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ABSTRACT

The Yili Basin in NW China preserves a late 
Paleozoic volcano-sedimentary succession, 
the provenance of which helps to constrain 
the tectonic evolution of the South Tianshan 
orogenic belt. U-Pb ages and trace-element 
and Hf isotopic compositions of detrital zir-
cons from the Late Devonian to earliest early 
Carboniferous strata in the Yili Basin suggest 
that the unit contains detritus mainly derived 
from basement rocks and contemporaneous 
arc-related volcanic rocks. The age of the 
unconformable contact between the Dongtu-
jinhe Formation and underlying arc-related 
volcanic rocks is constrained to ca. 310 Ma. 
This age is consistent with published data for 
tectonic exhumation of high- to ultrahigh-
pressure ([U]HP) metamorphic rocks from 
the northern margin of the South Tianshan 
orogenic belt. Zircon U-Pb ages from the sedi-
mentary rocks, including clasts in conglomer-
ate, indicate that detritus of the Dongtujinhe 
Formation was derived from multiple sources 
related to uplift and erosion of the southern 
Yili–Central Tianshan block. The presence 
of abundant eclogite clasts in the conglomer-
ate of the Keguqinshan Formation indicates 
that (U)HP metamorphic rocks in the South 
Tianshan orogenic belt were exposed and 
supplied detritus to the southern Yili Ba-
sin at ca. 300 Ma. The early Middle Perm-
ian clastic rocks are characterized by Early 
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Permian detrital zircons with a single peak at 
278 Ma, derived from the postcollision mag-
matic rocks. During the Late Permian, input 
of detritus from old  volcanic-sedimentary 
rocks and basement progressively increased. 
Integration of the provenance data from late 
Paleozoic strata in the Yili Basin with the 
time-equivalent northern Tarim and South 
Tianshan regions provides a record of the 
northward subduction of the South Tian-
shan oceanic crust beneath the Yili–Central 
Tianshan block in the Late Devonian to late 
Carboniferous (380–310 Ma), followed by 
continent-continent collision and final amal-
gamation at ca. 310–300 Ma, with postcolli-
sional extension in the Permian.

INTRODUCTION

The Central Asian orogenic belt (also known 
as the Altaids) is sandwiched between the Sibe-
rian and Baltic cratons to the north and the Tarim 
and North China cratons to the south (Fig. 1A). 
It is the largest Phanerozoic accretionary orogen 
on Earth, recording a major pulse of juvenile 
crustal growth (Wilhem et al., 2012; Xiao et al., 
2015). The orogenic belt formed by multiple ac-
cretion and collision events driven by the evo-
lution and closure of the paleo–Asian Ocean 
(Şengör et al., 1993; Cawood et al., 2009; Han 
et al., 2011; Wilhem et al., 2012; Xiao et al., 
2013; Han et al., 2016a). The South Tianshan 
orogenic belt is the southernmost part of the 
Central Asian orogenic belt and resulted from 
the closure of the South Tianshan Ocean, fol-
lowed by collision between the Tarim craton to 
the south and the Yili–Central Tianshan block 
to the north (Gao et al., 2011; B.F. Han et al., 

2011; Y.G. Han et al., 2016a). Final closure of 
the South Tianshan Ocean has been proposed to 
mark the termination of the paleo–Asian Ocean 
in the southwestern corner of the Central Asian 
orogenic belt (Gao et al., 2009, 2011; Xiao et 
al., 2009, 2013). However, the proposed timing 
of the collision between the Tarim craton to the 
south and the Yili–Central Tianshan block is 
controversial, varying from Late Devonian to 
Middle Triassic (Zhang et al., 2007; Xia et al., 
2008; Gao et al., 2011; B.F. Han et al., 2011; 
Y.G. Han et al., 2016a; Wang et al., 2011; Xiao 
et al., 2013; X.Y. Xu et al., 2013). A late Car-
boniferous collision has been supported by re-
cent age data from postcollision granites (300–
270 Ma; Biske and Seltmann, 2010; Gao et al., 
2011; Han et al., 2011) and high- to ultrahigh-
pressure ([U]HP) metamorphic rocks (320–
310 Ma; Hegner et al., 2010; Su et al., 2010; 
Klemd et al., 2011; X. Yang et al., 2013) in the 
South Tianshan orogenic belt. However, some 
researchers place the major collisional event in 
the Late Permian to Middle Triassic, based on 
the ages of two Late Permian radiolarian speci-
mens from ophiolitic mélange (Li et al., 2005) 
and Triassic zircon U-Pb ages (233–226 Ma) 
from eclogites (Zhang et al., 2007). Meanwhile, 
it has also been suggested that the collision 
along the South Tianshan region terminated in 
the Late Devonian–early Carboniferous based 
on a regional unconformity (Xia et al., 2008, 
2012; Charvet et al., 2011; X.Y. Xu et al., 2013).

The U-Pb dating of detrital zircons in clastic 
rocks, combined with Lu-Hf isotope systemat-
ics, has been especially effective in evaluating 
potential source regions for sedimentary rocks, 
which in turn can be used to constrain models for 
basin and orogen development, as well as pos-
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sible feedback mechanisms between these pro-
cesses (Cawood et al., 2012; Wu et al., 2014). In 
this paper, we conducted a combined U-Pb and 
Lu-Hf isotopic study of zircon separates from 
the late Paleozoic clastic rocks in the Yili Basin, 
which is situated in the southern Yili–Central 
Tianshan block, Northwest China. Our results, 
when combined with data from time-equivalent 
sequences in the northern Tarim craton (Zou et 
al., 2013; Y.G. Han et al., 2015, 2016a; Z. Li et 
al., 2015) and the South Tianshan belt (Carroll 
et al., 2013; Liu et al., 2013; Han et al., 2016a, 
2016b), allow us to better constrain the subduc-
tion and collision processes along the South 
Tianshan orogenic belt and help to resolve ex-
isting uncertainties on the timing of collision 
between the Tarim craton and Yili–Central Tian-
shan block.

GEOLOGICAL SETTING

The Tianshan orogenic belt forms a collage 
of lithotectonic blocks situated on the south-
ern margin of the Central Asian orogenic belt. 
It extends east-west for at least 2500 km from 
Xinjiang Province in NW China across Kyrgyz-
stan and southern Kazakhstan to Tajikistan and 
Uzbekistan (Fig. 1B). The Kyrgyzstan Tianshan 
is generally divided into the North, Middle, and 

South Tianshan, and the Chinese Tianshan in-
cludes the North Tianshan and South Tianshan 
blocks and the intervening Yili–Central Tian-
shan block (Fig. 1B; Gao et al., 2009; Han et al., 
2011; Ren et al., 2011). The North Tianshan in 
Kyrgyzstan and Kazakhstan connects to the Yili 
block (Gao et al., 2009; Han et al., 2016a). The 
Chinese Central and South Tianshan are thought 
to be the eastward continuations of Kyrgyzstan 
Middle and South Tianshan, respectively, based 
on similarities in the stratigraphic, magmatic, 
and detrital zircon records (Gao et al., 2009; 
Qian et al., 2009; Ma et al., 2012; Kröner et al., 
2013; Han et al., 2016a). The Chinese Tianshan 
is traditionally divided into eastern and western 
segments roughly along longitude 88°E (Han et 
al., 2011). This study is mainly focused on the 
western part of the Tianshan orogenic collage, 
since the eastern Tianshan has probably under-
gone a discrete Paleozoic evolution (Y.G. Han et 
al., 2015, 2016a; Zhang et al., 2016).

The North Tianshan in China is marked by 
an accretionary complex extending over 300 km 
between the Junggar block in the north and the 
Yili block in the south (Fig. 1B). It is bounded 
by the WNW-striking North Tianshan fault in 
the south and a N-directed thrust in the north 
that juxtaposes the accretionary complex over 
Permian to Cretaceous strata (Han et al., 2010). 

The accretionary complex belt is mainly com-
posed of Devonian–Carboniferous volcano- 
sedimentary rocks and ophiolitic remnants of 
the North Tianshan oceanic crust (Han et al., 
2010; C. Li et al., 2015). Late Devonian con-
odonts and early Carboniferous radiolarians 
have been reported from the siliceous rocks in 
the accretionary complex, while plagiogranite 
and gabbro from the Bayingou ophiolite yielded 
zircon U-Pb ages of ca. 343–325 Ma (Xu et al., 
2006; C. Li et al., 2015), consistent with a model 
in which the North Tianshan belt was formed by 
subduction of North Tianshan oceanic crust.

The triangular-shaped Yili block is sand-
wiched between the Junggar block and Central 
Tianshan block, and it widens westward into 
Kazakhstan and Kyrgyzstan (Fig. 1B). This 
tectonic domain is underlain by Mesoprotero-
zoic to Neoproterozoic basement rocks, includ-
ing granitic gneiss, amphibolite, migmatite, 
quartzite, marble, and various schists (Li et 
al., 2009; B. Wang et al., 2014a, 2014b). Me-
soproterozoic to Neoproterozoic carbonates 
and clastic rocks of the Qingbaikou, Jixian, and 
Changcheng Groups are developed in the Wen-
quan and Tekesi areas (H.L. Wang et al., 2007). 
The Precambrian sedimentary-metamorphic 
rocks are overlain by several Paleozoic volcano- 
sedimentary successions (Xia et al., 2004, 2012; 

Figure 1. (A) Tectonic sketch map of the Central Asian orogenic belt and adjacent cratonic blocks (modified after Şengör et al., 1993; 
Windley et al., 2007). (B) Simplified geological map of the western segment of the Tianshan in China-Kyrgyzstan contiguous regions 
(modified after Gao et al., 2009; Xiao et al., 2013; Han et al., 2016a). 1—North Tianshan fault, 2—Nikolaev Line–North Nalati fault, 3—
Atbashi–Inylchek–South Nalati fault, 4—North Tarim fault, and 5—Talas-Ferghana fault. (U)HP—(ultra)high-pressure.
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Zhu et al., 2009). The Awulale metallogenic belt, 
known for hosting numerous Fe-Cu-Au-Mo de-
posits (Ge et al., 2015; Z.S. Jiang et al., 2014; 
N.B. Li et al., 2015a), is located in the transi-
tional zone between the southern Yili block and 
northern Yili bock (Fig. 1B). It mainly consists 
of Carboniferous–Permian sedimentary and 
volcanic rocks, along with minor Mesoprotero-
zoic metamorphic basement rocks, all overlain 
by Mesozoic and Cenozoic sedimentary rocks 
(Tang et al., 2010; Ge et al., 2015; N.B. Li et al., 
2015a). The Central Tianshan block is separated 
from the Yili block by the Nikolaev Line–North 
Nalati fault (Gao et al., 2009; Han et al., 2016a). 
The Central Tianshan block is characterized by 
Precambrian basement overlain by Paleozoic 
volcano-sedimentary rocks, which were in-
truded by numerous Ordovician–Permian gran-
itoids (Shu et al., 2013; Gou and Zhang, 2016). 
Although the time of amalgamation between the 
Yili block and the Central Tianshan block is not 
well constrained, they were probably united to 
form the Yili–Central Tianshan block before the 
Devonian (Gao et al., 2009; Qian et al., 2009; 
Biske and Seltmann, 2010; X.Y. Xu et al., 2013; 
Xia et al., 2014). This timing for juxtaposition 
of the two blocks is based on the presence of 
Ordovician molasse and adakitic diorites (Qian 
et al., 2009; Biske and Seltmann, 2010) and Si-
lurian S-type granites (X.Y. Xu et al., 2013).

