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ABSTRACT

The Central Asian Orogenic Belt, as the 
largest accretionary orogen on Earth, is an 
ideal candidate to study the geodynamics of 
convergent plate boundaries through a pro-
longed period. The evolution of this orogen 
has been explained by different tectonic mod-
els, which incorporated one, or a combination, 
of the following mechanisms: lateral stacking 
of arc systems along major shear zones, arc 
amalgamation, oroclinal bending, and trench 
migration. Here we elucidate major mecha-
nisms responsible for the tectonic evolution 
of the Central Asian Orogenic Belt, focus-
ing on the Chinese Tianshan Orogen in the 
southern Central Asian Orogenic Belt. Struc-
tural observations from the ∼50-km-long 
Gangou section show evidence of polyphase 
deformation. The earliest episode of orogen-
parallel sinistral shearing, constrained to the 
Early Devonian (ca. 399 Ma) by syn-defor-
mational intrusions, was possibly controlled 
by oblique subduction. This was followed by 
an episode of ∼NE–SW contractional defor-
mation, dated at ca. 356 Ma (40Ar/39Ar age 
of syn-deformational hornblende), and likely 
associated with an episode of trench advance. 
The third stages of deformation during the 
latest Carboniferous and Permian involved 
∼NE-SW contraction, orogen-parallel ex-
tension, and dextral transpression. Our new 
geochronological data constrain the timing of 

orogen-parallel extension to ca. 303–293 Ma, 
and confirm that dextral activation along 
shear zones occurred during the Permian. 
The results highlight the role of trench mi-
gration, oblique tectonics, and syn-collisional 
orogen-parallel extension in the build-up of 
the Central Asian Orogenic Belt, and con-
tribute to the pre-collisional reconstruction 
of this orogenic system.

INTRODUCTION

Accretionary orogens are developed along 
convergent plate boundaries and are charac-
terized by a long-lived history of subduction. 
Such orogens are major sites of continental 
growth and mineralization (Jahn, 2004; Cawood 
et al., 2009; Safonova et al., 2011; Cawood and 
Hawkesworth, 2015). The Central Asian Oro-
genic Belt, which is bounded by the Siberian 
Craton in the north and the Tarim and North 
China cratons in the south (Fig. 1), is a clas-
sic example of an accretionary orogen (Şengör 
et al., 1993; Şengör and Natal’in, 1996; Khain 
et al., 2002; Yakubchuk, 2004; Windley et al., 
2007; Seltmann et al., 2014; Xiao et al., 2015, 
2018). Its history of accretion is still controver-
sial, however, with various models proposed for 
the evolution of the Central Asian Orogenic Belt. 
Processes incorporated in these models involve, 
for example, the lateral stacking of arc systems 
along a series of strike-slip shear zones (Şengör 
et al., 1993; Şengör and Natal’in, 1996; Şengör 
et al., 2018), the amalgamation of multiple arc 
systems (Windley et al., 2007; Xiao et al., 2015; 

Li et al., 2017), oroclinal bending (Van der Voo 
et al., 2006; Abrajevitch et al., 2008; Levashova 
et al., 2012; Yi et al., 2015), trench migration 
(e.g., Zhang et al., 2016; Han et al., 2016a; Wang 
et al., 2018), or combinations of the above pro-
cesses (e.g., Li et al., 2018; Xiao et al., 2018; Li 
et al., 2019). In order to reconstruct the history 
of accretion in the Central Asian Orogenic Belt, 
it is important to understand the deformation 
history of each tectonic unit. This information 
can then be used to test various tectonic mod-
els, such as trench migration that commonly in-
volves episodes of overriding plate contraction 
and extension.

The Tianshan Orogen in the southern Central 
Asian Orogenic Belt was formed by subduction 
processes at the southern branch of the Paleo-
Asian Ocean and the subsequent collision be-
tween the Tarim Craton and island arcs. The 
orogen is made of a number of microcontinents, 
island and continental arcs, and accretionary 
complexes (Fig. 1; Charvet et al., 2007, 2011; 
Han et al., 2011; Xiao et al., 2013; Rojas-Agra-
monte et al., 2014; Degtyarev et al., 2017; Wang 
et al., 2018). Paleozoic accretion involved south-
ward and/or northward subduction (current coor-
dinates) of the Paleo-Asian oceanic plate below 
Precambrian microcontinents (Yili and Central 
Tianshan blocks, Fig. 1), and the development 
of the North Tianshan island arc system (e.g., 
Dananhu Arc, Fig. 1) (Allen et al., 1993a; Gao 
et al., 1998; Chen et al., 1999; Xiao et al., 2004; 
Charvet et al., 2007, 2011; Han et al., 2011; Xiao 
et al., 2013; Alexeiev et al., 2016; Wang et al., 
2018). Following the closure of the Paleo-Asian †pengfeili2013@gmail.com; pengfeili@gig.ac.cn.
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Ocean in the latest Paleozoic (e.g., Han et al., 
2011; Xiao et al., 2013), the Tianshan Orogen 
evolved into a collisional phase, and the earlier 
accretion-related geological record was signifi-
cantly overprinted. Previous studies have demon-
strated that widespread dextral strike-slip shear-
ing took place in the Tianshan Orogen during 
the Permian; together with evidence for folding, 
this deformation was attributed to the process of 
arc/continent amalgamation (Allen et al., 1995; 
Shu et al., 1999, 2002; Laurent-Charvet et al., 
2003; Yang et al., 2007; de Jong et al., 2009; 
Lin et al., 2009; Wang et al., 2010a, 2011; Cai 
et al., 2012; Wang et al., 2014c). Pre-Permian 
strike-slip shear zones, folds and secondary fo-
liations have also been documented (Gao et al., 
1995; Laurent-Charvet et al., 2002; Deng et al., 
2006; Lin et al., 2009; Wang et al., 2010a), but 
their tectonic significance has remained poorly 
understood.

This paper presents structural observations, 
new geochronological data, and tectonic synthe-
sis of the middle segment of the Chinese Tian-
shan Orogen (Gangou section, Fig. 1) with the 
aim of reconstructing the deformational history 
and providing structural constraints on the evolu-
tion of the Chinese Tianshan Orogen. A particu-
lar effort was made to recognize polyphase struc-
tures, which together with zircon and monazite 
U-Pb dating and 40Ar/39Ar geochronology, allow 

us to better understand the structural evolution 
of the study area. The new results provide an 
insight into the role of oblique tectonics, trench 
migration, and arc amalgamation during the evo-
lution of the Chinese Tianshan Orogen.

GEOLOGICAL SETTING

Chinese Tianshan Orogen

The Chinese Tianshan is an ∼E-W orogenic 
belt that extends for ∼1500 km and separates the 
Tarim Craton from the Junggar Basin and East/
West Junggar terranes (Fig. 1). The mountainous 
topography was developed during the Cenozoic 
in response to far-field stresses associated with 
the collision of India and Asia (Avouac et al., 
1993; Sobel and Dumitru, 1997; Tian et  al., 
2016). The geology of the Chinese Tianshan 
can be subdivided, from north to south, into the 
North Tianshan Belt, the Central Tianshan-Yili 
Block, and the South Tianshan Belt (Gao et al., 
1998; Charvet et al., 2011; Xiao et al., 2013). 
Geographically, the Western Tianshan and the 
Eastern Tianshan are the two segments of the 
Chinese Tianshan to the west and east of the 
Urumqi-Kuerle meridian, respectively (Fig. 1).

The North Tianshan Belt in the Western Tian-
shan is made predominantly of late Paleozoic 
deep-marine turbidite interlayered with ophiol-

itic mélange, which were interpreted to represent 
part of an accretionary complex that developed 
adjacent to the Devonian–Carboniferous Yili 
arc farther south (Wang et al., 2006; Xiao et al., 
2013). The North Tianshan Belt in the Eastern 
Tianshan consists of a series of Paleozoic island 
arcs (Bogda and Dananhu, Fig. 1), which are 
widely covered by Permian to Cenozoic sedi-
mentary rocks of the Tuha Basin (Allen et al., 
1993b; Wartes et al., 2002; Xiao et al., 2004).

The Central Tianshan–Yili Block is separated 
from the North Tianshan Belt by a strike-slip 
ductile shear zone (Main Tianshan Shear Zone; 
Fig. 1). The westward and eastward extensions 
of this shear zone are termed the North Tianshan 
Fault and the Aqikekuduke-Shaquanzi Fault, re-
spectively. Previous work has shown a dominant 
dextral movement along this shear zone, and 
40Ar/39Ar geochronological data constrained the 
timing of activity to ca. 290–244 Ma (Laurent-
Charvet et al., 2003; Yang et al., 2007; Cai et al., 
2012). To the south of this dextral shear zone, the 
triangle-shaped Yili Block, which only occurs in 
the Western Tianshan, is made of a Proterozoic 
basement, early Paleozoic carbonate, clastic 
rocks, intermediate to acid volcanic rocks, and 
a late Paleozoic volcano-sedimentary sequence 
(Yili Arc) (Gao et al., 1998; Zhou et al., 2001; 
Wang et  al., 2007b; Xiao et  al., 2013; Wang 
et al., 2014b; He et al., 2015; Huang et al., 2016; 

Figure 1. Geological map of the Chinese Tianshan Orogen (after Wang 2007). The inset topographic image is after Amante and Eakins (2009).
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An et al., 2017). Farther south, the Central Tian-
shan Block is separated from the Yili Block by 
a dextral strike-slip fault (North Nalati Fault; 
Fig. 1). The Central Tianshan Block comprises 
a Proterozoic basement (Huang et al., 2015, and 
references therein) overlain by Ordovician to Si-
lurian volcano-sedimentary rocks and Carbonif-
erous to Permian sedimentary rocks (BGMRX, 
1993; Xiao et  al., 2013). Within the Central 
Tianshan Block, the Central Tianshan Arc is 
defined by widespread Paleozoic calc-alkaline 
magmatic rocks (e.g., Charvet et al., 2007; Gao 
et al., 2009; Dong et al., 2011; Ma et al., 2014; 
Chen et al., 2015).

