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ABSTRACT. The evolution of the largest accretionary orogen in the world, the
Central Asian Orogenic Belt (CAOB), involved a prolonged accretion history since
the Neoproterozoic, followed by a collisional phase in response to the closure of the
Paleo-Asian Ocean in the latest Paleozoic. The exact process for the tectonic transi-
tion from subduction to collision is still poorly constrained. Here we address this
issue by investigating the late Paleozoic tectonic evolution of the Chinese Altai and
Tianshan orogens in the western CAOB. We provide new geochronological data from
two areas of the Chinese Altai and Tianshan orogens, which allow us to link poly-
phase deformation with orogenic processes. In the Fuyun area of the Chinese Altai
Orogen, we conducted monazite U-Pb dating on four samples that show pervasive
foliations with the originally sub-horizontal orientation (DS2/DQ2). The monazite U-
Pb ages cluster at ;284 to 281 Ma, which interpreted to represent the time of sub-
horizontal foliations (DS2/DQ2) that may result from orogen-parallel extension
related to the collision of the Chinese Altai Orogen with the East Junggar Terrane.
Farther south, in the Gangou area of the Chinese Tianshan Orogen, we obtained a
muscovite 40Ar/39Ar plateau age of 256.6 6 0.6 Ma for a mica schist from the dextral
South Central Tianshan Shear Zone. This age confirms the Permian activity of dex-
tral strike-slip deformation (DCT4) in the Chinese Tianshan Orogen. In contrast,
three mylonitic schist/granitoid samples from the dextral Main Tianshan Shear Zone
are characterized by 40Ar/39Ar plateau ages of 353.9 6 1.9 Ma (biotite), 353.9 6 1.5
Ma (biotite) and 352.1 6 0.7 Ma (muscovite). We interpret these early Carboniferous
ages to either represent a pre-Permian dextral shearing event, or to record an early
Carboniferous tectono-thermal event with recrystallized micas not reset during the
Permian strike-slip deformation (DCT4). An additional 40Ar/39Ar plateau age of 280.9 6
0.5 Ma (hornblende) from a mafic dike (dolerite) that crosscuts macroscopic folds
(DST2) in the southern Chinese Tianshan Orogen, provides a minimum time constraint
for these folds. This age supports the simultaneous folding deformation (DST2) with
dextral shearing (DCT4) in the Chinese Tianshan Orogen. Combined with a comprehen-
sive synthesis of available geological and geochronological data, we argue that orogen-
parallel extension and transpressional tectonics might have played a significant role in
the late Paleozoic arc/continental amalgamation of the western CAOB.

Key words: Central Asian Orogenic Belt, tectonic transition, Chinese Altai,
Chinese Tianshan, geochronology, shear zone

introduction

The Central Asian Orogenic Belt (CAOB), stretching from the Ural Mountains
to the Pacific margin, represents the largest accretionary orogen on Earth. The pro-
longed evolution of this giant orogenic collage from Neoproterozoic to late Paleozoic,
involved the interaction of a large number of magmatic arcs, microcontinental blocks,
and oceanic materials (Windley and others, 2007; Wilhem and others, 2012; Xiao and
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others, 2015; S� engör and others, 2018). Several generations of geologists have made
an effort to understand the orogenic processes of the CAOB. S� engör and others
(1993) and S� engör and Natal'in (1996) proposed that the CAOB was built by orocli-
nal bending and the lateral stacking of a single arc system along a series of strike-slip
faults. However, subsequent studies recognized multiple Mariana-, Japan-, Cordillera-
and Alaska-type arc systems within the CAOB, thus suggesting an archipelago paleo-
geography in the Paleozoic (Windley and others, 2007; Xiao and others, 2010a; Xiao
and others, 2010b; Charvet and others, 2011). These arc systems collided together fol-
lowing the closure of the Paleo-Asian Ocean in the latest Paleozoic (Han and others,
2011; Xiao and others, 2015; Eizenhöfer and Zhao, 2018; Han and Zhao, 2018; Zhao
and others, 2018), which significantly overprinted the earlier accretion-related
records. Therefore, it is imperative to understand the collisional processes of multiple
arc systems in order to reconstruct the accretionary history of the CAOB.

The CAOB in NW China is characterized by the occurrence of three Paleozoic
arc systems, termed from north to south: the Chinese Altai Orogen, the West/East
Junggar Terrane and the Chinese Tianshan Orogen (fig. 1). The Chinese Altai
Orogen was developed via Paleozoic accretion along the Siberian margin, and col-
lided with two intra-oceanic island arc systems of the West and East Junggar terranes
along the Irtysh Shear Zone (fig. 1) (Windley and others, 2002; Laurent-Charvet and
others, 2003; Glorie and others, 2012; Li and others, 2015a; Li and others, 2019). The
genetic link between the West and East Junggar terranes is enigmatic given the cover
of the Meso-Cenozoic Junggar Basin between them (fig. 1). Farther south, the
Chinese Tianshan Orogen was subjected to Paleozoic subduction processes, followed
by a collisional phase that involves the amalgamation of magmatic arcs with continen-
tal blocks (for example, the Tarim Craton) (Gao and others, 2009; Charvet and
others, 2011; Han and others, 2011; Wang and others, 2011b; Xiao and others, 2013;
Wang and others, 2014a; Wang and others, 2018; Biske and others, 2019; Zhong and
others, 2019). The tectonic transition from subduction to collision in both Chinese
Altai and Tianshan orogens has been considered to occur in the latest Paleozoic (for
example, Yang and others, 2007; Charvet and others, 2011; Han and others, 2011;
Wang and others, 2014a; Li and others, 2017; Han and Zhao, 2018), but the exact geo-
dynamic processes associated with the collision are still not well constrained. A series
of late Paleozoic strike-slip faults, extensional fabrics and contractional structures
have been recognized in the Chinese Altai and Tianshan orogens (for example,
Laurent-Charvet and others, 2003; Charvet and others, 2007; Lin and others, 2009;
Wang and others, 2010a; Wang and others, 2011a; Li and others, 2015a; Broussolle
and others, 2018; Jiang and others, 2019; Li and others, 2020). The precise age con-
straint of these structures would allow us to link the polyphase deformation with tec-
tonic processes, thus providing a better constraint for the tectonic transition from
subduction to collision in both the Chinese Altai and Tianshan orogens.