The South Tianshan orogenic belt is located 
between the Yili–Central Tianshan block to the 
north and the Tarim craton to the south, and it 
is bounded by the Atbashy–Inylchek–South Na-
lati fault in the north and the North Tarim fault 
in the south (B.F. Han et al., 2011; Y.G. Han 
et al., 2016a). The belt is composed mainly of 
Late Ordovician to late Carboniferous marine 
volcano-sedimentary rocks and Permian conti-
nental clastic and volcanic rocks, followed by 
Triassic–Jurassic continental clastic rocks (Liu 
et al., 2013; Xiao et al., 2013; B.F. Han et al., 
2011; Y.G. Han et al., 2016a). The Atbashi and 
Akeyazi (U)HP metamorphic belt occurs along 
the Atbashy–Inylchek–South Nalati fault, and 
many ophiolitic mélanges are scattered through-
out the South Tianshan orogenic belt (Fig. 1B; 
Han et al., 2011; Klemd et al., 2011). The ophi-
olitic mélanges formed in the Late Silurian to 
early Carboniferous, as evidenced by well-
constrained zircon U-Pb ages of 430–330 Ma 
(Wang et al., 2011; Jian et al., 2013; T. Jiang et 
al., 2014) and Early Devonian to early Carbonif-
erous radiolarians (Wu and Li, 2013).

The Tarim craton is characterized by a 
 double-layer structure consisting of Precam-
brian crystalline basement, composed of an 
Archean tonalitic-trondhjemitic-granodioritic 
(TTG) suite, orthogneisses, amphibolites, and 
schists, and a Neoproterozoic cover series (Z.Q. 

Xu et al., 2013; Zhao et al., 2015). These are 
in turn overlain by Cambrian and Ordovician 
strata, which are composed mainly of thick car-
bonate successions, unconformably covered by 
Silurian to Devonian clastic rocks (Y.G. Han 
et al., 2015; Z. Li et al., 2015; He et al., 2016). 
Carboniferous strata consist of marine clastic 
and carbonate rocks (Han et al., 2016a). Early–
Middle Permian strata are characterized by ma-
rine clastic rocks intercalated with carbonates 
and volcanic rocks, which pass upwards to Late 
Permian terrestrial sedimentary rocks (Zou et 
al., 2013; Han et al., 2016a; He et al., 2016).

STRATIGRAPHY AND SAMPLING

In order to understand the tectonic evolution 
of the South Tianshan orogenic belt, this study is 
focused on the late Paleozoic strata in the south-
ern part of the Yili Basin. Samples from the Late 
Devonian to Carboniferous units were collected 
from the Tekesi and Zhaosu areas in the south-
ern Yili Basin (Fig. 2). Restricted exposures of 
Permian strata occur in the southern Yili Ba-
sin, but they are widely exposed in the Awulale 
metallogenic belt. We collected samples from 
the Permian strata in the Zhaosu and Nileke ar-
eas for the provenance analysis (Fig. 2).

Dahalajunshan Formation

The Upper Devonian–Lower Carbonifer-
ous Dahalajunshan Formation in the southern 
part of the Tekesi area consists of conglomer-
ates, sandstones, mudstones, gray limestones, 
and volcanic rocks, totaling ~4300 m in thick-
ness (Fig. 3). The conglomerates unconform-
ably overlie limestones of the Kushitai Group, 
are clast-supported, and are composed of 
pebble- to cobble-sized clasts that are poorly 
sorted (Fig. 4A). The upward-fining sandstone- 
mudstone packages (commonly 1.5–2.0 m 
thick) are separated from one another by abrupt 
erosion surfaces along their bases, and they 
commonly exhibit normal grading. The con-
glomerates, sandstones, and mudstones in the 
lower part of the Dahalajunshan Formation 
were deposited in a fan-delta environment (Bai 
et al., 2015a, 2015b). The gray limestones are 
commonly 10–20 cm thick and formed in a 
shallow-marine environment (Bai et al., 2015b). 
The upper 2900 m section of the Dahalajunshan 
Formation is mainly composed of rhyolites, an-
desites, and basaltic andesites.

Akeshake Formation

The Akeshake Formation consists mainly 
of bioclastic limestones, pebbly sandstones, 
and cross-bedded, coarse-grained sandstones. 

The lower part of the Akeshake Formation is 
dominated by pebbly sandstones, tuffaceous 
sandstones, and coarse-grained sandstones and 
contains plant fossils. The sandstone beds ex-
hibit abundant low-angle planar cross-bedding 
and high-angle trough cross-stratification. The 
paleocurrent data from the cross-stratification 
reveal a northwestward paleoflow direction 
(Fig. 3). The limestones contain abundant fos-
sil assemblages, including coral, foraminifera, 
crinoid stems, and brachiopod shells. The Ake-
shake Formation is interpreted to have accumu-
lated in a braided-delta environment passing 
up to a shallow-marine carbonate unit (Fig. 3; 
Xiong et al., 2011).

Dongtujinhe Formation

The Dongtujinhe Formation in the southern 
Yili Basin is only exposed in the Tekesi area 
and displays an unconformable contact with the 
underlying volcanic rocks of the Upper Carbon-
iferous Yishijilike Formation (Figs. 3 and 4B). 
The lower 150 m section of the Dongtujinhe 
Formation consists mainly of sandstones, peb-
bly sandstones, and thick-bedded conglomer-
ates. Conglomerates are clast supported, poorly 
sorted, subangular, and of pebble to cobble 
grade, ranging from 5 mm to 30 cm, with most 
in the range 5–10 cm. Desiccation cracks and 
plant debris are common in the purple-red peb-
bly sandstones and sandstones (Fig. 4C). Fos-
sils, including foraminifera, corals, and bivalve 
and brachiopod shells, are observed in the upper 
part of the formation. The depositional environ-
ment of the Dongtujinhe Formation in the Tekesi 
area changed from a debris flow–dominated fan-
delta environment to a shallow-marine environ-
ment (Fig. 3; Zhang et al., 2006).

Keguqinshan Formation

The Keguqinshan Formation, which is spo-
radically exposed in the southern Yili Basin, un-
conformably overlies the Dongtujinhe Forma-
tion and other older strata (Y.J. Li et al., 2011). 
In the southern part of the Tekesi area, the Keg-
uqinshan Formation unconformably overlies 
limestones of the Kushitai Group. The forma-
tion is ~100 m thick and mainly consists of gray 
thick-bedded conglomerates and minor wedges 
and lenses of pebbly sandstone interbeds (~20–
70 cm in thickness). The conglomerates are 
clast supported and composed of pebble- to cob-
ble-sized clasts that are poorly sorted and sub-
angular to subrounded. Clast imbrication was 
not observed. The lithofacies association is in-
terpreted as indicating deposition in an alluvial-
fan setting (Blair and McPherson, 1994). The 
paleocurrent data from the  cross-stratification 
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(Fig. 4D) reveal a northwestward paleoflow di-
rection (Fig. 3).

Xiaoshansayi Formation

The Xiaoshansayi Formation conform-
ably overlies the volcanic rocks of the Lower 
Permian Wulang Formation. The formation is 
~800 m thick and mainly composed of purple-
red and gray thick-bedded conglomerates, 
pebbly sandstones, sandstones, siltstones, and 
mudstones (Song et al., 2005; N.B. Li et al., 
2015a; W.L. Ma et al., 2015). Conglomerates 
are clast supported and subangular to sub-
rounded, and they display erosive basal con-
tacts. The average clast size is ~5 cm in the 
long dimension, with a maximum clast size of 
~20 cm. Upward-fining trends, cross-bedding, 

and trough cross- stratification are observed 
in individual sandstone beds. The sandstone 
cross-sets indicate an approximately N-di-
rected paleocurrent (Fig. 3). Three depositional 
environments characterize the clastic deposits 
of the Xiaoshansayi Formation: fan-delta, 
braided-river, and shallow- lacustrine systems 
(Fig. 3; W.L. Ma et al., 2015).

Tamuqisayi Formation

The Tamuqisayi Formation conformably 
overlies the volcanic rocks of the Middle 
Permian Hamuqisayi Formation at Nileke and 
unconformably underlies the Akeshake Forma-
tion at Zhaosu. It mainly consists of red and 
gray thick-bedded conglomerates, sandstones, 
siltstones, and mudstones. Conglomerates are 

both clast and matrix supported, subangular, 
and of pebble to cobble grade, ranging from 
5 mm to 80 cm at Nileke (Fig. 4F) and 5 mm 
to 20 cm at Zhaosu. Imbricated conglomerates 
with paleocurrent directions at Zhaosu suggest 
sediment transport from south to north (Fig. 3). 
The sandstone beds are separated by erosion 
surfaces. Desiccation cracks and plant debris 
are common in the sandstones. The clastic 
rocks of the Tamuqisayi Formation were de-
posited in alluvial-fan, braided-river, and deep-
lacustrine environments (Fig. 3; Song et al., 
2005; W.L. Ma et al., 2015).

Basiergan Formation

The Basiergan Formation in the Yili Basin 
is only exposed in the Nileke area, where it 

Figure 2. Geological map of the Zhaosu-Tekesi-Nileke area showing the sampling locations (modified after Zhang et al., 2006;  
B. Wang et al., 2007; N.B. Li et al., 2015a). Abbreviations: Pt2—Mesoproterozoic; D3-C1—Late Devonian–early Carboniferous; 
C1—early Carboniferous; C2—late Carboniferous; P1—Early Permian; P2—Middle Permian; P3—Late Permian.
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 conformably overlies the Tamuqisayi Forma-
tion. It mainly consists of red thick-bedded 
conglomerates and sandstones. Conglomer-
ates are clast supported and subangular to 
subrounded, and they display erosive basal 
contacts (Fig. 4G). Upward-fining trends, 
cross-bedding, and plant debris are common 
in the sandstone beds. Paleocurrent indica-
tors, including cross-beds and clast imbrica-
tion, suggest sediment transport from south to 
north (Fig. 3). The Basiergan Formation is in-
terpreted to have been deposited in alluvial-fan 
and braided-river environments (Fig. 3; Song 
et al., 2005; W.L. Ma et al., 2015).

