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ARTICLE INFO ABSTRACT

Keywords: The Central Asian Orogenic Belt (CAOB) is one of the largest accretionary orogens on Earth and is characterized
Central Asian Orogenic Belt by the occurrence of tight oroclines (Kazakhstan and Tuva-Mongolian oroclines). The origin of these large-scale
Orocline orogenic curvatures is not quite understood, but is fundamentally important for understanding crustal growth
Slabkll‘-ollback and tectonic evolution of the CAOB. Here we provide an outline of available geological and paleomagnetic data
Buc 118 around the Kazakhstan Orocline, with an aim of clarifying the geometry, kinematics and geodynamic origin of
Accretionary orogen . o . . L.

Kazakhstan the orocline. The Kazakhstan Orocline is evident in a total magmatic image, and can be traced by the con-

tinuation of high magnetic anomalies associated with the Devonian Volcanic Belt and the Late Devonian to
Carboniferous Balkhash-Yili arc. Paleomagnetic data show ~112-126° clockwise rotation of the northern limb
relative to the southern limb in the Late Devonian to Early Carboniferous, as well as ~15-28° clockwise rotation
of the northern limb and ~39-40° anticlockwise rotation of the southern limb relative to the hinge of the
orocline during the Late Carboniferous to Permian. We argue that the Kazakhstan Orocline experienced two-
stage bending with the early stage of bending (Late Devonian to Early Carboniferous; ~112-126°) driven by slab
rollback, and the later stage (Late Carboniferous to Permian; 54-68°) possibly associated with the amalgamation
of the Siberian, Tarim and Baltic cratons. This new tectonic model is compatible with the occurrence of rift
basins, the spatial migration of magmatic arc, and the development of large-scale strike-slip fault systems during
oroclinal bending.

1. Introduction

Curved mountain belts, commonly referred to as oroclines, result
from bending of quasi-linear orogenic belts, and have fascinated gen-
erations of geologists since the pioneering work by Carey (1955). Such
structures are recognized in both modern and ancient orogens, and
their origin is fundamentally important for understanding the geody-
namics of convergent plate boundaries and the driving mechanisms of
the orogenesis (Marshak, 2004; Van der Voo, 2004; Gutiérrez-Alonso
et al., 2012; Weil et al., 2013; Rosenbaum, 2014). How and why oro-
genic belts become curved has been in debate. Some authors have de-
monstrated that oroclinal bending can occur in response to the occur-
rence of obstacles in the front of fold thrust belts (e.g. Hindle and
Burkhard, 1999; Marques and Cobbold, 2002, 2006; Marshak, 2004),

while others propose mechanisms associated with lithospheric buckling
around a sub-vertical axis (Gutiérrez-Alonso et al., 2008; Pastor-Galan
et al., 2012a; Johnston et al., 2013). Alternatively, the formation of
many oroclines has been attributed to along-strike variations in plate
boundary migration, promoted for example, by slab rollback (Loiselet
et al., 2009; Rosenbaum, 2014). In addition, oroclinal bending can be
associated with the indentation of rigid blocks along convergent plate
boundaries (Tapponnier et al., 1982). Actually, oroclinal bending may
involve a combination of the above mechanisms (e.g. Li et al., 2012;
Rosenbaum et al., 2012; Li and Rosenbaum, 2014; Moresi et al., 2014),
but in many cases (particularly in ancient oroclines), the scarcity of
geological constraints has resulted in ambiguous and even contra-
dictory explanations. For example, the Cantabrian Orocline has been
attributed to either orogenic buckling (Gutiérrez-Alonso et al., 2008) or
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indentation of a rigid block (Sengdr, 2013).

Here we focus on the tightly curved Kazakhstan Orocline in the
western Central Asian Orogenic Belt (CAOB). The formation of this
oroclinal structure had a significant effect on the architecture of the
CAOB. Understanding its geometry, kinematics, and geodynamic pro-
cesses is fundamentally important for tectonic reconstructions of the
CAOB, and has general implications for the geodynamics of oroclinal
bending in accretionary orogens. The Kazakhstan Orocline is defined by
U-shaped arc systems (Fig. 1) (Sengor et al., 1993), which, according to
paleomagnetic studies, were quasi-linear prior to the Middle Devonian
(Levashova et al., 2012 and references therein). The formation of this
oroclinal structure was attributed to the bucking of an originally linear
orogenic belt in response to the convergence of the Siberian and Tarim
cratons (Fig. 1) (e.g. Abrajevitch et al., 2008; Xiao et al., 2015). This
model, however, is conceptual and is not entirely supported by geolo-
gical data. For example, Li et al. (2017) have recently demonstrated a
latest Carboniferous constraint for the collision of the Siberian Craton
with the orogenic system around the Kazakhstan Orocline. Such a time
constraint postdated the major phase of oroclinal bending in the Late
Devonian to Early Carboniferous (e.g. Levashova et al., 2012; Yi et al.,
2015), indicating that oroclinal bending may have occurred during
subduction. In this contribution, we firstly highlight the geometry and
kinematics of the Kazakhstan Orocline by outlining tectonic elements
and integrating paleomagnetic data. This is followed by a discussion on
tectonic models for oroclinal bending as constrained by available geo-
logical data.

2. Major tectonic elements in the western CAOB

The CAOB experienced a prolonged history of accretion since the
Neoproterozoic, which was terminated, in the Late Paleozoic to Early
Mesozoic, by a collisional orogenic phase driven by the convergence of
the Siberian, North China and Tarim cratons (Filippova et al., 2001;
Khain et al., 2002; Yakubchuk, 2004; Windley et al., 2007; Wilhem
et al., 2012; Seltmann et al., 2014; Xiao et al., 2015). The giant CAOB
has been divided into several sub-orogenic collages (e.g. Wilhem et al.,
2012; Xiao et al., 2015), termed here as the peri-Siberian orogenic
system (PSOS) in the north, the Xing'an-South Mongolian-East Junggar
orogenic system (XSMEJOS) in the southeast, and the West Junggar-
Kazakhstan-Tianshan orogenic system (WJKTOS) in the southwest
(Fig. 1). The PSOS represents progressive accretion along the Siberian
margin, and is separated from the WJKTOS by the Irtysh/Char Shear
Zone. The latter includes various arcs and continental blocks, and is
spatially distributed around the U-shaped Kazakhstan Orocline (Sengor
et al., 1993; Van der Voo, 2004; Windley et al., 2007; Levashova et al.,
2012; Xiao et al., 2015; Yi et al., 2015). Farther east, the XSMEJOS was
considered by some authors to be part of the PSOS (e.g. Xiao et al.,
2015).

