 6. (87Sr/86Sr)i versus ENd(t) diagram showing two-component mixing
and EC-AFC calculations. The Sr-Nd isotope data of Tianshan ophiolites (Xu
et al., 2006); late Carboniferous basalts from the Awulale Mountains (Li et al.,
2015; Tang et al., 2014; Yan et al., 2015) and South Tianshan early Permian
basalts (Huang et al., 2015; Liu et al., 2014) are shown for comparision. Tarim
Archean and Neoproterozoic basement are from Cao et al. (2011). Tianshan
Neoproterozoic basement are from Chen et al. (1999). Data for global subduct-
ing sediment (GLOSS) are from Plank and Langmuir (1988). The modeling
parameters are listed in supporting information Table S3. Small circles on the
curves indicate the percentage of assimilated contaminant. The other data
sources and symbols are same as Figure 4.
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To minimize the effects of AFC processes, only those samples with pri-
mary mantle values, including depleted Nd-Sr isotope compositions
((87Sr/86Sr)i< 0.705, ENd(t)>15.5) and high MgO contents (>6.6 wt
%), are considered in discussion of the mantle source.
5.1.2. Mantle Source and Subduction Components
The most distinctive geochemical feature of the lower group basaltic
rocks is the LILE enrichment and the presence of strongly negative Nb
and Ta anomalies in primitive mantle (PM)-normalized trace element
patterns (Figure 5), suggesting slab-derived enrichments in their source.
Thus, the primary magma of the lower group basaltic rocks are inter-
preted as the product of partial melting of metasomatized subconti-
nental lithospheric mantle (SCLM) or derived from a depleted mantle
wedge enriched by previous Paleozoic subduction-related components,
including fluids dehydrated from subducted oceanic slab or subducted
sediments (Hawkesworth et al., 1993, 1997; Tatsumi et al., 1986). All of
the lower group basaltic rocks have much higher Ba/La than global sub-
ducting sediment (GLOSS) with low Th/Yb (Figure 7a), indicating signifi-
cantly more influence from fluids (Woodhead et al., 2011) rather than
bulk sediment or a partial melt of subducted sediment (Hawkesworth
et al., 1997). Furthermore, on a Ba/La versus ENd(t) diagram (Figure 7b),
lower group basaltic rocks fall in the high ENd(t) and Ba/La field, which
is also consistent with moderate fluid-induced enrichment rather than
sediment input. The Nd-Sr isotope compositions of the parental mag-
mas of the lower Permian rocks are remarkably different from the late
Carboniferous basaltic rocks in the Awulale Mountains (Figure 6). For
example, they have distinctly higher ENd(t) values than that of late Car-
boniferous basalt from the same region, close to the Tianshan ophio-
lites (Figure 6). Thus, the geochemical and isotopic evidence suggests
that the lower group of early Permian rocks were derived from an
asthenospheric mantle that had been metasomatized by fluids derived
from previous subducted oceanic slab, which is common for calc-
alkaline rocks (Harangi et al., 2007).

5.2. Petrogenesis of the Early Permian Upper Group K-Rich Rock
The upper group samples all have relatively high (87Sr/86Sr)i and low
ENd(t), which differs from typical late Carboniferous basalts from the
Awulale Mountains (Figure 6). Crustal contamination is considered
unlikely to have occurred in these samples as it fails to explain the lim-
ited range of values and the absence of older inherited zircon. Crustal
contamination can also be excluded owing to the lack of coupled var-

iations between Sr and Nd isotope ratios and major elements, such as MgO and SiO2 versus 87Sr/86Sr and
ENd(t) (supporting information Table S3).

The enriched Nd-Sr isotope compositions, together with the strong enrichment in incompatible elements,
of the upper group basaltic rocks are typical features of shoshonitic rocks (Figures 5 and 6). Most studies
ascribe mantle-derived shoshonitic magmas to derivation via low-degree partial melting of SCLM enriched
by subduction-related fluid and/or melts (Foley, 1992; Hawkesworth & Vollmer, 1979; Kirchenbaur et al.,
2012; Turner et al., 1996; Wyman & Kerrich, 1993; Yang et al., 2007). The upper group basaltic rocks have
low Ba/La and high Th/Yb ratios (Figure 7), indicating significant input of subducted sediment. However,
the mixing modeling line for this simple model trends away from the data array (Figure 6). If more depleted
Sr isotope compositions are selected for the lithospheric mantle to achieve the observed Sr-Nd isotope
trends, then assimilation of more than 40% of GLOSS is required. Such a high percentage of sediments can-
not be reconciled with the basaltic composition of the upper group rocks. Therefore, oceanic sediment
input is even less likely as a suitable source for the enrichment mantle sources for the upper group rocks
than for the lower group rocks.