In this study, we target the Fuyun area of the southern Chinese Altai Orogen and
the Gangou area of the Chinese Tianshan Orogen (fig. 1), where deformation struc-
tures have been well studied (Qu and Zhang, 1994; Laurent-Charvet and others, 2003;
Charvet and others, 2007; Yang and others, 2007; Wang and others, 2010b; Li and
others, 2015a; Li and others, 2016; Li and others, 2020). However, the exact time of
some key structures has been poorly constrained, which limits our understanding of
the tectonic transition from subduction to collision in both orogens. In this work, we
present new zircon/monazite U-Pb and 40Ar/39Ar ages, which together with pub-
lished geochronological data, allows us to build a time framework for the late
Carboniferous to Permian deformation in the Fuyun and Gangou areas. Combined
with a systematic synthesis of regional deformation, magmatism and metamorphism,
we investigate the geodynamic processes associated with the collision in the Chinese
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Altai and Tianshan orogens. Our results show that both syn-collisional extension and
transpressional tectonics may have played a vital role in the late Paleozoic evolution of
the Chinese Altai and Tianshan orogens.

geological setting

The western CAOB is mainly composed of the Kazakhstan orogenic system in the
southwest, and the peri-Siberian orogenic system in the northeast (for example, Xiao
and others, 2015). The former is dominated by the development of island arc systems
around the Kazakhstan microcontinent in the Paleozoic (Windley and others, 2007;
Xiao and Santosh, 2014; Li and others, 2018). The latter is characterized by the
Neoproterozoic to early Paleozoic accretion of microcontinents, island arcs and accre-
tionary complexes along the Siberian margin, which was followed by an episode of
fragmentation of the Siberian margin in the Devonian (for example, Wilhem and
others, 2012; Li and others, 2019).

Chinese Altai Orogen
The Chinese Altai Orogen represents the southern segment of the peri-Siberian

orogenic system (fig. 1). It can be divided into four NW-SE tectono-stratigraphic units,
which are, from north to south: Northern Altai, Central Altai, Qiongkuer and
Southern Altai domains (fig. 1) (Windley and others, 2002; Cai and others, 2011).
The majority of the Chinese Altai Orogen is occupied by the Central Altai Domain,
which mainly contains Cambrian to Silurian turbiditic and volcanic rocks of the
Habahe and Kulumuti groups (Windley and others, 2002), possibly developed in an
accretionary wedge in response to northeastward subduction (Xiao and others,
2009b; Long and others, 2012). This domain is separated from Devonian to
Carboniferous meta-sedimentary/volcanic rocks of the Northern Altai Domain by a
normal fault (Windley and others, 2002). The Qiongkuer Domain, to the south of the
Central Altai Domain, comprises Devonian meta-igneous/sedimentary rocks of the
Kangbutiebao and Altai formations (Windley and others, 2002), which was considered
to represent a back-arc basin in response to the Devonian trench retreat (Jiang and
others, 2019; Cui and others, 2020; Li and others, 2019). Farther south, the Southern
Altai Domain is represented by schist, para/ortho-gneiss, amphibolite, and meta-chert
of the Irtysh Complex, possibly occurring in an accretionary wedge (Briggs and
others, 2007; Xiao and others, 2009a; Li and others, 2015a; Chen and others, 2019).

In the Fuyun area, Paleozoic rocks of the Southern Altai and Qiongkuer domains
are well exposed (figs. 1 and 2). They were affected by multiple phases of deformation
(fig. 3), likely associated with the development of the sinistral Irtysh Shear Zone dur-
ing the collision of the Chinese Altai Orogen with the West/East Junggar Terrane
(Qu and Zhang, 1994; Laurent-Charvet and others, 2003; Liu and others, 2013; Li and
others, 2015a; Li and others, 2016; Li and others, 2017).

Chinese Tianshan Orogen
The Chinese Tianshan Orogen can be divided from north to south into the

North Tianshan Belt, the Central Tianshan-Yili Block, and the South Tianshan Belt
from north to south (fig. 1) (Gao and others, 1998; Xiao and others, 2004; Charvet
and others, 2011; Xiao and others, 2013). Geographically, two segments of the
Western and Eastern Tianshan are commonly referred to as the west and east of the
Urumqi-Kuerle meridian (fig. 1).

The North Tianshan Belt in the Western Tianshan is represented by Devonian to
Carboniferous volcano-sedimentary rocks and ophiolitic mélange, which has been
interpreted to occur in an accretionary wedge in response to the southward subduc-
tion (Wang and others, 2006; Han and others, 2010). In contrast, a series of Paleozoic
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island arcs (Bogda, Harlik, and Dananhu, fig. 1) characterize the North Tianshan Belt
in the Eastern Tianshan.

Farther south, the Central Tianshan-Yili Block is separated from the North
Tianshan Belt by a dextral strike-slip fault (North Tianshan Fault, or Main Tianshan
Shear Zone; fig. 1) (Laurent-Charvet and others, 2003; de Jong and others, 2009;
Wang and others, 2009). The triangle-shaped Yili Block comprises a Proterozoic base-
ment that is covered by the late Paleozoic volcano-sedimentary sequence of the Yili
arc (Gao and others, 1998; Zhou and others, 2001; Wang and others, 2007a; He and
others, 2015; Huang and others, 2016; An and others, 2017). The Central Tianshan
Block is separated from the Yili Block by the dextral North Nalati Fault (fig. 1). It is
dominated by the Proterozoic basement (Huang and others, 2015 and references
therein), and is covered by Ordovician to Silurian volcano-sedimentary rocks as well
as Carboniferous to Permian sedimentary rocks (BGMRX, 1993; Charvet and others,
2007; Xiao and others, 2013).

The South Tianshan Belt represents the southernmost unit of the Chinese
Tianshan Orogen. It consists of middle to late Paleozoic marine sedimentary-volcanic
rocks as well as ophiolites, which are imbricated and stacked together along a large
number of thrusts (Gao and others, 2009; Han and others, 2011; Wang and others,
2011b; Xiao and others, 2013; Jiang and others, 2014; Alexeiev and others, 2015).

Fig. 2. Geological map of the Fuyun area in the southern Chinese Altai Orogen (after Li and others,
2017). See the location in figure 1. 40Ar/39Ar and monazite U-Pb ages are after Li and others (2015b) and
Liu and others (2020).
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Fig. 3. (A–B) Structural map in the Qiongkuer Domain along the southern Chinese Altai Orogen
(Fuyun area) (after Li and others, 2016). Note that dominant DQ2 foliations are folded to define ;NW-SE
DQ3 folds and ;NNW-SSE DQ4 folds. The lower Altai Formation (unit 1) is characterized by quartzofeld-
spathic gneiss, amphibolite and banded chert, which are overlain by amphibole schist, amphibolite, and
minor porphyritic meta-volcanic rocks and quartzite (unit 2) as well as gray-white quartz schist (unit 3) (Li
and others, 2016). (C) Structural map in the Southern Altai Domain along the southern Chinese Altai
Orogen (Fuyun area) (after Li and others, 2017). Note that DS2 foliations are folded to define ;NW-SE
macroscopic DS3 folds in the southern section, but are transposed by DS3 axial planar foliations in the
northern section. According to Li and others (2017), DS3 represents a phase of transpressional deforma-
tion with the development of sinistral mylonitic zones 1–4 (M1-M4) and the ;NW-SE macroscopic folds.
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Fig. 3. Samples for 40Ar/39Ar dating by Li and others (2017) are L14FY08 (syn-DS2 muscovite),
L14FY14 (syn-DS2 hornblende), L14FY06 (syn-DS2 biotite), L14FY18 (biotite along syn-DS3 shear fabric),
and L14FY19 (hornblende along syn-DS3 shear fabric). Note that both DQ3 and DS3 folds show a similar ge-
ometry of steeply dipping axial planes and shallowly plunging hinges subparallel to ;NW-SE DQ2/DS2
stretching lineation, which suggests an originally sub-horizontal orientation of DQ2/DS2 foliation associ-
ated with ;NW-SE stretching lineation (subparallel to the orogenic strike) (Li and others, 2015a; Li and
others, 2017).