In the following sections, we review major tectonic units around the
Kazakhstan Orocline in the western CAOB. Some confusion exists for
the tectonic nomenclature within the WJKTOS across the Chinese-
Kazakhstan-Kyrgyzstan borders. The North Tianshan in Kyrgyzstan and
southern Kazakhstan (here termed the Kokchetav-North Tianshan belt)
is equivalent to the Chinese Central Tianshan and the southern part of
the Yili block in NW China (Fig. 1) (e.g. Rojas-Agramonte et al., 2014;
Alexeiev et al., 2016). The Chinese North Tianshan does not extend into
Kazakhstan farther west. The Kyrgyzstan Middle Tianshan (here termed
the Ishim-Middle Tianshan block) wedges out near the Kyrgyzstan-
Chinese border and may not be present in NW China (e.g. Rojas-
Agramonte et al., 2014; Alexeiev et al., 2016). The South Tianshan Belt
was equivalent across different nations.

2.1. Kazakhstan microcontinent and Early Paleozoic island arc systems

The Kazakhstan microcontinent (also termed the Kazakhstan com-
posite continent) occupies a large part of the WIKTOS, and includes two
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Precambrian units of the Ishim-Middle Tianshan block in the southwest
and the Aktau-Junggar block in the north, as well as a structurally
complex Kokchetav-North Tianshan belt in between (Fig. 1) (e.g.
Alexeiev et al., 2011). The Kokchetav-North Tianshan belt comprises
smaller blocks of Proterozoic continental crust (e.g. Chu-Yili block), as
well as early Paleozoic ophiolite, HP/UHP metamorphic complexes,
island arc rocks (e.g. Stepnyak arc), continental arc rocks (e.g. Kok-
chetav—North Tianshan arc) and accretionary wedge complexes (e.g.
Erementau-Yili belt, Fig. 1) (Zonenshain et al., 1990; Windley et al.,
2007; Biske and Seltmann, 2010; Alexeiev et al., 2011; Glorie et al.,
2015; Klemd et al., 2015; Degtyarev et al., 2017). In the Chinese wes-
tern Tianshan, two tectonic units, Yili and Central Tianshan blocks,
have been defined. The northern part of the Yili block possibly re-
presents the eastern segment of the Aktau-Junggar block, whereas the
southern part of the Yili block and the Central Tianshan block are likely
correlated to the Kokchetav-North Tianshan belt (Fig. 1) (e.g. Rojas-
Agramonte et al., 2014). The tectonic boundary between the northern
and southern Yili block in the Chinese western Tianshan is poorly ex-
posed and remains unclear (e.g. Wang et al., 2014b).

Early Paleozoic island arc systems, Boshchekul-Chingiz (also re-
ferred to as Bozshakol-Chngiz) and Baydaulet-Akbastau arcs, occur
along the northern limb of the Kazakhstan Orocline. The Boshchekul-
Chingiz arc extends from central Kazakhstan to NW China (West
Junggar, Fig. 1), and is characterized by Cambrian to Silurian volcanic
and siliciclastic sequences (Chen et al., 2010; Shen et al., 2012, 2015;
Degtyarev et al., 2015). The Baydaulet-Akbastau arc occurs to the south
of the Boshchekul-Chingiz arc, and is dominated by Ordovician volcanic
and volcano-sedimentary complexes (Degtyarev, 2011).

The continental blocks and arc systems as mentioned above were
likely amalgamated in the early Paleozoic (e.g. Degtyarev and
Ryazantsev, 2007; Biske and Seltmann, 2010; Alexeiev et al., 2011,
2016; Bazhenov et al., 2012; Rojas-Agramonte et al., 2013; Glorie et al.,
2015). The Ishim-Middle Tianshan block may have been jointed with
the Kokchetav-North Tianshan belt in the Ordovician, and an active
marginal arc system of the Kokchetav-North Tianshan arc was subse-
quently developed during the middle Ordovician (Bazhenov et al.,
2012). This subduction system was considered by some authors to ex-
tend laterally into the Paleo-Asian ocean to generate the Boshchekul-
Chingiz island arc, similarly as the Alaska—-Aleutian-type arc system
(Bazhenov et al., 2012; Xiao and Santosh, 2014). Alternatively, the
Boshchekul-Chingiz arc represents an independent Ordovician island
arc system, which subsequently collided with the Kokchetav-North
Tianshan arc (Fig. 2). This alternative interpretation is supported by the
present-day tectonic configuration with the westernmost segment of the
Boshchekul-Chingiz arc separated from the Kokchetav-North Tianshan
arc by a suture zone and the Cambrian Selety island arc (Fig. 1). A
paleomagnetic study by Levashova et al. (2009) showed that the
Boshchekul-Chingiz arc likely resided in a low latitude (~0-10° south)
during the Ordovician. Farther north, the Aktau-Junggar block and
Baydaulet-Akbastau island arc were inferred close to the equator based
on the occurrence of equatorial fauna (Fig. 2) (Popov et al., 2009;
Bazhenov et al., 2012). In the latest Ordovician, arc magmatism of the
Kokchetav-North Tianshan arc became waning, indicating that the
Kokchetav-North Tianshan belt together with the Boshchekul-Chingiz
arc and the Ishim-Middle Tianshan block, may have been collided with
the Aktau-Junggar block and Baydaulet-Akbastau arc (Figs. 1 and 2)
(Bazhenov et al., 2012), to terminate the subduction and to form the
prototype of the WJKTOS. The whole orogenic system moved north-
ward in the Silurian and changed its orientation from ~E-W to ~NW-
SE (Abrajevitch et al., 2007; Bazhenov et al., 2012).