The South Tianshan Belt consists mainly 
of middle to late Paleozoic marine sedimen-
tary rocks, subordinate ophiolites, and volcanic 
rocks, which are affected by a series of imbri-
cated thrusts (Brookfield, 2000; Burtman, 2006; 
Gao et al., 2009; Biske and Seltmann, 2010; Han 
et al., 2011; Wang et al., 2011; Xiao et al., 2013; 
Jiang et al., 2014; Alexeiev et al., 2015). Recent 
radiometric dating from the ophiolitic rocks 
yielded ages in the range of 423–309 Ma (Han 
et al., 2015 and references therein; Wang et al., 
2018). An (ultra)high-pressure metamorphic 
complex that experienced peak metamorphism 
at ca. 324–312 Ma exists along the northern mar-
gin of the South Tianshan Belt in the Western 
Tianshan (Fig. 1) (Klemd et al., 2011; Li et al., 
2011; Yang et al., 2013; Zhang et al., 2013; Tan 
et al., 2019).

Geology of the Gangou Section

The Gangou section is exposed along the 
Urumqi–Kuerle road (Fig.  2). The following 
lithological description (Fig. 3) is based on the 
regional geological map (Kumishi sheet; BGM-
RX, 1959) and our field observations.

North Tianshan Belt
The oldest rocks in the North Tianshan Belt 

along the Gangou section belong to the Lower 
Carboniferous Xiaorequanzi Formation. These 
rocks are dominated by dark coarse-grained 
volcaniclastic rocks interlayered with andesite. 
They are conformably overlain by the Lower 
Carboniferous Yamansu Formation, which com-
prises andesite, volcaniclastic rocks, and minor 
clastic sedimentary rocks. The Upper Carbonif-
erous Dikan’er Formation, which consists main-
ly of conglomerate, sandstone, and tuff, shows 
an angular unconformity with the underlying 
rocks (BGMRX, 1959). The Paleozoic rocks are 
overlain by the Sangonghe Formation (Jurassic 
sandstone) and Shanshan Group (Cenozoic red-
dish sandstone and conglomerate).

A zone of ophiolitic mélange occurs along 
the Main Tianshan Shear Zone, which marks 

the southern boundary of the North Tianshan 
Belt. Based on geochemical considerations, a 
supra-subduction origin has been inferred for 
this ophiolite (Dong et al., 2006). The mélange 
includes serpentinite, chert, and marble blocks 
within a matrix of meta-greywacke and mica 
schist (Dong et al., 2006; Wang et al., 2010b).

The Kangguer-Huangshan Shear Zone in the 
Eastern Chinese Tianshan merges westward with 
the Main Tianshan Shear Zone (Fig. 1) (Wang, 
2007). The Carboniferous volcanic and sedimen-
tary rocks of the North Tianshan Belt along the 
Gangou section may represent the westward ex-
tension of the Dananhu arc (Fig. 1).

Central Tianshan Block
Rocks from the Central Tianshan Block 

along the Gangou section belong to the Pre-
cambrian Xingxingxia Group, Ordovician to 
Silurian Ahabulake Group, Lower Carbonifer-
ous Ma’anqiao Formation, and the Permian Aq-
ikebulake Formation (Fig. 3). The Xingxingxia 
Group is predominantly made of orthogneiss, 
paragneiss, quartzite, mica schist, amphibolite, 
and marble (Hu et al., 2000).

The Ahabulake Group is dominated by shal-
low-marine meta-sedimentary rocks and volca-
nic rocks, including dark green chlorite schist 
and mica schist (BGMRX, 1959). These rocks 
were deposited in the Ordovician–Silurian (Liu 
et al., 1988), possibly in a continental island arc 
(Charvet et al., 2007). The Ahabulake Group is 
unconformably overlain by the Ma’anqiao For-
mation, which consists mainly of Lower Carbon-
iferous reddish conglomerate, and interlayered 
limestone, sandstone, and siltstone. The early 
Permian Aqikebulake Formation locally out-
crops within the Central Tianshan Block, and is 
represented mainly by gray-green conglomerate 
and sandstone that show an angular unconformi-
ty with the underlying strata (BGMRX, 1959).

Granitoids are widespread in the Central 
Tianshan Block along the Gangou section. The 
earlier phase of granitic magmatism, in the Late 
Ordovician to Devonian, was characterized by 
S- and I-type granitoids that were likely associ-
ated with the subduction (Shi et al., 2007; Dong 
et al., 2011; Chen et al., 2015). The second phase 
of magmatism, in the Permian, is represented by 
A-type granitoids of a possible post-orogenic 
origin (Dong et al., 2011).

South Tianshan Belt
The South Tianshan Belt is separated from 

the Central Tianshan Block by the South Cen-
tral Tianshan Shear Zone (also termed the 
Sangshuyuanzi Shear Zone or Baluntai Fault; 
Fig. 2). Rocks in the South Tianshan Belt include 
Early to Middle Devonian mica schist, quartz 
schist, and marble (Aerbishimaibulake and 

Alatage formations). A gray-green lithological 
layer of chlorite mica schist and marble defines 
a regional-scale antiform (Fig.  2) (BGMRX, 
1959; Yang and Wang, 2006; Yang et al., 2007). 
Igneous rocks in the South Tianshan Belt are 
predominantly S-type granitoids of both Devo-
nian (foliated) and Permian (non-foliated) ages 
(Yang and Wang, 2006; Chen et al., 2013; Chen 
et al., 2015).

STRUCTURAL GEOLOGY

We divided the study area into six structural 
domains (Fig.  2). Domains 1–3 (North Tian-
shan Belt) are separated from Domains 4 and 5 
(Central Tianshan Block) by the Main Tianshan 
Shear Zone. Domain 6 is located in the South 
Tianshan Belt.

North Tianshan Belt

Rocks in the North Tianshan Belt are folded 
and faulted. In Domain 1, a south-dipping re-
verse fault separates north-dipping Jurassic rocks 
of the Sangonghe Formation from flat-lying Ce-
nozoic rocks of the Shanshan Group (Figs. 4, 
5A, and 5B). This fault zone was also respon-
sible for locally thrusting Upper Carboniferous 
rocks of the Dikan’er Formation over the flat-
lying Cenozoic Shanshan Group (Fig. 5C). The 
Cenozoic strata are folded adjacent to the fault 
zone (Fig. 5D). Farther south, the Upper Car-
boniferous Dikan’er Formation in Domain 2 is 
folded (subhorizontal NW-SE fold hinge and up-
right to inclined axial plane) and faulted (Figs. 4 
and 5E), accommodating ∼NE–SW contraction. 
The boundary between Domain 2 (Dikan’er 
Formation) and Domain 3 (Lower Carbonifer-
ous Yamansu Formation) is a southwest-dipping 
reverse fault (Figs. 4 and 5F). In Domain 3, a 
secondary foliation is recognized, defined by 
the alignment of lens-shaped clasts (Figs. 5G–
5I). The foliation is commonly steeply dipping 
to SSW and is generally subparallel to bedding 
(Fig. 5J); however, an oblique foliation relative 
to bedding was also observed (Figs. 4 and 5K). 
The axial plane of mesoscopic folds is parallel to 
the secondary foliation (Fig. 5L), indicating that 
the fabric in Domain 3 is an axial plane foliation. 
The axial plane foliation becomes more penetra-
tive toward the south, indicating a progressive 
increase in strain southward.

The Main Tianshan Shear Zone is character-
ized by the occurrence of an ∼2-km-wide my-
lonitic zone (Figs. 2 and 4). The mylonitic fabric 
is steeply dipping to the NNE or SSW, and the 
stretching lineation is shallowly plunging to the 
ESE or WNW (Figs. 4 and 6A). S-C fabric, C′ 
shear band, sigmoidal mica fish, and asymmet-
ric strain shadow around garnet  porphyroblasts 
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Figure 2. Geological map and cross section of the Gangou section (see location in Figure 1; BGMRX, 1959; Allen et al., 1993a). Zircon 
U-Pb ages of granitoids are from Chen et al. (2013, 2015), Shi et al. (2007), Dong et al. (2011), and Yang and Wang (2006). The macroscopic 
antiform in the South Tianshan Belt is defined by a gray-green lithological layer of chlorite-mica-schist and marble; the Permian granitoids 
in the core of the macroscopic antiform are non-foliated. Abbreviations: Permian (P), Carboniferous (C), Devonian (D), Ordovician to 
Silurian (O-S), Precambrian (Pr).
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 suggest a dextral movement along this shear 
zone (Figs.  6B–6F). The occurrence of sil-
limanite within the S-C fabric constrains the 
temperature during shearing to >500 ± 50 °C 
(Demange, 2012), consistently with evidence for 
high-temperature dynamic recrystallization of 
quartz by grain boundary migration (Fig. 6E). A 
NNE-directed thrust that crosscuts the mylonitic 
fabric indicates brittle reactivation of the Main 
Tianshan Shear Zone (Fig. 6G).

Central Tianshan Block

Structures in Domain 4
Domain 4 is dominated by Ordovician–Siluri-

an and Carboniferous low-grade meta-sedimen-
tary/volcanic rocks (Fig. 7A), with an angular 
unconformity between the two stratigraphic units 
(Fig. 3). A steeply dipping penetrative foliation 
(Figs. 8A and 8B), oriented ∼NW–SE (Figs. 7A 
and 7C), is recognized in the Ordovician–Silu-
rian rocks (Ahabulake Group). Outcrop-scale 
folds are also recognized and their axial planes 
are parallel to the penetrative foliation (Fig. 8C).