184 P. Li and others—Late Paleozoic tectonic transition from subduction to collision



Fig. 4. Geological map of the Chinese Tianshan Orogen in the Gangou area (see the location in fig.
1; BGMRX, 1959). Structural information is mainly from Laurent-Charvet and others (2003), Deng and
others (2006), Cai and others (2012b), Yang and others (2007), and Li and others (2020). According to
the most recent structural synthesis by Li and others (2020), structural styles are variable across the
Chinese Tianshan Orogen in the Gangou area, and are documented here. In the North Tianshan Belt,
;NW-SE folds (DNT1) occur and show southward increase of shortening strain as indicated by the occur-
rence of axial planar foliation in the southern North Tianshan Belt. Four phases of deformation (DCT1-
DCT4) characterize the Central Tianshan Block, with earlier sinistral strike-slip deformation (DCT1) along
the South Central Tianshan Shear Zone at ;399 Ma and ;NE-SW shortening at ;356 Ma as indicated by
penetrative foliation in the Ahabulake Group (DCT2), followed by Late Carboniferous DCT3 folding in the
Ma'anqiao Formation and Permian dextral shearing deformation (DCT4). Note that DCT3 axial plane cleav-
age is non-developed in the lower part of the Ma'anqiao Formation that unconformably overlies the
strongly foliated Ahabulake Group, suggesting different generations of structures above and below the un-
conformity. The kinematics across the South Central Tianshan Shear Zone is variable (sinistral in the cen-
tral zone, and dextral in the northern and southern zones). Farther south, ;E-W macroscopic folds
(DST2) are crosscut by mafic dikes (dolerite) in the South Tianshan Belt. The earlier top-to-ESE shearing
fabric (DST1) is associated with ;WNW–ESE stretching lineation subparallel to the hinge of DST2 fold,
which together with steeply dipping axial plane of DST2 folds, indicates an originally sub-horizontal DST1
foliation and ;WNW–ESE stretching lineation subparallel to the orogenic strike. For references of geo-
chronological data, see fig. 9. Abbreviations: Permian (P), Carboniferous (C), Devonian (D), Ordovician
to Silurian (O-S); Precambrian (Pr); Biotite (Bt); Muscovite (Ms); hornblende (Hbl).
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In the Gangou area (figs. 1 and 4), the North Tianshan Belt is composed of
Carboniferous andesite, volcaniclastic rocks and clastic sedimentary rocks (BGMRX,
1959), which may represent the westernmost segment of the Dananhu arc in the
Eastern Tianshan (fig. 1). The North Tianshan Belt is bounded with the Central
Tianshan Block by the Main Tianshan Shear Zone with a dextral strike-slip movement
(Laurent-Charvet and others, 2003; Yang and others, 2009; Cai and others, 2012b; Li
and others, 2020). Rocks in the Central Tianshan Block are mainly represented by
Precambrian gneiss, quartzite, mica schist, amphibolite, and marble of the
Xingxingxia Group, Ordovician–Silurian meta-sedimentary/volcanic rocks of
the Ahabulake Group, as well as lower Carboniferous sedimentary rocks of the
Ma'anqiao Formation (fig. 4) (BGMRX, 1959). A strike-slip shear zone (termed
the South Central Tianshan Shear Zone; fig. 4) has been recognized along the
southern margin of the Central Tianshan Block (fig. 4) (Yin and Nie, 1996; Shu
and others, 1999; Laurent-Charvet and others, 2003; Charvet and others, 2007; Cai
and others, 2012b). Farther south, the South Tianshan Belt, mainly comprises
Early to Middle Devonian mica schist, quartz schist, and marble (fig. 4) (BGMRX,
1959). Multiple phases of deformation have affected rocks in the Gangou area
(see below), and these deformation phases were considered to be associated with
the amalgamation of the North Tianshan island arcs, the Central Tianshan Block
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Fig. 5. Photomicrographs of samples for zircon and monazite U-Pb dating in the southern Chinese
Altai Orogen (Fuyun area; see sample location in fig. 3). (A) Gneissic granitoid (sample L14FY08) from
the Southern Altai Domain, with a pervasive DS2 fabric defined by oriented muscovite and biotite. (B)
Mica schist (sample L15FY03) from the Southern Altai Domain, showing a DS2 foliation indicated by pre-
ferred alignment of biotite and sillimanite. (C) Shape-preferred orientation of quartz defining a DQ2 fab-
ric in a leucogranite sample (L14FY40) from the Qiongkuer Domain. (D) Mica schist (sample L15FY14)
from the Qiongkuer Domain, with a DQ2 fabric defined by preferred alignment of biotite. Mineral abbrevi-
ations: Muscovite (Ms); Biotite (Bt); Quartz (Qz); Feldspar (Fsp); Garnet (Grt).
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and the Tarim Craton (Laurent-Charvet and others, 2003; Yang and others, 2007;
Charvet and others, 2011; Li and others, 2020).

geochronology

Sample Descriptions
Chinese Altai Orogen.—Four samples were collected in the Fuyun area along the

southern Chinese Altai Orogen with an aim to constrain the deformation time (fig. 3
and table 1). Two of them (L14FY08 and L15FY03) are from the Southern Altai
Domain (fig. 3C). According to Li and others (2015a, 2017), three generations of
structures were recognized in this domain (DS1-DS3; fig. 3C). DS1 foliation locally
occurs in low strain zones, and is strongly overprinted by DS2 foliation. DS3 represents
a phase of transpressional deformation that produces the ;NW-SE macroscopic folds
and a series of sinistral strike-slip mylonite zones (fig. 3C). The fact that DS3 folds are
characterized by steeply dipping axial planes and sub-horizontal hinges parallel to
;NW-SE DS2 stretching lineation and the orogenic strike, suggests that the original
DS2 foliation was sub-horizontal and the original orientation of DS2 stretching linea-
tion was shallowly plunging and parallel to the orogenic strike (Li and others, 2015a).
Sample L14FY08 is a gneissic granitoid from the core area of a DS3 antiform (fig. 3C).
It mainly consists of quartz, feldspar, biotite, and muscovite, and is characterized by
the occurrence of DS2 foliation and stretching lineation (fig. 5A). Syn-DS2 muscovite
from this sample yielded an 40Ar/39Ar plateau age of 28361.2 Ma (Li and others,
2017). Sample L15FY03 is a sillimanite biotite schist with a DS2 foliation that is associ-
ated with a stretching lineation (fig. 5B). DS1 foliation is not recognized in these two
samples, and is considered to be completely transposed by the dominant DS2
foliation.