2.2. Late Paleozoic arc systems around the Kazakhstan Orocline
Late Paleozoic arc systems around the Kazakhstan Orocline mainly

include the external Devonian Volcanic Belt (DVB) and the internal
Balkhash-Yili arc, which were built on the margin of the Kazakhstan
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Fig. 1. (1) A simplified geological map in the western CAOB (after Li et al., 2008). (b) Tectonic map showing major tectonic units of the western CAOB (after Windley et al., 2007;
Alexeiev et al., 2011). The topographic image is from Amante and Eakins (2009). The Xing'an-South Mongolian-East Junggar orogenic system (XSMEJOS) refers to arc systems in the East
Junggar, southern Mongolia and NE China, whereas the West Junggar-Kazakhstan-Tianshan orogenic system (WJKTOS) and the peri-Siberian orogenic system (PSOS) represent arc
systems to the south and north of the Irtysh/Char shear zones, respectively. Note that both the Char Shear Zone (CSZ) and the North-East Fault (NEF) merge into the Irtysh Shear Zone
(ISZ) in NW China. The tectonic boundary between the WJKTOS and the PSOS is denoted by the ISZ in NW China and the CSZ in eastern Kazakhstan, respectively. RA: Rudny Altai; IZC:
Irtysh-Zaisan Complex; ZS: Zharma-Saur arc; BC: Boshchekul-Chingiz arc; BA: Baydaulet-Akbastau arc; EY: Erementau-Yili belt; SE: Selety arc; DA: Dulate arc; YA: Yemaquan arc; BY:
Balkhash-Yili arc; DVB: Early to Middle Devonian volcanic belt; KNTB: Kokchetav-North Tianshan belt; IMT: Ishim-Middle Tianshan block; AJ: Aktau-Junggar block; CCT: Chinese Central
Tianshan block; CNT: Chinese North Tianshan belt; STB: South Tianshan belt; CWT: Chinese western Tianshan.



P. Lietal

Journal of Asian Earth Sciences xxx (XxxX) XXX—-XXX

L O
A
%5, Yo, (c) ~395 Ma
N
© %
40°N o
L
o X
Q}?“‘/j Junggar
e,
(N0
30°N
20°N

Kokchetav-North
Tianshan arc (KNT)
10°S = Y Y

10N (a) ~460 Ma (b) ~440 Ma
Baydaulet Aktau-Junggar Baydaulet
-Akbastau arc block -Akbastau arc
0° — : Q Kazakhstan
-

w microcontinent
VVVVVYVYV

Boshchekul-
Chingiz arc

Chingiz arc
Ishim-Middle Tianshan block
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microcontinent and the Boshchekul-Chingiz arc (Figs. 1 and 2). The
development of these arc systems was associated with the subduction of
the Junggar oceanic plate (Fig. 2) (Windley et al., 2007). The DVB is
mainly composed of Early and Middle Devonian volcanic and clastic
rocks that represent an Andean-type volcanic arc (Fig. 2c)
(Golubovskiy, 1976; Abrajevitch et al.,, 2008; Degtyarev, 2011;
Bazhenov et al., 2012). In the Late Devonian to Carboniferous, arc
magmatism shifted towards the core of the orocline forming the Bal-
khash-Yili arc (Figs. 1 and 3). Volcanic rocks in the Balkhash-Yili arc
are calc-alkaline in composition ranging from rhyolite to andesite—da-
cite and andesite-basalt (BGMRX, 1993; Levashova et al., 2003a;
Windley et al., 2007). In the Chinese western Tianshan (Fig. 1), the
Balkhash-Yili arc along the southern limb of the Kazakhstan Orocline,
is characterized by ~366-345 Ma volcanic/plutonic rocks with a geo-
chemical affinity of the continental marginal arc magmatism (Tang
et al.,, 2010). This was followed by a magmatic quiescent period at
~345-320 Ma, and a reactivation of arc-related magmatism at
~317-306 Ma (Wang et al., 2007b; Tang et al., 2010). In the Early
Permian, terrestrial sedimentary deposits and volcanic rocks with an
intra-plate origin (such as alkaline basalt and continental tholeiites)
extruded on top of Carboniferous rocks, marking the termination of the
Balkhash-Yili arc in this region (Wang et al., 2007b). Farther north, the
Balkhash-Yili arc extends into the West Junggar (NW China), in which
Late Devonian to Early Carboniferous arc magmatism becomes younger
towards the core of the Kazakhstan Orocline, and a latest Carboniferous
transition from calc-alkaline arc magmatism to alkaline intraplate
composition was also detected (Choulet et al., 2012a and reference
therein).

An additional late Paleozoic island arc system (the Zharma-Saur arc)
occurs to the north of the Boshchekul-Chingiz arc (Fig. 1). It mainly
consists of Devonian to Carboniferous arc-related magmatic rocks and
sedimentary sequences (Chen et al., 2010, 2016). This arc system may
have collided with the Boshchekul-Chingiz arc in the Late Carboni-
ferous, as indicated by the waning of arc-related magmatism in the
Zharma-Saur arc during this period (Zhou et al., 2008; Chen et al.,
2010; Li et al., 2015a). Moreover, patches of Devonian to Early Car-
boniferous island arc rocks were recognized within the Char Shear
(Suture) Zone along the northern margin of the Zharma-Saur arc, and

they were probably juxtaposed during the collision between the
WJKTOS and the PSOS (Ermolov et al., 1981; Safonova et al., 2012,
2017; Kurganskaya et al., 2014).

2.3. Late Paleozoic basin systems around the Kazakhstan Orocline

Two late Paleozoic basins, Chu-Sarysu and Teniz basins, are aligned
subparallel to the Devonian Volcanic Belt and the Balkhash-Yili arc
(Fig. 1). The Chu-Sarysu basin consists of a ~ 3-6 km-thick Lower De-
vonian to Upper Permian stratigraphic sequence with basal Early to
Middle Devonian intermediate volcanic and volcanoclastic rocks
grading upward into Late Devonian red beds (Box et al., 2012; Zhao
et al,, 2016). The deposition of lagoonal to marginal-marine salt-
bearing strata characterizes the Chu-Sarysu basin in the Early Carbo-
niferous, and is overlain by Late Carboniferous to Permian alluvial-la-
custrine red beds, and a shale-limestone sequence (Bykadorov et al.,
2003; Alexeiev et al., 2009; Box et al., 2012). The Teniz basin occurs to
the north of the Chu-Sarysu basin, and is characterized by a similar
sedimentary evolution that involved a continental-marine-continental
depositional cycle from Devonian to Permian (Cossette et al., 2014).
Graben-like structures within the basins indicate that the Late Devonian
to Early Carboniferous rocks were likely deposited in a rift system
(Levashova et al., 2012 and reference there in; Zhao et al., 2016). Rocks
in both Chu-Sarysu and Teniz basins were folded in the Permian, pro-
ducing dome-and-basin interference patterns (Allen et al., 2001;
Alexeiev et al., 2009; Cossette et al., 2014; Zhao et al., 2016).