ANALYTICAL METHODS

Compositional Methods

To determine the provenance of the late Pa-
leozoic rock units in the Yili Basin, conglom-
erate and sandstone compositional data were 
collected (Fig. 3). Conglomerate clast counts 
were conducted throughout the studied strati-
graphic sections in 15 localities. Compositional 
data for 25 standard petrographic sections were 
point-counted according to the Gazzi-Dickinson 
method (Ingersoll et al., 1984). Modal analyses 
of framework components were based on 400–

Figure 4. Representative field photographs and photomicrographs of the late Paleozoic succession in the Yili Basin: (A) Conglomer-
ate of the Dahalajunshan Formation at Tekesi; (B) unconformable contact between the Dongtujinhe Formation and the Yishijilike 
Formation at Tekesi; (C) purple-red pebbly sandstones of the Dongtujinhe Formation at Tekesi; (D) cross-beds in pebbly sandstones 
of the Keguqinshan Formation at Tekesi; (E) eclogite clasts in the conglomerate of the Keguqinshan Formation at Tekesi; (F) con-
glomerates of the Tamuqisayi Formation at Nileke; (G) conglomerates of the Basiergan Formation at Nileke displaying erosive 
basal contacts; (H) sandstone sample from the Akeshake Formation at Zhaosu (sample Zca-1) and (I) sandstone sample from the 
Dongtujinhe Formation at Tekesi (sample Ct-5). H and I are in plane-polarized light and cross-polarized light, respectively. Q—
quartz, F—feldspar, Ls—sedimentary lithic, Lv—volcanic lithic. D3-C1—Late Devonian–early Carboniferous; C2—late Carbonifer-
ous; P2—Middle Permian; P3—Late Permian.

500 grains per thin section, and these are listed 
in Supplementary Table S1.1

Zircon U-Pb Dating and Hf Isotopes

Eighteen samples, including four matrix and 
ten clast samples from conglomerate beds and 

1GSA Data Repository item 2017377, supplemen-
tary data for representative zircon cathodolumines-
cence images, sandstone modal composition, zircon 
U-Pb and Hf analyses, and zircon trace element 
concentration, is available at http://www.geosociety 
.org/datarepository/2017 or by request to editing@
geosociety.org.
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four pebbly sandstone samples, were collected 
for zircon analysis (Fig. 3). Zircons grains were 
separated by standard density and magnetic 
techniques, prior to handpicking under a bin-
ocular microscope and mounting in epoxy and 
polishing for backscattered electron (BSE) and 
cathodoluminescence (CL) imaging. U-Pb dat-
ing and trace-element analyses of zircon were 
simultaneously conducted by laser ablation– 
inductively coupled plasma–mass spectrometry 
(LA-ICP-MS) at the State Key Laboratory of 
Geological Processes and Mineral Resources 
(GPMR), China University of Geosciences, 
Wuhan. Detailed operating conditions for the 
 laser-ablation system and the ICP-MS instru-
ment and data reduction followed the method-
ology outlined by Liu et al. (2010). Laser sam-
pling was performed using a Geolas 2005, and 
ion-signal intensities were acquired by an Agi-
lent 7500a ICP-MS instrument. The laser beam 
had a diameter of 32 µm, a repetition frequency 
of 6 Hz, and laser energy of ~60 mJ. Ablated zir-
con materials were transported into the ICP-MS 
by He, mixed with Ar carrier gas. The signal ac-
quisition time was set to be 50 s, after a 20–30 s  
blank acquisition interval. Zircon standard 
91500 (206Pb/238U age = 1062.4 ± 0.4 Ma; Wie-
denbeck et al., 1995) was used as an external 
standard for U-Pb dating, and it was analyzed 
twice every six analyses. Off-line selection and 
integration of background and signals, and time-
drift correction and quantitative calibration for 
trace-element analyses and U-Pb dating were 
performed by ICPMSDataCal (Liu et al., 2010). 
Common Pb correction was not performed, 
because the measured 204Pb signal was low, 
and the U-Pb ages were concordant or nearly 
concordant. Concordia diagrams and weighted 
mean age calculations were conducted using 
the ISOPLOT program (Ludwig, 2003). Zircon 
standard GJ-1 was analyzed as an unknown, and 
the obtained mean 206Pb/238U age was 599.6 ±  
1.0 Ma (2σ, n = 64, mean square of weighted 
deviates [MSWD] = 0.33), in good agreement 
with the recommended age (599.8 ± 1.7 Ma 
[2σ]; Jackson et al., 2004). The 206Pb/238U ages 
are preferred for zircons with ages younger than 
1000 Ma, and 207Pb/206Pb ages are preferred for 
grains older than 1000 Ma. Uncertainties on in-
dividual analyses in the data table and on con-
cordia plots are presented at 1σ, whereas errors 
on averages of multiple analyses are given at the 
95% confidence level. Trace-element composi-
tions of zircons were calibrated against refer-
ence materials BCR-2G and BIR-1G, combined 
with internal standardization (Liu et al., 2010). 
The preferred values of element concentrations 
for the U.S. Geological Survey (USGS) refer-
ence glasses are from the GeoReM database 
(http://georem.mpch-mainz.gwdg.de/). The av-

erage analytical error ranges from ~±10% for 
light rare earth elements (LREEs) to ~±5% for 
the other rare earth elements (REEs).

In situ zircon Lu-Hf isotopic analysis was car-
ried out on a Neptune Plus multicollector (MC) 
ICP-MS (Thermo Fisher Scientific, Bremen, 
Germany) in combination with a Geolas 2005 
excimer ArF laser-ablation system (Lambda 
Physik, Göttingen, Germany) hosted at the 
GPMR. Analytical spots were located close to, 
or on the top of, spots used for U-Pb analysis 
or in the same growth domain as inferred from 
CL images. Detailed operating conditions for 
the laser-ablation system, the MC-ICP-MS in-
strument, and analytical method are the same 
as described by Hu et al. (2012). The analyses 
were conducted with a beam diameter of 44 µm 
and a repetition rate of 6 Hz. Zircon standards 
91500 and GJ-1 were used as the reference stan-
dards. Off-line selection and integration ana-
lyte signals, and isobaric interference and mass 
fractionation correction of Lu-Hf isotopic ratios 
were also performed by ICPMSDataCal (Liu et 
al., 2010). The obtained Hf isotopic composition 
was 0.282023 ± 0.000019 (2σ, n = 57) for GJ-1,  
comparable with the recommended value of 
0.282000 ± 0.000005 (Morel et al., 2008). The 
decay constant adopted for 176Lu was 1.865 ×  
10–11 yr–1 (Scherer et al., 2001). The value of 
ε

Hf
(t) was calculated relative to the chondritic 

reservoir with a 176Hf/177Hf ratio of 0.282772 
and 176Lu/177Hf ratio of 0.0332 (Blichert-Toft 
and Albarède, 1997). The single-stage model 
age (T

DM1
) was calculated relative to the de-

pleted mantle with a present-day 176Hf/177Hf 
ratio of 0.28325 and 176Lu/177Hf ratio of 0.0384 
(Griffin et al., 2000), and two-stage model ages 
(T

DM2
) were calculated by assuming a mean 

176Lu/177Hf value of 0.015 for the average conti-
nental crust (Vervoort and Blichert-Toft, 1999). 
Initial 176Hf/177Hf ratios and ε

Hf
(t) values were 

calculated using the zircon crystallization ages.

RESULTS

Conglomerate Clast Counts

Clasts of dolomite, limestone, chert, and 
quartzite dominate the conglomerates in the 
Dahalajunshan Formation (Fig. 5A) and are 
inferred to have originated mainly from base-
ment rocks (Xia et al., 2004; Bai et al., 2015a). 
Clasts in conglomerates from the Akeshake 
Formation mainly consist of basalts with mi-
nor limestones (Fig. 5B). Conglomerates in 
the Dongtujinhe Formation contain abundant 
sandstone and volcanic (rhyolite and andesite) 
clasts, with some limestone, chert, mudstone, 
quartzite, and reworked conglomerate clasts 
(Fig. 5C). The composition of conglomerate 

clasts from the Keguqinshan Formation is gran-
ites, quartzites, eclogites (Fig. 4E), limestones, 
and sandstones (Fig. 5D). Clast counts of the 
conglomerates in the Permian strata at Nileke 
display an up-section decrease in the relative 
abundance of volcanic clasts, accompanied by 
an increase in quartzite clasts (Figs. 5E–5H). 
Gray bioclastic limestone clasts compose up to 
20% of the total clasts in the Tamuqisayi For-
mation at Nileke (Fig. 5F). Granite, granitic 
gneiss, and quartz schist clasts are also ob-
served in the conglomerates of the Xiaoshan-
sayi Formation (Fig. 5H).

Sandstone Modal Compositions

The studied sandstone samples are textur-
ally and mineralogically immature, exhibiting 
angular to subangular grains with minor altera-
tion, and contain mud infill or calcite cement. 
Compositionally, sandstones of the Akeshake 
Formation are mainly composed of lithic and 
feldspar grains, and they lack quartz (Fig. 6A). 
The dominant lithic fragments are intermedi-
ate to basic volcanic rocks with lathwork and 
microlitic textures (Fig. 4H). Sandstones of 
the Dongtujinhe Formation at Tekesi, and the 
Xiaoshansayi and Tamuqisayi Formations at 
Nileke have similar Q-F-L (quartz [Q] - feldspar 
[F] - lithic fragments [L]) modal compositions 
(Fig. 6A). Among the lithic fragments, sedimen-
tary and volcanic rocks are the major constitu-
ents of samples from the Dongtujinhe (Fig. 4I) 
and Tamuqisayi Formations. Sedimentary lithic 
fragments are rare in the Xiaoshansayi Forma-
tion samples (Fig. 6B). The Basiergan Forma-
tion samples are characterized by abundant 
quartz grains and an abrupt increase in the quan-
tity of metamorphic fragments (Fig. 6).

Zircon U-Pb Ages

All analyses are presented in Supplementary 
Table S2 (see footnote 1). In total, 883 analyses 
were undertaken on 881 zircon grains, of which 
88 analyses showed greater than 10% discor-
dance and were excluded. The remaining 795 
analyses give U-Pb ages ranging from 3181 Ma 
to 264 Ma. Most Archean to Mesoproterozoic 
and some Neoproterozoic zircons are sub-
rounded to well rounded, with lengths ranging 
from 50 to 180 µm and aspect ratios between 1:1 
and 3:1 (Supplementary Fig. S1 [see footnote 
1]). Compared with Precambrian zircons, most 
Paleozoic zircons are more  euhedral/ prismatic 
and larger in size (80–300 µm in length), with 
aspect ratios between 1:1 and 4:1 (Supplemen-
tary Fig. S1 [see footnote 1]). Most zircon grains 
show clear, oscillatory zoning in CL images 
(Supplementary Fig. S1 [see  footnote 1]) and 
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high Th/U ratios (mostly 0.2–2.6), indicative of 
a magmatic origin. Two grains (Xsg-1–40 and 
Xsg-1–71) with Mesoproterozoic ages display 
homogeneous CL structures (Supplementary 
Fig. S1 [see footnote 1]) and have low Th/U 
ratios (<0.1), suggesting a possible metamor-
phic origin.