Two additional samples (L14FY40 and L15FY14) are from the Qiongkuer
Domain farther north (figs. 3A and 3B). In this domain, four phases of deformation
were defined (DQ1-DQ4; figs. 3A and 3B) (Li and others, 2016). The DQ1 fabric locally
occurs and is commonly transposed by the dominant DQ2 foliation (Li and others,
2016). Similarly to DS2 in the Southern Altai Domain, DQ2 foliation shows a sub-hori-
zontal orientation before DQ3 folding, and is associated with;NW-SE shallowly-plung-
ing stretching lineation subparallel to the orogenic strike (Li and others, 2016). DQ2
foliations are folded to define ;NW-SE tight-close upright DQ3 folds and ;NNW-SSE
gentle DQ4 folds (figs. 3A and 3B) (Li and others, 2016). Sample L14FY40 is a foliated
leucogranite that comprises quartz, feldspar, as well as minor chlorite and opaque
minerals. The oriented chlorite and quartz preferred orientation defines a DQ2 folia-
tion (fig. 5C). Sample L15FY14 is a mica schist with a mineral assemblage of biotite,
quartz, feldspar, sillimanite, staurolite and kyanite. A DQ2 foliation is defined by ori-
ented biotite in this sample (fig. 5D). The earlier DQ1 fabric is not recognized in both
samples, and is interpreted to be transposed by the dominant DQ2 foliation.

Chinese Tianshan Orogen.—Five samples were taken in the Gangou area of the
Chinese Tianshan Orogen with the aim of constraining the timing of deformation
(fig. 4 and table 1). According to Li and others (2020), the Gangou area is charac-
terized by variable structural patterns across the whole Chinese Tianshan Orogen
(fig. 4).

Carboniferous rocks were deformed to form ;NW-SE folds (DNT1) in the North
Tianshan Belt (fig. 4). Farther south, four generations of structures (DCT1-DCT4) were
recognized in the Central Tianshan Block, with the earliest being sinistral shearing
(DCT1) along the South Central Tianshan Shear Zone at ;399 Ma, followed by ;356
Ma NE-SW contraction (DCT2) that deformed the Ordovician–Silurian Ahabulake
Group (fig. 4) (Li and others, 2020). Late Carboniferous to Permian deformation is
characterized by ;NE-SW contraction (DCT3) that folded the lower Carboniferous
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Ma'anqiao Formation, as well as dextral ductile shearing (DCT4) along the northern
and southern margins of the Central Tianshan Block (the Main Tianshan Shear Zone
and the South Tianshan Shear Zone) (fig. 4) (Li and others, 2020). Both dextral and
sinistral kinematics were reported along the South Central Tianshan Shear Zone in
the Gangou area (Laurent-Charvet and others, 2003; Deng and others, 2006). Li and
others (2020) recognized spatial variation in kinematics across the South Central
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Fig. 6. Photomicrographs of samples for 40Ar/39Ar analysis in the Chinese Tianshan Orogen (Gangou
area; see sample locations in fig. 4). (A–B) Mica schist sample (L17TS31-4) with dextral shear sense indi-
cated by sigma-shaped quartz ribbon, and a mineral assemblage of quartz, feldspar, muscovite and biotite.
(C–D) Mylonitic granitoids (samples L16TS19 and L16TS20) with dextral shear sense shown by sigma-
shaped feldspar and S-C fabric. (E) Mica schist sample (L17TS103-2) from the Main Tianshan Shear
Zone, in which S-C fabric shows dextral kinematics. (F) Dolerite sample (L17TS149-2) from mafic dike in
the South Tianshan Belt, showing hornblende phenocrysts in a groundmass of plagioclase and pyroxene.
Mineral abbreviations: Muscovite (Ms); Biotite (Bt); Quartz (Qz); Feldspar (Fsp); Hornblende (Hbl).
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Tianshan Shear Zone, with sinistral shearing (DCT1) in the central zone and dextral
kinematics (DCT4) in the northern and southern zones (fig. 4). We collected one sam-
ple (L17TS31-4) along the southern zone of the South Central Tianshan Shear Zone
(fig. 4), which is a mica schist with dextral shearing fabric (DCT4; fig. 6A), that mainly
consists of quartz, feldspar, muscovite and biotite (fig. 6B). In addition, three samples
(L16TS19, L16TS20 and L17TS103-2) were collected along the Main Tianshan Shear

Fig. 7. Concordia diagrams for zircon U–Pb analyses. Circles with diameters of 30 lm (zircon) and 16
lm (monazite) in the CL and BSE images, indicate locations of U-Pb analyses.
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Zone (fig. 4). Samples L16TS19 and L16TS20 are from the same mylonitic granitoid
(two localities ;10 m from each other). They are characterized by similar mineral
assemblages of quartz, feldspar and biotite, and are characterized by dextral mylonitic
fabric (figs. 6C and 6D). Zircons from the granitic pluton of these two samples yielded
a SHRIMP U-Pb age of 428610 Ma (Shi and others, 2007). Sample L17TS103-2 is a
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mica schist that shows a dextral shearing fabric, and consists of quartz, feldspar, mus-
covite, as well as minor sillimanite and garnet (fig. 6E).

In the South Tianshan Belt, we collected one dolerite sample (L17TS149-2) from
a mafic dike in the South Tianshan Belt, which comprises phenocrysts of hornblende,
K-feldspar, pyroxene, and olivine in a groundmass of plagioclase and pyroxene (fig.
6F). The dike crosscuts ;E-W macroscopic fold structures (DST2) that deformed an
earlier DST1 shearing fabric (top-to-ESE kinematics; fig. 4) (Li and others, 2020). DST2
folds show steeply dipping axial planes and hinges shallowly plunging to the ESE (sub-
parallel to the DST1 stretching lineation and the orogenic strike), which indicates orig-
inally shallowly-dipping DST1 shearing foliation and orogen-parallel stretching
lineation (prior to DST2 folding) (Li and others, 2020).

Analytical Methods and Results
U-Pb geochronology was used to analyze zircon grains from one sample

(L14FY40), and monazite grains from four samples (L14FY40, L15FY14, L14FY08 and
L15FY03). The aim was to constrain the time of DS2 and DQ2 deformation in the
Chinese Altai Orogen. The 40Ar/39Ar dating technique was used to date biotite from
samples L16TS19 and L16TS20, muscovite from samples L17TS31-4 and L17TS103-2,
and hornblende from sample L17TS149-2. Biotite and muscovite selected from these
samples are aligned along the dextral mylonitic fabric (figs. 6A–6E), and their
40Ar/39Ar age could potentially constrain the timing of shearing deformation (DCT4).
Hornblende is aimed to date mafic dikes in the South Tianshan Belt that crosscut
DST2 folds (fig. 4), thus providing a youngest age constraint for DST2. For detailed ana-
lytical methods and data processing, see appendix.

Chinese Altai Orogen.—CL and backscatter electron images of selected analyzed zir-
con and monazite grains, and U-Pb analytical results are presented in figure 7 and in
the Appendix. Zircon grains from sample L14FY40 in the Qiongkuer Domain are eu-
hedral and show oscillatory zoning (fig. 7A), which together with moderate to high
Th/U ratios (0.36–1.20), suggest an igneous origin. 25 analyses from this sample show
age scattering above the analytical uncertainty. After excluding the oldest outlier and
five discordant ages, we calculated a weighted mean 206Pb/238U age of 409.761.8 Ma
(MSWD = 1.3).