Carboniferous rocks (Ma’anqiao Formation) 
in Domain 4 are folded (Figs.  7A and 8D), 
with fold hinges moderately plunging to the SE 
(Figs. 7D and 7F). Exposures of the older (Ordo-
vician–Silurian) rocks both in the northern and 

the southern sides of the Carboniferous rocks 
suggest the existence of a map-scale syncline. A 
steeply dipping ∼NW–SE axial plane cleavage 
is recognized (Fig. 7E), showing variable angles 
relative to bedding (Figs. 8E and 8F). The axial 
plane cleavage is best developed in the core area 
of the map-scale syncline, and is undeveloped 
away from the core. In the lower part of the 
Ma’anqiao Formation, non-foliated limestone 
and siltstone unconformably overlie foliated 
rocks of the Ahabulake Group (Fig. 8G). Clasts 
of dark-green quartz schist with variable folia-
tion orientations occur in the basal conglomerate 
of the Ma’anqiao Formation (Fig. 8H), and are 
likely sourced from the underlying Ahabulake 
Group (based on the similarity in lithology and 
structure). Overall, the structural observations 
indicate that the penetrative fabric in the Ahabu-
lake Group was developed prior to the deposi-
tion of the Lower Carboniferous Ma’anqiao 
Formation.

Structures in Domain 5
Rocks in Domain 5 are predominantly high-

grade metamorphic rocks of the Xingxingxia 
Group, but the exact metamorphic grade is not 
well constrained due to the lack of index miner-
als. Based on our field observations, we define 
three lithostratigraphic units within this group 

(Fig. 7A). In the south, Unit 1 consists mainly 
of mica schist, quartz schist, biotite plagioclase 
gneiss, quartzofeldspathic gneiss, quartzite, mig-
matite, and minor granitic gneiss and marble. 
Unit 2, in the central part (Fig. 7A), comprises 
reddish augen granitic gneisses interlayered 
with dark biotite-plagioclase gneiss, migmatite, 
and amphibole-biotite-plagioclase schist. Unit 
3, in the north, comprises mica schist, biotite-
plagioclase gneiss, quartzofeldspathic gneiss, 
migmatite, and minor augen K-feldspar gneiss. 
Rocks of all three units (Domain 5) show a 
widespread mylonitic fabric that defines the 
South Central Tianshan Shear Zone. The shear 
zone is characterized by a sinistral mylonitic 
shear zone bounded by two dextral mylonitic 
zones (Fig. 7A). Non-foliated granitoids occur 
along the sinistral mylonitic zone. These gran-
itoids crosscut the mylonitic fabric, but show a 
map-view sigmoidal shape indicative of sinistral 
shearing (Figs. 8I and 8J).

Mylonitic fabric in the central part of Domain 
5 is steeply dipping and associated with a sub-
horizontal stretching lineation (Figs.  7G, 7H, 
and 9A). Sinistral kinematics is inferred from 
S-C fabric and the occurrence of sigma-shaped 
feldspar and lithic fragments (Figs. 9B and 9C). 
Microstructural evidence for quartz dynamic 
recrystallization through grain boundary migra-
tion (Fig. 9D) suggests high temperature (>500 
°C) shearing (Stipp et al., 2002). In a map view, 
slight variations in the orientations of the shear 
fabric may define regional-scale sinistral S-C 
structure (Fig. 7A). Sinistral shearing deforma-
tion is heterogeneous within the central part of 
Domain 5, with stretching lineation and shear 
sense criteria better developed in mica-rich li-
thologies.

In the northern and southern parts of Domain 
5, the mylonitic fabric is also steeply dipping 
and associated with the subhorizontal stretching 
lineation (Figs. 7I–7L, 9E, and 9G). S-C fab-
ric, as well as sigma-shaped feldspar, however, 
indicate dextral kinematics (Figs. 9F and 9H). 
Microstructures in the northern mylonite zone 
show evidence for both grain boundary migra-
tion and subgrain rotation recrystallization of 
quartz (Figs. 9I and 9J), indicating shearing at 
moderately high temperature (∼500 °C) (Stipp 
et al., 2002).

South Tianshan Belt

Rocks in Domain 6 (South Tianshan Belt) 
are characterized by a pervasive mylonitic fab-
ric and a subhorizontal ∼WNW–ESE stretch-
ing lineation (Fig. 10). The latter is commonly 
defined by oriented hornblende in amphibolite 
and stretched feldspar aggregates in granitic 
mylonite (Figs.  11A and 11B). Asymmetric 

Figure 3. Simplified time-
space diagram showing major 
lithostratigraphic units and 
granitic intrusions in the area 
of the Gangou section.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/11-12/2529/5172230/2529.pdf
by Guangzhou Institute of Geochemistry CAS user
on 01 November 2021



Pengfei Li et al.

2534 Geological Society of America Bulletin, v. 132, no. 11/12

quartz and feldspar porphyroclasts, as well as 
S-C fabric, indicate a top-to-ESE movement 
(Figs. 11C–11F). Evidence of polygonization 
(chessboard extinction of quartz; Fig.  11G) 
and grain boundary migration recrystallization 
(Fig. 11H) suggests high temperature (>500 °C) 
shearing (Stipp et al., 2002). In a macroscopic 
scale, the mylonitic fabric is folded with a steep-
ly dipping axial plane trending ∼E–W and a 
subhorizontal fold hinge oriented ∼WNW–ESE 
(Figs. 10 and 11I). Macroscopic folds are also 
mimicked by the curved distribution of layered 
gabbro (Figs. 10 and 11J). This gabbro, which is 
non-foliated and occurs along the mylonitic fab-
ric, was dated by U-Pb sensitive high-resolution 
ion microprobe (SHRIMP; zircon) and yielded 
an age of 302 ± 3 Ma (Xiao, 2013). The ∼E–W 
macroscopic folds are not associated with an ax-
ial plane fabric, and are crosscut by undeformed 
mafic dikes (Fig. 10) composed of calc-alkaline 
lamprophyres (Allen et al., 1993a).

GEOCHRONOLOGY

U-Pb Geochronology

Sample Description
In order to constrain the timing of deforma-

tion, two granitic samples from the Central 
Tianshan Block were collected for zircon U-Pb 
analyses (Fig. 7A). Sample L17TS17 is from a 
non-foliated granitoid in Domain 5, which in-
truded into sinistral mylonitic zone (Fig.  8J). 
Sample L17TS87 is an augen granite from Unit 
2 of the South Central Tianshan Shear Zone (Do-
main 5, Fig. 7A), which was affected by sinistral 
shearing.

Monazite U-Pb geochronology was conduct-
ed on three samples to constrain the timing of 
the top-to-ESE shear fabric (Fig. 10; for GPS 
coordinates see Table DR11). Sample L17TS52 
is a sheared (top-to-ESE) mica schist, compris-
ing staurolite, sillimanite, muscovite, biotite, 
and garnet (Fig. 11E). Sample L17TS75 is an 
augen granitic gneiss, consisting of K-feldspar, 
plagioclase, quartz, and muscovite. Elongated 
K-feldspar aggregates define the stretching 
lineation associated with the top-to-ESE shear 
fabric (Fig. 11B). Sample L17TS43 is a sheared 
(top-to-ESE) granitic gneiss that contains mainly 
quartz, K-feldspar, plagioclase, muscovite, and 
biotite (Fig. 11C).

1GSA Data Repository item 2020165, Figure DR1, 
Tables DR1 and DR2, and Dataset DR1, is available 
at http://www.geosociety.org/datarepository/2020 or 
by request to editing@geosociety.org.

Figure 4. Structural map, cross section, and stereographic projections (lower hemisphere, 
equal area) of fabric elements in the North Tianshan Belt (for the location, see Fig. 2). All 
planar structures are plotted as poles. Note that the geometry of map-scale folds in Domain 
3 is unconstrained due to strong bedding transposition.
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Figure 5. Photographs of structures in the North Tianshan Belt. (A) Cenozoic Shanshan Group unconformably overlying north-dipping 
strata of the Jurassic Sangonghe Formation. (B) Flat-lying Cenozoic rocks unconformably overlying Carboniferous rocks of the Dikan’er 
Formation. (C) South-dipping reverse fault separating the Carboniferous Dikan’er Formation from the Cenozoic Shanshan Group. (D) 
Folded Cenozoic rocks in the proximity of a reverse fault. (E) Folding associated with a north-dipping reverse fault (Dikan’er Formation). 
(F) Volcaniclastic rocks of the Yamansu Formation thrust northeastward over the Dikan’er Formation. (G–H) Slaty cleavage within the Ya-
mansu Formation. (I) Preferred alignment of lens-shaped volcanic clasts defining a foliation (Yamansu Formation). (J) Parallelism between 
bedding (S0) and foliation (Yamansu Formation). (K) Oblique intersection of bedding (S0) with the foliation in the Yamansu Formation. (L) 
Foliation parallel to fold axial plane (Yamansu Formation). Note that the occurrence of an axial plane fabric (G–L) characterizes rocks in 
the Yamansu Formation in Domain 3 (Fig. 4). A color version of all photographs in this paper is attached in Figure DR1 (see text footnote 1).
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Methods
Zircon and monazite grains were mounted in 

epoxy resin and polished to expose a near equato-
rial section. Cathodoluminescence (CL) and back-

scattered electron (BSE) investigation was carried 
out to determine internal structures within grains.

Zircon U-Pb analyses were conducted us-
ing secondary ion mass spectrometry (SIMS) 

( CAMECA IMS1280-HR system) at the 
Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences. The analytical procedure 
is documented in Li et al. (2009). Calibration of 
Pb/U ratios was done relative to the Plešovice 
zircon standard (337.13 Ma) (Sláma et  al., 
2008), which was analyzed repeatedly after ev-
ery four unknowns. The calibration was based 
on an observed linear relationship between 
ln(206Pb/238U) and ln(238U16O2/238U) (White-
house et  al., 1997). A long-term uncertainty 
of 1.5% (1 relative standard deviation [RSD]) 
for 206Pb/238U measurements of standard zir-
con grains was propagated to the unknowns 
(Li et  al., 2010), despite that the measured 
206Pb/238U error in a specific session is gener-
ally around 1% (1 RSD) or less. U and Th con-
centrations of unknowns were also calibrated 
relative to the standard zircon Plešovice, with 
Th and U concentrations of 78 and 755 ppm, 
respectively (Sláma et  al., 2008). Measured 
compositions were corrected for common Pb 
using non-radiogenic 204Pb. The common Pb 
composition was assumed based on the model 
of Stacey and Kramers (1975). A secondary 
zircon standard, Qinghu (Li et al., 2013), was 
analyzed as unknown to monitor the reliability 
of the analysis. For the Qinghu zircon, 12 ana-
lytical spots were conducted, yielding a con-
cordia age of 159.3 ± 1.4 Ma, which is identi-
cal (within error) to the recommended value of 
159.5 ± 0.2 Ma (Li et al., 2013). Uncertainties 
on single analyses are reported at the 1σ level, 
whereas weighted mean ages for pooled U-Pb 
analyses are quoted with a 95% confidence 
interval. Data reduction was conducted with 
the software developed at NORDSIM by Dr. 
Martin Whitehouse. For the age calculation, we 
used the Isoplot 4.15 toolkit on Microsoft Excel 
(Ludwig, 2003).