Dahalajunshan Formation Sample Cdg-9 
(D3-C1)

Seventy-one analyses on 71 detrital zircon 
grains were undertaken on conglomerate matrix 
sample Cdg-9 from the Upper Devonian–Lower 
Carboniferous Dahalajunshan Formation. 
Sixty-three analyzed ages displayed concor-

Figure 5. Conglomerate clast compositional data for the late Paleozoic strata in the Yili Basin.

Figure 6. Sandstone petrographic data from the studied samples including Q-F-L 
(quartz, feldspar, and lithic clasts; Dickinson et al., 1983) and Lm-Lv-Ls (meta-
morphic, volcanic, and sedimentary lithics) ternary plots.

dance greater than 90% and ranged in age from 
3180 Ma to 360 Ma. Major age groups occur 
at 380–360 Ma, 460–430 Ma, and 505–480 Ma, 
and a subordinate age group occurs at 1800–
1050 Ma (Fig. 7A). Other age components are 
minor and scatter at ca. 415, 575, 950–600, 
2250–2000, 2500, and 3180 Ma.

Akeshake Formation Sample Zcag-1 (C
1)

Sixty-five analyses on 65 detrital zircon 
grains were undertaken on the pebbly sandstone 
sample Zcag-1 from the Lower Carboniferous 
Akeshake Formation and yielded two discordant 
ages. The remaining 63 ages are mainly grouped 
between 360 Ma and 320 Ma, with a single main 
peak at 336 Ma (n = 62; Fig. 7B). One analysis 
yielded an older age of 432 ± 6 Ma.

Dongtujinhe Formation Samples Ctg-1, Ctg-4, 
Ctg-8, and Ctg-9 (C

2)
Seventy-five analyses on 75 detrital zir-

con grains from sandstone clast sample Ctg-1 
yielded 58 concordant analyses. The mea-
sured ages are between 880 Ma and 310 Ma, 
with a major age group at 350–310 Ma and 
subordinate age groups at 365–350 Ma and  
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820–760 Ma, with minor scattered ages 460–
390 Ma (Fig. 7C).

Of eighty-three analyses on 83 zircons, two 
were discordant for pebbly sandstone sample 
Ctg-4. The measured ages range from 820 Ma 
to 310 Ma, with a major group at 340–310 Ma, 
and subordinate age groups at 370–360 Ma, 
400 Ma, and 880–740 Ma (Fig. 7D).

Twenty-four analyses of 24 zircon grains 
were undertaken on the rhyolite clast sample 
Ctg-8, and one analysis was discordant. The re-
maining 23 concordant ages range from 336 Ma 
to 328 Ma and give a weighted mean 206Pb/238U 
age of 331.5 ± 2.0 Ma (2σ), with a MSWD 
value of 0.22 (Fig. 8A).

Fourteen analyses of 14 zircon grains were 
undertaken on the andesite clast sample Ctg-9. 
All analyses showed concordant ages, ranging 
from 320 Ma to 314 Ma, and giving a weighted 
mean 206Pb/238U age of 316.2 ± 2.4 Ma (2σ), 
with a MSWD value of 0.19 (Fig. 8B).

Keguqinshan Formation Samples Shg-1,  
Shg-2, Shg-3, Shg-4, and Shg-13 (C2)

Twenty analyses of 20 zircon grains were 
undertaken on the granitic clast sample Shg-1. 
All analyses showed concordant ages, ranging 
from 412 Ma to 295 Ma. The 15 youngest zircon 
grains give a weighted mean 206Pb/238U age of 
299.0 ± 1.7 Ma (2σ), with a MSWD value of 
0.51 (Fig. 8C).

Twenty-four analyses of 20 zircon grains 
were undertaken on the granitic clast sample 
Shg-2. Eighteen analyses showed concor-
dant ages, ranging from 421 Ma to 409 Ma, 
and giving a weighted mean 206Pb/238U age of  
413.8 ± 2.3 Ma (2σ), with a MSWD value of 
0.44 (Fig. 8D).

Fifteen analyses of 15 zircon grains were 
undertaken on the granitic clast sample Shg-
3. Fourteen analyses showed concordant ages, 
ranging from 405 Ma to 340 Ma. The 13 
youngest zircon grains give a weighted mean 
206Pb/238U age of 350.2 ± 2.8 Ma (2σ), with a 
MSWD value of 0.62 (Fig. 8E).

One hundred and six analyses of 106 detri-
tal zircons grains from the pebbly sandstone 
sample Shg-4 yielded 102 concordant analyses. 
The measured ages are between 2611 Ma and 
307 Ma, with major age groups at 370–350 Ma 

Figure 7. Histograms and probability curves 
for detrital zircon ages of nine samples from 
the Yili Basin. The x-axis scales are differ-
ent for portions younger than 600 Ma and 
older than 600 Ma. The y axes for portions 
younger than 600 Ma are expanded to high-
light the Paleozoic zircon populations.
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and 470–390 Ma, and subordinate age groups 
at 340–310 Ma, 860–700 Ma, 1200–1000 Ma, 
and 2600–2300 Ma (Fig. 7E). Other minor ages 
scatter at ca. 580–490, 650, and 2100–1600 Ma.

Of 20 analyses on 20 zircons grains, 13 were 
concordant for the granitic clast sample Shg-13. 
The measured ages are between 462 Ma and 
428 Ma. The 11 youngest zircon grains give a 
weighted mean 206Pb/238U age of 435.7 ± 4.1 Ma 
(2σ), with a MSWD value of 0.83 (Fig. 8F).

Xiaoshansayi Formation Sample Jg-1 (P2)
Seventy-seven analyses were conducted on 76 

detrital zircon grains from the pebbly sandstone 
sample Jg-1, and these yielded 54 concordant 
ages. The measured ages mainly range from 

365 Ma to 270 Ma, with a single main peak at 
278 Ma (n = 52; Fig. 7F). Two analyses yielded 
older ages of 317 ± 6 Ma and 366 ± 6 Ma.

Tamuqisayi Formation Samples Pxg-1, Pxg-3, 
Px8, and Zpg-1 (P2)

Of 84 analyses on 84 detrital zircons grains, 
81 were concordant for the conglomerate matrix 
sample Pxg-1. The measured ages are between 
2390 Ma and 270 Ma, with a major age group 
at 340–270 Ma and subordinate age groups at 
360–350 Ma, 390–375 Ma, 430–400 Ma, and 
470–450 Ma (Fig. 7G). One analysis yielded an 
age of ca. 2390 Ma.

Twenty-four analyses of 24 zircon grains 
were undertaken on the andesite clast sample 

Pxg-3. Eighteen analyses gave concordant 
ages, ranging from 355 Ma to 264 Ma. The 15 
youngest zircon grains give a weighted mean 
206Pb/238U age of 271.9 ± 2.5 Ma (2σ), with a 
MSWD value of 0.86 (Fig. 8G).

Of 15 analyses on 15 zircons grains, 14 were 
concordant for the dacite clast sample Px-8. 
The measured ages are between 355 Ma and 
272 Ma. The nine youngest zircon grains give a 
weighted mean 206Pb/238U age of 275.6 ± 3.0 Ma 
(2σ), with a MSWD value of 0.17 (Fig. 8H).

Seventy-seven analyses of 77 detrital zir-
cons grains from the conglomerate matrix 
sample Zpg-1 yielded 71 concordant analyses. 
The measured ages are between 2522 Ma and 
280 Ma, with major age groups at 340–290 Ma 

Figure 8. Laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) zircon U-Pb concordia diagrams for volcanic, 
granitic, and granitic gneiss clasts from conglomerates of the (A–B) Dongtujinhe and (C–F) Keguqinshan Formations at Tekesi and the 
(G–H) Tamuqisayi and (I) Basiergan Formations at Nileke. MSWD—mean square of weighted deviates.
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and 380–350 Ma, and subordinate age groups at 
480–430 Ma and 840–750 Ma (Fig. 7H). Other 
minor ages scatter at ca. 280, 420–400, and 
2500–1280 Ma.

Basiergan Formation Sample Xsg-1 and 
Xsg-7 (P3)

Of 79 analyses on 78 detrital zircons grains, 
74 were concordant for the conglomerate matrix 
sample Xsg-1. The measured ages are between 
2592 Ma and 280 Ma, with major age groups 
at 330–300 Ma, 360–340 Ma, and 475–430 Ma, 
and subordinate age groups at 850–760 Ma, 
1500–1400, and 2600–2400 Ma (Fig. 7I). Minor 
other ages scatter at ca. 280, 400, 650–500, and 
1200–1000 Ma.

Fourteen analyses of 14 zircon grains were 
undertaken on the granitic gneiss clast sample 
Xsg-7. Fourteen analyses provided concordant 
ages, ranging from 802 Ma to 760 Ma and 
forming two groups on the concordia diagram 
(Fig. 8I). The older group consists of seven 
analyses mostly from the core regions of grains 
(Supplementary Fig. S1 [see footnote 1]), and 
it fives a mean age at 799 ± 8 Ma (2σ), with a 
MSWD value of 0.08 (Fig. 8I). The other seven 
zircons present prismatic euhedral crystals 
and clearly oscillatory zoning (Supplementary 
Fig. S1 [see footnote 1]) and give a weighted 
mean 206Pb/238U age of 770 ± 6 Ma (2σ), with a 
MSWD value of 0.68 (Fig. 8I).

Zircon Trace Elements

The chemical compositions of 366 detrital 
zircon grains from clastic rocks and 60 mag-
matic zircon grains from volcanic clasts with 
ages younger than 542 Ma are presented in 
Supplementary Table S3 (see footnote 1). Most 
of the analyzed grains have REE patterns that 
increase steeply from La to Lu, with positive Ce 
anomalies and negative Eu anomalies (Figs. 9A, 
9B, and 9C). The geochemistry of zircon pro-
vides a sensitive monitor of its parental magma 
composition and is effective for fingerprinting 
tectono-magmatic provenance (Grimes et al., 
2015). All zircons were plotted on Th/Nb ver-
sus Hf/Th diagrams (Figs. 9D, 9E, and 9F) to 
examine the nature of the source magma from 
which they crystallized (J.H. Yang et al., 2012). 
The majority of the Paleozoic zircons lie in the 
arc-related/orogenic field, with a few grains 
falling into the within-plate/anorogenic fields 
(Figs. 9D, 9E, and 9F).

Zircon Lu-Hf Isotopes

Zircon Lu-Hf isotopic data are presented in 
Supplementary Table S4 (see footnote 1) and are 
illustrated in Figure 10. Considering that Pre-
cambrian zircons are only a minor component of 
the age spectrum of the analyzed samples, only 
zircons with U-Pb ages younger than 500 Ma 

from 252 grains were analyzed. Most zircons 
with ages younger than 400 Ma displayed posi-
tive ε

Hf
(t) values (+1 to +14), whereas zircons 

with ages of 500–400 Ma exhibited a large 
range of ε

Hf
(t) values from –11 to +15.