Monazite grains from four samples show homogeneous or irregular zoning (figs.
7B–7E). Most monazite ages cluster tightly on the Concordia curve, and the age varia-
tion in different zoning domains is not detected. In the Qiongkuer Domain, sample
L14FY40 yields a weighted mean 206Pb/238U age at 281.961.8 Ma after excluding a
discordant outlier (MSWD=1.9, fig. 7B). A similar weighted mean 206Pb/238U age of
280.561.2 Ma (MSWD=1.5) is obtained for the other sample from the Qiongkuer
Domain (L15FY14, fig. 7C). Farther south in the Southern Altai Domain, we calculated
two weighted mean 206Pb/238U ages of 284.261.4 Ma (MSWD=1.9) and 281.761.7 Ma
(MSWD=2.0) for samples L15FY03 and L14FY08, respectively (figs. 7D and 7E).

Chinese Tianshan Orogen.—40Ar/39Ar analytical results are presented in figure 8
and in the Appendix. One muscovite grain from sample L17TS31-4 in the southern
zone of the South Central Tianshan Shear Zone yields an 40Ar/39Ar plateau age of
256.660.6 Ma (fig. 8A). Both muscovite and biotite grains from three samples
(L16TS19, L16TS20 and L17TS103-2) of the Main Tianshan Shear Zone give
40Ar/39Ar ages clustering at ;352 Ma (figs. 8B–8E). One biotite grain from samples
L16TS19 shows relatively flat age spectra and defines an 40Ar/39Ar plateau age of
353.961.9 Ma (fig. 8B), which is compatible with an approximate error age of ;352
Ma from the other biotite grain from this sample (fig. 8C). Similarly, sample L16TS20
yields a biotite 40Ar/39Ar plateau age of 353.961.5 Ma (fig. 8D), and muscovite from
sample L17TS103-2 gives an 40Ar/39Ar plateau age of 352.160.7 Ma (fig. 8E). One
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mafic dike sample (L17TS149-2) from the South Tianshan Belt is characterized by a
hornblende 40Ar/39Ar plateau age of 280.960.5 Ma (fig. 8F).

discussion

Late Paleozoic Tectonics of the Chinese Altai Orogen
The late Paleozoic tectonics of the Chinese Altai Orogen is characterized by a

transition from subduction to collision with the island arc systems of the East/West
Junggar Terrane along the Irtysh Shear Zone (Zhang and others, 2012; Tong and
others, 2014; Li and others, 2017; Zhang and others, 2018; Chen and others, 2019;
Jiang and others, 2019; Liu and others, 2020). The tectonic transition may have
occurred in the latest Carboniferous, as indicated by: (1) the distinct detrital zircon
provenance for the late Carboniferous sedimentary rocks in the Chinese Altai Orogen
and the northern East/West Junggar Terrane (Li and others, 2017; Hu and others,
2020), and (2) the youngest subduction-related igneous rocks in the Chinese Altai
Orogen are dated at 313 6 13 Ma (Cai and others, 2012a). Such a tectonic transition
significantly affected structural patterns in the southern Chinese Altai Orogen. In the
following paragraphs, we combine new geochronological data with published ages to
build a temporal framework for multiple generations of structures along the southern
Chinese Altai Orogen in the Fuyun area (fig. 9), based on which we further discuss
the late Paleozoic tectonic evolution of the Chinese Altai Orogen.

Li and others (2015a) recognized three phases of deformation in the Southern
Altai Domain (Fuyun area, figs. 2 and 3C), with DS1 fabric locally recognized and
transposed by DS2 foliation. Detrital zircons from the Irtysh Complex in the Southern
Altai Domain yielded the youngest age peak at ;322 Ma (Li and others, 2015a; Li and
others, 2017), which provides a maximum age constraint for the timing of DS1.
Samples L15FY03 and L14FY08 analyzed in this study are characterized by the devel-
opment of pervasive DS2 fabric (figs. 5A and 5B). Monazite grains from these two sam-
ples yield U-Pb ages of 284.2 61. 4 Ma and 281.7 6 1.7 Ma (figs. 7D and 7E), which
could represent the time of syn-DS2 metamorphism. Alternatively, dated monazites
may be inherited from a pre-DS2 deformation and metamorphic event, based on
which new monazite ages could denote the time of DS1. Given that monazites could
have crystallized during low-grade metamorphism (<440°C) (Janots and others,
2008) and syn-DS2 high temperature metamorphism as indicated by the growth of syn-
DS2 sillimanite (fig. 5B), we prefer an interpretation for new monazite ages to repre-
sent the time of DS2. This interpretation is supported by ;295 Ma zircon U-Pb age
from syn-D2 leucosome (Li and others, 2017), which provides the youngest constraint
for DS1. On a larger scale, DS2 foliation is folded to define macroscopic ;NW-SE DS3
folds with the shallowly-plunging hinges sub-parallel to ;NW-SE orogenic strike (fig.
3C) (Li and others, 2015a). DS3 folding is kinematically compatible with the sinistral
strike-slip deformation along the Irtysh Shear Zone, which led Qu and Zhang (1994)
and Li and others (2015a) to interpret DS3 to represent an episode of transpressional
deformation (fig. 10C). 40Ar/39Ar dating of syn-shearing hornblende and biotite
along the southern Chinese Altai orogen shows that DS3 strike-slip deformation was
active from;283 to 265 Ma (Li and others, 2017; Hu and others, 2020).

Farther north in the Qiongkuer Domain (Fuyun area, figs. 2, 3A and 3B), four
generations of structures within Devonian volcano-sedimentary rocks were reported
(Li and others, 2016). DQ1 fabric is locally recognized, and is transposed by dominant
DQ2 foliation that is associated with a shallowly plunging stretching lineation (figs. 3A
and 3B) (Li and others, 2016). Two samples (L14FY40 and L15FY14, figs. 3A and 3B)
in this study are characterized by the occurrence of the pervasive DQ2 fabric. Zircons
from the leucogranite sample (L14FY40) give a U-Pb age of 409.761.8 Ma (fig. 7A),
which provides a maximum age constraint for DQ1-DQ2. Monazite grains from this
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sample yield a U-Pb age of 281.961.8 Ma (fig. 7B), which is younger than the ;410
Ma zircon U-Pb age (fig. 7A), but is compatible with the 280.561.2 Ma monazite age
from the other mica schist sample (L15FY14, fig. 7C). Given the penetrative occur-
rence of DQ2 fabric in the Qiongkuer Domain and syn-DQ2 metamorphism up to am-
phibolite facies in the area of analyzed samples (Li and others, 2016), we interpret
these monazite ages to represent the timing of DQ2, which is compatible with the tim-
ing of DS2 in the Southern Altai Domain that shows a similar structural geometry as
DQ2 (see more discussions about the structural correlation in the next paragraph).
The subsequent deformation involved the occurrence of ;NW-SE DQ3 macroscopic
folds and ;NNW-SSE DQ4 folds (figs. 3A and 3B). The time of these two folding
events is considered to be prior to the intrusion of the ;NE-SW granitic dikes that are
not affected by DQ3 and DQ4 (fig. 3A) (Li and others, 2016). Actually, ;NE-SW gra-
nitic dikes are widespread in the Fuyun area (fig. 3), and the youngest reported U-Pb
zircon age of 25262.2 Ma (Zhang and others, 2012), may provide a minimum age
constraint for DQ3 and DQ4.