The Zaisan-Jimunai, Alakol and Tacheng basins occur along the
northern limb of the Kazakhstan Orocline (Figs. 1 and 3). The Zaisan-
Jimunai basin was developed from Permian to Paleogene, and Li et al.
(2015a) inferred a possible extensional origin for low Permian terres-
trial volcano-sedimentary rocks given the increasing deposition thick-
ness towards the basin center. Farther south, the Alakol basin is filled
by Permian to Cenozoic sedimentary rocks, in which Early Permian
strata are dominated by volcanic rocks and are overlain by the Upper
Permian red beds (Allen et al., 1995). The Tacheng basin contains a
~4km thick Carboniferous to Cenozoic sedimentary sequence, in
which Carboniferous deep to shallow marine sedimentary rocks are
unconformably overlain by Early Permian terrigenous volcanic and
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Fig. 3. Spatial and temporal diagram for the western CAOB in the late Paleozoic.

sedimentary rocks (Li et al., 2015b).

The Junggar Basin, which occurs in the core area of the Kazakhstan
Orocline (Fig. 1), is characterized by a thick Permian to Cenozoic se-
dimentary sequence (Coleman, 1989; Allen et al., 1995; He et al., 2013;
Yang et al., 2014b; Li et al., 2016a). The basement of the Junggar Basin
is not exposed, and has been interpreted as a Precambrian micro-
continent (e.g. Zhang et al., 1984), trapped oceanic crust (e.g. Carroll
et al., 1990), or Paleozoic arc systems that bridge the East and West
Junggar island arc systems (e.g. Zheng et al., 2007; He et al., 2013; Li
et al., 2014, 2016a).

2.4. Siberian marginal arc systems

The Chinese Altai, as part of the PSOS, represents a continental
marginal arc system along the Siberian margin (Fig. 1). It records the
accretion history along the Siberian margin in the Paleozoic and sub-
sequent collision with the WJKTOS (Fig. 1) (Windley et al., 2002, 2007;
Xiao et al., 2004, 2009; Yuan et al., 2007). Most of rocks in the Chinese
Altai are Ordovician turbiditic and pyroclastic sequences of the Habahe
Group (Windley et al., 2002; Long et al., 2007, 2008; Jiang et al., 2011).
Devonian arc-related igneous and sedimentary rocks occur farther
south (Windley et al., 2002; Chai et al., 2009; Wan et al., 2010), and
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can be correlated with the Rudny Altai in Kazakhstan and Russia
(Fig. 1) (Li et al., 2016b). The Irtysh Complex represents the south-
ernmost tectonic unit of the Chinese Altai. Rocks in this unit are
characterized by a heterogeneous sequence of foliated amphibolite-fa-
cies schists, para- and ortho-gneisses, amphibolites and metacherts (Qu
and Zhang, 1991; Briggs et al., 2007; Li et al., 2015c), interpreted as an
accretionary complex associated with a north-dipping subduction
system (O'Hara et al., 1997; Xiao et al., 2009; Li et al., 2017). The Irtysh
Complex can be traced into eastern Kazakhstan (Fig. 1), termed as the
Irtysh-Zaisan Complex or the Kalba-Narym terrane (Buslov et al., 2001,
2004a; Windley et al., 2007; Vladimirov et al., 2008; Safonova, 2014;
Kotler et al., 2015).

The tectonic boundaries between the Siberian marginal arc system
(i.e. the Chinese Altai and its counterpart in Kazakhstan) and the
Zharma-Saur arc of the WJKTO are represented by the Irtysh Shear
Zone in NW China and the Char Shear (Suture) Zone in Kazakhstan
(Fig. 1). The suturing time of these two tectonic units has been con-
strained in the latest Carboniferous (Buslov et al., 2004a; Vladimirov
et al., 2008; Cai et al., 2012; Kurganskaya et al., 2014; Safonova, 2014;
Yang et al., 2014a; Kuibida et al., 2016; Li et al., 2017).

2.5. South Tianshan belt

The South Tianshan Belt extends for ~2000 km along the south-
western margin of the CAOB, and separates the southern limb of the
Kazakhstan Orocline from the Tarim Craton (Fig. 1). It represents a late
Paleozoic accretionary and collisional fold-and-thrust belt and is mainly
composed of middle to late Paleozoic marine sedimentary rocks, sub-
ordinate ophiolites, and volcanic rocks, which are imbricated and
stacked together along a series of 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). The tectonic origin of the South Tianshan Belt is controversial. It
has been interpreted to form in a fore-arc position in response to either
northward subduction of the south Tianshan oceanic plate beneath the
Tianshan belt, or southward subduction beneath the Tarim Craton
(Charvet et al., 2011; Lin et al., 2013; Xiao et al., 2013; Han et al., 2015,
2016). The closure of the South Tianshan Ocean likely occurred in the
Late Carboniferous, but a later closure (Early Triassic) has also been
suggested (Han et al., 2011 and the references therein).

2.6. Late Paleozoic strike-slip fault systems in the western CAOB

A series of very large (> 1000 km) strike-slip fault systems were
developed in the western CAOB (Fig. 1). Three left-lateral fault systems,
Char Shear Zone, Irtysh Shear Zone and North-East Fault, occur along
the boundary of the PSOS with the WJKTOS (Qu and Zhang, 1991,
1994; Laurent-Charvet et al., 2003; Buslov et al., 2004b; Briggs et al.,
2007; Liu et al., 2013; Hong et al., 2015; Li et al., 2015c, 2016Db,
2016¢). Both the Char Shear Zone and the North-East Fault are merged
into the Irtysh Shear Zone in NW China (Fig. 1). Geochronological data
show that the major phase of sinistral shearing occurred at
~286-253 Ma, with a likely reactivation during the Meso-Cenozoic
(Buslov et al., 2004b; Briggs et al., 2007; Glorie et al., 2012; Li et al.,
2017). Local evidence for dextral shearing has also been demonstrated
along the Irtysh Shear Zone in NW China, but the time of deformation is
poorly constrained (Laurent-Charvet et al., 2003; Liu et al., 2013).