DISCUSSION

Constraint on Depositional Ages

Although the depositional age of the late Pa-
leozoic strata in the Yili block has been partly 
constrained based on microfossils, further stud-
ies are required, especially for strata where in-
dex fossils are absent. Detrital zircons constrain 
the maximum depositional age. If the sediments 
are derived from a volcanic terrane undergoing 
continuous magmatism, then the youngest U-Pb 
age can also be taken to approximate the depo-
sitional age of the strata (Cawood and Nemchin, 
2001; Dickinson and Gehrels, 2009; Wu et al., 
2010; Tucker et al., 2013; Y.G. Han et al., 2015). 
Many different methods have been applied to de-
termine the maximum depositional age of strata 
using U-Pb ages of detrital zircons (Dickinson 
and Gehrels, 2009; Jones et al., 2009). Dick-
inson and Gehrels (2009) concluded that the 
weighted mean ages of youngest cluster of two 
or more grain ages (n ≥ 2) overlapping in age at 
1σ (YC1σ [2+]) are more consistently compat-
ible with depositional ages, especially for strata 

Figure 9. (A–C) Chondrite-normalized rare earth element (REE) patterns and (D–F) Th/Nb vs. Hf/Th diagrams (J.H. Yang et al., 
2012) for Paleozoic zircons from the late Paleozoic samples in the Yili Basin. Normalized values for chondrite are from Sun and Mc-
Donough (1989).
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Figure 10. Plots of εHf(t) vs. U-Pb ages for (A) magmatic zircons from the northern Tarim craton and South Tianshan 
belt, (B) magmatic zircons from the southern Yili–Central Tianshan block, Awulale metallogenic belt, and northern 
Yili–Central Tianshan block), (C) detrital zircons from the late Paleozoic strata in the northern Tarim craton and 
South Tianshan belt, and (D) detrital zircons from the Yili Basin. See Figure 2 for abbreviations. Sources of magmatic 
zircon data: Northern Tarim craton—Han et al. (2016a, and references therein); South Tianshan belt—Han et al. 
(2016a, and references therein); Southern Yili–Central Tianshan block—D. Li et al. (2015), Gou and Zhang (2016), 
Han et al. (2016a, and references therein); Awulale metallogenic belt—N.B. Li et al. (2015b), Yan et al. (2015), Han et 
al. (2016a, and references therein); Northern Yili–Central Tianshan block—An et al. (2017), Han et al. (2016a, and 
references therein). Sources of detrital zircon data: Northern Tarim craton—Zou et al. (2013), Y.G. Han et al. (2015, 
2016a), Z. Li et al. (2015); South Tianshan belt—Han et al. (2016a, 2016b). CHUR—chondritic uniform reservoir; 
Pt2— Mesoproterozoic; D3-C1—Late Devonian–early Carboniferous; C1—early Carboniferous; C2—late Carbonifer-
ous; P1—Early Permian; P2—Middle Permian; P3—Late Permian.

derived from contemporaneous volcanic rocks. 
They also noticed that the youngest single grain 
ages (YSG) were mostly within 5 m.y. of the 
depositional ages for ~60% of their samples. In 
this study, we adopted the YC1σ (2+) age as the 
most robust age, as well as accepting the YSG 
age as constraining the maximum depositional 
age of different units and to approximate the age 
of strata.

The Dahalajunshan Formation is considered 
to have accumulated in the early Carboniferous 
(B. Wang et al., 2007). However, the zircon U-Pb 
ages of basaltic andesite and rhyolite samples 
from the lower part of the Dahalajunshan For-
mation in the northern Tekesi area are 361.3 ±  

5.9 Ma and 364.0 ± 3.4 Ma, respectively (Zhu 
et al., 2009; Yu et al., 2016). This implies that 
the Dahalajunshan Formation may have formed 
during the Late Devonian (Cohen et al., 2013). 
Sample Cdg-9 from the lowermost part of the 
Dahalajunshan Formation has a youngest single 
zircon age (YSG) of 360 ± 5 Ma and youngest 
mean age (YC1σ [2+]) of 367.4 ± 4.2 Ma (Ta-
ble 1). The maximum depositional age is esti-
mated at ca. 367 Ma. Combined with the zircon 
U-Pb age of 358.9 ± 2.3 Ma from the basaltic 
andesites overlying the sandstones and con-
glomerates (Li et al., 2012), the depositional age 
of conglomerates from the lowermost part of 
the Dahalajunshan Formation is restricted to the 

Late Devonian to earliest Early Carboniferous 
based on the time scale of Cohen et al. (2013). 
The Akeshake Formation is considered to have 
been deposited in the early Carboniferous, 
based on microfossils. The youngest single zir-
con age (YSG) and youngest mean age (YC1σ 
[2+]) of sample Zcag-1 from the lowermost part 
of the Akeshake Formation are 320 ± 4 Ma and 
325.4 ± 2.6 Ma, respectively. This indicates that 
the Akeshake Formation has a maximum depo-
sitional age of late early Carboniferous.

The strata of the Dongtujinhe Formation in 
the northern Tekesi area were previously clas-
sified as part of the Akeshake Formation (B. 
Wang et al., 2007). However, fossils  including 
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the bivalves Aviculopecten occidentalis Shu-
mard, Streblochondria tenuilineata (Meek 
and Worthen), Palaeoneilo anthraconeiloides 
(Chao), Wilkingia cf. regularis (King), Bra-
chiopoda Dielasma bovidens Morton, and the 
plant Noeggerathiopsis sp. have been reported 
from mudstones in the upper part of this sec-
tion (Zhang et al., 2006). According to the 
biostratigraphic correlation, these sedimentary 
sequences should be classified as part of the 
Dongtujinhe Formation and were deposited in 
the late Carboniferous (Zhang et al., 2006). The 
youngest mean age (YC1σ [2+]) from the peb-
bly sandstone sample Ctg-4 is 313.0 ± 2.4 Ma, 
with a youngest single zircon age (YSG) of 311 ±  
4 Ma, similar to that of the sandstone clast sam-
ple Ctg-1 (Table 1). These age data indicate that 
deposition of the Dongtujinhe Formation must 
have commenced after ca. 313 Ma.

Fossils from the Keguqinshan Formation near 
the Tekesi area indicate that it was deposited at 
the end of the late Carboniferous (Y.J. Li et al., 
2011). The youngest mean age (YC1σ [2+]) 
from the pebbly sandstone sample Shg-4 is 
311.7 ± 5.3 Ma, with a youngest single zircon 
age (YSG) of 307 ± 5 Ma (Table 1). Combined 
with the zircon U-Pb age of 299.0 ± 1.7 Ma 
from granitic clast sample Shg-1, these data 
indicate that the Keguqinshan Formation could 
have been deposited at the end of the Carbonif-
erous (ca. 300 Ma).

The age of the Xiaoshansayi Formation is 
poorly constrained, due to the lack of index fos-
sils. The zircon U-Pb age of granites intruding 
the formation at Nileke is 269 ± 3 Ma (Li et al., 
2013), providing an upper time limit for the dep-
ositional age. The youngest mean age (YC1σ 
[2+]) from pebbly sandstone sample Jg-1 is 
273.5 ± 2.6 Ma, consistent with the youngest 
single zircon age (YSG = 272 ± 4 Ma), and the 
maximum depositional age of the Xiaoshansayi 
Formation is estimated at ca. 273 Ma. These age 
data indicate that the Xiaoshansayi Formation 
accumulated in the earliest Middle Permian.

The depositional age of the Tamuqisayi For-
mation has been restricted to the Middle Perm-
ian, based on fossils including plants Pryna-
daeopteris anthriscifolia and P. glossitiformis 
(Song et al., 2005). The youngest mean age 
(YC1σ [2+]) and youngest single zircon age 
(YSG) from sample Pxg-2 are 272.6 ± 6.6 Ma 
and 270 ± 4 Ma, respectively (Table 1), consis-
tent with the weighted mean 206Pb/238U age of 
271.9 ± 2.5 Ma from andesite clast sample Pxg-
3. Consequently, the maximum depositional 
age of the Tamuqisayi Formation is estimated 
at ca. 272 Ma. However, the youngest mean 
age (YC1σ [2+]) and youngest single zircon 
age (YSG) from sample Zpg-1 are 279 ± 5 Ma 
and 280.2 ± 7.3 Ma, respectively (Table 1), and 
the maximum depositional age is estimated at 
ca. 280 Ma. This estimated age is older than that 
from sample Pxg-2 and biostratigraphic studies. 
Similarly, the youngest single zircon age (YSG) 
from the Basiergan Formation sample Xsg-1 is 
278 ± 4 Ma (Table 1), which is older than the 
well-constrained Late Permian biostratigraphic 
age (Song et al., 2005). This difference may 
be attributed to the termination of magmatism 
during the Late Permian in the Tianshan region 
(Fig. 11) and no input of contemporaneous vol-
canic materials into the depocenter.

Sedimentary Provenance

The ages of magmatism in the Yili–Central 
Tianshan block, South Tianshan belt, and Tarim 
craton were summarized by Han et al. (2016a). 
These units are potential source terranes for 
the sedimentary sequence. In this study, the 
Yili–Central Tianshan block is further divided 
into the southern Yili–Central Tianshan block, 
northern Yili–Central Tianshan block, and Awu-
lale metallogenic belt to display the age data on 
the distribution of magmatism (Fig. 11). Mag-
matism in the Tarim craton occurred at 300–
270 Ma, 430–390 Ma, 1.1–0.6 Ga, 1.9–1.7 Ga, 
and ca. 2.5 Ga, with an additional minor pulse 

at ca. 460 Ma. The South Tianshan belt has 
similar magmatic episodes to the Tarim craton, 
except for the absence of ca. 460 Ma and Pre-
cambrian magmatic rocks. Compared with the 
Tarim craton, the Yili–Central Tianshan block 
shows evidence for a unique and abundant mag-
matic pulse at 380–310 Ma (Han et al., 2016a; 
Fig. 11). Furthermore, the magmatic rocks with 
ages of 520–470 Ma and 1.4–1.1 Ga are only 
present in the southern Yili–Central Tianshan 
block (Fig. 11C). Magmatic rocks in the inter-
val 340–320 Ma are absent from the northern 
margin of the Yili–Central Tianshan block but 
are abundant in the Awulale metallogenic belt 
and the southern Yili–Central Tianshan block 
(Fig. 11).

Most 500–400 Ma magmatic zircons in the 
Tianshan region have ε

Hf
(t) values between –15 

and +10 (Figs. 10A and 10B). The Permian zir-
cons from the intrusive rocks both in the north-
ern Tarim craton and South Tianshan belt have 
ε

Hf
(t) values ranging from –8 to +10, whereas 

those from the volcanic rocks only show nega-
tive ε

Hf
(t) values (Fig. 10A). Most magmatic 

zircons with ages younger than 380 Ma in the 
Yili–Central Tianshan block have positive ε

Hf
(t) 

values (Fig. 10B), and only some Permian zir-
cons from the intrusive rocks in the southern 
part of the block show negative ε

Hf
(t) values 

(Fig. 10B).