New and published geochronological data together with available structural work
allows for a deformation correlation across the Southern and Qiongkuer domains.
Given the similar geometry and deformation time, Li and others (2016) proposed a
correlation of ;NW-SE DS3 and DQ3 folds, and interpreted them together with coeval
sinistral strike-slip deformation to represent a phase of transpressional deformation in
the early to late Permian (figs. 9 and 10C). However, the correlation of pre-DS3/DQ3
structures was hindered because of limited age constraints on deformation. Actually,
both DS2 and DQ2 foliations are folded to define ;NW-SE macroscopic DS3/DQ3 folds
with shallowly plunging hinges subparallel to ;NW-SE DS2 and DQ2 stretching linea-
tions (figs. 3A–3C), which suggests an originally sub-horizontal occurrence of DS2 and
DQ2 foliations associated with shallowly plunging stretching lineations parallel to the
;NW-SE orogenic strike (Li and others, 2015a; Li and others, 2016). New monazite
ages confirm that both DS2 and DQ2 were developed at a similar period, supporting a
correlation of DS2 and DQ2 across the Qiongkuer and Southern Altai domains. The
;284 to 281 Ma monazite ages from both the Qiongkuer and Southern Altai domains
are older than the syn-DQ2 hornblende 40Ar/39Ar age of 270.163.1 Ma in the
Qiongkuer Domain (fig. 2) (Li and others, 2015b), but overlap within errors with syn-
DS2 hornblende (286.761.2 Ma), muscovite (283.061.2 Ma) and biotite (279.861.6
Ma) (figs. 3C and 9) (Li and others, 2017) in the Southern Altai Domain. These
40Ar/39Ar ages were interpreted to represent the cooling time of analyzed syn-DS2/
DQ2 minerals through their closure temperature, which may have been linked with
the regional uplift during DS3/DQ3 transpressional deformation (Li and others,
2015b; Li and others, 2017). If this interpretation is correct, a fast transition from
DS2/DQ2 to DS3/DQ3 can be inferred given the overlapping of monazite and
40Ar/39Ar ages, within errors. We emphasize, however, that the exact transitional time
of these two deformation events is uncertain given the limited resolution of analytical
methods, but could be around ;283 Ma (the mean of overlapping 40Ar/39Ar and
monazite ages, fig. 9).

The development of DS2/DQ2 sub-horizontal foliation and related orogen-paral-
lel stretching lineation, which indicates a sub-vertical flattening and orogen-parallel
stretching strain, has been attributed to the orogen-parallel extensional collapse in
the Southern Altai Domain (fig. 10B) (Li and others, 2015a). Our new monazite ages
(;284–281 Ma), together with previous structural work (Li and others, 2016), con-
firm that such an event also affected the Qiongkuer Domain in the Permian. A ;295
Ma metamorphic zircon age from syn-DS2 leucosome in the Southern Altai Domain
could represent the time of the initial extension (Li and others, 2017). Such an age
constraint (;295–283 Ma) for DS2/DQ2 overlaps in time with ;299 to 277 Ma high
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temperature metamorphism (Li and others, 2014; Wang and others, 2014b; Liu and
others, 2020) and 280610 Ma age peak of granitic magmatism (Tong and others,
2014; Tang and others, 2017) in the southern Chinese Altai Orogen. Therefore, we
consider that the orogen-parallel extension (DS2/DQ2) may have been responsible for
the high thermal gradient and the development of widespread magmatism along the
southern Chinese Altai Orogen in the Permian (figs. 9 and 10B). According to Li and
others (2015a), this extensional episode may have occurred post to an orogen-thickening
event (DS1 and DQ1) associated with the initial collision of the Chinese Altai Orogen with
the East Junggar Terrane (fig. 10A), and was followed by a transpressional event (DS3/
DQ3 folding and sinistral shearing) related to the oblique convergence of the Chinese
Altai Orogen with the East Junggar Terrane (fig. 10C). Li and others (2016) suggested
that earlier transpressional deformation was characterized by a high degree of strain par-
tioning, as indicated by the parallelism of DS3/DQ3 fold axial planes with sinistral mylo-
nitic zones, and strain partitioning was likely less efficient in the later stage, with a
fraction of transcurrent components partitioned into;NNW-SSE DQ4 folds (fig. 3A).

Late Paleozoic Tectonics of the Chinese Tianshan Orogen
The Chinese Tianshan Orogen evolved into a collisional phase in the latest

Paleozoic after the closure of the southern branch of the Paleo-Asian Ocean (for
example, Han and others, 2011; Xiao and others, 2013; Han and Zhao, 2018). In the
Gangou area (fig. 1), such a collisional event involved the amalgamation of the
Central Tianshan Block with the North Tianshan island arc system and the Tarim
Craton (fig. 1). The island arc system (for example, Bogda and Dananhu arc, fig. 1)
in the North Tianshan Belt likely collided with the Central Tianshan Block in the lat-
est Carboniferous given that early Permian sedimentary rocks from the North
Tianshan Belt in the Eastern Tianshan received abundant Precambrian detrital zir-
cons sourced from the Central Tianshan Block (Zhang and others, 2016), and ;305
to 301 Ma mafic igneous rocks were characterized by the significant input of astheno-
spheric mantle that was likely induced by slab breakoff (Zhang and others, 2020).
Farther south, the exact collisional time between the Central Tianshan Block and the
Tarim Craton remains controversial, but is possibly diachronous within the period of
late Carboniferous to the earliest Triassic (for example, Han and others, 2011; Xiao
and others, 2013; Han and Zhao, 2018). These collisional events were accompanied by
dextral shearing as well as folding along the Chinese Tianshan Orogen (fig. 1) (Shu and
others, 1999; Laurent-Charvet and others, 2002; Laurent-Charvet and others, 2003; Wang
and others, 2008; Wang and others, 2010a; Zhu and others, 2018; Li and others, 2020).
According to Li and others (2020), deformation patterns in the Gangou area are variable
across the Chinese Tianshan Orogen. Our 40Ar/39Ar ages provide new timing constraints
for deformation in the Central Tianshan Block and the South Tianshan Belt as docu-
mented in the following paragraphs.