Figure 7. (a) Ba/La versus Th/Yb and (b) Ba/La versus ENd(t) plots. GLOSS aver-
age are from Plank and Langmuir (1998). The data sources and symbols are
same as Figure 4.
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The upper group basaltic rocks are comparable with the Cenozoic postcollisional potassium-rich mafic mag-
matism in the Tibetan plateau that have been interpreted to represent derivation from enriched litho-
spheric mantle metasomatized by subducted Indian continental crust (e.g., Ding et al., 2003; Guo et al.,
2013; Mah�eo et al., 2002; Zhao et al., 2009) (Figure 5). In addition, the trace element characteristics, such as
Sm/Nd (0.19) and Th/U (3.67), which are similar to typical upper continental crustal values (Sm/Nd 5 0.17,
Th/U 5 3.89; Rudnick & Gao, 2003), indicate that upper continental-derived materials were involved in the
mantle sources for the upper group basaltic rocks. As discussed above, crustal contamination could not
govern the geochemical characteristics of the upper group sample set. Thus, we propose that they origi-
nated from enriched Tianshan SCLM sources metasomatized by subduction of the continent crust.

The final collision between the Tarim Craton and the Yili-Central Tianshan along the southern margin of to
the CAOB occurred at the end of the late Carboniferous. This collision is indicated geochemically by an
abrupt change from depleted mantle-type to enriched continental-type zircon Hf isotope compositions for
Yili-Central Tianshan arc granitoids at �300 Ma (Tang et al., 2017a). Furthermore, seismic reflection data
across the region has been interpreted to indicate the presence of Tarim continental crust extending
beneath the Tianshan Orogen to distances of 50–100 km (Makarov et al., 2010). It seems likely that the
Tarim continental crust was underthrust beneath the Yili-Central Tianshan during early Permian, which sig-
nificantly altered the chemical composition of any preexisting relatively depleted mantle lithosphere.

In the (87Sr/86Sr)i versus ENd(t) plot (Figure 6), the Awulale upper group rocks, coupled with the South Tian-
shan early Permian basalts, point to the involvement of ancient continental crust material, which we identify
as Tarim basement characterized by very enriched Sr-Nd isotopic compositions (Cao et al., 2011). Binary
mixing, between end-members of Tarim basement and a depleted mantle source represented by the Tian-
shan ophiolites, shows that assimilation of �8% Tarim basement can generate the isotopic array of the
Awulale upper group rocks (Figure 6). Thus, the lithospheric mantle sources for the upper group rocks were
metasomatized by the Tarim continental crustal component. This hypothesis of mantle metasomatism
through subduction of Tarim continental margin lithosphere is also supported by the transition from subal-
kaline to alkaline and shoshonitic volcanism in the Awulale Mountains, and the trend toward more enriched
Nd isotope compositions during early Permian (Figure 6).

5.3. Petrogenesis of the Middle Triassic Mafic Dike
The Triassic mafic dikes have similar REE and other trace elements patterns, as well as Sr-Nd isotope compo-
sitions, compared to the lower group samples (Figures 4–6). We are cautious about drawing too many con-
clusions based on two samples, but we consider their petrogenesis likely involved melting of
asthenosphere mantle sources similar to the lower group basaltic rocks.