Monazite U-Pb dating was conducted by la-
ser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) at the Wuhan Sam-
ple Solution Analytical Technology Co., Ltd., 
Wuhan, China. Laser sampling was performed 
using a GeolasPro laser ablation system that 
consists of a COMPexPro 102 ArF excimer laser 
(wavelength of 193 nm and maximum energy of 
200 mJ) and a MicroLas optical system. An Agi-
lent 7700e ICP-MS instrument was used to ac-
quire ion-signal intensities. Helium was applied 
as a carrier gas. Argon was used as the make-up 
gas mixed with the carrier gas via a T-connector 
before entering the ICP. A “wire” signal smooth-
ing device is included in this laser ablation sys-
tem, by which smooth signals are produced even 
at very low laser repetition rates down to 1 Hz 
(Hu et al., 2015). It is valid for in situ U-Pb dat-
ing of high-U minerals (Zong et al., 2015). The 
spot size and frequency of the laser were set to 
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Figure 6. Photographs from the Main Tianshan Shear Zone. (A) Stretching lineation in 
mylonitic granitoid, defined by the alignment of quartz-feldspar aggregates. (B) Sigmoidal 
feldspar porphyroclasts illustrating dextral shear sense (horizontal view oriented subparal-
lel to the stretching lineation). (C) S-C fabric, C′ shear bands, and sigmoidal porphyroclasts, 
indicating dextral shearing (plane-polarized light). Note the occurrence of sillimanite along 
the S-C fabric (sill: sillimanite; g: garnet). (D) Asymmetric strain shadow around garnet, 
showing dextral kinematics (cross-polarized light). (E) Irregular quartz grain boundaries 
indicating recrystallization by grain boundary migration (cross-polarized light). (F) Mica 
fish showing dextral shear sense (cross-polarized light; Mus: muscovite). (G) NNE-directed 
reverse fault within the Main Tianshan Shear Zone.
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Figure 7. (A) Structural map of the Central Tianshan Block (see the location in Fig. 2). Note that the South Central Tianshan Shear 
Zone in Domain 5 includes dextral mylonitic zones in the north and south, and a sinistral mylonite zone in the center. Structural 
trends are based on the interpretation of satellite images (Dataset DR1; see footnote 1) and our observations. (B) Structural transect 
across the southern Central Tianshan Block. (C–L) Stereographic plots (lower hemisphere, equal area) for structural elements in 
Domains 4 and 5. All planar structures are plotted as poles.
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16 µm and 2 Hz, respectively. Monazite standard 
44069 and glass NIST610 were taken as external 
standards for U-Pb dating and trace element cali-
bration, respectively. Each analysis incorporated 
a background acquisition of ∼20–30 s followed 
by 50 s of data acquisition from the sample. An 
Excel-based software ICPMSDataCal was used 
to perform offline selection and integration of 
background and analyzed signals, time-drift 
correction, and quantitative calibration for trace 
element analysis and U-Pb dating (Liu et  al., 
2008; Liu et al., 2010). Concordia diagrams and 
weighted mean calculations were done using the 
Isoplot 4.15 toolkit (Ludwig, 2003).

Results
CL images of selected analyzed zircon grains, 

and U-Pb analytical results, are presented in 
Figure 12 and Table DR1. Zircon grains from 
all samples are euhedral and show oscillatory 
zoning, thus indicating an igneous origin. After 
excluding the two youngest outliers, a weight-
ed mean 206Pb/238U age of 399.1 ± 2.6 Ma 
(MSWD = 0.93) is obtained for other analyses of 
sample L17TS17. For sample L17TS87, a con-
cordia age of 408.2 ± 3.0 Ma (MSWD = 0.31) 
was calculated.
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Figure 8. Photographs of structures in the 
Central Tianshan Block (Domain 4). (A) 
Penetrative foliation in the Ordovician–Si-
lurian Ahabulake Group. (B) Hornblende 
(Hbl) grains aligned along the foliation in 
an amphibole schist within the Ahabulake 
Group. (C) Folded quartz veins (Qz) with 
an axial plane parallel to the penetrative fo-
liation (Ahabulake Group). (D) Folds in the 
Lower Carboniferous Ma’anqiao Forma-
tion. (E) Orthogonal relationships between 
bedding and cleavage (Ma’anqiao Forma-
tion). (F) Oblique relationships between 
bedding and cleavage (Ma’anqiao Forma-
tion). (G) Non-foliated limestone and minor 
siltstone layers in the lower Ma’anqiao For-
mation unconformably overlying foliated 
rocks of the Ahabulake Group (see A and 
B). (H) Clasts of foliated quartz schist in the 
basal conglomerate of the Ma’anqiao For-
mation, which are likely sourced from the 
underlying Ahabulake Group. Note variable 
foliation orientations in different clasts. (I) 
Satellite image showing the sigmoidal shape 
of non-foliated granitoids (dotted lines) 
within the sinistral central mylonite zone. 
The trace of the mylonitic fabric is shown by 
dash lines. The white star is the location of J. 
(J) Intrusive contact between a non-foliated 
granitoid and mylonite (oblique view).
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Monazite grains from three samples are 
100–250 µm in size. Backscattered electron 
images show homogeneous or faint irregular 
zoning. In samples L17TS43 and L17TS52, 
most monazite ages are clustered tightly on the 
concordia curve (Fig. 12 and Table DR1). The 
few outliers with younger and discordant/sub-
discordant ages may have resulted from variable 
disturbances of the U-Pb system. After exclud-
ing two outliers, a weighted mean 206Pb/238U age 
of 299.7 ± 2.3 Ma (MSWD = 2) was calculated 
for sample L17TS43 (Fig. 12C). A similar age 
of 299.1 ± 1.5 Ma (MSWD = 1.8) was obtained 
from sample L17TS52 after excluding three 
outliers (Fig. 12D). A weighted mean 206Pb/238U 
age of 303.7 ± 1.4 Ma (MSWD = 1.6) was cal-
culated for sample L17TS75 (Fig. 12E).

40Ar/39Ar Geochronology

Sample Description
Nine samples were analyzed by 40Ar/39Ar 

geochronology to constrain the timing of defor-
mation along the Gangou section (Figs. 4, 7A, 
and 10, and Table 1). An amphibole schist sam-
ple (L16TS13) from the Ahabulake Group in the 
Central Tianshan Block (Domain 4, Fig. 4) com-
prises hornblende, quartz, and plagioclase, with 
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Figure 9. Photographs and photomicro-
graphs of the South Central Tianshan 
Shear Zone in the Central Tianshan Block 
(Domain 5). (A) Stretching lineation in the 
central mylonite zone. (B–C) S-C fabric and 
sigmoidal quartz-feldspar aggregates dem-
onstrating sinistral kinematics along the 
central mylonite zone (plane-polarized light 
for C). (D) Irregular quartz grain bound-
aries indicating grain boundary migration 
recrystallization within the central mylonite 
zone (cross-polarized light). (E) Stretching 
lineation in mica schist (northern mylonite 
zone). (F) C′ shearing bands showing dex-
tral kinematics (northern mylonite zone). 
(G) Stretching lineation in mica schist 
(southern mylonite zone). (H) Dextral move-
ment along the southern mylonite zone, 
defined by sigmoidal feldspar (Fsp) porphy-
roclasts (plane-polarized light). (I) Irregu-
lar quartz grain boundaries associated with 
grain boundary migration recrystallization 
(cross-polarized light). (J) Dynamically 
recrystallized quartz formed by subgrain 
rotation (cross-polarized light). All thin sec-
tions are cut parallel to stretching lineation 
and perpendicular to foliation. Horizontal 
view oriented subparallel to the stretching 
lineation for field photos (B and F).
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hornblende aligned along the foliation (Fig. 8B). 
One mica schist sample (L17TS14-2) with dex-
tral shear fabric was collected from Unit 3 of 
the Xingxingxia Group (Central  Tianshan Block, 

Domain 5; Fig.  7). Two mica schist samples 
(L16TS11 and L16TS12) with a pervasive 
sinistral shear fabric were taken from Unit  2 
of the Xingxingxia Group (Central Tianshan 

Block, Domain 5; Fig. 7). Four samples were 
selected from the South Tianshan Belt (Domain 
6; Fig. 10), where the mylonitic fabric shows 
top-to-ESE kinematics. Sample L16TS09 is an 

Figure 10. Structural map and transect of the South Tianshan Belt (for the location, see Fig. 2). Note that top-to-ESE shear fabric is folded 
to form ∼E-W macroscopic folds with steeply dipping axial planes and fold hinges plunging to ∼ESE. Structural trends are based on the 
interpretation of satellite images (Dataset DR1; see footnote 1) and our observations. Zircon U-Pb ages of granitoids are from Chen et al. 
(2015) and Yang and Wang (2006).
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amphibole biotite schist, and sample L16TS29 
is a staurolite mica schist. Sample L16TS27 
is a mylonitic granitoid composed of quartz, 
K-feldspar, plagioclase, muscovite, and minor 
biotite. Sample L16TS32 was collected from an 
amphibolite layer, in which oriented hornblende 
grains define an ∼NW–SE stretching lineation 
(Fig. 11A).