Farther south, three major strike-slip fault systems of the Central
Kazakhstan Fault, the Chingiz—Alakol-Junggar Fault and the Dalabute
Fault were developed along/across the northern limb of the Kazakhstan
Orocline (Fig. 1) (Shu et al., 1999; Laurent-Charvet et al., 2003; Wang
et al., 2008, 2010, 2014a; Lin et al., 2009). The ~N-S trending Central
Kazakhstan Fault is characterized by dextral kinematics, and show
~120 km offset (Fig. 4). The Chingiz—Alakol-Junggar Fault shows
~100 km dextral offset (Fig. 4), and is likely connected to the North
Tian Shan Fault and the Main Tianshan Shear Zone farther east (Fig. 1).
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Geochronological data indicate that the age of dextral shearing is in the
range of ~290-240 Ma (Shu et al., 1999; Laurent-Charvet et al., 2003;
Wang et al., 2014a). The Dalabute Fault in the West Junggar, which
was possibly active in the Permian, is dominated by sinistral kinematics
(Allen et al., 1995).

An additional NW-SE trending strike-slip fault (the Talas-Fergana
Fault) extends ~ 2000 km along the southern limb of the Kazakhstan
Orocline (Fig. 1), and exhibits a maximum dextral offset of ~200 km
since the late Paleozoic (Allen et al., 2001; Alexeiev et al., 2009;
Rolland et al., 2013). Geochronological data show that major phase of
dextral motion along the entire fault occurred at ~290-260 Ma
(Rolland et al., 2013).

3. Geometry of the Kazakhstan Orocline

The tectonic trending of the western CAOB is obliterated by
Mesozoic to Cenozoic rocks (Fig. 1a). Here we trace the tectonic or-
ientation via combining the surface geology with the magnetic image of
EMAG2 (Earth Magnetic Anomaly Grid; 2-arc-minute resolution). The
acquisition and processing of magmatic data are documented in the
Geomagnetism  website  (http://www.geomag.org/models/emag?2.
html). The curved structure of the Kazakhstan Orocline is evident
from high-amplitude magnetic anomalies in the total magnetic image,
which delineate a U-shaped curvature (Fig. 4a). Such magnetic
anomalies are spatially overlapped with arc magmatic rocks in the
surface geological map (Fig. 1), likely corresponding to the Devonian
Volcanic Belt (Early-Middle Devonian age) and Late Devonian to Late
Carboniferous Balkhash-Yili arc, respectively (Fig. 4a and b). The spa-
tial distribution of the Balkhash-Yili arc exposed in the surface geolo-
gical map matches well with the high-amplitude anomaly around the
inner part of the Kazakhstan Orocline (Fig. 4). In contrast, the DVB
along the southern limb of the orocline, which is interpreted from the
total magnetic image, is slightly biased from the DVB in the surface
geological map (Fig. 4). This discrepancy is possibly due to the devia-
tion of the subsurface magnetic anomaly from geological units on the
surface. Overall, both the DVB and the Balkhash-Yili arc can be traced
around the Kazakhstan Orocline, and are characterized by the shifting
of arc magmatism towards the core of the orocline (Figs. 2 and 3).

The Cambrian to Silurian Boshchekul-Chingiz arc, occurs along the
northern limb of the Kazakhstan Orocline (Fig. 1), and paleomagnetic
data show that it underwent ~180° clockwise rotation (Levashova
et al., 2009). Therefore, the Boshchekul-Chingiz arc has been con-
sidered to represent the northern limb of the Kazakhstan Orocline
(Levashova et al., 2012 and reference therein), which together with the
Kazakhstan microcontinent, defines a belt that was quasi-linear prior to
oroclinal bending (Fig. 2). A Devonian to Carboniferous arc system (the
Zharma-Saur arc) occurs to the north of the Boshchekul-Chingiz arc,
and cannot be traced around the Kazakhstan Orocline (Fig. 1). Li et al.
(2017) have shown that the Zharma-Saur arc is dominated by Devonian
to Carboniferous detrital zircon grains (Fig. 10D), whereas early Pa-
leozoic detrital zircon grains are abundant in the Boshchekul-Chingiz
arc. This contrast in zircon populations suggests that during the De-
vonian-Carboniferous, the Zharma-Saur arc was likely separated from
the Boshchekul-Chingiz arc by an oceanic basin. Thus, the Zharma-Saur
arc does not represent the northern limb of the Kazakhstan Orocline (Li
et al., 2017).

A second-order curved structure (here termed the West Junggar
orocline) can be recognized along the northern limb of the Kazakhstan
Orocline (Fig. 4), where the structural trend varies from ~NW-SE to
~NE-SW. A series of strike-slip faults are developed around the West
Junggar orocline with dextral movement along the western limb (e.g.
the Chingiz-Alakol-Junggar Fault) and sinistral kinematics along the
eastern limb (e.g. the Dalabute Fault). On a larger scale, the Kazakhstan
Orocline was cut and overprinted by late Paleozoic strike-slip fault
systems (Figs. 1 and 4), and some faults cut through both the northern
and southern limbs of the orocline (Figs. 1 and 4). For example, the
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Fig. 4. Geometry of the Kazakhstan Orocline. (a) Total
magnetic image around the Kazakhstan Orocline. (b)
Interpretation of the total magnetic image, with high
magnetic anomaly showing the curved distribution of the
Devonian Volcanic Belt (DVB) and the Balkhash-Yili arc
(BY) that defines the Kazakhstan Orocline. The Irtysh-
Zaisan Complex (IZC), which is located in the boundary
area between the Siberian marginal arc system and the
WJKTOS, is highlighted by low magnetic anomaly. The
dash line illustrates the regional structural trending. (c) The
distribution of the Devonian Volcanic Belt (DVB) and the
Balkhash-Yili arc (BY) inferred from the geological/tectonic
map (Fig. 1). Note that a second-order curved structure
(here termed the West Junggar orocline) can be recognized
along the northern limb of the Kazakhstan Orocline, where
structural trending varies for ~90° from ~NW-SE to ~NE-
SW. The offset of the Central Kazakhstan Fault (CKF) and
the Chingiz-Alakol-Junggar Fault (CAJF) is estimated based
on the displacement of the magnetic anomaly. The mag-
netic image of EMAG2 (Earth Magnetic Anomaly Grid; 2-
arc-minute resolution), is adapted from the Geomagnetism
website (http://www.geomag.org/models/emag2.html).
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Fig. 5. (a) Paleomagnetic data around the Kazakhstan Orocline (after Abrajevitch et al., 2007; Wang et al., 2007a; Levashova et al., 2012; Yi et al., 2015). Also see the synthesis of Late
Carboniferous to Permian paleomagnetic data in Appendix Table 1. (b) Quasi-linear distribution of the Devonian Volcanic Belt (DVB) after restoring the orocline (based on Abrajevitch