Four phases of deformation were recognized in the Gangou area of the Central
Tianshan Block (DCT1-DCT4), with earlier subduction-related DCT1 sinistral shearing
(;399 Ma) and DCT2 NE-SW contraction (;356 Ma), followed by late Carboniferous
to Permian DCT3 NE-SW shortening deformation and DCT4 dextral shearing (figs. 4
and 9) (Li and others, 2020). Spatially, DCT1 sinistral shearing occurs in the central
zone of the South Central Tianshan Shear Zone, which is bounded by two dextral
mylonite zones (DCT4) in the northern and southern parts of the South Central
Tianshan Shear Zone (fig. 4). Muscovite separated along the syn-DCT4 shear fabric in
the southern part of the South Tianshan Shear Zone (sample L17TS31-4, fig. 4) yields
an 40Ar/39Ar age of 256.6 6 0.6 Ma (fig. 8A), suggesting that the dextral shearing was
active during this period. Actually, this phase of dextral shearing in the Permian has
been widely recognized along the whole Chinese Tianshan Orogen via dating syn-

in the Chinese Altai and Tianshan (Central Asia) 195



shearing minerals/intrusions (figs. 1 and 9) (Shu and others, 1999; Laurent-Charvet
and others, 2003; Wang and others, 2007b; Wang and others, 2009; Cai and others,
2012b; Konopelko and others, 2013; Han and Zhao, 2018 and references therein; Li
and others, 2020). In contrast, micas separated along dextral shear fabric of the Main
Tianshan Shear Zone (fig. 4) yield indistinguishable pre-Permian 40Ar/39Ar plateau
ages of 353.96 1.9 Ma (biotite), 353.96 1.5 Ma (biotite) and 352.16 0.7 Ma (musco-
vite) (fig. 8). These new ages are older than most published 40Ar/39Ar ages along the
dextral Main Tianshan Shear Zone, such as;269 Ma muscovite 40Ar/39Ar plateau age
(Laurent-Charvet and others, 2003), ;244 Ma biotite 40Ar/39Ar isochron age
(Laurent-Charvet and others, 2003), ;266 Ma muscovite and biotite 40Ar/39Ar pla-
teau ages (Yang and others, 2009), as well as ;290 Ma biotite 40Ar/39Ar plateau age
(Cai and others, 2012b). A 367.6 6 3.2 Ma 40Ar/39Ar age, which is slightly older than
our 40Ar/39Ar ages, was reported for syn-shearing muscovite along the Main Tianshan
Shear Zone and was interpreted to represent a phase of dextral shearing prior to the
Permian (Cai and others, 2012b). Such an interpretation is supported by available
quartz c-axis fabric data from the Main Tianshan Shear Zone, which give a large shear-
ing temperature range from .650°C to <350°C (Laurent-Charvet and others, 2003;
Cai and others, 2012b), thus suggesting multiple episodes of dextral shearing.
Alternatively, analyzed minerals with pre-Permian 40Ar/39Ar ages may be inherited
from an Early Carboniferous tectono-thermal event, and the Permian strike-slip defor-
mation may not reset the K-Ar isotopic system of dated minerals. Indeed, inherited
pre-Permian 40Ar/39Ar age components have also been reported in the dextral Talas–
Ferghana strike-slip fault zone of the Kyrgyz Tianshan farther west (Rolland and
others, 2013; Konopelko and others, 2017).

In the South Tianshan Belt (Gangou area), ;E-W DST2 folds with shallowly
plunging hinges affected the DST1 fabric, and are crosscut by a series of mafic dikes
(fig. 4). New 40Ar/39Ar age of hornblende (L17TS149-2) constrains the intrusion of
these dikes at ;281 Ma (fig. 8F), providing a minimum timing constraint for DST2.
The earlier DST1 fabric was dated at ;303 to 293 Ma (Li and others, 2020), which to-
gether with new 40Ar/39Ar hornblende age constrains DST2 at ;293 to 281 Ma, over-
lapping in time with dextral shearing along the Main Tianshan and South Central
Tianshan shear zones (DCT4; fig. 9). The angular relationship of;E-W DST2 folds with
dextral DCT4 shear zones, indicates partitioning of shear strain into fold domains and
discrete shear zones (fig. 10F). On a larger scale, the dextral Main Tianshan and
South Central Tianshan shear zones extend into the East Tianshan (fig. 1), where pos-
itive flower structures suggest transpressional strike-slip deformation for DCT4 in the
Permian (Shu and others, 1999; Wang and others, 2008).

New and published ages along dextral shear zones in the Chinese Tianshan
Orogen demonstrate relatively right-lateral movement of the North Tianshan Belt,
the Central Tianshan Block and the South Tianshan Belt along the orogenic strike in
the Permian. In the Gangou area, such a lateral migration occurred post an orogen-
perpendicular contractional event, as indicated by NW-SE folds in the North
Tianshan Belt (DNT1) and in the Central Tianshan Block (DCT3) that affected
Carboniferous rocks and likely resulted from the initial collisional orogeny in the
Chinese Tianshan Orogen (figs. 4 and 10D) (Charvet and others, 2007; Li and others,
2020). If this tectonic interpretation is correct, a transition of convergent orientation
from orthogonal to oblique may characterize the late Paleozoic collisional orogeny in
the Chinese Tianshan Orogen (Gangou area). Additionally, Li and others (2020)
mapped a top-to-ESE DST1 shear fabric in the South Tianshan Belt (fig. 4), which was
originally shallowly dipping (associated with orogen-parallel stretching lineation)
prior to DST2 folding and was interpreted to represent an episode of orogen-parallel
extension (fig. 10E). Such an extensional episode was constrained to ;303 to 293 Ma
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Fig. 9. A summary of late Carboniferous to Permian zircon/monazite U-Pb ages and 40Ar/39Ar pla-
teau ages in the southern Chinese Altai Orogen (Fuyun area) and the Chinese Tianshan Orogen
(Gangou area). Both areas are characterized by three late Carboniferous to Permian deformation epi-
sodes, which are interpreted to represent three stages of collisional orogeny with the initial collision fol-
lowed by orogen-parallel extension and transpressional deformation (fig. 10). In the Fuyun area, the
timing of deformation associated with the initial collision (DS1/DQ1) is constrained by the youngest detri-
tal zircon age peak (;322 Ma) of deformed rocks (Li and others, 2015a; Li and others, 2017), while the
timing of DS2/DQ2 fabric related to syn-collisonal extension is constrained by U-Pb ages of zircons/mona-
zites that are interpreted to be formed during the deformation (see the discussion in the text). The subse-
quent transpressional deformation (DS3/DQ3) associated with regional uplift can be constrained by
40Ar/39Ar ages. We emphasize, however, that the exact transitional time of the syn-collisonal extension
with the transpressional deformation is uncertain given the limited resolution of analytical methods, but
could be around ;283 Ma (the center of overlapping 40Ar/39Ar and monazite ages; the gray zone in fig.
9). In the Gangou area, structural styles are variable across the Chinese Tianshan Orogen (fig. 4). The ini-
tial collision is likely recorded by NW-SE folds in the North Tianshan Belt (DNT1) and in the Central
Tianshan Block (DCT3) that affected Carboniferous rocks. The syn-collisional extension, which is repre-
sented by top-to-ESE DST1 shear fabric in the South Tianshan Belt, is dated by syn-deformational minerals
(monazite U-Pb and biotite/muscovite/hornblende 40Ar/39Ar ages). The later stage of transpressional de-
formation (DST2/DCT4) is mainly constrained by 40Ar/39Ar ages of syn-shearing minerals. Note that dotted
lines of age error in this diagram show analyzed minerals with uncertain structural context, whereas scat-
tered 40Ar/39Ar ages or those data with hump-shaped or progressively up-stepping age spectra in the liter-
ature are not compiled. Data source: (1) Li and others (2020); (2) Laurent-Charvet and others (2003);
(3) Yang and others (2009); (4) Cai and others (2012b); (5) Yang and others (2007); (6) Li and others
(2008); (7) Li and others (2017); (8) Briggs and others (2007); (9) Chen others (2019); (10) Liu and
others (2020); (11) Li and others (2015b).
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(fig. 9) (Li and others, 2020), which post-dates the initial collisional orogeny in the
late Carboniferous, but predates the Permian strike-slip deformation in the Chinese
Tianshan Orogen (fig. 10F).