Methods
Samples were crushed and washed in dis-

tilled water and ethanol in an ultrasonic bath. 
We selected biotite from samples L16TS11 and 
L16TS09, muscovite from samples L16TS12, 
L17TS14-2, and L16TS27, and hornblende from 
samples L16TS32 and L16TS13. Both biotite and 
muscovite were selected from sample L16TS29. 
All crystals were carefully hand-picked under a 
binocular microscope. Samples were loaded into 
several large wells of one 1.9-cm-diameter and 
0.3-cm-deep aluminum disc. These wells were 
bracketed by small wells that included Fish Can-
yon sanidine (FCs) used as a neutron fluence 
monitor for which an age of 28.294 ± 0.036 Ma 
(1σ) was adopted (Renne et al., 2011). The discs 
were Cd-shielded (to minimize undesirable 
nuclear interference reactions) and irradiated 
in the Oregon State University nuclear reac-
tor (USA), in a central position, for 25 h. The 
mean J-value computed from standard grains 
within the small pits is 0.0108468 ± 0.0000174 
(0.16%); it was calculated from the average and 
standard deviation of J-values of the small wells 
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Figure 11. Photographs and photomicro-
graphs of structures in the South Tianshan 
Belt (Domain 6). (A) Amphibolite sample 
(L16TS32) with preferred alignment of 
hornblende that defines stretching linea-
tion. (B) Stretching lineation defined by 
elongated K-feldspar aggregates in augen 
gneiss (sample L17TS75). (C–F) Top-to-
ESE sense of shear in mylonitic fabric, in-
dicated by asymmetric quartz, feldspar or 
quartz-feldspar aggregates. (G) Chessboard 
extinction in quartz. (H) Irregular quartz 
grain boundaries indicating grain boundary 
migration recrystallization. (I) Folded top-
to-ESE mylonitic fabric. (J) Non-foliated 
gabbro intruded along the top-to-ESE my-
lonitic fabric. All thin sections are cut paral-
lel to stretching lineation and perpendicular 
to foliation (plane-polarized light for F and 
cross-polarized light for E, G, and H). Hori-
zontal view in C and D is oriented sub-per-
pendicular to the foliation and subparallel 
to the stretching lineation.
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for each irradiation disc. Mass discrimination 
was monitored using an automated air pipette, 
with values ranging from 0.99204 ± 0.00020 
to 1.00415 ± 0.00030 per dalton (atomic mass 
unit) relative to an air ratio of 298.56 ± 0.31 (Lee 
et al., 2006). The correction factors for interfer-
ing isotopes were (39Ar/37Ar) Ca = 6.95 × 10–4 
(±1.3%), (36Ar/37Ar) Ca = 2.65 × 10–4 (±0.84%) 
and (40Ar/39Ar) K = 7.30 × 10–4 (±12.4%) 
(Renne et al., 2013).

40Ar/39Ar analyses were performed at the 
Western Australian Argon Isotope Facility (Cur-
tin University). The samples were step-heated 
using a 110 W Spectron Laser Systems, with 
a continuous Nd-YAG (neodymium-doped yt-
trium aluminum garnet; infrared; 1064 nm) la-
ser rastered over the sample during one minute 
to ensure a homogenously distributed tempera-

ture. The gas was purified in a stainless-steel 
extraction line using two SAES AP10 getters 
and a GP50 getter. Ar isotopes were measured 
in a static mode using a MAP 215-50 mass 
spectrometer (resolution of ∼450; sensitivity of 
4 × 10–14 mol/V) with a Balzers SEV 217 elec-
tron multiplier using 9–10 cycles of peak-hop-
ping. The data acquisition was performed with 
the Argus program written by M.O. McWilliams 
and ran under a LabView environment. The raw 
data were processed using the ArArCALC soft-
ware (Koppers, 2002) and the ages were calcu-
lated using the decay constants recommended 
by Renne et al. (2010). Blanks were monitored 
every three to four steps, and typical 40Ar blanks 
range from 1 × 10–16 to 2 × 10–16 mol. Ar isoto-
pic data corrected for blank, mass discrimination 
and radioactive decay are given in Table DR2 

(see footnote 1), with individual errors given at 
the 1σ level.

Plateau ages were determined based on the 
following criteria: (1) a plateau must include at 
least 70% of 39Ar; and (2) the plateau should be 
distributed over a minimum of three consecu-
tive steps, agreeing at 95% confidence level, 
and satisfying a probability of fit (P) of at least 
0.05. Plateau ages are given at the 2σ level and 
are calculated using the mean of all the plateau 
steps, each weighted by the inverse variance of 
their individual analytical error. Mini-plateaus 
are defined similarly except that they include 
between 50% and 70% of 39Ar, thus providing a 
less reliable age. All sources of uncertainties are 
included in the calculation.

Results
Analytical results and age spectra are present-

ed in Table 1, Table DR2, and Figure 13. Biotite 
grains from samples L16TS09 and L16TS29-2 
in the South Tianshan Belt yielded two plateau 
ages of 295.5 ± 2.3 Ma and 293.3 ± 1.5 Ma, 
which are similar to two muscovite ages of 
295.6 ± 1.3 (L16TS27) and 293.3 ± 1.6 Ma 
(L16TS29-1; Figs.  13A–13D). An addition-
al hornblende sample (L16TS32) from the 
South Tianshan Belt yielded a plateau age of 
298.6 ± 1.0 Ma (Fig. 13E) including ∼75% of 
the total 39Ar released, although we note that the 
plateau is distributed over only two large steps.

In the Central Tianshan Block, hornblende 
from the Ahabulake Group (sample L16TS13) in 
the Central Tianshan Block yielded a plateau age 
of 356.4 ± 6.5 Ma (Fig. 13F). Sample L16TS11 
from the sinistral mylonitic zone of the South 
Central Tianshan Shear Zone yielded a plateau 
age of 247.7 ± 1.4 Ma (biotite; Fig. 13G). A mus-
covite sample (L16TS12) yielded a mini-plateau 
age of 249.4 ± 1.0 Ma with all but one of sec-
ond to ninth steps, being concordant (P = 0.44) 
and including 66% of the total 39Ar released 
(Fig. 13H). This age is treated with caution; we 
note that it is statistically indistinguishable from 
the biotite 40Ar/39Ar age albeit not robust enough 
to derive any cooling rate. Sample L17TS14-2 
from the dextral mylonitic zone of the South 
Central Tianshan Shear Zone yielded a musco-
vite plateau age of 259.4 ± 0.9 Ma (Fig. 13I).

DISCUSSION

Timing of Deformation along the Gangou 
Section

North Tianshan Belt
Deformation in the North Tianshan Belt 

( Domain 1, Fig. 4) involved thrusting and fold-
ing of the Cenozoic Shanshan Group (Figs. 5C 
and 5D). This contractional deformation may 
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Figure 12. Concordia and probability dia-
grams for zircon and monazite U-Pb anal-
yses. Data plotted as unfilled ellipses are 
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Circles with diameters of 30 µm (zircon) 
and 16 µm (monazite) indicate locations of 
U-Pb analyses.
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correspond to Cenozoic brittle reactivation along 
the Main Tianshan Shear Zone, which involved 
north-directed thrusting (Fig. 6G). Farther south, 
in Domains 2 and 3, ∼NW–SE-trending folds 
and reverse faults affected Upper Carboniferous 
rocks of the Dikan’er Formation. This deforma-
tion, therefore, must have occurred during or 
after the latest Carboniferous.

Central Tianshan Block
Dextral shearing deformation along the 

Main Tianshan Shear Zone has been dated by 
40Ar/39Ar geochronology. Laurent-Charvet 
et al. (2003) reported 269.1 ± 5.4 Ma muscovite 
40Ar/39Ar plateau age and 244.7 ± 2.6 Ma biotite 
40Ar/39Ar isochron age. Yang et al. (2009) dated 
syn-kinematic muscovite and biotite, which both 
yielded an 40Ar/39Ar plateau age of ca. 266 Ma, 
younger than a biotite 40Ar/39Ar plateau age 
of 290 ± 2.4 Ma reported by Cai et al. (2012). 
These 40Ar/39Ar ages may represent the timing 
of deformation or the cooling age of dated min-
erals through their closure temperature. Our mi-
crostructural observations show the occurrence 
of quartz recrystallization by grain boundary 
migration (Fig. 6E), which, together with evi-
dence for prism <c> slip for quartz c-axis fabric 
(Cai et al., 2012), indicate high-temperature (up 
to ∼650 °C) shearing. The appearance of middle 
to low temperature basal <a> and rhomb <a> slip 
for quartz c-axis fabric along the Main Tianshan 
Shear Zone (Laurent-Charvet et al., 2003; Cai 
et al., 2012) indicates multiple stages of shear 
deformation. Therefore, we suggest that the vari-
able 40Ar/39Ar ages (ca. 290 Ma, 269–266 Ma, 
and ca. 244 Ma) from the syn-kinematic biotite 
and muscovite correspond to multiple stages of 
activity along the Main Tianshan Shear Zone. 
Farther south, dextral shearing along the South 
Central Tianshan Shear Zone (Domain 5 in 
Fig. 7) may have taken place at the same period, 
as indicated by the syn-deformational musco-
vite 40Ar/39Ar age (ca. 260 Ma) presented in this 
study (Fig. 13I).

Our structural observations recognized an 
episode of sinistral shearing along the South 
Central Tianshan Shear Zone (Domain 5). Simi-
lar kinematics has also been reported by Allen 
et  al. (1993a), Laurent-Charvet et  al. (2003), 
Yang et  al. (2004), and Deng et  al. (2006). 