et al., 2007; Bazhenov et al., 2012; Levashova et al., 2012). BY: Balkhash-Yili arc.

~NW-SE Chingiz-Alakol-Junggar Fault cut through the northern limb
of the orocline, and is connected to the steeply dipping North Tianshan
Fault that truncates through the southern limb of the orocline (Fig. 1).

4. Kinematics of the Kazakhstan Orocline

The development of the U-shaped Kazakhstan Orocline from an
original quasi-linear orogen is supported by paleomagnetic data
(Levashova et al., 2009, 2003b; Van der Voo et al., 2006; Abrajevitch
et al.,, 2007, 2008; Choulet et al.,, 2011; Bazhenov et al., 2012;
Levashova et al., 2012; Yi et al., 2015). In this section, we use paleo-
magnetic data compiled by Levashova et al. (2012) and Yi et al. (2015),
to plot the pre-Late Carboniferous paleomagnetic declination against
the orogenic strike and to calculate the rotation of various sites around
the orocline with respect to the Baltica during the Late Carboniferous to
Permian (Fig. 5). In order to describe the rotation of each segment of
the orocline, we further divide two limbs of the orocline into several
branches, namely the NE, North, NW, SW and South branches (Fig. 5).

The hinge area of the Kazakhstan Orocline was supposedly collided
with the Baltica in the Late Carboniferous (Puchkov, 1997; Filippova
et al., 2001), and thus this part of the orocline had been fixed relative to
the Baltica since then. We recalculated Late Carboniferous to Permian
poles for the Baltica to the site of paleomagnetic samples, from which
we calculate a reference declination in the sample site (Appendix
Table 1). The variation between this reference declination and the
measured declination gives the rotation of the sample sites with respect
to the Baltica (Levashova et al., 2012). In addition, a series of strike-slip
faults were developed during the Permian (Section 2.6), which may
have been associated with the block rotation. Indeed, various sites in
the SW and South branches of the orocline show either non-rotation or
variable amount of rotation in the Middle Permian to Early Triassic,
which has been attributed to the local rotation associated with the
development of large-scale strike-slip faults/shear zones (Van der Voo

et al., 2006). Following Levashova et al. (2012), the rotation amount
during/after the Middle-Late Permian, which may represent local ro-
tation associated with strike-slip faulting, was deduced when calcu-
lating the rotation amount of each branch of the orocline relative to the
Baltica during the Late Carboniferous to Early Permian (see Appendix
Table 1).

Paleozoic data from Ayagoz and Tacheng areas (Fig. 5) along the
North branch show ~15° and ~ 28° clockwise rotations relative to the
Baltica during the Late Carboniferous to Early Permian (Appendix
Table 1). Another site in the NW branch shows ~11° clockwise rotation
during this period, which is close to the error of the paleomagnetic
method (e.g. Levashova et al., 2012). In the south branch of the orocline
(Koybyn area), a ~40° counterclockwise rotation relative to the Baltica
was inferred (Fig. 5) after deducing the rotation amount during/after
the Middle to Late Permian (Appendix Table 1) (Levashova et al.,
2012). Farther east in NW China, paleomagnetic data in the Yili block
show ~39° counterclockwise rotation relative to the Baltica from Late
Carboniferous to Middle Permian (Appendix Table 1) (Wang et al.,
2007a), consistently with the amount of rotation in the Koybyn area.

Silurian to Devonian declinations are approximately north-oriented
in SW and South branches of the orocline, and south-oriented in the
North branch (Fig. 5) (Abrajevitch et al., 2007; Bazhenov et al., 2012;
Levashova et al., 2012), which indicates ~180° relative rotation of the
North branch relative to the South branch. After deducing ~15-28°
clockwise rotation of the North branch and ~39-40° anticlockwise
rotation of the South branch in the Late Carboniferous to Early Per-
mian, we obtain ~112-126° rotation for the North branch with respect
to the South branch in the Late Devonian to Early Carboniferous.

In a summary, oroclinal bending likely occurred during the Late
Devonian to Permian, with ~112-126° bending in the Late Devonian to
Early Carboniferous. A further ~15-28° rotation of the northern limb
and ~ 39-40° rotation of the southern limb with respect to the hinge of
the orocline were developed during the Late Carboniferous to Permian.
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Fig. 6. Schematic diagrams showing the buckling model for the Kazakhstan Orocline. (a) The formation of the orocline resulted from the pinning of the southern limb, but the clockwise
rotation of the northern limb that was driven by dextral shearing and dragging in response to movement of the Siberian Craton with respect to the WJKTS (Abrajevitch et al., 2008). (b)
The northern limb of the Kazakhstan Orocline was blocked along the sinistral Irtysh Shear Zone, and the northward subduction of the South Tianshan oceanic plate buckled the WJKTS to

form the Kazakhstan Orocline (Xiao et al., 2010). See the abbreviation in Figs. 1 and 7.

Prior to oroclinal bending, the arc system was quasi-linear with a
~NW-SE strike, which is compatible with the north-oriented declina-
tion (Fig. 5).