Provenance of Late Devonian to 
Carboniferous Successions

The 460–430 Ma, 505–480 Ma, and Meso-
proterozoic to Neoproterozoic detrital zircons 
are abundant in sample Cdg-9, consistent with 
the magmatic record in the southern Yili– 
Central Tianshan block (Fig. 11C; Li et al., 
2009; Alexeiev et al., 2011; De Grave et al., 
2011; Zhu, 2012; Kröner et al., 2013; X.Y. Xu et 
al., 2013). This supports the interpretation that 
clasts from conglomerates of the Dahalajun-
shan Formation were derived from the underly-
ing volcano- sedimentary strata in the southern 

TABLE 1. SUMMARY OF STRATIGRAPHICAL UNIT, AGE, LITHOLOGY, DETRITAL MODES, AND DETRITAL ZIRCON U-Pb AGES OF 
THE PEBBLY SANDSTONE, CONGLOMERATE MATRIX, AND SANDSTONE CLAST SAMPLES, YILI BASIN, CHINA

Sample Stratigraphic unit and age Lithology No. of valid (all) 
U-Pb analyses

Youngest age (Ma)
YSG* YC1σ(2+)†

(no. of analyses, MSWD)
Xsg-1 Basiergan P3 Conglomerate matrix 74 (79) 278 ± 4
Zpg-1 Tamuqisayi P2 Conglomerate matrix 71 (77) 279 ± 5 280.2 ± 7.3 (2, 0.13)
Pxg-2 Tamuqisayi P2 Conglomerate matrix 81 (84) 270 ± 4 272.6 ± 6.6 (2, 0.62)
Jg-1 Xiaoshansayi P2 Pebbly sandstone 54 (77) 272 ± 4 273.5 ± 2.6 (13, 0.07)
Shg-4 Keguqinshan C2 Pebbly sandstone 102 (106) 307 ± 5 311.7 ± 5.3 (2, 1.3)
Ctg-4 Dongtujinhe C2 Sandstone clast of conglomerate 81 (83) 311 ± 4 313.0 ± 2.4 (13, 0.10)
Ctg-1 Dongtujinhe C2 Pebbly sandstone 58 (75) 311 ± 4 313.1 ± 2.8 (9, 0.09)
Zcag-1 Akeshake C1 Pebbly sandstone 63 (65) 320 ± 4 325.4 ± 2.6 (13, 0.61)
Cdg-9 Dahalajunshan D3-C1 Conglomerate matrix 63 (71) 360 ± 5 367.4 ± 4.2 (9, 1.20)
Note: P3—Late Permian, P2—Middle Permian, C2—Late Carboniferous, C1—Early Carboniferous, D3—Late Devonian. MSWD—mean square of weighted deviates.
*YSG—youngest single detrital zircon age with 1σ uncertainty.
†YC1σ(2+)—weighted mean age (±1σ, incorporating both internal analytical error and external systematic error) of youngest cluster of two or more grain ages (n ≥ 2) 

overlapping in age at 1σ. The actual numbers of grains included in YC1σ(2+) grain clusters vary upward to a maximum of 13 (Dickinson and Gehrels, 2009).
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Yili–Central Tianshan block (Xia et al., 2012). 
The 380–360 Ma zircon grains are euhedral/
prismatic, with clear oscillatory zoning and high 
Th/U ratios, indicative of derivation from nearby 
sources. Late Devonian volcanic rocks have 
been reported around the Tekesi area (Zhu et al., 
2009; Yu et al., 2016) and are the inferred source 
of these grains. The northern margin of the Yili–
Central Tianshan block also has abundant Late 
Devonian magmatic rocks (An et al., 2013; Yu et 
al., 2016). However, the equivalent sandstones 
in the northern Yili block include 410–390 Ma 
detrital zircons with a peak at 405 Ma (H.S. 
Liu et al., 2014), which are absent from sample 
Cdg-9 (Fig. 7A), suggesting a restricted source. 
Detrital zircons with ages younger than 500 Ma 
show similar Hf isotopic signatures as the con-
temporaneous magmatic zircons in the southern 
Yili–Central Tianshan block. Thus, we conclude 
that conglomerates of the Dahalajunshan For-
mation were mainly derived from the underly-
ing strata and contemporaneous volcanic rocks 
in the southern Yili–Central Tianshan block.

The U-Pb detrital zircon age distribution of 
Akeshake Formation sample Zcag-1 is charac-
terized by a single age population with an early 
Carboniferous age peak at ca. 336 Ma. Mag-
matic rocks in the range 340–320 Ma are only 
distributed in the southern Yili–Central Tian-
shan block and Awulale metallogenic belt (Zhu 
et al., 2009; Yu et al., 2016). In combination with 
the northwestward paleocurrents, the southern 
Yili–Central Tianshan block is the likely major 
source of detritus. Furthermore, the presence of 
abundant lathwork and microlitic volcanic lithic 
fragments in the sandstones and basaltic clasts 
in the conglomerate indicates a basaltic volcanic 
source for the Akeshake Formation sediments.

Detrital zircons from a sandstone clast (sam-
ple Ctg-1) within a conglomerate near the base 
of the Dongtujinhe Formation show a similar 
age spectrum (Figs. 7C and 7D) and Hf isotopic 
signatures as those from the pebbly sandstone 
sample Ctg-4 (Fig. 10D). The zircon U-Pb age 
of andesite clast sample Ctg-9 is 316.2 ± 2.4 Ma, 
corresponding to the age of the Yishijilike For-
mation volcanic rocks (313 ± 3 Ma; Bai et al., 
2015a). Together with the unconformable con-
tact between the Dongtujinhe Formation and 
Yishijilike Formation, this suggests that detritus 
in the Dongtujinhe Formation includes materi-
als reworked from the Yishijilike Formation. 
The presence of a rhyolite clast with an age of 
331.5 ± 2.0 Ma suggests that the Dahalajunshan 
Formation volcanic rocks in the southern Yili–
Central Tianshan block also acted as a source 
for detritus. Neoproterozoic (880–740 Ma) de-
trital zircons in samples Cdg-1 and Cdg-4 cor-
respond with the ages of metamorphic and mag-
matic rocks occurring across the Yili–Central 

Figure 11. Histograms for compiled crystallization ages of magmatic rocks 
in the Tarim craton and Tianshan regions. Note that the bin widths of the 
histograms are 5 m.y. for ages younger than 600 Ma and 50 m.y. for ages 
older than 600 Ma. The x-axis scales are different for portions younger than 
600 Ma and older than 600 Ma. Sources of data: Northern Tarim craton—
Han et al. (2016a, and references therein); South Tianshan belt—Han et al. 
(2016a, and references therein); Southern Yili–Central Tianshan block—
D. Li et al. (2015), Gou and Zhang (2016), Han et al. (2016a, and references 
therein); Awulale metallogenic belt—Li et al. (2009), N.B. Li et al. (2015b), 
Q. Han et al. (2015), Y.G. Han et al. (2016a, and references therein), Yan 
et al. (2015), Zhang et al. (2015); Northern Yili–Central Tianshan block—
B.F. Han et al. (2010), Y.G. Han et al. (2016a, and references therein), Zhao 
et al. (2014), C. Li et al. (2015), An et al. (2017), Yu et al. (2016).
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Tianshan block (B. Wang et al., 2014a, 2014b; 
Gao et al., 2015; Z. Huang et al., 2015). Consid-
ering that all analyzed Neoproterozoic detrital 
zircon grains are euhedral/prismatic, with clear 
oscillatory zoning and high Th/U ratios, they 
were likely derived from nearby sources. The 
contact relationship between the Dongtujinhe 
Formation and Yishijilike Formation is uncon-
formable at Tekesi (Fig. 3), but it is conformable 
at Nileke (Bai et al., 2015a). The sandstone and 
volcanic clasts decrease in size and abundance 
from the Tekesi section toward the Nileke sec-
tion (Bai et al., 2015a). These data indicate that 
the detritus in the Dongtujinhe Formation was 
mainly derived from the southern Yili–Central 
Tianshan block.

Detrital zircons from the pebbly sandstone 
sample Shg-4 from the Keguqinshan Formation 
are distinguished from the Dongtujinhe Forma-
tion by the presence of abundant early Paleozoic 
and Precambrian detrital grains (Fig. 7E). Com-
bined with the northwestward paleocurrents, the 
southern Yili–Central Tianshan block, South 
Tianshan belt, and Tarim craton are potential 
source terranes for the Keguqinshan Forma-
tion. The detrital zircon age spectrum (Fig. 7E) 
and magmatic zircon ages from granitic clasts 
(Figs. 8C, 8D, 8E, and 8F) are consistent with 
magmatic episodes in the southern Yili– Central 
Tianshan block (Fig. 11C). Zircons with ages 
younger than 500 Ma also show similar Hf 
isotopic signatures as the contemporaneous 
magmatic zircons in the southern Yili–Central 
Tianshan block (Figs. 10B and 10D). These sig-
natures indicate that the southern Yili–Central 
Tianshan block was an important source of de-
tritus. However, the presence of abundant eclog-
ite clasts indicates that the (U)HP metamorphic 
belt in the northern South Tianshan belt also 
acted as a source. Furthermore, the age spec-
trum of detrital zircons from the Keguqinshan 
Formation at Tekesi shows overall similarities 
to that from coeval strata in the South Tianshan 
belt (Han et al., 2016b; see also Figs. 12H and 
12M). This supports the interpretation that a 
positive topographic highland may have been 
present between the southern Yili–Central Tian-
shan block and South Tianshan belt and acted 
as the main source for detritus in the southern 
Yili Basin.

Provenance of Middle–Late  
Permian Successions

The pebbly sandstone sample Jg-1 from the 
Xiaoshansayi Formation at Nileke is domi-
nated by Early Permian detrital zircons with a 
single peak at 278 Ma. Magmatic rocks with 
this age are widely reported in the Tianshan 
region (Fig. 11). However, the Early Permian 
zircons from the volcanic rocks in the north-

ern Tarim craton and South Tianshan belt have 
negative ε

Hf
(t) values, which are different from 

the detrital zircons in sample Jg-1(mostly +6 
to +14). This indicates that the detritus in the 
Xiaoshansayi Formation was unlikely to have 
been derived from the northern Tarim craton 
and South Tianshan belt. Importantly, the ana-
lyzed zircon grains have a euhedral/prismatic 
shape and show clear oscillatory zoning with 
high Th/U ratios, suggesting a nearby magmatic 
source. The outcrop area of the Early Permian 
volcanic rocks in the northern Yili–Central Tian-
shan block is limited (Wang et al., 2009), and it 
is unlikely that they alone could have provided 
the abundant 300–270 Ma detritus. Early Perm-
ian volcanic rocks are extensively exposed at 
Nileke and north of Tekesi (Fig. 2). Importantly, 
Middle Permian strata are unconformable on 
late Carboniferous strata in the southern Yili–
Central Tianshan block (Wang et al., 2009). A 
positive topographic highland is inferred in the 
southern Yili–Central Tianshan block (Liu et al., 
2013) and likely was a main source for detritus.