The mylonitic granitoids affected by this de-
formation yielded a SIMS zircon U-Pb age 
of 408.2 ± 2.6 Ma (sample L17TS87 in this 
study; Fig. 12B), which provides a maximum 
constraint for the timing of sinistral shearing. 
The non-foliated granitoid (sample L17TS17), 
which intrudes the sinistral mylonitic zone 
(Fig. 8J), yielded a SIMS zircon U-Pb age of 
399.1 ± 2.6 Ma (Fig. 12A). The dated non-foli-
ated granitoid shows a macroscopic sigmoidal 
shape (Fig. 8I), which seems to indicate sinistral 
shearing, thus suggesting a (late) syn-kinematic 
emplacement. The ca. 399 Ma zircon age may 
thus represent the time of sinistral shearing along 
the South Central Tianshan Shear Zone. This age 
constraint is in agreement with a previously pub-
lished muscovite 40Ar/39Ar age of 393 ± 6 Ma, 
which was obtained from sinistral mylonitic 
rocks associated with the South Central Tian-
shan Shear Zone (Deng et al., 2006). However, 
biotite and muscovite extracted from the sinistral 
mylonitic zone in this study yielded an 40Ar/39Ar 
plateau age of 247.7 ± 1.4 Ma and a near mini-
plateau (MP) age of 249.4 ± 1.0 Ma (Figs.  7, 
13G, and 13H), respectively. These new ages 
are considerably younger than the inferred ca. 
399 Ma deformation age. Given that these ages 
coincide with the timing of dextral deformation, 
we assume that some of the syn-kinematic min-
erals within the sinistral mylonitic zone were 
thermally reset during the subsequent phase of 
dextral shearing.

Hornblende extracted from the cleavage 
domain within Ordovician–Silurian rocks of 
the Ahabulake Group (Domain 4) yielded an 
40Ar/39Ar age of 356.4 ± 6.5 Ma (Fig.  13F), 
similarly to a previously reported 40Ar/39Ar 
biotite age (358.4 ± 1.2 Ma) from the Ahabu-
lake Group (Fig. 4) (Yang et al., 2007). These 
40Ar/39Ar ages may either represent the tim-
ing of fabric formation, or the age of cooling 
through the closure temperatures of the dated 
minerals. Given the relatively high closure tem-
perature of hornblende (500–550 °C) and the 
lack of high-temperature metamorphic mineral 
assemblages (e.g., garnet or sillimanite) in the 
meta-sedimentary/volcanic rocks of the Ahabu-
lake Group, we think that the interpretation of 
the 40Ar/39Ar age (ca. 356 Ma) as the time of 
fabric formation is more appropriate. If so, this 

deformation would correspond to an episode of 
∼NE–SW contraction in the earliest Carbonifer-
ous. This time constraint is supported by the fact 
that foliated Ordovician–Silurian clasts occur in 
the basal conglomerate of the Lower Carbonif-
erous sequence (Fig. 8H), thus suggesting that 
the Lower Carboniferous rocks were deposited 
after the fabric development in the Ordovician–
Silurian Ahabulake Group. The constraint is also 
supported by the observation that non-foliated 
limestone and siltstone in the lower Ma’anqiao 
Formation unconformably overlie foliated rocks 
of the Ahabulake Group (Fig. 8G).

The timing of folding in the Ma’anqiao For-
mation (above the Ordovician–Silurian Ahabu-
lake Group in Domain 4) is not well constrained. 
Charvet et al. (2007) inferred that this deforma-
tion event likely occurred in the Late Carbonif-
erous in response to an initial stage of collision 
(see discussion below). The suggestion is sup-
ported by the occurrence of an angular uncon-
formity between Permian sedimentary rocks and 
the folded rocks of the Ma’anqiao Formation 
(Figs. 2 and 3) (BGMRX, 1959).

South Tianshan Belt
Based on zircon U-Pb geochronology, 

gneissic granitoids in the South Tianshan Belt 
(Domain 6) were emplaced at 407–396 Ma 
(Yang and Wang, 2006; Chen et  al., 2015). 
These zircon ages are considerably older than 
our monazite U-Pb ages of 303–299 Ma from 
sheared schists and gneisses. Hornblende, mus-
covite and biotite 40Ar/39Ar ages from granitic 
gneiss, mica schist and amphibolite are 298–
293 Ma (Figs. 13A–13E). These new 40Ar/39Ar 
ages overlap with published 40Ar/39Ar ages 
(302.4 ± 8.9 Ma for hornblende; 299.6 ± 1.3 
and 298.9 ± 1.2 Ma for muscovite; 292.8 ± 0.9 
and 287.8 ± 0.8 Ma for biotite) from granitic 
gneiss in the South Tianshan Belt (Yang et al., 
2007). A slightly older 40Ar/39Ar biotite age 
of 311.9 ± 1.7 Ma was also reported by Yang 
et al. (2007), but this age is characterized by 
a hump-shaped spectra and is at odds with a 
292.8 ± 0.9 Ma 40Ar/39Ar biotite age from the 
same site. Overall, mylonitic rocks in the South 
Tianshan Belt contain 303–299 Ma monazite 
grains that are slightly older than the horn-
blende, muscovite, and biotite 40Ar/39Ar ages. 

TABLE 1. SUMMARY OF NEW 40Ar/39Ar AGES

Sample no. 
(WGS84)

Latitude 
(°N)

Longitude 
(°E)

Tectonic unit Deformation features Dated 
minerals

Plateau ages 
(Ma)

L16TS09 42°17′54′′ 88°28′52′′ South Tianshan Belt (Domain 6) DS1 top-to-ESE shearing Biotite 295.5 ± 2.3
L16TS27 42°17′25′′ 88°29′6′′ South Tianshan Belt (Domain 6) DS1 top-to-ESE shearing Muscovite 295.6 ± 1.3
L16TS29-1 42°17′42′′ 88°29′9′′ South Tianshan Belt (Domain 6) DS1 top-to-ESE shearing Muscovite 293.3 ± 1.6
L16TS29-2 42°17′42′′ 88°29′9′′ South Tianshan Belt (Domain 6) DS1 top-to-ESE shearing Biotite 293.3 ± 1.5
L16TS32 42°17′51′′ 88°29′1′′ South Tianshan Belt (Domain 6) DS1 top-to-ESE shearing Hornblende 298.6 ± 1.0
L16TS13 42°27′50′′ 88°40′12′′ Central Tianshan Block (Domain 4) DC2 axial planar fabric Hornblende 356.4 ± 6.5
L16TS11 42°20′3′′ 88°29′46′′ Central Tianshan Block (Domain 5) DC1 sinistral shearing Biotite 247.7 ± 1.4
L16TS12 42°20′3′′ 88°29′46′′ Central Tianshan Block (Domain 5) DC1 sinistral shearing Muscovite 249.4 ± 1.0
L17TS14-2 42°21′24′′ 88°26′54′′ Central Tianshan Block (Domain 5) DC4 dextral shearing Muscovite 259.4 ± 0.9
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The monazite ages could either represent the 
timing of top-to-ESE shearing, or a pre-shear-
ing deformation/metamorphic event.

The dynamically recrystallized quartz asso-
ciated with shearing shows irregular shape and 
lobate contacts (Fig. 11H), indicating recrystal-
lization in high temperatures (>500 °C) through 
grain boundary migration (Stipp et al., 2002). 
The assignment of a high crystallization tem-
perature is further supported by the presence 
of chessboard extinction of quartz (Fig. 11G), 
which is generated by the α-β transforma-
tion (>630 °C) in quartz (Kruhl, 1996; Stipp 
et al., 2002). Given that monazite could have 
been crystallized during low-grade metamor-
phism (<440 °C) (Janots et al., 2008) and the 
top-to-ESE deformation temperature reached 
630 °C, we think that it is more likely that the 
303–299 Ma monazite age represents the tim-
ing of top-to-ESE shearing. The 298–293 Ma 
40Ar/39Ar ages represent the timing of cooling 
in the South Tianshan Belt below the closure 
temperature of dated minerals (585 ± 50 °C 
for hornblende, 425 ± 70 °C for muscovite, 
and 365 ± 35 °C for biotite) (Scibiorski et al., 
2015), which could have been driven by con-
tinuous top-to-ESE shearing. These 40Ar/39Ar 
ages could also provide a maximum constraint 
for the timing of macroscopic folds in the South 
Tianshan Belt.

A series of mafic dikes crosscut the mac-
roscopic folds in the South Tianshan Belt 
(Domain 6; Fig. 10) and the Central Tianshan 
Block (Domain 4; Fig. 7). One of these dikes 
yielded a whole-rock 40Ar/39Ar isochron age of 
194.3 ± 0.6 Ma (Zhou et al., 2008). This age is 
likely a mixture between the age of alteration 
and the true crystallization age, as commonly 
observed in whole-rock 40Ar/39Ar analyses of 
mafic rocks (e.g., Hofmann et al., 2000; Jour-
dan et al., 2012). The age, therefore, provides 
a strict minimum constraint on the timing of 
folding in the South Tianshan Belt and Central 
Tianshan Block.

Structural Evolution of the Chinese 
Tianshan Orogen along the Gangou Section

Our structural observations show variable 
deformation styles across the North Tianshan 
Belt, the Central Tianshan Block, and the 
South  Tianshan Belt. Here we summarize the 
structural history based on our observations 
and the geochronological constraints. We use 
DN1–2, DC1–4 and DS1–2 to refer to episodes of 
deformation in the North Tianshan Belt, Cen-
tral Tianshan Block, and South Tianshan Belt, 
respectively. In order to avoid repetition, we 
discuss dextral shear deformation only in the 
context of the Central Tianshan Block, even 
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Figure 13. 40Ar/39Ar step heating 
results for analyzed samples. Note 
that a muscovite sample (L16TS12, 
Fig. 13H) yielded a near mini-plateau 
(MP) age of 249.4 ± 1.0 Ma with all 
but one of second to ninth steps being 
concordant and including 66% of the 
total 39Ar released. The other samples 
yielded well-defined plateau ages. 
MSWD—mean square of weighted 
deviates.
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though this deformation also affected the 
margins of the North Tianshan Belt and South 
Tianshan Belt.