5. Tectonic models
5.1. Buckling of a linear orogenic belt

The origin of the Kazakhstan Orocline is commonly attributed to
bucking of a relatively linear belt (WJKTS) in response to the assembly
of Siberian and Tarim cratons (Fig. 6) (Van der Voo, 2004; Abrajevitch
et al., 2008; Xiao et al., 2010). One scenario involves pinning of the
southern limb and clockwise rotation of the northern limb driven by the
dextral shear and dragging in response to the relative movement be-
tween the Siberian Craton and the WJKTS (Fig. 6a) (Abrajevitch et al.,
2008). According to this tectonic model, the convergence of Siberian
and Tarim cratons was responsible for buckling the linear belt of
WJKTS. A slightly different model by Xiao et al. (2010) assumes that

the northern limb of the Kazakhstan Orocline was pinned along the
sinistral Irtysh Shear Zone, and that buckling of the WJKTS was con-
trolled by northward subduction of the South Tianshan oceanic plate
(Fig. 6b).

The buckling model, which involves deformation of the whole li-
thosphere around a sub-vertical axis in response to orogen-parallel
shortening, has been applied to explain the origin of other oroclines
(e.g. the late Paleozoic Iberian-Armorican Orocline) (Gutiérrez-Alonso
et al.,, 2012; Pastor-Galan et al., 2012b; Johnston et al., 2013; Weil
et al., 2013). However, in the Kazakhstan Orocline, the assumption that
bending occurred simultaneously with the convergence of the Siberian
Craton, the WJKTOS and the Tarim Craton is problematic. Li et al.
(2017) have found that the closure of the Ob-Zaisan Ocean (or Irtysh-
Zaizan Ocean) along the Irtysh/Char Shear Zone occurred in the latest
Carboniferous, which is later than the major phase of oroclinal bending
(Late Devonian to Early Carboniferous). Furthermore, the map-view
length of the Balkhash-Yili arc is much shorter than the DVB around the
Kazakhstan Orocline (Fig. 4), which indicates that bending of the
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Fig. 7. A rollback-related tectonic model for the
Kazakhstan Orocline (after Li et al., 2017). (a)
~NW-SE quasi-linear subduction system in the
Early Devonian. (b) Schematic tectonic re-
construction of the western CAOB in the Early
Carboniferous. Oroclinal bending as a result of
along-strike variation in trench migration, was
possibly associated with the pinning of the sub-
duction system in the southern limb and the
asymmetric rollback along the northern limb. The
bending of the subduction system was accom-
panied by the development of back-arc basins
(Chu-Sarysu and Teniz basins), as well as the mi-
gration of the magmatic arc towards the core of
the orocline. Note that a larger back-arc basin
would be expected to develop north of the Teniz
Basin (Fig. 7), which might be represented by the
Ob-Zaisan Ocean that was consumed during the
subsequent convergence of the Siberian Craton
with the WIKTOS. (c) Schematic reconstruction of
the western CAOB in the Permian. Note that the
second stage of oroclinal bending was associated
with the convergence of Siberian and Tarim cra-
tons, during which strike-slip faults/shear zones
cut through the oroclinal structure. The inset
figure in the left is based on Yi et al. (2015). The
right figure shows that the triangle Junggar block
(JB) possibly obstructed the southward movement
of the northern limb of the Kazakhstan Orocline,
and led to the anticlockwise rotation of the east-
ernmost segment of the northern limb (West
Junggar) and the formation of the second-order
West Junggar orocline. The development of the
West Junggar Orocline may have been assisted by
the sinistral Dalabute Fault (DF) and the dextral
Chingiz-Alakol-Junggar Fault (CAJF). The dash
line mimics the structural orientation around the
West Junggar orocline. TB: Teniz basin; CSB: Chu-
Sarysu basin; DVB: Devonian Volcanic Belt; BY:
Balkhash-Yili arc; ISZ: Irtysh Shear Zone; CKF:
Central Kazakhstan Fault.
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subduction system along the WJKTOS must have initiated during or
prior to the development of the Balkhash-Yili arc.

5.2. Rollback-related tectonic model for oroclinal bending

The recognition that bending of the WJKTOS occurred during sub-
duction implies that the process of oroclinal bending was likely linked
to dynamic interactions within the subduction system. Here, we follow
Li et al. (2017) to propose a conceptual reconstruction model, in which
Late Devonian to Early Carboniferous rollback-driven oroclinal bending
was further tightened during arc/continental amalgamation of the
western CAOB in the Late Carboniferous to Permian. We emphasize that
the reconstruction is only constrained by limited geological and pa-
leomagnetic data, and likely incorporates errors. However, the re-
construction provides a testable model that highlights the role of slab
rollback in the formation of the Kazakhstan Orocline.

The reconstruction assumes a relatively linear subduction zone in
the Early to Middle Devonian as inferred from the paleomagnetic data
(Section 4). The southwestward subduction of the Junggar oceanic
plate formed the Devonian Volcanic Belt (DVB) over the Kazakhstan
microcontinent and the Boshchekul-Chingiz arc (Figs. 3 and 7). The
~NW-SE orientation of the DVB in the Early to Middle Devonian is
reconstructed based on paleomagnetic data (Section 4). In the Late
Devonian to Early Carboniferous, the subduction zone was subjected to
slab rollback, as indicated by the retreat of the Balkhash-Yili arc to-
wards the Junggar Ocean with respect to the DVB (Windley et al.,
2007). The development of the Chu-Sarysu and Teniz basins likely re-
sulted from overriding plate extension association with trench retreat,
as indicated by the occurrence of rift-related grabens in these basins
(Section 2.3; Fig. 3). We argue that the ~112-126° bending of the
subduction system during the Late Devonian to Early Carboniferous was
possibly attained by the asymmetric slab rollback, with pinning of the
subduction system along the southern limb of the Kazakhstan Orocline
and rapid rollback along the northern limb (Fig. 7b). The along-strike
variations in trench migration gave rise to the progressive curvature of
the subduction zone, similarly to the formation of the curved New
Hebrides arc in the Cenozoic southwest Pacific Ocean (Fig. 8) (Schellart
et al., 2002). Indeed, the along-strike variation in the trench migration
in the western CAOB is supported by available geological data. The
spatial-temporal distribution of arc magmatism in the Yili block
(southern limb of the Kazakhstan Orocline, Fig. 1), is indicative of a
relatively flat subduction and/or trench advance during the Late De-
vonian to Early Carboniferous (Tang et al., 2010; Cao et al., 2017). In
contrast, the subduction system along the northern limb of the orocline
(West Junggar) may have been dominated by rollback of the Junggar
oceanic plate as indicated by the oceanward retreat of arc magmatism
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(Fig. 7b) (Choulet et al., 2015 and reference therein). In addition, the
asymmetric rollback model proposed in this study would expect a larger
back-arc basin occurring to the north of the Teniz Basin (Fig. 7). We
think that such a large back-arc basin is likely represented by the Ob-
Zaisan Ocean that was consumed during the late Paleozoic convergence
of the Siberian Craton with the WJKTOS (Fig. 7).