The conglomerate matrix samples (Zpg-1 
and Pxg-2) from the Tamuqisayi Forma-
tion are distinguished from the Xiaoshansayi 
Formation by the presence of abundant pre-
Permian detrital grains (Figs. 7G, 7H, and 7I). 
Detrital zircons with ages of 390–310 Ma are 
abundant in these samples, but coeval mag-
matic rocks and detrital zircons with these 
ages from equivalent sequences in the South 
Tianshan and Tarim regions are almost absent 
(Figs. 11 and 12). Outcrop and borehole data 
show the Tamuqisayi Formation in the southern 
Yili–Central Tianshan block unconformably 
underlies Silurian to Carboniferous volcano-
sedimentary successions (B. Wang et al., 2007; 
C. Li et al., 2015). Combined with the similar 
Hf isotopic signatures (Fig. 10), the Paleozoic 
sedimentary-volcano successions in the south-
ern Yili– Central Tianshan block are the likely 
main source for detritus. Compared with sam-
ple Zpg-1 at Zhaosu, the conglomerate matrix 
sample Pxg-2 at Nileke shows more Early–
Middle Permian detrital grains, consistent with 
the presence of Early–Middle Permian volca-
nic clasts. This indicates that the Early–Middle 
Permian sedimentary-volcano rocks may have 
been exposed near the Nileke area, whereas the 
Zhaosu area was closer to the main source in 
the southern Yili-Central Tianshan block where 
s edimentary-volcano rocks with these ages 
may have been eroded. Precambrian detrital 
grains with a single peak at 830 Ma are present 
in sample Zpg-1 (Fig. 7H), but they are nearly 
absent in sample Pxg-2. This indicates that the 
Precambrian basement may have been exposed 
in the southern Yili–Central Tianshan block and 
acted as a source for adjacent detritus.

Age spectrum and Hf isotopic signatures 
of detrital zircons in the conglomerate matrix 
sample Xsg-1 from the Basiergan Formation 
at Nileke show overall similarities to those 
from the Tamuqisayi Formation at Zhaosu 
(Figs. 7H, 7I, and 10). In combination with 
the north-northeastward paleocurrents, this 
suggests that the Late Permian clastic rocks at 
Nileke were mainly derived from the southern 
Yili–Central Tianshan block. The proportion 
of 1.5–1.1 Ga and 2.6–2.4 Ga detrital zircons 
increases from the Middle Permian to the Late 
Permian succession (Fig. 7), indicating in-
creasing input from the basement in the south-
ern Yili–Central Tianshan block. The granitic 
gneiss clasts from the Xiaoshansayi Formation 
have similar magmatic ages to those recorded 
in the granitic gneisses from the Central Tian-
shan block (Z. Huang et al., 2015), supporting 
this interpretation.

Considering that the Awulale metallogenic 
belt is parallel to, and close to, the North Tian-
shan belt (Fig. 1B), we cannot rule out the pos-
sibility that the northern Yili–Central Tianshan 
block may have been the source for Permian 
detritus at Nileke. However, paleocurrent direc-
tions suggest sediment transport from the south 
to the north (Fig. 3). Meanwhile, detrital zircons 
from the Permian sedimentary rocks in the Awu-
lale metallogenic belt and southern Yili–Central 
Tianshan block have similar age spectra and Hf 
isotopic signatures. Detrital zircon data from the 
Permian sandstones show sediments supplied 
along the North Tianshan belt were partly de-
rived from the Central Tianshan block, implying 
a widening of the drainage system toward the 
southern Yili–Central Tianshan block (W. Yang 
et al., 2013). Furthermore, the timing of mag-
matic episodes in the Awulale metallogenic belt 
and southern Yili–Central Tianshan block are 
similar, and contrast with those in the northern 
Yili–Central Tianshan block (Fig. 11). There-
fore, we conclude that the Permian clastic rocks 
from the Awulale metallogenic belt formed in 
a similar tectonic environment as those from 
the southern Yili Basin, and the southern Yili–
Central Tianshan block was the likely main 
source for late Paleozoic detritus in the ana-
lyzed samples.

Age of Collision

The time of collision between the Yili– Central 
Tianshan block and the Tarim craton ranged 
from Late Devonian to Middle Triassic (e.g., 
Xia et al., 2008; Han et al., 2011; H. Huang et 
al., 2015; Zhang et al., 2007). The model show-
ing that final collision along the South Tianshan 
region terminated in the Late Devonian–early 
Carboniferous is mainly based on the regional 
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unconformity at the base of the Dahalajunshan 
Formation (Xia et al., 2008, 2012; Charvet et al., 
2011; X.Y. Xu et al., 2013; Bai et al., 2015a). 
The Carboniferous volcanic rocks in the Yili–
Central Tianshan block were proposed to have 
formed in an intracontinental rift setting and be 
related to plume-derived magmatism (Xia et al., 
2008, 2012; X.Y. Xu et al., 2013). The arc-like 
signatures of the Carboniferous volcanic rocks 
are interpreted to result from crustal contami-
nation (Xia et al., 2008, 2012). However, this 
model is inconsistent with the presence of late 
early Carboniferous ophiolites in both the North 
and South Tianshan belts (Xu et al., 2006; T. 
Jiang et al., 2014; C. Li et al., 2015). All 380–
310 Ma zircons have Th/Nb >10 (Fig. 9E), sug-
gesting that Carboniferous volcanic rocks pos-
sibly formed with some crustal contamination 
(Yang et al., 2015; Huang et al., 2016). How-
ever, on the Th/Nb-Hf/Th diagram (J.H. Yang 
et al., 2012; Fig. 9E), the trace-element trends 
of these zircons are indicative of crystallization 
from arc-related/orogenic magmas. This indi-
cates that Carboniferous magmatic rocks in the 
Yili–Central Tianshan block were unlikely to 
have formed in a plume-related environment, 
and this supports the interpretation that these 
magmatic rocks were generated in a continental 
arc setting (Zhu et al., 2009; Gou et al., 2012; Yu 
et al., 2016; Zhang et al., 2015).

The U-Pb age spectra of detrital zircons 
clearly indicate that there are no zircons 
younger than 264 Ma in the Permian strata, 
and this is consistent with previous work on 
detrital zircons from the Tekesi River and its 
southern branches flowing through the north-
ern slope of the South Tianshan orogenic belt 
(Ren et al., 2011). These data imply that the ma-
jor magmatic events in the Southern Tianshan 
orogenic belt and Yili–Central Tianshan block 
occurred mainly in the Paleozoic, and these ar-
eas lack a record of Late Permian and younger 
magmatism. Thus, the South Tianshan orogenic 
belt likely formed prior to this time. The strati-
graphic synthesis suggests that the Carbonifer-
ous strata in the South Tianshan belt are charac-
terized by marine deposits (Han et al., 2016a), 
compared with the terrigenous clastic rocks, 
shallow-marine carbonate successions, and vol-
canic rocks in the southern Yili–Central Tian-
shan block. These successions are overlain by 
Permian continental deposits and volcanic rocks 
in the southern Yili–Central Tianshan block and 
South Tianshan belt (B.F. Han et al., 2011; Y.G. 
Han et al., 2016a; D.D. Liu et al., 2013, 2014; 
this study). This regional sedimentary variation 
from the Carboniferous to Permian records is 
consistent with collision between the Tarim cra-
ton and Yili–Central Tianshan block occurring 
prior to the Permian.

Recent robust radiometric dating indicated 
that peak eclogite-facies metamorphism along 
the subducted northern margin of the Tarim cra-
ton occurred at 320–310 Ma (Fig. 13; Hegner 
et al., 2010; Su et al., 2010; Klemd et al., 2011; 
X. Yang et al., 2013; X. Liu et al., 2014). Rb/Sr 
and 40Ar/39Ar dating of retrograde eclogites and 
blueschists indicates that the (U)HP metamor-
phic rocks experienced exhumation mainly be-
tween 320 Ma and 310 Ma (Fig. 13; Klemd et 
al., 2005; Hegner et al., 2010; Xia et al., 2016). 
These ages for the formation and exhumation 
of metamorphic rocks indicate that the colli-
sion between the Tarim craton and Yili–Central 
Tianshan block mostly took place during the 
late Carboniferous.

The ages of arc-related volcanic rocks in the 
Yishijilike Formation (Zhu et al., 2009; Bai et 
al., 2015a) indicate that subduction of the South 
Tianshan Ocean may have continued to at least 
ca. 313 Ma, based on data from samples Ctg-4, 
Ctg-1, and Ctg-9, and from underlying arc-re-
lated volcanic rocks of the Yishijilike Formation 
(Zhu et al., 2009; Bai et al., 2015a). Combined 
with the biostratigraphic age constraints (Zhang 
et al., 2006), this implies that the age gap across 
the unconformity between the Dongtujinhe For-
mation and Yishijilike Formation at Tekesi may 
be very short, and, thus, the age of uplift in the 
southern Yili–Central Tianshan block is con-
strained to ca. 310 Ma. This age is consistent 
with the youngest ages of tectonic exhumation 
of South Tianshan (U)HP metamorphic rocks 
(Hegner et al., 2010; Su et al., 2010; Xia et al., 
2016) and the age of deformation in the ophio-
lite mélanges and metamorphic belt (Alexeiev 
et al., 2015). The unconformity at the base of 
the Dongtujinhe Formation possibly records 
deformation of the overriding plate during the 
exhumation of (U)HP metamorphic rocks and 
the terminal stages of oceanic subduction (Li 
et al., 2016; Soldner et al., 2016). Consider-
ing the multiple sources supplying detritus to 
the clastic rocks of the Dongtujinhe Forma-
tion, we interpret ca. 310 Ma as the time of the 
initial collision between the Tarim craton and 
Yili–Central Tianshan block. Moreover, Late 
Devonian–late Carboniferous (380–310 Ma) 
arc-related magmatic rocks occur widely in the 
southern Yili–Central Tianshan block (Fig. 11) 
and were formed by the northward-directed sub-
duction of the South Tianshan Ocean (Zhu et al., 
2009; Gou et al., 2012; Yu et al., 2016). How-
ever, coeval magmatic rocks are nearly absent in 
the northern Tarim and South Tianshan regions 
(Fig. 11). Combined with the similar age spec-
tra and ε

Hf
(t) values of detrital zircons (Figs. 10 

and 12), the sedimentary successions during 
the Late Devonian to late Carboniferous in the 
South Tianshan belt formed on the northern mar-

gin of the Tarim craton (Y.G. Han et al., 2015, 
2016a). Detrital zircon age and Hf isotopic data 
show that the Late Devonian to late Carbonif-
erous (380–300 Ma) magmatic rocks from the 
southern Yili–Central Tianshan block were not 
the source for the late Paleozoic strata until the 
end of the Carboniferous (ca. 300 Ma; Figs. 8C 
and 10; Han et al., 2016a, 2016b). Furthermore, 
the Early Permian volcanic rocks with ages of 
295–285 Ma unconformably overlie strongly 
folded early and late Carboniferous strata in the 
South Tianshan orogenic belt (D.D. Liu et al., 
2014; H. Huang et al., 2015). Importantly, the 
latest Carboniferous (304–299 Ma) unmetamor-
phosed and little-deformed molasse-type con-
glomerates unconformably overlie (U)HP met-
amorphic rocks in the Atbashi belt (Hegner et 
al., 2010). The presence of eclogite clasts in the 
conglomerate from the Atbashi belt indicates 
that exhumation and exposure of the (U)HP 
metamorphic rocks occurred before ca. 300 Ma 
(Hegner et al., 2010). Abundant eclogite clasts 
in the conglomerate of the Keguqinshan Forma-
tion suggest that (U)HP metamorphic rocks in 
the South Tianshan belt had been eroded and 
acted as a source for the detritus in the southern 
Yili Basin at ca. 300 Ma. These provenance and 
stratigraphic relationships indicate that the final 
amalgamation associated with the continent-
continent collision between the Tarim craton 
and Yili–Central Tianshan block probably took 
place at ca. 300 Ma.