North Tianshan Belt
Deformation in the North Tianshan Belt in-

volved mainly two generations of structures. 
The first phase of deformation (DN1) is associ-
ated with mesoscopic and macroscopic upright 
to inclined folds. These structures, which are 
recognized in most parts of the North Tianshan 
Belt (Domains 2 and 3; Fig. 4), are indicative 
of subhorizontal ∼NE–SW shortening during or 
after the latest Carboniferous. Deformation was 
characterized by an increase in shortening strain 
toward the south, as indicated by the occurrence 
of axial plane foliation within the Yamansu 
Formation in the southern North Tianshan 
Belt (Fig.  4). A second phase of deformation 
(DN2), which took place during the Cenozoic, 
was  responsible for folding and northeastward 
thrusting along the northern margin of the North 
Tianshan Belt (Domain 1; Fig. 4). Overprinting 
relationships between DN1 and DN2 structures are 
rarely recognized. A reverse fault with NE-di-
rected movement, which crosscuts the mylonitic 
fabric of the dextral Main Tianshan Shear Zone 
(Fig. 6G), may correspond to the DN2 phase of 
deformation.

Central Tianshan Block
Four phases of deformation are recognized in 

the Central Tianshan Block (DC1–DC4). The ear-
liest deformation (DC1), constrained to the Early 
Devonian (ca. 399 Ma), involved sinistral strike-
slip shearing along the South Central Tianshan 
Shear Zone (Domain 5; Fig.  7). Subsequent 
deformation (DC2) is represented by the occur-
rence of a penetrative axial-planar foliation in 
the Ahabulake Group (Domain 4; Fig. 7). This 
deformation, which is constrained to ca. 356 Ma 
(hornblende 40Ar/39Ar age from the Ahabulake 
Group), was associated with subhorizontal 
∼NE–SW shortening, and was followed by the 
deposition of the Ma’anqiao Formation. A later 
phase of ∼NE–SW shortening (DC3), in the Late 
Carboniferous, was responsible for folding the 
Lower Carboniferous Ma’anqiao Formation and 
the development of a spaced axial plane folia-
tion. The effect of DC3 on the earlier structures 
(DC1 and DC2) are not well constrained, but we 
consider that DC3 did not significantly modify 
the orientation of earlier structures because there 
is no evidence that late folding affected DC1 and 
DC2. Therefore, we think that the subvertical fab-
ric (DC1 and DC2) likely represents the original 
orientation.

Dextral strike-slip deformation (DC4) affected 
the whole Central Tianshan Block. This defor-
mation occurred mainly along the northern and 

southern margin of the Central Tianshan Block 
(Fig. 7), and likely led to the juxtaposition of 
rocks from different crustal levels in Domains 
4 and 5. The timing of DC4 deformation is con-
strained to 290–244 Ma by 40Ar/39Ar dating 
(Laurent-Charvet et al., 2003; Yang et al., 2009; 
Cai et al., 2012 and this study).

South Tianshan Belt
Two phases of deformation are recorded in 

the South Tianshan Belt (Domain 6). The earlier 
deformation (DS1), ca. 303–299 Ma by mona-
zite U-Pb and 40Ar/39Ar ages (Figs.  12C–12E 
and 13A–13E), produced top-to-ESE shear 
fabric and ∼WNW–ESE stretching lineation. 
This fabric was affected by a later deforma-
tion (DS2) associated with macroscopic ∼E–W 
folds (Fig. 10). The gentle inter-limb angle of 
the ∼E–W folds, and the lack of an axial plane 
fabric, indicate that the strain during DS2 was 
relatively low.

Tectonic Implications

The evidence of polyphase deformation along 
the Gangou section (Fig.  14) provides con-
straints on the tectonic evolution of the Chinese 
Tianshan Orogen, and allows us to highlight 
potential mechanisms that could be tested in 
future studies.

Early Devonian Oblique Subduction
Sinistral shearing in the Central Tianshan 

Block (DC1), at ca. 399 Ma, was contempora-
neous with widespread arc-related magmatism 
(Gao et al., 2009; Dong et al., 2011; Lin et al., 
2013; Ge et  al., 2014; Ma et  al., 2014; Chen 
et al., 2015; Han and Zhao, 2018). Therefore, 
it is likely that sinistral shearing was associated 
with an episode of oblique subduction in the 
Early Devonian.

The Central Tianshan Block was likely con-
nected to the northern Tarim Craton in the early 
Paleozoic (Shu et al., 1999; Gao et al., 2009; Lin 
et al., 2009; Charvet et al., 2011; Wang et al., 
2011; Han et al., 2016a). This is indicated by 
similar detrital zircon age populations in the 
Neoproterozoic to early Paleozoic strata, and 
the occurrence of common Ordovician–Silurian 
conodont and brachiopod species in both the 
northern Tarim Craton and the Central Tianshan 
Block (Rong et al., 1995; Wang et al., 2007c; Ma 
et al., 2012; Han et al., 2015). The separation of 
the Central Tianshan Block from the Tarim Cra-
ton may have initiated in the middle Paleozoic, as 
demonstrated by the occurrence of 423–309 Ma 
ophiolites in the South Tianshan Belt (Han et al., 
2015 and references therein; Wang et al., 2018) 
and the transition from shallow to deep marine 
deposition in the South Tianshan Belt during the 

Silurian–Devonian (Wu and Li, 2013). The com-
bination of deep marine sedimentation and ophi-
olitic material may indicate that a back-arc basin 
developed along the South Tianshan Belt. In the 
South Tianshan Belt and the Central Tianshan 
Block, a remarkable shift of zircon εHf(t) toward 
positive values since ca. 400 Ma is indicative of 
a decreasing crustal contribution during mag-
ma generation (Zhang et al., 2016; Han et al., 
2016a), which likely corresponds to an episode 
of crustal thinning (Kemp et al., 2009; Collins 
et  al., 2011). According to Han et  al. (2015; 
2016a) and Zhang et al. (2016), the middle Pa-
leozoic separation of the Central Tianshan Block 
and the opening of the South Tianshan back-arc 
basin may have been driven by trench retreat, 
similarly to the development of the Japan Sea. If 
the sinistral strike-slip deformation indeed op-
erated simultaneously with the opening of the 
back-arc basin, this would indicate an episode 
of oblique trench retreat in the Early Devonian 
(Fig. 15). Alternatively, sinistral shearing may 
have occurred in response to a short episode of 
oblique subduction, unrelated to the opening of 
the South Tianshan back-arc basin.

The role of strike-slip deformation has been 
discussed widely in the context of the tectonic 
evolution of the Central Asian Orogenic Belt. 
Şengör et  al. (1993) and Şengör and Natal’in 
(1996) have suggested that the earlier arc sys-
tem was laterally cut and displaced by a series 
of syn/post-subduction strike-slip faults to form 
a map-view duplex of magmatic arcs. Other au-
thors proposed that strike-slip shear zones were 
linked to lateral migration of orogenic materi-
als following the amalgamation of the Siberian, 
Baltic, Tarim, and North China cratons (e.g., 
Laurent-Charvet et al., 2003; Wang et al., 2007a; 
Choulet et al., 2013). Our observations suggest 
that strike-slip movement occurred parallel to 
the subduction zone. Oblique plate convergence 
is a common feature in plate tectonics (Díaz-Az-
piroz et al., 2016), and we therefore think that 
the evidence of sinistral strike-slip deformation 
(DC1) highlights the role of oblique subduction 
in the buildup of the Tianshan Orogen.

Early Carboniferous Contractional 
Deformation

In the earliest Carboniferous (ca. 356 Ma), the 
Central Tianshan Block underwent contractional 
deformation as demonstrated by folds and pen-
etrative axial plane foliations in the Ahabulake 
Group (DC2; Fig. 7). This contractional event is 
also recorded in the South Tianshan Belt (Heiy-
ingshan area, Fig. 14), which experienced north-
ward ductile thrusting at 359–356 Ma (40Ar/39Ar 
plateau ages of syn-deformation muscovite; 
Wang et al., 2011). An angular unconformity be-
low the Lower Carboniferous sedimentary rocks 
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(e.g., the Ma’anqiao Formation) may mark the 
termination of this contractional deformation 
(Shu et al., 2002). Wang et al. (2011) suggested 
that this contractional event was associated with 
the collision of the Tarim Craton with the Central 
Tianshan Block. However, it has recently been 
suggested that the collision took place in the lat-
est Carboniferous (e.g., Han and Zhao, 2018). 
We therefore propose that the Early Carbonifer-
ous contractional deformation was likely associ-
ated with southward trench advance that induced 
overriding-plate compression and led to inversion 
of the South Tianshan back-arc basin (Fig. 15).

Trench migration is arguably one of the major 
mechanisms that control the tectonic evolution 
of accretionary orogens (Royden, 1993; Schel-
lart et al., 2007; Rosenbaum and Mo, 2011). For 
example, in the Tasmanides (eastern Australia), 
episodic trench retreat and advance led to the 
opening and inversion of multiple back-arc ba-
sins, thus contributing to the lateral growth of 
the orogenic system (Collins, 2002; Rosenbaum, 
2018). The large orogenic width of the Central 
Asian Orogenic Belt might have resulted from 
similar processes (Xiao et al., 2018).

Latest Carboniferous to Permian Collisional 
Orogeny

The Chinese Tianshan Orogen evolved into 
a collisional phase in the latest Paleozoic, fol-

lowing the closure of the southern branch of the 
Paleo-Asian Ocean (e.g., Han and Zhao, 2018). 
It remains controversial, however, when exactly 
this ocean was consumed, with previous sugges-
tions ranging from Late Devonian to earliest Tri-
assic (Han et al., 2011, and references therein). 
Based on the following lines of evidence, Han 
and Zhao (2018) have recently proposed that 
the final ocean closure and the associated colli-
sion took place during the latest Carboniferous 
(<310 Ma). First, the occurrence of 321–309 Ma 
ophiolites in the middle and eastern segments of 
the South Tianshan Belt indicates that oceanic 
crust was still produced in the Late Carbonif-
erous (Han and Zhao, 2018; Wang et al., 2018, 
and references therein). Second, the abrupt de-
crease in the values of εHf(t) in magmatic zircon 
younger than 310 Ma is indicative of an increas-
ing contribution of radiogenic crustal material; 
this might correspond to the transition from sub-
duction to collision (Han et al., 2016b; Han and 
Zhao, 2018). Third, a major angular unconformi-
ty between Devonian and Upper Carboniferous 
rocks in the Tarim Basin (Carroll et al., 2001) 
might have formed in response to this collision.