5.4. Transition in Mantle Sources in a Postcollisional Tectonic Setting
The lower group volcanic rocks from the Awulale Mountains are characterized by low La/Yb ratios and
depleted Sr-Nd isotope compositions (Figures 5 and 6), indicating they originated from a asthenospheric
mantle source at a shallow level. Thus, their genesis reflects upwelling asthenosphere in an extensional geo-
dynamic setting. At the same time, significant uplift occurred in the Tianshan Orogen as indicated by accu-
mulation of the lower Permian red molasse, interpreted to reflect an extensional setting during this time
(Han et al., 2011). The lower group volcanic rocks are coeval with the early Permian (�290 to 280 Ma) A-
type granites from the Tianshan Orogen (e.g., Konopelko et al., 2007; Seltmann et al., 2011; Tang et al., 2010;
Yuan et al., 2010). Thus, the early Permian lower group basalts from the Awulale Mountains, coupled with
coeval A-type granites, are attributed to oceanic slab break-off following closure of the Paleo-Asian ocean
at about 300 Ma (Han et al., 2011; Tang et al., 2010; Yuan et al., 2010). Oceanic slab break-off generally
occurs in the early stages of continental collision (von Blanckenburg & Davies, 1995). In the slab break-off
model, hot asthenospheric mantle rises generating a transitory thermal anomaly in the mantle wedge. Par-
tial melting of the upwelling depleted asthenospheric mantle at a shallow level would produce the lower
group volcanic rocks. In addition, the thermal anomaly could trigger partial melting of the lower crust, lead-
ing to generation of the coeval A-type granites.

A possible model would involve a initial collision and attemoted subduction of Tarim continental crust with
the Tianshan arc in which a depleted asthenospheric source evolves to an enriched lithospheric mantle
source. Melting of the enriched lithosphere produces the upper group K-rich magma in the Awulale
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Mountains (Figure 8). Subduction of the Tarim continental crust during collision would also lead to thicken-
ing of the lithospheric mantle and crust in the overriding Yili-Central Tianshan arc of the Tianshan Orogen.
In the second stage, during the middle Triassic, which is after the termination of collision between the Tarim
Craton and Yili-Central Tianshan arc, the enriched lithospheric source is replaced by depleted

Figure 8. Schematic illustration of the tectonic evolution of the Chinese western Tianshan Orogen and proposed model
for the origin of the various early Permian and Triassic (290–240 Ma) mantle and crustal-derived magmatic suites in the
Awulale Mountains.
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asthenospheric mantle through convective thinning or delamination (Bird, 1979; Houseman et al., 1981)
(Figure 8). In addition to the Triassic mafic dikes in the Awulale Mountains, Triassic mafic rocks are occur
sporadically in the east and southwest Tiansan regions (e.g., Wu et al., 2010), which is consistent with litho-
sphere thinning in a postcollisional setting.

Transition in mantle sources as proposed for the Palaeozoic history of Awulale Muntains is a common fea-
ture during the tectonic evlotion of orogenic belts such as the Andes (e.g., Kay et al., 1994), western North
America (e.g., Manthei et al., 2010), and the Tibetan plateau (e.g., Chung et al., 2005). The tranistion in man-
tle sources from enriched to depleted is inferred to be induced by oceanic subduction (Collins et al., 2011),
slab-rollback (Best et al., 2016), or lithospheric delamination (DeCelles et al., 2009; Lee & Anderson, 2015).
The subsequent reversion from depleted to enriched mantle sources probably reflects subduction erosion
(von Huene & Scholl, 1991) or the continental subduction (Chu et al., 2011). Thus, our study of the geochem-
ical and isotopic characteristics of the mafic rocks of the Tainshan Orogen further documents the evolution
of mantle sources in a postcollisional orogenic setting.

6. Conclusions

1. Postcollisional magmatic activity in the Awulale Mountains, Tianshan Orogen, yields early Permian and
Triassic ages with the former divisable into lower and upper successions.

2. The lower group of early Permian magmas is calc-alkaline basalts derived from melting of a depleted
asthenospheric mantle metasomatized by fluids from the previous subducted oceanic slab followed by
upper crustal contamination.

3. The early Permian upper group is shonshonitic rocks generated by melting of enriched lithospheric
mantle.

4. Middle Triassic mafic dikes are interpreted as the product of partial melting of a depleted asthenospheric
mantle source similar to the early Permian lower group basaltic rocks.

5. The early Permian transition in mantle chemistry from depleted asthenospheric mantle sources to
enriched lithospheric mantle corresponds with closure of the Paleo-Asian ocean and partial subduction
of the Tarim continental crust beneath the Yili-Central Tianshan arc, resulting in thickening of the upper
plate lithosphric mantle. Subsequent derivation of Traissic basalts from asthenospheric mantle source is
interpreted to reflect late-stage postcollisional thinning of the lithospheric mantle beneath the Tianshan
Orogen.
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