Late Paleozoic Arc/Continental Amalgamation of the Western CAOB
The western CAOB is characterized by a collisional phase in the latest Paleozoic

following the closure of the Paleo-Asian Ocean (Windley and others, 2007; Wilhem
and others, 2012). In the north, the Chinese Altai Orogen, which represents the active
margin of the Siberian Craton in the late Paleozoic (Windley and others, 2002; Li and
others, 2019), collided with the East/West Junggar island arc system in the latest
Carboniferous (for example, Li and others, 2017). In the south, the Chinese

Fig. 10. (A–C) Schematic cartoons showing three stages of collision of the Chinese Altai Orogen with
the East Junggar Terrane in the late Paleozoic, which was characterized by initial crustal thickening (DQ1/
DS1), followed by the orogen-parallel extension (DQ2/DS2) and transpressional deformation (DQ3/DS3)
(Li and others, 2015a). The orogen-parallel extension (fig. 10B) is inferred based on the sub-horizontal
foliation and the orogen-parallel stretching lineation (DQ2/DS2), and the time of this event is constrained
by new monazite U-Pb ages. The subsequent transpressional deformation (fig. 10C) is partitioned into
folding (DQ3/DS3) and sinistral shearing deformation. (D–F) Schematic cartoons illustrating late
Paleozoic tectonic evolution in the Chinese Tianshan Orogen (Gangou area), in which orogen-parallel
extension and transpressional tectonics played a crucial role. Note that the orogen-parallel extension is
indicated by top-to-ESE DST1 shear fabric in the South Tianshan Belt (fig. 10E). The subsequent transpres-
sional tectonics contributed to both folding (DST2) and dextral shearing (DCT4) (fig. 10F). New horn-
blende 40Ar/39Ar age from a mafic sample (L17TS149-2) provides the youngest time constraint for DST2
folding. Multiple episodes of dextral shearing may have occurred along the Chinese Tianshan Orogen,
and the new muscovite 40Ar/39Ar age (L17TS31-4) could constrain a later phase of dextral shearing.
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Tianshan Orogen was amalgamated with the Tarim Craton and the East/West
Junggar island arc system at a similar period of Late Carboniferous to Permian (Han
and others, 2011; Xiao and others, 2013; Han and Zhao, 2018). Another collisional
event between the Baltic Craton and the CAOB in the west was initiated in the earliest
late Carboniferous (Filippova and others, 2001; Windley and others, 2007). The con-
vergence of the Siberian, Tarim and Baltic cratons was accompanied by the develop-
ment of large-scale shear zones with both dextral and sinistral kinematics in the
western CAOB (fig. 1). Such a phase of strike-slip deformation could either result
from oblique plate convergence (for example, Alpine Fault in New Zealand; (Norris
and Toy, 2014), or accommodate the lateral migration of orogenic materials (for
example, Cenozoic strike-slip faults in SE Asia) (Tapponnier and others, 1982). In the
case of the western CAOB, new and published geochronological data show that the
sinistral strike-slip deformation along the southern Chinese Altai Orogen and the dex-
tral shearing in the Chinese Tianshan Orogen were both active in the Permian
(Laurent-Charvet and others, 2003; Buslov and others, 2004; Wang and others, 2008;
Yang and others, 2009; Cai and others, 2012b; Li and others, 2017), which illustrates
the eastward escape of the East/West Junggar Terrane (fig. 1) (Wang and others,
2008; Li and others, 2015a).

An episode of orogen-parallel extensional deformation was recognized in both
the Chinese Altai and Tianshan orogens (figs. 10B and 10E), following the initial arc/
continental collision as documented above. Such orogen-parallel extensional struc-
tures have also been recognized in the Eastern Alps and the Himalayan Orogen,
where the extensional deformation may have been linked with the gravitational poten-
tial energy of the overthickening crust (for example, Frisch and others, 2000;
Selverstone, 2005; Xu and others, 2013). Such a mechanism may also be responsible
for the syn-collisional extension during the late Paleozoic arc/continental amalgama-
tion in the western CAOB (Li and others, 2015a). Importantly, the extensional defor-
mation in the Chinese Altai and Tianshan orogens overlaps in time with regional
peak magmatism and high temperature metamorphism (for example, Li and Zhang,
2004; Li and others, 2014; Tang and others, 2017; Liu and others, 2020), indicating
that the syn-collisional extension may have driven orogenic thermal evolution during
the late Paleozoic amalgamation of multiple arcs or continental blocks in the western
CAOB.

conclusions

(1) New monazite U-Pb ages demonstrate that the orogen-parallel extension
along the southern Chinese Altai Orogen may have developed as late as ;284 to 281
Ma, which was immediately followed by an episode of transpressional deformation.
The extensional deformation is likely responsible for the high thermal gradient in the
early Permian as indicated by high temperature metamorphism and widespread mag-
matism along the southern Chinese Altai Orogen.

(2) New 40Ar/39Ar ages confirm that the Chinese Tianshan Orogen is character-
ized by large-scale dextral strike-slip deformation in the Permian. The occurrence of
early Carboniferous 40Ar/39Ar ages along the dextral Main Tianshan Shear Zone
could either represent a pre-Permian activity of dextral shearing, or result from an
early Carboniferous tectono-thermal event with recrystallized micas not reset during
the Permian strike-slip deformation. An additional 280.960.5 Ma hornblende
40Ar/39Ar age from a mafic dike that crosscuts ;E-W macroscopic folds in the south-
ern Chinese Tianshan Orogen, provides the youngest time constraint for these folds,
thus supporting the simultaneous folding deformation with dextral shearing in the
Chinese Tianshan Orogen.
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(3) A synthesis of available geochronological and structural data in the Chinese
Altai and Tianshan orogens indicates that both syn-collisional extension and trans-
pressional tectonics played a significant role in the structural and thermal evolution
in the late Paleozoic arc/continental amalgamation of the western CAOB.

ACKNOWLEDGMENTS
This paper is dedicated to the late Prof. Dr. Alfred Kroner. Our work on the

CAOB tectonics benefits from numerous discussions with Alfred. We appreciate his
great help for building international collaborations in Central Asia. The paper
benefits from constructive comments by Yamirka Rojas-Agramonte (Guest Editor), Bo
Wang, and an anonymous reviewer. This study was financially supported by the NSF
China (41872222), the National Key R&D Program of China (2017YFC0601205),
the international partnership program of the Chinese Academy of Sciences
(132744KYSB20200001 and 132744KYSB20190039) and Hong Kong Research Grant
Council (HKU 17302317). Pengfei Li is supported by a project from Guangdong
Province (2019QN01H101). This is a contribution of GIGCAS (No. IS-2962), IGCP
662 and the Chemical Geodynamics Joint Laboratory between HKU and GIGCAS.

APPENDIX

Zircon and monazite U-Pb analyses as well as 40Ar/39Ar step heating data. The analytical methods
are presented in this file.
http://earth.geology.yale.edu/%7eajs/SupplementaryData/2020/Li
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