Farther north, the timing of collision between 
the island arc system of the North Tianshan 
Belt (e.g., Bogda and Dananhu arcs, Fig. 1) and 
the Central Tianshan Block is also latest Car-
boniferous (i.e., simultaneously with the colli-

sion between the Tarim Craton and the Central 
Tianshan Block). Evidence supporting this col-
lision includes the following. (1) Magmatism 
in the North Tianshan Belt (Eastern Tianshan) 
changed from calc-alkaline (during the Late 
Carboniferous) to bimodal (during the Permian) 
(e.g., Chen et al., 2011; Wang et al., 2014a), and 
∼305–301 Ma mafic magmatism was character-
ized by the significant input of sub-slab astheno-
spheric mantle that was likely induced by slab 
breakoff (Zhang et al., 2020). (2) The tectonic 
boundary between the Central Tianshan Block 
and the North Tianshan island arcs is marked by 
strike-slip faults (e.g. the Main Tianshan Shear 
Zone, Figs. 1 and 14), which were active during 
the Permian (Shu et al., 1999; Laurent-Charvet 
et al., 2002; Shu et al., 2002; Wang et al., 2008, 
2014a). Collision between the two tectonic units 
must have occurred prior to or during strike-slip 
deformation. (3) Early Permian sedimentary 
rocks from the North Tianshan Belt in the East-
ern Tianshan contain abundant Precambrian de-
trital zircon grains that were likely sourced from 
the Central Tianshan Block (Zhang et al., 2016), 
thus implying that the amalgamation of the 
North Tianshan island arc system and the Central 
Tianshan Block occurred prior to the Permian.

Along the Gangou section, the structural 
response to the initial collision of the Central 
Tianshan Block with the Tarim Craton and the 

Figure 14. Major Carboniferous to Permian structures in the Chinese Tianshan Orogen. The data compilation incorporates structures, for 
which the timing of deformation is relatively well constrained.
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Northern Tianshan island arc system, is not well 
constrained. Our results indicate that ∼NW–SE 
folds (DC3) in the Central Tianshan Block (Do-
main 4) occurred during the Late Carboniferous. 
This deformation might have been triggered by 
the initial collision. Carboniferous rocks in the 
North Tianshan Belt, which belong to the North-
ern Tianshan island arc system (Fig. 2), also re-
cord ∼NE–SW shortening deformation (DN1), 
which must have occurred during or after the 
Late Carboniferous. The progressive increase 
of ∼NE–SW shortening strain toward the south 
supports the suggestion that this deformation 
was linked to the initial collision of the North 
Tianshan Belt with the Central Tianshan Block 
along the Main Tianshan Shear Zone.

Following the initial collision, the South 
Tianshan Belt experienced a phase of top-
to-ESE shear deformation (DS1) dated at ca. 
300 Ma. The role that this deformation played 
in the evolution of the orogen remains enig-
matic. The fact that DS2 fold axial planes are 
steeply dipping and the hinges are shallowly 
plunging to the ESE (subparallel to DS1 stretch-
ing lineation and the orogenic strike, Fig. 10) 
suggests that (1) the original dip of the DS1 my-
lonitic foliation was shallow, and (2) the origi-
nal orientation of the DS1 stretching lineation 
was parallel to the orogen. Such fabrics could 
have been formed in response to extensional 
deformation. Extensional structures, dated at 
ca. 300 Ma, have been reported in the adjacent 

Tuha Basin and in the area of the Bogda arc in 
the Eastern Tianshan (Figs. 1 and 14) (Wartes 
et al., 2002; Shu et al., 2011). In the Western 
Tianshan, south-directed normal faulting oc-
curred simultaneously with high-temperature 
metamorphism at ca. 299 Ma (Li and Zhang, 
2004; Wang et  al., 2010a) and widespread 
felsic magmatism at ca. 300 Ma (Tang et al., 
2017). This evidence for extensional defor-
mation and associated thermal pulse supports 
the suggestion that the DS1 deformation in the 
Gangou section was linked to a phase of (syn- 
or post-orogenic) orogen-parallel extension. 
Similar types of orogen-parallel extensional 
structures are widely recognized in other col-
lisional orogens, such as the eastern Alps and 

Figure 15. Schematic illustra-
tion of the late Paleozoic tec-
tonic evolution of the middle 
segment of the Chinese Tian-
shan Orogen (Gangou section 
and adjacent areas). Devonian 
arc magmatism is based on 
Chen et  al. (2015) and Dong 
et  al. (2011). CTB—Central 
Tianshan Block; STB—South 
Tianshan Belt; IANTB—island 
arc system of the North Tian-
shan Belt.
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the  Himalayas (e.g.,  Scharf et  al., 2013; Xu 
et al., 2013). The occurrence of the shallowly 
dipping foliation and orogen-parallel stretching 
lineation indicates an overall flow parallel to 
the strike of the orogen, which could have been 
driven via gravitational collapse or by a later-
al tectonic escape (Brun et al., 1985; Dewey, 
1988; Frisch et  al., 2000; Selverstone, 2005; 
Duclaux et al., 2007; Scharf et al., 2013; Xu 
et al., 2013).

Dextral strike-slip shearing (DC4) in the Chi-
nese Tianshan Orogen commenced at ca. 290 Ma 
as discussed above and was mainly localized at 
the margins of the Central Tianshan Block (i.e., 
Main Tianshan Shear Zone and South Central 
Tianshan Shear Zone; Fig.  14). These shear 
zones are connected to the ∼E–W Kangguer-
Huangshan Shear Zone and the Aqikekuduke-
Shaquanzi Fault (Eastern Tianshan, Fig.  14), 
with the latter showing evidence of transpres-
sional deformation in the form of positive flower 
structures (Shu et al., 1999; Wang et al., 2008). 
In the Gangou section, dextral shearing was co-
eval with the development of ∼E–W folds in the 
North Tianshan Belt at ca. 266 Ma (Fig. 14; Yang 
et al., 2009) and ∼E–W folds in the South Tian-
shan Belt (DS2) at 293–194 Ma (Fig. 14). The 
∼NW–SE orientation of the dextral shear zones 
is oblique to ∼E–W folds in the North Tianshan 
Belt and South Tianshan Belt (Fig. 14), suggest-
ing partitioning of the Permian transpressional 
deformation into fold domains (DS2) and discrete 
shear zones (DC4).

In a summary, latest Carboniferous to Perm-
ian collisional orogeny in the middle segment of 
the Chinese Tianshan Orogen involved contrac-
tional, extensional, and transpressional defor-
mation. Similar processes have been recognized 
elsewhere in the western Central Asian Orogenic 
Belt. For example, the Late Carboniferous to 
Permian collision of the Chinese Altai with the 
East/West Junggar (along the Irtysh Shear Zone) 
might have involved an initial stage of crustal 
thickening, followed by orogen-parallel exten-
sion and transpressional deformation (Li et al., 
2015, 2017).

Cenozoic Reactivation of the Chinese 
Tianshan Orogen

In the Meso-Cenozoic, uplift and deforma-
tion occurred in the Central Asian Orogenic 
Belt in response to the far-field stresses trans-
mitted from the southern margin of Asia and 
the India–Asia collision (Dumitru et al., 2001; 
Jolivet et al., 2010; Gillespie et al., 2017; Yin 
et al., 2018). Our observations from the Gangou 
section show evidence for Cenozoic folds and 
thrusts (DN2, Figs. 2 and 4). The fact that mafic 
dikes (≥194 Ma as discussed above) in the Cen-
tral Tianshan Block and the South Tianshan Belt 

are undeformed (Figs. 7 and 11), indicates that 
Meso–Cenozoic shortening deformation was 
partitioned and mainly accommodated along 
thrusts at the mountain foot. These thrusts were 
responsible for shaping the present-day land-
scape, overthrusting the Tianshan Orogen on top 
of the Tarim Craton in the south and the Junggar 
Basin in the north (e.g., Avouac et al., 1993; So-
bel and Dumitru, 1997; Wang et al., 2004). This 
phase of intracontinental deformation has also 
reactivated Paleozoic faults, as shown by the evi-
dence of brittle thrusting in the Main Tianshan 
Shear Zone (Fig. 6G).

CONCLUSIONS

The Gangou section in the Chinese Tianshan 
Orogen shows evidence of Devonian to Cenozo-
ic polyphase deformation. In the North Tianshan 
Belt, two generations of structures were recog-
nized, associated with syn-/post–Late Carbonif-
erous ∼NW–SE folds and reverse faults (DN1) 
and Cenozoic northward thrusting (DN2). Farther 
south, in the Central Tianshan Block, we found 
evidence for four phases of deformation (DC1–4). 
DC1 represents Early Devonian sinistral shear-
ing; DC2 and DC3 involved ∼NE–SW shortening 
in the earliest Carboniferous and Late Carbon-
iferous, respectively; and DC4 involved dextral 
strike-slip deformation during the Permian, 
which was focused along the northern and south-
ern margins of the Central Tianshan Block. In 
the South Tianshan Belt, ca. 300 Ma top-to-ESE 
shear fabric (DS1) was subsequently overprinted 
by ∼E–W folds (DS2).

Based on the structural observations, the 
following tectonic history is inferred. During 
the Early Devonian, oblique subduction might 
have affected the Chinese Tianshan Orogen, 
as demonstrated by orogen-parallel sinistral 
shearing (DC1). During the earliest Carbonif-
erous, orogen-perpendicular contraction (DC2) 
was possibly driven by an episode of trench 
advance. The collision of the Central Tianshan 
Block with the Tarim Craton and the North 
Tianshan island arc system in the Latest Car-
boniferous to Permian possibly controlled oro-
gen-perpendicular contraction (DC3 and DN1), 
orogen-parallel extension (DS1), and transpres-
sional deformation (DC4 and DS2). Far-field 
stresses transmitted from the plate boundary 
were responsible for Cenozoic reactivation of 
the Chinese Tianshan Orogen and thrusting 
along the mountain foot (DN2).
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