Tectonic Evolution of the South Tianshan 
Orogenic Belt

The 430–330 Ma ophiolitic rocks discovered 
in the South Tianshan orogenic belt (Wang et al., 
2011; Jian et al., 2013; T. Jiang et al., 2014) indi-
cate that the South Tianshan Ocean was open by 
at least the Late Silurian and lasted into the early 
Carboniferous. However, the subduction polari-
ties during the consumption of the South Tian-
shan Ocean are controversial (e.g., B.F. Han et 
al., 2011; Y.G. Han et al., 2015, 2016a; Wang 
et al., 2011; Ge et al., 2014). Although Silurian 
to Early Devonian magmatic rocks occur widely 
in the Yili–Central Tianshan, Tarim, and South 
Tianshan regions, it is clear that Late Devonian 
to late Carboniferous (380–310 Ma) magmatic 
rocks are largely absent in the northern Tarim 
and South Tianshan regions but occur widely 
in the southern Yili–Central Tianshan block 
(Figs. 11 and 13). Late Devonian–late Carbon-
iferous clastic rocks in the Yili Basin contain 
abundant contemporaneous volcanic detritus 
derived from nearby magmatic arc sources. 
However, Late Devonian–late Carboniferous 
(380–310 Ma) detrital zircons are absent in the 
early Carboniferous to early late Carboniferous 
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clastic rocks in both the South Tianshan belt 
and the northern Tarim craton (Fig. 12). This is 
consistent with northward oceanic subduction 
during the Late Devonian to late Carboniferous 
(380–310 Ma; Fig. 14A). The strong northward 
subduction of the South Tianshan Ocean may 
have resulted in regional uplift in the southern 
Yili–Central Tianshan block during the Late De-
vonian (Xia et al., 2014). This tectonothermal 

event corresponds with the regional unconfor-
mity at the base of the Dahalajunshan Formation 
and is consistent with the equivalent southward 
thrust structures in the Zhaosu-Tekesi areas (D. 
Li et al., 2015). During the late early Carbonif-
erous, the entire southern Yili–Central Tianshan 
block was dominated by carbonate and clastic 
rocks that were mainly deposited in a mixed 
nearshore to platform-margin reef environment, 

indicating a relatively stable tectonic setting (D. 
Li et al., 2015). This interpretation is consistent 
with a single basaltic volcanic source without 
any input of detritus from basement for the Ake-
shake Formation.

During the late Carboniferous (ca. 310–
300 Ma), the South Tianshan Ocean finally 
closed, associated with the collision between 
the Yili–Central Tianshan block and the Tarim 

Figure 13. Schematic time-space diagram of magmatic activities and metamorphic events during Late Devonian to Permian evolution of 
the South Tianshan orogenic belt and adjoining regions. Sources of data: 1—Tian et al. (2010); 2—H.Q. Liu et al. (2014); 3—Zhang et 
al. (2013); 4—Zhang et al. (2010); 5—Zhang and Zou (2013); 6—Zhang et al. (2008); 7—Huang et al. (2012a); 8—Xia et al. (2016); 9—T. 
Jiang et al. (2014); 10—X. Yang et al. (2013); 11—Su et al. (2010); 12—Q.L. Li et al. (2011); 13—Klemd et al. (2011); 14—Hegner et al. 
(2010); 15—D.D. Liu et al. (2014); 16—M. Wang et al. (2014); 17—Luo et al. (2008); 18—H. Huang et al. (2015); 19—X.X. Ma et al. (2015); 
20—Yang et al. (2011); 21—C.H. Liu et al. (2014); 22—Huang et al. (2014); 23—Long et al. (2008); 24—Huang et al. (2012b); 25—Zhu et 
al. (2009); 26—Zhu et al. (2005); 27—Zhu et al. (2010); 28—Yu et al. (2016); 29—Zhu et al. (2006); 30—Gao et al. (2009); 31—Gou et al. 
(2012); 32—Zhang et al. (2015); 33—Z.S. Jiang et al. (2014); 34—Duan et al. (2014); 35—N.B. Li et al. (2015b); 36—N.B. Li et al. (2015a); 
37—Zhang et al. (2012); 38—Yan et al. (2015); 39—W.B. Yang et al. (2012); 40—Li et al. (2013); 41—Wang et al. (2010); 42—Klemd et al. 
(2005). The time scale is based on Cohen et al. (2013). HP-LT—high-pressure–low-temperature; (U)HP—(ultra)high-pressure.
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craton (Fig. 14B). The continent-continent col-
lision and final amalgamation may have resulted 
in the uplift and erosion of the southern Yili–
Central Tianshan block and the (U)HP meta-
morphic rocks in the northern part of the South 
Tianshan belt (Fig. 14B). Precambrian zircons 
in clastic rocks of the Dongtujinhe Formation 
are rare, indicative of limited basement expo-
sure. The continental deposits at the base of the 
Dongtujinhe Formation at Tekesi are replaced 
by shallow-marine deposits. This sedimentary 
variation is consistent with that in local areas in 
the South Tianshan belt, where the contempora-
neous stratigraphic record shows a change from 
shallow-marine limestones to deeper-marine, 
thinly bedded marls interbedded with calcare-
ous sandstones (Alexeiev et al., 2015). These 
provenance and stratigraphic records suggest 
that the continent-continent collision may have 

been discontinuous, consistent with the multi-
phased deformation in the South Tianshan belt 
during the late Carboniferous–Early Permian 
(Alexeiev et al., 2015). Following the strong 
uplift and erosion in the latest late Carbonifer-
ous, the basement in the southern Yili–Central 
Tianshan block and the (U)HP metamorphic 
belt in the northern part of the South Tianshan 
belt were exposed and acted as a source for ad-
jacent detritus.

The Early Permian to earliest Middle Perm-
ian clastic rocks from the South Tianshan oro-
genic and Awulale metallogenic belts show 
similar detrital zircon age distributions char-
acterized by a near-single age population with 
peak ages ranging from 299 Ma to 278 Ma (Liu 
et al., 2013; this study). This single provenance 
is related to the Early Permian postcollision 
magmatic rocks in the topographic highland be-

Figure 14. Schematic model illustrating tectonic evolution of the 
South Tianshan orogen. (U)HP—(ultra)high-pressure.

tween the southern Yili–Central Tianshan block 
and the South Tianshan belt (Liu et al., 2013). 
Early Permian deposition in the South Tianshan 
belt and southern Yili–Central Tianshan block 
was controlled by normal faulting and accom-
panied by bimodal volcanic eruptions (D.D. 
Liu et al., 2014; D. Li et al., 2015), consistent 
with a postcollision extensional environment 
(Han et al., 2011; Gou et al., 2015). During this 
period (ca. 300–270 Ma), voluminous bimodal 
volcanic rocks and S-type, A-type, and high-K 
granites with minor K-rich syenites were ex-
tensively developed in the South Tianshan belt, 
southern Yili–Central Tianshan block, and Awu-
lale metallogenic belt (Fig. 13; D.D. Liu et al., 
2014; Chen et al., 2015; Ge et al., 2015; Gou et 
al., 2015; H. Huang et al., 2015; N.B. Li et al., 
2015a; X.X. Ma et al., 2015).

Recently, extensive mafic and felsic igne-
ous rocks with ages of 300–270 Ma have been 
discovered in the Tarim craton, and they are 
inferred to form the Tarim large igneous prov-
ince (Fig. 13; Zhang et al., 2010, 2013; Xu et 
al., 2014). The South Tianshan belt is situated 
in the northern Tarim block and may have been 
affected by the Tarim large igneous province. 
Nevertheless, on a regional scale, the Permian 
plutonic rocks in the South Tianshan belt gen-
erally extends parallel to the suture (H. Huang 
et al., 2014, 2015). This linear distribution of 
plutonic rocks does not favor a plume-related 
origin (G. Huang et al., 2014, 2015). The sig-
nificant geodynamic change from convergence 
to extension in the South Tianshan region may 
have been related to breakoff of the subducted 
oceanic slab, accompanied by upwelling of the 
asthenosphere (Fig. 14C; Han et al., 2011; Ge et 
al., 2015; Gou et al., 2015; X.X. Ma et al., 2015; 
Xia et al., 2016). This process may have played 
an important role in the genesis of the igneous 
rocks and involved the reworking of ancient 
crust and mantle-derived sources, consistent 
with the Hf isotopic compositions (Gou et al., 
2015; X.X. Ma et al., 2015). The metamorphic 
fragments and clasts in the conglomerates and 
Precambrian zircons in clastic rocks increase 
from the Middle Permian to Late Permian, with 
a corresponding decrease in volcanic clasts and 
late Paleozoic zircons. Importantly, granitic, gra-
nitic gneiss, and diabase clasts are present in the 
Late Permian conglomerates. These provenance 
trends and petrologic changes suggest a strong 
planation and erosion of the topographic high-
land between the southern Yili–Central Tian-
shan block and South Tianshan belt (Fig. 14D). 
This is consistent with apatite fission-track anal-
ysis and (U-Th)/He dating on apatite and zircon, 
which showed a major exhumation episode in 
the southern Yili–Central Tianshan block during 
the Permian (Jolivet et al., 2010).
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CONCLUSIONS

Detrital zircon provenance patterns from the 
late Paleozoic strata in the Yili Basin indicate 
derivation of detritus mainly from the southern 
Yili–Central Tianshan block. Together with (U)
HP metamorphic and stratigraphic records, inte-
gration of our data from the Yili Basin with data 
from time-equivalent northern Tarim and South 
Tianshan regions suggests that the closure of the 
South Tianshan Ocean, associated with the col-
lision between the Tarim craton and Yili–Central 
Tianshan block, occurred at ca. 310–300 Ma. 
Our data support continuous northward subduc-
tion of the South Tianshan oceanic crust beneath 
the Yili–Central Tianshan block from the Late 
Devonian to late Carboniferous (380–310 Ma). 
At ca. 310–300 Ma, the continent-continent col-
lision and final amalgamation resulted in the up-
lift and denudation of the southern Yili–Central 
Tianshan block and (U)HP metamorphic belt 
along the northern margin of the South Tianshan 
orogenic belt. Following collision, the South 
Tianshan orogenic belt underwent extension as-
sociated with the emplacement of large amounts 
of postcollisional magmatic rocks.
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