Paleomagnetic data show further bending of ~54-68° in the Late
Carboniferous to Permian, which overlapped in time with the amalga-
mation of arc systems and continental blocks in the western CAOB. In
the north, the Siberian marginal arc system (i.e. Russian, Kazakhstan
and Chinese Altai) may have been collided with the Zharma-Saur arc
along the Irtysh/Char Shear Zone following the closure of the Ob-Zaisan
Ocean in the Late Carboniferous (Buslov et al., 2004a; Vladimirov et al.,
2008; Cai et al., 2012; Safonova, 2014; Yang et al., 2014a; Kuibida
et al.,, 2016; Li et al., 2017). The Zharma-Saur arc was likely attached to
the Boshchekul-Chingiz arc (the northern limb of the Kazakhstan Oro-
cline) during the Late Carboniferous (Section 2.2; Fig. 1). In the south,
the South Tianshan Ocean between the WJKTOS and the Tarim Craton
was likely closed in the Late Carboniferous (e.g. Han et al., 2011)
though some authors suggested a later closure in the Late Permian to
Early Triassic (e.g. Xiao et al., 2013). Here, we argue that the con-
vergence of Siberian and Tarim cratons since the Late Carboniferous
may have sandwiched the curved WJKTOS, thus leading to a second
phase of bending accompanied by the consumption of the Junggar
oceanic plate in the core area of the Kazakhstan Orocline (Fig. 7c). In
the context of this interpretation, the closure of the Junggar Ocean
could be passive and driven by the progressive convergence of Siberian
and Tarim cratons if the convergence was faster than the retreat of the
Junggar oceanic plate. Alternatively, it is possible that the rate of re-
treat of the Junggar oceanic plate was higher than the convergence rate
of the Siberian and Tarim cratons, thus leading to the occurrence of
back-arc extensional basins (Alakol and Zaisan-Jimunai basins?). Ac-
cording to this interpretation, the closure of the Ob-Zaisan Ocean and
the second phase of bending of the WJKTOS was driven by a combi-
nation of rollback and plate convergence.

The closure of the Junggar Ocean has likely occurred prior to/
during the development of large-scale strike-slip fault systems, which
cut through both limbs of the Kazakhstan Orocline (Sections 2.6 and 3;
Fig. 1). Available chronological data indicate that these faults were
active during a period of ~290-240 Ma (Section 2.6). The Junggar
block, which is here assumed to have a rigid basement as suggested by
Zhang et al. (1984), was trapped in the core area of the Kazakhstan
Orocline following the closure of the Junggar Ocean (Fig. 7c). The
triangle shape of this rigid block may obstruct the southward movement
of the northern limb of the Kazakhstan Orocline, leading to an antic-
lockwise rotation of the easternmost segment of the northern limb
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Fig. 8. A comparison between new model for early stage of oroclinal bending in the western CAOB (a) and the development of the curved New Hebrides arc in the SW Pacific margin (b).
The tectonic reconstruction for the New Hebrides arc is after Schellart et al. (2007). Note that the map-view curvature of subduction systems is driven by asymmetric slab rollback.
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(West Junggar) and the formation the second-order West Junggar
orocline (Fig. 7c). The formation of this second-order orocline may have
been assisted by the development of the sinistral Dalabute Fault and the
dextral Chingiz-Alakol-Junggar Fault (Fig. 7c) (e.g. Choulet et al.,
2012b).

Both buckling and rollback models have been proposed to explain
the origin of oroclines (Van der Voo, 2004; Johnston et al., 2013;
Rosenbaum, 2014). The buckling model involves orogen-parallel
shortening (e.g. Gutiérrez-Alonso et al., 2012; Pastor-Galan et al.,
2012b), which must be accompanied by the consumption of oceanic
lithosphere adjacent to orogenic belts in order to accommodate the
space around the core of the orocline. In contrast, the orogen-perpen-
dicular plate boundary migration (e.g. trench retreat) provides ample
space for rotations of orogenic segments (e.g. Schellart et al., 2007;
Moresi et al., 2014). For example, the bending of the Mariana arc could
result from variable amount of trench retreat in response to pinning at
northern and southern sides due to aseismic ridge subduction, which
was accompanied by the opening of the back-arc basin (e.g. Rosenbaum
and Mo, 2011). In the SE Asia, the map-view curvature of the Seram-
Timor subduction belt was attributed to variable trench retreat along a
continental embayment, and the bending of subducted slab was com-
patible with the back-arc extension (Spakman and Hall, 2010). In the
case of the Kazakhstan Orocline, the benefit of the rollback-related
model is to build the link of oroclinal bending with the spatial and
temporal variation of arc-related magmatism (the DVB and Balkhash-
Yili arc) and the occurrence of rift basins (Chu-Sarysu and Teniz basins)
(Fig. 3).

6. Conclusions

(1) The U-shaped Kazakhstan Orocline can be traced by the Devonian
Volcanic Belt and the Late Devonian to Carboniferous Balkhash-Yili
arc. A second-order West Junggar orocline is also recognized along
the northern limb of the Kazakhstan Orocline.

The orogenic system around the Kazakhstan Orocline was originally
quasi-linear and underwent ~112-126° rotation during the Late
Devonian to Carboniferous. This was followed by ~54-68° further
rotation in the Late Carboniferous to Permian.

The Kazakhstan Orocline was likely subjected to two stages of
bending. Oroclinal bending in the Late Devonian to Early
Carboniferous was likely driven by along-strike variations in the
rollback rate of the Junggar oceanic plate, which was accompanied
by the spatial migration of magmatic arc and the occurrence of rift
basins. The second stage of bending was possibly associated with
the Late Carboniferous to Permian continental/arc amalgamation.

(2

—

(3

-
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